
Digital
Discovery

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
25

/2
02

4 
11

:0
0:

13
 A

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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
AMPERE: automa
aDepartment of Materials Science and Engin

Street, Toronto, Ontario M5S 3E4, Canada.

ca
bDepartment of Electrical and Computer E

George Street, Toronto, Ontario M5S 1A4, C
cDivision of Material and Surface Technolog

und -prüfung (BAM), Unter den Eichen 87, 1

† Electronic supplementary informa
https://doi.org/10.1039/d4dd00203b

‡ Jehad Abed and Yang Bai contributed e

Cite this: Digital Discovery, 2024, 3,
2265

Received 30th June 2024
Accepted 26th September 2024

DOI: 10.1039/d4dd00203b

rsc.li/digitaldiscovery

© 2024 The Author(s). Published by
ted modular platform for
expedited and reproducible electrochemical
testing†

Jehad Abed, ‡ab Yang Bai, ‡b Daniel Persaud, a Jiheon Kim,b Julia Witt, c

Jason Hattrick-Simpers *a and Edward H. Sargent *b

Rapid and reliable electrochemical screening is critical to accelerate the development of catalysts for

sustainable energy generation and storage. This paper introduces an automated and modular platform

for expedited and reproducible electrochemical testing (AMPERE), designed to enhance the efficiency

and reliability of multivariate optimization. The platform integrates a liquid-handling robot with custom-

made modular array reactors, offering sample preparation and electrochemical testing in the same

platform. Additionally, we use offline inductively coupled plasma optical emission spectroscopy (ICP-

OES) to measure metal concentrations in the electrolyte after the reaction, which serves as a proxy for

assessing the electrochemical stability. We use the platform to conduct 168 experiments continuously in

less than 40 hours to examine the influence of catalyst ink formulation on the performance of Ir, Ru,

IrO2, and RuO2 for the oxygen evolution reaction (OER) in acid. We specifically investigate the role of

solvent type and concentration, catalyst concentration, and binder content on the performance. We find

that Ru/RuO2 catalysts show improvements in activity that are not directly linked to improvements in the

electrochemical surface area or inversely correlated to Ru dissolution. This suggests a complex interplay

between the catalytic performance of the drop-casted catalyst film and ink formulation. AMPERE

simplifies catalyst preparation and testing at large scale, making it faster, more reliable, and accessible for

widespread use.
Introduction

Automated platforms, designed for continuous operation and
parallel execution of experiments, are playing a pivotal role in
advancing materials design. By minimizing human interven-
tion in repetitive and non-cognitive tasks, these platforms
enhance the throughput and reproducibility of large-scale
experiments.1,2 As a result, the application of such platforms
has seen a signicant increase across various materials
domains. They have been effectively employed in the study of
conjugated polymers,3 photovoltaic thin lms,4 as well as oxides
and phosphates.2

Accelerated electrochemical testing is gaining popularity as
the global demand for energy storage and generation fuels
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interest in novel materials. However, the development of an
electrochemical testing platform is a complex, multifaceted
challenge that necessitates the simultaneous consideration of
three fundamental design principles: miniaturization, paralle-
lization, and automation.5–7 For instance, miniaturization was
demonstrated by Gregoire et al., using a scanning droplet cell to
sequentially scan (photo)electrochemical properties of
a combinatorial composition library.8 This approach has shown
that reducing scale can improve the efficiency of electro-
chemical testing achieving a throughput of 4 seconds per
sample. Additionally, Gerroll et al. developed an electro-
chemical platform capable of running independent experi-
ments in parallel each under unique conditions. The
electrochemical cell array, dimensioned to match a 96-well
plate, was used to study reproducibility through collecting cyclic
voltammograms of common redox systems.9 Furthermore, Oh
et al. devised an automated platform integrating a liquid-
handling robot and microfabricated electrodes to streamline
the characterization of redox-active electrolytes.10 Despite these
advancements, the widespread application remains a challenge
due to the specic expertise required to construct and operate
these platforms (more information in Table S1 in the ESI†). One
major hurdle is that commercially available instruments are
costly and oen restrict the implementation and customization
Digital Discovery, 2024, 3, 2265–2274 | 2265
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of proprietary soware and hardware for specic applications.11

