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LiNi0.5Mn1.5O4 cathodes under varying cycling
conditions and material configurations
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The temperature of lithium-ion batteries significantly impacts cell performance, cycle life, and safety.

Effective thermal management and cooling systems require a detailed understanding of heat generation

within battery cells, which strongly depends on the specific materials used. Particularly, lithium–nickel–

manganese–oxide (LNMO) is a promising cathode candidate for next-generation lithium-ion batteries,

because of its cobalt-free composition and high operating voltage (∼4.7 V vs. Li/Li). This study systemati-

cally investigates various factors influencing heat generation in LNMO cathodes. Initially, the impact of

charging and discharging currents on heat generation was examined, revealing that heat generation

during charging is lower than during discharging. As a result, charging currents 1.58 times higher than the

discharging currents can be achieved while maintaining similar maximum heat fluxes. Subsequently, the

effects of material additives and temperature variations were investigated. The results show that an optim-

ization of the material combination can reduce the maximum heat flux peaks of LNMO cathodes by

approximately 30% at 25 °C and about 20% at 45 °C. Furthermore, the analysis demonstrates that 35–55%

of the total heat is generated at State of Charge (SoC) below 20%, highlighting a significant potential for

thermal improvement in LNMO cathodes particularly within the low SoC range.

Broader context
High-voltage spinel LiNi0.5Mn1.5O4 (LNMO) cathodes offer a cobalt-free and energy-dense alternative for next-generation lithium-ion batteries. However, their
limited stability at elevated temperatures and the pronounced heat generation during cycling remain key challenges for safety and thermal management. A
detailed understanding of their heat generation behavior is therefore essential for optimizing cooling strategies and battery management systems. This study
systematically investigates the thermal response of LNMO-based half-cells under varying current rates, temperatures, and material configurations using
calorimetric analysis. It shows that, at C-rates ≤1 h−1, distinct heat flux features can be clearly separated, whereas at higher C-rates these merge into a single,
broader feature, leading to a significant increase in maximum heat release. Charging generally produces less heat than discharging, allowing higher charging
currents without exceeding thermal limits. The results further suggest that specific combinations of surface coatings and electrolyte additives may mitigate
irreversible heat generation, possibly by improving interfacial stability. A large fraction of the total heat—up to about 55%—is generated at states of charge
below 20%, emphasizing the critical role of the low-SoC region in the thermal design of fast-charging cells. These insights support the development of ther-
mally robust and fast-charging energy-storage systems.

1. Introduction

Lithium-ion batteries have become a key technology for a sus-
tainable future,1 driven by the increasing demand for electric
mobility and stationary energy storage.2 A central performance
criterion in both applications is the energy density, as higher
energy densities enable the development of electric vehicles

with extended ranges and more compact energy storage
systems without compromising the amount of stored energy.
Since the energy density scales with the operating voltage,
lithium–nickel–manganese–oxide (LNMO) has attracted con-
siderable attention as a cathode material, particularly in the
stoichiometry LiNi0.5Mn1.5O4. Owing to the high redox poten-
tial of the Ni species at 4.7 V vs. Li/Li+, an energy density of
over 650 Wh kg−1 can be achieved.3–6 Furthermore, LNMO
does not contain cobalt, which is both cost-intensive and
associated with critical social and environmental concerns.7

However, its high operation potential leads to poor cycling
stability,8 especially at elevated temperatures.9–11 To mitigate
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these effects, surface coatings (e.g., borate7 or manganese
phosphate12) and electrolyte additives (e.g., ferrocene hexa-
fluorophosphate,13 tris(pentafluorophenyl)silane,14 or sulfone-
based solvents15) have been widely applied. Among these
approaches, aluminium–oxide surface coatings have been
shown to improve capacity retention and coulombic efficiency
while reducing transition-metal dissolution,16–18 whereas the
decomposition of the functional additive tris(trimethylsilyl)
phosphate (TMSP) forms a stabilizing cathode–electrolyte
interphase (CEI) and lowers the HF content in the
electrolyte.19–21 While the electrochemical benefits of such
modifications are well documented, their influence on heat
generation during cycling remains largely unexplored.

The heat generation during cell cycling significantly affects
the ability of the thermal management system to maintain the
cell within the optimal temperature range of 20–40 °C,22,23

while ensuring a homogeneous temperature distribution
across the battery pack (ΔT < 5 K).24

Several studies have examined heat generation in LNMO-
based cells under various conditions:

Sayah et al.25 investigated the impact of the electrolyte addi-
tives fluoroethylene carbonate (FEC), hexafluorocyclotripho-
sphazene (HFPZ), ethoxypentafluorocyclotriphosphazene
(EtPFPZ) and phenoxycyclotriphosphazene (PhPZ) on the
cycling of LNMO-cathodes. During the first two cycles two heat
flux peaks were obtained during a complete cycle while the
first peak reduces significantly after the first cycle, indicating
surface modifications during the first cycle. The cells with only
FEC and the combination of EtPFPZ and FEC showed the
lowest heat generation. Moreover for the combination of PhPZ
and FEC a constant heat generation while no applied current
is obtained, indicating an oxidation of the electrolyte. Baazizi
et al.26 showed that the electrolyte additives FEC and succino-
nitrile (SN) significantly reduce the heat during cycling by a
factor of about 4 during charge and discharge. Moreover, they
showed the increase in heat generation with increasing C-rate.
However, due to short CC-Phases during charging at C-rates
>1 h−1 the impact on heat generation on charge is limited in
interpretation. Mao et al.27 determined the entropy coefficient
of disordered LNMO and calculated the reversible heat gene-
ration during cycling. The results lead to the prediction that
the change in entropy leads to a reduction in heat generation
during charge and an increase during discharge. Our previous
study28 confirmed similar trends and additionally considered
the influence of internal resistance on the total heat gene-
ration. Kinetic limitations at low states of charge were identi-
fied as the origin of pronounced thermal peaks, whereas
diffusion-limited processes during the Ni2+/4+ redox transition
resulted in lower but more evenly distributed heat generation.
Furthermore, endothermic behavior was observed during char-
ging at low C-rates (1/10 h−1), underscoring the relevance of
reversible entropic contributions under near-equilibrium
conditions.

