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A lithium- and manganese-rich layered transition metal oxide-based cathode active material (LMR-NCM) with a reversible
capacity of 250 mAh g−1 vs graphite is compared to an established NCA/graphite combination in multilayer lithium-ion pouch
cells with a capacity of 5.5 Ah at a 1C discharge rate. The production of the cells, the electrode characterization as well as the
formation is described in Part I of this study. In Part II, the two cell types are evaluated for their rate capability and their long-term
stability. The specific capacity of the LMR-NCM pouch cells is≈30% higher in comparison to the NCA pouch cells. However, due
to the lower mean discharge voltage of LMR-NCM, the energy density on the cell level is only 11% higher. At higher discharge
currents, a pronounced heat generation of the LMR-NCM pouch cells was observed, which is ascribed to the LMR-NCM voltage
hysteresis and is only detectable in large-format cells. The cycling stability of the LMR-NCM cells is somewhat inferior due to
their faster capacity and voltage fading, likely also related to electrolyte oxidation. This results in a lower energy density on the cell
level after 210 cycles compared to the NCA pouch cells.
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The demand for lithium-ion batteries with a higher capacity and
energy density is rising, especially driven by mobile applications
like electric vehicles (EVs).1–4 As a consequence, the specific
capacity of the active materials must increase. State-of-the-art
cathode active materials (CAMs) are lithium-nickel-cobalt-manga-
nese-oxides (NCMs) or lithium-nickel-cobalt-aluminum-oxides
(NCAs). The capacity of NCMs can be increased by a higher Ni
content, e.g., from NCM-111 with 150 mAh g−1 up to 200 mAh g−1

for NCM-811 for comparable upper cutoff voltages.1,2,5 The
Ni-rich NCA materials exhibit a similar specific capacity of around
200 mAh g−1.6,7 A promising not yet commercialized CAM that
offers a higher capacity is Li- and Mn-rich NCM (LMR-NCM) with
a reversible capacity of around 250 mAh g−1.8–12

Material costs account for 45%–75% of the total manufacturing
costs on the cell level, and the CAMs have the biggest share of the
material costs with 39%–54%.13–16 This makes Mn-rich materials
more cost effective compared to Ni-rich materials. In February 2021,
the price of the commodity Ni (21 USD kg−1 17) was an order of
magnitude higher than that of Mn (2 USD kg−1 18). While currently
used NCA and NCM CAMs still contain Co, ongoing research aims
toward reducing or eliminating Co.19–21 Similarly, it has also been
shown that Co can be eliminated from LMR-NCM CAMs.22 Based on
the stoichiometry of the two CAMs that are investigated in our work,
up to 34% can be saved in raw material costs comparing a LMR-NCM
(Li Ni Co Mn O1.14 0.26 0.14 0.60 0.86 2[ ] ) to an NCA (LiNi Co Al O0.81 0.15 0.04 2)
with commodity prices of Co (45 USD kg−1 23), Li (10 USD kg−1 24),
and Al (2 USD kg−1 25). Therefore, the high specific capacity
combined with the lower material costs render LMR-NCM to a
promising CAM for future lithium-ion batteries.4,11,26,27

There is a wide variety of lithium-ion cells exhibiting different cell
formats, designs, and materials. Reported energy densities of various
cells and cell formats range from 83Wh kg−1 for high power cells to
267Wh kg−1 for high energy cells.28–31 The energy density on the cell
level can be enhanced by thicker and less porous electrodes, by

electrode compositions with a higher active material share, or by the
use of active materials with a higher specific capacity, while reducing
the share of passive parts like separators, current collectors, tab
connectors, or the housing.1,32 Up-to-date, high energy cells that reach
>250Wh kg−1 often use a Ni-rich CAM, either NCM-811 or NCA,
and a graphite anode that contains a small amount of silicon.29–31,33

Ding et al.30 reported energy densities of cylindrical cells used by
Tesla in EVs of 236Wh kg−1 for an NCA/graphite cell and
260Wh kg−1 for an NCA/silicon-graphite cell.

In this work, a LMR-NCM material is evaluated and compared to
a commercially available NCA material that serves as a benchmark.
Based on our scale-up experiments with laboratory-scale coin cells
with LMR-NCM, this CAM was used to design multilayer pouch
cells, which were produced on the pilot scale production line at the
Technical University of Munich,34 as described in Part I of this
study.35 To appropriately assess the performance of the LMR-NCM
pouch cells, NCA pouch cells with the same electrode and cell
configuration were produced on the same line. The cells were
standardized by adjusting the loading of the electrode sheets,
delivering an areal capacity of 2.3 mAh cm−2 or a total capacity of
5.5 Ah at a 1C discharge rate. For both cell types, graphite was used
as anode material. For simplicity, the LMR-NCM/graphite and
NCA/graphite pouch cells will further on be referred to as LMR-
NCM and NCA pouch cells, respectively.

The production of the cells, the electrode characterization, as well
as their formation is described in Part I of this study.35 In Part II, the
characteristics of both cell types were evaluated by discharge rate
capability tests and by an aging study, in which we compare their
capacity, mean discharge voltage, and energy density fading, their
internal resistance buildup, as well as their self-heating at high
discharge rates. While previous publications on LMR-NCM were
carried out with small-scale laboratory cells (e.g., coin cells), stating
energy densities up to 1000Wh kg−1 at the material level,11,12,26 to the
best of our knowledge, there is no published research on large-format
LMR-NCM cells that would allow a rigorous assessment of the energy
densities achieved on the cell level. Especially the evaluation of self-
heating effects at high C-rates and gassing effects during formation
and extended aging is only feasible with large-format cells, so that the
here presented study with large-format multilayer pouch cells will
provide new insights with regards to these aspects.zE-mail: ludwig.kraft@tum.de
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Experimental

The large-format multilayer pouch cells were produced on the
semi-automatic manufacturing pilot line at the Technical University
of Munich.34 To compare the performance of the two CAMs, both
pouch cell types were designed to have a similar areal capacity of
2.3 mAh cm−2 at a 1C discharge, amounting to a total capacity of
around 5.5 Ah at 1C. A target capacity of 5.5 Ah at 1C results in an
energy of 17.6 Wh for the LMR-NCM and 19.8 Wh for the NCA
pouch cells (based on averaged discharge voltages at 1C of 3.2 V for
the LMR-NCM and 3.6 V for the NCA cells). The here used
multilayer pouch cell design was based on small-scale laboratory
coin cell measurements that were conducted in Part I of this study.35

