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Automated electrolyte formulation and coin cell assem-
bly for high-throughput lithium-ion battery research

Jackie T. Yik,a∗ Leiting Zhang,a∗ Jens Sjölund,b Xu Hou,a Per H. Svenssonc,d , Kristina
Edström,a and Erik J. Berga

Data-driven experimentation can accelerate battery research dramatically by closing the
experimentation–analysis loop. Experimentation in traditional battery research is acknowledged
to be heavily time-consuming and often suffers from large cell-to-cell variations. For closed-loop
approaches, however, reliable and rapid performance evaluation is vital. Automation promises to
enhance both the rate of testing and reproducibility. Herein, we present ODACell, an automated
electrolyte formulation and battery assembly system, capable of preparing large batches of coin cells.
We demonstrate the feasibility of Li-ion cell assembly in ambient atmosphere by preparing LiFePO4
|| Li4Ti5O12 –based full cells with dimethyl sulfoxide–based model electrolyte. Furthermore, the
influence of water is investigated to account for the hygroscopic nature of the non-aqueous elec-
trolyte when exposed to ambient air. Reproducibility tests demonstrate a conservative fail rate of
5%, while the relative standard deviation of the discharge capacity after 10 cycles was 2% for the
studied system. Electrolytes with 2 vol% and 4 vol% of water showed overlapping performance
trends, highlighting the nontrivial relationship between water contaminants in electrolytes and cy-
cling performance. Thus, reproducible data are essential to ascertain whether or not there are minor
differences in performance for high-throughput electrolyte screenings. ODACell is broadly applica-
ble to coin cell assembly with liquid electrolytes and therefore presents an essential step towards
accelerating research and development of such systems.

Introduction

Global electrification powered by renewable energy sources re-
quires next-generation batteries.1 However, research and devel-
opment of new battery chemistries are time-intensive tasks of ar-
duous manual testing that can take decades from initial discovery
to commercialization.1 Therefore, acceleration of research and
development is imperative to meet the growing demands. One
contribution towards acceleration is automating the workflow.
However, robotic setups have only been presented thus far for
parts of the workflow, such as for the material discovery process
with electrolyte formulations,2,3 or just the battery cell assembly
process with electrolyte dispensing.4 We aim to present an auto-
mated setup that has integrated electrolyte formulation alongside
battery assembly and electrolyte dispensing, automating the en-
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tire workflow.

A critical part of the battery research process is assembling and
performance-testing battery cells. The electrochemical tests alone
may take days, months or even years to complete.5 Because of
this manual effort and long testing duration, it is common to see
data having only a few replicates. However, human error asso-
ciated with electrolyte formulations, processing electrodes, and
battery assembly give rise to battery performance variations. In
order to rely on the results, cell-to-cell variability must be over-
come through rigorous reproducibility verification of the data. A
study by Dechent et al.6 suggested a minimum of 9 replicates
to be able to fit a battery aging model with one parameter. The
complexity of the system strongly affects the number of replicates
required to provide reliable results that can decouple the various
effects and reactions in the system.

Moreover, conventional strategies for battery material discover-
ies rely heavily on “trial-and-error” approaches, where each sub-
sequent step of the discovery process is dependent on the suc-
cessful completion of the previous step.1 State-of-the-art strate-
gies have shifted towards a “closed-loop” approach, where all
completed steps inform and predict the following steps, eliminat-
ing the sequential dependence.1,7–9 For new material discoveries,
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closed-loop experiments can optimize material selection within a
design space quickly, discovering the optimum faster than conven-
tional trial-and-error procedures and with fewer experiments.10

While closed-loop approaches utilize previous experiments,
high-throughput experiments are often used alongside these ap-
proaches to build a library of results needed for the optimization
inputs. Methods that allow automatic measurements of a defined
design subspace at a high rate are considered high-throughput.11

For example, Yang et al.12 used high-throughput optical measure-
ments to identify regions in three-cation metal oxide composi-
tion spaces whose optical trends were not simple phase mixtures,
while McCalla et al.13 demonstrated a workflow capable of col-
lecting hundreds of x-ray diffraction patterns and electrochemical
impedance spectroscopy spectra, simultaneously, per week.

