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Fast and accurate synthesis and testing of electrocatalysts is essential to accelerate development of next
generation catalysts for sustainable energy technologies. In this paper, we introduce CatBot, a fully
automated platform for reliable synthesis and testing of electrocatalysts capable of operating at
temperatures of up to 100 °C from highly acidic to highly alkaline conditions. The platform leverages
roll-to-roll transfer, integrating customizable stages for substrate cleaning, catalyst loading, and
electrochemical testing, with a custom made liquid distribution system enabling multi-element
electrocatalyst synthesis via electrodeposition. CatBot enables fabrication and testing of up to 100
electrocatalysts per day, significantly accelerating catalyst discovery and optimization. We demonstrate
the platform's reproducibility, through synthesis and testing of various catalytic coatings for the
hydrogen evolution reaction (HER) in alkaline conditions, achieving overpotential uncertainties in the
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Accepted 5th November 2025 range of 4-13 mV at —100 mA cm™ <. Additionally, we benchmark the platform by comparing anodic and

cathodic redox peaks for nickel in alkaline solutions confirming consistency with previous studies. Thus,
DOI: 10.1033/d5dd00403a CatBot comprises an automated, fast, reproducible, accurate and scalable synthesis and testing system

rsc.li/digitaldiscovery for the accelerated development of next generation electrocatalysts.
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1 Introduction

The green transition relies on the deployment of efficient and
low-cost electrochemical technologies and catalytic processes
that can convert renewable electricity into sustainable fuels and
chemicals. Central to this are electrocatalysts that are not only
active and stable but also affordable and scalable to industrial
levels.*?

However, the discovery and optimization of new electro-
catalysts remains time- and resource-intensive, constrained by
complex multistep synthesis and characterization processes.
When performed manually, researchers are restricted to
exploring only a narrow slice of the vast compositional and
synthetic parameter space, leaving many promising candidates
undiscovered. Furthermore, it is by now well established that
electrocatalysts often evolve during operation, their perfor-
mance depending sensitively on their operating history-yet
these effects are rarely studied in depth due to time and
resource limitations. Similarly, essential repetitions to assess
reproducibility and derive statistical uncertainties are scarcely
reported. To combat these limitations, increasing efforts are
directed toward lab automation in catalyst research and mate-
rials science.**
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Self-driving laboratories (SDLs) offer a solution by auto-
mating repetitive tasks and enabling high-throughput experi-
mentation with improved accuracy and repeatability, thereby
increasing the reproducibility and statistical reliability.” These
systems can systematically explore broader regions of the
compositional, synthetic, and operational parameter space in
a shorter period with adequate repetitions. As such, SDLs have
the potential to significantly accelerate the discovery and
subsequent optimization of electrocatalysts needed for next-
generation energy and chemical conversion systems.

Despite the advancements, many current SDL platforms
remain inaccessible due to high hardware cost, proprietary
software, and limited modularity. A lack of modularity severely
limits adaptation to the evolving research needs and constrains
the integration of custom synthesis or characterization steps.?
Many SDL platforms are often miniaturized, as this reduces
running costs and allows for more rapid screening of a large
number of samples. While miniaturization offers many bene-
fits, it can amplify the impact of small experimental artifacts.’
Moreover, scaling up synthesis methods is not always successful
and remains a great challenge.”

In this work, we present CatBot, a low-cost, high-throughput
robotic platform for synthesis and testing of electrocatalytic coat-
ings in both acidic and alkaline media at temperatures of up to
100 °C. The platform utilizes a facile roll-to-roll transfer mecha-
nism that enables fully automated cycling through synthesis and
testing steps without the need for robotic arms or human

© 2025 The Author(s). Published by the Royal Society of Chemistry
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intervention. CatBot's modular architecture allows for easy inte-
gration of additional processing steps such as preconditioning,
heat treatment, and in-line characterization. The platform
supports reproducible fabrication and testing of up to 100 catalyst-
coated samples per day using a user-defined electrodeposition
protocol that is easily transferable to larger and more industrial
electrode formats. Furthermore, it can accommodate a variety of
substrate materials used for the catalytic coating. The reproduc-
ibility and robustness of the platform are demonstrated here using
both bare nickel and electrodeposited nickel coatings on nickel for
alkaline water electrolysis at 80 °C, 6.9 M KOH.