Details on the electrode production as well as the pouch cell
assembly and formation are also provided in Part I of this study.35

Electrode specifications.—In this study, a LMR-NCM CAM
with a stoichiometry of Li Ni Co Mn O1.14 0.26 0.14 0.60 0.86 2[ ] (BASF,
Germany), which can as well be written as 0.33 Li MnO2 3 · 0.67
LiNi Co Mn O0.38 0.21 0.41 2 and was also investigated by Teufl et al.,36

and an NCA with a stoichiometry of LiNi Co Al O0.81 0.15 0.04 2 (BASF,
Germany) were used. The cathodes consisted of 92.5 wt% CAM (LMR-
NCM or NCA), 4 wt% conductive carbon (Super-C65, Timcal,
Switzerland), 3.5 wt% polyvinylidene-fluoride binder (PVdF, Solef
5130, Solvay, Belgium), and were coated double-sided on a 15 μm
aluminum substrate foil (1055 A, Korff, Switzerland). The CAM loading
was set to 11.7 mg cm−2 (≡2.9 mAh cm−2 at C/10, based on a nominal
capacity of 250mAh gCAM

1- ) and 13.0 mg cm−2 (≡2.6 mAh cm−2 at

C/10, based on a nominal capacity of 200mAh gCAM
1- ) for the LMR-

NCM and NCA electrode sheets, respectively. The nominal capacities of
both CAMs relate to LMR-NCM/Li cells in a voltage range of 2.0–4.7 V
(250mAh gCAM

1- ) and NCA/Li cells in a voltage range of 3.0–4.5 V

(200mAh gCAM
1- ), and were used for the calculation of the nominal cell

capacities as stated in Table I. The cathodes were calendered to an
electrode coating porosity of 42%.

The anodes consisted of 97 wt% graphite (SGL Carbon, Germany),
1.5 wt% carboxymethyl cellulose binder (CMC Sunrose MAC200, NPI,
Japan), 1.5 wt% styrene-butadiene rubber binder (SBR, Zeon, Japan),
and were coated on a 11 μm copper substrate foil (Cu-PHC, hard rolled
blank, with a nominal thickness of 12 μm Schlenk, Germany). The
graphite electrode loadings were set to 9.5 mg cm−2 (≡3.4 mAh cm−2

at C/10, based on a nominal capacity of 355mAh ggraphite
1- ) for LMR-

NCM and 10.2 mg cm−2 (≡3.6 mAh cm−2 at C/10, based on a nominal
capacity of 355 mAh ggraphite

1- ) for NCA based pouch cells. The anodes

were calendered to an electrode coating porosity of 30%. The resulting
areal capacity ratios of negative/positive electrode (N/P ratio) were 1.17
for the LMR-NCM and 1.38 for the NCA pouch cells.

Pouch cell assembly.—Both cell types contained 16 double-
coated cathodes and 17 double-coated anodes. The electrodes were
alternately stacked with a z-folded monolayer polypropylene (PP)
separator (Celgard 2500, France) with a thickness of 25 μm. An
FEC:DEC based electrolyte (1 M LiPF6 in a 12:64:24 (by volume)
mixture of FEC:DEC:co-solvent and 2 wt% of a proprietary ad-
ditive, BASF, Germany) was used for the LMR-NCM cells, while an

EC:DEC based electrolyte (1 M LiPF6 in a 3:7 (by weight) mixture
of EC:DEC and 2 wt% vinylene carbonate (VC), BASF, Germany)
was used for the NCA cells. The proprietary additive improves full-
cell cycle stability and has a similar effect as the one described
in Ref. 37.

The individual cell specifications are listed in Table I. The CAM
mass was determined by weighing the electrode sheets before the
assembling process, while the finally determined mass of the cell
after the electrolyte filling, the degassing after formation, and the
final cell sealing process includes the current collectors, the welded-
on tabs, and the pouch foil. For comparison of the cells, the specific
capacity used in the later studies was related to the CAM mass. The
gravimetric energy density, however, was related to the total pouch
cell mass. On account of an error in the production process, the
loading of the graphite anodes for the NCA pouch cells was slightly
too high, resulting in an N/P ratio of 1.38 instead of the originally
intended N/P ratio of 1.2. Assuming a N/P ratio of 1.17 for the NCA
pouch cells (as is the case with the LMR-NCM cells), the total cell
mass would be reduced by ≈4.4 g (due to a reduced anode loading
by 1.6 mg cm-2 with an active material ratio of 97 wt% and a total
anode area of 2687 cm2), resulting in 4% higher gravimetric energy
density values. Nevertheless, the stated gravimetric energy densities
were calculated with the actual cell mass of the NCA pouch cells.
For the evaluation of the volumetric energy density, a volume of
≈51.6 cm3 for the LMR-NCM and ≈49.7 cm3 for the NCA pouch
cells was used (based on the cell thicknesses and the length and
width of the deep-drawn pocket of the pouch bag). Unless stated
otherwise, the term energy density refers to the gravimetric energy
density. Based on a nominal reversible capacity at C/10 of
250 mAh g−1 for LMR-NCM and 200 mAh g−1 for NCA, the
nominal cell capacity was calculated according to the CAM mass.
In all later measurements, the C-rates for the charging and dischar-
ging procedures were referred to the nominal cell capacity at C/10 of
each cell, as stated in Table I. For a detailed overview of the
production and formation process of the LMR-NCM pouch cells, the
reader is referred to Part I of this study.35

Coin cell specifications.—As a reference, experiments with both
the LMR-NCM and the NCA cathodes with graphite anodes were
also conducted with laboratory 2032-type coin cells. Cathodes with
14 mm diameter and anodes with 15 mm diameter were punched out
from a single side coated part of the electrodes used for the pouch
cells as described above, i.e., with the same areal capacities as
specified above. The electrodes were dried in a glass oven (Büchi,
Switzerland) under dynamic vacuum at 120 °C for 12 h. The coin
cells were assembled in an argon filled glove box (O2, H2O <
0.1 ppm, MBraun, Germany) with a separator of 17 mm in diameter
and 50 μL of electrolyte. The separator and the electrolyte for the
corresponding CAMs were the same for the coin and pouch cells.

