
Digital
Discovery

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/4
/2

02
6 

11
:1

6:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Automated elect
aDepartment of Chemistry, Ångström Labor

SE-751 21 Uppsala, Sweden. E-mail: jackie.y
bDepartment of Information Technology, Upp

Uppsala, Sweden
cChemical and Pharmaceutical Development

151 36, Södertälje, Sweden
dApplied Physical Chemistry, Department

Technology, SE-114 28, Stockholm, Sweden

Cite this: Digital Discovery, 2023, 2,
799

Received 4th April 2023
Accepted 28th April 2023

DOI: 10.1039/d3dd00058c

rsc.li/digitaldiscovery

© 2023 The Author(s). Published by
rolyte formulation and coin cell
assembly for high-throughput lithium-ion battery
research

Jackie T. Yik, *a Leiting Zhang, *a Jens Sjölund, b Xu Hou,a

Per H. Svensson, cd Kristina Edströma and Erik J. Berg a

Battery cell assembly and testing in conventional battery research is acknowledged to be heavily time-

consuming and often suffers from large cell-to-cell variations. Manual battery cell assembly and

electrolyte formulations are prone to introducing errors which confound optimization strategies and

upscaling. Herein we present ODACell, an automated electrolyte formulation and battery assembly

setup, capable of preparing large batches of coin cells. We demonstrate the feasibility of Li-ion cell

assembly in an 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 electrolyte when exposed to ambient atmosphere. The

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. The groups with 2 vol% and 4 vol%

of added water in the electrolyte showed overlapping performance trends, highlighting the nontrivial

relationship between water contaminants in the electrolytes and the cycling performance. Thus,

reproducible data are essential to ascertain whether or not there are minor differences in the

performance for high-throughput electrolyte screenings. ODACell is broadly applicable to coin cell

assembly with liquid electrolytes and therefore presents an essential step towards accelerating research

and development of such systems.
Introduction

Global electrication powered by renewable energy sources
requires next-generation batteries.1 However, research and
development of new battery chemistries are time-intensive tasks
of potentially arduous manual testing that can take decades
from initial discovery to commercialization.1 Therefore, accel-
eration of research and development is imperative to meet
growing demands. Considerable efforts have been made on
developing and integrating accelerators (e.g. automation, par-
allelization, data repositories, machine learning models, etc.).2

Although accelerators used in synthesis and characterization of
battery materials are becoming mature,2,3 automation of
systems-level applications involving battery assembly and
performance testing still have room to improve. Of the few
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published robotic setups bridging characterization- and
systems-level application of the battery materials research
workow, Dave et al. reported a robotic setup, called Clio, for
the material discovery process of electrolyte formulations that
have automated the characterization of electrolyte formula-
tions4,5 and Zhang et al. developed a setup, AutoBASS, auto-
mating the battery assembly process with electrolyte
dispensing.6 Matsuda et al. also demonstrated a robotic setup,
dubbed HTB-system, that has electrolyte formulation and
performance testing evaluated in microplates7 and, more
recently, Svensson et al. designed a robotic setup, called
Poseidon, that has electrolyte formulation and characterization,
coin cell assembly and disassembly, and battery evaluation.8

However, automated batch cell assembly with electrolyte
formulation and high rate battery evaluation in a standard cell
format has yet to be presented, to our knowledge. We aim to
present an alternative robotic setup for the systems-level battery
research workow that has automated electrolyte formulation
and dispensing, battery assembly, and electrochemical testing
in a standard coin cell format.

