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ABSTRACT

Electrolysis is a dynamic research area in which both mature and new promising processes, such as alkaline water electrolysis
and electrochemical CO, reduction, are under enormous development pressure due to their high relevance for the energy sector.
High-throughput (HT) technologies are efficient screening platforms that can accelerate research activities and significantly
shorten development times. Over the past 25 years, various HT platforms have found their way into electrochemical research.
These typically have one or more major disadvantages: they are characterized by abstract experimental conditions, designed for a
specific application or process, or generate insufficiently comparable data. In this publication, we present a newly developed HT
test system that enables the parallel operation of 16 electrochemical bench-scale flow cells under industry-relevant test conditions.
The specially developed modular flow cell can be operated variably in the fully automated system and allows research into the most
common applications in electrochemistry for many different processes with a focus on all relevant variants of water electrolysis
and electrochemical CO, reduction. Both the HT system and the developed flow cell are designed to accelerate the generation of
reliably reproducible data with high comparability in order to strengthen scientific exchange. The fully automated process control,
online analysis and programmable feedback loops of the HT test system provide great potential for the design of experiment
strategies. The implementation of Design of Experiment strategies will maximize the testing efficiency of this innovative research
system.

1 | Introduction energy sources, is expected to be a cornerstone of this transition

[1, 2]. Further Power2X processes, such as the electrochemical
Electrolysis will play a pivotal role in the global energy transition reduction of CO,, have received increasing scientific attention
toward achieving net zero carbon emissions. The production of ~ over recent years [3]. These innovative electrolysis technologies
green hydrogen from water electrolysis, powered by renewable hold promise for the conversion of the greenhouse gas CO, into
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FIGURE 1 |

Optimization potentials (coloured areas) of key performance indicators (KPI) for next-generation alkaline water electrolysis (AWE,

red squares) and CO, to CO (blue circles) electrolyzers. Net charts indicate the technology-specific current status of the individual KPIs on the scale

of the targeted optimization goals for current density, lifetime, energy efficiency, product purity, and transient operation. State-of-the-art values are

dimensionless and plotted against KPI values expected in the future [7, 9].

fuels, valuable products, or chemical feedstocks, contributing to
the development of a sustainable closed-carbon cycle [4-6].

The development of next-generation electrolyzers represents
a complex challenge, as technological solutions rely on the
concurrent development of new materials, compounds, cells,
and stacks with improved properties. At the same time, the
performance of parameters must be optimized in multiple direc-
tions. This requires consideration of complex interdependencies
between various aspects of electrolyzer technology. Particularly
relevant key performance indicators are shown in Figure 1
using the example of two electrolysis processes. Alkaline water
electrolysis (AWE) is a well-established and mature process. As
politics, science and society attribute an ever-increasing role to
hydrogen, researchers are working on further optimizing the
AWE process. According to estimates, AWE has the greatest
optimization potential with respect to current density, lifetime,
and energy efficiency. However, product purity and the opera-
ble load range (transient operation) are expected to offer less
scope for improvement (Figure 1a) [7]. CO, electrolysis, on the
other hand, is still at more of a fundamental research stage.
Among different possible reduction products, the electrochemical
reduction of CO, to CO is the most promising due to the simple
reaction mechanism [8]. Figure 1b shows the low technological
readiness of this process, which requires improvement of the
full scope of KPIs (current density, lifetime, energy efficiency,
transient operation, and product purity) [9]. There is hardly any
literature investigating the transient operation of CO, to CO
electrolysis.

This publication introduces an innovative high-throughput (HT)
test system for electrolysis research with a focus on AWE and
CO, electrolysis. With the unique experimental possibilities, this
system stands out significantly from previous systems. This work
outlines a perspective in which HT research is fundamentally
expanded and driven to a more advanced level.

First, the current state of HT research is assessed and the recur-
ring disadvantages of previous systems are analyzed. Second, the
system approaches are described, which were guiding during
the system engineering and will be decisive for the desired
progress with this development in HT research. This is followed
by a detailed presentation of the HT system and HT electrolysis

flow cell developed, as well as initial experimental data. Finally,
the potential of the application of Design of Experiment (DoE)
strategies, the diverse process and application possibilities of
the system as well as the potential for accelerating electrolysis
research are discussed.

2 | High-Throughput Experimentation

HT experimentation refers to methods and systems designed
to perform automated, accelerated testing and analyses of an
increased number of samples or process conditions. It involves
either rapid serial or parallel workflow processing, thereby,
significantly accelerating research efforts and, hence, minimizing
the time-to-market, e.g., novel catalysts, materials, compounds, or
processes [10, 11]. HT technology has its roots in pharmaceutical
research [12] and was soon adopted in research and development
in areas such as materials science [13] or heterogeneous catalysis
[14]. For electrochemical processes, additional electrochemistry-
related parameters substantially increase the complexity of the
parameter space compared to conventional catalysis. To address
this complexity, HT technologies are a promising experimen-
tal approach for research and development in electrochemical
research [15]. However, the extended parameter space and com-
plexity of electrochemical systems hampered the emergence of
such technologies in this field [16, 17] The first electrochemical
HT developments were batch systems with an array structure
approach, for example, based on microtiter plates or wafers,
with which the individual samples are automatically and serially
scanned in X-Y direction [18-20]. They enable the testing of
either one electrolyte vs. many electrodes [21-25] or one electrode
vs. many electrolytes [26, 27]. Other systems perform HT batch
screening by running experiments in parallel [28-32]. HT batch
systems are also commercially available [33-35]. The references
listed report on static systems without convective electrolyte flow
[21-35]. Later, HT systems with electrochemical flow cells were
developed [36-40].

The electrocatalytic HT systems developed up until now have
some major disadvantages. The batch cell systems described
in the literature are strongly diffusion-controlled and typically
provide only the testing of undivided cells. The maximum
current densities are far below the range of interest for industrial
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applications. Flow cell systems, on the other hand, achieve
higher current densities and have improved concentration gra-
dients due to the electrolyte flow through the cell. However,
due to miniaturization, they are characterized by laminar flow
and in some cases also only provide undivided cells. Elec-
trocatalysis on a production scale is generally practiced in
divided flow cells at high current densities, in which turbu-
lent mixing is common [15]. Compared to those industrial
standards, previously developed HT systems in electrochemical
research provide abstract experimental conditions. However,
testing under industry-relevant conditions is crucial to evaluate
the operational capability of processes or materials for industrial
applications.

Another disadvantage is that previous electrocatalytic HT sys-
tems were developed specifically for certain applications or
processes. This specific design typically impedes or even prevents
the investigation of other applications or processes with these
systems. This severely limits the variability of previous systems.
Due to its high relevance, electrocatalysis is a highly dynamic
research field. The focus of research is in constant discourse
in science and politics and can therefore readily change. High
system variability is essential to fully exploit the potential of a
HT system in the diverse and dynamic field of electrochemical
research.

Insufficient comparability of experimental results with literature
data is a well-known issue in electrochemistry and hinders
progress in electrochemical process development [41-43]. An
additional disadvantage of previous HT systems is that both
abstract experimental conditions and application- or process-
specific system designs impair the comparability of the data
generated.

Abstract experimental conditions, limited system variability and
impaired data comparability are major disadvantages of the pre-
viously developed HT systems in electrochemical research. These
disadvantages primarily arise from their simplified design, which
is typically intended to reduce development time and investment
costs. Such systems have proven to be an effective solution for
early-stage screening in particular pre-defined applications and
processes. However, the disadvantages discussed hinder a HT
platform from unleashing its full potential under the current
requirements of electrochemical research.