Despite these recent advances, a systematic understanding
of the heat generation behavior of LNMO-based cells under
realistic cycling conditions is still lacking. In particular, the

combined influence of C-rate, temperature, and material modi-
fications on the thermal response during charge and discharge
remains insufficiently explored. Moreover, the extent to which
parasitic heat generation contributes to the overall thermal be-
havior and whether such processes manifest as distinct
thermal features is not yet fully understood.

To address these gaps, the present study investigates the
heat generation characteristics of LNMO cathodes under
various operating conditions. First, the influence of different
C-rates at 25 °C is examined to assess the rate dependence of
the heat generation. Second, the thermal behavior of LNMO
cells is systematically analyzed for four material configur-
ations: with and without an aluminium–oxide surface modifi-
cation, each combined with either a standard electrolyte or an
electrolyte containing the functional additive TMSP. All con-
figurations are evaluated at 25 °C and 45 °C to capture temp-
erature-dependent effects. This approach aims to clarify how
cycling conditions and material adaptations influence heat
generation during battery operation and whether parasitic
reactions leave measurable thermal signatures.

2. Materials and methods

This study comprises two main experimental campaigns: (i)
the impact of the current rate and (ii) the influence of material
combinations and temperature. The following section is
divided into two parts: section 2.2 provides a general descrip-
tion of the applied measurement techniques, while section 2.3
details the specific experimental parameters used in each
campaign.

To provide a structured overview, Table 1 summarizes the
key experimental methods used in each campaign. These
include cell assembly (CA), cell initialization and capacity
check (Init/CapC), heat flux measurement (Calo), and incre-
mental capacity analysis (ICA). The selection of methods was
tailored to the specific objectives of each series.

2.1. Cell assembly

Two different cathode materials, two different electrolytes,
separators and 2032 coin cell cases were provided by BASF SE
(Ludwigshafen, Germany) for this study. The cathode materials
differ in their surface modification, and the electrolytes vary in
composition. For clarity, the cathode materials are referred to
as CI (improved, aluminium–oxide-coated) and CS (standard),

Table 1 Overview of applied experimental methods for each measure-
ment campaign. Campaign (i): influence of current rate. Campaign (ii):
influence of material combinations and temperature

Method (i) (ii)

CA x x
Init/CapC x
Calo x x
ICA x
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and the electrolytes as EI (improved, LP40 containing TMSP)
and ES (standard, LP40).

The supplied LiNi0.5Mn1.5O4 cathode sheets were coated on
aluminum foil and featured an areal capacity of 2 mAh cm−2

according to the supplier. Electrodes with a diameter of
15 mm were punched from these sheets inside an argon-filled
glovebox, where O2 and H2O concentrations were maintained
below 0.5 ppm.

Whatman GF/D separators with a diameter of 17 mm were
used, and 100 μl of electrolyte was added per cell. Lithium
metal with a diameter of 13 mm and a thickness of 0.5 mm
(Nanografi Nano Technology, Ankara, Türkiye) served as the
counter electrode.

2.2. Measurement procedures

2.2.1. Cell initialization and capacity check. For cell initia-
lization and capacity checks, the cells were placed inside an
IPP55plus temperature chamber (Memmert GmbH+ Co. KG,
Schwabach, Germany), which was set to 25 °C. A BCS-805
battery cycler (Biologic, Seyssinet-Priset, France) was used.

The cells were charged with a constant current (CC) at a
C-rate of 0.1 h−1 up to an upper voltage limit of 4.8 V, followed
by a constant voltage (CV) phase lasting 30 min or until the
cut-off current of 0.035 mA was reached. This step is referred
to as initialization.

For the capacity checks, a CC-CV protocol was applied. The
cells were discharged and charged at a C-rate of 0.1 h−1 within
a voltage window of 3.5 V to 4.8 V. The CV phase was limited
by either a maximum duration of 30 min or a cut-off current of
0.035 mA.

In this study, the C-rate refers to an areal capacity of 2 mAh
cm−2.

2.2.2. Heat flux measurement. To determine the State of
Charge (SoC)-dependent heat flux of the LNMO half-cells, an
MMC 274 calorimeter equipped with a high-temperature coin
cell module (NETZSCH-Gerätebau GmbH, Selb, Germany) was
used. The symmetrical measurement head of the coin cell
module is designed similarly to the measurement head of a
differential scanning calorimeter (DSC), containing a heat flux
sensor for the reference and one for the sample. An empty
2032 coin cell housing was used as a reference. The reference
and sample coin cells are clamped onto separate heat flux
sensors. After installation, the entire measurement head is
inserted into the calorimeter oven for temperature-controlled
measurements.

To charge and discharge the cells, a VMP 300 potentiostat
(BioLogic, Seyssinet-Pariset, France) is connected. When the
sample is cycled, the difference between the signals of the two
heat flux sensors is calculated, yielding the heat flux absorbed
or released by the electrode.

For quantitative heat flux evaluation, the calorimeter was
calibrated in both temperature and heat flux according to the
manufacturer’s specifications, using the known melting points
and enthalpies of gallium, indium, tin, and bismuth. Since
gallium has a melting point closest to the cell operating temp-
erature, the calibration was verified using gallium.

During the entire operation, the calorimeter was placed
inside a cooling incubator KB 240 E6 (BINDER GmbH,
Germany), set to 5 °C with a fan speed of 40%. Fig. 1 shows an
example of a heat flux measurement normalized to the mass of
the active material mact covering one discharge and charge cycle.

