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ABSTRACT

The oxygen evolution reaction (OER) using noble metal-based catalysts faced significant commercialization challenges due to the
scarcity and substantial expense of these noble metals. Thus, the development of an efficient OER electrocatalyst for proton
exchange membrane (PEM) water electrolyzers is still a challenging task. Herein, we present a facile approach to preparing cobalt
phthalocyanine anchored on N-doped Cos0, carbon network (Co;04-NC) derived from metal organic framework (MOF). This
strategy facilitates fast electron transfer and modulates the electronic structure. This improved electron transport induced by CoPc
plays a significant role in enhancing OER, requiring only an overpotential of 1.2 V to deliver a current density of 1000 mA cm™>
with excellent stability. The Co;0,-NC2 Pc catalyst shows excellent durability during PEM water electrolysis and delivers indus-
trially required current density of 1000 mA cm™ at a potential of 1.66 V, outperforming commercial RuO,. The results of this
research are twofold. Firstly, they promote green and low-carbon development. Secondly, they inject new vitality into the devel-

opment of hydrogen energy technologies.

1 | Introduction flexibility, and zero pollution [4]. The preferred method for pro-
ducing highly purified hydrogen and oxygen on a large scale is

Addressing the growing energy demand has become imperative
electrocatalytic water splitting, which involves the hydrogen evo-

due to the rapid development of modern human society [1, 2].

However, the excessive use of fossil fuels has had a significant
impact on the environment and human health, as it has led
to the generation of substantial greenhouse gases [3]. It has
become increasingly evident that there is an urgent requirement
to harness green renewable energy with a view to ameliorating
energy shortages and environmental pollution. The potential of
renewable electricity to produce “green hydrogen” via water
splitting is widely applied and offers great advantage due to
its ability to produce hydrogen with a high degree of purity,

© 2026 Wiley-VCH GmbH.

lution reaction (HER) and the oxygen evolution reaction (OER).
However, the electron transfer kinetics during the OER were
inherently sluggish, which significantly hampered the efficiency
of water splitting [5, 6].

The wide utilization of representative OER catalysts, including
RuO, and IrO,, is well-documented [7]. However, the scarcity
and high cost of Ir and Ru hinder their potential applications
in large-scale hydrogen production [8]. To tackle this problem,
the scientific community has been concentrating on creating
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low-cost, non-noble metal catalysts that can help to decrease the
overpotential under large current densities (LCD). The optimal
activity and rapid kinetics of the catalysts created by the research-
ers were enabled by the manipulation of the physicochemical
properties of the intermediates, such as Gibbs free adsorption
energy, under favorable conditions [9-12]. However, the condi-
tions in industrial settings involve larger current densities, usu-
ally more than 500 mA cm ™2, with long working hours that are
longer than in laboratory testing conditions. This directly
decreases the catalyst activity and long-term stability [13, 14].
To realize commercialization, the integration of the catalysts into
electrolytic system is a prerequisite. The anode catalyst layer
facilitates the transfer of protons through the proton exchange
membrane (PEM) to the cathode, which serves as an electrode
for production of high-purity H, by the electrons in the cathode
collector. Thus, the technology that has the most prevalence in
industrial water electrolysis is proton exchange membrane water
electrolysis (PEMWE) technology due to its fast dynamic
response time, a high purity of H,, and a more compact design.

The high carbon content in microporous metal organic frame-
works (MOFs) renders the material attractive as a precursor
for fabrication of carbon-based catalysts [15, 16]. Catalysts with
atomically dispersed Co-N,, sites have been identified as efficient
in catalyzing OER [17].

Molecular metal phthalocyanine (MPc) is particularly notewor-
thy due to its malleable electronic configuration and its capacity
to function with a plethora of substrates [18, 19]. However, the
favorable distribution of electrons around the metal center is hin-
dered by the plane-symmetric structure of MPc, thus affecting the
reactant’s adsorption [20]. Furthermore, during catalytic opera-
tions, the central metal atom of the active site is prone to sepa-
ration from the MPc, resulting in diminished electrochemical
stability [21]. Hence, we can overcome these limitations by intro-
ducing MPc species into porous N-doped carbon substrates, as
this disrupts the electron symmetry distribution at the metal sites
and facilitates adsorption with enhanced stability of the MPc
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[22]. As a result, the logical design and simple creation of
MOF-derived carbon nanomaterials that can efficiently wrap
around MPc molecules for effective OER catalysis poses a signif-
icant challenge.