Electrochemical measurements.—Cell formation and mounting.—
A formation procedure with a first constant current (CC) C/15 cycle
including degassing steps, followed by two CC C/10 cycles was carried
out. The LMR-NCM cells were charged to 4.7 V in their first formation
cycle to activate the material;10 in all subsequent cycles, the upper
cutoff voltage was set to 4.6 V. A more detailed description of the
formation procedure is given in Part I of this study.35 The LMR-NCM

Table I. Specifications of the LMR-NCM/graphite and NCA/graphite pouch cells with an identical CAM-based areal capacity of ≈2.3 mAh cm−2 at
1C. Note that the here used pouch cells represent a subset of the pouch cells presented in Part I of this study.35

Cell type Number of cells CAMa) mass Cell massb) Nominal cell capacityc)

LMR-NCM 5 27.64 ± 0.32 g 111.6 ± 1.6 g 6.91 ± 0.08 Ah
NCA 6 31.34 ± 0.41 g 115.8 ± 2.0 g 6.27 ± 0.08 Ah

a) CAM—cathode active material. b) Determined by weighing the cells after formation, degassing, and final sealing of the cells. c) Based on the nominal
specific CAM capacity at C/10 (LMR-NCM: 250 mAh g−1, NCA: 200 mAh g−1).
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cells were cycled between 2.0 V and 4.6 V and the NCA cells between
3.0 V and 4.3 V. Note that all C-rates are referenced to the nominal
specific CAM capacity of 250 mAh g−1 for LMR-NCM cells and of
200 mAh g−1 for NCA cells.

The pouch cells were mounted in custom-built cell holders as
depicted in Fig. 1. Both the bottom and top part of the cell holder
consisted of a thermoplastic polyoxymethylene (POM) frame with
an aluminum insert. Via the screw/spring combination a pressure of
0.2 MPa was applied to the pouch cells. Cellulose sheets (Pacopads
5500, Pacothane Technologies, USA) were put between the cell and
the aluminum inserts to obtain a homogeneous compressive force
across the active area. An integrated negative temperature coefficient
(NTC) temperature sensor was attached to measure the temperature
on the surface of the pouch cells with a precision of ±1 K. All pouch
cell measurements were performed with an XCTS battery test
system (BaSyTec, Germany) in a controlled climate chamber
(WT3-600/40-S, Weiss Umwelttechnik, Germany) at 25 °C. The
coin cells were cycled with a Maccor battery tester (series 4000,
USA) in a controlled climate chamber (Binder, Germany) at 25 °C.
A detailed overview of all measurement procedures is listed in
Table II, the tests were consecutively performed in the stated order
for each of the cells.

Initial C/10 cycle and open circuit voltage curve.—After forma-
tion, the cells were charged and discharged with a CC C/10 cycle. In
a subsequent CC C/10 cycle, a pause of 1 h was included after each
hour, which sums up to ten 1 h pauses during the charge and ten 1 h
pauses during the discharge. While pausing, the relaxation of the
open circuit voltage (OCV) was measured.

Discharge rate capability test.—Next, the discharge rate cap-
ability test was carried out with CC discharging with C/10, C/5, and
C/2. The preceding charging C-rate was set to the discharging
C-rate. The CC charging phase was followed by a constant voltage
(CV) phase until a cutoff current of C/20 was reached. For two cells
of each cell type, an extended discharge rate capability test was
carried out with also 1C, 2C, and 3C discharge rates, whereby the
charging current in the CC phase was limited to C/2 (with a CV

phase terminated at C/20) for each discharge rate. The specific
capacity was related to the mass of the corresponding CAM, whereas
the energy density was related to the total cell mass as stated in
Table I. The values for each cycle were averaged over all cells of the
corresponding cell type and plotted with the corresponding standard
deviation. If the measurement procedure only consisted of two
samples, their mean value was plotted with the minimum and
maximum value, indicated by the error bars.

Aging study.—In the final aging test, the cells were repeatedly
cycled with a C/2 CCCV charge (with a cutoff current of C/20) and a
C/2 CC discharge. Every 25 cycles, a checkup procedure was carried
out. In the checkup procedure, the cells were initially charged with
C/10 to a voltage of 3.7 V, which corresponds to a state-of-charge
(SOC) of approximately 40% for both cell types, followed by a 1 h
resting period at OCV. Then the cell resistance was determined with
the direct current internal resistance (DCIR) method by applying a
C/2 CC discharge pulse for 10 s and measuring the cell voltage. The
resistance is calculated by Ohm’s law and the total voltage drop and
referenced to the cathode area (73.73 cm2 per layer). After the DCIR
test, the cells were first discharged with C/10 to their lower cutoff
voltage, and then, the cell capacity was assessed by a full C/10
charge/discharge cycle. Only the four cells (2x LMR-NCM, 2x
NCA) that were stressed with the extended rate capability test were
additionally discharged with three 1C CC cycles in each checkup.

Results and Discussion

The comparative evaluation of the performance of the large-
format multilayer LMR-NCM and NCA pouch cells is divided into
two parts: the rate capability behavior, and the aging behavior of the
cells in the long-term cycling study.

Rate capability behavior.—The results of the discharge rate
capability test, depicting the C-rate dependence of the specific CAM
capacity, the charge averaged mean cell discharge voltage, and the
gravimetric cell energy density are displayed in Fig. 2; the
corresponding values normalized to those at C/10 are stated in
Table III.

