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Description
BACKGROUND
Field of the Disclosure

[0001] This disclosure generally relates to three-di-
mensional (3D) porous NiSe, foam-based hybrid cata-
lysts.

Background of the Technology

[0002] With the consumption of fossil fuels and their
detrimental impact on the environment, methods of gen-
erating clean power are required. Hydrogen is an ideal
carrier for renewable energy, but H, generation is ineffi-
cient due to the lack of robust catalysts that are substan-
tially cheaper than platinum (Pt). Therefore, there is a
recognized need in the field for robust and durable earth-
abundant, cost-effective catalysts that are highly desira-
ble for H, generation from water splitting via a hydrogen
evolution reaction (HER).

[0003] A three-dimensional Ni foam deposited with
graphene layers on surfaces was used as a conducting
solid support to load MoSx catalysts for electrocatalytic
hydrogen evolution by Chang et al (Advanced Materials
(2013) 25(5); 756-760.

BRIEF SUMMARY OF THE DISCLOSURE

[0004] Herein disclosed, are highly active and durable
earth-abundant transition metal dichalcogenides-based
hybrid catalysts that exhibit HER activity approaching the
performance of-Pt-based catalysts of the prior art, and
in some embodiments are also more efficient than those
on transitional parent metal dichalcogenides (such as,
butnot limited to: MoS,, WS,, CoSe,, etc.). The catalysts
described herein are constructed by growing in ternary
MoSy(1xSeyy particles or WSy(4,,Se,, on a 3D self-
standing porous NiSe, foam, leading to in some embod-
iments, better catalytic activity than MoS,, MoSe, or
NiSe, alone, as supported by calculations. This disclo-
sure, therefore provides a new pathway to cheap, effi-
cient, and sizable hydrogen-evolving electrodes by si-
multaneously tuning the number of catalytic active sites,
porous structures, heteroatom doping and electrical con-
ductivity by growing ternary MoSy4)Sey, or
WS, 1x)S€ Particles on porous NiSe, foam with excel-
lent catalytic activity comparable to precious Pt catalysts,
suggesting applications in large-scale water splitting.
[0005] The present invention provides a three dimen-
sional (3D) hydrogen evolution reaction (HER) catalyst,
comprising:

a porous Ni foam support;

a NiSe2 scaffold positioned on the support; and

a layered transition metal dichalcogenide (LTMDC)
particles, with binary or ternary phase positioned on
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the NiSe2 scaffold, wherein the layered transition
metal dichalcogenides (LTMDC) particles comprise
vertically oriented layers and wherein the layered
transition metal dichalcogenides (LTMDC) particles
comprise MoS2(1-x)Se,, or WS2(1-x)Se,, particles.

[0006] The disclosure describes methods of making
such three-dimensional (3D) porous NiSe, foam-based
hybrid catalysts wherein porous NiSe, foam is synthe-
sized by direct selenization of commercial Ni foam, first-
row transition metal dichalcogenides (TMDC) such as
CoS,, CoSe,, FeSe,, FeS,, NiSe,, NiS,, layered TMDC
catalysts (MoS,, WS,, MoSe,, etc.) or combinations
thereof are then grown on its surface. The disclosure is
further drawn to catalysts as described herein, which are
constructed in some embodiments by growing ternary
MoS; (1., Sey, or WSy(4,Sey, particles on a 3D self-
standing porous NiSe, foam.

[0007] The present invention provides a method of
making the three dimensional hydrogen evolution reac-
tion (HER) catalyst of the invention, comprising:

positioning a porous Ni foam support,
selenizating said Ni foam support, and forming a
NiSe2 scaffold; and

growing layered transition metal dichalcogenides (LTM-
DC) particles on the NiSe2 scaffold, to form a three di-
mensional hydrogen evolution reaction (HER) catalyst.
[0008] The present invention also provides an elec-
trode, comprising:

the three dimensional Hydrogen Evolution Reaction
(HER) catalyst comprising:

a porous Ni foam support;

a NiSe2 scaffold positioned on the support; and

a layered transition metal dichalcogenide (LTMDC)
particles, with binary or ternary phase positioned on
the NiSe2 scaffold, wherein the layered transition
metal dichalcogenides (LTMDC) particles comprise
vertically oriented layers and wherein the layered
transition metal dichalcogenides (LTMDC) particles
comprise MoS2(1-x)Se,y or WS2(1-x)Se,, parti-
cles.