2 Related work

A range of open-source platforms for automating catalyst
synthesis and screening has been developed to meet the
growing need for high-throughput experimentation. These
systems generally fall into two categories: (1) platforms centered
around robotic arms that mimic human movements to auto-
mate synthesis and testing procedures and (2) systems based on
liquid-handling techniques, including automated pipetting and
flow controllers.

High-throughput catalyst synthesis is most commonly per-
formed using either inkjet printing’®** or automated pipetting
combined with drop casting,**** both of which can easily
generate large batches of catalysts efficiently. These are often
coupled with high throughput screening methods such as
scanning droplet cells,**** enabling electrochemical measure-
ments to quantify the activity of many samples. However, the
key challenge remains: linking activity and stability measure-
ments obtained from such miniaturized, high-throughput
systems to technologically relevant electrode architectures.
Additionally, scaling the synthesis protocols developed in these
small-format setups to industrial applications presents signifi-
cant difficulties.”

Compared to these methods, electrodeposition offers
distinct advantages for catalyst synthesis. It enables precise
control of the deposition via tuning applied current or voltage
and produces strong bonding between the catalytic layer and
the substrate.’® Electrodeposition is also already widely
employed in catalyst research and technological electrode
production at the industrial scale. Despite its relevance, only
a limited number of automated, high-throughput platforms
leveraging electrodeposition have been developed. Fatehi et al.?
employed a robotic arm in combination with a liquid distribu-
tion system to optimize the stability and activity of earth-
abundant mixed-metal oxide catalysts for the oxygen evolution
reaction (OER). Similarly, Yu et al.'” developed an automated
electrodeposition setup that deposited catalysts onto carbon
fiber substrates, later removing the catalyst layer via electro-
dissolution for substrate reuse. While these systems represent
important progress, they typically operate only under near-
ambient conditions and low current densities or rely on costly
robotic arms to simulate manual sample handling. Further-
more, expanding such platforms to include additional capa-
bilities, such as pre-treatment or pre/post-conditioning,
remains technically challenging due to limited modularity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3 Experimental setup

CatBot leverages a streamlined roll-to-roll architecture,
combined with a liquid distribution system, to automate cata-
lyst synthesis and electrochemical testing (Fig. 1a). At the core
of the platform is the roll-to-roll transfer mechanism that moves
a continuous substrate through sequential processing
stations—including pre-treatment, cleaning, synthesis, and
electrochemical testing—without the need for robotic arms or
manual intervention. This approach enables continuous oper-
ation rather than the traditional batch-based workflows
employed in many existing autonomous catalyst platforms.

The roll-to-roll design also introduces a high degree of
modularity, allowing individual stations to be reconfigured,
expanded, or swapped out to meet the demands of evolving
workflows. After synthesis and testing, the coated catalyst
samples are collected on a take-up drum, enabling storage for
subsequent post-mortem characterization.

The CatBot was designed to meet the following key design
requirements:

1. The system must operate reliably in harsh electrochemical
environments, including highly alkaline (>30 wt% KOH) and
acidic (3 M HCI) media, at temperatures up to 100 °C to evaluate
catalyst activity/stability in realistic environments.

2. Each processing stage (e.g., pre-treatment, electrodeposi-
tion, post-treatment, testing) should be easily interchangeable
or extendable to accommodate different (electro)catalytic
applications or characterization needs.

3. The system must support electrodeposition as the primary
synthesis method due to its industrial relevance, versatility, and
ability to generate strongly adhered, compositionally tunable
catalyst layers.