As a result, research groups oen resort to customizing more
affordable equipment. However, these custom setups are
complex and pose challenges in replication and knowledge
transfer.12 For instance, while miniaturization can reduce
experimental costs and accelerate testing, it can also amplify the
impact of small experimental artifacts and disturbances,
thereby posing challenges to the reproducibility of experiments
and creating a gap with large scale testing.13

To address these challenges, we introduce AMPERE, an
automated modular platform for expedited and reproducible
electrochemical testing. The platform employs a liquid-
handling robot to blend liquid solvents with catalyst powders
to create inks, and to accurately dispense ink droplets on
a substrate to form catalyst lms when dried. These lms are
prepared in custom-made modular array reactors which are
designed to allow both sample preparation and electrochemical
testing in one place, thereby eliminating the need for additional
parts and steps to transfer samples between different platforms.
The reactors are simple to build and replicate. They can be
manufactured using a bench-top CNC mill or a stereolitho-
graphic (SLA) 3D printer, making this platform readily adopt-
able by other labs. They offer the exibility of utilizing
individual cells in the array independently accommodating
different sample preparation methods and electrochemical
testing conditions. This streamlined sample preparation and
testing process minimizes potential inconsistencies in samples,
which is a crucial aspect especially when the preparation
method has a signicant inuence on the performance of the
catalyst. For example, the method of preparing powdered cata-
lysts, with various chemical (e.g., composition, structure) and
physical (e.g., morphology, wettability) properties, for electro-
chemical testing can lead to notable differences in observed
activity, complicating comparisons across different studies.
Stability is another crucial performance metric signicantly
inuenced by sample preparation. However, the relationship
between sample preparation and stability has been less
explored in research. Automated platforms can effectively tackle
the multivariant challenge of sample preparation. Here, we use
the platform to optimize catalyst ink formulations for the
oxygen evolution reaction (OER) in acid. In particular, we screen
different catalyst ink formulations varying catalyst loading,
binder (Naon) weight, solvent type and volume to understand
the relationship between sample preparation and the dissolu-
tion of Ru and Ir metals. The platform improves the consistency
of sample preparation and electrochemical testing, rather than
eliminating all experimental variability in results. By stan-
dardizing equipment, testing protocols, and sample prepara-
tion, we minimize discrepancies caused by experimental setup
and ensure a high level of reproducibility across different
testing scenarios.

Experimental setup
Description of the platform

The platform consists of a liquid handling robot (Opentrons
OT-2), a potentiostat (Biologic VSP-3e), array reactors, and an
2266 | Digital Discovery, 2024, 3, 2265–2274
electrode holder (see S1: system overview in the ESI and Fig. S1
and Table S2 for more information†). We utilized the OT-2
system for its ease of setup and Python API compatibility;
however, other similar systems can also be used. The array
reactor in this work is made through CNC milling of a PEEK
block due to its excellent chemical stability (see S2: reactor
design in the ESI†). Otherwise, the reactor could also be easily
3D printed using a suitable printing material and resolution.
The reactor has 15 wells arranged in a uniform 5 × 3 grid
(Fig. S2–S4†). The design of the reactor can be tailored to suit
the specic requirements of the experiment. It can be cong-
ured to have identical well shapes and a uniform arrangement,
or alternatively, the wells can be arranged in any conguration
that works best for the specic application (Fig. S5 and S6†).

The reactor is composed of two main components: a top
piece carved with multiple reaction wells, and a base plate made
with grooves to house one or more substrates. These two parts
are sandwiched together using bolts and magnets, forming
a single reactor structure.