[0009] Herein disclosed are exemplary embodiments
of a three dimensional (3D) porous hydrogen evolution
reaction (HER) catalyst.

[0010] Herein disclosed is a three dimensional (3D)
hydrogen evolution reaction (HER) catalyst, comprising
a porous Ni foam support; a NiSe, scaffold positioned
on the support; and layered transition metal dichalcoge-
nide (LTMDC), with binary or ternary phase positioned
on the NiSe, scaffold. The catalyst described herein may
comprise transition metal dichalcogenides (LTMDC) are
selected from the group consisting of CoS,, CoSe,,
FeS,, FeSe,, NiSe,, NiS,, MoS,, WS,, MoSe,, WSe,,
and a combination of any of the foregoing. The layered
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transition metal dichalcogenides (LTMDC) particles used
in the invention are MoS;(4_,)Sep, or WSy (1\Ses, parti-
cleswhich are vertically oriented layers. In some embod-
iments a catalyst comprises a NiSe, scaffold, which fur-
ther comprises mesoporous pores. In some embodi-
ments, the mesoporous pores are between 0.001nm and
50 nm in diameter, and in other embodiments, the pores
comprise a surface roughness (Ra) of between 0.1 and
50, 1 and 30, and 10 and 20, and 0.1 and 10. In some
embodiments herein disclosed the NiSe, scaffold com-
prises active edge sites for HER. In some embodiments
herein disclosed the catalyst has at least one of: a low
onset potential, large cathode current density, small Tafel
slopes, or large exchange current density.

[0011] In some embodiments a low onset or overpo-
tential is between -10 and - 200 mV, in other embodi-
ments alow onset potential is between about -20 mV and
about -145 mV, in further embodiments a low onset po-
tential is between -50 and -100 mV. In some further em-
bodiments a low onset potential is -20 mV; and in another
embodiment the low onset potential is -145mV.

[0012] In some embodiments a large current density
is about -10 mV at 10 mA/cm? to about -120 mV at 10
mA/cm?2, in other embodiments a large current density is
about - 50 mV at 10 mA/cm?2 to about -100 mV at 10
mA/cm?2, and in further embodiments a large currentden-
sity is about - 70 mV at 10 mA/cm? to about -100 mV at
10 mA/cm2, in a further embodiment a large current den-
sity is about -69 mV at 10 mA/cmZ2, and in a still further
embodiment a large current density is about -88 mV at
10 mA/cmZ2. In some embodiments the current density
may be a cathode current density.

[0013] Insomeembodiments alow Tafel slope is about
10 mV/dec to about 100 mV/dec, in other embodiments
alow Tafel slope is about 20 mV/dec to about 80mV/dec,
and in further embodiments a low Tafel slope is about 40
to about 60mV/dec, in another further embodiment, a low
Tafel slope is about 43 mV/dec, and in a still further em-
bodiment a low Tafel slope is about 46.7 mV/dec.
[0014] Insomeembodiments alarge exchange current
density is about 10 to about 1000 wA/cmZ, in other em-
bodiments a large exchange current density is about 100
to about 600 wA/cm2, and in another embodiment a large
exchange current density is about 200 to about 600
wA/cmZ, in a further embodiment a large exchange cur-
rent density is about 495 pAcm?2, and in a still further
embodiment a large exchange current density is about
214.7 pAlcm2,