4. Sample holders and reagent volumes should balance
measurement precision with efficient use of chemicals and
materials, minimizing waste while maintaining data quality.

3.1 Roll-to-roll system

The roll-to-roll system automates substrate transfer through
sequential stages of cleaning, synthesis, and electrochemical
testing. A spool of substrate (e.g., Ni wire) is mounted at the
inlet (left side of Fig. 1a and b), and a stepper motor connected
to a custom 3D-printed take-up drum on the opposite end
regulates its movement through the system (Fig. S1). The
substrate first passes through two cleaning stations. In the first,
it is immersed in a 3 M HCI to remove oxides and surface
contaminants. It then enters a water rinse station to eliminate
residual acid, ensuring a clean surface for subsequent catalyst
coating. The substrate then enters the synthesis station, where
electrodeposition takes place to form an electrocatalytic
coating. A metal salt electrolyte is used, and a potential is
applied between the substrate and a counter electrode to drive
the deposition process.

After coating, the electrode is transferred directly to the
testing station, where its electrochemical performance is eval-
uated. In this work, the platform is demonstrated using the
hydrogen evolution reaction (HER), though it is compatible
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Fig. 1 Overview of the CatBot roll-to-roll catalyst synthesis and testing platform. (a) Schematic of the full system layout, showing components
and fluid and data connections. (b) Zoom-in on the roll-to-roll substrate transport system (bottom portion of the schematic), highlighting the
stations the substrate (nickel wire) passes through during synthesis and testing.
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with a broad range of electrocatalytic applications, including
oxygen evolution reaction (OER), CO, reduction reaction
(CO,RR), and corrosion protection. Following testing, the
coated substrate is rolled onto the take-up drum, allowing for
sample retrieval and characterization. The system then returns
to its starting state and proceeds with the next experimental
segment. The electrical connection between the potentiostat
and substrate is maintained using a metal brush mounted on
a servo motor, which rotates to ensure stable contact during
operation (Fig. S2).

As the system includes two stations requiring potentiostat
control, a relay is used to switch between configurations: a two-
electrode setup in the synthesis station and a three-electrode
setup in the testing station, enabling the use of a single
potentiostat for both chambers.

3.2 Liquid distribution system

The liquid-handling system comprises seven syringe pumps
that enable precise delivery of liquids to the synthesis and
testing stations, with a resolution of 30 pL. In the current
configuration, five syringe pumps are assigned to the synthesis
station and two to the testing station. The system is designed for
scalability and modularity, allowing pumps to be redistributed
or added as experimental needs evolve.

Each syringe pump is driven by a stepper motor controlled
through a motor driver connected to an Arduino micro-
controller. The syringe pumps are coupled with three-way valves
actuated by servo motors, also operated by the Arduino (Fig. S4).
This configuration allows the system to switch automatically
between aspiration and dispensing modes, enabling self-
refilling when the syringes reach low volumes.

Waste management is handled by peristaltic pumps con-
nected to the drainage outlets at the bottom of the synthesis and
testing stations. These pumps remove spent liquids following
experiments or cleaning cycles and direct them into a waste
container (Fig. 2).

All components in contact with liquids, including syringes,
tubing, and reagent bottles, are made of polypropylene (PP),
selected for its high chemical resistance and stability. This
ensures compatibility with a broad range of electrolytes and
prevents contamination or material degradation over time.

During operation, the synthesis and testing chambers are
filled with 15 mL and 11 mL of liquid, respectively. A volumetric
variation of 30 pL corresponds to an uncertainty of approxi-
mately 0.2% to 0.27%, depending on the chamber, which is
considered adequate. Further improvement in dispensing
precision can be achieved by using tubing with a smaller
internal diameter, thereby reducing droplet size, which remains
the key contributor to the indicated uncertainty.

