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Effect of Operating Temperature on Ni-Fe Alloy
Nanostructured Electrodes for Alkaline Electrolyzer

Alberto Affranchi, Roberto Luigi Oliveri,* Sonia Longo, Gabriele Micciché, Sonia Carbone,
Francesca Bellomo, Salvatore Geraci, Bernardo Patella, Nadia Moukri, Giuseppe Aiello,
Maurizio Cellura, Philippe Mandin, Myeongsub Kim, and Rosalinda Inguanta

Herein, the effect of operating temperature on alkaline electro-
lytic cells for hydrogen generation using nanostructured electro-
des is studied. Nanostructured nickel-iron alloy electrodes are
obtained by electrosynthesis in a template. These electrodes
are characterized by a nanowire-like structure with a high active
surface area and consequently a higher catalytic activity than
non-nanostructured materials. The chemical and morphological
features of nanostructured electrodes are evaluated by energy-
dispersive spectroscopy, X-ray diffraction, and scanning electron
microscopy analyses. The electrochemical behavior of the nano-
structured electrodes is studied through different tests in alkaline

1. Introduction

Hydrogen production through water splitting coupled with
renewable energy sources, such as solar energy, is a promising
strategy"? to make hydrogen the main energy carrier of the
future.®’ Renewable-powered water electrolysis represents one
of the most advanced and promising technologies for the pro-
duction of green hydrogen, which is a crucial component in
the development of a sustainable energy system.**® However,
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solutions. Tests are performed at different temperatures, 25, 40,
and 60 °C, to evaluate the performance in terms of hydrogen and
oxygen production and to verify the medium-term stability under
galvanostatic conditions. The electrodes demonstrate good sta-
bility over time without evident signs of performance decay.
The performance of a homemade electrolyzer with nanostruc-
tured electrodes is also studied at different temperatures and
under industrial operation conditions for 600 h. The environmen-
tal impacts through the application of life cycle assessment meth-
odology are also evaluated.

a major challenge remains—making these systems economically
viable on a large scale. It is essential to work to increase the effi-
ciency and stability of the system and to reduce the hydrogen
production cost.”® Many researchers are working on the devel-
opment of catalysts for the oxygen and hydrogen evolution reac-
tions (OER and HER, respectively) that offer both high efficiency
and low cost, utilizing nonprecious and earth-abundant transition
metals.”” Nickel and its alloys, such as NiFe'>'? and NiCo,""® have
received much attention due to their low cost, high activity for
HER and OER, and good electrochemical stability. It is well estab-
lished that the Ni-Fe alloy exhibits superior catalytic activity for
the OER compared to pure Ni. However, under industrial operat-
ing conditions (60-80 °C and high current density), Fe leaching
has been observed,"'*'®" which must be addressed as it compro-
mises the structural stability of the Ni-Fe alloy. Consequently,
there is a strong need to enhance the operational stability of
Ni-Fe alloy catalysts for industrial applications.

Research into electrode materials, with a particular focus on
nanostructured materials, has resulted in significant advance-
ments in the energy efficiency and stability of alkaline electrolyz-
ers. Nanostructured catalysts provide a high number of active
sites, enhancing electrochemical performance compared to their
bulk counterparts.'”'® In addition, electrocatalysts with nano-
structured morphology exhibit good electronic conductivity
and facilitate the rapid detachment of gas bubbles from the sur-
face." However, it should be noted that the overall performance
of an alkaline electrolyzer is not solely determined by the quality
of the electrocatalysts. The temperature of the electrolyte solu-
tion is a crucial factor, influencing critical parameters such as
reversible voltage, reaction kinetics, ionic conductivity, and mate-
rial stability. Industrial alkaline electrolyzers typically operate in
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the range from 40 to 90 °C*°23 Therefore, the electrodes used
must be able to withstand these temperatures.

Researchers generally focus on the performance of electroca-
talysts at ambient temperature. However, as demonstrated in
another study,* neglecting the effect of temperature variations
can lead to misleading conclusions. Some mathematical models
have been proposed to describe the behavior of an alkaline elec-
trolysis cell at different temperatures.”>=2" As expected, both the-
oretical models and experimental data indicate that increasing
temperature leads to a decrease in cell voltage, thereby reducing
the energy demand of the electrolyzer. Some authors have
shown, however, that temperature affects different electrocata-
lysts differently. In Ref. [28] it was demonstrated that the perfor-
mance of NiOx catalysts improves as the temperature increases
from 25 °C to 50 °C. Zhang et al.*® observed that the OER perfor-
mance of Co-based catalysts peaks at a temperature range of 55—
65 °C. This behavior was attributed to the change of the rate-
determining step (RDS) from only OH™ adsorption to a mixed
mode, where both adsorption and the cleavage of the OH group
can be rate determining, resulting in faster kinetics. In Ref. [30] it
was demonstrated that for NiCo/oxide materials, the ORR kinetic
increases as the operating temperature increases from 20 to 80 °C
and that this increase is particularly relevant (3 to 8 times higher)
in the case where the catalyst is amorphous or poorly crystalline.

