Open Access Article. Published on 20 July 2023. Downloaded on 1/11/2026 7:05:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Industrial
Chemistry
& Materials

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: Ind. Chem. Mater., 2023, 1,
343

Received 4th June 2023,
Accepted 18th July 2023

DOI: 10.1039/d3im00058¢

rsc.li/icm

1 Introduction

Mono-, bi- and tri-metallic platinum group metal-
free electrocatalysts for hydrogen evolution
reaction following a facile synthetic routef

Seyed Ariana Mirshokraee,® Mohsin Muhyuddin,? Jacopo Orsilli,? Enrico Berretti, ©°
Laura Capozzoli,® Alessandro Lavacchi,” Carmelo Lo Vecchio, @€ Vincenzo Baglio,©
Anna Galli,? Andrea Zaffora, @¢ Francesco Di Franco,® Monica Santamaria, ¢

Luca Olivi, ©° Simone Pollastri @° and Carlo Santoro @ *2

In this work, platinum group metal-free (PGM-free) electrocatalysts were synthesized, characterized, and
tested for hydrogen evolution reaction (HER). These materials were mono-, bi- and trimetallic Ni-based
electrocatalysts with the addition of a second or a third transition metal (TM), such as iron and cobalt. TM-
phthalocyanine (TMPc) was used as a metal precursor, mixed with a conductive carbon backbone and
subjected to pyrolysis under controlled temperature and atmosphere conditions. Two temperatures of
pyrolysis (600 °C and 900 °C) were used. The effect of TM loading in the precursors, different pyrolysis
temperatures on the surface chemistry and morphology, and electrocatalytic activity towards HER were
evaluated. The increase of NiPc in the initial mixture is beneficial to improving the electrocatalytic activity.
The addition of a second and a third metal reflects positively on the HER performance. Interestingly, the
pyrolysis temperature influences both the formation and growth of the nanoparticles, and this information
is supported by high-resolution transmission electron microscopy (HR-TEM) and light synchrotron X-ray
absorption spectroscopy (XAS) measurements.

Keywords: Hydrogen evolution reaction; PGM-free electrocatalyst; Hydrogen production; Ni-based
electrocatalyst.

resources, i.e., wind and solar, that would otherwise lose their
practicality due to weather dependency and intermittent

Hydrogen with clear-sighted solutions to climate challenges is
emerging as a modern energy vector. Owing to its higher
power, greater energy density, and negligible contribution to
carbon footprint, hydrogen can be regarded as a rational and
sustainable fuel. The clean production of hydrogen through
water electrolysis can be coupled with renewable energy
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disruption. Hence, hydrogen can potentially fuel the
automobile, domestic and industrial sectors with zero
emissions.'

Presently, low-temperature water electrolyzers have three
main classes.” The first category, named alkaline water
electrolyzers (AWEs), is technologically mature and
commercially available. In AWEs, the anode and cathode are
immersed into an electrolyte solution containing about 6 M
KOH, and the two compartments are divided by a porous
diaphragm. This separation does not allow for pressurizing
the hydrogen formed. The two electrodes need to be
separated, increasing the ohmic resistance of the system and
lowering the performance. AWEs, in fact, produce hydrogen
at low current density in the order of 0.5 A cm™2.*® On the
other hand, the second type is represented by proton
exchange membrane water electrolyzers (PEMWEs). The
electrodes in PEMWESs are separated by a polymeric proton
exchange membrane, allowing the electrochemical
pressurization of the hydrogen within the system itself.
PEMWEs have the highest performance and are able to reach
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up to 5 A cm™2.” However, the main drawback is the extensive
usage of platinum group metal (PGM) and critical raw
materials (CRMs) in their components. The last and the least
established technology consists of anion exchange membrane
water electrolyzers (AEMWESs). AEMWEs may be promising as
they synergistically combine the advantages of both AWEs
and PEMWEs; they are capable of working without relying on
CRMs and supplementary hydrogen pressurizing systems,
and provide high current density (>1 A cm ™). The mass-scale
deployment of water electrolyzers is limited by the higher
cost and scarcity of PGMs and CRMs. Therefore, AEMWEs
could be an ideal option if the performance can be
improved.® In order to fulfill the potential high request from
the market in terms of hydrogen production at a low cost,
alkaline technologies (both AWE and AEMWE) need to be used.
This selection takes the advantage of avoiding PGMs and CRMs,
which will lower the cost and make the systems affordable.

In alkaline systems (AWE and AEMWE), the slow kinetics
and high overpotentials of the hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) at the cathode
and anode, respectively, are major technological constraints
that prevent the widespread application of water
electrolysis.”'® A plethora of efforts has been devoted to
improve the performance of the anode and cathode
electrocatalysts, while not using PGMs and CRMs. Focusing
on HER in an acidic environment, the best HER
electrocatalyst performance is achieved by platinum
supported over carbon (Pt/C). However, Pt belongs to the
overpriced and scarce PGM electrocatalysts, which are
considered CRMs by the EU."" Often, this solution is also
translated into alkaline environments. In an alkaline
environment, it is possible to operate without PGMs.
Therefore, the replacement of PGMs with efficient and
nonprecious PGM-free electrocatalysts is the main focus of
current research on HER and water electrocatalysis."?

