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« Phase transitions indicated in cycling data are confirmed by operando-XRD.

+ Determination of temperature and C-rate dependent onset of phase transition during cycling.
« Phase transition onset can guide the choice of the upper cut-off voltage.

« Impact of the voltage limit on capacity, energy, power capability, and cycle life is assessed.
« Operating strategies for balancing capacity, energy, and cycle life are proposed.
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Keywords: Sodium-ion batteries are emerging as a sustainable and cost-effective alternative to lithium-ion batteries
Sodium-ion battery for large-scale stationary energy storage. However, a key challenge of layered oxide cathodes, such as
NFM

Na,Ni,Fe,Mn,_,_,O,, is their structural instability under high-voltage operation. In particular, it is suspected
that a voltage-induced phase transition accelerates degradation and limits long-term performance. This creates
a central trade-off: expanding the voltage window is highly attractive from an application perspective, as it
enables higher capacities and energy densities. However, it may also compromise cycle life by promoting
structural degradation. In this study, we directly address this issue by linking the evolution of high-voltage
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phase transitions to the practical performance limits of sodium-ion layered oxide cathodes. Operando X-ray
diffraction combined with electrochemical cycling analysis is first used to establish a mechanistic understanding
of how these phase transitions develop during cycling. We then systematically evaluate their occurrence as a
function of temperature and C-rate, quantifying their impact on capacity, energy, and power capability. Long-
term cycling further reveals the effect of high-voltage operation on cycle life. Based on these findings, we
propose an operating strategy that balances the gains in initial capacity, energy output, and power capability
with the degradation risks associated with high-voltage operation.

1. Introduction

Among emerging battery technologies, sodium-ion batteries (SIB)
are considered a promising alternative to lithium-ion batteries (LIB).
SIBs benefit from lower supply criticality, a higher natural abundance,
a broader geographical availability, and potentially lower raw-material
costs [1-3]. However achieving competitive performance and service
life remains essential for their practical deployment. In commercial
SIBs, hard carbon (HC) has emerged as the preferred anode material,
while several classes of cathode material are being pursued, including
layered transition-metal oxides, polyanionic compounds, and Prussian
blue analogues [4,5]. Among these, layered NaTMO, cathodes, par-
ticularly Na-Fe-Mn (NFM) systems, e.g. NaNi, ;Fe;,3Mn;,30,, stand
out as highly successful and widely used active materials for com-
mercial SIBs owing to their suitable capacities, operating potentials,
and scalable synthesis [6,7]. These cathodes consist of alternating
transition-metal oxide slabs, with sodium residing in the interlayer
space. Depending on the composition and the sodiation state, NFM can
exist in different stacking sequences during cycling. At high sodium
contents, NaNi; sFe; 3Mn, 30, adopts an O3-type structure with octa-
hedrally coordinated sodium ions and three repeated transition-metal
layers per unit cell. Upon charging and progressive desodiation, the ma-
terial undergoes a phase transition to a prismatic P-type structure [8].
The O3 to P3 phase transition is reported to be highly reversible,
allowing stable cycling within a moderate voltage range of approx-
imately 2.0V to 4.0V vs. Na*/Na [9]. However, at elevated upper
cut-off voltages, corresponding to deep desodiation states, additional
structural transformations can occur. In particular, transitions from
P3 to distorted high-voltage phases have been reported, described
in the literature as O3’ [10,11], P3’/, OP2 [9,12] or combinations
thereof [13]. These high-voltage phase transitions are typically associ-
ated with increased lattice strain [14] and can, upon repeated cycling,
induce cumulative structural damage, impedance growth, and acceler-
ated capacity fade. Such voltage-induced degradation phenomena have
already been demonstrated for layered NFM-based cathodes in half
cells [9-12,15] and full-cell configurations [16-19], where operation at
elevated upper cut-off voltages led to pronounced capacity decay and
increased cell resistance over extended cycling. These studies highlight
that structural instability of the cathode at high potentials directly
translates into measurable cell aging. From an engineering perspective,
commercial cells are required to be operated within a manufacturer-
specified voltage window, while the onset of detrimental structural
transitions under practical operating conditions is often not directly
known for the specific cell design. In our previous work [19], we
demonstrated that the occurrence and onset of detrimental phase tran-
sitions depend on the operating conditions. Thus, identifying the upper
cut-off voltage at which the undesired high-voltage phase transition
is initiated under different operating conditions is crucial for reliable
cell operation. Once this onset is known, operating strategies can be
developed to avoid or reduce cycling in the critical regime, for example
by limiting or dynamically adapting the upper cut-off voltage during
operation. However, the downside of lowering this voltage limit is
that it reduces accessible energy and capacity, as it restricts the usable
charge-storage window of the cell. While such strategies may improve
cycle life and long-term electrochemical stability, they do so at the
expense of energy and capacity. The operation of commercial NFM |

HC sodium-ion cells therefore represents a multi-objective engineering
problem in which energy, capacity, and cycle life must be balanced.

