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: shift from mass ratio to additive
molecules per electrode area to optimize Li-ion
batteries

Bojing Zhang, †‡§* Leon Merker, Monika Vogler, Fuzhan Rahmanian †‡§

and Helge S. Stein †‡§*

Electrolyte additives in liquid electrolyte batteries can trigger the formation of a protective solid electrolyte

interphase (SEI) at the electrodes e.g. to suppress side reactions at the electrodes. Studies of varying

amounts of additives have been done over the last few years, providing a comprehensive understanding

of the impact of the electrolyte formulation on the lifetime of the cells. However, these studies mostly

focused on the variation of the mass fraction of additive in the electrolyte while disregarding the ratio

(radd) of the additive's amount of substance (nadd) to the electrode area (Aelectrode). Herein we utilize our

accurate automatic battery assembly system (AUTOBASS) to vary electrode area and amount of

substance of the additive. Our data provides evidence that reporting the mass ratios of electrolyte

components is insufficient and the amount of substance of additive relative to the electrodes' area

should be reported. Herein, the two most utilized additives, namely fluoroethylene carbonate (FEC) and

vinylene carbonate (VC) were studied. Each additive was varied from 0.1 wt-%–3.0 wt-% for VC, and 5

wt-%–15 wt-% for FEC for two electrode loadings of 1 mA h cm−2 and 3 mA h cm−2. To help the

community to find better descriptors, such as the proposed radd, we publish the dataset alongside this

manuscript. The active electrode placement correction reduces the failure rate of our automatically

assembled cells to 3%.
Introduction

Lithium-ion batteries have become a ubiquitously used elec-
trochemical energy storage method in portable electronics and
vehicles.1 However, the extension of cycle and calendar life are
of high interest for established and next-generation
chemistries.2–4 To further improve the cell performance and
lifetime,5 electrolyte additives are typically used. Fluoroethylene
carbonate (FEC)6 and vinylene carbonate (VC)7 are the two most
well-known, most frequently used, and most studied additives
in electrolyte formulations. Many studies have demonstrated
that the addition of FEC predominantly contributes to an
improved cycle stability of the cells by facilitating the formation
of a robust and uniform SEI lm on the anode material.6,8,9 On
the other hand, the presence of VC in the electrolyte can nor-
mally lead to an improved SEI on the graphite electrode by
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reducing itself instead of ethylene carbonate (EC)7,9 whilst
forming a protective layer. Some studies also indicate that one
of the benets of adding VC is to greatly suppress the rate of
parasitic reactions as well as the electrolyte oxidation at the
cathode.8,10,11

Both the FEC and the VC have been shown to signicantly
improve the cycle stability and lifespan of lithium ion batteries.
Further investigations on the impact of varying the concentra-
tion of both additives have also been done over the past years.
Those studies have demonstrated different optimal concentra-
tions for both additives to enhance the cell performance.10 It is
found that for the additive FEC, a volumetric rate of 7 wt-% is
sufficient to boost capacity retention12 to 82.75% aer 50 cycles.
For VC, the optimal concentration is highly application
dependent. According to a study by Burns et al.13 based on
LiCoO2/graphite, it is found that 2 wt-% seem to be an optimal
concentration to reach a satisfactory cycling performance.
However, they also found that concentrations above 1 wt-% lead
to higher cell impedance. Further investigation on the high VC
concentration (∼6 wt-%) show that a trade-off between lifespan
and cell impedance can be observed.13,14

There are comprehensive investigations on varying the
amount of additives (e.g. VC, FEC) in the electrolyte though
these studies only relate the weight or volume ratios of the
additives to the rest of the electrolyte and not the surface area
© 2024 The Author(s). Published by the Royal Society of Chemistry
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where they are (re)acting.9,14 The important distinction to make
here is the difference between the electrode area and the
available active material surface area. While the geometric
electrode area can remain constant a doubled mass loading will
roughly correspond to a 100% increase of active material
surface area (assuming negligible particle cracking and binder–
surface interactions). To the best of our knowledge, there are
presently no studies on reporting the systematic variation of
additive amounts based on additive molecules per active
material surface area where both are varied.