One promising approach is to employ transition metals
(TMs), such as Fe, Co, and Ni, which are embedded in a
carbon matrix, in the form of atomically dispersed TM or
nanoparticles that can form alloys (in the case of more than
one TM) when subjected to high-temperature processes.'>™°
Under less corrosive alkaline conditions, these materials
display reasonable kinetic activity."”'® In addition, the
defect-rich structure of carbon ensures a catalytically
conductive platform.'”*° Among the existing TMs, Ni-based
electrocatalysts have shown promising electrocatalytic activity
toward the evolution of hydrogen.”’ Belonging to the 10th
group of the periodic table, Ni shares many similar electronic
properties with Pd and Pt, both of which are excellent
electrocatalysts for HER. In Ni-based electrocatalysts, the Ni
nanoparticles and atomically dispersed Ni play an important
role in improving the HER electrocatalysis.>>>* Thus, the
HER activity of different Ni morphologies (such as film,
particle, dendrite, etc.) was investigated by Ahn et al., and it
was shown that dendrites with highly populated (111) facets
at the sharp edge and downshift d-band center showed the
best performance.”® In another investigation, a hybrid Ni/
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NiO/CoSe, with a lower charge transfer was developed.*®
However, similar to the 3D ordered macro-/mesoporous
Ni,” one drawback of Ni/NiO/CoSe, was that the urchin-like
Ni NPs showed poor stability and/or suffered from
insufficient electrocatalytic activity.”® To overcome this
problem, the synthesis of the single-atom Ni doped on
nanoporous graphene was reported.” This electrocatalyst
has much higher stability and a lower overpotential. In
related works, the Ni-Fe alloy and Ni-Cu (bi-metallic) NPs
encapsulated with an N-doped graphitized carbon shell
(NiFe@NC) were developed, showing excellent HER activity
and stability.>*** The tri-metallic alloy, Fe-Co-Ni, was
synthesized and analyzed by Hao et al.** According to the
DFT calculation results, the choice of TMs are important
and their ratio affects the HER performance.*® TM-based
trimetallic alloys are promising electrocatalysts owing to
their cost effectiveness and their electrocatalytic activity.
However, more studies need to be done in order to
understand how the different metals give synergistic
outcomes.>*3°

This work presents a strategy to improve the HER
electrocatalysis in an alkaline medium by enhancing the
electrocatalytic activity of Ni-based electrocatalysts through
mono-, bi-, and trimetallic incorporations and alloying
starting from simple and low-cost molecular catalysts, such
as TM phthalocyanine (TM-Pc). The experimental design
targets two underlying aims: (a) to elucidate the influence of
different functionalization temperatures on the HER activity
of monometallic electrocatalysts with different Ni
phthalocyanine (NiPc) weight percentages (wt%), and (b) to
identify the effect of the addition of a second and third T™M
in the Ni-based electrocatalyst in a bimetallic and trimetallic
fashion subjected to different functionalization temperatures
on the HER activity.

The fabrication of the electrocatalysts involved mixing
commercially available electro-conductive Ketjen-black
carbon (KJB) with different TM-Pc by ball-miller, and then
functionalizing at two different temperatures of 600 °C and
900 °C via atmosphere-controlled pyrolysis (1 h in an inert
atmosphere  (ultra-high pure Ar flux)). Firstly, the
electrocatalysts based on KJB and NiPc were mixed in
different wt% of the NiPc (30, 20, 15, and 10 wt%). Their
performance was then recorded and compared to identify the
influence of the Ni content on the HER activity. The next step
of this study was related to the examination of the effects of
a different component (mono, bi and trimetallic), with an
overall 30 wt% of TMs-Pc component used to synthesize the
Ni-based electrocatalyst samples. A mono-metallic Ni-based
electrocatalyst (30 wt% of NiPc), bi-metallic Ni-Co
electrocatalyst (15 wt% of NiPc and 15 wt% of CoPc), and tri-
metallic Ni-Fe-Co electrocatalyst (10 wt% of NiPc, FePc, and
CoPc respectively) were synthesized, and their performances
were compared in alkaline medium. The effects of synthesis
conditions such as functionalization temperatures on the
overall electrochemical performance in the alkaline
conditions were closely analyzed for every sample group. The
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Fig. 1
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Ni 900

(@) TEM characterization of the Ni 600 °C and Ni 900 °C samples. For each sample, leftmost top image and bottom image report HRTEM

characterization, while the rightmost column reports the STEM EDX mapping. (a) The Ni sample functionalized at 600 °C (Ni 600), and (b) the

sample functionalized at 900 °C (Ni 900).

outcomes of the given research work contribute to the
development of efficient electrocatalysts for HER to replace
PGM-based electrocatalysts.

2 Results and discussion
2.1 Morphological investigation

The physicochemical characterizations of the as-developed
through

electrocatalysts ~ began morphological and

Ni-Co 600

50 nm

compositional investigations using multiple spectroscopic
and microscopic techniques, such as high-resolution
transmission electron microscopy (HRTEM), scanning
transmission electron microscopy (STEM), and energy
dispersive =~ X-ray  spectroscopy (EDX). From  the
characterization, some degree of nanoparticle formation was
visible for all of the sample series (mono-, bi- and tri-
metallic), both for 600 °C to 900 °C, with an important
dimensional increase for the higher temperatures. Starting

Fig. 2 (a) TEM characterization of the Ni-Co 600 °C and Ni-Co 900 °C samples. For each sample, leftmost top image and bottom image report
HRTEM characterization, while the rightmost column reports the STEM EDX mapping. (a) The Ni-Co sample functionalized at 600 °C (Ni-Co 600),

and (b) the sample functionalized at 900 °C (Ni-Co 900).

© 2023 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

Ind. Chem. Mater, 2023, 1, 343-359 | 345


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3im00058c

Open Access Article. Published on 20 July 2023. Downloaded on 1/11/2026 7:05:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Ni-Fe-Co 600

500inm

50,nm

Fig. 3

View Article Online

Industrial Chemistry & Materials

Ni-Fe-Co 900

(a) TEM characterization of the Ni-Fe-Co 600 °C and Ni-Fe-Co 900 °C samples. For each sample, leftmost top image and bottom image

report HRTEM characterization, while the rightmost column reports the STEM EDX mapping. (a) The Ni-Fe-Co sample functionalized at 600 °C
(Ni-Fe-Co 600), and (b) the sample functionalized at 900 °C (Ni-Fe-Co 900).

from the mono-metallic Ni samples, the comparison of the
two process temperatures is shown in Fig. 1, where an
increase of the dimension of the nanoparticles can be
observed as the temperature increases, together with a
change of shape. In Ni 600, the nanoparticles tend to have a
cubic shape, with an average side dimension of 26 nm.
Meanwhile, the nanoparticles modify their shape to spherical
in Ni 900, with an average diameter of about 45 nm. This
change is almost doubled with respect to the 600 °C ones.
Regarding the compositional maps obtained by EDX by
comparing the Ni and the O maps, a superimposition of the
signal from the two elements can be observed in Ni 900. This
observation reveals that the Ni nanoparticles in the former
sample are mainly in the form of oxides. This is much more
difficult for sample Ni 600, where no strong oxide signal can
be correlated to the Ni presence in the nanoparticles,
suggesting a very thin oxide layer on the surface.