Considering that electrodes with nanowire morphology
remain relatively underexplored, this article analyzes the influ-
ence of temperature on the performance of nanostructured elec-
trodes, highlighting the implications for the overall efficiency of
electrolyzer systems and identifying strategies to increase hydro-
gen production through optimal control of operating parameters.
In particular, building on findings from previous works,!"**"" nano-
structured NiFe electrodes were tested in 30 wt% aqueous potas-
sium hydroxide solution at different temperatures to study their
mechanical and chemical stability and validate their use in an
industrial electrolyzer. These electrodes were fabricated using
template electrodeposition in a polycarbonate template to obtain
electrodes with nanowire morphology. Electrocatalysts produced
through this method typically demonstrate enhanced structural
stability and superior conductivity in comparison to those fabri-
cated via alternative methodologies.*2** This approach elimi-
nates the need for binders, ensuring strong adhesion between
the active catalytic materials and the substrate thus reducing
the catalyst detachment during electrocatalytic reactions.

In addition, the in situ growth of electrocatalysts in templates
by electrodeposition provides two main advantages. First, it sig-
nificantly increases the surface area of the electrocatalysts, expos-
ing a greater number of active reaction sites. This enhances
electrolyte penetration and facilitates gas bubble formation
and detachment. Second, it improves electrical conductivity,
further enhancing catalytic performance.®* In addition to high
catalytic activity, a cost-effective synthesis approach is a crucial
factor for large-scale practical applications of electrocatalysts.
A comparison of electrodeposition with alternative methods
reveals several advantages, including the capacity to produce
at ambient temperature, a reduced deposition time, and the abil-
ity to regulate the composition of electrocatalysts.®* Therefore,
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electrodeposition shows strong potential for industrial produc-
tion of efficient catalysts for water splitting.

The performance of nanostructured electrodes was studied
using different electrochemical tests, including cyclic voltamme-
try (CV), quasisteady state polarization (QSSP), galvanostatic step
(GS), and galvanostatic measurements at different temperatures
(25, 40, and 60 °C) for both HER and OER. In addition, medium-
term stability under galvanostatic conditions was also evaluated.
The performance of a homemade alkaline electrolysis cell incor-
porating nanostructured electrodes was also studied at different
temperatures to evaluate its efficiency and the impact of temper-
ature on electrode morphology and stability in a flow cell. Finally,
a life cycle assessment (LCA) was conducted to assess the energy
and environmental impacts of the electrodeposition method and
the entire electrolysis cell, employing a cradle-to-gate approach,
to identify potential areas for improvement and provide reliable
support to industrial decision-makers and product developers in
an ecodesign perspective.®>® Additionally, the effect of heating
the electrolyte (aqueous potassium hydroxide solution) over a
6-hour operation period was examined.

2. Results and Discussion
2.1. Materials and Methods

Nanostructured Ni-Fe electrodes were obtained by template
electrodeposition. This method is a very simple and inexpen-
sive as it can be performed at room temperature. The morphol-
ogy of the electrodes depends mainly on the template used. In
this study, a porous polycarbonate membrane (Whatman) was
used. These membranes are characterized by a pore density of
10"? pore m?, a pore diameter of 200-250 nm, and a thickness
of 20 um. The porous structure facilitates the formation of
cylindrical nanostructures referred to as nanowires (NWs) dur-
ing the electrodeposition process. To proceed with the electro-
deposition process, the membrane must first be made
conductive. A thin gold film (about 30 nm thick) is deposited
on one side of the membrane via sputtering process by apply-
ing a continuous current of 30 mA for 3 min. The sputtering
process was carried out using a Scancoat Six Sputter Coater
from Edwards Ltd. After the sputtering process, a compact layer
of nickel was electrodeposited onto the gold-coated surface of
the membrane. This layer provides mechanical stability to the
electrode and serve as a current collector, ensuring electrical
connectivity across all the NWs that subsequently grow within
the membrane pores. The solution used for the deposition of
the nickel collector is the typical Watt's bath (300 gL nickel
sulfate hexahydrate NiSO, x 6H,0, 45 g L nickel chloride hexa-
hydrate NiCl, x 6H,0, 45gL boric acid H3;BOs). Deposition
takes place in a standard three-electrode cell configuration
where the gold-coated membrane is the working electrode,
a platinum mesh is the counter electrode, and the reference
electrode is the calomel (SCE, 0.241V vs. standard hydrogen
electrode (SHE)). The Ni collector is obtained by potentiostatic
electrodeposition at a potential of —1.5 V versus SCE for 90 min.
The typical current pattern during the deposition is shown in
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Figure S1a, Supporting Information. Once the electrodeposi-
tion of the Ni collector has been completed, the following step
is the NWs electrodeposition. The solution used is the Watt's
Bath, which also contains 0.44 M FeSO, x 7H,0. This composi-
tion has been chosen based on experimental data from previ-
ous research studies."” NWs were obtained by applying a
square-wave pulsed electrodeposition with the potential val-
ues switched between —0.65V versus SCE and —1.35V versus
SCE for 100 cycles. The two potentials were maintained for 4 s
and 6 s, respectively. Figure S1b, Supporting Information shows
the typical trend of potential and current density during the
electrodeposition process of the NWs. The final stage of the
process involves etching the membrane in four successive
baths of five minutes each in pure chloroform.

