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ABSTRACT
Bespoke formation of batteries offers improved lifetime and performance but is generally associated with long processing times,

high cost, and large floorspace. Facile strategies like heating or increasing the formation current, as well as current alterations

during formation have their limits in speed up and efficiency. We present pulsed formation on graphitic anode full cells as an

accelerated formation strategy and investigate its influence on various quality parameters. Optimized pulsed charging is demon-

strated herein to reduce the formation time by more than 50% while maintaining or improving all other cell quality parameters

including discharge capacity. The newly discovered protocol is scaled up to 25 Ah prismatic cells in the plug-in hybrid electric

vehicle 1 (PHEV1) format that confirm the accelerated and improved pulsed formation strategy. We attribute the accelerated and

improved formation to an apt balance of surface and bulk diffusion which results in thinner, more homogenous solid electrolyte

interphases (SEIs). Dynamics of pulsed formation also allow for the extraction of new quality markers while formation is

happening.

1 | Introduction

At-scale production of secondary batteries intersects multiple dis-
ciplines ranging from high-level economics, mechanical engi-
neering, physical modeling, and electrochemistry—to name a
few. A key aspect in improving the overall productivity of a pro-
duction line for any format cells is to identify and improve pro-
duction bottlenecks [1]. While electrode coating, stacking, and
assembly are rather fast, the final production step of formation
and aging may take up to 24 h or longer [2–5]. This is due to very
low charge rates (C-rates) over multiple consecutive cycles, i.e.,
18–30 h of total formation time to form a ‘good’ solid electrolyte
interphase (SEI). These ultra slow charging rates upon formation

are less than a choice rather than a necessity as formation is
known to be a prime failure point, resulting in 5–10% rejection
rates [6–8]. The obvious strategy of simply charging cells faster
during formation does, however, not work as higher formation
currents lead to lower efficiencies as the SEI becomes less uni-
form and thicker [9]. Even worse, cells may catastrophically fail
due to the build-up of ‘dead lithium’ through plating or dendrites
[10, 11]. Increased temperatures during formation are thus often
used to access a more favorable mobility and diffusion regime of
Li into versus onto graphite [2, 12]. Recently, optimization papers
have shown that they can build SEIs through tuning the temper-
ature and charge current to increase cycle life at the cost of capac-
ity [2, 12]. This, again, shows that an increase of current leads to
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‘thicker’ and thus less reactive SEIs. Claims of up to 50% longer
lifetime through formation tested by constant current constant
voltage (CCCV) cycling will, however, need to be amended with
calendaric aging and drive cycle testing [13]. The inevitably
higher SEI resistance caused by increased thickness would also
limit maximum (dis)charge rates and it remains doubtful that
extending the already long cycle life of automotive batteries
would counteract lowered EV range. Recent literature cautions
on making claims about cell lifetimes based on coin cells can be
misleading [14–16]. This is why herein we demonstrate our for-
mation protocol on 25 Ah prismatic cells to demonstrate the
applicability on realistic cell formats.

Another great benefit of pulsed versus constant current (CC)
charging is the added dynamics that offer a wealth of information
for quality diagnostics and even live adjustments during
formation [17], as described in a recently filed patent by some
of the authors of this study (WO2024170596 [18], also see
Conflicts of Interest section). A facile quality parameter to be
extracted is, for instance, the internal resistance (iR), measured
as the voltage drop when a current is applied or upon release.
Naturally fast pulses will crosstalk but measured iR drops may
give a model free indication for the current state of health
(SOH) of the cell during formation. The same can be applied,
within limits, for a calculation of the diffusion coefficient. The
so-obtained live cell parameters could then also be applied to
adjust pulse parameters to perform formation for every cell opti-
mally and individually. Though such parameter extraction
requires some human validation [19], this wealth of data would
be impossible to obtain from CCCV or even smoothly varied cur-
rents. Extraction of such quality parameters and live feedback is,
however, left for a follow-up publication.

On an economic scale the speedup of formation by a factor of 50%
could lower production cost in existing plants by up to 10% per
cell and capital expenditure (CAPEX) at even greater scale using
a quick back of the envelope calculation using BatPaC [20].