The characterization results over Ni-Co 600 and Ni-Co
900 are reported in Fig. 2. From the HRTEM images,
although spherical nanoparticles can be found in both
electrocatalyst structures, there are more nanoparticles with
larger sizes in Ni-Co 900 (average diameter 36 nm) compared
to Ni-Co 600 (average diameter 5 nm). The HAADF results
confirm this observation. Regarding the EDX results, it is
possible to see that the visible particles in both samples are
made of both Ni and Co, with an average atomic ratio of 1:2,
and that they are mainly made by oxides. The presence of a
strong background signal for nickel and cobalt in the 600 °C
sample also suggests an incomplete conversion of the two
elements in the nanoparticles.

Regarding the comparison between the Ni-Fe-Co 600 and
Ni-Fe-Co 900 (tri metallic) electrocatalysts in Fig. 3, HRTEM

346 | /nd. Chem. Mater., 2023, 1, 343-359

and HAADF demonstrate the existence of nanoparticles in
the electrocatalyst structures for both temperature ranges.
Qualitatively speaking, it is interesting to notice how the
particles tend to maintain a smaller dimensional dispersion
for the 600 °C sample (about 28 nm diameter), while an
increase in the number of nanoparticles and a bigger
dimensional spread (from 15 to 60 nm) can be seen in the
900 °C sample. Moreover, according to the EDX acquisitions,
nanoparticles in Ni-Fe-Co 600 were composed mainly of Fe
oxides (>90% at) with Ni as a lesser element (<2% at).
Meanwhile, for the Ni-Fe-Co 900, the ratio between the
elements seems to change, with an increase in the Co
(approx. 50% at) and an intermediate amount of Fe (approx.
30% wt).

2.2 Raman analysis

In Fig. 4, the Raman spectra of the Ni-based electrocatalysts
are shown. The Raman spectra were mainly composed of
typical carbon signatures, where the G band located at ~1580
cm ' is attributed to the E,g, vibration mode of sp” bonded
carbon atoms in graphite with Dg,* crystal symmetry, while
the D band or the defect band emerges at ~1350 cm " due to
in-plane defects and heteroatoms and imperfections in sp”
carbon structures.®’° Two other peaks can also be
recognized, especially in the spectra related to the
functionalized electrocatalyst at 600 °C. The first one is the
D, band (D*), which appears at ~1620 ecm™" as a shoulder on
the G band.*” The discontinuity defects offer the lost
momentum needed to satisfy the resonant process in
intravalley double resonance scattering, and it causes the
emergence of the D* band.*'™** This defect-induced Raman
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Fig. 4 Raman spectra of the Ni-based electrocatalysts with two different functionalization temperatures of 600 °C and 900 °C for the (a) Ni; (b)

Ni-Co; and (c) Ni-Fe-Co samples.

feature usually shows up in very poorly organized carbon
structures, and is absent in  highly crystalline
structures.*”*>™*®  Another peak occurs only in poor
crystallized carbon at ~1500 em™" and is called the D; band.
Defects outside the plane of aromatic layers, such as
tetrahedral carbons, are the reasons for the existence of Dj
band.*®*° The integrated intensity ratio Ip/I; for the D band
and G band is used as quantitative parameters of the
graphitization process and for characterizing the defect
quantity in graphitic materials. Graphitization plays an
important role the electron transfer during electrocatalysis.
Besides graphitization, defects and discontinuities within the
carbonaceous structure are considered electrocatalytically
active moieties for HER."*>°

According to the Raman spectra in Fig. 4, the
electrocatalysts with a functionalization temperature of 900
°C had a higher degree of graphitization compared to the
samples with a functionalized temperature of 600 °C. In fact,
by increasing the functionalization temperature, the intensity

ratio Ip/Ig was changed. In the case of the mono-atomic Ni-
based electrocatalyst samples (Ni 600 and Ni 900) (Fig. 4a),
the Ip/Ig ratio decreased. However, in the case of bi-metallic
(Ni-Co 600 and Ni-Co 900) and tri-metallic (Ni-Fe-Co 600
and Ni-Fe-Co 900) (Fig. 4b and c), the situation is the
opposite and an increase in the Ip/Ig ratio can be observed.

2.3 X-ray diffraction results and interpretation

XRD was used to study the crystallographic features of the as-
developed electrocatalysts, as shown in Fig. 5. Two broad
peaks centering at ca. 24° (002) and 44° (101) that belong to
the amorphous carbon are visible.”" These peaks came from
the backbone carbon of the electrocatalyst that makes up the
majority of the electrocatalyst itself. Except for the NiPc
sample, the electrocatalysts functionalized at 600 °C showed
two broad (002) and (101) carbon peaks (Fig. 5b and c) and
no other peaks were detected. However, in the case of nickel,
the XRD peaks related to metallic Ni showed up (Fig. 5a).

a Ni 900 b ——Ni-Co 900 Cc ——Ni-Fe-Co 900
N ——Ni-Co 600 ——Ni-Fe-Co 600
o ) [ ref 96-210-2201 (Ni) [ ref 96-000-6602 (Fe)
B rer 96-210-2291 (NI [0 ref 96-901-2928 {Co) [ ref 96-210-2291 (Ni)
< = = [ ref 96-901.2928 {Co)
s s s
2 2 2
" [Z] "
s s s
D D D
E £ E
I 1 : I I b | |
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Fig. 5 XRD spectra of Ni-based electrocatalysts with two different functionalization temperatures of 900 °C and 600 °C for the (a) Ni; (b) Ni-Co;

and (c) Ni-Fe-Co samples.
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This is because the amount of NiPc in this sample (30 wt%)
is higher than in other samples (15 wt% from each metal-Pc
in bi-metallic and 10 wt% from each metal-Pc in tri-metallic).
This partially contradicts the TEM images, where
nanoparticles were detected. However, it is probable that
these nanoparticles were present in such a small fraction that
it was below the detection limit of the XRD instrument.

