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Enhanced electrocatalytic hydrogen evolution in
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Developing high-performance hydrogen evolution reaction (HER) electrocatalysts working at a high current
density is essential because of the increasing demand for clean and renewable hydrogen energy. Herein, we
have developed Ir nanocluster-decorated macroporous NiCo foam (Ir-nc@m-NiCo) to overcome the
sluggish HER kinetics for enhanced hydrogen production. Ir-nc@m-NiCo can be fabricated by
a corrosion engineering method. In the mechanism of electron transfer from Ni and Co to Ir at the
interface between the NiCo foam and Ir cluster, the electrons accumulated on Ir favor optimal
adsorption of H* for the HER. Therefore, Ir-nc@m-NiCo exhibits excellent HER activity, reaching current
densities of 500 and 1000 mA cm™2 at low overpotentials of 101 and 146 mV, respectively, in 1.0 M KOH
electrolyte. Moreover, Ir-nc@m-NiCo possesses remarkable HER activity in simulated alkaline seawater
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Electrochemical water splitting is a promising approach to
generate renewable, green, and sustainable hydrogen fuel.'
The hydrogen evolution reaction (HER) is the most crucial step
activated by highly efficient electrocatalysts for water splitting,
particularly in alkaline media.* Precious metal-based catalysts,
such as platinum (Pt), iridium (Ir), palladium (Pa), and ruthe-
nium (Ru), are excellent HER catalysts due to their intrinsic
activity.>” However, their high cost and scarcity hinder the
widespread application.*®* To overcome these issues, diverse
efforts have been made to enhance the utilization of these
precious metals.’ In reported studies, platinum was used as the
benchmark, which is currently used commercially as a HER
catalyst. As a neighboring element of platinum, iridium exhibits
similar catalytic behavior.' Moreover, iridium possesses
a higher catalytic potential than platinum due to its more
desirable Gibbs-free energy.'* Theoretically, increasing the
number of excited atomic sites in the HER process can signifi-
cantly increase the catalytic activity.*>** Therefore, tailoring Ir to
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efficient homogeneously dispersed forms of noble metals
(single atoms,* nanoclusters,'® or nanoparticles'*) not only can
excite the “hidden” catalytic sites, but also can reduce the noble
metal content further and thus potentially increase the intrinsic
activity and utilization efficiency.

Recently, metal nanoclusters have attracted researchers’ atten-
tion due to their small particle size and use of small amounts of
precious metals.”” Meanwhile, metal-supported nanoclusters offer
a promising approach to optimize the HER activity owing to the
increased interfacial interaction between the metals and the
supports.” To date, many materials have presented enhanced HER
performance by decorating metal clusters on supported electro-
catalysts, such as nickel foam," carbon substrate,” nitride,”* and
titanium dioxide.® NiCo foam, as a novel support, has attracted
particular attention due to its improved intrinsic catalytic activity
and enhanced corrosion resistance compared to pure Ni foam and
other carbon materials under alkaline conditions.?* Besides, Ir fixed
with non-metal elements can efficiently promote intrinsic catalytic
activity by modifying the electron environment of Ir to tune the
adsorption of active H species.” These combinations between Ir
and non-metal elements not only tune the electron transfer path-
ways but also improve the utilization of precious metals. Therefore,
we deduce that a small amount of iridium combined with NiCo
foam may yield a stronger metal-support interaction, resulting in
superior HER activity and stability.

Herein, we introduce a simple corrosion engineering
method to uniformly grow a series of Ir nanoclusters on the
skeleton of macroporous NiCo foam (Ir-nc@m-NiCo). The small
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Fig. 1 Schematic illustration of the fabrication of Ir-nc@m-NiCo.

particle size and macroporous structure of Ir-nc@m-NiCo
significantly promote the exposure of more active sites and,
thus, boost fast electron transfer ability. As a result, Ir-nc@m-
NiCo has excellent HER activity in both alkaline solution and
simulated alkaline seawater electrolyte. Specifically, Ir-nc@m-
NiCo exhibits outstanding HER activity, with an overpotential
of 20.8 mV at a current density of 10 mA em™” in alkaline
solution. First-principles calculations reveal that the weakened
adsorption energy of hydrogen on Ir-nc@m-NiCo is the key to
boosting the HER catalytic activity. Moreover, Ir-nc@m-NiCo
continuously delivers a high current density of 500 mA cm™>