Herein, we present ODACell, an automated robotic setup ca-
pable of electrolyte formulation, coin cell assembly, and electro-
chemical testing. By automating these three tasks, human error
can be reduced, and the experimentation process can be accel-
erated. Demonstrating the capabilities of a relatively simple and
affordable robotic setup is promising for the transition of small
batch upscaling in academic research and progression of data-
driven studies.4,14

Zhang et al.4 recently presented their automated setup, Auto-
BASS, for one of the steps in the workflow: coin cell assembly.
While automating the assembly process removes an arduous task
where mistakes can be made, their robotic setup remains to be
positioned for transition into closed-loop experimentation. Al-
though assembling coin cells and electrolyte dispensing are au-
tomated, electrolytes would still need to be prepared manually.
Conversely, our robotic setup has electrolyte formulation capa-
bilities in addition to coin cell assembly and electrolyte dispens-
ing. With this, not only automation, but autonomous, closed-loop
experimentation is possible. Other robotic setups exist but are
mainly targeted towards material characterization such as for the
ionic conductivity of electrolyte fomulations3,14 or optical and
electronic properties of thin-film materials.15 Besides AutoBASS,
to our knowledge no other published automated robotic setups
for coin cell assembly and electrolyte dispensing has been pre-
sented thus far.

In this work, we describe an automated robotic setup for elec-
trolyte formulation, assembly and cycling of coin-type battery
cells in an ambient laboratory environment. Working in an ambi-
ent atmosphere is substantially more cost-effective than maintain-
ing a dry room for cell assembly, potentially opening up the un-
derexplored electrolyte design space with battery materials toler-
ating ambient atmosphere. Our affordable and flexible setup can
be adapted to different systems (e.g. non-aqueous electrolytes)
with minor modifications; the addition or removal of hardware
components can easily be integrated while maintaining, adjust-
ing, or enhancing functionality, characterizing ODACell as a mod-
ular setup. The possibility to use ODACell for diverse chemistries
generalizes its applicability to explore the high research poten-
tial of liquid electrolytes, which have continued to be a challenge
to optimize owing to the vast design space.9 The modular setup
thus has an advantage over static robotic research setups. To this
end, the objectives of this work are to (1) design and construct an

affordable, modular battery assembly and testing setup with elec-
trolyte formulation and dispensing ability, (2) determine the cell-
to-cell variability and reproducibility of the system for cells as-
sembled in ambient atmosphere, and (3) demonstrate the setup’s
practical applicability by preparing and performance-testing hy-
brid electrolytes containing mixtures of binary solvents, namely
water and dimethyl sulfoxide in a full cell configuration.

Methods

Robotic Assembly and Electrolyte Formulation

The robotic setup, ODACell, is shown in Figure 1A, consisting of
three 4-axis robotic arms (Dobot MG400, China) and one liquid
handling robot (Opentrons OT-2, USA, Figure 1B). Each robotic
arm was equipped with a unique head for specialized function
(Figure 1C). A custom-made vacuum head holder with two vac-
uum saving valves (SMC ZP2V, Japan) was set up on one robot
allowing it to pick up components; a custom-made claw head and
matching holder allowed one robot to collect and move the com-
ponent stack; and one robot was equipped with an electric gripper
(DBT-PGS5, China). A modified electric coin cell crimper (TMAX,
China) was connected to interface with the robotic arms, and all
robots were fixed to the tabletop. An elevated platform was in-
stalled on the tabletop. The platform was used to place custom-
made coin cell component trays and holders for battery cycling.
Each tray contained enough components for four coin cells and
multiple trays were loaded in stacks.

Orchestration of the electrolyte formulation and cell assembly
process was done in Python. The full code and data can be found
in Github.* Python integration was included with the software
development kits of the liquid handling robot and robotic arms.
Low-level proprietary functions were wrapped together to form
custom, specialized high-level functions for each robot. Com-
mands execute the high-level functions sequentially via position
triggers to perform specific tasks.