Herein, polyhedron and cubic-shaped Co-based metal organic
frameworks with nitrogen-containing linkers were thermally
transformed into N-doped Co3;0,4 carbon networks (Coz04-NC)
and serve as a host matrix for anchoring of cobalt phthalocyanine
(CoPc) via n-n stacking (Figure 1). The density functional theory
(DFT) calculation reveals a strong interaction of CoPc and
C050,4-NC that results in optimization of fast electron transfer
and modulation of the electronic bands. We employed the pre-
pared material as an efficient and stable catalyst for OER and
anode electrocatalyst for proton exchange membrane (PEM)
water electrolysis. The enhanced electron transfer induced by
CoPc facilitates OER performance, delivering 10 mA cm™2 at
an overpotential of 90 mV with a robust stability profile.

2 | Experimental Section

2.1 | Preparation of the Polyhedron-Shaped
CoMOF

First, 2.64 g of 2-methylimidazole and 30 mL of methanol were
combined in one beaker, followed by mixing with 520 mg of
Co(NO3),-6H,0 dissolved in 30 mL methanol, and the whole
solution was stirred for five min. Next, the obtained purple sus-
pension was left foraging for 24 h at room temperature, so the
precipitated polyhedron-shaped CoMOF settled at the bottom
of the beaker. After three methanol washes, the obtained mate-
rial was centrifuged and then dried at 50°C.

2.2 | Preparation of the Cubic-Shaped CoMOF

116 mg of Co (NO3),-6H,O and 2 mg of CTAB were dissolved in
2 mL of de-ionized (DI) water, and the solution was mixed with

C0,0,NC1

C0;0,NC1@CoPc

&
e
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C0,0, NC2@CoPc

Co Pc

Co0,0,-NC2

FIGURE 1 | Schematic illustration of the synthetic route for the electrode materials formation.
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the already formed solution of 1.82 g of 2-methylimidazole in
25 mL of DI. The solution was stirred for 30 min at room temper-
ature. The purple solid powder was collected by centrifugation
and washed with DI water and ethanol at least 3 times. Then,
the powder was dried at 50°C.

2.3 | Preparation of CoPc-Doped Co030,-NC

The as-prepared MOFs were annealed in air at 350°C for 2 h, and
each were combined with 10 mg of CoPc dissolved in 5mL of
DMF and allowed to stir for 12 h. The solution was centrifuged
and washed three times with DMF. The obtained black powder
was dried in oven at 70°C.

3 | Results and Discussion

The polyhedron MOF templates were prepared using Co(II) ions
and 2-methylimidazole (MIM) as metal nodes and organic linker,
respectively, as shown in Figure 1. Incorporation of cetyltrime-
thylammonium bromide (CTAB) surfactant changes the regular
polyhedron morphology to a cubic-shaped MOF template. It has
been previously shown that CTABs can surround the seed nuclei
formed during MOF growth and alter the crystallographic facet,

leading to the formation of nanocubes rather than the commonly
observed polyhedron MOF [23]. The annealing of the as-pre-
pared MOFs under atmospheric conditions results in conversion
to Cos0, embedded in nitrogen-doped carbon network (Coz04-
NC). The synthesis of water-soluble quaternary phthalocyanine
(CoPc) follows the previous reported procedure [24]. The as-
prepared Co3;04-NC was soaked in 1 mL (0.01 M) of CoPc for
20h, followed by centrifugation to obtain the CoPc-doped
C050,-NC via n-n stacking interactions. For convenience, the
C0304-NC derived from the polyhedron-shaped and cubic-
shaped MOFs will henceforth be referred to as Co;0,4,-NC1
and Co50,4-NC2, respectively. Similarly, the CoPc-doped analog
of C0304-NC1 and Co3;04-NC2 will be referred to as Co304-
NC1 Pc and Co0304-NC2 Pc, respectively.