The total heat

Qd=c ¼
ð
Q̇d=cdt ð1Þ

for discharge (d) and charge (c) is highlighted for each cycle
step. The integration was performed using the calorimeter soft-
ware Proteus (NETZSCH-Gerätebau GmbH, Selb, Germany),
based on a linear connection between the start and end points
of the heat flux signal. To quantify partial heat within a defined
SoCd/c window, the horizontal integration option in Proteus
was used. Since this approach introduces a baseline-related
drift error, a small geometric correction was applied to com-
pensate for the linear integration offset. The underlying prin-
ciple and notation are summarized schematically in SI Fig. S1.

Moreover, four peaks observed during each full cycle of
LNMO cathodes are labeled as P1, P2, P3, and P4. Peaks P1, P2,
and P3 are associated with an increase in transfer resistance,
while P4 corresponds to the transition between the constant
current (CC) and constant voltage (CV) phases during charging.28

In this study, the calorimeter baseline was shifted to zero
using a fitted curve. The baseline was determined from heat flux
data points recorded at zero current. These baseline points were
fitted using a second-order exponential function of the form

f ðtÞ ¼ aebt þ cedt ð2Þ

Fig. 1 Heat flux of a LNMO/Li half-cell during discharge and charge.
The upper diagram shows the voltage U, the center diagram the heat
flux Q̇ and the lower diagram the current I. The total heat generated is
highlighted with a shaded area for discharge (Qd) and charge (Qc) and
four characteristic peaks (P1, P2, P3, and P4) are marked.
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where the parameters a, b, c, and d were obtained using
MATLAB’s fit function with the Levenberg–Marquardt algor-
ithm. The fitted baseline was subtracted from the raw calori-
meter signal to obtain the corrected heat flux. The baseline-fit
uncertainty for each cell was quantified using the root-mean-
square error (RMSEFit) of the fit (see SI Table S1). A example of
the baseline correction procedure is shown in SI Fig. S2.

As a result of this baseline-shift, a positive heat flux indi-
cates exothermic heat generation, whereas a negative heat flux
represents endothermic heat absorption.

In this study, the SoC was defined separately for discharge
and charge processes, based on the maximum charge qmax

transferred during each respective step. During discharge, the
SoC was calculated as

SoCdðtÞ ¼ qdðtÞ
qd;max

� 100%; ð3Þ

where qd(t ) represents the discharged capacity up to time t.
Conversely, during charge, the SoC was defined as

SoCcðtÞ ¼ 100%� qcðtÞ
qc;max

� 100%; ð4Þ

with qc(t ) denoting the charged capacity up to time t.
2.2.3. Incremental capacity analysis. Incremental Capacity

Analysis (ICA) is used to visualize electrochemical reaction
steps occurring during charge and discharge. It is calculated
from the increments of charge q and voltage U at each
measurement point as

dq
dU

� Δq
ΔU

: ð5Þ

Peaks in the ICA curve indicate distinct reaction steps
during cycling. The area under each peak corresponds to the
amount of charge transferred during that particular reaction
step and thus provides insight into the extent of each electro-
chemical process.

ICA measurements were conducted inside an IPP55plus
temperature chamber using a BCS-805 battery cycler. The cells
were maintained at a constant temperature according to the
respective test protocol and rested for 3 h prior to measure-
ment. To cover the full voltage window from 3.5 V to 4.8 V, the
cells were initially charged to 4.8 V using a CC at a rate of
0.05 h−1. Upon reaching the upper voltage limit, the cells were
discharged and subsequently charged again at the same rate
(0.05 h−1) without any rest period between the two steps.

The ICA was then calculated over the entire discharge and
charge cycle. Unlike all other measurements in this study, the
C-rate applied during ICA does not refer to the nominal areal
capacity of 2 mAh cm−2, but instead to the individual capacity
determined during the initial capacity check of each respective
cell.

2.3. Experimental campaigns

2.3.1. Influence of current rate. This section investigates
the influence of current on the SoC-dependent heat flux of

LNMO cathodes. For this purpose, the cells were placed directly
into the calorimeter after assembly and rested for 3 h. The
calorimeter was then heated to the isothermal operating temp-
erature of 25 °C, followed by a second relaxation step of 3 h.

Subsequently, the cells were initialized by charging them
with a CC at a C-rate of 1/10 h−1 up to an upper voltage limit
of 4.8 V, followed by a CV phase lasting 30 min or until the
cut-off current of 0.035 mA was reached.

After this initial charge, the measurement protocol was
started. It consisted of multiple discharge and charge steps,
beginning with a discharge. All cycles were conducted within a
voltage window of 3.5 V to 4.8 V. Each charge and discharge
step was performed using a CC followed by a CV phase, with
the same time limits and cut-off current as during initializa-
tion. Table 2 presents the capacities of the individual cells
during the first 0.1 h−1 cycle, indicating consistent perform-
ance across all cells.

After each charge, the applied current was increased step-
wise, starting at 0.1 h−1 and continuing with 0.2 h−1, 0.5 h−1,
1.0 h−1, and 2.0 h−1. To assess aging effects, the final dis-
charge and charge steps were repeated at 0.1 h−1. The used
C-rates all correspond to an areal capacity of 2 mAh cm−2.

To clearly distinguish the individual heat flux contributions
from each charge or discharge step, an open-circuit voltage
(OCV) phase of 30 min was applied after the current was
switched off.

The error bars and shaded bands shown in the following
results represent the cell-to-cell variation, quantified as the
estimated standard deviation (ESD) of the three independently
assembled cells. For the SoC-dependent heat flux curves, the
ESD was calculated at each SoC value. Consequently, the ESD
increases in regions with steep voltage slopes, because small
shifts in the peak positions, originating from resistance and
capacity differences between the cells, lead to larger deviations
when mapped onto the SoC axis. This effect becomes more
pronounced at elevated C-rates.

For transparency, the individual heat flux uncertainties for
each cell and for the three-cell group are reported in SI Table S1.