Material Selection and Preparation

LiFePO4 (lithium iron phosphate, LFP) cathode and Li4Ti5O12
(lithium titanate, LTO) anode were selected for their known struc-
tural and cycling stability16,17 as well as their commercial avail-
ability. Considering the focus of this study was on the robotic
setup and reproducibility, commercial electrodes provide highly
reliability mass loading, eliminating a potential source of error. A
dimethyl sulfoxide (DMSO, (CH3)2SO)–based electrolyte was se-
lected because of its environmental sustainability18 and potential
for high-voltage applications.19

CR2025 coin cell parts (316 stainless steel) were used as re-
ceived. LFP cathode and LTO anode sheets were ordered from
CustomCells, Germany. The manufacturer specified specific ca-
pacity was 150 mAh g−1 for both cathode and anode sheets. Cath-
ode and anode with 16 mm and 13 mm respective diameters were
used. Separators (GF/A glass fiber, GE Healthcare) were 18 mm
diameter. Electrodes and separators were prepared in ambient

* https://github.com/jyik/ODACell
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Fig. 1 Schematic illustration of the automated robotic assembly setup. (A) The four robots (three 4-axis robotic arms and one liquid handling robot)
are detailed along with the elevated platform where the battery cycling station and coin cell components are placed. Numbered circles are placed at
key positions in the assembly process: (1) placing coin cell components, (2) acquiring electrolyte, (3) crimping, and (4) cycling the coin cell. (B) The
liquid handling robot where electrolyte formulation occurs. Stock solutions are loaded into the reservoirs and the robot can mix them together in the
adjacent wells to formulate different electrolyte compositions. (C) The three 4-axis robotic arms handling the coin cell assembly and battery cycling.
Each one has its own unique attachments to perform specific tasks.
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atmosphere as well as handling of all coin cell components.
Two electrolyte stock solutions were prepared. Lithium per-

chlorate (LiClO4) (99.99%, battery grade) and Dimethyl sul-
foxide (DMSO, (CH3)2SO) (anhydrous, ≥99.9%) were obtained
from Sigma Aldrich. Milli-Q water was obtained from SPEX Cer-
tiPrep (Assurance® grade, Type I water). Batches of 2 mol kg−1

(molality, m) LiClO4 in DMSO and 2 m LiClO4 in water elec-
trolyte stock solutions were prepared prior to coin cell assembly.
2 m LiClO4 in DMSO stock solutions were stored under inert at-
mosphere and transferred into ambient atmosphere just before
assembling a batch of coin cells. 2 m LiClO4 in water stock solu-
tions were prepared by mixing LiClO4 salt with water just before
assembling a batch of coin cells.

Experimentation

To evaluate the cell-to-cell variability and assembly reproducibil-
ity, 83 cells were assembled in six batches (3 cells in the first
batch, 16 cells per batch thereafter) using 2 m LiClO4 in DMSO
electrolyte.

To systematically explore the influence of water in the elec-
trolyte, galvanostatic cycling performance of LFP || LTO full cells
with electrolytes containing mixtures of water in DMSO were
compared. The first hybrid electrolyte was prepared by mixing
840 µL of 2 m LiClO4 in DMSO and 160 µL of 2 m LiClO4 in
water. Mixing was done by aspirating and dispensing 700 µL
of the mixture 20 times. The next hybrid electrolyte composed
of 500 µL from the previous mixture and 500 µL from the 2 m
LiClO4 in DMSO stock solution using the same mixing procedure.
The same operations for the third and fourth hybrid electrolytes
were done, producing 16 vol%, 8 vol%, 4 vol%, and 2 vol% H2O–
electrolytes. 12 coin cells were assembled and cycled for each
hybrid electrolyte. One electrolyte formulation was mixed, then a
batch of coin cells were assembled; this process was repeated for
the four hybrid electrolytes.

Cycling Procedure

Galvanostatic cycling was performed using a battery cycler with
16 total channels from Astrol Electronic AG, Switzerland. Since
the cathode was oversized, recorded capacity was normalized
with respect to the LTO active mass. The mean LTO active mass
(8.84 mg) was used for all cells. The cycling procedure had a
rest period of 2 hours for wetting. Charging and discharging cy-
cles followed for 10 cycles using a constant C/2 rate (1C = 150
mA g−1) translating to a constant current (CC) of 0.663 mA. The
charging and discharging CC step was between the voltage range
of 1.6 to 2.2 V.