The panoramic field emission scanning electron microscopy
(FESEM) images (Figure Sla,b) for both polyhedron- and
cubic-shaped MOFs reveal a highly uniform and monodispersed
nanostructure with an average diameter of 550 nm and 150 nm
for polyhedron and cubic shape structures, respectively.
However, the cubic-shaped MOFs show a rougher surface
(Figure S1b). Though the morphologies for both MOFs were con-
served following annealing, the surfaces showed more roughness
(Figure Slc,d), which could be attributed to defect introduction
[25, 26]. Figure 2a,b show the transmission electron microscopy

FIGURE 2 | Electron microscopy investigation. TEM image of undoped C030,-NC1 (a) and doped Co;0,4-NC1 (b) and corresponding undoped
C0304-NC2 (c) and doped Co30,-NC2 (d), EDS elemental mapping of Co;0,-NC1 Pc (e).
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(TEM) images of C0304-NC1 and corresponding Co;0,4-NC1 P,
while Figure 2c,d shows the TEM images of Co;0,-NC2 and the
corresponding Coz0,4-NC2 Pc.

The TEM analysis reveals no significant change in morphology
following CoPc doping, but more aggregated structures are
observed (Figure 2b,d), which could be attributed to n-x interac-
tion of the CoPc with the N-doped carbon framework. The rep-
resentative elemental mapping obtained with energy-dispersive
X-ray spectroscopy of Co;0,4-NC2 Pc shows uniform distribution
of expected elements within the structure (Figure 2e). The rep-
resentative high-resolution TEM (HRTEM) images of Co;04-
NC1Pc and Co030,-NC2Pc are shown in Figure 3a,b. A fast
Fourier transform (FFT) and its inverse (IFFT) were performed
in the delineated regions of the HRTEM using the Gatan Digital
Micrograph software to facilitate a detailed examination of the
interplanar distances of the samples. The observed IFFT lattice
fringes with interplanar distances of 0.240 nm and 0.237 nm in
C0304-NC1 Pc and Co304-NC2 Pc, respectively, correspond to
(311) plane of Co304 [27].

The crystal structure of the as-prepared samples was investigated
using X-ray diffraction (XRD). The XRD patterns of the polyhe-
dron- and cubic-shaped MOF samples matched well with the
simulated patterns (Figure S2).

The XRD of the CoPc alone displayed a broad peak between
26 = 20°-25° (Figure S3), which is consistent with the amorphous
structure of phthalocyanines [28]. The XRD pattern of the MOF
completely changed after annealing (Figure 4a and Figure S3)
due to the breakdown of the organic linkers to form a porous
carbon network and the oxidation of Co(II) ion to Co;0,4 [29].
The observed prominent XRD peaks at 20=14.76°, 31.41°,
36.92°, 45.01°, and 65.29° (Figure 4a and Figure S3) correspond
to crystal indices of Co;0,4 (111), (200), (311), (400), and (440)
(JCPDS No. 42-1467). Compared to the undoped Co;0,-NC1
and Co0304-NC2, a strong enhancement around 20°-25° in the
doped derivatives indicates the presence of Pc in the material
after doping.

X-ray photoelectron spectroscopy (XPS) was employed to under-
stand the surface chemical state and coordination environment

REE
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] 0.237 nm

A

’5

FIGURE3 | HRTEM images of Co;0,-NC1 Pc (a) and Co;0,-NC2 Pc (b) with corresponding fast Fourier transform (FFT) and its inverse (IFFT) were

performed in the delineated regions.
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FIGURE 4 | Structure and elemental state study. (a) XRD pattern of undoped and doped Co3;0,-NC2, (b) XPS survey spectra, and (c,d) high-

resolution XPS spectra of the as-prepared samples.

of the elements. The XPS survey spectra (Figure 4b) reveal the
presence of C, Co, O, and N in the samples as expected. The
deconvoluted high-resolution XPS spectra are shown in
Figure 4c,d and Figure S4. The deconvoluted Co 2p shows
two spin-orbit doublet fitted to 2ps,, and 2p,,, orbitals, which
correspond to + 2 and + 3 oxidation state of Co [30]. In addition
to these doublet peaks, shake-up satellite peaks were also
observed that can be associated with charge-transfer excitations
from oxygen to the Co ion during the photoemission process [31].