Meanwhile, in the XRD spectra related to the
electrocatalyst with a functionalization temperature of 900
°C, sharper peaks belonging to the metallic species appeared
(Fig. 5a-c). It is a sign of the existence of the metal cluster
inside the as-synthesized electrocatalysts functionalized at
900 °C. The metallic nanoparticles appeared in these samples
due to the fact that the metal atoms have enough mobility to
shape the nanoparticles and small metallic clusters at 900
°C.>>® Even in the KJB Ni-based electrocatalysts, the
intensity of the metallic Ni XRD peaks increased from Ni 600
°C to Ni 900 °C.

2.4 XPS analysis

The survey spectra shown in Fig. S17 reveal that no undesired
elements are present on the surface of the six prepared
samples. Atomic percentages, derived from the survey
spectra, show that the electrocatalysts treated at higher
temperatures have a relatively higher content of carbon (C1s)
and a lower content of nitrogen (N1s). As detailed in Table
S1,f the carbon amount ranges from 92.9% to 94.4% for the
electrocatalysts treated at 600 °C, and it swings between
95.7% and 97.3% for the electrocatalysts treated at 900 °C.
The major contribution in the nitrogen species is
encountered for Ni-Fe-Co 600 (5.1%), whereas Ni-Co 900
and Ni 900 possess only 1.1%. This is probably due to the
degradation and consequent evaporation of the nitrogen

NFeCo 900

CxOy

NiCo 600

View Article Online
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species at a higher temperature. On the surface of each
electrocatalyst, there is even a low atomic percentage of metal
particles (<0.4%), such as iron, cobalt, or nickel.

Carbon, which accounts for over 90% of the overall
electrocatalyst composition, is an extremely important
component of the electrocatalysts studied in alkaline
media. Nowadays, it is believed that the effect of graphitic,
pyridinic, and pyrrolic nitrogen is negligible compared to
the hydroxyl group over the electrocatalyst surface.”
Moreover, the atomic percentage of nitrogen is very low in
many samples, and this results in highly scattered signals
in the XPS spectra. In an attempt to deconvolute the
spectra (Fig. S27), it seems that Ni-Fe-Co 600 and Ni-Co
600 exhibit the largest relative percentages of N-metal
interactions, as described in Table S2,f whereas the signal
is too weak to have an experimental value for the other
electrocatalysts.

Deconvoluted C1s spectra of the six samples are
highlighted in Fig. 6. Graphitic carbon at 284.4 eV, secondary
carbons bonded to C-N or C-O at 285 eV, CN, defects at
286.2 eV, C-OH/C-OC at 287.1 eV, C=O0 at 288 eV and COOH
at 289.4 eV were considered and fitted to obtain the relative
percentages of each species, and are reported in the
histogram of Fig. 7. Ni 900 is characterized by the lowest
relative percentage of either graphitic carbon or C-N defects,
whereas Ni-Co 900 showed the largest content of C-N defects
and the second higher percentage of graphitic carbon
(62.1%) among the investigated KJB-supported compounds.
By comparing the Ni-Fe-Co catalysts, treated at 600 °C or
900 °C, the relative percentages of graphitic and C-N defects
are slightly larger for Ni-Fe-Co 600. In contrast, the
secondary carbons bonded to nitrogen or oxygen are lower
than that obtained for Ni-Fe-Co 900. Furthermore, it is
necessary to highlight that the atomic percentage of nitrogen

Ni 600

292 291 290 289 288 287 286 285 284 283 282202 291 290 289 288 287 286 285 284 283 282 292 291 290 289 288 287 286 285 284 283 282

Binding Energy (eV)

Binding Energy (eV)

Energy (eV)

Fig. 6 Comparison of the XPS C1s signal for (a) Ni-Fe-Co 600 and Ni-Fe-Co 900, (b) Ni-Co 600 and Ni-Co 900, and c) Ni 600 and Ni 900.

348 | Ind Chem. Mater,, 2023, 1, 343-359

© 2023 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3im00058c

Open Access Article. Published on 20 July 2023. Downloaded on 1/11/2026 7:05:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Industrial Chemistry & Materials

A
S
Ve percentage, )

S

S
N
&
e
N
S
h o,
43;5- Q"'zso
<% 22
=
2 o

Fig. 7 Histogram of the relative percentages of Cls species for the Ni-
based KJB-supported electrocatalysts collected by the integration of
the deconvoluted peaks provided in Fig. 6.

for Ni-Fe-Co 900 (5.1%) is about three times that of Ni-Fe-
Co 600 (1.8%).

XANES OF MONO-, BI- AND TRI-TM(Pc)
AT DIFFERENT TEMPERATURES

View Article Online
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2.5 XAS results and analysis

Ex situ XAS analysis of the electrocatalysts Ni, Ni-Co and Ni-
Fe-Co pyrolyzed at 600 °C and 900 °C was carried out. XAS
measurements were performed to study the oxidation,
folding and evolution of the chemical environment of the
singular and alloyed TMs (Fe, Co, or Ni). XANES and EXAFS
spectra were analyzed using the Athena software (Demeter
package).>® The data were acquired around the K absorption
edge for Ni in the energy range centered at the edge nominal
value (namely E,(Ni) = 8333 €V), in a range that spans the
energies from (E, - 300) to (E, + 1000 eV). For Fe and Co, the
ranges are limited to E, + 600 eV due to the interference of
the borders of Co and Ni (Ey(Fe) = 7112 eV and E(Co) = 7709
eV). The XANES data were normalized at E-E,. In this way,
the same features were observed in the same energetic value
(Fig. 8). On the top axis, the features common to
phthalocyanine samples were marked, as reported by Rossi
et al.>®