[0015] In other embodiments a method of making a
three dimensional hydrogen evolution reaction (HER)
catalystis disclosed, comprising: positioning a porous Ni
foam support, selenizating the Nifoam support, and form-
ing a NiSe, scaffold; and growing a layered transition
metal dichalcogenides (LTMDC) particles on the NiSe,
scaffold, to form a three dimensional hydrogen evolution
reaction (HER) catalyst. In some embodiments seleni-
zating is in an Ar atmosphere, in other embodiments se-
lenizating is at 450 °C - 600 °C. In some embodiments
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of the method herein disclosed, the NiSe, scaffold is HER
active, and the grown layered transition metal dichalco-
genides comprises a large number of exposed active
edge sites. In other embodiments the layered transition
metal dichalcogenide particles are of MoS,4_,,Se,, par-
ticles. The MoSy4_,)Sey, particles or WS, 4_,ySe,, parti-
cles are in a vertical layer orientation from the NiSe, scaf-
fold. In some embodiments, one layer of MoSy1_,\Seo,
particles or WSy(q_,ySe,, particles is about 0.1 to 75nm
nm in thickness. In other embodiments herein disclosed,
one layer of MoSy4_,)Se,, particles or WS4, Se,, par-
ticles is about 0.62 nm in thickness. In some embodi-
ments the surface is grown atbetween 450°C and 600°C,
and in other embodiments, the layer of MoS;(1.,\Sey,
particles or WS 4,\Se,, particles is grown at 500°C de-
grees. In some embodiments herein disclosed the cata-
lyst comprises a large 3-D porous surface area.

[0016] In some embodiments herein disclosed is an
electrode, comprising: a three dimensional Hydrogen Ev-
olution Reaction (HER) catalyst, wherein the electrode
comprises, a porous NiSe, foam support, and layered
transition metal dichalcogenides (LTMDC) particles, po-
sitioned on the NiSe, scaffold, and wherein the catalyst
has at least one of: an low onset potential, large cathode
current density, small Tafel slopes and large exchange
current density.

BRIEF DESCRIPTION OF THE DRAWINGS
[0017]

Fig. 1 depicts a schematic diagram, and the mor-
phologies of as-grown porous NiSe, foam and ter-
nary MoS;(1.,)Sey, particles synthesized on the po-
rous NiSe, foam. (Fig. 1 A) = The procedures for
growing MoSy4.,)Se,, particles on porous NiSe,
foam. (Fig. 1 B) = Typical low (left) and high
(right)-magnification SEM images showing the sur-
face roughness of the NiSe, foam grown at 600 °C
from commercial Ni foam. (Fig. 1 C) = Low (left) and
high (right)-magnification SEM images showing the
morphologies of ternary MoS,4_,)Se,, particles dis-
tributed on porous NiSe, foam grown at 500 °C.
Fig. 2. shows characterization of the ternary MoS,(1-
x)Se,,/NiSe, foam hybrid catalysts by high-resolu-
tion TEM, XPS and Raman. (Fig. 2A, and Fig. 2B) =
TEM images showing the vertical layer orientation
of MoS,(1.4)Sey, particles grown on different regions
of porous NiSe, foam. Scale bar: 5 nm. (Fig. 2C- Fig.
2E) = Detailed XPS analysis of the Mo 3d, S 2p and
Se 3d spectra in different samples, such as binary
MoS, particles on Si, MoSy(1_,\Se,, particles on Si
and MoSy4_,)Sey, particles on porous NiSe, foam.
(Fig. 2F) = Raman spectra measured on different
samples.

Fig. 3. Shows the electro-catalytic performance of
different catalysts for hydrogen evolution. (Fig. 3A)
= The polarization curves recorded on as-obtained
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MoS,(14)S€eo,1NiSe,  foam  hybrid,  binary
MoS,/NiSe, foam hybrid and pure NiSe, foam elec-
trodes compared to a Pt wire. (Fig. 3B) = Tafel plots
of the polarization curves recorded on the catalysts
presented in Fig. 3A. (Fig. 3C) = Polarization curves
showing negligible current density loss of ternary
MoS;(1.,Se,,/NiSe, hybrid electrodes initially and
after 1000 CV cycles. (Fig. 3D) = Time dependence
of current density recorded on the
MoS,(1)Se,, 1NiSe, hybrid electrode undera given
potential - 121 mV. (Fig. 3E) = Plot showing the ex-
traction of the double-layer capacitance (Cg) from
different electrodes. (Fig. 3F) = Electrochemical im-
pedance spectroscopy (EIS) Nyquist plots of the
MoS5(1_xSe,/NiSe; hybrid electrode in comparison
with binary MoS,/NiSe, hybrid and pure NiSe, foam
electrodes. The data were fit to the simplified Ran-
dles equivalent circuit shown in the inset.