- _
-

Fig. 2
of Ir, Co, and Ni elements in Ir-nc@m-NiCo.
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Ir-nc@m-NiCo

at a low cell voltage of only 2.05 V for an extended period of 80
hours, showing remarkable electrocatalytic activity and stability
for electrocatalytic water-splitting hydrogen production.

The Ir nanoclusters supported on NiCo foam were fabri-
cated by the corrosion method schematically illustrated in
Fig. 1. Catalysts with different loadings of Ir were synthesized
through different amounts of IrCl;-3H,0, and the optimal
IrCl;-3H,0 concentration was 10 mM (Fig. S1f). The
morphologies and macrostructures of Ir-nc@m-NiCo were
analyzed using a field scanning electron microscope (FE-SEM)
and high-resolution transmission electron microscope
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(a—d) FESEM images of Ir-nc@m-NiCo. (e—g) HR-TEM images of Ir-nc@m-NiCo. (h—1) SAED pattern and EDX elemental mapping images
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(HRTEM). As shown in Fig. 2 and S2,T the corrosive effect of
the IrCl;-3H,O solution yields uniform Ir nanoclusters
decorated on the surface of the NiCo skeleton with varied
sizes of macropores (>50 nm). The diameters of macropores
on the NiCo foam are around 100-1000 nm (Fig. 2b). As shown
in the high-resolution TEM images, the Ir nanoclusters,
marked with red circles in Fig. S3,1 are uniformly distributed
within the NiCo substrate. The lattice fringes in Fig. 2e and f
reveal a d-spacing of 0.183 nm, assigned to (200) with the fcc
phase of Ir nanoclusters. Fig. 2e and f show lattice spacings of
0.208 and 0.205 corresponding to the Co (002) and Ni (011)
planes of Ir-nc@m-NiCo, respectively. The corresponding
selected area electron diffraction (SAED) pattern confirms
that the Ir nanocluster in Ir-nc@m-NiCo is crystalline
(Fig. 2e). In addition, the energy dispersive spectroscopy
(EDS) results of Ir-nc@m-NiCo shown in Fig. 1i-1 further
reveal that the elements of Ir, Co, and Ni are distributed
uniformly over the catalyst surface. The above findings
confirm that the Ir clusters are homogeneously dispersed on
the NiCo skeleton.