Fig. 8a and b show the spectra of the samples collected at
room temperature and after being heated at 600 °C. All of the
XANES spectra except for those referring to the Fe K-edge
(red) show the features of the phthalocyanine molecules, in
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Fig. 8 Plots on the left (a-c): normalized XANES spectra of the transition metals in the range E-Ey € [-10-100] eV, where Ej is the K edge. The
spectra are grouped by element, each one with a corresponding color: green for Ni, yellow for Co, and red for Fe. The shape of the line is
representative of the sample: solid for the Ni monometallic, dot-dash for the Ni-Co bimetallic sample, and, dashed line for the Ni-Fe-Co trimetallic
electrocatalysts. (a) the spectra collected on the samples at room temperature. (b) The ones collected after heating the samples at 600 °C. (c) The
spectra collected after pyrolysis at 900 °C. plots on the right (d-f): FT EXAFS-plots (R) of the transition metals, phase-corrected; (d) spectra
collected at room temperature; (e) after heating treatment at 600 °C; and (f) after pyrolysis at 900 °C.
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particular the peak A,, assigned to the 1s to 4p transition
and the pre-edge peak, A, which is assigned to the 1s to 3d
dipole forbidden (quadrupole) transition, better shown in the
subplots on the bottom-right.”®>”

The Fe spectra, on the contrary, did not show the A, peak.
The pre-edge was shifted from 0 to 3 eV, and the other
features also appeared less resolved (see the B,, D and E
bands). The pre-edge peaks observed on the iron spectra had
the same energy observed in other iron oxides (o- and
y-Fe,O; and Fe;0,4) (Fig. S31). Instead, in the heated sample
(600 °C and 900 °C), the Fe spectrum showed the 1s to 4p
transition peak, although with very low intensity with respect
to the other transition metals. The different XANES spectra
for iron suggested a different geometry, with the symmetry
changing from D4, to Cy4, and the change of the structure
from planar to square pyramidal with the bonding of an
oxygen atom.”®

The XANES spectra collected on the pyrolyzed samples
show a change in the profiles, reflecting a change in the
structure around the transition metals. Fig. 8d-f show the
EXAFS spectra in the R space, wherein the top x-axis displays
the assignments of the different peaks considering the
possible environments (phthalocyanine and metallic).”**°"°*
Fig. 8d and e show the features related to the phthalocyanine
molecule: TM-Njg,, TM-C,, TM-N,,,, and TM-C, bonds.
Fig. 8f shows the formation of metallic bonds (TM-TM)
during thermal treatment with the appearance of a new peak
at around 2.4 A. It can be inferred then that metal
nanoparticles are formed at a temperature between 600 °C
and 900 °C.

Linear combination fitting (LCF) analysis of the XANES
spectra of the pyrolyzed samples at 900 °C (Fig. S4f) also
shows the formation of metallic bonds. Indeed, the measured
spectra could be reproduced by combining the spectrum
collected on the Ni-based electrocatalysts heated at 600 °C
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with the metal spectrum. For Co, an acceptable fit cannot be
obtained without using CoO, suggesting that Co is also
present in this form (Table S37).

XANES spectra do not allow us to distinguish between the
TM-N,, TM-N;, and TM-N, bonds. This would be
theoretically possible with FT-EXAFS refinements, but the
presence of different kinds of foldings in the samples makes
it really difficult to reliably perform the fitting of the EXAFS
spectra. However, in the pyrolyzed Ni and Fe, the LCFs show
that new metal bondings are created in all of the systems
analyzed, while Co is the only metal to be also oxidized. The
fitted percentages for the metallic component are nearly the
same for all of the samples (between 40% and 47%) with the
exception of Co in the Ni-Co samples, for which the metallic
component seems to be higher. Regarding the Pc component,
we observe nearly the same percentage (around 53-60%) for
Fe and Ni, but a much lower value for Co, as the oxide also is
formed. This fact suggests that in any case, cobalt seems to
be more prone to react, even though it is converted both in
its metallic and oxide forms.

2.6 Electrochemical measurements

2.6.1 Effect of the Ni phthalocyanine precursor weight
percentage on the HER electrochemical performance. The
electrochemical the KJB Ni-based
electrocatalyst were performed and analyzed for HER. To
determine the electrochemical performance of the samples in
alkaline media, linear sweep voltammetry (LSV) was run with
the conditions described in the experimental section and the
obtained results are shown in Fig. 9. Based on the literature,
overpotentials were calculated at a current density of -10 mA
cm ™2 and are reported in Table 1.

Initially, the NiPc used as a precursor for the synthesis of
the Ni-based HER electrocatalyst varied between 10 wt% and

measurements over
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Fig. 9 The LSVs of the RDE measurement of KJB Ni-based electrocatalysts with different wt% of NiPc in their composition, and different thermal
treatment temperatures of (a) 600 °C and (b) 900 °C in N, saturated KOH (1 M) solution. The scan rate of 5 mV s* and a rotating disk speed of
1600 rpm were used for the measurements. The KIB carbon was measured as a control.
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Table 1 The HER overpotential belonging to the KJB Ni-based
electrocatalysts with different wt% of NiPc in their composition and
different thermal treatment temperatures

Sample Overpotential (V)

Ni (30%) 900 0.32
Ni (30%) 600 0.34
Ni (20%) 900 0.35
Ni (20%) 600 0.46
Ni (15%) 900 0.40
Ni (15%) 600 0.47
Ni (10%) 900 0.44
10%) 600 0.50
Ni (10%)