In this work, the electrochemical behavior of a commercially avail-
able cylindrical NFM | HC sodium-ion cell is first systematically investi-
gated from this engineering perspective under different operating con-
ditions, including temperature and C-rate. Particular emphasis is placed
on identifying the upper cut-off voltages at which the high-voltage
phase transition in the layered NFM cathode is initiated. The structural
changes accompanying this transition are monitored by operando X-ray
diffraction (operando-XRD), providing a direct link between electro-
chemical behavior and structural evolution during cycling. The iden-
tified onset of this phase transition can therefore serve as a reference
for selecting application-relevant upper cut-off voltages. Second, based
on this transition-specific definition of the voltage-window, the impact
of the selected upper cut-off voltage on engineering-relevant metrics,
such as capacity, energy, and power capability, is assessed. Further-
more, long-term cycling tests are performed at different upper cut-off
voltages to evaluate the influence of the voltage window on long-term
performance. In particular, the study investigates whether operation
below the onset of the high-voltage phase transition can improve
cycling stability. This enables a quantitative evaluation of the trade-off
between available capacity, energy, and high-voltage-induced degrada-
tion. Third, the results are used to assess whether an adjustment of
the upper cut-off voltage as a function of operating conditions using
a look-up table could provide a suitable basis for application-specific
operation strategies. Additionally, a possible voltage-boosting strategy
is discussed, in which the upper cut-off voltage is temporarily extended
to balance higher capacity and energy output against long-term stabil-
ity. This means that a higher upper cut-off voltage would be applied
only temporarily, before returning to a more moderate voltage window
for stable long-term cycling. Overall, this study complements previous
mechanistic investigations on NFM-based cathodes and commercial
cells that have addressed high-voltage phase-transition behavior and
associated aging mechanisms in greater detail. In contrast, the present
work establishes an application-oriented framework that links the onset
of the high-voltage phase transition to practical voltage-window selec-
tion, quantifies the trade-off between energy availability and cycling
stability, and derives application-specific operating strategies for com-
mercial sodium-ion cells. The key contributions of this work can be
summarized as follows:

+ Determination of the upper cut-off voltage at which the high-
voltage phase transition is initiated under different operating
conditions

Systematic assessment of whether operation below the onset of
this phase transition improves long-term cycling stability
Quantification of the trade-off between available energy, re-
versible capacity, and long-term degradation as a function of the
applied upper cut-off voltage

Establishment of application-specific operating strategies, includ-
ing phase transition avoidance for lifetime-oriented operation
and temporary extension of the upper cut-off voltage for energy
boosting

2. Identification of cathode transitions

electrochemical cycling

phase during

Cathode phase transitions during electrochemical cycling can
strongly affect the voltage response and accessible capacity of commer-
cial cells, yet their identification is challenging when only
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Table 1

Test sequences of the C-rate tests.
Cycle Charging Discharging
1 0.2C 0.2C
2 0.05C 0.05C
3 0.2C 0.5C
4 0.2C 0.2C
5 0.2C 0.2C
6 0.2C 1C
7 0.2C 2C
8 0.2C 0.2C
9 0.5C 0.2C
10 1C 0.2C
11 2C 0.2C

electrochemical data are considered. Therefore, incremental capacity
analysis (ICA) and operando-XRD are combined to identify phase
transition features under different operating conditions and to assign
them unambiguously to structural changes in the cathode material.
The following section first introduces the applied methodology and
the investigated cell before presenting and discussing the experimental
results.

2.1. Experimental techniques for phase transition analysis

Throughout this work, commercial 18650 cells with a nominal
capacity of 1.50 Ah, manufactured by Shenzhen Zhonghuajia Tech-
nology Co., Ltd., Shenzhen, China, were used. The cells, including
their cathode and anode active materials, served as the basis for all
subsequent experiments and analyses. According to the manufacturer’s
datasheet, the cells can be cycled within a voltage range of 1.50V to
4.10V. Cells of the same type were already used and analyzed in other
studies [20-25]. Bischof et al. [20] identified NFM as the cathode active
material and HC as the anode active material.

2.1.1. C-rate tests

All cells underwent an initial cycling procedure at 25 °C before the
subsequent C-rate tests were performed. During the initial cycling, the
cells were charged with a constant current (CC) of 0.5C (refered to
the nominal capacity of the cells, according to the manufacturer) until
the upper voltage limit of 4.10V was reached. The CC charging was
followed by a constant voltage (CV) phase until a cut-off current of
C/20 was reached. Subsequently, the cells were CC discharged at 0.5C.
The discharge process was carried out in accordance with the manu-
facturer’s datasheet without a CV phase. This procedure was repeated
five times. For all cycling procedures an Arbin Instruments LBT21084
battery tester was used and the cells were placed in a Binder MK 115
climate chamber. The initial cycling was conducted at 25°C. Subse-
quently, C-rate tests were conducted at three different temperatures
(10°C, 25°C and 40°C). To ensure defined environmental conditions,
the cells were equilibrated at the respective test temperature for 4h
prior to testing. The cells were then cycled using the protocol in Table
1 to ensure a uniform initial state before each charge or discharge step
with the specified C-rates, the cells were first charged or discharged at
a C-rate of 0.2C. Three cells were tested at each temperature.

2.1.2. C-rate tests with experimental cells

To complement the C-rate tests on the commercial cells, exper-
imental cells equipped with a reference electrode were assembled
from active material recovered from an as-received commercial 18 650
cell, enabling the transfer of the same test protocol to a laboratory
cell configuration. This approach allows the full-cell response to be
deconvoluted into cathode- and anode-specific contributions. For this
purpose, the 18650 cell was opened in an argon-filled glovebox, the
double side coated electrode sheets were extracted, and the active
material coating was removed from one side of each electrode prior
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to further cell preparation. The experimental cells were assembled in
an ECC-PAT-Core laboratory test cell setup (EL-Cell). Electrode discs
with a diameter of 18 mm were mounted in a prefabricated separa-
tor/reference-ring unit supplied by EL-Cell, and each cell was filled
with 100pL of 1 M NaPFg in EC:DMC electrolyte, purchased from
Sigma-Aldrich Chemie GmbH. To ensure sufficient wetting of the active
material, the assembled cells were rested for at least 12h at 25°C in
a climate chamber operated with a Huber CC-515 recirculating ther-
mostat. The experimental cells were cycled using a Biologic VMP300
battery tester. Prior to the C-rate measurements, two formation cycles
at 0.2C and one cycle at 0.5C were conducted to determine the cell
capacity. The cells were then subjected to the same C-rate test protocol
as applied to the commercial cells (see Table 1).