Over the past four years, based on the objectives and consultancy
of IET-1 (Jiilich, Germany) as well as the engineering and
construction of hte GmbH (Heidelberg, Germany) an innovative
HT system tailored to electrolysis processes with a focus on water
electrolysis and electrochemical CO, reduction processes was
developed [44]. The main objective of this project is to provide
a HT environment for bench-scale flow cells to accelerate the
development activities of advanced laboratory-scale processes
under industry-relevant conditions toward higher technology
readiness. Rather than focusing on one process or application,
our HT system is designed to operate with the most common
applications and processes in electrochemistry, offering a high
degree of variability. The aim is to provide a research platform
generating reliable and reproducible high-quality data, which can
be readily compared with common literature data to strengthen
the scientific exchange.

3 | System Design Approach

The developed HT system is designed to accelerate testing
under industry-relevant conditions and to provide high system
variability, data comparability as well as reproducibility. This also
required the development of a new electrochemical flow cell.
To meet all requirements, the system design is based on four
key principles: parallelization, automation, modularization, and
standardization. These key principles guided the development
process of the entire system as well as the flow cell and are
described in more detail in the corresponding sections in the
following chapters.

The HT approach is realized in the developed system through
parallel screening. The parallel operation of up to 16 flow
cells simultaneously will significantly reduce the screening time
compared to conventional setups.

All important process and electrochemical parameters are con-
trolled or measured fully automated. The high degree of automa-
tion allows systematically programmed test protocols to be exe-
cuted without human interaction. This improves reproducibility
and comparability, further minimizes screening time and creates
ideal conditions for the implementation of advanced statistical
design of experiment strategies.

The developed HT system and electrochemical flow cell have
a modular design. Both can be adapted to changing research
requirements, enabling the screening of a wide range of applica-
tions and processes for maximum variability.

The use of standardized components for the system and the
development of a flow cell according to the standards of com-
mercially available laboratory cells will significantly improve
the reproducibility and comparability of the generated data.
Furthermore, documentation and test protocols will also be
standardized.

3.1 | High-Throughput Test System

The developed HT system consists of different system module
racks (Figure 2). Due to the modular design, the configura-
tion of the system can be adapted to the individual research
requirements.

The gas and analytic rack consists of gas modules for the supply of
N, and CO, process gases as well as the gas chromatograph (GC).
Furthermore, it provides corresponding GC gas supply infrastruc-
ture for the automated measurement of gaseous product samples
supplied by the product selection/reactor support rack.

The liquid preparation and waste rack consists of pumps, two
large electrolyte feed tanks for anode and cathode respectively
as well as a large waste tank on the bottom of the rack.
By an automated electrolyte management system, electrolytes
with defined conductivities for both anode and cathode can be
automatically prepared, refilled, distributed to individual feed
tanks in the reactor racks and disposed of in a waste tank at the
end of its usage. This way the operator does not get in contact with
the electrolyte throughout the operation of the HT system.
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FIGURE 2 | Three-dimensional (3D)layout of the 16-fold parallelized high-throughput system for electrolysis. The image was provided by hte GmbH

(Heidelberg, Germany) for publication.

In the product selection and reactor support rack, the gaseous
product streams of each electrochemical cell are selected in
a multiport valve and sequentially sent to the GC for online
analysis. The other streams are passed to the exhaust. This
module also contains a humidification section for the gas feed.

The entire HT system comprises a total number of 16 bench-scale
flow cells. The flow cells are operated within the reactor racks I-
IV, each containing four electrolyzers. The distribution over four
individual reactor racks allows the parallel operation of only 4,
8, or 12 cells and the setting of different process parameters in
each reactor rack. A highly simplified flow sheet for a single
cell is depicted in Figure 3. Each cell has an individual anolyte
and catholyte feed tank. The feed tanks are automatically filled
with the prepared electrolytes from the large storage tanks of
the liquid preparation and waste rack. Two operating modes
are available for the electrolyte flow. In single-pass mode, the
electrolyte flows from the feed tank through the electrolyzer
and phase separator directly to the waste tank. In recycle mode,
the electrolyte returns to the feed tank after phase separation
to recycle the electrolyte solutions. The electrolyte cycles of all
32 half-cells are fully separated. Hereby, liquid products can
be enriched in recycle mode, which facilitates the detection of
liquid products close to the detection limit. Furthermore, the
emergence of stray currents within the system is prevented [45].
The diaphragm pumps enable cell-specific flow rates in the range
of 1-100 mL/min. Each electrolyte stream can be preheated in a
heat exchanger up to 80°C before it is pumped through the flow
cell. For optimum temperature control, each reactor rack has a
cell oven that heats the cell housing, connectors, and supply pipes
to the pre-defined process temperature. The process pressure in
the HT system can be set in the range from O to 2 barg. The
pressure is controlled individually for each half-cell. For the use
of gas diffusion electrodes, a gas feed can additionally be fed to
the flow cell. This is particularly important when performing
CO, electrolysis in the system where a CO, feed is required.
Both the anolyte and catholyte product streams are equipped
with individual phase separators downstream of the flow cell. An
autosampler enables automated liquid sampling for offline liquid
analyses after phase separation. The gaseous product phases are
conveyed to the product selection rack for online GC analysis.
The online GC enables one measurement every 8 min, resulting

in a measurement frequency of approximately 2 h/cell for a 16-
fold system. The use of online GC analyses and ex-situ liquid
analyses is indispensable for the planned system operation with
CO, electrolysis processes [46].

Each reactor rack is equipped with a multi-channel potentio-
stat from Metrohm AG. Four channels of each multi-channel
potentiostat are equipped with a bipotentiostat module, a booster
and electrochemical impedance spectroscopy modules. Further
modules can be retrofitted into the multi-channel potentiostats
depending on the application requirements.

The fully automated HT system is controlled by the hteControl4
software from hte GmbH. A new interface to the NOVA software
package was developed for the system and implemented in
hteControld™. Together with the new interface, it is possible
to create automated feedback loops and perform parameter
adjustments for all process and electrochemical parameters in
parallel operation mode.

The system must be designed to operate with chemically various
electrolytes, as it will be used to investigate different processes
(AWE and CO, electrolysis) [46-48]. To prevent metal ion con-
tamination due to chemical corrosion of steel components in the
electrolyte circuit, all system components in contact with the
electrolyte (pipes, valves, sensors, etc.) are therefore made of inert
polymers.

3.2 | Modular Electrochemical Flow Cell

A modular electrochemical flow cell tailored to the requirements
of the introduced HT system was developed in collaboration
between hte GmbH (Heidelberg, Germany), Fraunhofer Insti-
tute for Microengineering and Microsystems (IMM, Mainz,
Germany), and Institute of Energy Technologies (IET-1, Jiilich,
Germany) [44]. A 3D CAD image of this cell is shown in Figure 4a.
The design is oriented toward standards of commercially available
electrochemical flow cells in order to produce well-comparable
data. The developed cell has a modular design. Individual com-
ponents are therefore interchangeable or optionally applicable,
allowing a variety of cell configurations to be realized for a high
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FIGURE 3 | Simplified flow sheet of the high-throughput (HT) system for one electrolyzer cycle. Abbreviations: temperature indicator controller
(TIC), flow indicator controller (FIC), pressure indicator controller (PIC) and quality indicator (QI). QI indicates the conductivity sensor. The depicted

device symbols are according to ISO 10628-1.

(a)

FIGURE 4 | The newly developed flow cell for the high-throughput (HT) system. A 3D CAD illustration of the closed HT cell (a) and a photo of
opened half cells built with zero-gap inlays (b). The flow cell was developed in collaboration between hte GmbH (Heidelberg, Germany), Fraunhofer

Institute for Microengineering and Microsystems (IMM, Mainz, Germany) and Institute of Energy Technologies (IET-1, Jiilich, Germany). The image of

Figure 4a was provided by the Fraunhofer Institute for Microengineering and Microsystems (IMM, Mainz, Germany) for publication.

process and application variability. The design facilitates a simple
assembly in order to minimize the risk of operator errors aimed
at maximizing the reproducibility of the results.