30 wt%. These tests were carried out in order to establish
correlations between the metal content and performance.
HER performances of the Ni electrocatalysts with different
weight percentages (wt%) of NiPc were examined (Fig. 9). In
the obtained result, the relationship between the wt% of the
NiPc in the electrocatalysts and their HER performance were
reported. Ni (30%) 900, which has the highest amount of
NiPc wt%, showed the best performance with an
overpotential of 0.32 + 0.01 V (at —10 mA cm?). By decreasing
the amount of NiPc in samples, the overpotential increased.
It was found that by increasing the NiPc wt%, the HER active
sites increase too. This was mainly based on the metallic
nanoparticles, as confirmed through the microscopic and
spectroscopic investigations (Table 3). Meanwhile, the effects
of different thermal treatment temperatures on the HER
activity performance are significant. The electrocatalysts
pyrolyzed at 900 °C showed much lower overpotential in
comparison to the same electrocatalyst, but with a lower
pyrolysis temperature (600 °C). According to the reported
results in the other characterization sections, the
electrocatalysts with 900 °C pyrolysis temperature possess a
greater number of Ni nanoparticles, which play an important
role as active sites for HER.*

The stability test on Ni 900 (30 wt% of NiPc) is shown in
Fig. 10. At 10 mA cm >, the measured overpotential changed
significantly within the first 500 cycles (it dropped from -0.32
+ 0.01 V to -0.36 + 0.01 V). Between the 500th and 2500th
cycles, the HER electrocatalytic activity remained stable. This
electrocatalyst has shown considerable durability in 1 M KOH
solution.

Table 2 The HER overpotential of the Ni-based electrocatalysts with
different compositions of materials and different thermal treatment
temperatures

Samples Overpotential (V)
Ni 900 0.32
Ni-Fe-Co 900 0.32
Ni-Fe-Co 600 0.32
Ni 600 0.34
Ni-Co 900 0.34
Ni-Co 600 0.34

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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In agreement with the existing literature, the increase of
Ni loading in the electrocatalyst, from 10 wt% to 30 wt%,
improved the HER electrocatalytic activity.>®® By increasing
the Ni loading, the number of active sites in the
electrocatalyst increased, leading to the enhancement of the
Ni-based electrocatalytic activity.” In addition, the effect of
different functionalization temperatures on the
electrocatalyst with different NiPc was demonstrated. The
HER performance due to the functionalization at two
different temperatures of 600 °C and 900 °C is not much in
the electrocatalyst with 30 wt% (0.02 mV different in
overpotential). However, the difference in the overpotential
suddenly increased when the NiPc wt% decreased.

2.6.2 Effect of Ni alloying on the HER electrochemical
performance. To evaluate the Ni-based electrocatalysts that
possess 30 wt% of different combinations of transition
metals-phthalocyanine in a mono-, bi-, and tri-metallic
fashion, the HER performance was used with the same
RDE method explained in the last section. As Fig. 11
shows, in the mono-metallic NiPc-included samples, the Ni
900 with an over-potential of 0.32 + 0.01 V performed
better than the Ni 600 sample with an overpotential of 0.34
+ 0.01 V. This is due to the formation of larger Ni metal
nanoparticles at 900 °C that favor HER.®”> Meanwhile, in
the bi-metallic Ni-Co (Ni-Co 600 and Ni-Co 900) and tri-
metallic (Ni-Fe-Co 600 and Ni-Fe-Co 900) samples, there
is no difference between the two different functionalization
temperatures from the overpotential point of view. In the
Ni-Co and Ni-Fe-Co electrocatalysts, the thermal treatment
not only had an effect on the size and number of alloy
nanoparticles, but also had some effect on the type of
alloys. For example, the Ni-Fe-Co EDX maps have shown
the existence of Fe-Co oxide in Ni-Fe-Co 600. Meanwhile,
in Ni-Fe-Co 900, the transition metals formed the Ni-Fe-
Co alloy. Both tri-metallic Ni-Fe-Co electrocatalysts have
the best performance (besides the Ni 900) with an
overpotential of 0.32 + 0.01 V (Table 2).

The stability tests over the Ni-Co 900 and Ni-Fe-Co
900 electrocatalysts are shown in Fig. S5.F For these
samples, similar to Ni 900, a performance reduction in
the first 500 cycles was also observed. However, their
overpotentials remained stable between the 500th and
2500th cycles, which indicates their stability in 1 M KOH
solution.

For the sake of comparison, stability tests were also
performed for 30 wt%. NiPc/KJB without pyrolysis treatment
(Fig. S6t). However, when comparing the stability tests of the
Ni samples with and without thermal treatment, valuable
insights were gained regarding the positioning of the Pc rings
within the electrocatalyst. The Ni 900 sample exhibited
notable stability, whereas the Ni (30%) sample without
thermal treatment (Fig. S67) displayed very poor stability (less
than 150 cycles). This instability might be due to the fact that
the Pc rings remained on the surface of the underlying
carbon structure, and were not embedded into the carbon
skeleton.””
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Table 3 The electrocatalysts studied and the synthesis steps performed for different wt% values of NiPc

Sample Mix with metal-Pc Functionalization
Ni Pc 600 °C 900 °C

Ni (30%) 600 30 wt%

Ni (30%) 900 30 wt%

Ni (20%) 600 20 wt%

Ni (20%) 900 20 wt%

Ni (15%) 600 15 wt%

Ni (15%) 900 15 wt%

Ni (10%) 600 10 wt%

Ni (10%) 900 10 wt%
2.7 Outlook and perspectives However, Mo is not stable in alkaline conditions. A
Bimetallic and trimetallic  nitrogen-doped  carbon comparison between the obtained results and the literature

electrocatalysts have also been studied and presented in the
literature. For bimetallic electrocatalysts, Lihua Hu et al
worked on a high-density nickel-cobalt alloy embedded in
nitrogen-doped carbon nanosheets. Zhang et al. also reported
on the Fe-Ni bimetallic N-doped carbon framework
performance for HER.®®*®® Compared to these related works,
with respect to the loading of NiPc and CoPc in Ni-Co
electrocatalysts, the HER performances of Ni-Co 600 and Ni-
Co 900 are acceptable. The effect of thermal treatment was
also shown, which allowed for the formation of metallic alloy
nanoparticles at high temperatures. Despite their high
potential, trimetallic electrocatalysts have not received much
attention and only a few studies were presented. In this way,
Yuling Xu et al. worked on the Fe/Co/Ni alloy electrode. Ziqi
Zhang et al also demonstrated the real potential of
trimetallic electrocatalysts, reporting their work on FeNiMo
trimetallic nanoparticles encapsulated in carbon cages.**”°
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Fig. 10 HER stability test (2500 cycles) on the Ni 900 electrocatalyst.
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is presented in Table S4 (ref. 50 and 68-76).F