2 | Methods

All electrodes used in this article were manufactured at
Zentrum für Sonnenenergie- und Wasserstoff-Forschung Baden-
Württemberg (ZSW) and used for the assembly of coin cells at
Helmholtz Institute Ulm (HIU) as well as for the assembly of pris-
matic cells in the plug-in hybrid electric vehicle 1 (PHEV1) format
at ZSW. For the cell chemistry used, an NMP-based NMC-622
cathode with 95.5% active material content and a loading density
of 14.5 mg cm−2 was produced to achieve an areal capacity of 2.40
mAh cm−2. On the anode side, a water-based graphite anode was
manufactured with an active material content of 94% and a surface
loading of 8.6 mg cm−2 and an area capacity of 2.70 mAh cm−2 per
coating side, resulting in N/P ratio of 1.125.

2.1 | Assembly of Coin Cells

Coin cells (CR2032) were automatically assembled by the in-
house developed robotic AutoBASS-system [21–23] in a nitrogen-
filled glove box with H2O and O2 levels below 0.1 ppm [17].

The coin cell parts were washed with isopropanol in an ultra-
sonic bath to reduce and dried in an oven at 80°C overnight
before the assembly.

The NMC (622) cathodes were cut in 14 mm discs, graphite
anodes in 15 mm discs, and Celgard 2325 separator (25 μm
microporous trilayer membrane) (polypropylene/polyethyl-
ene/polypropylene) in 16 mm discs. 35 μL of 1 M LiPF6 in
EC:EMC (3 : 7 wt:wt) from manufacturer E-Lyte was used
as electrolyte.

The nominal capacity cnom for all cells was calculated to
be 3.28 mAh based on the areal cathode discharge capacity
of 2.14 mAh cm−2 at 1C discharge given by the supplier
ZSW. All cells went through a 24 h wetting at a controlled
temperature of 20°C before starting tests with the anode facing
down. Tests were performed on an Arbin battery cycler
(LBT21084-5).

2.2 | Assembly Prismatic Cells

The large-scale prismatic hardcase cells in the PHEV1 format
(L: 173 ×W: 21 ×H: 86 mm excl. terminals) were assembled at
the automated and industrially relevant research production line
(FPL) at ZSW in a controlled dry room atmosphere with a dew
point temperature of –45°C. For a reliable comparison, identical
electrodes and separator were combined into a flatwound jelly
roll with an active cathode surface of 11.120 cm2. For the pris-
matic hardcase cells, 110 g of 1M LiPF6 in EC:EMC (3:7 wt:wt)
+2% VC was filled in nitrogen atmosphere and in accordance
with the coin cells, a wetting time of 24 h at 20°C was carried
out. The formation and cycle procedures were performed with
a format-specific battery tester from thyssenkrupp Automation
Engineering GmbH.

2.3 | Test Protocol

In this work, CC or current pulses were used for the formation of
cells. Formation is here defined as the first charge and discharge
after assembly and wetting including constant voltage (CV) steps
until a specified current cutoff value is reached.

For the charge step using CC, a defined current ICC was applied
until an upper voltage limit Vlimit of 4.2 V was reached.

Within the charge process using pulses, a current Ipulse was
applied for a defined time ton followed by a rest step lasting toff
summing up to the pulse length tpulse. This pulse sequence was
repeated until reaching the upper Vlimit. All cells were discharged
at 1C to 2.9 V followed by a CV step at 2.9 V until the current
reached a threshold value of C/20. Although the CC and pulsed
C/5.7 cells used a different set of cutoff values of 3.5 days, a C/20
cutoff value was used in the calculations to maintain compara-
bility of the results.

All CC C-rates CCC are calculated as applied current ICC
in ampere relative to the nominal capacity cnom in ampere
hours.
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CCC =
ICC
cnom

(1)

For pulses, an effective C-rate Ceff based on the applied pulse C-
rate Cpulse can be calculated as follows:

Ceff =Cpulse ⋅
ton
tpulse

(2)

C-rates are given in 1/h, whereas times like ton are given in sec-
onds. To give an overview of all pulse strategies used, Figure 1
shows the exemplary voltage course during formation, with a
detailed view of the voltage transient and charge current to
for an emblematic pulse shape.