Each well in the reactor has a maximum volume capacity of 5
mL. At the bottom of each well is a small round opening with
a 5 mm diameter (0.196 cm2). These wells serve a dual purpose:
they facilitate drop-casting for sample preparation on the
substrate and allow the electrolyte to interact with the sample
surface for electrochemical measurements. A holder carrying
reference and counter electrodes was fabricated and attached to
the pipette head of the OT-2 to move electrodes between wells
for electrochemical testing (Fig. S7, see S3: electrode holder
design in the ESI†). Argon gas is bubbled near the surface of the
catalyst through a tube secured by the holder, which helps in
reducing bubble formation on the surface and mildly agitates
the solution, thereby reducing mass transport. To reduce cross-
contamination, our electrodes are washed between experiments
by immersing them repeatedly in a nitric acid solution followed
by DI water, reducing residual metal contaminants (see S5:
electrode washing protocol in the ESI†).

We employ this platform to prepare lms of Ir, IrO2, Ru, and
RuO2 nanopowders, with varying ink formulations (see S6:
materials in the ESI†). We then study the impact of these vari-
ations on their performance under oxygen evolution reaction
(OER) conditions in an acidic environment. AMPERE oversees
all related tasks, including dispensing solvents, drop-casting,
electrolyte transfer, electrochemical measurements, and waste
electrolyte collection (Fig. 1). However, tasks such as powder
weighing, ink sonication, catalyst drying, and ICP-OES
measurements are performed separately, offline (Fig. S12, see
S7: powder weighing and ink preparation in the ESI†).
Electrochemical testing

An automated multi-step electrochemical protocol was
employed to measure OER performance (Fig. 2 and S9†). All
samples are immersed in acid for 30 minutes before testing,
with subsequent samples subjected to longer durations due to
the sequential nature of the test. The protocol begins with
conditioning the sample's surface chemically at open circuit
voltage (OCV) for 1 minute and measuring the potential under
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 A schematic illustrating the complete pipeline of sample preparation, electrochemical testing, and ICP-OES measurement. (a) A
photograph of a 15-well array reactor placed in an Opentrons OT-2. (b) Outlines the sample preparation workflow, which begins with nano-
powder ink formulation, followed by drop-casting on a suitable substrate, and concludes with drying in the oven. (c) The process then proceeds
to electrochemical testing, which involves filling reactor cells with electrolyte, placing reference and counter electrodes in the cell, and running
the potentiostat (not shown in the figure). The final step involves collecting samples for offline ICP-OES measurements. (d) The electrochemical
steps used for running activity and stability tests.

Fig. 2 A diagram illustrating all steps in the pipeline. It involves three key stages: sample preparation, electrochemical (echem) testing, and data
analysis. Each white box in the figure represents a step in the process, with the first line inside the box describing the step being made, and the
lines below it indicating the step parameters or Python code functions used to execute the step. Blocks with a green border represent steps
performed by the robot (Opentrons OT-2) using its Python API. Steps performed on the potentiostat (biologic) through its EC Lab software are
indicated by blocks bordered in blue. Blocks bordered in purple represent analysis steps performed by a Python Jupyter notebook on a master
computer. The software package (Trig_pot.exe) triggers the potentiostat to start the electrochemical testing once the sample preparation is
completed. This includes various tests such as open circuit voltage (OCV), cyclic voltammetry (CV), advanced cyclic voltammetry (CVA),
potentiostatic electrochemical impedance spectroscopy (PEIS), linear sweep voltammetry (LSV), and chronopotentiometry (CP). Upon
completion of the electrochemical protocol, the (End_pot.ext) software ends the electrochemical testing and triggers the robot to move to the
next sample, initiating the next cycle in this continuous process. Electrolyte samples are stored in vials for offline ICP-OES analysis afterwards.