View Article Online
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The crystal structures of Ir-nc@m-NiCo and pristine NiCo
were further characterized by X-ray diffraction (XRD). As shown
in Fig. 3a, the peaks shown in the black line match well with the
Co (JPCDS no. 05-0727) and Ni (JPCDS no. 45-1027) of pristine
NiCo. The peaks of Ni are weaker than those of Co due to the low
Ni/Co molar ratio of 1:9 in the NiCo foam. After corrosion, the
XRD pattern of Ir-nc@m-NiCo shows new peaks at 40.5° and
69.0°, matching well with Ir (JPCDS no. 02-1155), indicating that
Ir was successfully deposited on the surface of NiCo foam in the
form of clusters instead of Ir oxides. Meanwhile, the peaks of
both Ni and Co exhibit a slight negative shift after corrosion as
the Ir nanoclusters successfully coordinate with Ni and Co
atoms. The slight negative variation in the XRD patterns implies
that the introduction of larger Ir ions into NiCo reduces the
crystalline quality and leads to lattice expansion, due to the Ir
nanocluster coordination of Ni and Co atoms during the
corrosion process. The HR-TEM results further confirm this
analysis as they distinctly evidence the formation of the Ir
cluster structure. To further provide an in-depth insight into the
changes of Ir-nc@m-NiCo in the HER process and explore the
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Fig. 3
NiCo and Ir-nc@Co and (d) Ni 3d for Ir-nc@m-NiCo and Ir-nc@Ni.
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(a) XRD of Ir-nc@m-NiCo. High-resolution XPS spectra of (b) Ir 4f for Ir-nc@m-NiCo, Ir-nc@Ni, and Ir-nc@Co, (c) Co 3d for Ir-nc@am-
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active sites of the HER, X-ray photoelectron spectroscopy (XPS)
was performed to analyze the surface chemical environment
and valence states. The Ir content of Ir-nc@m-NiCo was further
confirmed to be about 3.8 wt% via inductively coupled plasma
(ICP) mass spectrometry. As shown in Fig. 3b, Ir in Ir-nc@m-
NiCo can be fitted to Ir and Ir*" species. The peaks located at
60.9 and 63.9 eV can be assigned to It°. The other two peaks at
62.33 and 65.26 can be assigned to Ir*" 4f,, and Ir*" 4fs,,
respectively.”*?® Comparing the Ir spectra of Ir-nc@m-NiCo, Ir-
nc@Ni, and Ir-nc@Co, the binding energy of Ir 4f in Ir-nc@Ni
and Ir-nc@Co gradually shifts to lower values. The coexistence
of various valence states due to the electron transfer from Ni
and Co to Ir is clarified. In Ir-nc@Ni, the peaks at 67.7 and
69.1 eV are from Ni 3p.”” The Co 2p spectrum section has
prominent peaks at 780.9 and 796.7 eV attributed to Co>", while
binding energy values of 786.2 and 802.6 eV centered at Co 2p3/,
and Co 2py,, primary peak positions correspond to spinel Co**
(Fig. 3c). It is worth noting that the Co 2p in Ir-nc@m-NiCo
shows a positive shift compared with Co in Ir-nc@Co, further
suggesting the electron transfer from Ni and Co to Ir. In Fig. 3d,
two Ni() peaks are found with binding energies of 855.87 and
873.2 €V, consistent with previously reported values. Moreover,
the Ni 2p also shows a positive shift in Ir-nc@m-NiCo compared
with Ir-nc@Ni, verifying the electron transfer again (Fig. S4t).
These results suggest the Ir coordination of Ni and Co atoms in
Ir-nc@m-NiCo.

The electrocatalytic performances of the catalysts were first
measured in 1.0 M KOH solution with a three-electrode cell

View Article Online

Paper

contributions of the individual components in the Ir-nc@m-
NiCo structure, Ir-nc@Co, Ir-nc@Ni, and Pt/C@NiCo were
tested as control samples. As shown in Fig. 4a, Ir-nc@m-NiCo
shows an excellent electrocatalytic activity with a small over-
potential of 20.8 mV to reach a current density of 10 mA cm™?,
compared with Ir-nc@Co (32 mV) and Ir-nc@Ni (46 mV). For the
high current density to reach 100, 500, and 1000 mA cm 2, the
corresponding overpotentials of Ir-nc@m-NiCo are 59, 101, and
146 mV, respectively, which are much lower than that of the
benchmark catalyst Pt/C@NiCo (Fig. 4b). The Tafel slope of Ir-
nc@m-NiCo is 30.8 dec™* (Fig. 4c), which is much smaller
than the Tafel slopes of Ir-nc@Co (47.1 dec™ '), Ir-nc@Ni (61.3
dec™), and Pt/C@NiCo (39.52 mV dec™ '), indicating the excel-
lent HER reaction kinetics of Ir-nc@m-NiCo. Electrochemical
impedance spectroscopy (EIS) was performed to assess the HER
kinetics of Ir-nc@m-NiCo further. The Nyquist plots of Ir-
nc@m-NiCo show a much lower charge-transfer impedance as
compared with Ir-nc@Co and Ir-nc@Ni (Fig. S51), supporting
the fast electron transfer ability of Ir-nc@m-NiCo. The potential
at 10 mA cm ™2 and the corresponding Tafel slope of Ir-nc@m-
NiCo are appreciably superior to those of previously reported
precious metal catalysts and other non-precious HER electro-
catalysts in 1.0 M KOH (Fig. 4d and Table S1t). The systematic
investigations of the HER activity of Ir-nc@m-NiCo, Ir-nc@Co,
and Ir-nc@Ni, together with material characterization by SEM,
high-resolution TEM, XRD, and XPS, conclude that the Ir
nanocluster coordinated with atomic Ni and Co contributes to
providing the active sites in Ir-nc@m-NiCo.
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Fig. 4 (a) HER polarization curves of Ir-nc@m-NiCo, Ir-nc@Co, Ir-nc@Ni, and Pt/C@NiCo. (b) Comparison of overpotential (n) to drive a current