The CC C/20 formation (red curve) was used as a reference for-
mation. Two subsets (blue and green curves) of accelerated pro-
tocols were investigated. The effective C-rates are rounded and
strategies plotted in green were considered as one subset,
although there is a negligible difference in effective C-rates of
the mixed C/5.7+C/20 formation.

The first subset has an effective C-rate of C/8.2, including a C/5.7
current and a 4.33 s pulse (ton= 3 s, toff= 1.33 s), a CC C/8.2 for-
mation for direct comparison, and a doubled pulse length with
C/5.7 current and a 8.66 s pulse (ton= 6 s, toff = 2.66 s) to maintain

the effective C-rate and investigate the possible influence of the
ratio of ton and toff.

Values for the time composition of the pulse and current origi-
nate from an empirical model for pulsed charging and tried to
mitigate the capacity loss whilst maintaining a high charge speed
below 10 h.

As first results of formation and long-term cycling of the C/5.7
pulsed cells showed promising results, a second subset with even
faster formation times was investigated. This subset includes a
current increase to C/5 while keeping the split and length of
pulse tpulse= 4.33 s constant, as well as an increased time ton
to 5 s, while maintaining toff and current.

Additionally, a pulsed strategy having C/5.7 current during the
ton and C/20 current during off-time toff was examined.

For this strategy the effective C-rate Ceff-mixed can be calcu-
lated via:

Ceff −mixed =Cpulse ⋅
ton
tpulse

+CCC ⋅
toff
tpulse

(3)

After the formation all cells undergo an end-of-line (EOL) test,
including different that includes determination of quality
parameters.

FIGURE 1 | Exemplary charging curves associated with the formation of the SEI in a nickel manganese cobalt (NMC) (622) | graphite coin cell. The red

curve, which represents a common CC chargingmethod at a rate of C/20, serves as reference. The first subset of accelerated formation times is illustrated by

the blue plots, which exhibit an effective C-rate of 8.2. Within this subset, CC charging at C/8.2 has been selected for direct comparison. Conversely, the cells

employ a pulsed charging approach at C/5.7 (with a duration ofton= 3 s, toff = 1.33 s, and current i=C/5.7). Furthermore, the analysis includes a pulsed

strategy characterized by double the duration (ton= 6 s, toff= 2.66 s, i=C/5.7) to evaluate its effective C-rate and explore the potential influence of the ton/off
ratio. The second subset, characterized by the greenish plots, corresponds to even shorter formation times and achieves effective C-rates of approximately

C/7.2. In this subset, the formation current is increased using a pulsed C/5 (ton= 3 s, toff= 1.33 s, i=C/5), alongside a mixed strategy that combines C/5.7

and C/20 (ton= 3 s, ion=C/5.7, tCC20= 1.33 s, ioff=C/20) as well as an increasedton pulsed duration of 5 s (ton 5 s, toff= 1.33 s, i=C/5.7). Detailed analysis,

including zoomed-in plots of voltage and current profiles, clarifies the distinctions among these charging strategies.
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The EOL test starts with a first capacity check (CC1) (C/2 charge
and discharge) to determine a set of baseline parameters after
formation.

The following determination of the iR Rinternal and later calcu-
lated area-specific impedance (ASI) value was performed using
the hybrid pulse power characterization (HPPC) method includ-
ing a 3C discharge pulse of 30s after discharging the cell to 4 V
which is assumed to be equal to 75% state of charge (SOC). The
SOC was defined based on the used voltage window (2.9–4.2 V).

For the calculation, Ohm’s law was used including the value of
the 3 C-rate discharge current i3C as denominator and the voltage
difference between the voltage after discharging to 3 V and the
last voltage of the 3C discharge pulse V3C-pulse as numerator, i.e.:

Rinternal =
3V −V3C− pulse

� �

i3C
(4)

The smaller cathode dimensions as a limiting factor were chosen
for calculating the area of 1.54 cm2 for the ASI values.

The voltage decay value was determined from the following self-
discharge part where the cells were charged at 1C-rate CCCV
(current cutoff value of C/20), resting the cells for 5 days mea-
suring the potential and discharge of the batteries at 1C-rate
afterward.