2.3.2. Influence of material combinations and tempera-
ture. A full factorial design was employed to systematically inves-
tigate the effects of electrolyte composition, cathode material,
and test temperature. All possible combinations were assembled
and tested, resulting in eight unique cell configurations.

To ensure a minimal statistical basis, three cells were
assembled for each material and temperature combination. As
only one cell could be measured calorimetrically at a time, all

Table 2 Material combinations and areal capacities of the cells used
for the current rate tests at 25 °C

Cell
Material
combination

Test
temp.
[°C]

q0
[mAh]

q0, area
[mAh
cm−2]

q0, grav
[mAh g−1]

1 CIEI 25 4.09 2.31 132.99
2 CIEI 25 4.21 2.38 141.37
3 CIEI 25 4.14 2.34 135.19
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cells were fabricated on separate days to avoid differences in
storage duration and to exclude calendar aging effects.

The experimental procedure was as follows: after cell assem-
bly, all cells underwent an initialization and capacity check
under identical conditions at 25 °C. The resulting capacities
are listed in Table 3. Subsequently, the cells were placed in the
calorimeter, where measurements were conducted at the desig-
nated test temperature of either 25 °C or 45 °C.

Each calorimetric experiment consisted of a sequence of
three cycles, beginning with a discharge. A CCCV protocol was
applied with a discharge C-rate of 0.5 h−1 and a charge C-rate
of 1.0 h−1, reflecting the typical use case in practical appli-
cations where charging currents are generally higher than dis-
charging currents. The voltage window was set to 3.5 V to 4.8
V. The CV phase was limited to 30 min or terminated earlier if
the current dropped below 0.035 mA. All C-rates were refer-
enced to an areal capacity of 2 mAh cm−2.

Following the calorimetric measurement, ICA was per-
formed at the respective test temperature. Finally, the capacity
was measured again at 25 °C to assess possible capacity
changes. For the cells tested at 25 °C, this capacity check was
conducted immediately after the ICA. In contrast, the cells pre-
viously tested at 45 °C were given an additional rest period of
3 h after being transferred to the 25 °C temperature chamber
to allow for thermal equilibration.

As in the previous section, all results are shown as the
mean of three independently assembled cells, and the error
bars represent the cell-to-cell variation (ESD), as defined in

section 2.3.1. Detailed uncertainty values for each cell and
group are given in SI Table S1.

3. Results and discussion
3.1. Influence of current rate

Fig. 2 displays the SoC dependent heat generation (a, b) along
with magnified views (c, d), and the corresponding voltage pro-
files (e, f ) at various C-rates. During discharge, two distinct
exothermic peaks P1 and P2 are observed. With increasing
C-rate, these peaks shift progressively toward lower SoC values
and begin to merge. At a C-rate of 2.0 h−1, the individual peaks
are no longer clearly distinguishable and appear as a single
broad peak P1/2. This behavior is consistent with the obser-
vations reported by Baazizi et al.,26 who described a further
development of this effect at C-rates up to 4.0 h−1, where the
flat region becomes part of the overall peak.

During charging, a single dominant peak P3 is typically
observed at SoC values below 20% SoCc. At low C-rates of 0.1
and 0.2 h−1, the short initial heat flux peak is also visible. For
a C-rate of 2.0 h−1, a constantly decreasing heat flux follows
this initial peak, whereas for C-rates of 1.0 h−1 and below, a
local minimum is observed. This minimum is endothermic for
C-rates below 0.2 h−1. The minimum is followed by a continu-
ous increase in exothermic heat flux. From approximately 50%
SoCc onward, all C-rates exhibit a net exothermic heat release.

Table 3 Material combinations and corresponding areal and specific (gravimetric) capacities. The symbol x indicates the presence of the respective
component. Capacities were determined from CCCV discharges at a C-rate of 0.1 h−1 and a cell temperature of 25 °C. “Test temp.” refers to the
temperature applied during calorimetric measurements and incremental capacity analysis (ICA). The measurement uncertainty due to current accu-
racy is below ±0.02 mAh and therefore not displayed individually

Cell

Cathode Elektrolyte

Test temp. [°C] q0 [mAh] q0, area [mAh cm−2] q0, grav [mAh g−1]CI CS EI ES

4 x x 25 4.00 2.26 129.81
5 x x 25 3.94 2.23 130.86
6 x x 25 4.02 2.27 133.52
7 x x 25 3.90 2.21 126.93
8 x x 25 3.96 2.24 128.61
9 x x 25 3.90 2.21 127.49
10 x x 25 3.17 1.80 129.58
11 x x 25 3.39 1.92 131.90
12 x x 25 3.32 1.88 132.14
13 x x 25 3.33 1.89 127.47
14 x x 25 3.35 1.90 128.85
15 x x 25 3.36 1.90 127.29
16 x x 45 3.99 2.26 132.09
17 x x 45 4.08 2.31 128.37
18 x x 45 3.96 2.24 128.79
19 x x 45 3.74 2.12 134.69
20 x x 45 3.90 2.21 132.63
21 x x 45 3.89 2.20 130.09
22 x x 45 3.31 1.87 127.32
23 x x 45 3.30 1.87 132.61
24 x x 45 3.26 1.85 128.85
25 x x 45 3.44 1.95 131.35
26 x x 45 3.41 1.93 134.39
27 x x 45 3.29 1.86 131.62
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The evolution of the individual peaks is assumed to be
related to an increase in charge transfer resistance associated
with the transition between electrochemical reaction steps.28

The endothermic contribution during charging is attribu-
ted to entropy changes within the electrode.28 However, at
higher C-rates, this effect becomes increasingly dominated by
irreversible heat generation.29,30

The shift of the peaks toward higher SoC values can be
attributed to a decrease in the inserted charge with increasing
C-rate. As displayed in Fig. 3, a capacity loss of approximately

40% is observed at a C-rate of 1.0 h−1. The reduction mainly
occurs during the charging step, as the coulombic efficiency
consistently remained above 97% (SI Fig. S6), despite the use
of a lower C-rate for charging.