density of 100, 500, and 1000 mA cm~? between Ir-nc@m-NiCo, Ir-nc@Co, Ir-nc@Ni, and Pt/C@NiCo. (c) The corresponding Tafel plots for Ir-
nc@m-NiCo, Ir nc@Co, Ir nc@Ni and Pt/C@NiCo. (d) Comparison of overpotential (@ 10 mA cm™2) and Tafel slope for various state-of-the-art
HER catalysts in alkaline medium. (e) ECSAs of Ir-nc@m-NiCo. (f) Chronopotentiometry curve with Ir-nc@m-NiCo as the electrode at 100 and

500 cm™2 without iR compensation. Inset shows the polarization curve
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s of Ir-nc@m-NiCo before and after 500 cycles with iR compensation.
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Fig.5 (a) Calculated free-energy change and (b) hydrogen adsorption energies for Ir-nc@m-NiCo. (c) Calculated density of states graphs of Ir 5d

for Ir-nc@m-NiCo, Ir-nc@Co, and Ir-nc@Ni. (d) Charge density of Ir-nc@m-NiCo. Yellow represents the electron accumulation area and blue
represents the electron dissipation area. (e) Electron localization function (ELF) of Ir-nc@m-NiCo. (f) HER polarization curves of Ir-nc@m-NiCo, Ir
nc@Co, Ir nc@Ni, and Pt/C@NiCo in alkaline saline electrolytes. (g) Comparison of overpotential () to drive a current density of 100, 500, and
1000 mA cm 2 between Ir-nc@m-NiCo, Ir nc@Co, Ir nc@Ni and Pt/C@NiCo in alkaline saline electrolytes. (h) Long-term stability test at 500 mA

cm2 on the Ir-nc@m-NiCo electrode in alkaline saline solutions.

To identify the effect of Ir nanocluster coordinated on mac-
ropores NiCo on the outstanding HER performance, we
measured the electrochemical double-layer capacitance (Cqj) to
evaluate the electrochemical surface area (ECSA) of Ir-nc@m-
NiCo. As shown in Fig. 4e and S6,f Ir-nc@m-NiCo shows
a higher Cg4; of 120.96 mF cm ™2, compared with Ir-nc@Co (81.76
mF cm™?) and Ir-nc@Ni (30.40 mF cm™?), illustrating that Ir-
nc@m-NiCo possesses an extraordinary activity with a larger
ECSA and more accessible active sites attributed to the macro-
porous structure. For the clarification of the inherent HER
activity of Ir-nc@m-NiCo, the ECSA normalized polarization
curve was explored, and it was found that the intrinsic activity of
Ir-nc@m-NiCo was still much higher than that of Ir-nc@Co and
Ir-nc@Co (Fig. S71). As shown in Fig. S8t for the multi-step
chronopotentiometry curve of Ir-nc@m-NiCo (without iR
compensation), the starting current density is 200 mA cm ™2 at
—0.14 V for a test period of 100 s per stage, up to 1000 mA cm .
The voltage at each stage almost remains unchanged,