For low C-rates, i.e., C/10 and C/5, the discharge capacity stayed
almost constant for both materials, and the LMR-NCM cells
delivered around 30% higher specific capacities. With increasing
rates, less capacity can be discharged from the cells, especially for
the high C-rates of 2C and 3C. At a 2C discharge, only 88% can be
discharged from the LMR-NCM cells and 77% from the NCA cells,
when referenced to their capacity at C/10. At a 3C discharge, the
LMR-NCM cells delivered 77%, while the NCA cells dropped to
59%. Previous studies with NCA38,39 and LMR-NCM10,40,41 showed
that the capacity loss at high C-rates is largely due to the poor charge
transfer kinetics and/or the slow solid-state diffusion at low SOC.
However, it is noteworthy that the capacity loss with increasing
C-rate was much more pronounced for LMR-NCM/lithium coin
cells that were investigated in Part I of this study35: at the same
loading (≈12 mg cm−2) and cathode porosity (≈42%), the capacity
at 3C was only ≈120 mAh gCAM

1- (see Fig. 2 in Ref. 35), compared to

the ≈180 mAh gCAM
1- obtained here for the LMR-NCM/graphite

pouch cells (red symbols in Fig. 2a). As will be shown later, this
was most likely linked to the strong cell temperature rise of the
LMR-NCM pouch cells at high C-rates.

The mean discharge voltage at C/10 shown in Fig. 2b of the
LMR-NCM cells was at 3.5 V, while it was at 3.7 V for the NCA
cells. At a 3C rate, the mean discharge voltage of the LMR-NCM
cells decreased by ≈660 mV, which was more than double com-
pared to the ≈310 mV drop of the NCA cells, revealing the strong
rate dependency of the LMR-NCM CAM.

The gravimetric energy density of the pouch cells, displayed in
Fig. 2c, is a product of the discharge capacity and the mean
discharge voltage, referenced to the total mass of the pouch cells.

Figure 1. Schematic CAD drawing of the cell holder including the pouch
cell. The 5.4 mm thickness of the depicted pouch cell represents a mean
value of the thicknesses of the LMR-NCM (5.5 mm) and NCA (5.3 mm)
cells.
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At low discharge rates the energy density was around 200 Wh kg−1

(≈433 Wh l−1) for the LMR-NCM and 180 Wh kg−1 (≈419 Wh l−1)
for the NCA pouch cells. In contrast to the 30% increase in specific
capacity, the benefit in gravimetric energy density was only 11%. An
adjusted N/P ratio of 1.17 for the NCA pouch cells (rather than the
here used N/P ratio of 1.38) would result in 4% higher energy
densities, reducing the energy density advantage of the LMR-NCM
cells to 7%. One reason for the lower gain in energy density
compared to the gain in capacity of the LMR-NCM cells was their
lower mean discharge voltage. Nevertheless, in this study, the LMR-
NCM pouch cells maintained a higher energy density of ≈11%
compared to the NCA pouch cells for C-rates up to 1C; this
advantage became even more pronounced at higher rates of 2C
(+16%) and 3C (+29%), which, as described later, is related to the
substantial LMR-NCM cell temperature rise.

Both pouch cell types described in this work were not designed for
a specific application or optimized with regards to their energy
density. High energy cells use thinner current collectors and separators
as well as lower electrode porosities, which requires less
electrolyte.29,33 All these measures save weight and volume and
thereby increase the gravimetric and volumetric energy density on the
cell level. Based on the cylindrical cells for EVs reported by Ding
et al.30 with 236Wh kg−1 (NCA/graphite) and 260Wh kg−1 (NCA/
silicon-graphite), by switching the CAM from NCA to LMR-NCM
and assuming a gravimetric energy density increase of 7% compared

to the properly balanced NCA/graphite or NCA/silicon-graphite cells,
253Wh kg−1 (LMR-NCM/graphite) and 278Wh kg−1 (LMR-NCM/
silicon-graphite) could be reached.

The performance of the laboratory coin cells served as a
comparison for the large-format multilayer pouch cells. As already
mentioned above with regards to the discharge rate capability test,
the LMR-NCM/graphite coin cells (as well as the LMR-NCM/
lithium coin cells measured in Part I35) showed a specific capacity
that was ≈34% lower than that of the corresponding pouch cells for
a 3C discharge (see Fig. 3a). In contrast, the specific capacity of the
NCA laboratory coin cells was in good agreement for all C-rates
with the NCA pouch cells (see solid gray squares and open gray
triangles in Fig. 3a). Just for clarification, for the 2C and 3C
discharge in Fig. 3a, the open gray triangles indicating the specific
capacity of the NCA coin cells are superposed by the open red
triangles for the LMR-NCA coin cells.

While the coin cells can be considered isothermal at an ambient
temperature of 25 °C during operation due to their low energy
content and high thermal mass, this is not the case for large-format
pouch cells. The maximum temperature of the pouch cells was
reached at the end of each discharge and is depicted in Fig. 3b. As
described in the experimental section, the temperature was measured
on the surface of the pouch cells within the cell holder (see Fig. 1).
The cell holder, consisting partly of aluminum and the thermoplastic
POM, influenced the heat dissipation of the cells. As there were no

Table II. Sequence of the measurement procedures applied to the LMR-NCM/graphite and NCA/graphite pouch and coin cells.

Cycling procedure Cycles Charge Stop condition Discharge Stop condition

C/10 cycle 1 CC @ C/10 U Umax CC @ C/10 U Umin

C/10 relax cycle 1 CC @ C/10 t 1 h or CC @ C/10 t 1 h or
(initial OCV curve) U Umax U Umin

Pause t 1 h Pause t 1 h

Rate capability test 3 CC @ C/10 U Umax CC @ C/10 U Umin
CV @ Umax I C/20

3 CC @ C/5 U Umax CC @ C/5 U Umin
CV @ Umax I C/20

5 CC @ C/2 U Umax CC @ C/2 U Umin
CV @ Umax I C/20

Extended 5 CC @ C/2 U Umax CC @ 1C U Umin
rate capability testa) CV @ Umax I C/20

5 CC @ C/2 U Umax CC @ 2C U Umin
CV @ Umax I C/20

5 CC @ C/2 U Umax CC @ 3C U Umin
CV @ Umax I C/20

Aging cycles 25 CC @ C/2 U Umax CC @ C/2 U Umin
CV @ Umax I C/20

Checkup procedure Cycles Procedure Stop condition
Initialization 1 CC charge @ C/10 U Upulse

Pause t 1 h

Pulse Test 1 CC discharge @ C/2 t 10 s

C/10 cycle 1 CC discharge @ C/10 U Umin
CC charge @ C/10 U Umax
CC discharge @ C/10 U Umin

1C cyclea) 3 CC charge @ C/2 U Umax
CV charge @ Umax I C/20
CC discharge @ 1C U Umin