2.1.3. Operando-XRD measurement

To unambiguously identify the phase transitions occurring during
electrochemical cycling, operando-XRD measurements were performed
using a customized CR2032 coin cell with a 6 mm quartz glass window
of 100 pm thickness. The cell was assembled using the same electrode
material as introduced in the previous section. Electrode discs with
diameters of 14mm for the anode and 13mm for the cathode were
punched from the electrode sheets. A Whatman GF/A glass fiber sep-
arator was placed between the electrodes, and 100pL of 1 M NaPF,
in EC:DMC (1:1) was used as electrolyte. Following assembly, the
cell was subjected to two formation cycles at C/20 and one cycle at
1C using a CCCV protocol to ensure that both the fully charged and
fully discharged states were covered during the XRD measurements.
Operando-XRD data were then collected during galvanostatic cycling
in a voltage range from 1.50V to 4.10V at C/20 and 1C. Measurements
were performed in transmission geometry on a Stoe Stadi P diffrac-
tometer (Mo-Ka, radiation (4 = 0.70932 i\, 50kV, and 40 mA)), with
diffraction patterns recorded every 15min at C/20 and every 5 min at
1C over a range of 0° < 260 < 36.5° using a step size of 0.015°.

2.1.4. Characterization methods

While operando-XRD enables the unambiguous identification of
phase transitions during electrochemical cycling, valuable information
can also be derived from electrochemical data. In particular, charac-
teristic changes in the voltage profiles, when evaluated by differential
methods such as ICA, can indicate the presence of phase transitions [26,
27]. For this purpose, the incremental capacity, dQ/dV, is calculated
from constant-current charge and discharge data and plotted as a
function of cell voltage. Peaks in the resulting curves can be associated
with distinct electrochemical processes [26,27], while changes in peak
position, height, and width provide insight into reaction mechanisms
and can additionally be used to assess aging-related effects such as
loss of active material, loss of cyclable ions, and increasing polariza-
tion [28-32]. As phase transitions can be reflected by distinct features
in the ICA curves, electrochemical voltage data can provide clear indi-
cations of their occurrence. In combination with operando-XRD results,
these features can then be assigned unambiguously to specific phase
transitions and subsequently used as markers in further electrochemical
measurements. In this work, the ICA data were processed using a tai-
lored smoothing procedure to obtain sufficiently stable ICA curves for
subsequent analysis. Prior to differentiation, the voltage and capacity
data were smoothed using a Savitzky-Golay filter with a second-order
polynomial [33] and a window length corresponding to 2% of the
recorded data points. For the experimental cell data, the calculated
dQ/dV curves were additionally smoothed using a Savitzky—Golay filter
with a window length corresponding to 4 % of the data points.

2.2. Analysis of the electrochemical behavior
The electrochemical response of the commercial SIB was first an-

alyzed to identify characteristic voltage features. At 25°C, the cell
exhibits a pronounced high-voltage plateau at around 4.0 V during C/20
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Fig. 1. Voltage curves during charging and discharging of a commercial 18650 SIB at 25°C in (a). (d) shows the corresponding IC data. Voltage profiles of
the experimental cell during C/20 charging in (b), the corresponding IC curves in (e), and the individual IC curves of the cathode and anode in (c) and (f),

respectively.

charging (Fig. 1(a)). In the corresponding IC curve (Fig. 1(d)), this
feature appears as a sharp peak, reflecting the large amount of charge
transferred within a narrow potential range [29]. At 1C, neither the
voltage plateau in Fig. 1(a) nor the corresponding high-voltage peak in
the IC curve in Fig. 1(d) is observed during the CC charging step. In
the subsequent discharge, however, a corresponding high-voltage peak
reappears in the IC curves for both charging conditions (Fig. 1(d)). After
C/20 charging, this feature corresponds to the voltage region of the
plateau observed during charge. After 1C charging, its reappearance
during discharge, which was performed at 0.2C (see Table 1), suggests
that the same high-voltage process is still accessed, although it is not
resolved during the CC charging step and is likely completed only
during the subsequent CV phase.

Since sharp features in IC curves are commonly associated with
phase transitions [29], the origin of this high-voltage peak was investi-
gated in more detail using experimental cells within a three-electrode
setup. This approach allows the full-cell response to be separated into
anode and cathode contributions and thereby enables assignment of the
observed features to the responsible electrode. Fig. 1(b) and (e) show
the voltage profiles and corresponding IC curves of the experimental
cell cycled at C/20. The cathode IC curve in Fig. 1(c) exhibits four
distinct peaks, including two pronounced features, C3 and C1, which
coincide with plateau regions in the cathode potential profile (Fig. 1(b))
at the beginning and near the end of charge. The C4 peak may be
attributed to the same electrochemical process as the C3 feature [34],
while the broad, shallow C2 peak describes the intermediate SOC
region, in which the cathode potential gradually increases between the
two plateaus. In contrast, the anode IC curve in Fig. 1(f) is characterized
by a broad plateau-like contribution between 0.8V and 0.2V (A2),
followed by a shoulder-shaped feature (A1) below 0.2 V. If the anode
and cathode contributions are plotted against full-cell voltage (Fig.
1(e)), three peaks can be distinguished in the resulting full-cell IC curve,
consistent with the behavior observed for the commercial 18650 cell
(see Fig. 1(d)). The first peak during charge, denoted A2+C3, arises

from the overlap of the cathode peak C3 with the plateau-like anode
contribution A2. The second peak, A1+C2, likewise contains contribu-
tions from both electrodes, whereas the third high-voltage peak, C1,
can be assigned exclusively to cathode processes.