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.9 This
manual effort and long testing duration with oen limited
Digital Discovery, 2023, 2, 799–808 | 799
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available battery testing channels may partially explain why
some battery materials performance studies have data con-
taining only a few replicates. However, human error associated
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 should be
minimized. A study by Dechent et al.10 suggested a minimum of
nine replicates to be able to t 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, active learning and machine-intelligent
decision-making is oen coupled with automation to form
a “closed-loop” approach to research, where all previously
completed steps/experiments inform and decide the
following steps, eliminating the archaic “trial-and-error”
approaches.2,11–13 For new battery material discoveries,
closed-loop experiments can optimize material selection
within a design space quickly, discovering the optimum
faster than randomized procedures and with fewer experi-
ments.14 Within closed-loop approaches, high-throughput
screening use automated or semi-automated setups to allow
automatic measurements of a dened design subspace at
a high rate.15 The success of high-throughput screening is
evident; Yang et al.16 used high-throughput optical
measurements to identify regions in three-cation metal oxide
composition spaces whose optical trends were not simple
phase mixtures, while McCalla et al.17 demonstrated a work-
ow capable of collecting hundreds of X-ray diffraction
patterns and electrochemical impedance spectroscopy
spectra, simultaneously, per week.

In this work, we describe an automated robotic setup for
electrolyte formulation, assembly and cycling of coin-type
battery cells in an ambient laboratory environment. Working
in an ambient atmosphere is substantially more cost-effective
than maintaining a dry room for cell assembly, potentially
opening up the underexplored electrolyte design space with
battery materials tolerating ambient atmosphere. Our afford-
able and easily modiable setup can be adapted to different
systems (e.g. non-aqueous electrolytes) with minor alterations;
the addition or removal of hardware components can easily be
integrated while maintaining, adjusting, or enhancing func-
tionality, characterizing ODACell as a modular setup. The
possibility to use ODACell for diverse chemistries generalizes
its applicability to explore the high research potential of liquid
electrolytes, which have continued to be a challenge to opti-
mize owing to the vast design space.13 To this end, the
objectives of this work are to (1) design and construct an
affordable, modular battery assembly and testing setup with
electrolyte formulation and dispensing ability, (2) determine
the cell-to-cell variability and reproducibility of the system for
cells assembled in ambient atmosphere, and (3) demonstrate
the setup's practical applicability by preparing and
performance-testing hybrid electrolytes containing mixtures
of binary solvents, namely water and dimethyl sulfoxide in
a full cell conguration.
800 | Digital Discovery, 2023, 2, 799–808
Methods
Robotic assembly and electrolyte formulation

The robotic setup, ODACell, is shown in Fig. 1A, consisting of
three 4-axis robotic arms (Dobot MG400, China) and one liquid
handling robot (Opentrons OT-2, USA, Fig. 1B). Each robotic arm
was equipped with a unique head for specialized function
(Fig. 1C). A custom-made vacuum head holder with two vacuum
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
component stack; and one robot was equipped with an electric
gripper (DBT-PGS5, China). A modied electric coin cell crimper
(TMAX, China) was connected to interface with the robotic arms,
and all robots werexed to the tabletop. An elevated platformwas
installed on the tabletop. The platformwas 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 soware 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. Commands execute the high-level
functions sequentially via position triggers to perform
specic tasks.
Material selection and preparation

LiFePO4 (lithium iron phosphate, LFP) cathode and Li4Ti5O12

(lithium titanate, LTO) anode were selected for their known
structural and cycling stability18,19 as well as their commercial
availability. Considering the focus of this study was on the
robotic setup and reproducibility, commercial electrodes
provide highly reliable mass loading, eliminating a potential
source of error. A dimethyl sulfoxide (DMSO, (CH3)2SO)-based
electrolyte was selected because of its environmental sustain-
ability20 and potential for high-voltage applications.21

CR2025 coin cell parts (316 stainless steel) were used as received.
LFP cathode and LTO anode sheets were ordered from Custom-
Cells, Germany. The manufacturer specied specic capacity was
150 mA h g−1 for both cathode and anode sheets. Cathode and
anode with 16 mm and 13 mm respective diameters were used.
Separators (GF/A glass ber, GE Healthcare) were 18 mm diameter.
Electrodes and separators were prepared in ambient atmosphere as
well as handling of all coin cell components.