Two more capacity checks (CC2 and CC3) with C/2 charge and
discharge were performed to investigate changes in comparison
with the first check. Additionally, a slow cycle using C/10 for
charge and discharge was performed as well as charging to a stor-
age voltage of 3.7 V.

In between these steps the cells had a rest time of 5 min.

For all cells long-term stability tests were performed after EOL
test using 1C CCCV until C/20 was reached in the CV step for
charging and 1C CC discharge for 300 cycles. The voltage tran-
sient during the whole test is exemplary shown in Figure S1.

3 | Results and Discussion

The following results and plots are based on five cells per param-
eter set to account for cell to cell variation. Only averages and
resulting variations are reported.

3.1 | Formation

Within this work box-plots are used to present the results and
indicate some statistical parameters. For all box-plots, the green
horizontal line within the boxes indicates the median. The box
represents the range of the middle 50% of the data. The whiskers
reveal the minimum and maximum up to 1.5 times of the box
range. Circles outside the whiskers are considered as outliers,
as they lie outside of the 75% percentile range. Asymmetric
boxes w.r.t. the median or length differences of the whiskers rep-
resent non-normal distribution. The Coulombic efficiency was

determined by calculation of the ratio of the discharge capacity
including the CV part to the charge capacity.

Figure 2a presents colored box-plots of the absolute charge
capacities and transparent one for the discharge capacities of
the formation step ordered by their mean wall time of the forma-
tion charge. The wall time of the formation charge equals the
measured time of the formation charge.

Comparing box-plots of CC formed cells (reference C/20 and C/
8.2) reveal slightly lower median values for charge and discharge
capacity of the accelerated C/8.2 formation, likely due to the neg-
ative impact of higher currents on the SEI.

Median values of the pulsed formation in the C/8.2 subset appear
to be in the same range but tend toward higher values. Despite
the even higher effective C-rate the green C/7.2 subset capacities
present similar median values but larger variance.

The mixed pulsed C/5.7+C/20 cells show the lowest median val-
ues for charge and discharge of all cells.

In the box-plots of Figure 2b, the Coulombic efficiency of the
formation is plotted and also sorted by their charge wall time.
Error bars of the box-plots indicate the maximum and minimum
wall time of the respective data. The highest median Coulombic
efficiency of around 84% can be calculated for the reference.

FIGURE 2 | (a) Box-plots of charge (colored) and discharge (transpar-

ent) formation capacities of reference CC C/20 and the accelerated sub-

sets ordered by their mean wall time for formation charge. Each box

represents the middle 50% of five cells data, whereas the whiskers cover

75% of data and circles are considered outliers. The green line within the

boxes represents the median. The median capacities of the CC C/8.2 for-

mation are lower than the reference but also lower than the pulsed cells of

the subset. In the C/7.2 subset larger box sizes can be observed but

median values remain in the same range as the other subset. Box-plots

in (b) of the Coulombic efficiencies of the formation arising from charge

and discharge capacities in (a). The error bars indicate the maxima and

minima wall time measured in the data of the respective strategy. The

median efficiency for the reference has the highest value around 84%.

All pulsed median values are slightly higher than the C/8.2 efficiency

with larger box sizes towards lower numbers for all green plots.
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As the formation of the SEI consumes lithium ions to form the
protective decomposition products the Coulomb efficiency is
expected to be lower than in regular cycles, where the expected
efficiency would be ideally slightly less than one.

The blue plots with an effective current of C/8.2 show compara-
ble variance and median efficiencies of 81.5% for the CC cells,
whereas both pulsed plots show higher median efficiencies
around 83%.

For the green plots larger and pulled down boxes can be
observed, indicating towards lower values. The medians of all
green strategies have similar values to the blue pulsed formations
around 83%.

Efficiencies around 83% for comparable cells can be found in the
literature [24, 25].

Assessing the calculated mean wall time of the charging of the
formation for the CC formations reveals an additional wall time
of 4 hr for the C/20 cells and 1 h for the C/8.2 cells.

Additional 1.5 hr for the pulsed C/5.7 and 1.2 hr for the double
length pulsed as well as 1hr for the CC cells can be determined.