Results and Discussion

ODACell Setup

The coin cell assembly process was as follows: a robotic arm
equipped with a vacuum head loaded the positive casing, fol-
lowed by the cathode, then separator onto a holder attached to
another robotic arm (location 1 in Figure 1A); the holder was
then moved into the liquid handling robot and 45 µL of the de-
sired electrolyte was dispensed (location 2 in Figure 1A); the

holder then returned to the previous position to receive the an-
ode, spacer and spring, and the negative casing with gasket, se-
quentially (location 1 in Figure 1A); upon placement of the neg-
ative casing, the robotic arm with the vacuum head applied a
downward force on the stack to ensure flush closure of the cell;
the holder with all the components entered the crimper to seal
the coin cell (location 3 in Figure 1A); the crimped coin cell was
delivered to the cycling station by the robotic arm with the vac-
uum head, where another robotic arm with a gripper loaded the
cell into an empty holder for galvanostatic cycling (location 4 in
Figure 1A).

Based on the current cycling protocol, one cell takes ca. 42
hours to collect a data sample, of which 4 minutes is from assem-
bling the cell as described in the previous paragraph. Therefore,
the current bottleneck is the battery cell cycling step. Currently,
with 16 cycling channels, the setup is not capable of continuous
assembly. Consequently, the number of channels in the setup will
determine the bottleneck. We will soon increase the number of
channels to 200 and then a 13 hour cycling protocol would enable
continuous assembly and testing (where automated electrolyte
formulation is done independently of assembly, achieved by par-
allelizing the orchestration). Depending on the desired battery
evaluation procedure, a 13 hour cycling protocol is feasible. The
choice of 10 cycles for this work was to be able to observe and
compare the performance trends of the cells containing different
hybrid electrolytes in the water concentration series experiments;
and the choice of 2 hours rest period for wetting and C/2 cycling
rate was not optimized in this work. Increasing the number of
channels and decreasing the cycling time will reduce bottlenecks
in the system to achieve higher throughput.

In the case of systems-level applications, such as assembling
and cycling battery cells, the throughput is intrinsically lower
compared to material-level applications. Stein et al.20 provided a
conceptual summary visualizing different throughputs of acceler-
ation setups on a materials-interfaces-systems scale. While setups
developed for characterization of materials and interfaces can ac-
quire data within seconds,3,12,20,21 testing an assembled cell may
take months. The definition of high-throughput, therefore, can
change depending on the application. For systems-level setups, a
different approach on throughput can be considered that focuses
on the initial experiment and continuous experimentation sepa-
rately. If the assembling time for a batch and the testing time for
each cell is the same as described earlier, then the throughput for
data acquisition is limited by the assembly time. That is to say,
for assembling and testing cells, the first cell will take the longest
time to acquire data, but the subsequent cells will take much
shorter time, assuming finished cells are continuously replaced
with new cells. Failed cells and other complications may arise
in the assembly or testing processes, but the average throughput
should be consistent. ODACell is a step towards high-throughput
and as such intended to demonstrate how the setup can be used
for intelligent exploratory screening with high repeatability and
analytical capabilities to detect novel candidate electrolyte sys-
tems.

Comparison of the presented setup to other systems developed
by other groups is limited owing to the lack of publicly published

4 | 1–9Journal Name, [year], [vol.],



setups. Commercially available robotic setups, such as the one op-
timized for battery applications,22 on the other hand, are not eas-
ily modified and have limited possibility for advancement, making
it hard to adjust and customize any of the hardware and software.
With publicly publishable setups, such as ODACell, a modular sys-
tem can be made, where any addition of robots or changes in soft-
ware can be implemented and orchestrated together. Conversely,
static setups, such as Clio,3 control specific machinery, such as
pumps and valves. Comparing ODACell to AutoBASS4, another
systems-level automated setup, ODACell has the ability to formu-
late electrolytes in additional to coin cell assembly and electrolyte
dispensing which AutoBASS is limited to. AutoBASS has a camera
to monitor the component placement, which will be included in
ODACell as well. AutoBASS has one less robotic arm than ODA-
Cell making it more space efficient but also removing any poten-
tial flexibility an additional robotic arm would provide. ODACell’s
addition of a liquid handling robot along with a robotic arm al-
lows more of the material discovery workflow (e.g. electrolyte
discovery process) to be automated compared to AutoBASS. An-
other robotic setup from the Research Institute of Sweden (RISE),
Poseidon, has been developed that is capable of electrolyte formu-
lation, Raman spectroscopic characterization, and cycling evalua-
tion, but lack batch assembly capabilities owing to only having a
single robotic arm.