© 2024 The Author(s). Published by the Royal Society of Chemistry Digital Discovery, 2024, 3, 2265–2274 | 2267
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equilibrium conditions. This is followed by a cyclic voltammetry
advanced (CVA) step to collect cyclic voltammetry (CV) plots on
the as-prepared samples in a non-faradaic voltage window
bounded by [OCV− 0.05] V to [OCV + 0.05] V, with voltage sweep
rates varying from 20 mV s−1 to 100 mV s−1 in 20 mV s−1

increments. This step measures the capacitive current to esti-
mate the electrochemical surface area (ECSA) before the reac-
tion. Subsequently, electrochemical impedance spectroscopy
(EIS) is taken from 200 kHz to 1 Hz at OCV to extract the solu-
tion resistance (Rs). Linear sweep voltammetry (LSV) is then
conducted from 1 V to 1.65 V vs. RHE, using a scan rate of 5 mV
s−1, to prepare polarization curves. The overpotential (OP) taken
at 10 mA cm−2 was used to determine the OER activity of the
samples. Finally, chronopotentiometry (CP) is used to hold the
current density at 10 mA cm−2 to evaluate short-term stability.
Electrolyte samples were then collected for ICP-OES measure-
ment. Additional details regarding robot-potentiostat integra-
tion and other experimental setup details can be found in the
ESI (see S4: potentiostat connection in the ESI†).
Results and discussion
Verication of electrochemical reproducibility in reactor cells

To ensure the consistency and reliability of results from the
reactor cells, we conducted 30 CVs tests (2 per cell) on potas-
sium ferricyanide (K3Fe(CN)6), a redox reagent known for its
support of reversible one-electron transfers. We used a setup
Fig. 3 Reproducibility of electrochemical testing in reactor cells. (a) 3
Anodic and cathodic current density peak values, Ipa and Ipc, respectivel
respectively. (d) Difference in potential between cathode and anode pea

2268 | Digital Discovery, 2024, 3, 2265–2274
comprising a platinum wire counter electrode, a 1 M Ag/AgCl
reference electrode paired with a uorine-doped tin oxide
(FTO)-coated glass working electrode. The potential was
systematically swept from −450 mV to 450 mV, enabling the
transfer of electrons within the K3Fe(CN)6 solution (Fig. 3a).
FTO is expected to maintain its inert behavior throughout the
process, so the observed electrochemical behavior of the redox
reagent solely results from the redox reaction of the K3Fe(CN)6
solution.

All 30 CVs display reversible electron transfer, with an
average anodic peak potential at 321 mV± 7 mV and an average
cathodic peak potential at 154 mV ± 10 mV (Fig. 3c) and an
average separation of 167 mV± 17 mV (Fig. 3d), consistent with
the Fe(CN)6

3−/Fe(CN)6
4− transition. Furthermore, the variation

of the peak current densities between runs is only ±8 mA,
demonstrating current density measurement reliability.
The impact of substrate on deposition quality and reliability

Two of the widely used substrate options for OER testing, FTO
glass and carbon paper, were considered for this work. The
measurements were performed using commercially available
IrO2 and RuO2 powders, which are commonly used catalysts for
acidic OER (Table S3, see S6: materials in the ESI†). Fieen
electrochemical measurements were carried out for each
sample to study sample preparation reliability on FTO
compared to carbon paper. In total, 60 measurements were
completed within 5 hours. Subsequent data extraction and
0 cyclic voltammetry tests on potassium ferricyanide [K3Fe(CN)6]. (b)
y. (c) Anodic and cathodic potential peak potential values, Epa and Epc,
ks.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Reproducibility of oxygen evolution reaction (OER) tests on fluorine-doped tin oxide (FTO) and carbon paper. Each plot presents statistics
from 15 testing attempts each on RuO2 and IrO2, all prepared and deposited identically, and tested in 0.5 M H2SO4 electrolyte. (a) and (b) display
the overpotential (OP) at 10 mA cm−2 and the electrochemical surface area (ECSA) for RuO2 and IrO2 on FTO, respectively. Image (c) is
a photograph of drop-casted RuO2 samples on a single FTO glass sheet. (d) and (e) display the OP at 10mA cm−2 and the ECSA for RuO2 and IrO2

samples deposited on carbon paper, respectively. Image (f) is a photograph of RuO2 samples deposited on carbon paper. Each deposited film
(spot) on carbon paper and FTO has a diameter of ca. 5 mm. The numbers annotated on top of the violin plots indicate the number of successful
electrochemical measurements out of 15 total attempts.