This journal is © The Royal Society of Chemistry 2024

suggesting the outstanding mass transport properties and
mechanical toughness of Ir-nc@m-NiCo. As durability is
another adequate standard to assess the electrocatalytic ability
of Ir-nc@m-NiCo, continuous electrochemical cycling tests were
performed for 500 cycles (inside Fig. 4f). The current loss in the
LSV curve over 500 CV cycles is negligible, suggesting the
excellent durability of Ir-nc@m-NiCo. Furthermore, Ir-nc@m-
NiCo exhibits its long-term durability with a minor potential
decrease during consecutive current output at 100 and 500 mA
cm 2 over 100 h under alkaline conditions (Fig. 4f).2*%” Subse-
quently, the content of the noble-metal element (Ir) in the
electrolyte was investigated. Through the ICP-MS test results, we
found that the content of Ir in the electrolyte is extremely low,
below the detection limit. The results further confirm the
outstanding stability of this as-prepared catalyst. Moreover, the
XRD peaks of Ir-nc@m-NiCo largely remain the same as before
the stability test and, thus, the results reveal its high durability
(Fig. S91). The higher stability of Ir clusters on the NiCo support

J. Mater. Chem. A, 2024, 12, 2383-2390 | 2387
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seconds of the water electrolysis process. (d) Polarization curves of bifunctional Ir-nc@m-NiCo and Pt/C//Ir/C for overall-water-splitting. Inset
shows an 80 hour stability test at 500 mA cm™2. (e) HER polarization curves of Ir-nc@m-NiCo in 1.0 M KOH and 0.5 M NaCl solution. (f)
Comparison of the voltages required to achieve a current density of 100 mA cm™2 for overall water splitting between Ir-nc@m-NiCo and other

self-supported bifunctional electrocatalysts.

can be ascribed to stronger interactions between Ir clusters and
the NiCo support.

From the outstanding performance of the HER, it can be
found that Ir-nc@m-NiCo can effectively boost HER activity,
exceeding the effects of Ir-nc@Co and Ir-nc@Ni. All these
results imply that Ir coordinated with Ni and Co could be the
real active site in Ir-nc@m-NiCo. Therefore, we further aimed to
identify the actual active sites at the atomic level for the HER on
Ir-nc@m-NiCo. The Tafel slope of Ir-nc@m-NiCo is 30.8 mV
dec !(=29 mV dec "), so the possible HER mechanism on the
catalyst surface will be Volmer-Tafel.*® The (111) plane is the
most thermally stable and available in the experiment."* Thus,
an Ir6 nanocluster with a thermally stable (111) plane is
embedded in the NiCo structure as a simplified model, mainly
coordinated with Co or Ni atoms (Fig. S10}). As shown in Fig. 5a
and b, the Ir site coordinated with both Ni and Co (IrNiCo*)
exhibits near-zero Gibbs free energy AGy~+ (—0.256 eV), slightly
smaller than that of Ir sites coordinated with Co atoms (IrCo*)
(—0.281 eV), and significantly lower than that of Ir sites coor-
dinated with Ni atoms (IrNi*) (—0.559 eV), indicating its faster
electron-transfer and thus a higher hydrogen release rate during
the HER process. As shown in Fig. 5c, the partial density of
states (PDOS) of Ir sites in Ir-nc@m-NiCo shows higher elec-
tronic states near the Fermi level (E¢), compared with the Ir sites
in Ir-nc@Co and Ir-nc@Ni. Activating Ir sites can optimize the
charge transfer and improve the HER catalytic activity. It is
found that the d-band center (¢4) of Ir in Ir-nc@m-NiCo shifts to
lower energy compared with Ir-nc@Co and Ir-nc@Ni, indicating

2388 | J Mater. Chem. A, 2024, 12, 2383-2390

more electron transfer from Ni and Co to Ir. Furthermore, the
accumulation of electrons on Ir facilitates the acceleration of
the Heyrovsky step, resulting in the adjustment of the free
energy of H* desorption towards the desired value. Conse-
quently, this weakens the adsorption of H* (Fig. S11t).”*® The
charge density difference of Ir-nc@m-NiCo was simulated to
further reveal the excellent HER performance. As shown in
Fig. 5d, e and S12,7 a noticeable charge accumulated around Ir,
while the charge around Co and Ni atoms is significantly
reduced, implies electron transfer from Ni and Co to Ir in Ir-
nc@m-NiCo, which is in good agreement with the results of
XPS. This electron redistribution behavior can optimize the
active H species adsorption energy, thus enhancing the catalytic
activity. All these calculated results manifest that IrNiCo* can
enhance the HER activity.*