Reproducibility

Figure 2 shows the distribution of the cycle 1, 2, and 10 discharge
capacities along with the cycling performance for cycle 10. For
the distribution shown in Figure 2A, the mean and standard error
for cycles 1, 2, and 10 are 149.8 ± 0.3 mAh g−1, 146.4 ± 0.3
mAh g−1, and 135.1 ± 0.3 mAh g−1, respectively. For cycle 10,
the standard error translates to 3.0 mAh g−1 or 2.1% standard
deviation for sampled data around the mean. The distribution
is negatively skewed (Fisher-Pearson coefficient of skewness =

−0.34 for cycle 1) and lacks an overt shape. In contrast, Gaus-
sian distributions are seen in the discharge capacities of the cells
from the robotic assembly setup by Zhang et al.4 However, the
different systems may partially explain the discrepancy. In non-
aqueous systems, the assembly process must be done under inert
atmosphere because of the reactivity of the electrolyte with mois-
ture. In contrast, the selected chemistry of our system is more
tolerant to air and moisture, but still experience side reactions, as
the Coulombic efficiency is less than 100%. The longer the elec-
trolyte is exposed to the environment, the higher the risk that O2
and H2O adversely influence cell performance.23 Future updates
to ODACell will include an automated vial de-/capping accessory.
Important to note, no electrode passivation layers (e.g. solid elec-
trolyte interphase) are known to form in our system.24

Misalignment of components and electrical contact issues were
the main sources of error. Although the robotic arm’s vacuum
head drop placement was centered in the holder, the cathode
or separator could still slightly deviate from center position due
to the separator being dropped onto the curved cathode surface.
Dropping the spacer and spring on the stack could also shift the
weight of the stack causing misalignment. Small variations in the

electrodes’ mass loading will also influence the performance dis-
tribution but its effect was minimized by using commercial elec-
trodes (active material mass standard deviation ca. 5%) instead
of inhouse-made electrodes (active material mass standard de-
viation ca. 20%). Commercial electrodes are manufactured to
have reliable specified capacity whereas inhouse-made electrodes
could have wide variations depending on the slurry coating pro-
cess. Another factor influencing the distribution is exposure of
the electrolyte to air before assembly. As discussed in the previ-
ous paragraph, the current setup has the electrolyte open during
assembly. The electrolyte is hygroscopic so water is gradually ab-
sorbed into the electrolyte; however, exposure to air was limited
by storing the electrolyte under inert atmosphere until use and
making fresh stock electrolyte for each batch. Exposure of elec-
trolyte to the ambient atmosphere ranged from 5 minutes for the
first cell assembled in a batch to 45 minutes for the last cell in a
batch. To reduce any performance deviations due to contamina-
tion of suction cups, two vacuum heads were deployed; one con-
tacting components related to the anode, and one to the cathode,
thereby reducing the risk of cross-contamination. Additionally, a
chemically inert (polyether ether ketone, PEEK) vacuum head in-
sert was attach to the suction cup coming in direct contact with
the porous cathode material surface.

Figures 2B and 2C show different representations of the charge
and discharge curves for cycle 10, where areas with similarly per-
forming cells overlap and have higher saturation of color. From
Figure 2C, there is some variation where the plateau occurs, and
there is one cell experiencing contact issues represented by the
extra peak in the discharge differential capacity curve. The stan-
dard error throughout the cycles remained 0.3 mAh g−1, and the
higher sample size translates to a smaller standard error. How-
ever, in practice, 80 replicates is infeasible and a more realistic
goal is 12 replicates, which is demonstrated with the water con-
centration series.