Before the first stated C/10 cycle, the cells underwent a formation procedure consisting of one C/15 and two C/10 cycles. The C-rates refer to the nominal cell
capacities listed in Table I. All measurements were performed at an ambient temperature of 25 °C. CC—constant current, CV—constant voltage. LMR-
NCM: U U U4.6 V, 2.0 V, 3.7 Vpulsemax min= = = . NCA:U U U4.3 V, 3.0 V, 3.7 Vpulsemax min= = = .a) Two cells each were discharged with the
extended rate capability test and the 1C checkup cycles.
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rest periods at the end of discharge during the rate capability test, the
cells could not cool down to the 25 °C ambient temperature of the
climate chamber and had an initial temperature of around 27.5 °C at
the beginning of the rate capability test (see Fig. 3b). The
temperature of the LMR-NCM cells strongly increased with
increasing C-rates, reaching a temperature of 53 °C for the 3C
discharge, while the NCA cells only reached 33 °C.

Figure 3c displays the round-trip energy efficiencies of both the
LMR-NCM and NCA pouch and coin cells. The generated heat in a
cell can be correlated to the energy that is irreversibly lost between

charge and discharge. After formation, this energy inefficiency is
mainly caused by a voltage hysteresis between charge and discharge
and therefore pronounced in LMR-NCM cells.42 During the 3C
discharge (following a C/2 CCCV charge, see Table II), the energy
loss of the LMR-NCM pouch cells was above 6 Wh (corresponding
to an energy efficiency of ≈70%), while the NCA pouch cells only
lost around 2 Wh (corresponding to an energy efficiency of ≈85%).
Table IV lists the mean charge (ECH) and discharge (EDCH) energies
of the LMR-NCM and NCA pouch cells vs discharge rate (DCH
C-rate) as well as the resulting round-trip energy efficiencies (η),
defined as

E

E
100% 1DCH

CH
· [ ]h =

It also lists the overall dissipated energy per cycle ( EtotD )

E E E 2tot CH DCH [ ]D = -

Meister et al.42 classified different anode and cathode materials
according to their round-trip energy efficiency for a 1C charge/
discharge cycle at an ambient temperature of 20 °C. In their study,
graphite had a round-trip energy efficiency of ≈94%, their LMR-
NCM (0.5 Li2MnO3 · 0.5 LiNi Mn Co O0.4 0.4 0.2 2) had a round-trip
energy efficiency of ≈85%, while NCA was not investigated. Their
LMR-NCM/graphite combination would result in a round-trip
energy efficiency of ≈80%. This round-trip energy efficiency at a
1C rate reflects the results for the LMR-NCM/graphite pouch cells
obtained in our study (≈81% at 1C). Note that these values were
measured at an ambient temperature of 20 °C, while our measure-
ments were performed at an ambient temperature of 25 °C.

To further evaluate the difference in round-trip energy efficiency
of both cell types, the charge and discharge voltage profiles of each
cell type have to be closer examined. The total energy loss related to
voltage hysteresis can be split into a resistive part ERD , due to cell
polarization during operation, and into a current-independent part

EOCVD , originating from the intrinsic active material voltage
hysteresis that is particularly pronounced for LMR-NCMs.26,42

E E E 3tot R OCV [ ]D = D + D

The additional energy that is lost due to parasitic side reactions was
neglected in our estimation of the energy losses, as they are minor
for the high coulombic efficiencies >99.9% for both cell types in our
study. The reversible heat (entropy) during a full charge/discharge
cycle is considered close to zero (under the assumption that no net
entropy can be generated in a reversibly cyclable cell) and therefore
insignificant for the total energy loss.

For the evaluation of the energy losses, a C/10 charge/discharge
cycle with and without intermittent 1 h OCV rest periods was carried
out. The LMR-NCM pouch cells were cycled in a voltage range of
2.0–4.6 V and the NCA pouch cells in a voltage range of 3.0–4.3 V,
the results are displayed in Fig. 4. Clearly visible is the pronounced
hysteresis of the voltage profile of the LMR-NCM cells. When OCV
rest periods are added to the C/10 cycling, represented by the red
lines, the purely resistive part is omitted. The cell voltage is allowed

Figure 2. Discharge rate capability of the LMR-NCM and NCA pouch cells
(as specified in Table I), depicting the C-rate dependence of (a) the specific
capacity related to the CAM mass, (b) the mean cell discharge voltage, and
(c) the energy density with respect to the total mass of the cell. The cells
were discharged with a CC procedure at an ambient temperature of 25 °C in
the voltage windows 4.6–2.0 V for LMR-NCM and 4.3–3.0 V for NCA,
respectively (see Table II). The error bars for the rates of C/10, C/5, and C/2
represent the standard deviation between 5 LMR-NCM and 6 NCA cells; for
the rates of 1C, 2C, and 3C, the error bars mark the minimum/maximum
values of 2 cells of each type.

Table III. Specific CAM capacity, mean cell discharge voltage, and gravimetric cell-level energy density of the LMR-NCM and NCA pouch cells.
The values for the C-rates were referenced to their mean C/10 value and the corresponding standard deviation, based on the data shown in Fig. 2.

Cell type C/5 C/2 1C 2C 3C

Specific capacity LMR-NCM 100.4 ± 2.9 % 97.6 ± 2.8 % 93.5 ± 2.7 % 87.8 ± 2.5 % 77.3 ± 2.2 %
NCA 97.9 ± 1.1 % 94.4 ± 1.1 % 89.6 ± 1.0 % 76.7 ± 0.9 % 58.8 ± 0.7 %

Mean dis. voltage LMR-NCM 98.5 ± 0.2 % 95.5 ± 0.2 % 91.8 ± 0.2 % 85.9 ± 0.2 % 81.1 ± 0.2 %
NCA 99.7 ± 0.1 % 98.6 ± 0.1 % 96.8 ± 0.1 % 93.9 ± 0.1 % 91.6 ± 0.1 %