Fig. 4. Shows density functional theory calculations.
(Fig. 4A) = Calculated adsorption free energy dia-
gram for hydrogen (H*) adsorption at the equilibrium
potential for MoSSe/NiSe, hybrid, binary MoS, and
MoSSe catalysts. (Fig. 4B) = Intermediate structures
of hydrogen bound MoSSe/MoSSe,
MoSSe/NiSe,(100), MoSSe/NiSe,(110)  and
MoSSe/NiSe, (111).

Fig. 5 shows that comparing the relative peak inten-
sity between 250 cm-! and 380 cm-1, the estimated
atomic ratio between S and Se is about 1.

Fig.6 shows Xray Powder Defraction Analysis of em-
bodiments of the catalysts herein described.

Fig. 7 shows electrochemical double-layer capaci-
tances (Cy) for evaluation of the electrochemically
effective surface areas of catalysts herein disclosed.
Fig. 8 shows a schematic diagram (a) and detailed
morphologies (b-e) of edge-oriented WS;(4_,,Se,,
particles supported on 3D porous NiSe, foam. Low
(b) and high (c) magnification SEM morphologies of
WS;(1.x)Sey particles grown at 500 °C on 3D porous
NiSe, foam. (d,e) Typical HRTEM images showing
a large number of exposed edge sites in
WS, (1x)S€y particles grown on 3D porous NiSe,
foam.

Fig. 9. Shows chemical composition analysis of the
hybrid catalyst by XPS and Raman spectroscopy.
(a) W 4f, (b) S 2p, and (c) Se 3d XPS spectra of the
WS5(1x)S€xc-based materials. (d) Raman spectra of
the WS, or WS;(4.,\Se,, particles on different sub-
strates.

Fig. 10. Shows electrochemical performance of as-
prepared hybrid electro-catalysts in comparison with
aPtwire and pure NiSe, support. (a) The polarization
curves recorded on different catalysts: pure NiSe,
foam, WS, on porous NiSe, foam, WS, 4_,)Se,, on
porous NiSe, foam and a Pt wire. (b) The corre-
sponding Tafel plots extracted from the curves
shown in panel a. (c) Polarization curves of
WS;(1.5)Sex/NiSe, catalyst initially and after 1000
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CV scans. (d) Time dependence of current density
of the hybrid catalyst under a static overpotential of
-145 mV.

Fig. 11. Shows double-layer capacitance (Cy) meas-
urements and Nyquist plots by EIS. (a) Electrochem-
ical cyclic voltammogram of WS2/NiSe, hybrid cat-
alyst at different scan rates from 2 to 20 mV/s with
an interval point of 2 mV/s. (b) Electrochemical cyclic
voltammogram of WS;4_,,Se,,/NiSe, hybrid cata-
lysts with the scan rates ranging from 2 to 18 mV/s
with an interval point of 2 mV/s. (c) Linear fitting of
the capacitive currents of the catalysts vs the scan
rates. (d) Nyquist plots showing the facile electrode
kinetics of the hybrid catalysts WS,/NiSe, and
WSy(1.xSep/NiSes.