Water Concentration Series

A further motivation for the water concentration series experi-
ments, besides systematically exploring the influence of water in
the electrolyte due to air exposure, is to demonstrate the entire
automated workflow for electrolyte discovery, from electrolyte
formulation to performance testing, in a practical application.
Figure 3 shows the galvanostatic cycling data for cells with elec-
trolytes containing variable amounts of added water. The cells
used to determine reproducibility are used for the 0 vol% H2O–
electrolyte group. In Figure 3A and 3B, the mean capacities de-
crease with increasing water content. The trend is consistent
throughout the 10 cycles. The performance between 4 vol%,
2 vol%, and 0% H2O–electrolyte groups are, however, indistin-
guishable from each other; the mean discharge capacities for cy-
cle 10 were 120.6 ± 5.7 mAh g−1, 133.0 ± 0.7 mAh g−1, 135.3
± 0.6 mAh g−1, 135.3 ± 0.6 mAh g−1, and 135.3 ± 0.3 mAh g−1

for the 16 vol%, 8 vol%, 4 vol%, 2 vol%, and 0% H2O–electrolyte
groups, respectively.

The Coulombic efficiency for the different water content elec-
trolytes in Figure 3C show that the 16 vol% H2O–electrolyte
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Fig. 2 Distribution and cycling performance of the 80 coin cells assembled by the automated robotic setup. (A) Variation of the discharge capacities
for cycle 1, 2, and 10. The mean and standard error for cycles 1, 2, and 10 are 149.8 ± 0.3 mAh g−1, 146.4 ± 0.3 mAh g−1, and 135.3 ± 0.3 mAh
g−1, respectively. (B) Charge and discharge curves for cycle 10 of the 80 coin cells. The denser the lines, the bolder the color. (C) Cycle 10 differential
capacity of the 80 coin cells computed by resampling the curves from (B). The denser the lines, the bolder the color. Error bars are standard error.

group is consistently lower compared to the other three dilution
groups throughout the 10 cycles. The 8 vol%, 4 vol%, 2 vol%,
and 0% H2O–electrolyte cells have similar Coulombic efficiencies
(99.0 ± 0.2 %, 99.4 ± 0.1 %, 98.9 ± 0.2 %, 99.3 ± 0.1 % respec-
tively for cycle 10). Side reactions involving water are driving the
capacity and efficiency trends.

Performance trends between the different hybrid electrolytes
are largely due to the water content in the system. Increasing the
amount of water increases the prevalence of water reduction due
to the narrow stability window of water (1.23 V). DMSO, how-
ever, can suppress interfacial electrochemical reactions of water
molecules by entering the cation solvation sheath directly and
form DMSO–H2O H-bond networks that effectively reduce the
activity of water molecules.25 The H-bond structure in the solu-
tion affects the water reduction reaction so small amounts of wa-
ter in the DMSO hybrid electrolyte is tolerable and water reduc-

tion can be largely suppressed. With increased amounts of water,
the DMSO–H2O H-bond network is less prevalent, becoming un-
able to effectively suppress the water reduction reaction. Conse-
quently, small amounts of gas from water reduction can cause in-
creased internal impedance from mechanical disintegration of the
electrodes or other side reactions due to local pH changes at the
electrodes.23 Water reduction likely explains the lower Coulom-
bic efficiencies and capacities evident from the trends of Figure 3.
Nevertheless, the 2 vol% and 4 vol% H2O–electrolyte cells have
similar capacities after 10 cycles as these concentrations of wa-
ter are insufficient to significantly affect cell performance. The
relationship between capacity drop and water content is not triv-
ial. However, differences between the hybrid electrolytes and any
possible outliers would become more evident with more cycles.

The charge/discharge curves of Figure 4A reveal two possible
outliers (also seen in Figure 4B appearing shallower and having
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Fig. 3 Specific capacity and energy trends with different volume percent
of H2O – electrolyte in dimethyl sulfoxide (DMSO) – electrolyte. Error
bars are standard error. (A, B) Charge and discharge specific capacity
normalized to the mean anode active material (lithium titanate, LTO) vs
cycle, (C) Coulombic efficiency computed from (A) and (B) vs cycle.

slightly shifted peaks). These two cells both belong to the 16 vol%
H2O–electrolyte group and exhibited faster capacity fade com-
pared to the other cells in the group. These two cells contribute
to the increased variance for the group (visualized by larger error
bars in Figure 3). If the two outliers were removed from the anal-
ysis, the relative standard deviation would decrease from 15.7%
(standard error 5.7 mAh g−1) to 2.4% (standard error 1.0 mAh
g−1). The increased capacity fading could be attributed to the
electrolyte mixing process. If the two stock solutions were not
sufficiently mixed, the resulting electrolyte solution would not
be homogenous and, subsequently, cells could receive electrolyte
containing varying water content. We will optimize electrolyte
mixing protocols to minimize the impact of insufficient mixing.