Each of the two half-cell housings has four fluid connections on
the front and two on the rear. The front provides an inlet and
outlet connection for the electrolyte and an additional inlet and
outlet for a gas phase. The gas phase connections are required
for gas diffusion electrodes, e.g., to perform CO, electrolysis.
The rear provides connections for the supply of a heat transfer

medium which can be fed through the current collector (CC),
for additional temperature control. The cell is equipped with
two interchangeable CC types: the zero-gap CC and the gap
CC. The zero-gap type is required for processes with membrane
electrode assemblies (MEA) or thin mesh electrodes. The flow
cell equipped with zero-gap CCs is shown in Figure 4b. The
gap CC can be used for GDEs, foil electrodes, or voluminous
electrodes such as metal foams. The design provides unique
scaling capabilities with a well-advanced flow cell in a HT
environment. Each half-cell can be equipped with reference
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FIGURE 5 | Different electrocatalytic test procedures in different configurations of the high-throughput (HT) cell. Cathodic (a) and anodic (b)
cyclic voltammetry (CV) (0.2 mV step size) with alkaline water electrolysis at different scan rates using 3-electrode setup in gap configuration with Ni
foils, a Hg/HgO reference electrode, and Zirfon UTP 220 in 6 M KOH at 25°C. Polarization curve (c) (50 mA/s scan rate, 5 mA step size) with alkaline
water electrolysis at different process temperatures in zero-gap configuration using Ni meshes and Zirfon UTP 220 in 6 M KOH. Polarization curve (d)

(50 mA/s scan rate, 5 mA step size) in zero-gap configuration using anion exchange membrane water electrolysis with PiperION membranes of different
thicknesses and Ni-based catalyst coated gas diffusion layers provided by Dioxide Materials at 60°C.

electrodes (RE). The electrical connections for connecting the
potentiostat to the CCs are on the rear of the cell.

The sealing concept of the flow cell is based on industry standards
for stacked flow cells. Each reactor rack is equipped with a piston
press. With this press, all four cells in each reactor rack are
axially compressed. This approach facilitates rapid installation
of the flow cells into the system and uniform force distribution
for improved electrode contacting. Furthermore, it enables the
application of elevated system pressures.

The housing, screw fittings and frames for electrode area adjust-
ment are made of inert polymers. The use of inert polymers allows
the application of highly corrosive electrolyte solutions and thus
increases the process variability. The CCs are made of titanium
grade 5, but can also be fabricated from other materials such as
nickel alloys or stainless steel. A coating of the CC surfaces can
be applied optionally. For optimized experimental results, the CC
and optional surface coating material must be matched to the
electrolysis process.

The developed electrochemical cell was intensively tested dur-
ing the single-cell prototyping phase. For this purpose, cyclic
voltammogram (CV)measurements were conducted in gap con-
figuration with a 3-electrode setup for AWE. Polarization curves
were recorded in zero-gap configuration with a 2-electrode setup
for AWE and anion exchange membrane (AEM) water electrol-

ysis. Figure 5 shows the results of the single-cell prototyping.
The 3-electrode setup is an important approach for catalyst and
electrode research. The setup was tested here with a Hg/HgO
RE, Ni foils and Zirfon UTP 220 in 6 M KOH. Figure 5 shows
the CVs of the Ni foil at potentials in the range of the hydrogen
evolution (Figure 5a) and the oxygen evolution (Figure 5b). The
CVs were performed at different scan rates from 5 to 20 mV/s
and a step size of 0.2 mV. Both CVs show the expected oxidation
and reduction peaks: Ni(0) to Ni(Il) and Ni(II) to Ni(0) at
the cathode and Ni(II) to Ni(III) and Ni(III) to Ni(II) at the
anode. As the scan rate increases, the magnitudes of the peak
currents decrease. Below -1.1 Vi, 4 the hydrogen and above 0.55
Vygmeo the oxygen evolution reaction starts at the cathode and
anode, respectively. The CV results measured with our developed
modular flow cell are in good agreement with literature values
produced with commercially available flow cells under similar
conditions [49, 50]. The zero-gap configuration was tested in
a 2-electrode setup. Two different systems were used for this
purpose. Figure 5c shows the polarization curves at different cell
temperatures using AWE with Ni meshes and Zirfon UTP 220 in
6 M KOH. The installation of MEAs in the zero-gap configuration
was validated using AEM water electrolysis (Figure 5d). For this
test, PiperION AEMs of different thicknesses were tested in 1 M
KOH with Ni-based catalyst-coated gas diffusion layers provided
by Dioxide Materials [51]. The surface area of the electrodes
was reduced to 5 cm? in both setups. Increasing the process
temperature in the AWE (Figure 5¢) and reducing the membrane
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thickness in the AEM WE (Figure 5d) lead to the expected
reduction in cell voltage. Onset potential and cell resistance are
lower with the AEM water electrolysis than with the AWE. The
presented results confirm the high quality of the experimental
data generated with the developed flow cell. In the next step, the
use of gas diffusion electrodes is to be tested in order to validate
the applicability of the cell for CO, electrolysis. Experiments
on CO, electrolysis have not yet been performed, however this
application has been included in the system design and its
physical evaluation.

3.3 | 4-Cell Prototype System

A prototype was built with a single reactor rack, providing four
cells in parallel operation (cf. 3.1. High-Throughput Test System).
The purpose of performing preliminary tests on the HT prototype
was to test the technological practicability and basic functions.
Thereby, issues or necessary optimizations to the system, cell, or
software could be identified and resolved at an early stage. In
addition, the prototype was used to validate the reproducibility
of the results generated with four cells operating in parallel. For
this purpose, all cells were operated under nominally identical
conditions, that is, with AWE in zero-gap configuration using
Ni-Meshes and Zirfon UTP 220 in 6 M KOH.

Figure 6 shows the results of the 4-fold reproducibility test. First,
polarization curves up to 500 mA/cm? (scan rate 50 mA/s and step
size 20 mA) were measured in all cells (Figure 6a). The current
density range was selected based on state-of-the-art KPIs of AWE
[7]. Since the shape and values of the measured polarization
curve depend on the reaction kinetics, ohmic resistance, and
mass transport losses, this method is well suited to derive first
conclusions on the reproducibility [52]. The cell voltages of cell 2
and cell 3 show minimal deviation over the entire current density
range and thus excellent reproducibility. The average cell voltage
at 500 mA/cm? is 2.471 V with a standard deviation of 14.7 mV.
Deviations from this value are -20.1, 1.9, -3.0 and 21.1 mV for
cell 1, cell 2, cell 3 and cell 4 respectively. Figure 6a shows a
higher onset potential in cell 4, which shifts the voltage curve
marginally upwards. The polarization curve of cell 1, on the other
hand, has a lower slope leading to slight deviations at high current
densities. Figure 6b shows a subsequent chronopotentiometry at

100 mA/cm? for 1 h. The data show a negligible deviation between
cell 1, cell 2 and cell 3 at 100 mA/cm?, however, a shift of about
25 mV for cell 4, confirming the observations described above.

Titanium tends to form a characteristic passivation layer on the
surface. Passivation layers increase the required onset overvoltage
of the electrons at the phase transitions [53-55]. The deviating
results for cell 1 and cell 4 are therefore potentially related to
the passivation layers on the surface of the CCs. Two approaches
could address this issue. First, the CCs can be manufactured from
other materials (e.g. nickel alloy or stainless steel) that have a
lower tendency to build a passivation layer on the surface. Second,
the CC surfaces can be coated with a thin layer of precious metal
(e.g. Au on the cathode and Pt on the anode) or other materials
with sufficient conductivity.