Two electrolyte stock solutions were prepared manually.
Lithium perchlorate (LiClO4) (99.99%, battery grade) and DMSO
(anhydrous, $99.9%) were obtained from Sigma Aldrich. Milli-
Q water was obtained from SPEX CertiPrep (Assurance® grade,
Type I water). Batches of 2 mol kg−1 (molality, m) LiClO4 in
DMSO and 2 m LiClO4 in water electrolyte stock solutions were
prepared prior to coin cell assembly. 2 m LiClO4 in DMSO stock
† https://github.com/jyik/ODACell

© 2023 The Author(s). Published by the Royal Society of Chemistry
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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 platformwhere 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 canmix 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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solutions were stored under inert atmosphere and transferred
into ambient atmosphere just before assembling a batch of coin
cells. 2 m LiClO4 in water stock solutions were prepared by
mixing LiClO4 salt with water just before assembling a batch of
coin cells.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Experimentation

To evaluate the cell-to-cell variability and assembly reproduc-
ibility, 83 cells were assembled in six batches (three cells in the
rst batch, 16 cells per batch thereaer) using 2 m LiClO4 in
DMSO electrolyte.
Digital Discovery, 2023, 2, 799–808 | 801
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To systematically explore the inuence 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 liquid handling robot prepared the rst hybrid
electrolyte by mixing 840 mL of 2 m LiClO4 in DMSO and 160 mL
of 2 m LiClO4 in water. Mixing was done by aspirating and
dispensing 700 mL of the mixture 20 times. The next hybrid
electrolyte composed of 500 mL from the previous mixture and
500 mL 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 electro-
lyte formulation was mixed, then a batch of coin cells were
assembled; this process was repeated for the four hybrid
electrolytes.

Considering the hygroscopicity of DMSO, the water content
of the dried DMSO was measured aer exposing it to laboratory
environment for nine hours. Laboratory temperature and rela-
tive humidity were also recorded. Water content was quantied
by Karl Fischer titration using Metrohm 851 Titrando
(Switzerland).
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 cycles
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 Fig. 1A); the holder was then
moved into the liquid handling robot and 45 mL of the desired
electrolyte was dispensed (location 2 in Fig. 1A); the holder then
returned to the previous position to receive the anode, spacer
and spring, and the negative casing with gasket, sequentially
(location 1 in Fig. 1A); upon placement of the negative casing,
the robotic arm with the vacuum head applied a downward
force on the stack to ensure ush closure of the cell; the holder
with all the components entered the crimper to seal the coin cell
(location 3 in Fig. 1A); the crimped coin cell was delivered to the
cycling station by the robotic arm with the vacuum head, where
another robotic arm with a gripper loaded the cell into an empty
holder for galvanostatic cycling (location 4 in Fig. 1A).

The level of automation for ODACell extends from electrolyte
formulation to electrochemical cycling and data collection. The
802 | Digital Discovery, 2023, 2, 799–808
only manual operations required of the user are to place and
load the component trays (depicted in Fig. 1A) and load the
electrolyte stock solutions. The user can load up to ten trays (40
cells) at a time. The electrolyte stock solutions are prepared
manually in batches and then manually dispensed into desig-
nated wells. Once those two manual tasks are completed, the
automated coin cell assembly and cycling can start. If a stock
solution already matches the desired electrolyte formulation
(such as the case for the reproducibility experiment), no mixing
is done and the stock solution is used. Combinations of
different electrolytes are mixed from the stock solutions (such
as the case for the water series experiment) by the liquid
handling robot. ODACell has automated the electrolyte formu-
lation, coin cell assembly (including dispensing electrolyte),
electrochemical cycling, data collection, and removal of
nished or failed coin cells.

Based on the current cycling protocol, one cell takes ca. 42
hours to collect a data sample, of which 4 minutes is from
assembling the cell as described in the previous paragraphs.
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 parallelizing 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 were 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.22 provided
a conceptual summary visualizing different throughputs of
acceleration setups on a materials-interfaces-systems scale.
While setups developed for characterization of materials and
interfaces can acquire data within seconds,5,16,22,23 testing an
assembled cell may take months. The denition of high-
throughput, therefore, can change depending on the applica-
tion. For systems-level setups, a different approach on
throughput can be considered that focuses on the initial
experiment and continuous experimentation separately. 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 rst cell will take the longest
time to acquire data, but the subsequent cells will take much
shorter time, assuming nished 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-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Distribution of the discharge capacities for the 80 coin cells
assembled by the automated robotic setup for cycle 1, 2, and 10. The
mean and standard error for cycles 1, 2, and 10 are 149.8 ±

0.3 mA h g−1, 146.4 ± 0.3 mA h g−1, and 135.3 ± 0.3 mA h g−1,
respectively.