DETAILED DESCRIPTION OF THE DISCLOSED EX-
EMPLARY EMBODIMENTS

[0018] Three-dimensional porous NiSe, foam was di-
rectly synthesized by direct thermal selenization of com-
mercial Ni foam. Then layered TMDC catalysts (MoS,,
WS,, MoSe,, etc.) were grown on its surface. Due to the
three-dimensional nature, good electrical conductivity,
and mesoporous structures with rough surface, the 3D
NiSe, foam is a suitable conductive scaffold to support
other HER-active catalysts. The resulting hybrid cata-
lysts exhibit the desired catalytic performance in the
HER, demonstrating low onset potential, large cathode
cathodic current density, small Tafel slopes and large
exchange current density. Most of the catalysts outper-
form the state-of-the-art catalysts and exhibit catalytic
performance close to the performance of Pt catalysts.
Considering the low cost and earth abundance of these
compounds, they are alternatives to Pt potentially used
in water splitting. In particular, the starting material Ni
foam is commercially available, in large scale, and inex-
pensive so the as-obtained hybrid catalysts can be used
as sizable hydrogen evolving electrodes. Further, HER-
active porous NiSe, foam has been directly synthesized
from commercial Ni foam, and then utilized as the con-
ductive scaffold for supporting other HER-active cata-
lysts. The resulting hybrid catalysts exhibit improved cat-
alytic performance, compared to the catalysts of the prior
art based on layered transition metal dichalcogenides
(MoS,, WS,, etc.) See for example: Zhou H. et al., Nano
Energy (2016) 20, 29-36..

[0019] Hydrogen (H,)is a promising energy carrier be-
cause of its high energy density and no pollution gas
emission. One direct and effective route to generate H,
is based on electro-catalytic hydrogen evolution reaction
(HER) from water splitting, in which an efficient catalyst
is required to ensure the energy efficiency. Pt-based no-
ble metals are the most active catalysts, but they are not
suitable for large-scale applications because of their high
costs and scarcity on earth. Thus, some embodiments
disclosed herein are drawn to electro-catalysts based on
earth-abundant and cost-effective materials and further
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embodiments are drawn to methods of fabricating elec-
tro-catalysts based on earth-abundant and cost-effective
materials.

[0020] However, mostof the Earth-abundant transition
metal compounds, such as metal sulfides, selenides,
phosphides, carbides, and their composites exhibit infe-
rior catalytic efficiency to Pt, and many involve compli-
cated preparation methods and multiple steps that in-
crease the costs. Progress has been obtained for HER
based on layered transition metal dichalcogenides (LT-
MDs) such as MoS, either in the form of crystalline or
amorphous states, and in molecular mimics, but these
prior art catalysts are still inferior to Pt resulting from the
low density and reactivity of active sites, poor electrical
transport, and inefficient electrical contact to the elec-
trode.

[0021] Further, the prior art discloses that carbon-
based materials are generally used as the catalyst sup-
port for layered transition metal dichalcogenides (LT-
MDs, MoS,, WS,, etc.) by virtue of their high surface
area and good conductivity. The catalytic HER perform-
ance of such carbon-supported layered transition metal
dichalcogenides is greatly improved, however complex
synthesis procedures are required, which lead to in-
creased costs. Double-gyroid structures are also dis-
closed in the prior art for MoS, catalyst, and comprise
numerous nanopores with exposed edge sites, which are
the catalytic active sites rather than the basal planes, but
the development bottleneck of the double-gyroid struc-
tures is that the catalyst itself has intrinsically poor con-
ductivity. Thus, even though MoS, has been established
as an effective HER catalyst, it has previously been dif-
ficult to obtain satisfactory catalysts at low cost on par
with the current Pt catalysts.

[0022] The majority of HER catalysts of the prior art
are based on nanostructures (nanoparticles, na-
nosheets, etc.) making it necessary to use binder poly-
mers (for example, nafion solution) in order to fasten the
catalysts onto conducting substrates, such as glassy car-
bon electrodes, which increases the cost. This problem
can be solved by growing the active catalysts directly
onto self-standing conducting skeletons as the current
collectors. Therefore, in some embodiments, a catalyst
grown on three-dimensional supports with multiple rough
surfaces, lots of porous structures and good conductivity
is disclosed. Considering the high cost for material syn-
thesis, use of graphene or carbon nanotube is not feasi-
ble. Instead, Ni foam is a good starting material because
of its low price, commercial availability, and three-dimen-
sional skeleton structure (Fig. 1a). Ni foam is not stable
in acid electrolytes because of corrosion. However, direct
selenization of Ni foam into porous NiSe, foam in Ar at-
mosphere converts Ni foam to porous stable NiSe, foam
(Fig. 1b) that is HER active and stable in acid. Numerous
additional mesoporous pores are generated in the NiSe,
regions leading to a rough surface, which provide pref-
erential sites for growing LTMD catalysts with vertically
oriented layers. Thus, many active edge sites may be
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introduced by growing LTMD catalysts on 3D porous
NiSe, foam.