The temperature control units of the 4-cell prototype were not
used during the prototype experiments. Without active control,
temperature fluctuations in the laboratory or external energy
inputs (e.g. from the pump, neighboring cells, or waste heat
of other devices) can cause temperature deviations between
the individual electrolyte cycles. This might affect the results
measured with the 4-cell prototype. With commissioning the
multifactorial temperature control (cf. 3.1. High-Throughput Test
System), temperature fluctuation-related errors in the final HT
system should be precluded.

All cells were operated under nominally identical conditions.
However, other effects such as slight variations in electrode
activity or differences in electrode spacing due to local overlap
of electrode and gasket are still theoretically possible. Such
material or experimental deviations would also influence the
reproducibility of the results. The results presented highlight
the challenge of ensuring high reproducibility under nominally
identical conditions. The reproducibility of the data can be further
improved with the measures discussed.

4 | Design of Experiments

The previous sections have discussed, how the four key principles,
i.e., parallelization, automation, modularization, and standard-
ization (cf. 3 System Design Approach), were implemented in
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FIGURE 7 | Workflow for a one-dimensional sequential single-step experimentation approach (a) and a Design of Experiments (DoE) workflow

implemented in a high-throughput (HT) system with n parallelized cells (b).

the HT environment. In order to exploit the full potential of
HT experimentation, both experimental design and data analysis
must be automated and streamlined to close the circle of a self-
consistent, highly accelerated screening workflow (Figure 7). The
full automation, process control, online analysis, and feedback
loops of the HT setup (cf. 3.1. High-Throughput Test System)
improve the availability, reproducibility, and cost-effectiveness of
electrolyzer data considerably. On the other hand, the parameter
space of the degrees of freedom, which determine the perfor-
mance of the electrolyzer, is high-dimensional, complex, and very
often correlated. This parameter space comprises process parame-
ters (temperature, pressure, electrolyte properties, flow rate, etc.),
electrochemical parameters (current, voltage, electrode potential,
etc.), and cell component parameters (electrodes, membranes,
porous transport layers, etc.). Even with the introduced HT
system, the feasible amount of generated data is still too small for
systematic screening of the parameter space and orders of magni-
tude below the required big data for machine learning approaches
for data analysis and system modelling. However, this is where
the adaptive, statistic DoE approach holds a lot of potential.

DoE reduces experimental data with statistical methods, extracts
the maximum amount of information from the data, and deter-
mines the optimal set of parameters for new experiments to
be conducted. A DoE approach requires three things: First, a
defined research goal, second, one or multiple descriptors, and
third, a defined parameter space. Based on the research goal,
two different areas of application for DoE are defined. The
objective is either to optimize the experiment or to gain maxi-
mum information about the process throughout the parameter
space corresponding to the exploration-exploitation dilemma in
decision-making with minimal experimental effort. The latter
case strives to elucidate the mechanisms of the experiment and

to describe them with mathematical models. In both cases, one
or multiple descriptors, which describe the performance of the
experiment in a robust, concise way, are required to quantify
either the optimality or characteristic features of the process
[56-58].

In the context of our electrochemical HT approach, iterative
DoE strategies are the method of choice. Based on data collected
from experiments in previous iterations of the DoE approach,
DoE determines the most promising experiment (or set of
experiments) to be conducted next in order to reach the research
goal, such as optimizing important KPIs (cf. Figure 1), in the
most efficient way. By exploiting previous knowledge and making
an informed decision based on statistical probabilities, adaptive
DoE strategies surpass systematic, sequential as well as ran-
dom sampling and scale orders of magnitude better with the
dimensionality of the parameter space [59-61]. More recently,
the coupling of DoE with large language models (LLM), such
as GPT-4, has been demonstrated. Simultaneously to active
learning from the experiments conducted, the DoE is enabled to
exploit the vast resources of both interdisciplinary and domain
knowledge by LLMs. While additional care has to be taken with
respect to the risks of hallucinations by LLMs and the limited
comparability of previous literature knowledge with the current,
innovative cell design, LLMs promise a significant step towards
fully autonomous self-driving labs for electrochemical high-
throughput screening [62-64]. The combination of DoE strategies
with the developed HT system will amplify their individual
potential. Together they have the potential to accelerate the
research and development process of new technologies while
minimizing the required resources. DoE will be an indispensable
tool of the HT system and guarantee its optimal use for maximum
gain and output.
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FIGURE 8 | Comparison of workflow timeframes for 16 iterations of
a100 h experiment in a single cell setup vs. 16 cells running for 100 hin a
16-fold high-throughput (HT) system. The calculation is based on an 8-h
work day. Non-working days were not considered for the calculations.

5 | Discussion
5.1 | Acceleration Potential

One of the main objectives in developing the presented HT
system is the acceleration of electrolysis research activities. In
a conventional single-cell setup, the individual standardized
workflow steps are carried out sequentially (Figure 7a). Due
to the complexity of the parameter space in electrocatalysis,
the workflow typically must be iterated several times, which is
exceedingly time-consuming. Hereby, the operator laboriously
works his way through the parameter space and slowly gains a
deeper understanding of the material or process. The advantage
of a parallelized HT system combined with a DoE approach over
a one-dimensional sequential workflow is clear and becomes
particularly attractive when a large number of parameter com-
binations need to be varied (cf. 4 Design of Experiments). By
implementing DoE, a HT system can fully exploit its accel-
eration potential compared to one-dimensional strategies. The
DoE workflow for a parallelized n-fold HT system is shown in
Figure 7b.

Figure 8 exemplifies the temporal comparison of two comparative
studies that yield an equal amount of experimental data. It shows
the total time required to carry out the entire workflow once in a
16-fold HT system (Figure 7b) compared to 16 times in a single-cell
setup (Figure 7a), based on a duration of 100 h per experiment.
The estimated time required for the experiment design, cell
assembly, and data analysis is based on practical experience. For
the estimated time frames, it was considered that experiment
design, cell assembly, and data analysis could only be carried
out within working hours. The experiments (cell testing) can
run 24 h a day without the presence of the operator. Experiment
design takes the same time for both workflows, regardless of the
system. During cell assembly and data evaluation, synergies can
already lead to little time savings when using the HT system.
The most significant time savings are clearly achieved by carrying
out the cell tests in parallel. The example calculation for a test
period of 100 h results in a total time saving of approximately
86%. The demonstrated comparison shows the great acceleration
potential through considerable time savings when operating a

16-fold HT system. However, studies in a 16-fold system require
careful experiment planning to make optimal use of the system’s
capacity and thus exploit its full acceleration potential (cf. 4
Design of Experiments).

5.2 | Variability Potential

High variability is one of the key characteristics of the intro-
duced HT system, which distinguishes it from previous, mostly
application-specific HT platforms. The system is intended to
enable research into a wide range of research applications and
the operation of various electrocatalytic processes.

5.2.1 | Application Variability

The most important applications are component screening as well
as process and electrochemical parameter screening. In the case
of component screening, different variants of a component are
assembled into the flow cells. The modular design of the flow
cell enables the assembly of all components commonly used in
electrochemical research (cf. 3.2 Modular Electrochemical Flow
Cell). Different variants of a component can be tested simultane-
ously under identical, precisely adjustable process and electrical
parameters. The high level of comparability and reproducibility of
the system ensures that nominally equal test parameters result in
identical test conditions (cf. 3.3 4-Cell Prototype System). There-
fore, reliable and high-quality data can be generated, allowing any
performance disparities observed during screening procedures to
be directly attributed to the components themselves.

In contrast, parameter screening involves testing identical com-
ponents in all flow cells. Due to the high degree of automation
and the sophisticated sensor and controller equipment of the HT
system, most of the process and electrical variables of the complex
parameter space can be controlled automatically. Therefore, the
parameter space can be efficiently screened for the predefined set
of components. The aim of parameter screening can be either the
exploration of the parameter space or the discovery of optimum
process parameters (cf. 4 Design of Experiments).