For the C/5 formed cells 1.2 hr, for the mixed C/5.7+C/20 cell 1 hr
and for the pulsed 5 s cell 50min of additional time is measured.

Taking maxima and minima wall time indicated by the error bars
into account, the formation time within the subsets can be pro-
posed to be in the same range.

The nonmatching mean charging formation time in comparison
with the estimated time by the C-rate of the respective formation
strategies could originate in mismatches of theoretical and actual
capacities, as well as additionally needed time for reactions of the
formation.

Reasons as to why higher charge and discharge capacities can be
observed for the pulsed formation remain to be fully understood
and will be discussed in a follow-up publication.

3.2 | ASI and Self-Discharge

Potential influences of the pulsed formation on quality parame-
ters like the ASI and self-discharge are investigated in the
following.

Figure 3 shows the determined ASI results using the HPPC
method for the tested formation strategies after the first capacity
check. Conspicuously a larger cell-to-cell variation for the
reference cells can be observed with a median ASI value of
24± 4Ω cm−2. For the blueish effective C/8.2 cells, the CC cells
show significantly higher median values around 27Ω cm−2 and
two outliers in both directions, whereas the pulsed C/5.7 cells
present median values around 20 and the cells with doubled
pulse length values around 16Ω cm−2.

The green box-plots of pulsed C/5.7 5 s and the mixed C/5.7 + C/
20 show similar median ASI values around 16Ω cm−2, whereas

the mixed cells show larger box size up to 23Ω cm−2. The C/5
cells show the highest median value of all pulsed cells of
25Ω cm−2. As a consequence of an assumed thinner SEI from
pulsed formation, in agreement with Wang et al. [26], we observe
lower ASI values for pulsed formation compared to CC formed
cells. The higher ASI values for the C/5 cell could indicate toward
lithium plating or a thicker SEI due to more side reactions. Despite
differences in the test protocol, similar values can be found in the
literature for CC formed cells using the HPPC method [31, 32], or
electrochemical impedance spectroscopy (EIS) [27].

Besides, the ASI pulsed and CC formation are also analyzed regard-
ing their self-discharge using the capacity loss method [28, 29].

Figure 4 exemplary shows the transient of voltage of one cell for
each strategy. The strong overpotential decay in the beginning,
originating from the fast declining ohmic and charge transfer
resistances as well as following slow diffusion [29–32], can be
observed for all cells.

The initial potential drop is lower for the pulsed cells except for
the C/5 cells in comparison with CC formed cells in agreement
with the ASI values.

For the sake of comparison, the system is assumed to relax within
the first 24 h and Figure S6 shows that the decay in voltage is
proportional to the square root of time, suggesting mostly
diffusion-based processes also in agreement with other reports
[29, 32]. The voltage decay value for the diffusion phase was cal-
culated to be the slope of the linear fit of voltage over the square
root of time and the values for all cells are plotted in Figure S7.
For the CC formed cells values between −2.5 and −3.5 mV

p
h,

whereas the values for the pulsed cells are slightly higher
between −3 and −4.5 mV

p
h.

FIGURE 3 | The box-plots of the ASI values for the reference and both

blue and green accelerated formation subsets sorted by their mean charge

formation time. The red reference shows a conspicuously large box size

and additionally both CC formed cells have significantly higher ASI val-

ues than the pulsed formed cells except for the C/5 formation. The out-

lying high median value for the C/5 cells in the green subset could

indicate toward lithium plating and more side reactions during formation

due to the higher current applied.
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The voltage loss is assumed to be in direct connection with
self-discharge capacity. The effects of SEI growth [33–35] due
to cracks and anode overhang [29, 36–38] are mainly assumed
to be responsible for these losses. During the rest phase at
high voltages of the self-discharge, these reactions also consume
lithium of the anode and reduce its capacity and voltage.

The effects of anode overhang originate in the mismatch in size
of the electrodes and the electrode potential change due to slow
lithium diffusion during the rest phase between active and over-
hang material. This results in an unexpectedly high discharge
capacity and coulomb efficiencies greater than unity [39, 40]
visible in Figures S4 and S5 of the following cycles of CC2
and CC3.