In the example described in this work, two syringe pumps
were connected to the synthesis station: one containing a 0.4 M
NiSO, and 0.4 M Naz;CeH;0, (sodium citrate) precursor solu-
tion, and the other containing Milli-Q water. Combining NiSO,
and Milli-Q water allows the concentration to be adjusted. The
Milli-Q water supply is also used to clean the synthesis chamber
between runs. The two syringe pumps connected to the testing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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station contained Milli-Q water and 6.9 M KOH. The water
served dual roles, diluting the KOH as desired and rinsing the
testing chamber during cleaning cycles.

3.3 Chamber design

The synthesis and testing chambers, which hold the electrolyte
solutions, were CNC-milled from polyether ether ketone (PEEK).
PEEK was selected for its excellent mechanical properties and
chemical stability in alkaline and acidic environments at
elevated temperatures. The synthesis chamber consists of two
main components: a main container and a removable lid. The
lid features a PEEK holder for a @7 mm bearing made of PEEK
and zirconia, which guides the moving substrate through the
chamber. Two PEEK rods mounted on the lid hold a Pt wire that
serves as the counter electrode (Fig. S5).

The testing chamber follows a similar design. The lid
includes a @7 mm PEEK bearing holder for substrate guidance,
while the main container houses a removable insert that holds
both the membrane/diaphragm and the perforated nickel plate
counter electrode (CE), as shown in Fig. 2, element 10. This
holder, 3D-printed in PEEK, is positioned close to the coated Ni
wire working electrode (WE). The internal geometries of both
chambers are modular and can be easily reconfigured to
accommodate other experimental requirements.

Fig. 2a presents a cross-sectional view of the testing station.
The nickel wire substrate enters the chamber from the top and
is rolled through the g7 mm bearing at the bottom. Two copper
brackets securely fix the chambers during experimentation, and
allow for an even distribution of the heat from the heating
cartridges that are fixed on them. A temperature probe is
submerged into the liquid electrolyte and another one in the
copper bracket itself. This allows for a fast and accurate
temperature control. The reference electrode is placed between
the nickel wire substrate and the perforated nickel plate counter
electrode. In this study, a Zirfon separator was placed between
the reference electrode and the counter electrode to prevent
hydrogen and oxygen bubbles from mixing during testing.

3.4 Electronics and software

Control of all electronic components of the setup including
syringe pumps, peristaltic pumps, servo motors, and heating
elements is facilitated through Arduino. Two Arduino MEGAs
are employed in the platform. The first Arduino controls the
roll-to-roll and liquid handling systems, while the second
monitors and sets the temperature of the synthesis and testing
stations. The Arduinos are placed on custom made printed
circuit boards (PCBs) to reduce wiring complexity and simplify
repairs. To programmatically control and monitor the elec-
tronic components of the setup, serial communication between
Python and the Arduinos is established through the pyserial
package.

The workflow is managed by the catbot_control_master.py
script, which interfaces user-control of all electronic compo-
nents in the setup. This script calls on several subpackages in
Python, that in turn communicate directly with Arduino, to
control key functionalities of the platform such as substrate

Digital Discovery, 2025, 4, 3810-3817 | 3813
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Fig. 2

(a) Sectional 3D render of the PEEK testing chamber placed inside with (1) heating copper bracket, which is connected to heating elements

(not shown), (2) water inlet, (3) KOH inlet, (4) uncoated nickel wire, [WE], (5) applied catalytic coating (6) temperature probe monitoring the
electrolyte temperature (7) temperature probe for copper bracket, (8) RHE reference electrode, (9) bearing composed of PEEK and zirconia (10)
CE and separator holder (11) tubing that goes to peristaltic drain pump and further to waste (12) nickel perforated plate CE, (13) Zirfon 500
separator. (b) Top view of the lid with designated openings for the nickel wire, counter electrode, reference electrode, temperature probe and
electrolyte inlets. (c) Sectional side view of the PEEK testing chamber with the lid.

transfer, waste handling, liquid distribution and temperature
settings. To execute an experiment, the user defines the key
parameters, such as synthesis conditions, testing conditions,
testing protocol and cleaning protocol. An example script for
running an experiment, showing the possible parameter selec-
tions is presented in (Listing S.1). Additional functionalities can
easily be implemented, as all instruments can be controlled
from high-level Python code. Finally, the Squidstat potentiostat
is controlled directly from Python using their custom made API.
To simplify integration into our software package, we wrote
a wrapper around their APIL.