2.2. Electrode Characterization

Before carrying out electrochemistry tests, electrodes were char-
acterized by scanning electron microscopy (SEM) with a FEG-
ESEM microscope (QUANTA 200 by FEI) and energy-dispersive
spectroscopy (EDS) to evaluate the morphology and composi-
tion of the NWs. In addition, X-ray diffraction (XRD) analysis
was performed using a RIGAKU X-ray diffractometer (D-MAX
25600 HK) in the 26 range from 3° to 100°. Performance was
evaluated in a three-electrode configuration. Instead the con-
ventional test performed in 1 M KOH at room temperature,
here a concentrated 30 wt% OH electrolyte was employed at
different temperatures. Using the concentrated electrolyte at
elevated temperature allows for the observation of possible cor-
rosion processes and other degradation phenomena which can
be negligible at low temperature. The electrodes were tested
using different electrochemical tests in 30 % wt KOH aqueous
solution. The electrode performance was evaluated at three
temperature values (25 °C, 40 °C, and 60 °C), since this parameter
significantly influences the system response.?*?* The electro-
chemical tests were conducted in a three-electrode cell config-
uration, where the NiFe NWs electrode is the working electrode
(A ~ 0.6 cm?), a nickel strip is the counter-electrode and a Hg/
HgO electrode was used as reference. All the potential values
were referenced to reversible hydrogen electrode (RHE). The
performance of the bifunctional electrocatalyst was also studied
in a lab-scale electrolyzer with a two-electrode configuration.
A customized PMMA electrochemical flow cell was used. In a
typical experiment, NiFe NWs (2 x 2 cm?) electrodes were used
as cathode and anode (NiFe NWs | NiFe NWs). The two electro-
des are separated by a commercial separator (AGFA’s ZIRFON)
and immersed in 30 wt% KOH electrolytes. The performance of
the lab-scale electrolyzer was evaluated under industrial-
relevant conditions, which involved testing at the temperatures
of 25, 40, 60, and 80 °C using a 30 wt% KOH electrolyte for sev-
eral days.

All electrochemical tests were repeated three times using new
electrodes obtained with identical deposition conditions. These
tests were performed using a Cell Test System (Solartron, Mod.
1470 E, 8 channels). Data were recorded by a desk computer
via MultiStat Software (Mod. UBS147010ES).
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2.3. Life Cycle Assessment

The LCA analysis was carried out following the international LCA
standards employing an attributional approach. The aims of the
study are: to calculate the environmental impacts of the entire
cell; to identify the main environmental hotspots through a con-
tribution analysis; and to evaluate the environmental burdens/
benefits of heating the electrolyte with electric energy at three
different operating temperatures, 25°C (room temperature),
40 °C, and 60 °C. A cradle-to-gate approach is adopted, including
the life cycle stages from raw material extraction to the end of
manufacturing, considering one cell as a functional unit. The cal-
culation methodology is based on the EN 15 804 -+ A2 method.®

2.4. Electrochemical Testing

Electrocatalyst activities are strongly dependent on the active
surface area for the reactions involved in water electrolysis.
To evaluate the active surface area and the advantages of nano-
morphology, CV tests have been performed on both planar
and nanostructured electrodes. In particular, the double-layered
capacitance (CDL)®” was measured at different scan rates. From
the CDL it is possible to estimate the electrochemically active area
involved in electrochemical reactions. This is particularly useful
for studying porous materials or catalysts, where the real surface
area can significantly differ from the geometric area.®® This is
important because nanostructured materials often exhibit a
much larger effective surface area due to their morphology,
which enhances their catalytic performance by providing more
active sites for reactions. CV was performed in a non-Faradaic
region, ranging from 0.64 to 0.74V versus RHE (Figure S2,
Supporting Information) at different scan rates from 10 to
35mV ™. For each scanning rate, the difference between anodic
and cathodic current density at 0.7 V versus RHE was computed
and then plotted against the scan rate. The slope of the linear fit is
the double-layer capacitance.®” The linear fit is shown in
Figure 1. The slope of NiFe is much greater, about 7 times, than
that of the Ni planar strip. This difference in current density can be
explained by the difference in electrochemically active surface
area between the planar Ni electrode and the nanostructures.
This is a good result imputable to the very large surface area
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0.16 | X B
o e NiFe NWs
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S o012} , .
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Figure 1. Specific capacitance of the electrodes evaluated by double-layer
capacitance method: black) Ni strip; blue) NiFe NWs.
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be a greater evolution of the two gases as the OER and HER reac- Temperature HER OFR