Paper Digital Discovery

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

1/
25

/2
02

4 
11

:0
0:

13
 A

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-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
analysis were carried out using a Jupyter notebook (refer to
https://github.com/Jehadabed/AMPERE.git).

Upon initial visual inspection, the deposited lms before
electrochemical testing on both substrates appeared intact,
even aer rinsing with DI water, maintaining a round shape
with a consistent area of ca. 0.196 cm2 for all spots (Fig. 4c and
f). However, during electrochemical testing, we observed that
intense bubbling occasionally led to the detachment of the
catalyst layer on the FTO glass, with instances of it oating in
the electrolyte. In contrast, the catalyst layer remained intact on
the carbon paper due to the strong adhesion of particles to the
bers. The values on each of the violin plots in Fig. 4 represent
the number of successful electrochemical measurements.
Carbon paper showed 100% success rates for both RuO2 and
IrO2, while FTO had signicantly lower rates, 66% for RuO2 and
47% for IrO2.

The median overpotential of RuO2 at 10 mA cm−2 on FTO
(226 mV) and carbon paper (202 mV) were both lower than
respective overpotentials for IrO2 on FTO (275 mV) and carbon
paper (242 mV), which agrees with the literature. Notably, both
materials demonstrate lower OP values on carbon paper
compared to their counterparts on FTO glass. This observation
is attributed to the increased roughness of carbon paper,
leading to higher ECSA (Fig. 4b and e). Furthermore, the OP
© 2024 The Author(s). Published by the Royal Society of Chemistry
distributions for RuO2 and IrO2 samples on carbon paper are
generally narrower than those prepared on FTO glass. This
suggests that FTO introduces additional variability in
measurements between experiments. As a result, we found that
using FTO as a substrate for drop-casted lms results in erro-
neous measurements lowering the success rate.

Another substrate commonly used for standard testing and
ECSA measurement is glassy carbon. When we conducted the
same study on glassy carbon (Fig. S13†), we found that the
average overpotentials were similar to those on carbon paper,
approximately 200 mV for RuO2 and 260 mV for IrO2, but the
ECSA values were signicantly lower, around 50 cm2 for RuO2

and 100 cm2 for IrO2, compared to 200 cm2 and 300 cm2 on
carbon paper. This is attributed to the smoother surface of
glassy carbon versus the brous surface of carbon paper which
increases ECSA. However, a major issue with glassy carbon was
the signicant measurement errors caused by excessive oxygen
bubbling at high current densities, which adhered to the elec-
trode surface. Additionally, glassy carbon electrodes are
expensive, not entirely inert under high current densities, and
fragile, complicating their integration in our custom-made
reactors.14 They also require frequent polishing to maintain
a clean substrate interface for subsequent material depositions,
which is not ideal for our high-throughput testing. This led us to
Digital Discovery, 2024, 3, 2265–2274 | 2269
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conclude that glassy carbon may not be the most suitable
substrate for our platform.

Finally, we observed that the use of the carbon paper led to
a slow leakage of the electrolyte through the paper and out of
the reactor over several hours due to its porous and hydrophilic
nature. To address this issue, we used a secondary hydrophobic
carbon paper and placed it beneath the hydrophilic paper to
prevent leaks. This double carbon paper substrate was used for
all subsequent experiments in this work.
The impact of ink formulation on reproducibility of
measurements

Having identied an appropriate substrate for reproducible
testing, we then focused on tuning the ink formulation. This
critical step signicantly impacts the properties of the depos-
ited lm and thereby the overall activity–stability behavior of
the catalyst. We considered factors including the type and
concentration of the solvent, catalyst concentration, and binder
(Naon) concentration (Table 1).