The HT system can be used in many other applications. Mainte-
nance and replacement of degraded system components are very
costly. To minimize these costs, system lifetime is one important
KPI for industrial applications (cf. Figure 1). Accelerated stress
testing is a suitable method to efficiently and quickly induce the
aging of system components, thus enabling lifetime investiga-
tions, e.g., in the development of new materials at an early stage.
The high degree of system automation provides ideal conditions
for well-defined accelerated stress testing procedures.

Currently, electrolyzers can still be operated at a constant load
due to the availability of fossil fuels. The constant availability of
the energy carrier will end with the expansion and transition to
renewable energies. Future electrolysis systems must therefore be
able to operate well under dynamic loads. The behavior under
transient operation is another important KPI (cf. Figure 1) that
must be considered during process development. A transient
operation can be easily investigated with the developed HT
system due to the sophisticated potentiostat setup.
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Standard operation of the HT system involves the use of 16
single flow cells. The modular subdivision into four reactor racks
allows the electrical coupling of the cells within one rack. With
minor modifications to the cells, the CCs of neighboring cells
can be electrically interconnected via bipolar plates. Thereby,
up to four single cells could be transformed into one bipolar
short stack. This would provide the unique opportunity to test
parallelized bipolar short stacks in a highly automated HT
environment.

5.2.2 | Process Variability

One further important objective was to cover a wide range of
different processes. Primarily, the system will be run with water
and CO, electrolysis (cf. 3.1 High-Throughput Test System and
3.2 Modular Electrochemical Flow Cell). For water electrolysis,
our focus is mainly on AWE and AEM water electrolysis. For
CO, electrolysis, we are focusing on the processes CO,-to-CO,
to-formic acid and to-ethanol. Beyond this, the system can be
used to investigate other processes such as proton exchange
membrane water electrolysis or organic electrochemistry. With
minor system modifications, it is technically possible to switch to
other electrochemical systems such as redox flow batteries. How-
ever, any practicable process change must be accompanied by
thorough cleaning procedures in order to avoid contaminations
from previous processes. The high process variability is facilitated
by various aspects.

Different electrolysis processes require various cell concepts. The
modular design of the flow cell enables its adaptability to all
common cell concepts and, thus, ensures a high degree of process
variability. Process variability also requires the HT system to
be operated with different electrolytes, including solutions with
high chemical corrosion activity. To avoid undesired interference
(cf. 3.1 High-Throughput Test System), all system components
in contact with the electrolyte during operation are made of
chemically inert polymers. All commonly investigated electrolyte
solutions can therefore be used in the system.

For various electrolysis processes, toxic (e.g. CO) or flammable
gases (e.g. H,) are required as feedstocks or are generated as
products. Appropriate gas management to prevent the formation
of dangerous concentrations of toxic or flammable gases is
therefore important. All educt and product gases are released
directly to the exhaust (no recirculation). Furthermore, the
HT system is installed in an enclosure, in which the air is
continuously circulated and vented to the exhaust. Therefore, no
gas leaks into the laboratory. In addition, sensors for the most
important hazardous gases are located inside the enclosure to
detect dangerous gas concentrations. In the case of a gas leakage
in the system, the detection signal triggers appropriate safety
measures depending on the hazard level.

6 | Conclusion

The development of current or new electrolysis processes is a
complex challenge. Research and development efforts must be
carried out at all system levels, from material testing to stack
optimization. At the same time, the performance of electrolysis

technologies needs to be optimized in multiple dimensions,
considering various relevant key performance indicators. High-
throughput (HT) test environments have the potential to be the
ideal tool to efficiently tackle such complex multi-level and multi-
dimensional research challenges and to significantly shorten
technology development times.

Over the past four years, an innovative HT test system and
HT electrochemical flow cell for electrolysis research have been
developed in collaboration between IET-1 and hte GmbH (Heidel-
berg, Germany) [44]. The parallelization of 16 electrolyzers will
significantly accelerate testing compared to conventional single-
cell test setups. Its high degree of automation and development in
line with commercial standards improves the reproducibility and
comparability of the data generated. Furthermore, the modular
design supports quick modifications to the system and the flow
cell enabling the operation of various processes and research from
material to short stack level. To exploit the full HT potential, the
entire equipment - from upstream and downstream to analytics
and the electrical setup - has been designed to optimize the
performance of electrolysis technologies regarding the most
important key performance indicators.

Experimental prototyping included single-cell testing and a
reproducibility study performed in a 4-fold HT prototype system.
The results demonstrate that the developed cell enables the
investigation of many applications relevant to electrochemical
research and the operation of different processes through mod-
ular modifications. In a 4-fold prototype system, the data from
four parallel-operated cells under nominally identical conditions
were obtained and compared with each other. Overall, good
reproducibility was demonstrated. It is hypothesized that the
reproducibility can be further improved by optimizing the cur-
rent collector surfaces and operation with active temperature
control.

The full automation, process control, online analysis, and auto-
mated feedback loops of the HT system provide perfect conditions
for Design of Experiment (DoE) strategies. By exploiting prior
knowledge and making an informed decision based on statisti-
cal probabilities, adaptive DoE strategies surpass conventional
testing approaches and scale orders of magnitude better with
the dimensionality of the complex parameter space in elec-
trochemistry. DoE will therefore be an indispensable tool for
the HT system. The implementation of DoE strategies will
further amplify the acceleration potential, minimize the required
resources, and guarantee the optimal use of the HT system for
maximum gain and output.

Acknowledgements

This work received funding from the German Federal Ministry of Edu-
cation and Research (Bundesministerium fiir Bildung und Forschung,
BMBF) under grant no. 03SF0627A “iINEW2.0 - Inkubator Nachhaltige
Elektrochemische Wertschopfungsketten”.

Conflicts of Interest

The authors declare no conflicts of interest.

10 of 12

Electrochemical Science Advances, 2025

B5UB9 |7 SUOLILIOD dA1EaID a|qedldde ay Aq peusenoh are sapie YO 95N Jo Sa|nJ 10} Akiqi] 8uluQ AS|1IA UO (SUO N IPUOD-PUE-SLUBI/WOY A3 1M Aelq 1 puluo//sdiy) SUOIPUOD pUe SWLB | 8Y1 39S *[9202/T0/60] Uo ARiq1auljuQ A3|IM ‘BIueD Yyoessay HAWS Yd1ine wnnuszsbunyssiod Aq STO00YZ0Z €S B/200T 0T/I0p/wod 8| 1M Areiqi pujuo-adone-Ans iweyd//sdny wouy pepeojumoq ‘9 ‘20z ‘/L658692



Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. D. Aili, M. R. Kraglund, S. C. Rajappan, et al., “Electrode Separators for
the Next-Generation Alkaline Water Electrolyzers,” ACS Energy Letters 8
(2023): 1900-1910, https://doi.org/10.1021/acsenergylett.3c00185.

2. A. L. Hoang, S. Balakrishnan, A. Hodges, et al., “High-Performing
Catalysts for Energy-efficient Commercial Alkaline Water Electrolysis,”
Sustainable Energy and Fuels 7 (2022): 31-60, https://doi.org/10.1039/
d2se01197b.

3.S. R. Foit, I. C. Vinke, L. G. J. de Haart, and R.-A. Eichel, “Power-
to-Syngas: An Enabling Technology for the Transition of the Energy
System?” Angewandte Chemie International Edition 56 (2017): 5402-5411,
https://doi.org/10.1002/anie.201607552.

4. B. Sahin, J. J. Leung, E. Magori, et al., “Controlling Product Distribution
of CO, Reduction on CuO-Based Gas Diffusion Electrodes by Manipulat-
ing Back Pressure,” Energy Technology 10 (2022): 2200972, https://doi.org/
10.1002/ente.202200972.