2.3. Mapping of phase transitions trough operando-XRD and ICA

In previous studies [35], the C1 peak has been attributed to a
phase transition from a P3 phase to a distorted O3’ phase. To confirm
this phase transition and to unambiguously assign the C1 peak ob-
served in the electrochemical data, operando-XRD measurements were
performed at both C/20 and 1C. Fig. 2(a) to (d) presents the operando-
XRD results obtained during C/20 charging and discharging of a coin
cell assembled from the active material recovered from the commercial
cell, together with the corresponding voltage profiles and ICA. This
combination directly links the structural evolution to the electrochem-
ical response. The overall diffraction contour plot in Fig. 2(a) [19]
already indicates pronounced structural changes during cycling, while
the corresponding voltage profile in Fig. 2(b) and the IC curves in Fig.
2(d) show that these changes coincide with the characteristic voltage
plateau and the associated IC peaks. The enlarged view in Fig. 2(c)
shows that the cathode first undergoes an O3 to P3 [16] transition
during charging, which corresponds to the voltage region of the A2+C3
IC peak and thus to the cathode-related C3 feature identified by the
three-electrode measurements. At higher voltages, further changes in
the reflections coincide with the high-voltage C1 peak and indicate an
additional structural transformation. However, the exact nature of this
phase transition remains ambiguous. In earlier literature, it has been
referred to as the formation of an O3’ phase [11],whereas later studies
have described the high-voltage phase in terms of OP2 [9,12] or mixed
structures [16]. Therefore, the notation O3’ should be understood
as a phenomenological assignment rather than a definitive structural
identification. Regardless of the exact structural assignment, these high-
voltage phases are generally associated with reduced reversibility [9-
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Fig. 2. Operando XRD results obtained during C/20 charging and discharging, as well as 1C CCCV charging and discharging of a coin cell containing the active
material from the commercial cell. (a) Diffraction contour showing the structural evolution of the cell during C/20 cycling, (b) corresponding voltage profile, (c)
enlarged view of the diffraction contour highlighting the region of pronounced structural changes in the NFM cathode, and (d) IC curves. (e) Diffraction contour
showing the structural evolution of the cell during 1C cycling, (f) corresponding voltage profile, (g) enlarged view of the diffraction contour highlighting the
region of pronounced structural changes in the NFM cathode, and (h) IC curves.

12,16]. In addition, the reverse reaction may be an asymmetric reaction
in which an OP phase is formed, resulting in an additional phase
transition from OP to P3 [36].

A comparison with the operando-XRD data obtained at 1C in Fig.
2(e) to (h) further reveals that the high-voltage transition already
occurs during the CC step at C/20, whereas at 1C it is shifted to
the subsequent CV phase. This rate-dependent behavior suggests that
the occurrence of the transition is governed by the applied operating
conditions. In the following, its appearance under different operating
conditions is examined in more detail.

2.4. Influence of C-rate and temperature on the high-voltage phase
transition

To identify the operating conditions under which the detrimental
03’ phase transition occurs, the IC curves obtained during charging at
four C-rates (C/20, 0.2C, 0.5C, and 1C) and three temperatures (10°C,
25°C, and 40 °C) were evaluated. The IC curve recorded at 1C and 10°C
was excluded from the analysis, as sodium plating likely occurred under
these conditions [21], altering the ICA features and rendering the curve
unsuitable for evaluation. For each temperature, three cells were tested.
For brevity, only one representative cell per condition is shown in the
following, while the corresponding data for all cells are provided in

Supplementary Figure S1. The IC curves of the CC charging step under
the different operating conditions are presented in Fig. 3.

A fully developed C1 peak is observed only at C/20 and 25°C as
well as at C/20 and 0.2C at 40°C, indicating that a pronounced O3’
phase transition occurs only under these conditions. At the adjacent
conditions, namely C/20 at 10°C, 0.2C at 25°C, and 0.5C at 40 °C, the
rising edge of the C1 peak is still discernible, suggesting that the O3’
phase transition is initiated but not fully developed. To determine the
voltage up to which the onset of the phase transition can be reliably
excluded, the local minimum of the IC curve following the A1+C2 peak
is analyzed for all conditions. The robustness of the identified local
minimum with respect to the applied smoothing procedure is evaluated
in Supplementary Figure S2. The corresponding voltage threshold is
governed by the overpotentials of the respective charging condition
and ranges between 3.85V (C/20, 40°C) and 3.95V (e.g. 0.5C, 25°C).
Therefore, 3.85V was selected as a conservative upper cut-off voltage
for all temperatures and C-rates, as it represents the lowest experi-
mentally identified onset of the high-voltage phase transition within
the investigated operating field. This ensures that the phase transition
is avoided under all application-relevant test conditions considered
in this study. Fig. 4 illustrates the impact of the voltage limit on
the cell capacity, considering both a global cut-off voltage of 3.85V
and individually defined cut-off voltages based on the IC minimum as
function of temperature and C-rate.
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IC-derived upper-voltage limits at 3.85V.
3. Analysis of the impact of upper cut-off voltages on performance

The choice of upper cut-off voltage directly affects the accessible
operating window of the cell and therefore determines key performance
metrics relevant for application such as capacity, energy, and pulse
power capability. In this section, the influence of different upper cut-off
voltages on these performance metrics is evaluated in order to quantify
the benefit of a higher upper cut-off voltage and to assess the associated
changes in cell performance.

3.1. Methodology for the determination of electrochemical performance
metrics

The capacity and energy accessible within the different voltage
windows were evaluated based on the C-rate tests by considering the
corresponding cut-off voltages. Specifically, the charged capacity and
charged energy are considered to quantify the amount of charge and
energy stored within each voltage window. In addition, the pulse power
capability is systematically assessed at 25 °C, enabling a consistent com-
parison between the investigated voltage windows. For this purpose,
a pulse-current protocol was used, in which 1C current pulses were
applied at defined SoC levels across the investigated operating range.
The pulses were performed in 1% SoC increments, with the step size
determined from a preceding capacity measurement. The pulse power
capability is evaluated following a Hybrid Pulse Power Characterization
(HPPC)-based approach described by Belt [37]. For each SoC step,
the 10s resistance is determined from the voltage response during
the current pulse relative to the quasi-equilibrium voltage measured
directly before the pulse. For discharge pulses, the 10s resistance is
calculated according to
Recros = Uy IUdc.IO s

dc

, (€8]

where U is the voltage directly before the pulse, Uy ¢  is the cell
voltage after 10s of the discharge pulse, and I, is the applied dis-
charge current. For charge pulses, the corresponding 10s resistance is
determined using

Uch,lO s UO

Rappos=—7F—— — o)
Cl

where Uy, 1o 5 is the cell voltage after 10s of the charge pulse and I
is the absolute value of the applied charge current.