The rst parameter we decided to investigate was the choice
of organic solvent in water, specically ethanol and isopropanol
(IPA). Organic solvents are added to improve nanoparticle
dispersion, reduce surface tension, and increase the wettability
of surfaces. We observed by eye that all catalysts – Ir, Ru, IrO2,
and RuO2 – demonstrated improved particle dispersion in an
IPA/water mixture. This can be attributed to the slightly higher
viscosity of IPA (ca. 2 mPa s) compared to ethanol (ca. 1 mPa s)
at 20 °C.15,16 In general, particles disperse more easily in a lower-
viscosity solvent because the particles can move more freely,
however, a higher-viscosity solvent may help prevent the parti-
cles from settling out of the solution due to gravity. Therefore,
the slightly higher viscosity of IPA could keep the catalyst
particles suspended in the solution longer than ethanol
producing more uniform lms. However, we noted that upon
application, IPA caused the solution to quickly permeate and
exit the carbon paper, resulting in signicant measurement
errors in overpotential compared to ethanol (Fig. S14†). Given
these observations, we chose ethanol as the solvent for the
subsequent optimization experiments.
Table 1 A table of all catalyst ink formulations considered in this work. E
a fixed drop-casting volume of 30 mL. The total active area of the electr

# Experimental variable Solvent type
Organic solvent conc
% v/v

1 Solvent type IPA/ethanol : water 20
2 Solvent concentration Ethanol : water 10

20
30

3 Catalyst concentration Ethanol : water 20

4 Binder (Naon)
concentration

Ethanol : water 20

2270 | Digital Discovery, 2024, 3, 2265–2274
We then investigated the inuence of ethanol : water
concentration (volume/volume%) on the performance of Ru
and Ir metals (Fig. 5a). For Ir, increasing ethanol concentration
reduced the electrochemical surface area (ECSA), which corre-
spondingly reduced the number of active sites available for the
reaction. This resulted in higher overpotentials and lower Ir
dissolution. On the other hand, the overpotential of Ru
increased slightly as ethanol concentration was increased from
10–20% but then dropped again between 20–30%. Activity
improvements were accompanied by increased metal dissolu-
tion for Ru. Moreover, we noted larger measurement errors at
30% ethanol for both Ir and Ru. This is attributed to the
increased penetration of catalyst ink at high ethanol concen-
tration through the carbon paper, making it challenging to
maintain a uniform mass loading of the catalyst on the surface.
Further investigations focused on the effects of catalyst
concentration on performance (Fig. 5b). Both Ru and Ir metals
exhibited a stepwise increase in activity when the catalyst
concentration was increased from 20 to 30 mg mL−1. However,
increasing the catalyst concentration beyond this point did not
yield further improvements. This trend was paralleled by
a similar increase in ECSA for both metals, which accounted for
the observed activity improvements. Interestingly, Ru dissolu-
tion decreased signicantly with increased catalyst concentra-
tion, deviating from the expected inverse activity–stability
behavior. At concentrations above 30 wt%, Ir dissolution was
notably higher than that of Ru. In the last experiment, we
adjusted the Naon content (Fig. 5c). Naon concentrations
had a subtle impact on overpotential for both Ir and Ru.
However, increasing Naon concentration for Ru signicantly
reduced the dissolution rate of the metal potentially due to
enhanced binding of the catalyst to the substrate. Nonetheless,
striking a balance in Naon content is necessary as insufficient
Naon can lead to poor catalyst adhesion and potential
detachment under strong oxygen bubbling, while excessive
Naon can obstruct catalytic active sites.