Further evidence is provided by the final 0.1 h−1 cycle,
during which the charge capacity fully recovers and matches
that of the initial 0.1 h−1 cycle. The underlying reason is the
time limitation of the CV phase. At higher current rates, polar-
ization effects are more pronounced, requiring a longer CV
phase to insert the same amount of charge. This behavior is

Fig. 2 Impact of discharge (a, c, e) and charge (b, d, f ) current on SoC-dependent heat generation and cell voltage. (a, b) Heat flux for all currents,
with the maximum flux at 2.0 h−1. (c, d) Zoomed views highlighting lower C-rates for improved readability. (e, f ) Corresponding cell voltage signals;
the second 1/10 h−1 measurement significantly deviates during discharge due to incomplete delithiation following the 2.0 h−1 cycle. Data shown for
cells 1–3 with configuration CIEI at 25 °C. The main heat flux features P1–P3 are marked; P1 and P2 merge into a combined feature labeled P1/2.
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also visible in Fig. 2f, where the CV phase stretches over an
increasingly wide SoCc range with an increase in C-rate.

A further consequence appears during the second 0.1 h−1

discharge step: the manganese-related reaction plateau
becomes more pronounced in the SoCd region, and one of the
two nickel-related reaction steps is no longer visible (Fig. 2e).
The correlation between the peak positions and the transitions
between reaction steps becomes evident, as a corresponding
shift in the heat flux peaks is observed in Fig. 2c, mirroring
the voltage profile in Fig. 2e. No such shift is observed during
the discharge step, where the capacities match again.

Fig. 4 displays the maximum heat flux observed during dis-
charge and charge. A continuous increase in the peak values
for both processes is evident. Furthermore, the maximum heat
flux during discharge is consistently higher than during
charge.

For both discharge and charge, a linear relationship
between the C-rate and the maximum heat flux can be
assumed in the lower current range. Nevertheless, the increase
is more pronounced for discharge. For instance, to reach a

maximum heat flux of approximately 50 mW g−1, a C-rate of
around 0.57 h−1 is required during discharge, compared to
about 0.91 h−1 during charge. This indicates that the charge
C-rate can be roughly 1.58 times higher than the discharge
C-rate while generating a comparable maximum heat flux.

However, this linear trend appears to be valid only up to
1.0 h−1 (discharge), as the maximum heat flux measured at
2.0 h−1 deviates from the linear fit of the lower C-rates. One
possible explanation is that, at 2.0 h−1, the two individual dis-
charge-related heat flux peaks begin to merge, as illustrated in
Fig. 2a. This superposition leads to an increased combined
peak value. Since no such overlapping is observed for the
charge process, the charge-related maximum heat flux con-
tinues to follow the linear relation. Alternatively, the deviation
may be attributed to increasing contributions from mixing-
related heat effects at higher C-rates, caused by more pro-
nounced charge gradients within the electrode.31,32 This
increase likely contributes to a further rise of the previously
calculated factor of 1.58 at higher C-rates, though this remains
a hypothesis based on the current data.

Another aspect considered is the total heat generated. As
displayed in Fig. 2(c and d), a large portion of the heat gene-
ration at C-rates below 0.5 h−1 is close to zero. The noise level
of the calorimeter was determined from the heat flux signal
during the final OCV period of the current-variation experi-
ment, resulting in σnoise = 0.35 mW g−1 (see SI Fig. S3). The
signal-to-noise ratio (SNR) is shown in SI Fig. S4. While all
maximum heat flux peaks satisfy SNR > 5, most of the heat
flux signal at C-rates below 0.5 h−1 lies below this threshold.
For this reason, only the integrals for C-rates of 0.5, 1.0, and
2.0 h−1 are evaluated and presented in Fig. 5.

Since the heat integral strongly depends on the duration of
the charge and discharge steps, the heat is normalized to the
corresponding charged or discharged capacity.

Similar to the maximum heat flux, the total heat increases
with increasing C-rate. The ratio of heat generated during dis-
charge to that during charge shows that at 0.5 h−1, the heat
released during discharge is approximately 1.77 ± 0.25 times

Fig. 3 Discharge and charge capacity at different C-rates during the
calorimetric measurement.

Fig. 4 Maximum heat flux during discharge and charge as a function of
the applied C-rate. Linear fits are included for both processes to illus-
trate the general trend at low C-rates. The deviation of the discharge-
related heat flux from the linear trend at 2.0 h−1 is highlighted in red.

Fig. 5 Charge-normalized heat during discharge and charge for
different C-rates. Due to the poor signal-to-noise ratio, only data for
C-rates above 0.5 h−1 are displayed.
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higher than during charge. This trend continues with increas-
ing current, reaching a factor of 2.43 ± 0.34 at 2.0 h−1. These
findings coincide with the observations of the heat flux
maxima and indicate the possibility of increasing charge cur-
rents while maintaining comparable total heat generation
during charge and discharge.

Existing literature on other cathode materials provides
useful context for interpreting the distinctive thermal behav-
iour of LNMO. For NCM, Liang et al.33 reported a relatively flat
heat flux during lithiation and delithiation with a final
exothermic peak at the end of lithiation, whereas He et al.34

observed a gradually increasing heat flux during delithiation.
LFP, in contrast, shows a plateau-like heat flux that reflects its
flat voltage profile, accompanied by a single exothermic peak
at the end of both lithiation and delithiation.35 Despite some
discrepancies between studies, both NCM and LFP share the
absence of an additional low-SoC exothermic peak, highlight-
ing that the pronounced low SoC heat flux feature is specific to
LNMO.