There are reports, that under a threshold amount of 5%
additive either by weight or volume (w.r.t. other electrolyte
components and not electrode) the cycle life for Li-ion batteries
is signicantly impacted.15 More specically, it was observed by
Burns et al.16 that within the weight percentage of 6% (again
w.r.t. the electrolyte components alone) an increasing concen-
tration of VC resulted in improved coulombic efficiency and
longer cycle life. We have found none but one study that looks at
a variable ratio of additives to the effective surface area of
negative electrode17 where the VC to graphite surface area was
found to be a parameter impacting the impedance of anode and
cathode. The unique precision and accuracy of AUTOBASS5,18

allow us to perform a comprehensive study on varying additive
amounts and electrode surface areas (through different load-
ings). Whilst the initial version of AUTOBASS did not have active
corrections for electrode placements we now report an update to
the system that allows not just for micrometer exact placements
Fig. 1 Overview of the automatic battery assembly system with active
assembling 64x CR2032 coin cells within a half working-day. Assembly w
(with top camera) picks cell components from 7 trays, senses and corrects
on the assembly stage (center right). Robot in the middle (with comp
magnetic vial cap (top left inset), aspirates electrolyte from the vials and di
stage, places it into the crimper, collects it with a magnetic cell gripper

© 2024 The Author(s). Published by the Royal Society of Chemistry
of the electrodes but also nanoliter exact dispensation of elec-
trolytes through the addition of an automated pipette.
Methods
System design

This paper's methods are based on the automatic battery
assembly system (AUTOBASS),5,18 that is capable of assembling
64 CR2032 (20 mm diameter, 3.2 mm height) coin cells with
excellent reproducibility and full data lineage tracking. Herein
we report an update to the rst version of AUTOBASS as shown
in Fig. 1, which is now able to automatically adjust the position
of components, increasing the accuracy of the assembly even
further. To further minimize the cell-to-cell variation, an optical
sensing system was developed to compensate for the random
offset error caused during the grabbing of the components. The
system's vision system is composed of two self-modied web-
cams (Hama C-800 Pro) and (Microso LifeCam Studio) inte-
grated in a 3D-printed holder, the bottom camera with a 2K
resolution is installed on the optical table next to the assembly
stage, the top camera with 1080P resolution is integrated with
the end-effector and mounted on the assembly robot (Fig. 1
le). By performing the automated correction, the assembly
robot rst picks up the component from the tray with the
vacuum gripper, then moves it above the bottom camera
approx. 5 cm high, the bottom camera takes the live image of
vacuum gripper grabbing the component, hough circle
imaging and combinatorial electrolyte dispensing system capable of
ork is accomplished by three 6-axis robotic arms. Left bottom: robot
the picking error by using the bottom camera (center) and places parts
uter-controlled pipetting syringe and magnet gripper) removes the
spenses it into the cells. Robot on the right picks a cell from the building
(right) and drops it in the collecting tower (top right).

Digital Discovery, 2024, 3, 1342–1349 | 1343
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transform method supplied by openCV19 will be applied to the
image, the circle edge of the component will be detected and the
center coordinate will be extracted in the form of pixel numbers
(x, y), by comparing it with the tool center point that is pre-
calibrated in the image frame the offset of the components
will be then computed in pixel variation (Dx,Dy) and transferred
into 3D real-world offsets by utilizing a homographic trans-
formation, thus implement compensation accordingly when
eventually place the component onto the building stage or stack
of other components. Subsequent to the drop of the compo-
nent, the building robot will adjust its position, positioning the
lens of the top camera towards the component dropped earlier
and take the image. An assessment of offset from the center of
the building stage will again be performed using the same
process as for the bottom camera, and the information is
recorded together with the images (as an example shown in
Fig. 2). However, it needs to be noted that, in the recorded
images (shown as an example in Fig. 2 bottom), the offset value
printed on the le bottom of the image belongs to the metadata
that produced during the processing, the value is calculated
based on the pixel value of the detected components' central
and image central, which is manually calibrated to be directly
objecting onto the physical central point of the building stage,
additionally, due to the resolution variance of the top camera
and the image distortion the absolute offset is scaled to an order
Fig. 2 An example showing the active imaging system implementing dete
of the cell. On the top row are the spacers and anode cap, the middle
bottom row shows the components after placement. The green-colored
the cell-building stage, whereas the red-colored cross is the recogniz
geometric contour of the components from the image. The two numbers
the center point of either suction cup or building stage in the unit of
description of offset measurements.