The same set of experiments conducted on IrO2 and RuO2

samples (Fig. 6) revealed lower metal dissolution values for
oxides (0.02–0.08 ppm) compared to metals (0.2–2.5 ppm). This
is because metals undergo oxidation during the OER and are
ach formulation was prepared with a total solvent volume of 1 mL and
ode is 0.196 cm2

entration, Catalyst concentration,
mg mL−1 solvent
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mL mL−1 solvent
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Fig. 5 Impact of varying ink formulation parameters onOER performance for Ru and Ir metals. A set of experiments showing the effect of varying
(a) ethanol concentration, (b) catalyst concentration (mass loading), and (c) Nafion concentration on the overpotential (OP), metal dissolution,
and ECSA of Ru and Ir. Solid circles and bars are used for Ru, and empty circles and hatched bars are used for Ir. Each experiment was repeated
three times.
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more susceptible to structural reconstruction and dissolution.
Throughout all experiments, Ir dissolution in IrO2 remained
consistently lower than that for RuO2 and was almost insensi-
tive to changes in experimental parameters, indicating inherent
stability as expected. Increasing the ethanol concentration for
IrO2 (Fig. 6a) led to a reduction in ECSA and consequently, an
increase in overpotential similar to Ir. However, the changes in
overpotential for IrO2 were smaller, and its ECSA (ca. 300 cm2)
was signicantly larger—ve times that of Ir metal (ca. 60 cm2).
The minimal change in overpotential can likely be attributed to
the inherently stable and porous nature of the IrO2 compared to
Ir. In contrast, variations in ethanol concentration for RuO2

resulted in larger changes in overpotential, but these did not
correspond with improvements in ECSA and were accompanied
by signicant measurement errors. Upon increasing the catalyst
concentration for IrO2 and RuO2 (Fig. 6b), we observed
improved activity at a concentration of 20–30 mg mL−1 for both
samples. However, the activity improvement for RuO2 was not
© 2024 The Author(s). Published by the Royal Society of Chemistry
accompanied by ECSA improvement again. These observations
suggest that activity improvements in RuO2 might not neces-
sarily be linked to ECSA. Moreover, we observed that the metal
dissolution for RuO2 decreased as activity improved, mirroring
the trend seen in the Ru metal, which is not following a typical
activity–stability inverse trend. Lastly, the impact of Naon
content on stability was more signicantly seen for RuO2 than
for IrO2 (Fig. 6c). Higher amounts of Naon led to a substantial
reduction in Ru dissolution and decreasedmeasurement errors,
indicating a stabilizing effect of Naon similar to Ru metal.

To better understand how catalysts perform and degrade
under operational conditions, we performed ECSA analysis on
all materials (prepared using formulation #1 with ethanol from
Table 1) before and aer activity and stability tests (Fig. S15–
S20†). Our ndings revealed that Ir exhibited the most signi-
cant change in ECSA, whereas IrO2 remained relatively stable
(Fig. S15†). Also, RuO2 exhibited small changes in ECSA akin to
IrO2, while Ru showed large ECSA changes comparable to those
Digital Discovery, 2024, 3, 2265–2274 | 2271
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Fig. 6 Impact of varying ink formulation parameters onOER performance for Ru and Ir oxides. A set of experiments showing the effect of varying
(a) ethanol concentration, (b) catalyst concentration (mass loading), and (c) Nafion concentration on the overpotential (OP), metal dissolution,
and ECSA of Ru and Ir oxides. Solid circles and bars are used for RuO2, and empty circles and hatched bars are used for IrO2. Each experiment was
repeated three times.
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of Ir. This aligns with the expectation that oxides are more
stable under OER, whereas metals are susceptible to oxidation.
Further analysis was conducted on Ir and IrO2 due to their
contrasting ECSA behaviors. Post-reaction XRD analysis showed
that both Ir and IrO2 retained their structure with some peak
broadening observed for IrO2 which is likely due to structural
reconstruction during the reaction (Fig. S16†). SEM images
showed no major morphological changes, indicating that the
ECSA variations during the reaction in Ir were primarily due to
surface oxidation (Fig. S17–S20†). While we anticipate material
reconstruction to occur during the reaction, particularly on the
surface, these bulk characterization techniques provide limited
insight into the inuence of ink formulation on the structure
and morphology of the surface. A deeper investigation into how
the ink formula inuences the catalyst post-reaction would be
insightful but is beyond the scope of this study.
2272 | Digital Discovery, 2024, 3, 2265–2274
Discussion