4 Electrochemical reproducibility of
the platform

4.1 Reproducibility and consistency in oxidation and
reduction peaks of nickel

Ni has a well-defined oxidation peak at approx. ~1.4 V vs. RHE
in alkaline conditions, where «/B-Ni(OH), oxidizes to B-
NiOOH.™?* To ensure accuracy and reproducibility of the
platform, we investigated the peak location when cycling 8
uncoated Ni wires at two different conditions: 4 wires cycled at T
=80 °Cin a 6.9 M KOH solution and 4 wires cycled at 7= 30 °C
in a 0.5 M KOH solution. Fig. 3a and b show the second and
tenth CV curves for the wires cycled at the two different condi-
tions. When cycling at T = 30 °C, the initial location of the
oxidation peak is at 1411.2 mV with an uncertainty of £1.3 mV.
Increasing the temperature and concentration of KOH shifts the
anodic and cathodic peaks to lower values, with the anodic peak
now at 1372.7 mV £ 1.4 mV. Moreover, the intensity of the
anodic peak increases significantly. In the tenth cycle (Fig. 3b),

3814 | Digital Discovery, 2025, 4, 3810-3817

the location of the peak remains nearly unchanged at 1407.2 mV
£ 3.8 mV when cycling at T = 30 °C, 0.5 M KOH, whereas it
shifts slightly to 1379.1 mV £ 0.5 mV at T = 80 °C, 6.9 M KOH.
Compared to cycling at 30 °C, we observe the growth of a peak at
roughly 1500 mV at 80 °C. While the origin of this peak is not
well-established, it could be related to the growth of an ener-
getic v phase NiOOH." The results are in good agreement with
previously reported peak positions, finding the «/B-Ni(OH), to
B-NiOOH transition lying at 1360-1370 mV vs. RHE in 1-6 M
KOH Fe-free solution at T' = 25 °C, shifting towards 1380-
1420 mV vs. RHE with trace levels of Fe impurities, and to even
higher potentials with increasing Fe content in the electro-
lyte.”>** This suggest that trace levels of Fe are present in our
KOH, which is expected given that we only perform pre-
electrolysis and no further purification with Ni(OH),. The
measurement uncertainty of the peak positions was below 5 mV
at all experimental conditions. The experiments conducted in
the platform are therefore highly reproducible while spanning
a broad range of electrolyte concentrations and operating
temperatures.

4.2 ECSA

The ECSA was estimated from the double-layer capacitance
(Ca1), determined from the slope of the current density versus
scan rate in the non-faradaic region, using the relationship
ECSA = Cq4/20 uF cm ™2, where 20 uF cm > was taken to repre-
sent the Cy; value of the perfectly smooth electrode.** Calculated
ECSA values, along with their corresponding standard devia-
tions, are presented in Table 1. The bare Ni wire exhibits the
lowest ECSA at 4.3 cm® £ 0.2 cm” demonstrating consistency for
the smooth Ni surface. As a coating is applied onto the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Determined ECSA values and their corresponding standard
deviations for bare nickel wire and coated electrodes

ECSA [cm?] Uncertainty [cm?] Error [%]
Bare wire 4.3 0.2 4.7%
S1 197.5 28.7 14.5%
S2 45.6 9.4 20.6%
S3 619.8 36.3 5.8%

electrode, the ECSA increases by a factor of 10-150. Even when
applying a coating, the uncertainties in ECSA range from 4.7%
to 20.6% remaining within an acceptable range.