Based on the obtained 10s resistances, the discharge pulse power
capability is calculated using the lower cut-off voltage of the respective

voltage window according to

_ Umin (UO - Umin)
de =~ 5

, 3
Ric10 s

while the charge pulse power capability is calculated using the upper
cut-off voltage according to

Umax (Umax - UO)

Py =
Rch,lO s

4
Here, U, and U,,,, represent the lower and upper voltage limits of the
investigated voltage window, respectively.

3.2. Analysis of the effect of upper cut-off voltage on capacity, energy, and
pulse power

The highest capacity loss, reaching nearly 20 %, occurs under operat-
ing conditions that exhibit a pronounced O3’ phase transition, as shown
in Fig. 4. At higher overpotentials, however, the relative capacity loss
caused by lowering the upper cut-off voltage is less severe, indicating
that individually adapted voltage limits are particularly advantageous
in these cases. For instance, at 0.5C and 10°C, approximately 6%
additional capacity remains accessible while still avoiding the phase
transition. A similar trend is observed for the cell energy (see Supple-
mentary Figure S3). In this case restricting the voltage window would
lead to an even larger energy loss, with differences approaching 25 % in
cases with a pronounced O3’ phase transition. In summary, the results
indicate that individually adjusted voltage limits are especially benefi-
cial at higher overpotentials, where they enable a better utilization of
the available capacity without inducing the harmful phase transition.
However, in operating conditions where the phase transition is strongly
pronounced, avoiding it requires a substantial restriction of the voltage
window, resulting in capacity losses of up to 20 %.

Fig. 5 shows the charge pulse power capability at 25 °C calculated
for different upper cut-off voltages. Increasing the upper cut-off voltage
from 3.85V to 4.10V results in a pronounced increase in the maximum
charging pulse power capability. While the maximum pulse power
is limited to 2549 W for the 3.85V cut-off voltage, it increases to
34.05W when charging up to 4.10 V, corresponding to an improvement
of approximately 33.6 %. Notably, the maximum pulse power capability
of the cell is only reached after a charge throughput of approximately
0.4 Ah. At the beginning of charging, the pulse power is limited by
comparatively high 10s resistance values, as shown in Supplementary
Figure S4. A similar resistance behavior has also been reported in
the literature [22,38,39]. The corresponding analysis of the discharge
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Fig. 4. Impact of the upper cut-off voltage on cell capacity, comparing a global cut-off voltage of 3.85V with individually defined cut-off voltages derived from
the IC minimum for each temperature and C-rate condition.
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Table 2

Overview of the voltage windows used for long-term cycling.
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Fig. 5. Charge pulse power capability at 25°C calculated for different upper
cut-off voltages.

pulse power capability is provided in Supplementary Figure S5. As
reducing the upper cut-off voltage entails a considerable performance
loss, the following section investigates the impact of the high-voltage
phase transition on cell aging. The aim is to evaluate whether the
additionally accessible capacity outweighs the potential degradation
effects associated with the O3’ phase transition or whether limiting the
upper cut-off voltage provides an overall benefit.

4. Effects of upper cut-off voltages on aging and degradation
analysis

To examine the effect of the upper cut-off voltage on aging, a long-
term cycling study was conducted at three different voltage levels. With
an elevated-temperature and a low C-rate, 0.2C and 40°C, the test
conditions were chosen to promote the phase transition at an upper

Datasheet voltage range
Intermediate upper cut-off

150V to 4.10V
1.50V to 3.98V

Reduced upper cut-off 1.50V to 3.85V

cut-off voltage of 4.10V and to exclude sodium metal deposition. This
is because sodium metal deposition in hard-carbon SIBs is primarily
associated with low-temperature charging, fast charging, and high
current densities [21,40,41]. As a result, the observed differences in
degradation can be interpreted primarily with respect to the effect of
the upper cut-off voltage and the associated phase transition.

4.1. Experimental procedure for long-term cycling tests

The cells used for the long-term cycling study underwent the same
initial cycling procedure as those used in the C-rate test, described
in Section 2.1. Afterward, they were characterized by a check-up test
at beginning of life (BoL), which was repeated after every charge
throughput of 120Ah and again at the end of the long-term cycling
test. The check-up was conducted at 25 °C and included a pseudo-open-
circuit voltage (pOCV) measurement at C/20, based on the nominal
cell capacity, as well as electrochemical impedance spectroscopy (EIS)
measurements at 0%, 10%, 50%, and 80% SoC, referenced to the
capacity obtained from the BoL pOCV cycling. Following the initial
characterization, long-term cycling was performed at 40 °C using three
different voltage windows, with two cells tested per condition. To
enable a systematic comparison of the influence of the upper cut-off
voltage, the applied voltage ranges are summarized in Table 2. For all
cells, the cycling rate was set to 0.2C with respect to the measured
pOCV capacity at BoL.