tions are strongly dependent on the specific area. However, care

should be taken to blindly use these values as real concentrations aM blVded] R'[6 aM bded R %)
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by many other phenomena that can alter the reliability of the 60°C -041  —0.118 99.8 155 0.049 99.1

obtained values." QSSP, was performed in the potential range
of 0.7V around the thermodynamic potential of HER and OER.
Tests were performed at 25°C, 40°C, and 60 °C for both HER
(Figure S2a, Supporting Information) and OER (Figure S2b,
Supporting Information). The increase in temperature led to a sig-
nificant impact on the values of current density, as evidenced by
experimental observations. Indeed, it is well established that
an increase in temperature leads to an increase in both the con-
ductivity of the electrolyte and the kinetics of the electrode
reactions."*4*

Figure S2, Supporting Information shows that an increase in
temperature has a significant impact on the reduction of Ohmic
losses, which are predominant at high densities. Indeed, at low
current densities, a closer alignment of the curves is evident.
Conversely, a marked divergence between the curves becomes
evident at elevated current densities. It is evident that current
density increases with temperature, reaching a maximum at
60 °C under constant applied potential. QSSP were performed
on three different electrodes obtained in the same deposition
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Figure 2. Linear range of QSSP for a) HER and b) OER.
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conditions to verify the reproducibility of the fabrication method.
The curves obtained are practically superimposable and thus the
reproducibility is quite strong.

To examine the kinetics for HER and OER, Tafel plots
were constructed, Figure 2a,b, performing a linear regression
analysis from which the characteristic parameters (a and b) of
Tafel's equation were obtained. The Tafel's slopes at different
experimental temperatures for HER and OER, are reported in
Table 1. For both HER and OER, minimal variation among the
different temperatures was found. The moderate change in
Tafel slopes indicates that, in the interval of investigated temper-
atures, the RDS remains unchanged.*” In Table S1, Supporting
Information for comparison, the more relevant and recent litera-
ture data were reported. It can be observed that our results are
very close to, and in some cases better than, those obtained by
other authors. The slope values for HER approximate 120 mV dec,
suggesting that the RDS of the reaction is the Volmer step. For the
OER, a slope value of 55mV was determined. This outcome is
analogous to those attained with NiFe alloy electrodes. Table
S1, Supporting Information also reports the overvoltage values
at a current density of 10 mA cm?, which is the accepted bench-
mark parameter for the comparison between HER and OER elec-
trocatalysts.® Also in this case, the NiFe NWs electrodes show
performances comparable or superior to those reported in the
literature. The good electrocatalytic performance of Nife NW-
based electrodes can be attributed to their elevated electrochem-
ical active surface area, which ensures a substantial number of
active sites for HER and OER. The GS test was performed to eval-
uate the behavior of electrodes at different current densities. The
test was carried out using multiple current steps (10, 20, 50, 100,
200, and 500 mA cm™2), each lasting 300 s.

Tests were conducted at varying temperatures to assess the
electrode response in terms of potential for both reactions.
Plotting the mean potential value obtained for each step on
the corresponding current values yields a J-V plot (Figure 3) that
is analogous to that obtained with the QSSP. For a given
current value, the recorded potential decreases with increasing
temperature, reaching a minimum for the curve corresponding
to experiments performed at 60 degrees. Also, in this case, the
reproducibility of the electrodes was verified using three different
electrodes obtained in identical conditions. The very small ampli-
tude of the error bars reported in Figure 3 suggests confirm the
good reproducibility of the nanostructured electrode fabrication
method. At a current of 100 mA cm™2, the energy gain from 25 to
60 degrees is comparable to that reported in other studies.*”
Notably, applying a current density of 500 mA cm™2 significantly
reduced overpotentials from —0.94 to —0.59 V versus RHE for HER
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Figure 3. Galvanostatic step polarization for a) HER and b) OER.

and from 2.25V to 1.82 V for OER. A reduction in the overpotential
makes the process more energetically viable by reducing the
energy required to operate the system while increasing its effi-
ciency. GS polarization was also performed on different types
of electrodes obtained by electrodepositing the NiFe catalyst,
with identical deposition parameters, on nickel sheet (NS) and
nickel foam (NF). These tests were carried out to assess the impact
of the morphology of the NWs compared to the same alloy
deposited on different substrates. The comparison (Figure S5,
Supporting Information) shows that for the same geometric area,
NWs perform better or are comparable to NFs and superior to
NSs. Despite the noteworthy, electrocatalytic capabilities of Ni
foams as substrates for electrocatalysts in water splitting applica-
tions, the utilization of metal foams is encumbered due to their
high cost and low mechanical properties that hindered their use
in zero-gap electrolyzers. In Table S2, Supporting Information the
esteemed costs for the fabrication of different NiFe-based electro-
des were reported. Based on laboratory-estimated cost, for NiFe
NW-based electrodes, a cost of ~0.27 €cm? was calculated.
A comparison of this value with those calculated for the same alloy
deposited on Ni foam and SS 316 substrates demonstrates the eco-
nomic advantage of nanostructured electrodes with nanowire
morphology obtained by template deposition technique.