Many lessons were learned from the current work. Ni-
based electrocatalysts were shown to be promising for HER.
Nickel being the 10th group, shares a similar electronic
configuration compared to Pd and Pt. Despite starting from a
single atom precursor (e.g., phthalocyanine), at both 600 °C
and 900 °C pyrolysis temperature, nanoparticles of different
nanometric scales are present. At room temperature (no heat
treatment) and 600 °C, the majority of the active sites is in
the TM-N, configuration and this is confirmed by the FT
EXAFS plots. Unfortunately, XPS could not be used to
quantitatively identify the metal percentage, as it was below
the detection limit. Importantly, through XPS, it was possible
to identify the TM-N, relative percentage by deconvoluting
the N1s spectra. Higher temperature led to the formation of a
greater number of metallic nanoparticles that are beneficial
for HER. This was confirmed by both TEM and EXAFS, as
well as XRD.

For Ni-based monometallic electrocatalysts, higher nickel-
containing precursors are also beneficial in improving the
electrocatalytic activity. Future studies might further increase
the amount of NiPc within the precursor. The higher
electrocatalytic activity achieved with Ni 900 highlights that
Ni nanoparticles, rather than Ni-N, (atomically dispersed
active site), are more efficient for HER. At 600 °C, a lower of
nanoparticles with lower dimensions were also identified.
However, Ni-N, active sites were prevalent. Importantly, the
low durability of the NiPc-KJB electrocatalyst without
undergoing thermal treatment highlights the fact that the Pc
is not embedded in the carbonaceous backbone.

Interestingly, the addition of the second metal (Co) and
the third metal (Fe) has an effect on surface chemistry and
electrocatalytic activity. In general, the addition of more
metals within the electrocatalyst creates a more difficult
situation to explain since a greater multitude of active sites
are present. In fact, the TM(s)Pc exist and are embedded in

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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Fig. 11 The LSVs of RDE measurement for the KJB Ni-based electrocatalysts with different compositions of materials and different thermal
treatment temperatures of (a) 600 °C and (b) 900 °C in N, saturated KOH (1 M) solution. The scan rate of 5 mV s * and a rotating disk speed of
1600 rpm were used for the measurements. The KJIB carbon was measured as a control.

the carbon structure. The nanoparticles are formed already at
600 °C and the alloys are created. FT EXAFS plots highlight
the formation of nanoparticles at higher temperature. The
trimetallic electrocatalyst showed similar electrocatalytic
activity after the pyrolysis at 600 °C and 900 °C, and similar
results were obtained compared to Ni 900. However, in
bimetallic and trimetallic configurations, the weight
percentage of the TM(s) was maintained at 30%. Therefore,
in the trimetallic configurations, the weight percentage of Ni
was only 10 wt%. Further study will focus on increasing the
weight percentage of the TM(s) to enhance the quantity of
TM(s) over the carbon support, which in this study, was lower
than 2 wt%. We can speculate that the formation of
nanoparticles (alloys and oxides) and the co-presence of
multiple single active centers are beneficial for HER, acting
synergistically. In this case, it is quite complicated to
discriminate among the reactivity of each single active site,
as a multitude of active sites are present.

All of the relevant morphological and analytical
observations for Ni-based electrocatalysts are summarized in
Table S5.F

3 Conclusion

The mono-/bi-/tri-metallic Ni-based electrocatalysts were
synthesized by mixing the required TM-Pc with a conductive
carbon backbone, and then applying the thermal treatment
in a controlled atmosphere and temperature. The
electrocatalysts, functionalized at two different temperatures
(600 °C and 900 °C), were characterized and tested for HER.
The results showed that the increase in Ni-Pc wt% in the
initial mixture (from 10 wt% to 30 wt%), enhanced the HER
activity. The effect of different pyrolysis temperatures on
electrocatalysts was studied by XAS and HR-TEM
characterization techniques, demonstrating the formation of
nanoparticles, especially at higher temperatures (larger

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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number and size). In the comparison between the two
functionalized temperatures, the samples functionalized at
900 °C had a greater number of nanoparticles with larger
sizes. Ni 900 (containing 30 wt% of NiPc as the initial
precursor) demonstrated higher electrocatalytic activity as a
monometallic electrocatalyst with an overpotential of 0.32 +
0.01 V (at -10 mA cm™). Excellent durability was also
demonstrated in alkaline media using accelerated stress
tests. It is also evident that adding a second (Co) and third
(Fe) metal has a positive impact on the HER electrocatalytic
activity.

4 Experimental section
4.1 Materials

KJB was purchased from Nanografi Nano Technology
(Turkey), and it was used as the carbon backbone for the
HER electrocatalyst. Potassium hydroxide (KOH), acetone
((CH3),CO), and Nafion® 5 wt% hydro-alcoholic solutions
were purchased from Sigma-Aldrich. Nickel(u) phthalocyanine
(C3,H;6NgNi, named NiPc), iron(un) phthalocyanine (Cz,H;¢Ng-
Fe, named FePc,), and cobalt(n) phthalocyanine (Cs,H;6CONG,
named CoPc) were purchased from Acros Organics. Argon
(Ar) and nitrogen (N) gases used in this study possess ultra-
high purity. Ultrapure deionized water obtained from a
Millipore Milli-Q system (resistivity >18 MQ cm) was used
for the experiments.