This study introduces an automated and modular electro-
chemistry platform designed to streamline the execution of
labor-intensive experiments. Constructed using commercially
available systems like Opentrons and operated through open
source code, this platform is readily accessible to researchers,
allowing them to divert their attention from repetitive tasks to
more intellectually challenging aspects of their work. The
platform incorporates offline ICP measurements to assess
metal dissolution as a proxy for electrochemical stability,
offering a method that is less resource-intensive compared to
inline ICP measurements.

Using this platform, we conducted a comprehensive analysis
that, to the best of our knowledge, is the rst to explore the
effects of ink formulation on catalyst activity and stability in
such depth. Our systematic investigation involved ten different
© 2024 The Author(s). Published by the Royal Society of Chemistry
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ink formulations applied to four materials, with each combi-
nation tested three times on duplicated samples. This resulted
in a total of 120 experiments, in addition to the tests that were
done on FTO glass substrate and using different ink solvent
mixtures. Our ndings reveal that the activity and stability of Ir,
Ru, RuO2, and IrO2 catalysts in acidic OER are signicantly
inuenced by factors such as particle dispersion in the ink,
catalyst mass loading, and Naon content. In general, we found
that activity ranking Ru > RuO2 > Ir > IrO2 and metal dissolution
trend Ir/Ru [ RuO2 > IrO2 across all ink formulations to be
consistent with the literature.17–19

This work also emphasizes how variations in ink formula-
tion can inuence interpretations of activity and stability of
catalysts on porous carbon substrates. Increasing the catalyst
concentration, RuO2 demonstrated improvements in catalytic
activity that were not directly linked to an increase in the ECSA
or inversely correlated to Ru dissolution. This was not observed
for Ir/IrO2 catalysts, where activity and Ir dissolution showed
a typical positive correlation between activity and ECSA,
alongside an inverse correlation between activity and stability,
as we expect. The behavior observed in RuO2 could potentially
be attributed to external factors such as bubble dynamics,
physical properties, or surface reconstruction. Varying any of
the ink formulation parameters can change the thickness,
spread, and roughness of the catalyst lm. This, in turn, can
affect how oxygen bubbles interact with the surface resulting in
activity variations.20

These observations strongly suggest that different drop-
casted materials may display varying trends due to the
complex interplay between the catalyst and ink formulation.
This is becoming vital for interpreting catalytic stability, as it
implies that reduced metal dissolution might not necessarily
reect inherent material stability. For instance, at higher cata-
lyst concentrations, both RuO2 and IrO2 displayed similar metal
dissolution amounts, which suggests similar apparent stability
for both materials during short electrochemical tests (several
hours), even though IrO2 is known to be inherently more stable.
This emphasizes the need for detailed electrochemical studies
on the impact of ink formulation before drawing conclusions
about the activity–stability trends in drop-casted catalysts.

Looking ahead, we plan to enhance the platform's capabil-
ities by incorporating multiple potentiostat channels connected
to multiple electrode holders to parallelize experiments. This
enhancement could signicantly increase throughput by at
least eight times (see S5: parallel testing in the ESI†). We also
aim to use a modied design of the electrode holder that could
be picked up and dropped off automatically to enable seamless
transitions between the liquid pipette (used for sample prepa-
ration) and electrode measurements, moving towards a fully
autonomous workow integrated with active learning tools.
Additionally, to address mass transport and bubble accumula-
tion on the surface, we are considering the integration of
a sonicator with the electrochemical reactor to assist with
bubble removal. We anticipate that this platform will serve as
a valuable tool for various electroanalysis and electrosynthesis
studies in the future, contributing signicantly to advance-
ments in the eld.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Data availability

The data that support the ndings of this study are openly
available in Github repository: https://github.com/Jehadabed/
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