To evaluate the stability of the electrodes, midterm stability
tests were carried out. A possible degradation of electrode per-
formance over time would result in an increase in cell voltage
during the operating period. Thus, the galvanostatic tests were
performed for six hours at a constant current density of
50 mA cm 2 for the OER and —50 mA cm™ for the HER at differ-
ent operating temperatures, Figure 4. Each point on the graph
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Figure 4. Midterm stability test for 6 h: a) HER at —50 mA cm~? and b) OER
at +50 mAcm~2

represents the average potential recorded over 1800 s. A substan-
tial decrease in recorded potential will be observed as the tem-
perature rises, according to previously observed in the QSSP and
GS results. The electrodes show excellent medium-term stability
and reproducibility. For all investigated temperatures, the galva-
nostatic curves remain almost constant with negligible drops in
potential. The best result was obtained in the test at the highest
temperature, according to Nagai et al.*® In particular, at 60 °C,
there was a decrease in the potential of about 70 mV for HER
and about 90 mV for OER compared to tests performed at room
temperature.

After the test, the electrodes were tested at 60 °C and exam-
ined by SEM and XRD to evaluate their mechanical and chemical
stability following several hours of operation. The results were
then compared with those obtained before the electrochemical
test. SEM images of the electrodes at increasing magnifications
before the electrochemical test are shown in Figures S4a and
S4b, Supporting Information. The NWs have a cylindrical structure
and a smooth and regular surface, and they are evenly distributed
over the entire surface of the nickel collector. Figure S4c,
Supporting Information also shows a side view of the NWs,
highlighting their length. The SEM measurement shows NWs with
a length of about 17 um, which suggests that the parameters
defined during the electroplating process have promoted opti-
mal growth of the structures. Since the production of hydrogen
and oxygen is directly proportional to the catalytically active area
of the electrode (i.e., longer NWs allow greater production of both
gases), these length values are certainly a positive feature. To
obtain the EDS spectrum measurement with a more accurate esti-
mation of the composition, the NWs were stripped from the
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nickel collector. Figure S4d, Supporting Information shows the EDS
spectrum of the electrode where the presence of both nickel and
iron was confirmed. As explained in the previous work,"® although
the NWs were obtained from a solution richer in nickel than in iron,
the EDS spectrum confirms the anomalous behavior of Fe alloys,
which produces NWs with a higher iron content, about 75%,
despite being the least noble element present in solution. The inhi-
bition of nickel deposition in the presence of iron is due to the
preferential adsorption of intermediate iron species on the elec-
trode surface™% and the presence of complexing agents such
as boric acid. In particular, the complex formed between nickel
and boric acid is more stable than that formed between iron
and boric acid and this slows/inhibits nickel deposition.**"

After the OER and HER tests at 60°C, the SEM images
(Figure 5) revealed good stability of the electrodes. In both cases,
the nanostructures remained perfectly preserved. The medium-
high temperature did not damage the electrode morphology
demonstrating outstanding stability of the electrocatalyst during
the electrochemical test.

These results are very promising. The mechanical and electro-
chemical stability demonstrated by the electrode in the medium-
high temperature tests allows us to consider possible applications
of these electrodes in industrial alkaline electrolyzers operating at
temperatures higher than room temperature.

After the galvanostatic test performed at 60 °C, nanostruc-
tured electrodes were also characterized by XRD (Figure 6).
Peaks at ~~43.23°, 50.38° 74.18° and 90.16° can be attributed
to the (111), (200), (220) and (420) planes of the Fe-Ni fcc alloy
(Board No. 47-105).5%*3 |n addition, Ni peaks were observed at
44.53° 51.86° and 76.37°. These are associated with the face-
centered cubic a-Ni structure (table no. 04-850). XRD spectra
remain practically unchanged after medium-term stability test-
ing, confirming SEM results and thus the stability of the nano-
structured NiFe electrodes.

Due to the good activities in OER and HER processes in alka-
line media at different temperatures, the NiFe NWs electrocatalyst
was applied as a bifunctional catalyst in a homemade scale-lab
alkaline electrolyzer. The scheme of the water electrolysis cell

Figure 5. SEM images of NiFe NWs after galvanostatic test performed
at 60 °C a)-b) HER; c)-d) OER.
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Figure 6. XRD pattern of NiFe NWs: green) before testing; red) after mid-
term galvanostatic test OER at 60 °C; blue) after midterm galvanostatic test
HER at 60 °C.

system is shown in Figure 7a. The system consists of an alkaline
electrolyzer connected to a potentiostat to apply the desired
current or potential, along with a pump that circulates the
KOH solution, which is then recirculated through appropriate
connections and heated by a heat exchanger.