[0023] Therefore, disclosed herein in some embodi-
ments, are three-dimensional hybrid catalysts on mes-
oporous supports which comprise a high surface area
for catalyst loading, fast proton transfer and greater con-
tact areas with reactants during the catalytic process.
Embodiments disclosed herein are configured to improve
the distribution and electrical conductivity of such cata-
lysts on the supports and expose a large number of active
edge sites. Furthermore, arranging two different materi-
als such as growing ternary MoS,4_,\Se,, particles with
vertically aligned layers on a three-dimensional porous
HER-active conductive NiSe, scaffold, has the ability to
take advantage of the merits of carbon materials (high
surface area and good electrical conductivity), double-
gyroid structures (three-dimensional, porous and many
exposed edge sites) and synergistic effects between two
different catalysts. Such hybrid catalysts display a highly
efficient HER performance that approaches the levels of
Pt catalysts; and display a catalytic performance superior
to that reported on well-studied transitional parent metal
dichalcogenides (MoS,, WS,, CoSe,, NiSe,). In some
embodiments disclosed herein, 3D porous NiSe, foam
is configured as a conductive skeleton to load ternary
MoSy(1.x)Seyy catalysts, thereby utilizing the electrical
conductivity, porous structures, and high surface area of
the NiSe, foam. Scanning electron microscopy (SEM;
Fig. 1C) images clearly show that small ternary particles
are uniformly distributed on the porous NiSe, foam, in-
dicating that the surface of NiSe, foam is suitable for
dispersing the particles, which isimportantfor the electro-
catalytic performance of LMDT catalysts.

EXAMPLES

[0024] EXAMPLE 1: The chemical composition of the
as-grown MoS;1,\Sey, particles were examined by
high-resolution transmission electron microscopy (TEM),
X-ray photoelectron microscopy (XPS), Raman spec-
troscopy, and energy dispersive X-ray spectroscopy
(EDS). According to the TEM characterizations
(Fig.2a,b), it is obvious that the layers of ternary
MoSy1.x)Seyy particles grow with vertical orientation on
alarge density on NiSe, surface, suggesting that a large
number of active edge sites are exposed at the surface
of MoSj(1.,)Se,y particles. This is reasonable since the
surface of NiSe, foam is rough and curved, which is fa-
vorable for the growth of layered materials with vertically
aligned layers.

[0025] XPS spectra in the hybrid reveal the presence
of Ni, Mo, S, and Se elements (Figs. 2c-e). However, due
to the presence of Se elements in porous NiSe, foam
with an oxidation state similar to MoS,4_,)Sey,, it is dif-
ficult to demonstrate the selenization of MoS, after its
growth on NiSe, foam. Instead, to confirm the chemical
composition of the molybdenum compound, a precursor-
decorated Si substrate is placed under the NiSe, foam
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during the second selenization. It is clear that the
(NH4),MoS, precursor has been converted to a distinc-
tive ternary alloy phase at 500 °C from the prominent Mo,
S and Se signals in the XPS spectra (Figs. 2c-e). Espe-
cially in the Raman spectra (Fig. 2f), in comparison with
pure MoS, that two prominent Raman peaks are located
at 380 cm! (E;4) and 406 cm-! (A,g), there is another
obvious Raman peak located at 250 cm-" for the samples
with a ternary phase, which can be ascribed to the Ezg
mode of Mo-Se bond. Compared to Raman mode of bulk
MoSe, crystals (~ 242 cm-1), the blue shifts of this peak
to 250 cm-1indicate aternary a MoS;1.,)Se,, compound
rather than a mixture of two solid phases. This Raman
feature is also found when the ternary phase is grown on
porous NiSe, foam, which is consistent with previously
reported results on ternary MoS, 4y Se,, single crystals.
By comparing the relative peak intensity between 250
cm-1 and 380 cm-1, wherein the estimated the atomic
ratio between S and Se to be around 1, which is further
supported by the EDS analysis (Fig. 5).