3.3 | Scale-Up and Long-Term Cycling

In cooperation with ZSW, the pulsed formation protocol was
scaled up to application orientated cell format of prismatic
25Ah PHEV1 format cells.

For these tests, the pulse configuration with C/5.7 was used as it
shows low variance and good results before.

This section focuses on the scalability of the pulsed formation as
a method and its positive effects rather than the rating of the
results of the different formats as the shear difference in capacity
and impedance of a coin and PHEV1 cell will lead to significantly
different charge and discharge voltage curves [41].

Figure 5 presents the voltage over the area-specific capacity of
CC and pulsed formation for 5 cells of coin cells in a) and PHEV1
cells in b).

For coin cells presented in Figure 5a, the areal capacity rises
around 2.5 mAh cm−2 with smaller differences between pulsed
and CC formation despite the higher pulse current.

For the CC C/20 coin cells show low variance in course and
shoulders can be observed around 3.55 and 3.65 V. For the pulsed

FIGURE 5 | Voltage course plotted over area-specific charge capacity of 5 CC C/20 and 5 pulsedC/5.7 (ton= 3 s, toff= 1.33 s, i= C/5.7) formed cells for

(a) coin cells and (b) PHEV1 cells. The course of pulsed formed coin cells in a is shifted up to 100mV compared to CC cells between 3.55 V and 3.9 V.

Both formation strategies charge up to around 2.5 mAh cm−2 and discharge followed by a CV part down to around 0.23mAh cm−2. This value is inter-

preted as lithium loss during formation. The PHEV1 cells in (b) also charge up to around 2.5 mAhcm−2 with a similar shift to higher voltages of the

pulsed course in the range of 3.553.75 V. The discharge and following CV part ends at values around 0.2 mAh cm2 but with a shorter CV part compared to

the coin cells.

FIGURE 4 | The exemplary course of the voltage for one cell of each

strategy resting for 5 days. The initial potential drop caused by fast declin-

ing ohmic and charge transfer resistances is higher for both CC formed

cells as well as for C/5 cells in comparison to all other batteries but in

agreement with the ASI measurement of the resistances. The voltage

decay value of the self-discharge is determined by the slope of the linear

fit of the voltage over square root of time. The voltage values of the first

24 h are declined for comparison reasons. First impressions of a steeper

course of voltage decay are supported by higher voltage decay values

between −3 to −4.5 mV
p
h in comparison with −2.5 to −3.5 mV

p
h

for the CC formed cells.
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formed coin cells, a similar but 100mV shifted course between
3.55 V and 3.9 V can be calculated.

Certain SEI products could benefit from this higher hysteresis
and be preferably formed during the formation, also hinting
towards potential differences in the SEI.

The charge part of both reference and pulsed formation of
PHEV1 cells in Figure 5b also reaches up to 2.5 mAh cm−2 while
showing low course variance for both formation strategies. Apart
from a small dip in the reference cells referring to the sealing of
the cells after initial degassing, the courses of reference and
pulsed is similar to the coin cells including the same shoulders
and the shift to higher voltages of the pulsed cells but only in the
range of 3.55–3.75 V.

The discharge curve is nearly matching for CC and pulsed
PHEV1 cells as well as the following vertical CV part of the dis-
charge but with a shorter CV part compared to the coin cells.

The gap to zero of the vertical CV part can be interpreted as the
lithium loss caused by the SEI formation processes. The lithium
inventory loss is quantified by the Coulombic efficiency, which is
slightly higher for PHEV1 cells of around 89% but in the same
range for CC and pulsed formation. The determined mean
ASI value for pulsed formed PHEV1 cells is 1.0 × 10−8 Ohm/cm2
and the voltage decay value is between −1.7 and 2.9mV

p
h. The

determined mean ASI value for the reference formed PHEV1 cells
is 1.3 × 10−8 Ohm/cm2 and the voltage decay value is between
−1.5 and −1.7mV

p
h.

Recently published literature comparing coin cells and pouch
cells [14, 15] supports the high difference in ASI values.