Compared to the undoped Co;0,-NC2, the doped Co50,4-NC2 Pc
shows two pairs of peaks in addition to the satellites (Figure 4c)

The first set of peaks occurs at binding 779.05 eV and 794.07 eV,
while the second set of peaks is located at binding energies of
780.80 €V and 796.98 eV. This observation suggests the occur-
rence of a set of Co in different chemical environments and
can be attributed to Co from the Co;0, and Co coordinated to
nitrogen of phthalocyanine. In addition, the Co 2p in Co0304-
NC2 shows a positive shift by ca. 0.7eV compared to Coz;04-
NC2Pc, which could be attributed to inter-electron transfer

between Co3;0,4,-NC and CoPc [32]. The deconvolution of the
N 1s spectra (Figure 4d) reveals the predominant presence of pyr-
rolic and pyridinic nitrogen species [33]. The deconvoluted O 1s
spectra showed two subpeaks, which can be assigned to C-O and
C=0 in both doped and undoped materials (Figure S4), suggest-
ing a similar oxygen coordination environment.

3.1 | Electrochemical Performance

To evaluate the electrocatalytic performance of the samples
toward OER, we employed linear sweep voltammetry (LSV)
using a typical three-electrode alkaline electrolyzer with Hg/
HgO (1.0 M KOH) and graphite rods as a reference and counter
electrode in 1.0 M KOH electrolyte.

The OER profile (Figure 5a, Figure S5a) shows a significant low-
ering in potential after doping with Pc. From the overpotential
plot at 10, 100, and 1000 mA cm™2 (Figure 5b), the bare PC could
not reach a current density of 1000 mA cm 2. The Co30,-NC2 Pc
requires only 120, 210, and 435 mV to deliver a current density of
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FIGURE 5 | Electrocatalytic performance. (a) LSV, (b) overpotential, (c) Tafel slope for CoPc, undoped Co;04,-NC,, and corresponding doped deriv-
atives relative to standard commercial RuO,. (d) Comparative LSV, (e) overpotential, (f) Tafel slope for the polyhedron- and cubic-shaped based samples,
(g) ECSA determination plots, (h) EIS Nyquist plots for the respective as-prepared samples, (i) chronopotentiometry stability profile of Co;0,-NC,Pc

over 200 h testing period at 500 mA cm™>.

10, 100, and 1000 mA cm 2, respectively, which is lower than 140,
250, and 540 mV required by Co30,4-NC2 to deliver the same cur-
rent density. Compared to the state-of-the-art RuO,, both Co;04-
NC2Pc and Co030,4,-NC2 required lower potential to deliver a
current density of 100 and 1000 mA cm™?, indicating superior
catalytic performance. The Tafel plots (Figure 5¢) of the electrode
materials were used to obtain the kinetics of the OER.
Analysis of the Tafel plot shows that the Co;04-NC2 Pc possesses
the lowest Tafel slope of 42.5mV dec™* compared to Co;0,-NC2
(49.7 mV dec™), Ru0, (59.1 mV dec™), and Pc (79.0 mV dec™),
suggesting its fast OER kinetics. Comparing the OER perfor-
mance of samples derived from polyhedron- (i.e., Co;04-NC1
and Co304-NC1 Pc) and cubic-shaped MOFs (Co30,4,-NC2 and
Co030,4-NC2 Pc), there is no significant variation in performance
at current density of 10 and 100 mA cm ™2 (Figure 5d). At an ele-
vated current density of 1000 mA cm™?, C030,4-NC2 and Co0304-
NC2 Pc show a lowering of the potential. The overpotential at
current density of 1000 mA cm™2 are in order of Co;0,
NC2Pc (433mV) < Co0304,-NC1Pc (435mV) < Co030,-NC2
(570 mV), while Co3;04-NC1 could not reach the current density
of 1000 mA cm™2. The C0;0,-NC2 Pc shows superior or compar-
ative performance compared to related materials previously
reported (Table S1). The enhanced catalytic performance by