[0026] To evaluate the catalytic performance of these
ternary MoS, it was estimated that the atomic ratio be-
tween S and Se to be around 1, which is further supported
by the EDS analysis (Fig. 6) To evaluate the catalytic
performance ofthe ternary MoSy1_,ySe,, particles grown
on 3D porous NiSe, foam, electro-catalytic measure-
ments were performed via a standard three-electrode
setup in a 0.5M H,SO, electrolyte de-aerated with high-
purity N, were performed. The loading of MoSy4_,ySey,
catalysts is around 4.5 mg/cm?2, and Fig. 3a shows that
the self-standing porous hybrid catalyst can afford geo-
metric currentdensities of about 10 mA/cm?2 at a low over-
potential 69 mV for the ternary MoS (4., Se,, hybrid elec-
trode. In contrast, for binary MoS, on NiSe, foam and
pure NiSe, foam, overpotentials of 116 mV and 192 mV
respectively are needed to achieve about 10 mA/cm?2,
The catalytic overpotential (69 mV) of the
MoS,(1.4)Se,1NiSe, hybrid is also much lower than
those ofthe best catalysts thus farbased on LTMDs MoS,
(-110mV), WS, (- 142 mV) and WSy(4_,ySe,, (- 170 mV),
and first-row transition metal dichalcogenides CoSe, (-
139 mV), NiSe, (- 136 mV) and CoS, (- 142 mV). This
suggests that the ternary MoS,(1.,\Se,, particles/NiSe,
foam hybrid is a highly functional HER catalyst. Further,
aTafel slope, whichis aninherentproperty of the catalyst,
can be obtained by extracting the slopes from the linear
regions in Tafel plots (Fig. 3b). Itis found that the ternary
electrode possesses a smaller Tafel slope (43 mV/dec)
than that of binary MoS, on NiSe, foam (67 mV/dec) and
pure NiSe, foam (49 mV/dec). In addition, the hybrid cat-
alyst disclosed herein leads to a Tafel slope much lower
than many previously reported cheap and efficient HER
catalysts in the same electrolyte. Further, based on the
intercept of the linear region of the Tafel plots, the ex-
change current densities (j geometrical) @t the thermody-
namic redox potential ( 7 = 0) can be calculated to be
495 pAcm2 for the ternary-phase hybrid catalysts with
NiSe, foam. This exchange current density is one to two
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orders of magnitude larger than those of layered transi-
tion metal dichalcogenides MoS, and WS,, or first-row
transition metal dichalcogenides CoSe, and CoS, cata-
lysts of the prior art. It is well known that it is difficult to
prepare a self-standing catalyst simultaneously possess-
ing low onset overpotential, large current density, small
Tafel slope and large exchange current density. Thus,
considering the small onset overpotential (~ 20 mV),
large current density (- 69 mV at 10 mA/cm?), low Tafel
slopes (~43 mV/dec)and large exchange current density
(~ 495 pAcm-2), embodiments of the catalyst disclosed
herein comprise catalytic function at a level displayed by
Pt catalysts of the prior art, and are also catalytically high-
er functioning than most MoS,-based catalysts.