Energy density LMR-NCM 99.1 ± 5.1 % 93.3 ± 4.8 % 87.0 ± 4.5 % 76.7 ± 4.0 % 63.7 ± 3.3 %
NCA 97.7 ± 3.2 % 93.1 ± 3.0 % 88.0 ± 2.8 % 73.0 ± 2.4 % 54.6 ± 1.8 %
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to relax and the tips of the red curve mark the OCV profile after 1 h
rest periods. A connection of these tips leave the gray shaded area
that indicates the energy lost due to the LMR-NCM material
hysteresis. The voltage profile of the NCA cells showed a minor

hysteresis, which almost vanished completely when OCV rest
periods were added to the cycling procedure. For this reason, the
gray area in Fig. 4b is quasi not visible and appears as the dotted
gray line. Via integration of the C/10 charge/discharge cycle, the
energy loss EtotD can be derived.26

E I V td 4tot ∮ [ ]D =

Here, I and V refer to the cell current and voltage, respectively. An
integration of the gray shaded areas in Fig. 4 yields EOCVD . ERD is
then calculated using Eq. 3 and EtotD determined from the black
dashed lines in Fig. 4, using Eq. 4. The results are listed in Table V.
These energy values, obtained by integration of the voltage curve of
a single pouch cell of each type, are in good agreement with the
measured C/10 round-trip efficiencies during the rate capability test,
as stated in Table IV (87.5% ± 2.2% for the LMR-NCM and
98.1% ± 1.1% for the NCA pouch cells).

The total energy EtotD that was lost over one C/10 charge/discharge
cycle was substantially less for the NCA pouch cell, accounting for
2.3% of the charge energy ECH. In contrast, the LMR-NCM cell lost
13.5% of the charge energy. More than a third of the total losses in the
LMR-NCM cells at C/10 could be attributed to the intrinsic LMR-
NCM material OCV hysteresis, whereas the ratio E EOCV totD D was
only 7% for the NCA cells. The NCA voltage hysteresis was almost
only generated by overpotential contributions ( ERD ).

The energy lost due to the OCV hysteresis of the LMR-NCM
pouch cells caused the pronounced temperature rise visible in
Fig. 3b. For lower discharge currents, there was enough time to
dissipate the excess heat to the cell holders and the ambient air. If the
same energy is released in a short time period, it cannot dissipate fast
enough, resulting in an increasing cell temperature. The OCV
voltage hysteresis of LMR-NCM and the resulting energy ineffi-
ciency are major drawbacks for commercialization and are thus in
the focus of current research.26 Regarding the discharge capacities
and the round-trip energy efficiencies in the rate capability test,
LMR-NCM is rather suited for high energy than high power
applications.

Cycling behavior.—In the aging study (see Figs. 5 and 6), the
large-format LMR-NCM and NCA pouch cells were evaluated with
regards to their cycling behavior, using diagnostic checkups every
25 cycles. The dashed lines in Figs. 5a and 5c mark the 80% state-of-
health (SOH) thresholds for the specific capacity and energy density,
referenced to 80% of the initial capacity and cell energy density
during the C/2 discharge in the rate capability test (i.e., 80% of the
values in cycle 7 shown in Figs. 2a and 2c). With ongoing cycling,
both the LMR-NCM and the NCA cells showed a gradual decline in
their specific capacity.

Figure 3. (a) Specific capacity related to the CAM mass of the LMR-NCM
and NCA pouch cells in comparison to the laboratory coin cell measurements
(all with graphite anodes), (b) maximum temperature measured on the
surface of the pouch cells within the cell holder, and (c) round-trip energy
efficiency calculated from the ratio of charge and discharge energy in a given
cycle (note that the first cycle for each new C-rate setting is omitted). The
pouch cell data correspond to those depicted in Fig. 2. The error bars for the
coin cell measurements (barely visible) represent the standard deviation
between 3 individual coin cells of each type.

Table IV. Mean round-trip energy efficiencies η of the LMR-NCM and NCA pouch cells (data shown in Figs. 2 and 3), listed here for the third cycle
of each discharge C-rate. The details of the discharge rate capability test are given in Table II.

Type DCH C-rate ECH EDCH EtotD η

LMR-NCM C/10 26.6 Wh 23.3 Wh 3.33 Wh 87.5% ± 2.2%
C/5 26.2 Wh 22.7 Wh 3.46 Wh 86.8% ± 1.0%
C/2 25.5 Wh 21.2 Wh 4.31 Wh 83.1% ± 0.6%
1C 24.2 Wh 19.5 Wh 4.64 Wh 80.8% ± 0.5%
2C 22.7 Wh 17.1 Wh 5.62 Wh 75.3% ± 0.3%
3C 20.3 Wh 14.2 Wh 6.10 Wh 70.0% ± 0.1%

NCA C/10 21.9 Wh 21.5 Wh 0.42 Wh 98.1% ± 1.1%
C/5 21.4 Wh 20.8 Wh 0.62 Wh 97.1% ± 0.7%
C/2 20.9 Wh 19.8 Wh 1.17 Wh 94.4% ± 0.4%
1C 20.0 Wh 18.5 Wh 1.51 Wh 92.4% ± 0.2%
2C 17.3 Wh 15.3 Wh 1.94 Wh 88.7% ± 0.3%
3C 13.5 Wh 11.5 Wh 1.96 Wh 85.4% ± 0.3%

CH—charge, DCH—discharge, tot—total.
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After approximately 250 cycles, too much gas was generated in
the LMR-NCM pouch cells, which caused a rupture of the pouch
foil. The strong gassing of the LMR-NCM cells likely derives from
two effects: i) the oxidative decomposition of the electrolyte due to
its reaction with released lattice oxygen at the very high degrees of
delithiation of the LMR-NCM at 100% SOC43; ii) the gradual
thermal decomposition of FEC,44 which is particularly problematic
for electrolytes with high FEC content. While we did not determine
the gas composition, the literature suggests the evolution of mostly
CO2 at room temperature and over a few cycles with FEC based
electrolytes,36,45 whereas at elevated temperatures and over extended
cycling in FEC/DEC (2:8 by volume) electrolyte also substantial
amounts of H2 were observed.46 Even though the electrochemical
behavior of the cells was still stable, the tests were stopped for safety
reasons.