Furthermore, we conducted HER experiments, including all
of the prepared samples in alkaline saline electrolytes (1.0 M
KOH + 0.5 M NacCl solutions). As shown in Fig. 5f, the Ir-nc@m-
NiCo HER electrocatalyst in 1.0 M KOH seawater electrolyte can
reach 500 and 1000 mA cm > with overpotentials of 104 and
150 mV, respectively. The overpotentials needed for Ir-nc@m-
NiCo and other HER electrocatalysts to drive current densities
of 100, 500, and 1000 mA cm 2 in 1.0 M KOH seawater elec-
trolytes are presented in Fig. 5g. To verify the stability of this Ir-
nc@m-NiCo electrocatalyst in seawater, we also conducted HER
stability tests in the alkaline saline electrolytes. As shown in
Fig. 5h, Ir-nc@m-NiCo could work continuously for over ten

hours at a current density of 500 mA cm ™.

This journal is © The Royal Society of Chemistry 2024
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Oxygen evolution reaction (OER) performance tests of different
catalysts were conducted. Ir-nc@m-NiCo can reach 10 mA cm ™ at
a potential of 1.42 V, with a Tafel slope of 68.29 mV dec™ ' and
a large Cq of 201.28 mF cm™> (Fig. S13-517%), exhibiting
extraordinary OER activity, even superior to that of commercial Ir/
C@NiCo. Irnc@m-NiCo can work as a bifunctional catalyst for
overall water splitting based on its outstanding HER and OER
performance. We conducted an experiment to measure hydrogen
and oxygen generated from the surface of Irnc@m-NiCo during
the overall water-splitting process. The apparatus was set up with
an H-type electrolytic cell using a Nafion membrane as a separator
through the drainage method. As shown in Fig. 6a and b,
hydrogen and oxygen are released from the device using 1.0 M
KOH electrolyte and the H, and O, volumes are 24 and 12 mlL,
respectively (ratio = 2:1). The results prove that the Faraday
efficiency of Irnc@m-NiCo driving the overall water splitting is
almost 100%, indicating the extremely high selectivity of such
a bifunctional catalyst for water electrolysis in alkaline media
(Fig. 6¢). In Fig. 6d, the bifunctional Ir-nc@m-NiCo electrocatalyst
outperforms other electrocatalysts in overall water splitting with
only 1.67, 2.05, and 2.48 V to reach high current densities of 100,
500, and 1000 mA cm > in 1.0 M KOH electrolyte, respectively.
Meanwhile, these values surpass those of the precious metal
catalysts of Ir/C//Pt/C (1.83, 2.30, and 2.77 V) and exceed those of
other self-supported bifunctional electrocatalysts as shown in
Fig. 6. The long-term stability of Ir-nc@m-NiCo in electro-
chemical water splitting is confirmed at a high current density of
500 mA cm ™2 for >80 h with negligible degradation (Fig. 6d).

Conclusion

In summary, Ir nanoclusters coordinated with macroporous NiCo
foam have been developed through a facile corrosion engineering
method. Ir-nc@m-NiCo exhibits outstanding HER performance,
which requires low voltages of 101 and 146 mV to reach high
current densities of 500 and 1000 mA cm™>, respectively. The
performance is superior to that of the benchmark commercial Pt/
C@NiCo. As a result, Ir-nc@m-NiCo functioning as both cathode
and anode electrodes can drive 100 and 500 mA cm™ 2 current
densities at ultralow cell voltages of only 1.67 and 2.05 V,
respectively. DFT calculations reveal that the Ir site coordinated
with Ni and Co changes the adsorption energy of hydrogen and
optimizes AGy+. The effects are favorable to the HER process. Ir-
nc@m-NiCo presented in this work provides a promising way to
synthesize precious metal coordinated with transition metal
catalysts towards practical applications for green hydrogen
production, as well as the electrochemical O, reduction, CO,
reduction, and N, reduction reactions.
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