1344 | Digital Discovery, 2024, 3, 1342–1349
based on our empirical calibration and computation of 0.2, the
actual offset between each active component (electrodes and
separator) which also matters most in the cell assembly is
therefore yield through the difference of the values. Addition-
ally, to further increase throughput and productivity, a multi-
threaded operation has been implemented during assembly, in
which the operations such as removing caps from the vials as
well as aspirating electrolyte from the stock solution is imple-
mented simultaneously while stacking the inactive compo-
nents, also when dealing with batch assembly of cells is
synchronized in the way that the next cell is started while the
previous cell is crimping. This results in an average assembly
time of 3.8 minutes for each cell which is a speedup of almost
a factor of 2x and pushing the fabrication time of one batch of
64 cells to a little over 4 hours. Another signicant optimization
of the system is the newly integrated multi-pipetting system,
with which 16 stock solutions of electrolyte can be handled. In
this design, 16 vials of electrolytes are kept in the 4× 4 tray (Top
le in Fig. 1) with specic 3D printed capes embedded with
magnets to prevent evaporation during the operation. The caps
were designed into two separate layers and manufactured in
a dual-extrusion process with an advanced 3D printer (Ulti-
maker® Model S5): the top layer is made of Polylactide (PLA
Ultimaker®) with a circular hole to hold the magnet and the
bottom layer is made of exible thermoplastic polyurethane
cting objects and computing electrode offset tasks for all components
row shows anode, separator and cathode all prior to placing and the
cross in each image represents the center of the grabbing tool or that of
ed center of the component that has been computed based on the
on the left bottom of each image represent the computed offsets from
millimeter on the x- and y-axis respectively. See text for a detailed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(TPU 90 Ultimaker®) to provide proper sealing with the vial
opening, then a pellet-shape magnet (ø2 mm × 1 mm) is
manually placed into the hole and sealed with tapes. While
ejecting electrolyte, the 6-axis-robot approaches each individual
cap effector which is also embedded with a magnet to remove
the cap. The robot performs a swerving motion to switch to the
pipetting tool (r-line from sartorius) and locate itself above the
pipetting tip that belongs to the electrolyte stocking element
individually. The tip is attached to the dispensing pipett's sleeve
by a forced motion and displaced into the vial to perform
aspiration of the electrolyte. The pipette is guaranteed to have
a random error of less than 0.5 mL. Only during the necessary
handling time of the electrolyte the lid of the vial is opened. The
time from rst electrolyte dispensation to cell closing is the
exact same as demonstrated in the original AUTOBASS paper.5

The code and 3D printed les are available at AutoBASS_2.0.
Similar to the previous version of AutoBASS, the operation of the
latest system can be implemented through a user-friendly inter-
face supported by the python tkinter, structuring of the script is
schematically represented in Fig. 3, rst, individual driver (blue
rectangle) is programmed for each device, robot stations (orange
circles) integrate coupled devices to perform specic actions (as
purple hexagon) which need to be carried out during the
assembly, and nally, those actions are subsequently
Fig. 3 Schematic representation of the control backend and the hierarch
setup with three robots and a translational stage operations needed to be
native python threading library was used.

© 2024 The Author(s). Published by the Royal Society of Chemistry
orchestrated by an overall script (yellow circle) according to the
validated command transferred from the user interface (green
circle).

Experimental design

In this paper, 3 batches of experiments were designed to study
the impact of molar additive amount relative to the ratio of
active surface area. Based on the formula, which is one of the
most widely used in the commercial electrolyte for Li ion
batteries, we set the formulation of 1 M LiPF6 in EC : EMC 3 : 7
(wt%) (E-Lyte Innovations) as our baseline electrolyte and
prepared the target electrolyte with various of additive amount.
We have studied electrolytes with two different additives namely
VC (E-Lyte Innovations) and FEC (E-Lyte Innovations), for each
additive we have used four different weight percentages of
additives trying to cover the common range of interesting ratios.
For batch FEC we have 5 wt-%, 7.5 wt-%, 12.5 wt-% and 15 wt-%
and for the VC batch, we have 0.1 wt-%, 0.5 wt-%, 2.5 wt-% and
3.0 wt-%. The electrode material used was supplied through the
BIG-MAP project (The Battery Interface Genome – Materials
Acceleration Platform). The cathode electrode was Lithium
Nickel Oxide (LNO) coated on an aluminum sheet supplied by
BASF with 94 wt% of active material, 3 wt% of PVDF binder and
3 wt% of conductive carbon with two different mass loadings,
y of software modules. Due to the bespoke nature of threading in this
treated in threads to avoid collision and timing errors. For threading the