The NCA cells showed a more stable cycling behavior. For a
better comparison of the two active materials, the NCA cell data are
only plotted up to 300 cycles in Fig. 5; an overview of all the data up
to 1600 cycles for the NCA pouch cells and up to 1000 cycles for the
NCA coin cells is given in the Appendix in Fig. A·2, indicating the
state-of-the-art performance of the large-format multilayer pouch
cells. While the upscaling from coin to pouch cells for a state-of-the-
art reference material is adequate, effects related to temperature and

gas evolution that occur in LMR-NCM cells can clearly not be
appropriately predicted from coin cell data, as they are operated
isothermally and do not capture cell rupture effects from extensive
gassing. Furthermore, small-scale laboratory cells generally have a
higher electrolyte to active material ratio35 that affects the aging
behavior, which likely explains the slightly better capacity retention
of the NCA coin vs NCA pouch cells (see Fig. A·2).

The specific capacity of the LMR-NCM pouch cells decreased
faster, but remained higher than for the NCA pouch cells as shown in
Fig. 5a. An extrapolation of the specific capacity of the LMR-NCM
cells projects a crossover with the 80% threshold at approximately
350 cycles, as seen in Fig. A·1 in the Appendix. The NCA cells
reached this point after 980 cycles (see Fig. A·2), as is also listed in
Table VI. The aging behavior of both cell types is in good agreement

Table V. Energy losses derived from integrating the C/10 cycling curves. The total energy loss is divided into the hysteresis ( EOCVD ) and the
overpotential ( ERD ) driven part.

Cell type EtotD EOCVD ERD EOCVD : ERD η EtotD /ECH

LMR-NCM 3.54 Wh 1.31 Wh 2.23 Wh 37 : 63 86.5% 13.5%
NCA 0.50 Wh 0.04 Wh 0.46 Wh 7 : 93 97.7% 2.3%

Figure 5. Cycle stability of the LMR-NCM and NCA pouch cells with
regards to their (a) specific capacity related to the CAM mass, (b) mean cell
discharge voltage, and (c) energy density related to the total mass of the cell.
The cells were charged and discharged with a C/2 CC procedure including a
CV phase at the end of charge at an ambient temperature of 25 °C in the
voltage windows 2.0–4.6 V for LMR-NCM and 3.0–4.3 V for NCA,
respectively (see Table II). Shown are the average values from 6 LMR-
NCM and 5 NCA pouch cells, with error bars representing the standard
deviation. The 80% initial capacity and energy density values marked by the
dashed horizontal lines are referenced to the respective values in cycle 7
shown in Figs. 2a and 2c.

Figure 4. C/10 cycle procedures with and without 1 h OCV rest periods (see
Table II) of an (a) LMR-NCM (2.0–4.6 V) and a (b) NCA (3.0–4.3 V) pouch
cell at an ambient temperature of 25 °C.
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with published data on core-shell or surface-coated LMR-NCM in
LMR-NCM/graphite cells11,12 and of NCA in NCA/graphite
cells.6,47–49

In Fig. 5b, the mean discharge voltage of the NCA cells showed a
decrease of 59 mV after 255 cycles, which was less pronounced than
the loss of 155 mV of the LMR-NCM cells. Voltage fading during
prolonged cycling is a known issue of LMR-NCM and is caused by
structural reordering from a layered to a spinel-like structure.11,12,27,50–53

This has an additional, negative impact on the energy density decay
displayed in Fig. 5c. In the beginning of the cycle-life test, the LMR-
NCM cells offered a 11% higher cell energy density, but due to their
faster degradation, their cell energy density became the same as that of
the NCA cells at cycle 210. After 230 cycles, the LMR-NCM cells
reached their 80% SOH criterion (red dashed line in Fig. 5c), whereas
the NCA cells could be cycled 710 times until they reached 80% SOH
(gray dashed line in Fig. 5c). The number of cycles up to 80% SOH
with regards to their specific capacity and energy density for the two
cell types are summarized in Table VI. Note that the LMR-NCM cells
were charged to 4.6 V while the NCA cells were only charged to 4.3 V.
At such high voltages, the electrolyte stability plays an important role
and determines the aging behavior of these cells. Electrolyte oxidation
at the cathode was probably one cause for an accelerated aging.36,43,45

While higher temperatures also lead to an accelerated aging of lithium-
ion cells,47,54–57 this would not explain the comparatively faster
degradation of the LMR-NCM cells since their average surface
temperature during this aging test at C/2 of 29 °C (max. 31 °C) was
similar to the 27 °C of that of the NCA cells (max. 28 °C).

During the checkup cycles, the remaining capacity was assessed
by a C/10 cycle, displayed in Fig. 6a. By applying a lower current,
the cell polarization due to internal resistances, e.g., caused by
growing passive layers or contact losses, is less. The influence of the
internal resistance buildup on the capacity was evaluated with an
additional 1C discharge, as seen in Fig. 6b. As described in the
experimental section, only two pouch cells of each type were
stressed with the 1C cycling procedure and therefore smaller error
bars appear in Fig. 6b. By comparing the capacity of the C/10 with
the 1C discharge, the capacity fading of the LMR-NCM cells is
essentially independent of the C-rate, which suggests that the main
degradation mechanism is the loss of cyclable lithium (e.g., via
electrolyte oxidation) rather than an impedance buildup, at least for
discharge C-rates up to 1C. For the NCA cells, the capacity fading at
1C is only ≈20% faster than at C/10, again suggesting that this
decrease is not dominated by an impedance buildup.

The DCIR method was used to determine the internal cell
resistance, employing a discharge pulse after a relaxation time of
1 h at 3.7 V (see Table II), which corresponded to a SOC of about
40% for both cell types. The first checkup of the LMR-NCM cells
before the aging study was measured at a different voltage and was
therefore left out. Here it should be noted, however, that the cell
resistance is a strong function of SOC and thus cell voltage for both
LMR-NCM10 and for NCA6 with a minimum resistance at mid-
range SOCs. Based on the cathode-resolved impedance of
NCM-811,58 this resistance versus SOC behavior reflects that of
the CAM. Moreover, because of the strong voltage hysteresis for
LMR-NCM, the resistance also depends on whether the cell was
charged or discharged before applying a DCIR pulse.10 While the
LMR-NCM cells exhibited »2-fold higher resistances, the resis-
tances of both cell types rose equally by ≈40% between the 50th and
the 250th cycle.