4.3 HER activity of bare and coated wires

We then investigated the HER activities of the coated and
uncoated samples. Fig. 4a) reports the LSVs obtained from 0 mV
to —500 mV recorded at 5 mV s~ ' in 6.9 M KOH at 80 °C. The
current density was capped at —100 mA cm 2, to avoid excessive
foaming of the electrolyte at higher current densities. The bare
Ni wire exhibited the highest overpotential at —10 mA cm™> 5,0
= 421 mV. A higher ECSA correlated with lower 7, and 714
values. The sample-to-sample reproducibility of these experi-
ments is remarkable. The overpotential values for the bare and
coated wires span 719 = 220-421 mV and 7490 = 335-451 mV
with standard deviations in the range 4.2-13 mV (Fig. 4b). These
results demonstrate the platform's suitability for both funda-
mental mechanistic studies and high-throughput screening of
electrocatalyst coatings.
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Fig. 4 HER catalytic performance evaluation (a) LSVs in 6.9 M KOH at 80 °C at 5 mV s~ ! IR corrected. (b) Mean overpotentials at 510 (CC 10 mA
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Table 2 Deposition parameters for nickel coatings

NiSO, [M] Time [s] I[mA cm 2 Temp. [°C ]
S1 0.15 120 150 45
S2 0.1 150 80 55
S3 0.1 250 200 60

5 Conclusion

In this work we introduce CatBot (Catalysis Bot), a fully auto-
mated platform capable of synthesizing and testing electro-
catalysts. The platform was designed to be low cost, chemically
resistant to concentrated acids and bases at higher tempera-
tures, as well as modular, allowing easy integration of addi-
tional functionalities such as additional pre-treatment or heat
treatment steps. It utilizes a novel roll-to-roll system for both
fabrication and testing of electrocatalysts without any moving
parts or robotic arms, improving both reliability and safety. The
platform was benchmarked by investigating characteristic
oxidation and reduction peaks of Ni, showing both a high
degree of reproducibility and consistency with previous studies.
Moreover, different coatings were applied to a Ni wire in order
to evaluate the consistency of catalytic coating application and
testing. This yielded uncertainties of HER overpotentials on the
order of 4 mV to 12 mV for different coatings at —10 to —100 mA
cm 2, corresponding to a maximum uncertainty of 3%. Simul-
taneously, the platform is both durable and efficient, managing
to perform all 20 experiments described here in just 20 hours. In
the present configuration, catalytic coatings are deposited onto
a substrate via electrodeposition. Nonetheless, modifications
can effortlessly incorporate alternative synthesis techniques
such as electroless plating, dip-coating, spraying, and more if
needed.

The next step is to integrate machine learning (ML) with the
platform for autonomous synthesis, testing, and optimization
of catalytic coatings. ML is becoming prominent in catalysis by
identifying complex parameter trends, resulting in accelerated
catalyst discovery and generation of fundamental insights.>®**
We believe that our system and other SDLs, when integrated
with machine learning algorithms, will significantly accelerate
the discovery of highly stable and active catalysts. Moreover, it is
important to highlight that the platform we have introduced is
versatile enough to be applied in numerous applications. While
illustrated here for the optimization of electrocatalysts, it can
also be tailored for a wide range of areas, including corrosion
science and bioelectrochemical sensing.

6 Chemicals and materials

6.1 Chemicals and materials

37 wt% HCI with a purity of 99.999% was purchased from
Sigma-Aldrich, and subsequently diluted down to 3 M using
Milli-Q water. Nickel sulphate hexahydrate with a purity of
98.5% and sodium citrate dihydrate with a purity of 99% were
also acquired from Sigma Aldrich. KOH pellets were obtained

3816 | Digital Discovery, 2025, 4, 3810-3817
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from VWR chemicals and aqueous KOH electrolyte was
prepared at a concentration of 30 wt% and then pre-electrolysed
for 72 hours to remove metal impurities present in the KOH
pellets. A 1 km roll of 0.4 mm nickel wire with a purity of
99.8% was purchased from Changzhou dlx alloy Co.