5. B. Siritanaratkul, M. Forster, F. Greenwell, P. K. Sharma, E. H. Yu,
and A. J. Cowan, “Zero-Gap Bipolar Membrane Electrolyzer for Carbon
Dioxide Reduction Using Acid- Tolerant Molecular Electrocatalysts,”
ChemRxiv 144 (2022): 7551-7556, https://doi.org/10.26434/chemrxiv-2022-
6mOwp.

6. K. Koike, M. Nara, M. Fukushima, et al., “Effects of Ag Nanoparticle
Coated Metal Electrodes on Electrochemical CO, Reduction in Aqueous
KHCOs,” Electrochemistry 90 (2022): 037009-037009, https://doi.org/10.
5796/ELECTROCHEMISTRY.21-00133.

7. G.IRENA, Hydrogen Cost Reduction: Scaling up Electrolysers to Meet the
1.5°C Climate Goal (Abu Dhabi: IRENA, 2020).

8. M. Y. Lee, K. T. Park, W. Lee, H. Lim, Y. Kwon, and S. Kang,
“Current Achievements and the Future Direction of Electrochemical CO,
Reduction: A Short Review,” Critical Reviews in Environmental Science
and Technology 50 (2020): 769-815, https://doi.org/10.1080/10643389.2019.
1631991.

9. A. J. Martin, G. O. Larrazabal, and J. Pérez-Ramirez, “Towards Sus-
tainable Fuels and Chemicals Through the Electrochemical Reduction
of CO,: Lessons From Water Electrolysis,” Green Chemistry 17 (2015):
5114-5130, https://doi.org/10.1039/c5gc01893e.

10. T. H. Muster, A. Trinchi, T. A. Markley, et al., “A Review of High
Throughput and Combinatorial Electrochemistry,” Electrochimica Acta
56 (2011): 9679-9699, https://doi.org/10.1016/j.electacta.2011.09.003.

11. A. K. Schuppert, A. A. Topalov, I. Katsounaros, S. O. Klemm, and K. J. J.
Mayrhofer, “A Scanning Flow Cell System for Fully Automated Screening
of Electrocatalyst Materials,” Journal of the Electrochemical Society 159
(2012): F670-F675, https://doi.org/10.1149/2.009211jes.

12. D. A. Pereira and J. A. Williams, “Origin and Evolution of High
Throughput Screening,” British Journal of Pharmacology 152 (2007): 53-61,
https://doi.org/10.1038/sj.bjp.0707373.

13. R. Potyrailo, K. Rajan, K. Stoewe, I. Takeuchi, B. Chisholm, and
H. Lam, “Combinatorial and High-Throughput Screening of Materials
Libraries: Review of State of the Art,” ACS Combinatorial Science 13 (2011):
579-633, https://doi.org/10.1021/c0200007w.

14. A. Hagemeyer, P. Strasser, and A. F. Volpe, High-Throughput Screening
in Heterogeneous Catalysis (Hoboken, NJ: Wiley, 2004).

15. A. G. Wills, S. Charvet, C. Battilocchio, C. C. Scarborough, K. M.
P. Wheelhouse, D. L. Poole, et al., “High-Throughput Electrochemistry:
State of the Art, Challenges, and Perspective,” Organic Process Research
and Development 25 (2021): 2587-2600, https://doi.org/10.1021/acs.oprd.
1c00167.

16. H. Chen and Y. Mo, “Accelerated Electrosynthesis Development
Enabled by High-Throughput Experimentation,” Synthesis 55 (2023):
2817-2832.

17. C. Martens, B. Schmid, H. Tempel, and R. A. Eichel, “CO, Flow
Electrolysis—Limiting Impact of Heat and Gas Evolution in the Elec-
trolyte Gap on Current Density,” Green Chemistry 25 (2023): 7794-7806,
https://doi.org/10.1039/d3gc02140h.

18. B. H. R. Gerroll, K. M. Kulesa, C. A. Ault, and L. A. Baker, “Legion: An
Instrument for High-Throughput Electrochemistry,” ACS Measurement
Science Au 3 (2023): 371-379, https://doi.org/10.1021/acsmeasuresciau.
3c00022.

19. J. L. Hitt, Y. C. Li, S. Tao, et al., “A High Throughput Optical Method for
Studying Compositional Effects in Electrocatalysts for CO, Reduction,”
Nature Communications 12 (2021): 1114, https://doi.org/10.1038/541467-
021-21342-w.

20. D. Guevarra, J. A. Haber, Y. Wang, et al., “High Throughput Discovery
of Complex Metal Oxide Electrocatalysts for the Oxygen Reduction
Reaction,” Electrocatalysis 13 (2022): 1-10, https://doi.org/10.1007/s12678-
021-00694-3.

21. E. Reddington, A. Sapienza, B. Gurau, et al., “Combinatorial Electro-
chemistry: A Highly Parallel, Optical Screening Method for Discovery of
Better Electrocatalysts,” Chemtracts 12 (1999): 319-321.

22. M. G. Sullivan, H. Utomo, P. J. Fagan, and M. D. Ward, “Automated
Electrochemical Analysis With Combinatorial Electrode Arrays,” Analyt-
ical Chemistry 71 (1999): 4369-4375, https://doi.org/10.1021/ac990331y.

23. C. J. Warren, R. C. Haushalter, and L. Matsiev, Method for Creating
and Testing a Combinatorial Array Employing Individually Address-
able Electrodes, US6187164B1, 2001, https://patents.google.com/patent/
US6187164B1/en.

24.]. S. Cooper and P. J. McGinn, “Combinatorial Screening of Fuel Cell
Cathode Catalyst Compositions,” Applied Surface Science 254 (2007): 662—
668, https://doi.org/10.1016/j.apsusc.2007.06.075.

25. R. Hahn, M. Ferch, K. Tribowski, et al., “High-throughput Battery
Materials Testing Based on Test Cell Arrays and Dispense/Jet Printed
Electrodes,” Microsystem Technologies 25 (2019): 1137-1149, https://doi.
0rg/10.1007/s00542-019-04368-5.

26. W. Mirkle, B. Speiser, C. Tittel, and M. Vollmer, “Combinatorial
Micro Electrochemistry: Part 1. Automated Micro Electrosynthesis of
Iminoquinol Ether and [1,2,4]|Triazolo[4,3-a]Pyridinium Perchlorate Col-
lections in the Wells of Microtiter Plates,” Electrochimica Acta 50 (2005):
2753-2762, https://doi.org/10.1016/j.electacta.2004.11.020.

27. E. Lindner, Z. L. Lu, H. A. Mayer, B. Speiser, C. Tittel, and L
Warad, “Combinatorial Micro Electrochemistry. Part 4: Cyclic Voltam-
metric Redox Screening of Homogeneous Ruthenium(II) Hydrogenation
Catalysts,” Electrochemistry Communications 7 (2005): 1013-1020, https://
doi.org/10.1016/j.elecom.2005.07.002.

28.T. Siu, W. Li, and A. K. Yudin, “Parallel Electrosynthesis of «
Alkoxycarbamates a-Alkoxyamides and a-Alkoxysulfonamides Using the
Spatially addressable Electrolysis Platform (SAEP),” Journal of Combina-
torial Chemistry 2 (2000): 545-549.

29. C. Ley, S. Zengin Cekig, S. Kochius, et al., “An Electrochemical
Microtiter Plate for Parallel Spectroelectrochemical Measurements,” Elec-
trochimica Acta 89 (2013): 98-105, https://doi.org/10.1016/j.electacta.2012.
10.151.

30. J. Rein, J. R. Annand, M. K. Wismer, et al., “Unlocking the Potential
of High-Throughput Experimentation for Electrochemistry With a Stan-
dardized Microscale Reactor,” ACS Central Science 7 (2021): 1347-1355,
https://doi.org/10.1021/acscentsci.1c00328.