In full cells, the thermal response is further shaped by the
graphite anode, whose SoC-dependent heat generation often
dominates the cell-level behaviour at low C-rates.36,37 Graphite
exhibits a characteristic sequence of thermal events: an initial
endothermic peak followed by an extended exothermic regime
during lithiation,33,38 and renewed endothermic behaviour
during early and mid-SoC delithiation.33 In a full cell, these
graphite-derived contributions might overlap with those of the
LNMO cathode. As a consequence, the exothermic LNMO peak
during discharge would coincide with the exothermic heat
release of graphite, potentially increasing the maximum heat
flux, whereas during charge the endothermic behaviour of
graphite may partially offset the LNMO heat generation. This
coupling effect indicates that the maximum heat flux in
LNMO/graphite full cells may differ from LNMO half-cell
results and requires dedicated investigation in future thermal
studies.

3.2. Influence of material combination and temperature

3.2.1. Capacity loss. To analyse the impact of material com-
binations and temperature on capacity, a comparison of the
two capacity check cycles is conducted, and the ICA results are
evaluated. For 25 °C Table 4 and for 45 °C Table 5 display the
determined capacities during discharge and charge for Check
1 (prior to the calorimetric and ICA measurements) and Check
2 (after the measurements).

At 25 °C, no significant capacity loss is observed for either
discharge or charge, indicating stable cycling behavior across
all material combinations over a limited number of cycles.

At 45 °C, however, clear differences between the material
combinations become evident. CIEI still shows stable cycling
behavior with no significant losses in either discharge or
charge. The second material combination containing the
improved electrolyte, CSEI, exhibits the second-lowest capacity
fade. While the increase in discharge capacity may be attribu-
ted to the lower current used during the ICA measurement, a
capacity loss of approximately 6.2% is observed during charge.

Among the combinations using the standard electrolyte,
CIES shows rapid capacity degradation, with a loss of approxi-
mately 50% during discharge and 80% during charge. CSES
also exhibits a notable capacity fade, with around 7% loss
during discharge and 18% during charge.

The differences in capacity are also reflected in the ICA
measurements (Fig. 6).

In ICA analysis, a shift of the peak along the x-axis correlates
with changes in internal resistance.39 A shift to lower voltages
during discharge and to higher voltages during charge indicates
an increase in resistance. Conversely, shifts in the opposite direc-
tion suggest a reduction in internal resistance. A second observa-
ble effect is the loss of active material, which manifests as a
reduction in the area beneath the corresponding peaks.40 Since
half-cells with lithium counter electrodes are used, a loss of
lithium inventory cannot be detected in this setup.40

Consistent with the observed capacity changes, no signifi-
cant differences are detected in the ICA measurements for
CIEI. Only a slight shift toward lower voltages during charge
and higher voltages during discharge is observed, indicating a
reduced internal resistance at elevated temperature. This can
be attributed to improved interfacial kinetics at the electrode
surface and a reduction in electrolyte viscosity.41,42

In contrast, a clear decrease in peak height is observed for
the other material combinations, indicating a loss of active
material. Among them, CIES shows the most pronounced
reduction, suggesting the highest degree of active material

Table 4 Charge and discharge capacities for all material combinations
(Mat.) at 25 °C. The relative difference refers to the deviation between
Check 1 and Check 2

Mat. Process
q-Check 1
[mAh g−1]

q-Check 2
[mAh g−1]

Relative capacity
loss [%]

CIES Discharge 127.68 ± 0.85 131.11 ± 2.58 2.69 ± 2.28
Charge 135.95 ± 2.69 133.37 ± 2.66 −1.68 ± 2.20

CIEI Discharge 131.40 ± 1.92 133.14 ± 1.44 1.33 ± 0.73
Charge 136.58 ± 1.50 134.29 ± 1.69 −1.68 ± 0.71

CSES Discharge 132.46 ± 1.68 132.74 ± 0.36 0.22 ± 0.96
Charge 138.97 ± 1.67 136.00 ± 1.60 −2.14 ± 0.13

CSEI Discharge 129.59 ± 2.73 131.85 ± 3.10 1.74 ± 3.72
Charge 135.86 ± 3.49 133.82 ± 3.30 −1.50 ± 3.67

Table 5 Charge and discharge capacities for all material combinations
(Mat.) at 45 °C. The relative difference refers to the deviation between
Check 1 and Check 2

Mat. Process
q-Check 1
[mAh g−1]

q-Check 2
[mAh g−1]

Relative capacity
loss [%]

CIES Discharge 127.87 ± 0.86 64.06 ± 13.59 −49.76 ± 11.57
Charge 134.16 ± 1.49 27.42 ± 7.30 −79.49 ± 6.26

CIEI Discharge 131.21 ± 1.42 132.20 ± 2.95 0.76 ± 2.41
Charge 136.03 ± 0.93 132.01 ± 1.58 −2.95 ± 1.80

CSES Discharge 132.46 ± 2.28 122.72 ± 8.32 −7.36 ± 6.07
Charge 139.02 ± 1.89 114.02 ± 12.21 −18.00 ± 8.68

CSEI Discharge 129.75 ± 2.04 132.48 ± 1.20 2.11 ± 1.20
Charge 137.64 ± 2.42 129.05 ± 1.85 −6.24 ± 0.51
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loss. Since the ratio of charge transferred during the individual
peaks remains nearly unchanged despite aging, it can be con-
cluded that both redox processes are affected to a similar
extent. This suggests that temperature-induced degradation
does not preferentially impact one of the two reactions.

Additionally, all cells (with the exception of CIEI) exhibit a
shift of the peaks along the x-axis, with higher voltages during
charge and lower voltages during discharge. This indicates an
increase in internal resistance. Although elevated temperatures
generally improve electrolyte viscosity and interfacial kinetics.
This effect is most pronounced for CIES. The assumption of
enhanced CEI formation at elevated temperatures is consistent
with aging studies conducted by Maiti et al.10 and Nisar et al.,7

who attributed the observed shift of ICA peaks and the associ-
ated capacity fading of LNMO cathodes to a progressive growth
of the CEI layer. This interpretation is further supported by
previous studies reporting a continuous thickening of the CEI
during LNMO aging,43,44 as well as by works demonstrating
that the extent of the CEI depend on the choice of electrolyte
additives.45 Such CEI growth has been linked to increased
resistance,45,46 consistent with the trends observed in the
present study.