Overall, the water concentration series demonstrates that the
DMSO–based electrolyte can tolerate up to 4% of water in its

Fig. 4 Distribution of assembled coin cells with varying water content
in electrolyte for cycle 10. (A) Charge and discharge curves for cycle 10.
Two possible outliers are seen. (B) Differential capacity of the curves in
(A). The two outliers are harder to visualize.

formulation without observable performance degradation within
10 cycles and reinforces the necessity of replicates in practice.
Presence of side reactions can cause wider variation in the data;
therefore, more complex systems may require more replicates to
have observable effects on performance. The relative standard
deviation was 1.4%, 1.6%, 1.9%, and 15.7% for 2, 4, 8, and 16
vol% H2O–electrolyte cells, respectively. Since the variance of
the discharge capacity with little water content (2, 4, and 8 vol%
in the water concentration series) in the electrolyte is similar to
the electrolyte without any added water, 12 replicates to evaluate
reproducibility, instead of 80 replicates, would have sufficed. Al-
though the current robotic setup may suffer from the open system
of the electrolyte formulation step, it is a methodology that can
handle future high-throughput tests and closed-loop exploration
of the electrolyte design space. There already exists frameworks
for combining automation and machine learning to achieve au-
tonomous setups in different applications.26,27 In future work,
we will adapt a framework and incorporate an optimization algo-
rithm, such as a Bayesian optimizer, e.g. to evaluate the influence
of oxygen scavengers and other electrolyte additives in aqueous
lithium-ion batteries.28 In addition to building upon the current
setup, improvements to this setup could further increase repro-
ducibility and reduce variance between the performance of cells.
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We have planned to introduce a camera system as well as position
calibration for the setup, ensuring proper placement of assembly
components. Furthermore, as previously discussed, we plan on
designing an apparatus to store electrolytes in a closed system to
reduce extended periods of exposure to ambient atmosphere.

Conclusions

In this work, the capabilities of ODACell, an automated robotic
coin cell assembly and electrolyte formulation setup was demon-
strated. A conservative estimate of the assembly failure rate for
the current setup is 5% from the 131 coin cells assembled for
this work. Component misalignment causing short-circuits and
electrical contact issues were the main sources of failure. The rel-
ative standard deviation of cycle 10’s discharge capacity was 2%
for our system. The proposed improvements would improve the
variability of the cells assembled making the setup reliable and af-
fordable for research of electrolytes compatible with the ambient
laboratory atmosphere.

We demonstrated the seamless integration of a liquid handling
robot into the assembly setup and tested different water contents
in the electrolyte. Automating the entire workflow and having a
modular setup distinguish our setup from others. With the elec-
trolyte formulations made by the liquid handling robot, consistent
and reproducible performance metrics between the formulations
were observed. Noticeably, there was little difference in capac-
ity and Coulombic efficiency between 4 vol%, 2 vol%, and 0%
H2O–electrolyte cells, suggesting a nontrivial relationship of elec-
trolytes containing mixtures of small amounts of water in DMSO.
The water concentration series experiment demonstrates the tol-
erance of DMSO–based electrolytes to minor amounts (up to 4%)
of water in its formulation without significant detriment to the
performance of batteries. This is necessary if lithium-ion batter-
ies are to be assembled under ambient conditions. Dry rooms
are expensive in terms of cost and energy. Moreover, this re-
inforces the need for more replicates when exploring different
liquid electrolyte compositions in order to accurately determine
trends and optimize liquid electrolyte design. The electrolyte
evaluated herein may form a basis for further exploration of
water-tolerable electrolyte for higher voltage Li-ion batteries.
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