31. C. Giitz, B. Klockner, and S. R. Waldvogel, “Electrochemical Screening
for Electroorganic Synthesis,” Organic Process Research and Development
20 (2016): 26-32, https://doi.org/10.1021/acs.oprd.5b00377.

32. A. Juneau, M. Abdolhosseini, C. Rocq, et al., “Overcoming Chal-
lenges in Electrosynthesis Using High-Throughput Electrochemistry:

Electrochemical Science Advances, 2025

11 of 12

88UB01T SUOLUIWIOD BAIE8ID (el |dde 8y} Aq paupA0B 88 B YO 8SN JO S3|NJ 10} ARIq1T 8UIUQ A1\ UO (SUOTIPUOD-pUe-SWIB)Wo0" A3 1M Afelq 1 BulUo//Sd1Y) SUORIPUOD PUe SW.B | 84} 89S *[9202/T0/60] U0 AiqIT8uIuO AB|IM ‘BILBD YoKessay HAWSD Y1 winiuezsBunyosiod Aq ST000K202ese/200T 0T/10p/wod A8 | im A g puljuoadoine-Alisiweyd//sdny wolj pepeojumoqd ‘9 ‘GZ0Z ‘LL6G8692


https://doi.org/10.1021/acsenergylett.3c00185
https://doi.org/10.1039/d2se01197b
https://doi.org/10.1002/anie.201607552
https://doi.org/10.1002/ente.202200972
https://doi.org/10.26434/chemrxiv-2022-6m0wp
https://doi.org/10.5796/ELECTROCHEMISTRY.21-00133
https://doi.org/10.1080/10643389.2019.1631991
https://doi.org/10.1039/c5gc01893e
https://doi.org/10.1016/j.electacta.2011.09.003
https://doi.org/10.1149/2.009211jes
https://doi.org/10.1038/sj.bjp.0707373
https://doi.org/10.1021/co200007w
https://doi.org/10.1021/acs.oprd.1c00167
https://doi.org/10.1039/d3gc02140h
https://doi.org/10.1021/acsmeasuresciau.3c00022
https://doi.org/10.1038/s41467-021-21342-w
https://doi.org/10.1007/s12678-021-00694-3
https://doi.org/10.1021/ac990331y
https://patents.google.com/patent/US6187164B1/en
https://doi.org/10.1016/j.apsusc.2007.06.075
https://doi.org/10.1007/s00542-019-04368-5
https://doi.org/10.1016/j.electacta.2004.11.020
https://doi.org/10.1016/j.elecom.2005.07.002
https://doi.org/10.1016/j.electacta.2012.10.151
https://doi.org/10.1021/acscentsci.1c00328
https://doi.org/10.1021/acs.oprd.5b00377

Hypervalent Iodine-Mediated Phenol Dearomatization, A Case Study,”
ChemElectroChem 11 (2024): €202400193, https://doi.org/10.1002/celc.
202400193.

33. IKA. e-Hive, Accessed August 16, 2024. https://www.ika.com/en/
Products- LabEq/Electrochemistry-Kit-pg516/IKA-e-Hive-40004945.

34. IKA. Carousel, Accessed August 16, 2024. https://www.ika.com/en/
Products- LabEq/Electrochemistry-Kit-pg516/IKA- Carousel-20017512.

35. IKA. Screening system, Accessed August 16, 2024. https://www.ika.
com/en/Products-LabEq/Screening-System-pg913/Screening- System-
Package- (8- Cells)-40003642.

36. R. Liu and E. S. Smotkin, “Array Membrane Electrode Assemblies
for High Throughput Screening of Direct Methanol Fuel Cell Anode
Catalysts,” Journal of Electroanalytical Chemistry 535 (2002): 49-55,
https://doi.org/10.1016/S0022-0728(02)01144-0.

37.Y. Lai, R. J. R. Jones, Y. Wang, L. Zhou, and J. M. Gregoire,
“Scanning Electrochemical Flow Cell With Online Mass Spectroscopy
for Accelerated Screening of Carbon Dioxide Reduction Electrocatalysts,”
ACS Combinatorial Science 21 (2019): 692-704, https://doi.org/10.1021/
acscombsci.9b00130.

38. R. Becker, K. Weber, T. V. Pfeiffer, J. Van Kranendonk, and K. J.
Schouten, “A Scalable High-Throughput Deposition and Screening Setup
Relevant to Industrial Electrocatalysis,” Catalysts 10 (2020): 1-16, https://
doi.org/10.3390/catal10101165.

39.Y. Mo, G. Rughoobur, A. M. K. Nambiar, K. Zhang, and K. F.
Jensen, “A Multifunctional Microfluidic Platform for High-Throughput
Experimentation of Electroorganic Chemistry.Pdf,” Angewandte Chemie
International Edition 132 (2020): 21076-21080.

40. T. Kose, C. P. O'Brien, J. Wicks, J. Abed, Y. C. Xiao, B. Sutherland, A.
Sarkar, S. A. Jaffer, E. H. Sargent, and D. Sinton, “High-throughput Par-
allelized Testing of Membrane Electrode Assemblies for CO, Reduction,”
Catalysis Science and Technology 12 (2022): 6239-6245, https://doi.org/10.
1039/d2cy00873d.

41. M. Maril, J. L. Delplancke, N. Cisternas, P. Tobosque, Y. Maril, and
C. Carrasco, “Critical Aspects in the Development of Anodes for Use
in Seawater Electrolysis,” International Journal of Hydrogen Energy 47
(2022): 3532-3549, https://doi.org/10.1016/j.ijjhydene.2021.11.002.

42. G. Bender, M. Carmo, T. Smolinka, et al., “Initial Approaches in
Benchmarking and Round Robin Testing for Proton Exchange Membrane
Water Electrolyzers,” International Journal of Hydrogen Energy 44 (2019):
9174-9187, https://doi.org/10.1016/j.ijhydene.2019.02.074.

43. M. H. Barecka and J. W. Ager, “Towards an Accelerated Decarboniza-
tion of the Chemical Industry by Electrolysis,” Energy Advances 2 (2023):
268-279, https://doi.org/10.1039/d2ya00134a.

44. 1. Dessel, D. Dogan, R.-A. Eichel, et al., “High-Throughput Experimen-
tation in Electrochemistry for Alkaline Water Electrolysis,” Chemie Inge-
nieur Technik 96 (2024): 774-780, https://doi.org/10.1002/cite.202300234.

45. D. Dogan, B. Hecker, B. Schmid, H. Kungl, H. Tempel, and R.-A.
Eichel, “Experimental Determination of Stray Currents in Parallel Oper-
ated Cells Exemplified on Alkaline Water Electrolysis,” Electrochimica
Acta 500 (2024): 144767, https://doi.org/10.1016/].electacta.2024.144767.

46. B. Endrédi, G. Bencsik, F. Darvas, R. Jones, K. Rajeshwar, and C.
Janéky, “Continuous-Flow Electroreduction of Carbon Dioxide,” Progress
in Energy and Combustion Science 62 (2017): 133-154, https://doi.org/10.
1016/j.pecs.2017.05.005.

47. M. Quentmeier, B. Schmid, H. Tempel, H. Kungl, and R. A. Eichel,
“Toward a Stackable CO,-to-CO Electrolyzer Cell Design—Impact of
Media Flow Optimization,” ACS Sustainable Chemistry and Engineering
11 (2023): 679-688, https://doi.org/10.1021/acssuschemeng.2c05539.

48. S. A. Grigoriev, V. N. Fateev, D. G. Bessarabov, and P. Millet, “Current
Status, Research Trends, and Challenges in Water Electrolysis Science and
Technology,” International Journal of Hydrogen Energy 45 (2020): 26036-
26058, https://doi.org/10.1016/j.ijhydene.2020.03.109.