When comparing the two capacity check measurements, it
must be noted that both include a time-limited CV phase. As a
result, particularly in the case of CIES, the increased resistance,
alongside the loss of active material, further limits the achiev-
able capacity during charging. This highlights that, in addition
to active material loss, the rise in cell resistance has a com-
pounding negative effect on the performance.

Overall, it is evident that cells containing the improved elec-
trolyte (EI) exhibited superior cycling performance compared
to their counterparts. This effect may be attributed to the pres-
ence of functional electrolyte additive TMSP, which is known
to promote the formation of a more stable CEI layer and
thereby mitigate interfacial degradation.19–21

For the improved electrode with aluminium–oxide surface
treatment (CI), no consistent trend in cycling performance can
be observed. While its combination with EI resulted in
enhanced cycling stability, the pairing with the standard elec-
trolyte (ES) led to a deterioration in performance. A possible
explanation is the formation of pitting structures within the
surface layer, which may locally accelerate degradation pro-
cesses along active conduction paths.47 The TMSP may con-
tribute to a stabilization of the CEI and mitigate such effects.

However, a comprehensive understanding of the underlying
mechanisms requires further investigation and is beyond the
scope of this study, which focuses primarily on heat generation
behavior.

3.2.2. Heat generation. For the SoC-dependent heat gene-
ration, both temperature and material effects are observed.
Fig. 7 displays the measured heat flux for all material combi-
nations and temperatures over three cycles. All measurements
exhibit exothermic heat fluxes, and the four characteristic
peaks P1, P2, P3, and P4 are consistently observable.

Independent of the material combination, a similar heat
flux profile is observed across all measurements. With an

Fig. 6 ICA measurements for all cathode–electrolyte combinations. For
clarity, only one representative cell per material combination and temp-
erature is displayed. The displayed voltage range is limited to 4.6 V to 4.8
V, which excludes the peak corresponding to the Mn3+/4+ redox reaction
(around 4 V). This peak is relatively small and therefore considered negli-
gible in the present context. The subfigure assignments are as follows:
(a) CIES, (b) CIEI, (c) CSES, (d) CSEI. Gray arrows indicate the peak shifts
observed with increasing temperature. The remaining cells of each
material combination are shown in Fig. S7.
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Fig. 7 Heat fluxes (solid lines) and corresponding voltage signals (dotted lines) measured calorimetrically for all cathode–electrolyte combinations
over multiple cycles. Shaded areas indicate the estimated standard deviation (ESD) based on three cells. Subfigures (a, c, e, g) display discharge
steps, while (b, d, f, h) display charge steps. Blue and red lines correspond to measurements at 25 °C and 45 °C, respectively. The individual combi-
nations are: CIES (a, b), CIEI (c, d), CSES (e, f ), and CSEI (g, h). In subfigures (a) and (b), the main features P1–P5 are marked for illustration; P5 appears
as a step rather than a distinct peak and is observed only in the measurements at 45 °C.
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increase in temperature from 25 °C to 45 °C, the overall heat
flux tends to decrease, particularly at low SoC values below
20% SoCd and 30% SoCc. During charging at 45 °C, an
additional step P5 appears at very low SoCc values (<5%),
which could be attributed to a more pronounced Mn3+/4+ redox
reaction around 4 V due to enhanced kinetics.

Among the investigated material combinations, CIEI exhi-
bits the lowest overall heat release (Fig. 8) and the lowest indi-
vidual heat flux peaks (Fig. 9) at both 25 °C and 45 °C. The
corresponding data for subsequent cycles are provided in the
SI (Fig. S8 and S9).

The low amplitudes of peaks P1, P2, and P3 suggest
superior kinetics and the lowest transfer resistance among the
tested combinations, which could indicate a thinner CEI.

In contrast, the highest heat release and the most pro-
nounced peaks are observed for CSES. For example, at 25 °C,

the heat release at the most intense peak P3 exceeds that of
CIEI by approximately 31%, and by about 19% at 45 °C.

In the first calorimetric cycle, a smaller difference between
CIEI and CSES is observed at 45 °C compared to 25 °C. If the
measured heat were primarily caused by exothermic electrolyte
decomposition, a larger difference between the thermally
stable CIEI and the less stable CSES would be expected at elev-
ated temperature, since such decomposition reactions are typi-
cally exothermic.48 This, however, is not reflected in the
measurements.

Moreover, in the third cycle at 45 °C, the peak value of P3
reaches approximately 41.9 mW g−1 for CIEI, corresponding to
an increase of about 3%, while CSES reaches 53.0 mW g−1, an
increase of approximately 9%. This indicates that the increase
in P3 is about three times greater for CSES than for CIEI, result-
ing in a relative difference of around 26% after three cycles.
This trend suggests that the observed increase in heat release
is not primarily caused by direct electrolyte decomposition but
rather by secondary effects. In particular, the progressive for-
mation of the CEI likely contributes to an increase in charge
transfer resistance, thereby enhancing irreversible heat gene-
ration at later stages of cycling. Interestingly, CIES does not
exhibit a pronounced SoC shift, although this might be
expected based on the observed capacity fade and ICA results.

While P3 is mainly caused by kinetic limitations,28 the heat
flux for SoC values above 20% SoCd/c do not show such distinct
changes due to a change of temperature or aging, indicating
that the diffusion limited heat fluxes are less affected by the
temperature and aging.

Finally, the distribution of the released heat as a function
of the SoC is considered. Since the material combination CIEI
exhibited the best stability, the following analysis is limited to
this configuration. Table 6 presents the percentage of heat
released below 20% SoCd and 20% SoCc. The corresponding
absolute values are reported in SI Table S4, while the individ-
ual cell values, including the geometrical drift-corrected heat
contributions, are provided in SI Tables S2 and S3. The magni-

Fig. 8 Normalized heat release during discharge and charge for all
material combinations, measured in the first calorimetric cycle. Data are
shown for 25 °C (blue) and 45 °C (red). The heat values are normalized
to the respective capacity and include standard deviations calculated
from three individual cells per configuration.