Co0304-NC2 derivatives could be attributed to either enhanced
electrochemical surface area or the presence of more defects that
facilitate reaction kinetics. To further probe this enhanced per-
formance, we carry out further analysis using the catalyst’s elec-
trochemical surface area (ECSA), since the evaluation of catalytic
performance using geometric current density consists of several
parameters [34], as well as electron paramagnetic resonance
measurement to have insight into the presence of vacancy, which
increases defects. The CV profile of the samples at the non-
Faradaic region is presented in Figure S6, and the double layer
capacitance (Cgq) plots derived from the cyclic voltammetry (CV)
as an excellent indicator of electrochemical surface area (ECSA)
are shown in Figure 5g. C03;0,4-NC2 Pc showed a Cy value of
0.0057 mF cm ™2, which is more than 1.5-fold higher than that
of C0;0,-NC1 Pc (0.004 mF cm™2) and largely greater than the
Cy of 0.0014 and 0.005 mF cm™ for Co;0,-NC2 and Co0;0,4-
NC1, respectively, indicating significant enhancement in the
active surface area. The increase in electrochemical surface area
(ECSA) usually results in exposure of the more catalytically
active sites and enhances the catalytic performance [35, 36].
Additionally, the EPR study revealed a greater than 1.5-fold
improvement in the vacancy-related resonance signal for the
C050,4-NC2 Pc compared to Co304-NC1 Pc, with the Gauss factor
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(g) detected between g=2.018 and 2.022 (Figure S7). This indi-
cates that Co;0,4-NC2 Pc not only possesses an enhanced electro-
chemically active area but also possesses the presence of more
vacant sites that facilitate electrochemical reaction kinetics. A
CTAB and =n-n stacking-induced vacancy has been previously
reported [37, 38]. Thus, the enhanced vacancy following Pc incor-
poration could be attributed to the n-m stacking of the Pc onto
Cos0, surface. Given that CTAB was used to alter the morphol-
ogy from polyhedron to cubic shape, the synergistic interaction of
CTAB and n-r stacking could enhance the vacancy-related signal;
hence, C030,-NC2Pc exhibits enhanced vacancy signal com-
pared to Co30,-NC1 Pc.

The charge transfer mechanism of the electrode reactions was
investigated using electrochemical impedance spectroscopy
(EIS) (Figure 5h). An equivalent circuit for recreating the EIS
data is shown as inserted in Figure 5h and was used for better

understanding of the electrocatalytic mechanisms at play in cat-
alysts. The charge transfer resistance (R.) for Co;0,-NC2 Pc,
C0304-NC2, RuO,, and Pc are 4.92Q, 6.8Q, 9.6 Q, and 10.1 Q,
respectively, indicating a lower resistance for Co;0,-NC2 Pc that
facilitates efficient catalytic performance. The chronopotentio-
metric measurements were used to study the stability of
C050,-NC2 Pc at an applied current of 500 mA cm ™2 (Figure 5i).
The long-term stability test for 200 h shows a negligible change of
current density with high current retention of 80%, which indi-
cates efficient stability of the material. The post stability SEM and
XRD of C0304-NC2Pc are shown in Figure S8a-c. The SEM
image after stability test (Figure S8b) shows no significant change
in morphology, but the particles become aggregated, which can
be attributed to electrolyte-induced aggregation. The XRD after
analysis after stability test (Figure S8c) reveals that the structural
integrity of the catalyst as the crystalline peak of C0;0,-NC and
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the amorphous peak of Pc were maintained at their respective
positions, but with weakened intensity. The weakening of inten-
sity suggests slight degradation of the material. Also, the OER
conducted after the stability test does not show significant varia-
tion in performance (Figure S9).

3.2 | DFT Study

The electrocatalytic effect toward OER, arising from synergistic
effects of interaction of CoPc with Co3;0,4, was investigated using
DFT. The optimized computational models of the Co;0, (311)
and Co0504-CoPc hetero-interface are shown in Figure S10.
The dependence of catalytic performance of the proposed nano-
structures and the Gibbs free energy difference (AG) of the active
sites and intermediates (OH*, O*, and OOH* radicals) are well-
known phenomena [39, 40]. The optimized structures for the
adsorption of intermediate and mechanistic pathway during
OER on Co50,4-CoPc and Co03;0, are shown in Figure 6a and
Figure S11, respectively, while Figure 6b depicts the free energy
diagrams arising from the OER on C030, and Co03;0,4-CoPc cata-
lysts. The free energy diagrams reveal that the formation of
OOH* is the rate-determining step (RDS) in both cases. The
Gibbs free energy difference (AG) of Cos0, (1.91€V) is higher
than that of Co0304-CoPc (1.69 V), suggesting that Co;04-
CoPc requires a lower overpotential to drive water oxidation,
hence possessing better catalytic performance. Additionally,
we computed the electronic structures of Co;0, and Co0;0,-
CoPc using the DFT + U method (Figure 6¢,d) to gain a deeper
insight into the effect of CoPc doping impact. The partial density
of state (PDOS) analysis of the composite Co;04-CoPc reveals
additional contributions from N-p and C-p states, with significant
enhancement in the PDOS at the Fermi energy (Es) level, indi-
cating that more charge carriers participate in the catalytic reac-
tion, which could enhance catalytic performance, electrical
conductivity, and charge transfer kinetics [41, 42]. Moreover,
the work functions of Co;0, and Co;0,4-CoPc were calculated
(Figure 6e,f) to gain a deeper insight into the electron transfer
pathway and the underlying reasons for enhanced electrochemi-
cal performance in the Co;04-CoPc. The result shows that the
work functions of Co;0, and CoPc were 5.62¢eV and 5.67 €V,
respectively, which suggests electron transfer from Co;0, to
CoPc as shown in Figure 6g, which results in an electron deficit
near Co3;0, and a surplus near CoPc.