The cells cycled between 1.50V and 3.98 V were subjected to a
reduced check-up protocol without EIS measurements.
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Fig. 6. Degradation behavior of cells cycled at different upper cut-off voltages at

0.2C and 40°C. (a) Selected upper cut-off voltages in the IC curve. (b) Evolution

of SoH as a function of charge throughput, calculated from the charged capacity, for two cells per condition. (c,d) Discharge capacity and energy over charge
throughput. (e) Cycle-to-cycle difference in SoH for one representative cell per condition; a moving average over 10 cycles was applied. The red-marked region
indicates distortion caused by the check-up cycle. (f) Mean ASoH. for the three investigated cases. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

4.2. Effect of upper cut-off voltage on aging

Fig. 6(a) shows the three selected upper cut-off voltages in the IC
analysis: the manufacturer-specified cut-off voltage of 4.10 V, the cut-off
voltage of 3.85V that does not lead to the phase transition as identified
in Section 2.4, and the intermediate voltage between these two values,
398 V.

Fig. 6(b) presents SoH as a function of charge throughput, calcu-
lated from the charged capacity, for two cells per upper cut-off voltage.
The capacity-based SoH SoH, is the ratio of the present cell capacity
to the capacity of the cell at BoL [42,43]

)

A clear dependence on the upper cut-off voltage is observed. The 4.10 V
cells exhibit the strongest capacity fade and consequently the most
rapid decrease in SoH, whereas the 3.85V cells show only minor
degradation over the investigated charge throughput. The 3.98 V cells
display a pronounced initial decrease in SoH. However, after approx-
imately 50 cycles, their aging trajectory intersects with that of the
4.10V case and subsequently remains closer to the 3.85 V cut-off voltage
behavior. The check-up at a charge throughput of around 120 A h causes
substantial changes in the curves for several subsequent cycles, after
which the curves return to approximately their previous shape. The
underlying reasons for this transient behavior remain unclear and
require further investigation.

While the higher upper cut-off voltage leads to faster degradation,
Fig. 6(c) and (d) show that the 4.10V case still provides a substantially
higher absolute capacity and energy. Importantly, even after a charge
throughput of 240 Ah, no intersection with the lower-voltage cases is
observed. Thus, despite the accelerated SoH( loss, the 4.10 V operating
window remains advantageous in terms of accessible capacity and
energy within the investigated aging range. This indicates that such an

operating strategy may still be suitable for applications in which high
capacity and energy are prioritized over cycle life, especially for use
cases where only a limited number of cycles is required.

Fig. 6(e) shows the cycle-to-cycle difference in SoH as a function
of charge throughput for one representative cell per upper cut-off
voltage. For improved clarity, a moving average over 10 cycles was
applied to the data. The 3.98V case exhibits a higher initial loss in
SoH: than the 4.10V case, despite its higher accessible capacity and
energy. However, this increased loss is limited to the early stage of
aging. In the region marked in red, the results are affected by the check-
up cycle and are therefore of limited interpretability. In all cases, the
degradation is initially elevated before approaching a more constant
level, with the 3.85V case reaching this steady behavior most rapidly.
The faster stabilization observed for the 3.85V case suggests that early-
cycle changes are less pronounced under the reduced upper cut-off
voltage, allowing the degradation rate to approach a quasi-steady-state
regime more rapidly. The intermediate 3.98 V case, appears to retain
a significant part of the capacity and energy benefit without showing
a continuously elevated incremental degradation. From an application-
oriented perspective, this behavior is particularly relevant, as it points
towards a potentially advantageous trade-off between performance and
lifetime. Although the 4.10V case exhibits the largest loss in SoH, the
degradation rate decreases over cycling and eventually approaches a
nearly constant level. This indicates that, despite the stronger degra-
dation, the cell does not continue to degrade progressively faster, but
rather reaches a stable aging regime while still offering the highest
accessible capacity and energy. Fig. 6(f) presents the mean ASoH for
the three investigated cases. The elevated mean value of the 3.98 V case
compared to the 3.85V is primarily caused by the pronounced initial
losses. To support the interpretation of the degradation results, a brief
analysis based on ICA is presented in the following. This approach
enables a more detailed assessment of the electrochemical changes
associated with cycling at different upper cut-off voltages.
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4.3. Analysis of degradation modes

For the 4.10V case, Fig. 7(a) shows the ICA data of all charging
cycles as a function of charge throughput. The characteristic peaks,
which were assigned based on Fig. 1, are marked accordingly. With
increasing charge throughput, an increase in the peak height of the
A2+C3 peak can be observed, as shown in Fig. 7(d). This behavior
indicates a cathode-related degradation. A loss of accessible desodiated
cathode active material reduces the usable capacity of the full cell
and therefore effectively compresses the cathode OCV profile along the
capacity axis. As a consequence, cathode-related features in the full-cell
IC curve are shifted on the voltage axis relative to the anode features.
In the present case, the C3 peak moves closer to the flank of the A1/A2
anode feature, leading to a stronger overlap of both contributions (for
the feature positions at BoL, see Fig. 1(e)). Since the full-cell IC signal
reflects the superposition of the anode and cathode half-cell responses,
the overlap of diverging A1/A2 and C3 contributions increases the
magnitude of the resulting full-cell feature, leading to a larger peak
height of the combined A2+C3 contribution. Therefore, the observed
increase in peak height is consistent with a loss of accessible cathode
active material. This interpretation is supported by Klick et al. who
reported a similar peak evolution in a degradation mode analysis based
on ICA [34], and by Lin et al. who demonstrated that elevated upper
cutoff voltages promote the loss of participating cathode active mate-
rial [16]. A schematic illustration of the proposed effect is provided in
Supplementary Section 5. At the same time, the C1 peak is no longer
fully covered during charging, until only its flank remains within the
accessed voltage range. This trend can also be seen in the decreasing
maximum C1 peak height in Fig. 7(b).