Paper Digital Discovery

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/4
/2

02
6 

11
:1

6:
49

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
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 candi-
date electrolyte systems.

Comparison of the presented setup to other setups devel-
oped by other groups is limited owing to the lack of publicly
published setups. Commercially available robotic setups, such
as the ones optimized for battery applications,24,25 on the other
hand, are not easily modied or integrated with other
machines, making it hard to adjust and customize any of the
hardware and soware. With publicly publishable setups, such
as ODACell, a modular, exible system can be made, where any
addition of robots or changes in soware can be implemented
and orchestrated together. Alternatively, setups, such as Clio,5

can control static machinery, such as pumps and valves, to
move samples without the exibility of a robotic arm.
Comparing ODACell to AutoBASS,6 another systems-level auto-
mated setup, ODACell has the ability to formulate electrolytes in
additional to coin cell assembly and electrolyte dispensing
which AutoBASS is limited to. AutoBASS can, in principle,
dispense different electrolytes, but the mixing capabilities to
achieve a homogeneous solution is limited compared to
© 2023 The Author(s). Published by the Royal Society of Chemistry
ODACell. AutoBASS has a camera to monitor the component
placement, which will be included in ODACell in the future.
AutoBASS has one less robotic arm than ODACell making it
more space efficient but also removing any potential exibility
an additional robotic arm would provide. ODACell's unique
approach and combination set of tools allow automation to
span more of the battery material research workow (e.g. elec-
trolyte discovery process) in a single system. Another robotic
setup, Poseidon, has been developed that is capable of elec-
trolyte formulation, Raman spectroscopic characterization, and
cycling evaluation.8 Although Poseidon has capabilities that
extend beyond ODACell, it lacks batch cell assembly and eval-
uation owing to only having a single robotic arm; therefore,
Poseidon may not be suitable for high-throughput combinato-
rial experimentation.
Reproducibility

Fig. 2 shows the distribution of the cycle 1, 2, and 10 discharge
capacities. Fig. 3 shows the charge and discharge curves for cycle
10. The mean and standard error for cycles 1, 2, and 10 are 149.8
± 0.3 mA h g−1, 146.4 ± 0.3 mA h g−1, and 135.1 ± 0.3 mA h g−1,
respectively. For cycle 10, the standard error translates to
3.0mAh 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, Gaussian distributions are seen in the
discharge capacities of the cells from the AutoBASS robotic
assembly setup.6 However, the different cell chemistries 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 moisture. 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 electrolyte is exposed
to the environment, the higher the risk that O2 andH2O adversely
inuence cell performance.26 Future updates to ODACell will
include an automated vial de-/capping accessory. Important to
note, no electrode passivation layers (e.g. solid electrolyte inter-
phase) are known to form in our system.27