49. A. C. Garcia, T. Touzalin, C. Nieuwland, N. Perini, and M. T. M. Koper,
“Enhancement of Oxygen Evolution Activity of Nickel Oxyhydroxide by
Electrolyte Alkali Cations,” Angewandte Chemie International Edition 58
(2019): 12999-13003, https://doi.org/10.1002/anie.201905501.

50. D. S. Hall, C. Bock, and B. R. MacDougall, “The Electrochemistry of
Metallic Nickel: Oxides, Hydroxides, Hydrides and Alkaline Hydrogen
Evolution,” Journal of the Electrochemical Society 160 (2013): F235-F243,
https://doi.org/10.1149/2.026303jes.

51. Z. Liu, S. D. Sajjad, Y. Gao, H. Yang, J. J. Kaczur, and R. I. Masel, “The
Effect of Membrane on an Alkaline Water Electrolyzer,” International
Journal of Hydrogen Energy 42 (2017): 29661-29665, https://doi.org/10.
1016/j.ijhydene.2017.10.050.

52.Y. Chen, F. Mojica, G. Li, and P. Y. A. Chuang, “Experimental
Study and Analytical Modeling of an Alkaline Water Electrolysis Cell,”
International Journal of Energy Research 41 (2017): 2365-2373, https://doi.
org/10.1002/er.3806.

53. H. Y. Jung, S. Y. Huang, and B. N. Popov, “High-Durability Titanium
Bipolar Plate Modified by Electrochemical Deposition of Platinum for
Unitized Regenerative Fuel Cell (URFC),” Journal of Power Sources 195
(2010): 1950-1956, https://doi.org/10.1016/j.jpowsour.2009.10.002.

54.Y. Liu, S. Huang, D. Wang, et al., “Modifying Ti-Based Gas Diffusion
Layer Passivation for Polymer Electrolyte Membrane Water Electrolysis
via Electrochemical Nitridation,” ACS Applied Materials & Interfaces 14
(2022): 15728-15735, https://doi.org/10.1021/acsami.1c22639.

55. P. Lettenmeier, R. Wang, R. Abouatallah, et al., “Low-Cost and
Durable Bipolar Plates for Proton Exchange Membrane Electrolyzers,”
Scientific Reports 7 (2017): 1-12, https://doi.org/10.1038/srep44035.

56. V. V. Fedorov, Theory of Optimal Experiments (Academic
Press, 1972), https://shop.elsevier.com/books/theory-of-optimal-
experiments/fedorov/978-0-12-250750-2.

57. K. Siebertz, D. van Bebber, and T. Hochkirchen, Statistische
Versuchsplanung—Design of Experiments (DoE) (Berlin, Heidelberg:
Springer, 2010), https://doi.org/10.1007/978-3-642-05493-8.

58. A. Bellmann and H. Bandemer, Statistische Versuchsplanung (Berlin:
Teubner Verlag, 1994).

59. R. Herbert, “Some Aspects of the Sequential Design of Experiments,”
Bulletin of the American Mathematical Society 58 (1952): 527-535, https://
doi.org/10.1090/S0002-9904-1952-09620-8.

60. F. Felsen, K. Reuter, and C. Scheurer, “A Model-Free Sparse
Approximation Approach to Robust Formal Reaction Kinetics,” Chemical
Engineering Journal 433 (2022): 134121, https://doi.org/10.1016/j.cej.2021.
134121.

61. C. Kunkel, F. Riither, F. Felsen, et al., “Systematic Exploration of a
Multi-Promoter Catalyst Composition Space With Limited Experiments:
Non-Oxidative Propane Dehydrogenation to Propylene,” ACS Catalysis 14
(2024): 9008-9017, https://doi.org/10.1021/acscatal.4c01740.

62.Y. Su, X. Wang, Y. Ye, et al., Automation and Machine Learning
Augmented by Large Language Models in a Catalysis Study (London: Royal
Society of Chemistry, 2024), https://doi.org/10.1039/d3sc07012c.

63. Z. Zheng, Z. Rong, N. Rampal, C. Borgs, J. T. Chayes, and O. M. Yaghi,
“A GPT-4 Reticular Chemist for Guiding MOF Discovery**,” Angewandte
Chemie International Edition 62 (2023): €202311983, https://doi.org/10.
1002/anie.202311983.

64. D. A. Boiko, R. MacKnight, B. Kline, and G. Gomes, “Autonomous
Chemical Research With Large Language Models,” Nature 624 (2023):
570-578, https://doi.org/10.1038/s41586-023-06792-0.

12 of 12

Electrochemical Science Advances, 2025

88UB01T SUOLUIWIOD BAIE8ID (el |dde 8y} Aq paupA0B 88 B YO 8SN JO S3|NJ 10} ARIq1T 8UIUQ A1\ UO (SUOTIPUOD-pUe-SWIB)Wo0" A3 1M Afelq 1 BulUo//Sd1Y) SUORIPUOD PUe SW.B | 84} 89S *[9202/T0/60] U0 AiqIT8uIuO AB|IM ‘BILBD YoKessay HAWSD Y1 winiuezsBunyosiod Aq ST000K202ese/200T 0T/10p/wod A8 | im A g puljuoadoine-Alisiweyd//sdny wolj pepeojumoqd ‘9 ‘GZ0Z ‘LL6G8692


https://doi.org/10.1002/celc.202400193
https://www.ika.com/en/Products-LabEq/Electrochemistry-Kit-pg516/IKA-e-Hive-40004945
https://www.ika.com/en/Products-LabEq/Electrochemistry-Kit-pg516/IKA-Carousel-20017512
https://www.ika.com/en/Products-LabEq/Screening-System-pg913/Screening-System-Package-(8-Cells)-40003642
https://doi.org/10.1016/S0022-0728(02)01144-0
https://doi.org/10.1021/acscombsci.9b00130
https://doi.org/10.3390/catal10101165
https://doi.org/10.1039/d2cy00873d
https://doi.org/10.1016/j.ijhydene.2021.11.002
https://doi.org/10.1016/j.ijhydene.2019.02.074
https://doi.org/10.1039/d2ya00134a
https://doi.org/10.1002/cite.202300234
https://doi.org/10.1016/j.electacta.2024.144767
https://doi.org/10.1016/j.pecs.2017.05.005
https://doi.org/10.1021/acssuschemeng.2c05539
https://doi.org/10.1016/j.ijhydene.2020.03.109
https://doi.org/10.1002/anie.201905501
https://doi.org/10.1149/2.026303jes
https://doi.org/10.1016/j.ijhydene.2017.10.050
https://doi.org/10.1002/er.3806
https://doi.org/10.1016/j.jpowsour.2009.10.002
https://doi.org/10.1021/acsami.1c22639
https://doi.org/10.1038/srep44035
https://shop.elsevier.com/books/theory-of-optimal-experiments/fedorov/978-0-12-250750-2
https://doi.org/10.1007/978-3-642-05493-8
https://doi.org/10.1090/S0002-9904-1952-09620-8
https://doi.org/10.1016/j.cej.2021.134121
https://doi.org/10.1021/acscatal.4c01740
https://doi.org/10.1039/d3sc07012c
https://doi.org/10.1002/anie.202311983
https://doi.org/10.1038/s41586-023-06792-0

	A Well-Advanced High-Throughput Test System for Electrocatalytic Screening Applications Under Industrial Relevant Conditions - A Perspective to Accelerate Electrolysis Research and Development
	1 | Introduction
	2 | High-Throughput Experimentation
	3 | System Design Approach
	3.1 | High-Throughput Test System
	3.2 | Modular Electrochemical Flow Cell
	3.3 | 4-Cell Prototype System

	4 | Design of Experiments
	5 | Discussion
	5.1 | Acceleration Potential
	5.2 | Variability Potential
	5.2.1 | Application Variability
	5.2.2 | Process Variability


	6 | Conclusion
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement

	References