Fig. 9 Maximum heat fluxes of peaks P1, P2, P3, and P4 for all material combinations, recorded during the first calorimetric cycle. The data are
shown as heatmaps for (a) 25 °C and (b) 45 °C. Values are given without error bars to improve readability.
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tude of the geometrical correction remained below 4% for all
cells.

It is evident that approximately 50–55% of the total heat
generated during discharge is released within the last 20% of
the SoCd range. During charge, this share decreases to about
35–42%.

This behavior is attributed to strong kinetic limitations in
the low-SoC region,28 leading to an increase in charge-transfer
resistance. The charge-transfer resistance Rct is inversely pro-
portional to the concentration of electroactive species.49

Consequently Rct rises, when the number of accessible Ni or
Mn redox centers is strongly reduced, reflected by the steep
voltage change in this regime (see Fig. 2(e) and (f)). A similar
increase in charge-transfer resistance at low lithiation has also
been reported for disordered LNMO by Amin et al.50 The elev-
ated Rct amplifies the polarization losses and thereby enhances
the irreversible heat generation in this SoC range.

Furthermore, the proportion is consistently higher at 25 °C
than at 45 °C, with the exception of cycle 1 discharge where
the large ESD obscures this trend. This behavior is consistent
with the previously observed temperature dependence of the
P3 peak. However, it appears counterintuitive that the relative
share during discharging at 45 °C decreases with increasing
cycle number. This effect is likely caused by a broadening of
the peaks, which leads to a shift of the heat generation toward
higher SoC values and consequently reduces the relative con-
tribution within the defined low SoC range.

4. Conclusions

With increasing current rates, the heat released by LNMO cath-
odes also increases. At higher currents, individual heat flux
peaks begin to merge, indicating overlapping electrochemical
processes.

From a thermal management perspective, elevated current
rates are of particular relevance. The analysis of heat flux pro-
files and total heat generation reveals that the heat released
during discharge consistently exceeds that during charge. As a
result the charge current can be increased by a factor of about
1.58 while maintaining similar maximum heat fluxes as
during discharging at 25 °C. Moreover, the results indicate
that this factor might increase, due to a nonlinear increase of
the maximum heat flux during discharging for C-rates
>1.0 h−1. This observation supports the design of thermal

systems that allow for higher charging currents than dischar-
ging currents under identical cooling capacity, which is par-
ticularly advantageous for fast-charging applications.

The second part of this study examined the influence of
temperature and material configuration on both thermal be-
havior and capacity retention. While all cells showed compar-
able performance at 25 °C, pronounced material-dependent
differences emerged at 45 °C. The combination of surface
coating and electrolyte modification CIEI resulted in the most
stable cycling behavior, with a capacity loss of only about 3%.
In contrast, pairing the coated cathode with the standard elec-
trolyte led to rapid capacity degradation of approximately 80%,
likely due to localized breakdown of active transport
pathways.47

A similar trend was observed in the heat flux profiles. The
configuration CIEI exhibited the lowest total heat generation,
the most uniform thermal behavior, and the smallest increase
in irreversible heat release over cycling. In contrast, material
combinations with pronounced aging showed increasing heat
release, particularly in the low SoC region, which is likely
attributable to the progressive formation of the CEI layer and
the resulting increase in interfacial resistance. Diffusion-
limited processes, however, appeared less sensitive to tempera-
ture and degradation.

Furthermore, heat generation in LNMO cathodes was found
to be highly localized in the low SoC region. For CIEI, approxi-
mately 50–55% of the discharge heat and 35–42% of the
charge heat was generated below 20% SoCd/c.

These findings illustrate how current rate, operating temp-
erature, and material selection jointly influence the thermal
behavior of LNMO-based cells. The reduced heat generation
during charging under equal current conditions, enables the
application of higher charging rates without surpassing
thermal limits. Moreover, appropriately adapted charge/dis-
charge protocols could allow increased currents at SoC values
above 20%, provided that thermal management systems are
optimized for the dominant heat peaks occurring at low SoC.

Furthermore, this study demonstrates that the combination
of two complementary material modifications can significantly
enhance cycling stability and thermal performance, even
though each strategy alone resulted in reduced stability. This
highlights the importance of synergy between electrode and
electrolyte design in the development of next-generation high-
voltage cathode systems.

It should be noted that additional modifications such as
the aluminium–oxide surface coating and the use of TMSP as
functional additive inherently increase production complexity
and material costs for LNMO-based electrodes. Consequently,
part of the intrinsic cost advantage of cobalt-free LNMO over
NCM cathodes may be reduced. However, the overall economic
impact will strongly depend on long-term cobalt price trends,
large-scale manufacturing efficiencies, and supply-chain
developments.

Finally, the results indicate that severe degradation during
cycling does not lead to additional heat flux peaks that could
be directly linked to parasitic side reactions. Instead, changes

Table 6 Relative heat release below 20% SoCd/c for CIEI during the first
three cycles at 25 °C and 45 °C. Values represent the percentage of total
heat per cycle and are calculated based on the absolute heat values
reported in Table S4 of the SI

Temperature Phase Cycle 1 [%] Cycle 2 [%] Cycle 3 [%]

25 °C Discharge 54.5 ± 8.9 54.4 ± 4.7 55.0 ± 4.3
Charge 41.3 ± 2.5 41.9 ± 1.7 41.9 ± 1.3

45 °C Discharge 55.6 ± 12.6 53.4 ± 3.9 52.2 ± 2.8
Charge 34.5 ± 1.5 36.8 ± 2.1 37.6 ± 1.9
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in the heat flux signals are attributed to secondary effects of
such reactions, such as the increase in interfacial resistance
due to CEI formation.
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