A possible reason for this behavior is an increase in cell resistance.
In particular, an increase in charge-transfer resistance is supported
by the EIS measurements performed during the check-up cycles, as
shown in Supplementary Figure S7. Beyond the overall increase in
cell resistance, some qualitative features of the EIS spectra are in
line with the degradation trends inferred from the IC-based analy-
sis. In particular, the aged 4.10V case exhibits a more pronounced
increase in semicircle diameter than the cells cycled at lower upper cut-
off voltages. After a charge throughput of 240 Ah, the corresponding
spectrum may also indicate the onset of two distinguishable semi-
circle contributions. However, due to the overlap of the individual
impedance contributions, a definitive assignment of these features to
specific degradation processes is not possible based on the present data
alone. A qualitatively similar impedance evolution dependent on the
upper cut-off voltage was reported by Ye et al. who observed two
overlapping semicircles for aged cells cycled to 3.9V and 4.0 V, whereas
only one semicircle for the 3.8V case [18]. Ye et al. suggested that
these contributions may be associated with increased contact resistance
within the electrodes, for example as a result of particle cracking or
the disconnection of active material, as well as with charge-transfer-
related impedance at the electrode/electrolyte interface caused by the
formation of a resistive surface layer during high-voltage degradation
of the layered oxide positive electrode material [18]. An increase in
semicircle size under high-voltage cycling conditions was also reported
by Zhang et al. for sodium-ion pouch cells [17]. For the 3.98 V (see Fig.
7(e) to (g)) and 3.85V (see Fig. 7(h) to (j)) cut-off voltage cases, the
IC curves over charge throughput show only a minor increase in the
height of the A2+C3 peak. This indicates that the loss of accessible
cathode active material is less pronounced compared to the 4.10V
case. Furthermore, the increase in peak height is slightly smaller for
the 3.85V case (see Fig. 7(i)) than for the 3.98 V case (see Fig. 7(g)),
suggesting that the extent of cathode-related degradation is lowest at
the lowest upper cut-off voltage. The observed degradation effects in
the 4.10V case may primarily originate from the loss of accessible
cathode active material, since a loss of cyclable sodium or sodiated
anode material would be expected to manifest as a decrease in the
A2+C3 peak [34]. However, enhanced anode-related degradation at
the 4.10 V cut-off cannot be excluded completely, as HC anodes in SIBs
are susceptible to interfacial degradation and sodium plating under
conditions promoting deep anode sodiation [44].

Journal of Power Sources 693 (2026) 241076
5. Development of operating strategies

The long-term cycling results show that higher upper cut-off volt-
ages accelerate cell aging while providing access to additional capacity
associated with the phase transition. The following section briefly
introduces possible operating strategies dealing with this behavior,
focusing on the trade-off between lifetime requirements and temporary
or condition-dependent access to higher capacities. These strategies
are presented as conceptual operating approaches and are intended to
provide a basis for future studies on their long-term aging impact and
practical implementation.

5.1. Adaption of upper cut-off voltage as function of temperature and C-rate

The stronger capacity fade of the 4.10V condition with increasing
charge throughput was already evident from the SoH evolution shown
in Fig. 6(b). Since practical lifetime requirements for stationary storage
systems are commonly expressed in terms of full equivalent cycles
(FEC) until an end-of-life criterion is reached, the discharge capacity
was additionally evaluated as a function of FEC in Supplementary
Figure S8. Stationary battery energy storage systems are commonly
expected to reach several thousand FEC before 80 % SoH, with approx-
imately 6000 FEC over 20 years reported for residential home storage
systems [45,46]. Although Supplementary Figure S8 (a) only covers
the experimentally investigated FEC range, the 4.10V condition al-
ready exhibits a comparatively steep capacity decline. To qualitatively
assess the implications for application-relevant lifetimes beyond the
experimentally accessible cycle range, an illustrative proof-of-concept
extrapolation of the observed capacity fade is provided in Supplemen-
tary Figure S8 (b). The extrapolation is based on an empirical fit and
assumes that the experimentally observed degradation trend continues
unchanged, i.e., without changes in the dominant aging mechanism or
rollover behavior. It is therefore intended to illustrate the possible long-
term trend rather than to provide a quantitative lifetime prediction.
Details of the fitting procedure are provided in the Supplementary
Information. Within these assumptions, the extrapolation indicates that
the initial advantage of a higher capacity obtained by cycling up to
4.10V would be lost after approximately 2000 FECs, where the remain-
ing capacity approaches that of the 3.85V condition. Furthermore, the
4.10V condition is projected to reach the 80% SoH criterion even
earlier. Although the quantitative cycle numbers should be interpreted
with caution, continuous operation up to 4.10 V would not meet typical
lifetime expectations for stationary storage applications, despite the
initially higher accessible capacity. In contrast, limiting the upper cut-
off voltage to 3.85V, and thereby avoiding the O3’ phase transition, is
projected to provide sufficient cycling stability for such applications.
While this confirms the relevance of a reduced voltage limit for long-
term operation, a fixed conservative cut-off voltage may also leave part
of the accessible capacity unused under certain operating conditions.
Therefore, a more flexible strategy would be to define the upper cut-
off voltage as a function of temperature and C-rate. This approach is
based on the observation that the onset of the O3’ phase transition
does not occur at a fixed applied voltage, but is shifted by overpotential
contributions, as shown in Fig. 3. Consequently, the same upper cut-off
voltage can correspond to different electrochemical states depending
on the operating conditions. As a result, a conservative fixed cut-off
voltage of 3.85V may prevent the high-voltage phase transition under
all conditions, but may also leave accessible capacity unused in oper-
ating regimes with higher overpotentials (see Fig. 4). Therefore, the
phase transition onset identified by ICA in Fig. 3 can serve as a basis for
defining condition-specific upper cut-off voltages. These voltage limits
could be selected such that the O3’ phase transition is avoided for the
respective temperature and C-rate, while additional capacity is accessed
whenever the overpotential allows a higher applied cut-off voltage. One
potential implementation of this concept would be to adjust the permis-
sible upper cut-off voltage according to cell temperature and charging
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Fig. 7. Evolution of the IC features during long-term cycling for the different upper cut-off voltage cases. For the 4.10V case, (a) shows the IC curves of all
charging cycles as a function of cumulative charge throughput, while (b) to (d) show the normalized peak-height evolution of the C1, A1+C2, and A2+C3 peaks,
respectively. The peak heights were normalized to their initial values obtained in the first cycle. Analogously, (e) shows the IC curves for the 3.98V case, with
the corresponding normalized evolution of the A1+C2 and A2+C3 peaks shown in (f) and (g). For the 3.85V case, (h) shows the IC curves, while (i) and (j) show
the normalized peak-height evolution of the A1+C2 and A2+C3 peaks, respectively.