4.2 Electrocatalyst synthesis

A high-energy ball miller (E,.x Retsch) was used to
homogeneously mix the KJB carbon with different amounts
of NiPc (10, 15, 20, and 30 wt%) using a rotation rate of 400
rpm for 20 min. Then, the functionalization thermal
treatment was applied over the mixed samples with two
different temperatures of 900 °C and 600 °C, separately, in
the controlled Ar atmosphere (UHP Ar at 100 ¢cm® min™").
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According to the previous paper, the heating rate for
increasing and decreasing the temperature was 5 °C min™*
before and after the dwell time, respectively.”® The
synthesized samples are reported in Table 3.

With the same approach, the TMs of choice (FePc, NiPc,
and CoPc) were mixed with carbon, and functionalized with
thermal treatment at two different temperatures of 600 °C
and 900 °C (Table 4).

4.3 Characterization

4.3.1 TEM. A ThermoFisher Talos F200X G2 was used for
high-resolution transmission electron microscopy (HRTEM)
imaging with an acceleration voltage of 200 kV and a
resolution of 4096 x 4096 pixels without any objective
apertures. An annular STEM detector with a convergent beam
angled at 10.5 mrad was used for the high-angle annular
dark-field (HAADF) images. Super X spectrometers equipped
with silicon drift detectors of 30 mm? were used to collect
energy dispersive X-ray analysis (EDX) maps with a collection
angle of 0.7 srad.

4.3.2 Raman spectroscopy. In this work, a Jasco Ventuno
p-Raman system that possesses a He-Ne laser (wavelength
632.8 nm, power density 6 kW cm™>) was used. This device is
equipped with a Peltier-cooled charge-coupled device (CCD)
camera that has a -50 °C operating temperature. A single
crystal Si sample, whose domain peak is at 520.65 cm ™", was
used as a reference sample for calibration.

4.3.3 X-ray diffraction. The copper source X-ray diffraction
(XRD, Rigaku Miniflex 600) performed measurements with
an angle range of 10-90° with a step of 0.020° and a scanning
speed of 1.000° min~" over powder samples.

4.3.4 XPS. The survey spectra and the deconvolution of the
Cls species were carried out by X-ray photoelectron
spectroscopy (XPS), Physical Electronics (PHI) 5800-01 using
a monochromatic Al Ka X-ray source at a power of 350 W, as
previously reported.””®® XPS data were processed with the
help of recent results reported in the literature,”**' 58

4.3.5 XAS. X-ray absorption spectroscopy (XAS) spectra at
the K-edges of Fe, Co and Ni were collected using a Si (111)
monochromator and ionization chambers at the XAS
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beamline (ELETTRA, Trieste, Italy).?> The collected spectrum
from a metal foil placed in a second experimental chamber
after the sample and after the I, ionization chamber was
used as a reference for energy calibration. The first inflection
point was taken at 7112, 7709 and 8333 eV for Fe, Co and Ni,
respectively.

Each spectrum was collected at room temperature with a
variable energy step: a large step (5 eV) in the first 200 eV, a
smaller step (0.2 eV) in the X-ray absorption near-edge
structure (XANES) region, and a k-constant step of 0.03 A~ in
the extended X-ray absorption fine-structure (EXAFS) region.
The measurements for each sample were run with 3
accumulations to increase the signal-to-noise ratio. Athena
software was used to normalize the XANES spectra of the
samples and model compounds to the atomic background.””

The normalized XANES spectra were then analyzed
through linear combination fitting (LCF) of spectra from
model compounds (available from the beamline database),
using the Athena software.

4.4 Hydrogen evolution reaction (HER)

In this work, the three-electrode technique with the rotating
disk electrode (RDE) was applied to measure HER. A glassy
carbon (GC) disk with a geometric area of 0.1963 cm” was
mounted on RDE equipment (Pine WaveVortex RDE system
coupled with a Pine bipotentiostat) and used as a working
electrode. For this experiment, an electrode rotation speed of
1600 rpm was maintained during the HER measurements. A
saturated calomel electrode (SCE) and a Pt wire were used as
a reference electrode and the counter electrode, respectively.
For testing the electrochemical properties of Ni-based
electrocatalysts in powder form, proper inks were required.
The inks were prepared by mixing (5 mg) of electrocatalyst
powder with 15 pL of 5 wt% Nafion® D-520 ionomer solution
and 985 pL of isopropanol with sonication, as suggested in
previous reports. The 0.6 mg cm > loading of the mentioned
inks was achieved by depositing over a GC disk.””**
Electrochemical measurements were performed in alkaline
media (1 M KOH). Nitrogen gas was flushed into the alkaline
solution from 25 min before starting the measurements to

Table 4 Ni-based electrocatalysts that were studied and the synthesis steps performed for different combinations of TM-Pc

Sample Mix with metal-Pc

Functionalization

Fe Pc

Ni Pc

Co Pc

600 °C 900 °C

Ni 600

Ni 900

Ni—Co 600
Ni—Co 900
Ni—Fe—Co 600
Ni—Fe—Co 900
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remove residual oxygen from the electrolyte solution and
prevent unwanted reactivity. The measured potentials were
converted into potential versus reversible hydrogen electrode
(RHE) using the following equation:®

Erug = Erer + 0.059-pH + Eluy

E2 is the potential of the reference electrode with respect to
the standard hydrogen electrode at 25 °C (0.241 V for SCE),
and E, is the measured working potential versus the
reference electrode. The potential window for all
measurements was kept between 0 and -0.97 V vs. RHE, and
the scan rate of 5 mV s~ was used to record the polarization
of the various developed electrocatalysts. The
overpotential of each electrocatalyst was evaluated at the
current density of ~10 mA ecm>.°*°* The durability test of the
Ni-based electrocatalyst was performed by using an
accelerated stability test.°”®* This measurement involved
2500 cycles at 50 mV s~* with the potential range between 0
and —0.97 V vs. RHE. A polarization curve was measured at
the first cycle and after every 500 cycles at a scan rate of 5
mv s

curves
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