Figure 6 presents the course of the mean discharge capacity of
300 cycles of five pulsed and five CC formed cells for both cell

formats. All capacities were scaled to the first mean discharge
cycle recorded. The PHEV1 data include checkup cycles every
50 cycles with charge and discharge at a lower C-rate of C/2.
Additionally, a zoom-in on the PHEV1 cells between cycle
150 and 200 is plotted. For all plots, error bars equal to the stan-
dard deviation of the mean values are added. For the coin cells,
data of CC C/8.2, CC C/20, and pulsed C/5.7 are plotted, indi-
cating the positive effect of pulsed charging within the same
effective C-rate and slightly better performance of the slow
C/20 formation. The PHEV1 CC C/20 and pulsed C/5.7 cells
show low degradation of the discharge capacity and a remaining
capacity after 300 cycles of around 94.9 ± 0.1% for the CC C/20
cells and 95.1 ± 0.2% of the pulsed formation. Contrary to the
expected worse performance as seen for the coin cells the pulsed
formation shows similar performance to the slower C/20 forma-
tion in the long-term cycling. Therefore, the authors expect the
outperformance of the pulsed formation when compared to CC
formation with same effective C-rate.

For most of the coin cells, one can observe a larger decrease of
discharge capacity within the first 60 cycles and afterward a
rather constant degradation.

A large variance of the CC C/8.2 coin cells partly visible in the
previous formation section is leading to a large range of remain-
ing mean capacity of 78.8± 4.4% after 300 cycles. For the pulsed
cells lower variance and slightly higher remaining mean capacity
of 79.8± 0.4% is determined.

For the one remarkable outlier of the coin cell CC C/8.2 at cycle
83 with low standard deviation, no explanation could be found.

Note that the electrolytes in the PHEV1 cells containing 2 wt% of
VC are reported to have slightly improved SEI stability and cycle
performance [42, 43].

Results of all long-term tests for each strategy can be found in
Figure S8 in the supplementary information.

A recent publication of Cui et al. [2] using data-driven analysis of
the formation parameter found that high formation charge cur-
rents and temperature in fact increases cycle life by shifting the
electrode-specific utilization range.

This work supports their results as we apply a comparable high
formation charge current during the pulsing but and observe bet-
ter cycle life for the pulsed cells.

We did neglect the influence of the temperature in this work but
are confident in assuming even greater acceleration and optimi-
zation taking more parameters into account. However, we point
out that our work focuses on a new strategy for the formation,
enabling new materials and SEI design and not optimization. In
the future, a combination could lead to an acceleration while
maintaining or even improved quality and increased possibilities.

4 | Summary and Conclusion

Pulsed formation is herein employed to accelerate the formation
process by a factor of two in cell production while maintaining

FIGURE 6 | Course of the mean discharge capacity of 300 cycles of

five pulsed and five CC formed cells for coin (blue and red) and PHEV1

(purple) cells. Capacities were scaled to the first mean discharge capacity

measured. Error bars indicate the standard deviation of the mean values.

Zoom-in on the PHEV1 course on cycle 150–200 reveal higher but nearly

negligible standard deviation of pulsed formed cells in comparison to CC

formed cells.
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cell quality. This was initially demonstrated on automatically
assembled NMC (622) graphite CR2032 coin cells. The results
suggest compositional differences in the SEI formed with pulsed
formation leading to a thinner SEI, consistent with findings in
the literature [26].

Cell quality was investigated using ASI obtained from HPPC
tests, voltage decay during self-discharge, and long-term aging
performance. All pulsed formation protocols resulted in lower
ASI values, further supporting the hypothesis of a thinner SEI.
Although pulsed-formed cells exhibited a slightly higher overall
voltage decay, the initial voltage drop was reduced compared to
CC-formed counterparts.

The pulsed formation protocol was applied to 25 Ah prismatic
PHEV1 cells, where similar beneficial effects were observed,
including comparable long-term cycling performance despite a
reduction of formation by 50%. However, the detailed mecha-
nisms underlying the impact of pulsing on SEI formation
remains to be fully understood but will be discussed in other pub-
lications. This accelerated formation protocol may have impact
for cell manufacturing plant design as the floor space and cycler
utilization can be freely adapted to a intensification factor of
about two which has previously been impossible. It is also
now possible to dynamically form cells faster when, i.e., electric-
ity prices drop or if grid stabilization through productive curtail-
ment is needed.
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