A small-gap electrolysis cell (AE) with an effective active area
of 4 cm?, Figure 7b,c, was fabricated using polymethyl methacry-
late (PMMA) plates which were designed and shaped with a laser
cutter. Figure 7d shows the homemade prototype connected to
the gas/liquid separator and temperature control system. Two Ni
plates were used as current collectors, while NiFe NWs served as
both the anode and cathode electrodes. A Zirfon diaphragm
(Agfa Zirfon Perl UTP 500) was employed as a separator, and
the gasket was made from polytetrafluoroethylene (PTFE) and
shaped with a laser cutter. The electrolyte was circulated through
the cell at a constant flow rate with the assistance of peristaltic
pumps. To test the functionality of the system, several electro-
chemical tests were conducted, including QSSP, GS, and galvano-
static stability tests at three different temperatures, 25 °C. 40 °C
and 60 °C. Figure 8. QSSP curves were obtained in the potential
range 1.3-3V at 10mV s ". The GS curves replicate the trend of
the QSSP curves. To reach a current density of 500 mA cm™2, the
potential required decreases from 3V to 2.48V, from 25°C to
60 °C. To study the stability of the electrodes and the ability of
the lab-scale electrolyzer to work for a continuous operation,
a current density of 100 mA cm™ was imposed at the beginning
for 6 h. Each point on the graph represents the average recorded
potential over 1800 s. After the first two hours, the potential
reaches an approximately constant value for all investigated tem-
peratures, measuring a decrease from 2.08 to 1.98V for the test
carried out at 25 °C and 60 °C, respectively. At 100 mA cm 2 after
6 h of testing, the values of cell potential are 1.99V at 25°. 1.97 V
at45°C and 1.9V at 60 °C, with a decrease respect 25 °C of 3.4%
and 2.2% at 60 °C and 40 °C, respectively. In the medium term,
with minimal potential fluctuations, the curves remain largely
constant.

Overall, the above results indicate the remarkable activity and
stability of the NiFe NWs in alkaline conditions, which is critical for
the large-scale application of electrocatalysts. Hence, the NiFe
NWs are promising bifunctional electrodes for highly efficient
alkaline water electrolyzers. The findings from this study indicate
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Figure 7. a) Scheme of the lab-scale electrolyzer system. b) Design and c) photograph of assembled electrolysis cell. d) Photograph of complete scale-lab

alkaline electrolyzer.

that raising the operating temperature of alkaline electrolyzers
can significantly enhance the device performance. As high-
lighted above, it is important to evaluate the performance of the
developed electrocatalyst under industrial-relevant conditions to
assess the possibility of practical application for NW electrodes.
Thus, the NiFe nanostructured electrodes were tested by linear
scanning polarization (LSV) and galvanostatic test for 125h at
100mA cm™2 at increasing temperatures up to 80°C. The KOH
aqueous solution reaches its maximum electrical conductivity at this
temperature, significantly reducing the potential drop. Figure 9a
reported the LSV curves obtained in the potential range 1.3-3V
at 10mVs~'. Of course, the best performance is reached at
80 °C. Maintaining high temperature is essential for industrial elec-
trolysis, but it also places higher demands on the stability of the
catalyst. Thus, the stability test was conducted for 125 h at a current
density of 0.1 A cm 2 at increasing temperatures, followed by 5 min
at the open circuit. As shown in Figure 9b, for each step at different

ChemeElectroChem 2025, 00, 202500042 (7 of 12)

temperatures, reasonable potential oscillations of ~2% at 25°C,
1.5% at 40°C, 2.5% at 60°C, and 3.8% at 80°C are obtained.
NiFe NWs demonstrate optimal industrial stability, running stably
for a total of 600 h at 100 mAcm™2 in a 30% w/w KOH solution,
demonstrating a promising outlook for industrial applications.
The morphology and surface composition of NiFe NWs
after long-term galvanostatic tests were investigated by SEM
and EDS. As evident from Figure 10, there are differences in
surface morphology between the as-synthesized NiFe NWs,
Figure S4, Supporting Information and after 600 h of electrolysis
in 30 wt% KOH at increasing temperatures from 25 °C to 80 °C.
The images indicate that the surface of the NWs used as anode
has undergone an oxidation process. Nevertheless, EDS analysis
revealed an absence of Fe leaching on the anode. The Fe content
in the NWs persisted at 78% after 600 h of operation under indus-
trial conditions. On the cathode (Figure 10c-d), however, the
nanowire structure is still present, although a surface precipitate
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Figure 8. Electrochemical test carried out using lab-scale electrolyzer with
NiFe NWs: a) QSSP, b) galvanostatic step polarization, c¢) midterm stability
test.

is observed. EDS analysis of the presence of oxygen due to the
surface conversion in KOH solution, in addition to traces of Si, Ca,
and Mg. The presence of these elements suggests that the elec-
trolyte was contaminated by the silicone grease employed for the
sealing of the flow cell. On the cathode side, no significant
changes were measured in the Fe content, which remained at
around 77%.