Digital Discovery, 2024, 3, 1342–1349 | 1345
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namely 1 mA h cm−2 and 3mA h cm−2. The anode electrode was
Graphite coated on an copper foil supplied by CIDETEC con-
taining 94% C-NERGY ACTILION GHDR 15–4 (Imerys), 2% C45
(Timcal), 2% CMC (Chempoint), 2% SBR (Zeon) with balanced
mass loading. For the active material surface area we assume
a Brunauer–Emmett–Teller (BET) surface area of 4.1 m2 g−1 as
per the Imerys data sheet. The separator material we used is
Celgard 2325 with a thickness of 25 mm. The thickness of the
anode aer calendering was measured by the manufacturers to
be 39 mm and 82 mm and the thickness of the cathode was
measured to be 15 mm and 43 mm aer calendering for the two
different mass loadings of 1 mA h cm−2 and 3.1 mA h cm−2.
Electrodes were not calendered to the same thickness. The total
amount of electrolyte is kept constant at 35 mL for both load-
ings. This is the exact same chemistry as in the original Auto-
BASS paper.5
Cycling and testing protocol

Assembled cells were stored in an inert atmosphere with the
cathode side down (spacer up) for 24 h to ensure good wetting of
the electrodes. The following cycling procedure was pro-
grammed in a Arbin battery cycler (LBT21084-5): formation
charging at constant current of C-Rate C/10 a potential of 4.2 V
which was kept until a current of less than C/20 was reached.
Formation discharge was performed under a constant current
of C/10; repetitive charging and discharging under these
conditions was performed three times before the standard
Constant-Current/Constant-Voltage (CCCV) cycling at 1C with
the same cut-off voltage of 4.2 V and cutoff-current of C/20. A
total of 200 CCCV cycles was performed with Internal Resistance
(IR) checks every 50 cycles. In the IR check step, a CV step with
a C-rate of C/10 is performed until the cut-off voltage of 4.2 V is
Fig. 4 Optical assessment of the distance between the cathode and an
resulting in a failure rate of 3%. The previous version of AutoBASS had a
different metrics. Upon visual inspection some (unquantified) offset error
side coated electrodes calendering process. Certain gaps are present amo
assembling those cells.

1346 | Digital Discovery, 2024, 3, 1342–1349
reached, which is again kept until C/20, aer 30 minutes of
resting a fast discharge with 2C is performed for 30 seconds,
then, aer 10 minutes of resting, a discharge with constant
current C/10 is applied until cell voltage reaches 2.5 V.
Results

Cells were manufactured according to the method section using
the AUTOBASS system.

Based on the optical analysis on the photographs of the
anodes and cathodes taken during assembly, the relative
geometric L2-norm offset between the anode and cathode
centers of all assembled 169 cells is shown in Fig. 3. The average
offset is 410 mm and a standard deviation 260 mm (Fig. 4). In
total 20 out of 169 cells were observed with offsets above 690
mm. All errors originate largely from a miscalculated central
point abritute to the curving of the negative electrodes. We
believe this error could be mitigated through a precession
movement around the center of the gripper to reconstruct the
electrode including its curvature in 3D. All manufactured cells
were stored for 24 hours with the cathode facing downwards in
the glovebox (spring upward). This is to ensure good wetting
prior to testing. Cells that passed formation passed through two
hundred 1C/1D CCCV cycles and IR drop tests every 50 cycles.
From all 169 cells produced a total of 5 did not pass through
formation (short circuit detected) and were discarded as faults.
Due to a wrong procedure setup in a second battery cycler setup
63 cells were discarded due to overcharging that led to prema-
ture aging. In the rst cycle the formation voltage exhibited
large amounts of noise, likely attributable to gas formation as
observed in previous studies on this material.5 The analysis in
Fig. 5 therefore shows the differential capacity analysis20–22 of
ode center for all 169 cells out of which only 5 cells failed electrically
10% failure rate. Placement errors cannot be directly compared due to
is likely due to non-ideal electrode warpage originating from the single
ng the bars is likely due to the failed detection of anode/cathode while

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Gravimetric differential capacity plots for cells with varying
additive content and loading. Red: 1 mA h cm−2 blue: 3 mA h cm−2

with an anode area of 0.0173 m2 and 0.0519 m2 respectively. Dashed
black lines are the base electrolyte from averaging the n-number of
cells as noted in the top left corner, blue are the cells with 3x the areal
loading and hence ca. 3x the electrode surface area and red is a 1x
areal loading. There are six distinct peaks that differ in shape between
electrode loadings (effective electrode area). This plot provides strong
evidence that considering the relative mass of an additive in the
electrolyte whilst ignoring electrode surface area is an unsuitable
descriptor for battery electrochemistry, suggesting the need for
alternative descriptors.