Therefore, the faster capacity and cell energy density degradation
of the LMR-NCM cells compared to the NCA cells is unlikely due to
polarization effects. Instead, based on the similar capacity fading
rates of C/10 and 1C for both cell types (Figs. 6a and 6b), the
performance degradation seems to be due to a loss of cyclable
lithium. That the latter would be more pronounced at the higher
cathode potentials of the LMR-NCM cells is not surprising,
enhanced by the reaction of the electrolyte with lattice oxygen at
the high degrees of delithiation at 100% SOC for this material.43

Therefore, a more stable electrolyte system is still required for LMR-
NCM CAMs, particularly for elevated temperatures due to the
thermal instabilities of FEC in combination with LiPF6.

44,46

Moreover, surface modifications of LMR-NCM materials could
also reduce detrimental side reactions and improve the overall
cycling stability.11,12

Conclusions

In this study, the LMR-NCM cathode active material, offering a
high reversible capacity of 250 mAh g−1, was employed with
graphite anodes in large-format multilayer pouch cells, which were
produced on a pilot scale production line. Comparable NCA/graphite
pouch cells were produced and served as a reference for an
evaluation of the performance of the LMR-NCM cells. The two
pouch cell types were standardized to deliver an areal capacity of
2.3 mAh cm−2 or a total capacity of 5.5 Ah at a 1C discharge rate.

Figure 6. Checkup cycles (see Table II) of the LMR-NCM and NCA pouch
cell tests shown in Fig. 5 with regards to their (a) specific C/10 discharge
capacity related to the CAM mass, (b) specific 1C discharge capacity related
to the CAM mass, and (c) DCIR for a 10 s C/2 discharge after charging the
cells to a voltage of 3.7 V. The dashed lines indicate a linear regression of the
mean values of the data points. In (a) and (c), average values from 6 LMR-
NCM and 5 NCA pouch cells are shown, and the error bars represent the
standard deviation. In (b), only average values of 2 cells of each type are
shown, with the error bars representing their minimum/maximum values.

Table VI. C/2 cycling stability defined by the 80% SOH criterion of
the LMR-NCM and NCA pouch cells based on the data shown in
Fig. 5.

80% SOH LMR-NCM NCA

Specific capacity 350 cyclesa) 980 cycles
Energy density 230 cycles 710 cycles

a) extrapolation, see Fig. A·1 in the Appendix.
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The characteristics of both cell types were compared against each
other in a discharge rate capability test and an aging test.

Distinct differences between the two cell types were the wider
voltage window of the LMR-NCM cells with a lower cutoff voltage
of 2.0 V and an upper cutoff voltage of 4.6 V as well as the
hysteresis of the voltage profile between charge and discharge even
at C/10, while the NCA cells were cycled between 3.0–4.3 V and
showed almost no voltage hysteresis. The LMR-NCM cells ex-
hibited a specific capacity of 235 mAh g−1 for low discharge
currents C/5, which amounted to a 30% increase compared to the
180 mAh g−1 of the NCA cells. However, because of the voltage
hysteresis and the lower mean discharge voltage, the energy density
of the LMR-NCM pouch cells was only ≈11% higher in comparison
to the NCA cells.

The aging behavior was evaluated with a C/2 cycling test and
initially showed a better performance of the LMR-NCM cells.
However, both the specific capacity and the energy density showed
a faster degradation, so that the LMR-NCM pouch cells were
projected to reach their 80% SOH criterion with respect to the
specific capacity after approximately 350 cycles, whereas the 80% of
the initial energy density was reached after already 230 cycles, due
to a faster voltage fading. On the other hand, these 80% SOH criteria
were reached after 980 cycles and 710 cycles, respectively for the
NCA cells. Checkup cycles including the measured cell resistances
showed that the increasing cell resistance was not dominating the
overall capacity decay, and that instead the performance degradation
of both the LMR-NCM and the NCA cells is rather due to a loss of
cyclable lithium. The overall cycle life of the LMR-NCM pouch
cells was limited to 250» cycles due to cell rupture caused by the
strong gassing of the LMR-NCM cells.

In conclusion, LMR-NCM proved to be a high capacitive CAM,
which is comparatively cheap because of its high manganese share
compared to cobalt and nickel. Long-term stability issues still have
to be addressed, e.g., a surface treatment of LMR-NCM could bring
improvements on the material level, and should be examined in
combination with an adequate electrolyte system. Because of the
heat accumulation for discharge rates above C/2, an application of
LMR-NCM in large-format cells should be critically assessed
together with the accompanying cooling system. This issue will be
addressed in our future research. Generally, the material is more
suited for high energy than high power applications.
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Appendix

The measured cycling data of the LMR-NCM pouch cells was
limited to approximately 250 cycles due to gassing induced rupture of
the cells. To have an assessment of the 80% SOH criterion regarding
the specific capacity of the cells, an extrapolation was carried out,
yielding a projected crossover after approximately 350 cycles (see
Fig. A·1). The following fitting function (R 0.99862 = ) was used for
this extrapolation (see black line in Fig. A·1), with x representing the
cycle number and y the specific capacity in mAh g CAM

1- :

Figure A·1. Extrapolation of the specific capacity related to the mass of the
active material during C/2 cycling of the LMR-NCM pouch cells.

Figure A·2. Cycle stability including all cycles and checkups of the NCA
pouch and coin cells. (a) Specific capacity related to the mass of the active
material and (b) energy density related to the total mass of the cell during C/2
cycling (only displayed for the NCA pouch cells). (c) Specific C/10
discharge capacity and (d) specific 1C discharge capacity related to the
mass of the active material during the checkups every 25 C/2 cycles. The
cells were charged with a C/2 CC procedure including a CV phase at the end
of charge at an ambient temperature of 25 °C in the voltage window
3.0–4.3 V (see Table II).
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To allow for a more clear comparison between the LMR-NCM and
the NCA cells, Fig. 5 only shows the initial 300 cycles for the NCA
cells. The total cycling stability of the NCA pouch cells including the
laboratory NCA coin cells is displayed in Fig. A·2. The coin cells were
cycled up to 1000 cycles while the pouch cell aging test was carried
out for over 1600 cycles. The energy density in Fig. A·2b is only
displayed for the pouch cells, because this value is related to the total
cell mass, which is not representative for coin cells.
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