6.2 Electrochemical measurements

All electrochemical measurements were performed using an
Admiral Squidstat Plus potentiostat. The electrodeposition took
place in a two electrode chamber with the Ni wire as WE, and
a spooled @0.4 mm Pt wire acting as the CE. The potential used
in the plating was WE vs. CE. The electrochemical testing was
performed in a three electrode testing chamber with a Ni
perforated plate as CE, and a 1.6 mm Gaskatel Mini Hydroflex
reversible hydrogen electrode (RHE) as reference electrode (RE).

6.3 Experimental protocol

To assess platform accuracy and reproducibility, we conducted
a qualification and benchmarking study focusing on the
consistency and accuracy of the electrochemical data obtained
from both bare and coated Ni wires. Ni wire was selected due to
its low cost and well defined geometric surface area. During the
experiments, only one sample was processed at a time. The Ni
wire underwent cleaning in 3 M HCI for 15 minutes prior to any
experimentation. The HCl was emptied into a separatecontainer
after the cleaning procedure. Uncoated Ni wire was tested in
6.9 M KOH at 80 °C and 0.5 M KOH at 30 °C to assess anodic and
cathodic Ni redox peak position reproducibility. Peak positions
were also compared with literature to assess consistency.
Moreover, the uncoated Ni wire tested at 80 °C served as
a baseline to compare the catalytic activity of the coated Ni
samples. Each experiment was repeated 4 times for both coated
and uncoated Ni. A citrate bath containing 0.4 M NiSO, and
0.4 M trisodium citrate, and adjusted to a pH of 2 using
concentrated sulfuric acid, was used for the electrodeposition
baths. For different coatings, the Ni precursor solution was
diluted with Milli-Q water, while maintaining the NiSO,-to-
citrate ratio. To validate the platform's sample-to-sample
reproducibility over a broad range of deposition conditions,
three different sets of coating parameters were chosen, listed in
Table 2. Uniform coating on the Ni wire was achieved by
continuously moving the Ni wire during the electrodeposition
process as illustrated in Fig. S7.

Following cleaning in 3 M HCI and water, and electrodepo-
sition for the coated Ni wire, a multi-step electrochemical
protocol was employed. The protocol begins with a galvano-
static  electrochemical impedance spectroscopy (GEIS)
measurement at a current density of —10 mA cm > from 100
kHz to 1 Hz to obtain the solution resistance (Rg). This is fol-
lowed by CV scans in the non-faradaic region 50-150 mV vs.
RHE at scan rates of 20, 40, 80, 160, and 320 mV s ' to deter-
mine the electrochemical surface area (ECSA). LSV is then per-
formed from 0 to —500 mV vs. RHE at 5 mV s~ " to evaluate HER
activity at different overpotentials. Finally, the bare wires
undergo 10 CV cycles from —200 mV to 1600 mV vs. RHE at
50 mV s, to assess consistency and reproducibility of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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redox peaks of the bare Ni surface. The coated wires followed
the same protocol, where the last 10 CV cycles were omitted as
we were only interested in the reproducibility of the ECSA of the
applied coating, and the overpotentials at —10 mA cm > and
—100 mA cm 2. After each experiment, both the deposition and
testing electrolytes were flushed, and the corresponding
chambers were rinsed twice with Milli-Q water following
deposition and testing, respectively. The total experimental
time for coated electrodes was 40-50 minutes, including HCI
cleaning, deposition, and electrochemical testing. For bare
nickel wire, each experiment took 40-45 minutes, including
HCI cleaning and electrochemical testing.
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