Fig. 6 Plot of cell resistivity vs. additive molecular concentration per
surface area of anode electrode (graphite) at different cycles with FEC
(up) and VC (down). The surface area of anode electrodes is calculated
based on the coating weight and BETmeasurements of active material
reported by the collaborators from the BIG-MAP project. Overall there
is an increasing resistivity with increasing FEC amount whereas VC
herein just shows an increasing trend of resistivity with cycles. Readers
are reminded that the data presented herein originates from different
areal loadings to vary the active material surface area that is concep-
tually different from the geometric electrode area.
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the second formation cycle. Shown are the base dQ/dV plots i.e.
the average dQ/dV of a batch of seven cells that did not have any
additive in the electrolyte. This is compared at different additive
weight ratios in the electrolyte to two mass loadings on the
electrodes in blue (loading of 1 mA h cm−2) and red (loading of
3 mA h cm−2) in a balanced cell i.e. the anode and cathode have
the same capacity per area. It is evident from Fig. 5 that adding
different amounts of additive to the electrolyte leads to changes
in the shape of the differential capacity. The most prominent
difference is observed at the charge peaks at 3.65 V and 3.85 V
that alter their intensity with different additive amounts. The
differential capacity here is scaled gravimetrically to allow
comparisons across areal loadings.

The challenge when criticizing a commonly used and
convenient factor like wt-% loading of additives in the electro-
lyte is that one needs to propose a better descriptor. From
a fundamental point of view it should be the surface area of the
electrode where the additive reacts to form the solid electrolyte
interphase (SEI). Hence we propose to use the ratio of the
amount of substance of additive per electrode surface area –

referring to the active material surface measured by BET on the
powder prior to coating and calendering. We assume that the
SEI will primarily grow on the active material surface and
neglect the inuence of binder and conductive carbon.
Furthermore, we neglect any particle cracking upon calen-
dering. We calculate the active anode material area through the
mass loading of the electrodes and the specic surface area of
the active material provided by the manufacturer (Imerys). The
© 2024 The Author(s). Published by the Royal Society of Chemistry
amount of substance of the additives in the electrolyte were set
through gravimetric mixing and veried by NMR. The internal
resistance was measured from the voltage drop from 100% SOC
(here dened as the point aer a CV phase at 4.2 V until
a current equivalent to C/20 was reached with a subsequent to
a 30 min rest) through a 2D discharge pulse as described in the
Methods section. The resulting data is shown in Fig. 6. Since the
active material area of the two mass loadings used is different
the IR drop needs to be recalculated into resistivity. For this
calculation one needs the area through which the current
passes and the distance through which it is passed. Since all
charge needs to pass through the particle surface we assume the
surface to be the BET area and the average distance to be the
sum of the thickness of the separator and half or the thickness
of the anode and cathode aer calendering as reported in the
Methods section. The resulting resistivity vs. additive loading
(measured in mmolm−2) is shown in Fig. 6. The resulting graphs
show that for the two closeby loadings around 0.6 mmol m−2

the resistivities are relatively close by aer about 54 cycles
(within the error margins calculated from the statistics from all
cells with the respective loading). Overall there is an upward
resistivity trend with cycles and FEC loading. For VC there is
a trend of increasing resistivity with cycles but only a minor
upward trend with VC loading. To the best of our knowledge
this is the rst report of electrolyte additive inuence that spans
electrode loading/thickness. Overall these plots provide
evidence that the electrodes surface area should always be
considered when working with additives.
Digital Discovery, 2024, 3, 1342–1349 | 1347
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Conclusion

We herein present an updated automatic battery assembly
system capable of automatically stacking of electrodes with
active placement correction and highly accurate combinatorial
electrolyte dispensation. The system can correct wrongly picked
parts and reduces failure rates to 3%. This system was utilized
to elucidate additive amount inuence on cell parameters
through studying hundreds of cells. The data suggests that
a better descriptor to study the effect of additives onto the cell is
additive loading onto the active material surface particle area.
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