2.5. Application of the Life Cycle Assessment

LCA is an internationally recognized methodology based on UNI
EN 1SO 14040%* and UNI EN ISO 14044" for calculating the
potential energy and environmental impacts of products or serv-
ices by analyzing their entire lifecycle. By examining the whole life
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Figure 9. Electrochemical test carried out using lab-scale electrolyzer
with NiFe NWs: a) LSV, b) cell voltage for galvanostatic step of 125 h at
a current density of 0.1 Acm? at different temperature. Experiments were
performed in 30 wt% KOH.

Figure 10. SEM images of the top view of NiFe NWs after 600 h in 30 wt%
KOH at increasing temperatures from 25 to 80 °C (125 h each temperature).
a-b) anode, c-d) cathode.

cycle, LCA reveals hidden burdens and identifies opportunities for
optimization from an ecodesign perspective. In this context, LCA
plays a fundamental role in the scale-up process of emerging
technologies by providing a comprehensive evaluation of
the energy and environmental impacts across several impact
categories. By systematically analyzing resource consumption,
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emissions, and waste generation at different stages of the prod-
uct or process life cycle, with its holistic approach, LCA enables to
identify potential areas of improvement of the environmental
and energy performances. Also, from the early stages of design,
this approach identifies the hotspots (the life cycle stages or
inputs that contribute most significantly to environmental
impacts). By detecting these hotspots, the analysis allows to antic-
ipate potential inefficiencies and environmental burdens before
full-scale implementation, enhancing sustainability of emerging
technologies in an ecodesign framework.

The LCA analysis is divided into four main phases. In the first
phase, Goal and Scope Definition, the study delineates its objec-
tives, system boundaries, functional units, allocation procedures,
selected impact categories, and calculation methods. The next
phase, Life Cycle Inventory Analysis, involves the collection
and elaboration of data related to resource utilization, direct
emissions, and waste generation. In the third phase, Life Cycle
Impact Assessment, the environmental impacts are quantified
based on the collected data and the methodology established
in the previous phase. Finally, in the fourth phase, Life Cycle
Interpretation, the results of the study are synthesized and ana-
lyzed to formulate recommendations and conclusions.

The inventory was obtained by examining the manufacturing
process of the cell, which includes the lab-scale production of the
NiFe electrodes, electrolytes, cell walls, gaskets, pumps, and
pipes. The production process of the electrodes consists of three
main phases; initially, a polycarbonate track-etched membrane
(as a matrix for the nanowire conductors) is subjected to a sput-
tering process that deposits a thin layer of gold. Subsequently,
electrodeposition forms the NiFe layer, and finally, trichlorome-
thane etching dissolves the polycarbonate membrane. The other
components were obtained through a direct analysis of the cell.
All components and energy required for production are shown
in Table 2. For secondary data, the environmental database

Ecoinvent™® was used. Specifically, the pump was derived from

a proxy, the pipes and connectors are made of polypropylene, the
gaskets are composed of polymethyl methacrylate, and then the
30% solution of KOH is prepared using potassium hydroxide and
deionized water.

The results of the LCA analysis are presented in Table 3,
referring to the functional unit of the cell.

For six categories, the components characterized by the high-
est environmental burden were the cell walls, with incidences
of 31% for acidification, 37% for particulate matter, 36% for
marine eutrophication, 31% for terrestrial eutrophication, 39%
for photochemical ozone formation, and 40% for fossil resource
use as shown in Figure 11.

The electrodes were responsible for the greatest environmen-
tal impact in five categories, with incidences of 35% for freshwa-
ter eutrophication, 40% for human carcinogenic toxicity, 49% for
ionizing radiation, 65% for minerals and metals resource use, and
48% for water use. The pump and gaskets caused the most sig-
nificant impact in two categories each: 58% for human noncarci-
nogenic toxicity, 28% for land use, 72% for climate change, and
62% for ozone depletion, respectively. The electrolyte was
responsible for the greatest impact in only one category, fresh-
water ecotoxicity, with an incidence of 61%. The other compo-
nents caused a negligible impact in almost all categories, with
screws characterized by an average value of 4%, pipes and con-
nectors by 2%, and Zirfon by less than 1% in all categories.
In conclusion, the components responsible for the highest envi-
ronmental burden in several categories were the cell walls and
electrodes, while the gaskets and pump were significant in
two categories each and the electrolyte in one category.

The results of the second objective of the study, which was to
evaluate the effects of heating the electrolyte, are shown in
Table 4. They are referred to the cell use over a 6 h operation
period. The scenarios with 40° and 60° of temperature led to

Table 2. Inventory. Table 3. Impact assessment results.