The exposure of the electrolyte to air before assembly could
be an inuential factor affecting the performance distribution.
As previously mentioned, the current setup has the electrolyte
open during assembly. The electrolyte is hygroscopic so water is
gradually absorbed into the electrolyte; however, exposure to air
was limited by storing the electrolyte under inert atmosphere
until use and making fresh electrolyte stock solution for each
batch. Fig. 4 shows the amount of water in DMSO aer exposing
it to the ambient atmosphere over time. Although the temper-
ature of the room was controlled, the relative humidity was not;
the highest humidity was recorded approximately at noon of
a working day, four hours aer exposure. Humidity affects the
rate of absorption,28 but even aer nine hours, the accumulated
water content in the DMSO is still less than 1% by weight. The
addition of LiClO4 to DMSO will raise the hygroscopicity of the
mixture in comparison to DMSO alone, thus the accumulated
water contents for the electrolytes are greater than concluded
Digital Discovery, 2023, 2, 799–808 | 803
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Fig. 4 Amount of water absorbed into dimethyl sulfoxide (DMSO)
after exposing it to ambient laboratory atmosphere at the liquid
handling robot. Temperature of the room was controlled
at 19.7 ± 0.1 °C. Coefficient of determination for the exponential fit
R2 = 0.9985.
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with the DMSO calibration curve. We limited the time of
exposure to a single working day because the exposure of elec-
trolyte to the ambient atmosphere ranged from 5 minutes for
the rst cell assembled in a batch to 45 minutes for the last cell
in a batch. The accuracy of the electrolyte dispensing is
approximately 1% based on manufacturer specications, which
also minutely contribute to the performance distribution. To
reduce any performance deviations due to contamination of
electrode material on the suction cups, two vacuum heads were
deployed; one vacuum head picked up the cathode casing,
cathode and separator, while the other vacuum head picked up
the anode, spacer and spring, and anode casing. Additionally,
a chemically inert (polyether ether ketone, PEEK) vacuum head
insert was attached to the suction cup coming in direct contact
with the porous cathode material surface.

Misalignment of components and electrical contact issues
were additional 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 shi the weight of the stack causing misalignment.
Small variations in the electrodes' mass loading will also
inuence the performance distribution but its effect was
minimized by using commercial electrodes (active material
mass standard deviation ca. 5%) instead of inhouse-made
electrodes (active material mass standard deviation ca.
20%). Commercial electrodes are manufactured to have reli-
able specied capacity whereas inhouse-made electrodes
could have wide variations depending on the slurry coating
process.

In Fig. 3, areas with similarly performing cells overlap and
have higher saturation of color. The standard error throughout
the cycles remained 0.3 mA h g−1, and the higher sample size
translates to a smaller standard error. However, in practice, 80
replicates are infeasible and a more realistic goal is 12 repli-
cates, which is demonstrated with the water concentration
series.
Fig. 3 Charge and discharge curves for cycle 10 of the 80
LiFePO4‖Li4Ti5O12 full cells with dimethyl sulfoxide electrolyte at C/2
rate (1C = 150 mA g−1). The denser the lines, the bolder the color.

804 | Digital Discovery, 2023, 2, 799–808
Water concentration series

A further motivation for the water concentration series
experiments, besides systematically exploring the inuence of
water in the electrolyte due to air exposure, is to demonstrate
the entire automated workow for electrolyte discovery, from
electrolyte formulation to performance testing, in a practical
application. Fig. 5 shows the galvanostatic cycling data for
cells with electrolytes containing variable amounts of added
water. The cells used to determine reproducibility are used for
the 0 vol% H2O-electrolyte group. In Fig. 5A and B, the mean
capacities decrease 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, indistinguishable from each other; the mean
discharge capacities for cycle 10 were 120.6 ± 5.7 mA h g−1,
133.0 ± 0.7 mA h g−1, 135.3 ± 0.6 mA h g−1, 135.3 ±

0.6 mA h g−1, and 135.3 ± 0.3 mA h 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
electrolytes in Fig. 5C show that the 16 vol% H2O-electrolyte
group is consistently lower compared to the other three dilu-
tion 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%
respectively 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,
however, 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.29 The H-bond structure in the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Charge and discharge curves of the assembled coin cells
(LiFePO4‖Li4Ti5O12 full cells) with varying water content in the dimethyl
sulfoxide-electrolyte for cycle 10. Two possible outliers are seen.

Fig. 5 Specific capacity and energy trends with different volume
percent of H2O-electrolyte in dimethyl sulfoxide (DMSO)-electrolyte.
Error bars are standard error. (A and B) Charge and discharge specific
capacity normalized to the mean anode active material (lithium tita-
nate, LTO) vs. cycle, (C) coulombic efficiency computed from (A) and
(B) vs. cycle.
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solution affects the water reduction reaction so small amounts
of water in the DMSO hybrid electrolyte is tolerable and water
reduction can be largely suppressed. With increased amounts of
water, the DMSO–H2O H-bond network is less prevalent,
becoming unable to effectively suppress the water reduction
reaction. Consequently, small amounts of gas from water
reduction can cause increased internal impedance from
mechanical disintegration of the electrodes or other side reac-
tions due to local pH changes at the electrodes.26 Water reduc-
tion likely explains the lower coulombic efficiencies and
capacities evident from the trends of Fig. 5. Nevertheless, the
2 vol% and 4 vol% H2O-electrolyte cells have similar capacities
aer 10 cycles as these concentrations of water are insufficient
to signicantly affect cell performance. The relationship
between capacity drop and water content is not trivial. However,
© 2023 The Author(s). Published by the Royal Society of Chemistry
differences between the hybrid electrolytes and any possible
outliers would become more evident with more cycles.