C-rate, for example using a look-up table based on the experimentally
identified phase-transition thresholds shown in Fig. 3. Such an adaptive
strategy could increase the accessible capacity under conditions with
higher overpotentials while retaining a more conservative voltage limit
when the phase-transition onset occurs at lower terminal voltages. The
development of a comprehensive operating map and the validation
of the resulting adaptive voltage-limit strategy under dynamic and
application-relevant operating conditions require further investigation.
Such validation could follow an approach analogous to that applied in
Section 4, in which the influence of avoiding the O3’ phase-transition
region on long-term cycling stability was assessed for the 0.2C and
40°C condition. Based on these findings, the adaptive strategy is ex-
pected to reduce cathode active material loss and improve cycling
stability by limiting operation within the O3’ phase-transition region.

10

However, a comprehensive validation across the relevant temperature
and C-rate range, including dynamic and application-relevant operating
conditions, is required and remains subject to future work.

5.2. Alternating upper cut-off voltages in booster-type applications

While condition-dependent voltage limits aim to avoid the O3’
phase transition during regular operation, temporary capacity or power
demands could be addressed by intermittently increasing the upper cut-
off voltage. Such a flexible upper cut-off voltage strategy was recently
demonstrated for lithium-ion batteries by Wang et al. [47], who showed
that alternating between high and reduced upper voltage limits can
provide a trade-off between energy availability and lifetime. Although
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Fig. 8. Discharge capacity as a function of FEC for the booster-type cycling
protocol compared to the fixed upper cut-off voltage cases. In the booster strat-
egy, charging to 4.10V was performed every 20th cycle, while the remaining
cycles were limited to 3.85V.

this approach was demonstrated for LIBs, the underlying principle is
also relevant for SIBs, particularly when additional capacity becomes
accessible at elevated upper cut-off voltages but continuous opera-
tion in this voltage range accelerates aging. Intermittent high-voltage
operation may therefore provide a practical compromise between per-
formance and degradation and is especially relevant for booster-type
applications, where the additional capacity is accessed only temporarily
when increased performance is required. To assess an intermittent high-
voltage operation strategy representative of a booster application, an
additional cycling test was performed based on the long-term cycling
procedure described above. Two cells were cycled at 40°C and 0.2C
with respect to the pOCV capacity. While regular cycling was con-
ducted between 1.50V and 3.85V, every 20th cycle was extended to
an upper cut-off voltage of 4.10V in order to temporarily access the
additional high-voltage capacity. Fig. 8 shows the capacity evolution of
the booster-type cycling protocol as a function of FEC, in comparison
with the fixed cut-off voltage cases. The intermittent extension of the
upper cut-off voltage to 4.10V does not result in accelerated capacity
fade compared to continuous cycling limited to 3.85V. At comparable
FEC numbers, the booster-type protocol also retains a higher discharge
capacity than the cells cycled continuously up to 4.10 V. This indicates
that a temporary, demand-driven increase of the upper cut-off voltage
can provide access to additional high-voltage capacity without inducing
the accelerated degradation observed during continuous high-voltage
cycling. Thus, booster-type operation represents a promising strategy to
exploit the performance benefit of the extended voltage window while
maintaining cycling stability comparable to operation at the reduced
upper cut-off voltage.

6. Conclusion

This work systematically investigated the influence of the upper
cut-off voltage on the phase transition behavior, electrochemical per-
formance, and degradation of commercial SIBs. By combining electro-
chemical analysis with operando structural characterization, the onset
of the high-voltage phase transition was identified under different oper-
ating conditions. The results showed that the voltage at which the phase
transition is initiated depends on the operating conditions applied,
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indicating that fixed voltage limits may not exploit the cell’s full per-
formance potential. Reducing the upper cut-off voltage below the onset
of the high-voltage phase transition was found to improve long-term
cycling stability. In particular, cycling limited to 3.85V, at which the
03’ phase transition is avoided at 40°, resulted in significantly reduced
capacity fade compared to continuous cycling up to 4.10 V. However,
the higher upper cut-off voltage provided access to additional reversible
capacity, energy and pulse power, highlighting the clear trade-off
between performance and lifetime. The quantitative evaluation of ca-
pacity, energy, and pulse power capability demonstrated that extending
the upper voltage limit can substantially enhance cell performance.
Conversely, the long-term cycling results revealed that continuous op-
eration in the high-voltage region accelerates degradation suggesting
it may not be suitable for applications requiring high cycle stability,
such as stationary energy storage. Therefore, the optimal upper cut-off
voltage depends strongly on the intended application and the relative
importance of energy availability, power capability, and lifetime. Based
on these findings, two application-specific operating strategies can
be derived. For applications focused on life-time, avoiding the high-
voltage phase transition by limiting the upper cut-off voltage represents
an effective approach to improve cycling stability. Since the onset of the
phase transition depends on temperature and C-rate, the upper voltage
limits can be defined according to the operating conditions, for example
in a parameter table. This would improve capacity utilization while
avoiding the phase transition region. In contrast, for applications that
require additional energy or power only intermittently, temporarily
extending the upper cut-off voltage provides access to the additional
high-voltage capacity without causing the accelerated aging observed
during continuous high-voltage cycling. Thus, the results provide a
basis for adaptive voltage-window strategies that balance performance
and lifetime in commercial SIBs.
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