Component Material Quantity Impact categories Unit Total impact

Single electrode Polycarbonate 28.1 mg Acidification mol H*¢q 4.22 E-02

Gold 1.6 mg Climate change kg COyeq 1.97 E+01

Electrical energy 6.2 Wh Ecotoxicity, freshwater CTUe 1.15 E+02

NiSO, 9glL Particulate matter kg Neq 3.45E-07

NiCl, 135gL Eutrophication, marine kg Peq 5.62 E-03

H3BO; 135gL Eutrophication, freshwater mol Neg 2.34E-03

FeSO, 01gL Eutrophication, terrestrial CTUh 5.65 E-02

Distilled water 0.03L Human toxicity, cancer CTUh 3.56 E-08

CHCl5 0.1L Human toxicity, noncancer kBq U-235., 2.02 E-07

Pump (2 W) - 1 pc lonizing radiation Pt 3.53 E-01

Pipes and connectors Polypropylene 82,029 Land use kg CFC11q 1.61 E+01

Gaskets Tetrafluoroethylene 95449 Ozone depletion disease inc. 5.66 E-04

Screws Steel 159.2¢g Photochemical ozone formation kg NMVOC.q 2.35 E-02

Cell walls Polymethyl methacrylate 266.89 Resource use, fossils MJ 892 E+01

Zirfon - 129 Resource use, minerals and metals kg Sbeq 3.69 E-04

Electrolyte 30% KOH solution 300 mL Water use Mgepriv. 2.43 E400

ChemeElectroChem 2025, 00, 202500042 (9 of 12)
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an increase in impact by 4.3 and 7.8 times, respectively, compared
to the base case (25 °C). Results were calculated using secondary
data from low-voltage electric energy produced in Italy. The con-
sidered Italian electricity mix affects the results, but even if a dif-
ferent mix is used (with an increasing share of renewable energy),

ChemeElectroChem 2025, 00, 202500042 (10 of 12)

N
=3
©
[2]
(=]
ChemElectroChem doi.org/10.1002/celc.202500042 Socictios Publishing B3
o
:
g
0,

100% - - = B ) %
""I - = R & ™ Zircon g

9 = s 1L
e LEEEEL EEEL i
e B SIS -0 0 g
80% i =SR=R=N R g
n E:ﬁti " —] Pipes and g
70% =RER=l 1 = P i
o [ oo [l — connectors S
i W ] 7= g
60% (nd =R ’ - z
=0 [m ] ': E :':' / ':' M Screws g
s0% ] = E e | &
= | (m ] " = . / :—l =
—n " - / g
40% W - '] ’ = / / 8
C EHEE 7NN ” & Electrolyt 5
=N= = [ ectrolyte s
o “u " = / ’ Mu’ / / / Y 5
0% 1 B E B RN 747 5
= B e AE ) E Y 7217
20% I:l e l:l ’ / '/ ’ ’ 4 %
A = 7 ’ ’ 7 v V. B Cell walls 5
we JEARD DD OAAAR GG 7 :
7 7 AU 7 g
0% Z s
8 Pump )
& S
N Q& & @ =
031& ~éd ° S’ S,f
Y ! S
(O8NS =
5 ® Gaskets =
<« £
e
o
%
r
B Electrodes g
<
Figure 11. Contribution analysis of the cell. %
2
g
B
£
3
Table 4. Impact assessment results for the three temperatures. Z
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heating the electrolyte with electric energy leads to higher
energy consumption and, consequently, higher environmental
impacts. While these results are not referred to an industrial-scale
electrolyzer, they offer valuable insights for guiding research and
design toward more sustainable solutions.
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3. Conclusion

The results obtained in this study show that increasing the
operating temperature of alkaline electrolyzers can certainly
improve the performance of NiFe nanostructured electrodes.
The NiFe NWs electrocatalyst exhibits promising electrocatalytic
bifunctionality, showing low overpotential and optimal stability
under industrial operation. In particular, really good results
were obtained by operating an alkaline lab-scale electrolyzer
at increasing temperatures up to 80°C for a total of 600 h at
100 mA cm?. However, the postcharacterization analysis indi-
cated that Fe was etched from the surface of the NiFe NWs elec-
trodes, particularly on the anode. Nonetheless, the NiFe NWs
electrolytic cell demonstrated resilience in dynamic current con-
ditions, suggesting its potential for industrial application.
Additionally, the study examined the energy and environmental
impacts of the entire alkaline cell, composed of NiFe electrodes,
by applying the LCA approach. The impact assessment results
indicated that the cell walls and the NiFe electrodes were respon-
sible for the highest impact across several categories, followed by
the pump, gaskets, and finally, the electrolyte. Instead, the
remaining components exhibited negligible impact in nearly
all considered categories. The evaluation of the impact over
the 6 h operation period demonstrated that heating the electro-
lyte not only slightly improved cell performance but also resulted
in a significant energy increase and, therefore, environmental
impact. A potential alternative could involve utilizing waste heat
or heat produced from renewable energy sources, such as solar
thermal panels. In light of the increasing importance of hydrogen
and electrolyzers, this work can serve as a starting point for
further research and industrial applications, exploring alternative
methods to design and heat the cell from an ecodesign
perspective.
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