Under this condition, the electron-rich core of CoPc promotes the
adsorption of oxygen-containing intermediate bonds, leading to
improved electrochemical performance.

Water electrolysis via proton exchange membrane (PEM) is a
promising hydrogen production technology approach
[43, 44]. We assessed the potential for industrial application
of Co30,-NC2 Pc for water electrolysis by using it as an anode
catalyst for OER with Nafion 115 as membrane separator and
commercial Pt/C as a cathode for hydrogen evolution reaction
(HER), as shown in Figure 7a, Figure S12. The catalyst loading
in the anode and cathode is 3.0mg cm™ and 0.3mg cm 2,
respectively, and the effective electrode area is 60 cm?.
Figure 7b shows the plot of current-voltage (I-V) profile of
the electrolyzer using Co;04-NC2Pc//Pt/C in comparison with
commercial RuO,//Pt/C. The polarization curve shows that
Co0304-NC2Pc//Pt/C pair requires a lower cell voltage of

1.66 V to achieve the industrial value of 1.0 A cm™2, which is

superior to RuO,//Pt/C electrode pair that requires 2.26 V to
deliver the same current density (Figure 7c), indicating the high
catalytic potential of Co3;04-NC2 Pc for real-world application
in water splitting [45].

In practical applications, stability is a critical factor—even more
so than its catalytic activity. We put the Co;04-NC2 Pc-based
electrolyzer through its stability test by conducting a long-term
electrolysis for 200 h under industrially relevant high-current
conditions of 1.0 A cm™. Figure 7d shows that the electrolyzer
can maintain a stable voltage of around 1.7V for over 200 h at a
constant current density of 1.0 A cm ™2, confirming the potential
of the Co;0,-NC2 Pc catalyst as excellent OER stability under
real-operating conditions. The comparative performance of our
catalysts with other reported catalysts recorded at 1A cm™2
showed superior or comparable catalytic performance by our cat-
alysts (Figure 7e).

4 | Conclusion

In conclusion, we employed a facile, template-assisted synthetic
approach to preparing CoPc-doped Co050,-NC exhibiting high
electrooxidation activity toward OER. The innovative catalyst
was further applied in industrial PEM water electrolysis, show-
casing outstanding performance. DFT calculations revealed that
the synergistic interaction of Co;0,-NC and CoPc enhances fast
electron transfer and optimizes the electronic structure, which
improved electron transport significantly and boosted the OER
performance. The Co;04-NC2 Pc composite demonstrated excep-
tional performance, achieving a current density of 1000 mA cm™
with a significantly reduced overpotential of just 1.53 V, which is
notably lower than the 1.67V required by Co;04-NC2 alone,
indicating the importance of doping with CoPc for enhancing
catalytic performance. Additionally, C0o3;0,-NC2Pc showed a
larger Cg value, indicating a larger ECSA and more active cata-
lytic sites, which are favorable for the OER process. When apply-
ing as anode catalyst in the PEM electrolyzer, Co3;04-NC2 Pc
demonstrated remarkable performance, requiring only 1.66 V
to reach industrial-level current densities of 1.0A cm™.
Moreover, under an applied current of 1 A cm™2, the cell voltage
was maintained around 1.7V for over 200 h, demonstrating the
excellent electrochemical activity and long-term stability of the
electrode device. This research accomplishment not only propels
the facile synthetic approach but also establishes a robust foun-
dation for the advancement of hydrogen energy production and
chemical industries, thereby establishing a landmark for the
implementation of the material catalyst in industrial-scale
PEM water electrolysis.
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