The charge/discharge curves of Fig. 6 reveal two possible
outliers. These two cells both belong to the 16 vol% H2O-
electrolyte group and exhibited faster capacity fade compared to
the other cells in the group. These two cells contribute to the
increased variance for the group (visualized by larger error bars in
Fig. 5). If the two outliers were removed from the analysis, the
relative standard deviation would decrease from 15.7% (standard
error 5.7 mA h g−1) to 2.4% (standard error 1.0 mA h g−1). The
increasing standard deviation with increasing water content could
be also be attributed to the electrolyte mixing process. If the two
stock solutions were not sufficiently mixed, the resulting electro-
lyte solution would not be homogenous and, subsequently, cells
could receive electrolyte containing varying water content. This is
a potential limitation since there might be electrolyte mixtures
that cannot be properly mixed with the setup's current
capabilities.

Overall, the water concentration series demonstrates that the
DMSO-based electrolyte can tolerate up to 4% of water in its
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 rela-
tive 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 repli-
cates to evaluate reproducibility, instead of 80 replicates, would
have sufficed. It should also be noted again that the standard
deviation scales with increasing complexity of the electrolyte
formulation and the increasing potential interactions between
all components within the electrolyte, thereof. Although the
Digital Discovery, 2023, 2, 799–808 | 805
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current robotic setup may suffer from the open system of the
electrolyte formulation step and limitations in the mixing
procedure, 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 autonomous
setups in different applications.30,31

In future work, we will adapt a framework and incorporate an
optimization algorithm, such as a Bayesian optimizer, e.g. to
evaluate the inuence of oxygen scavengers and other electro-
lyte additives in aqueous lithium-ion batteries.32 In addition to
building upon the current setup, improvements to this setup
could further increase reproducibility and reduce variance
between the performance of cells. We have planned to intro-
duce 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
demonstrated. A conservative estimate of the assembly failure
rate for the current setup is 5% from the 131 coin cells assem-
bled for this work. Component misalignment causing short-
circuits and electrical contact issues were the main sources of
failure. The relative standard deviation of cycle 10's discharge
capacity was 2% for our system. The proposed improvements
would decrease the variability of the cells assembledmaking the
setup reliable and affordable 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. Our unique approach and
combination of tools distinguishes our setup from others.
With the electrolyte formulations made by the liquid handling
robot, consistent and reproducible performance metrics
between the formulations were observed. Noticeably, there
was little difference in capacity and coulombic efficiency
between 4 vol%, 2 vol%, and 0% H2O-electrolyte cells, sug-
gesting a nontrivial relationship of electrolytes containing
mixtures of small amounts of water in DMSO and cycling
performance. The water concentration series experiment
demonstrates the tolerance of DMSO-based electrolytes to
minor amounts (up to 4%) of water in its formulation without
signicant detriment to the performance of batteries. This is
necessary if Li-ion batteries are to be assembled under
ambient conditions. Dry rooms are expensive in terms of cost
and energy. Moreover, this reinforces the need for more
replicates when exploring different liquid electrolyte compo-
sitions 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 elec-
trolyte for higher voltage Li-ion batteries.
806 | Digital Discovery, 2023, 2, 799–808
Data availability

All the code and data associated with this work can be found at
https://github.com/jyik/ODACell with https://doi.org/10.5281/
zenodo.7598082. The analysis scripts as well as data les are
compressed into .zip les alongside the python les for the
robot orchestration.
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