[0027] Aside from a stringentrequirement for high HER
activity, stability is another important criterion in evaluat-
ing the catalytic performance of an electro-catalyst. In
embodiments disclosed herein, a long-term cyclic vol-
tammetry test between - 0.20 and 0.07 V vs RHE shows
no significant degradation of cathodic current densities
for the catalyst before, and after 1000 cycles (Fig. 3c).
In other embodiments, the cathodic current density for
the hybrid catalyst remains stable, and exhibits no obvi-
ous degradation for electrolysis at a given potential over
a long period (Fig. 3d), suggesting the potential use of
this catalyst over a long time in an electrochemical proc-
ess. In some embodiments, after long-term stability and
cyclability tests, the catalytic performance of the hybrid
catalyst disclosed herein still shows no degradation
(Fig.3c).

[0028] To elucidate the origin of the differences in the
overall catalytic performance among different catalysts,
a simple cyclic voltammetry (CV) method was utilized in
some embodiments to measure the corresponding elec-
trochemical double-layer capacitances (Cy), and there-
fore allowing evaluation of the electrochemically effective
surface areas (Fig.7). Taking consideration of the direct
proportion between the effective surface area and dou-
ble-layer capacitance, capacitance values Cy may be
directly compared. By plotting the positive and negative
currentdensity differences (Aj =j, - j,) ata given potential
(0.15V vs. RHE) against the CV scan rates, the double-
layer capacitances (Cgy), which is equal to half the value
of the linear slopes of the fitted lines in the plots, can be
calculated. As shown in Fig. 3e, the MoSy(;.,Se,,/NiSe,
hybrid electrode exhibits a Cy, value of 319.15 mF/cm?2,
which is one order of magnitude larger than that of pure
MoS,/NiSe, foam (30.88 mF/cm?2) and about 40 times
larger than that of pure NiSe, foam (7.48 mF/cmZ2), dem-
onstrating the proliferation of active sites in the porous
hybrid catalyst, which accordingly results in the improved
catalytic performance. In some embodiments, electro-
chemical impedance spectroscopy (EIS) was carried out
to examine the electrode kinetics under the catalytic HER
operating conditions (Fig. 3f). According to the Nyquist
plots and data fitting to a simplified Randles circuit, the
results disclosed herein clearly reveal that the charge-
transfer resistance (R ~ 05 Q) for the
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MoS;(1xSey/NiSe, hybrid is smaller than that for pure
MoS,/NiSe, (R ~ 8 Q) or for porous NiSe, foam alone
(Ret ~ 22 Q), which may be due to the chemical bonding
between MoSy4_,\Se,, and NiSe, foam in contrast to the
physisorption of MoS, particles on solid NiSe,. This was
confirmed by the quantum mechanics (QM) calculations
as described below. Additionally, all the catalysts have
very small series resistances (Rg~ 0.6-1.2 Q), indicative
of high-quality electrical integration of the catalyst with
the electrode. Therefore, to understand the improvement
on the catalytic hydrogen evolution of the
MoS; (1., Se,,/NiSe, hybrid catalysts, QM calculations at
the density functional theory (DFT) level (PBE flavor)
were performed to calculate the binding free energies of
hydrogen on the Mo atom.

[0029] To further analyze the improvement on the cat-
alytic hydrogen evolution of the MoS,4_,;Se,,/NiSe; hy-
brid catalysts, QM calculations at the density functional
theory (DFT) level (PBE flavor) were performed to cal-
culate the binding free energies of hydrogen on the Mo
atom (See for example: Zhou H. et al., Efficient hydrogen
evolution by ternary molybdenum sulfoselenide particles
on self-standing porous nickel diselenide foam, Nature
Comms. 2016, 7, 12765 (doi:10.1038/ncomms12765);
and Zhou, H., et al, Outstanding Hydrogen evolution re-
action in water splitting catalyzed by porous nickel dise-
lenide electro-catalysts like Pt, Energy and Environ Sci.,
2016, 00, 1-3). Although it was originally assumed that
the edge S atom is the catalytic atom in hydrogen evo-
lution on MoS, embodiments herein it is found that H,
formation proceeds through the Mo atom via the Hey-
rovsky reaction and has a lower barrier than the Hey-
rovsky and Volmer reaction on the S atom. Therefore, a
lower hydrogen binding energy on the Mo atom was used
as the indicator for lower barrier in the Heyrovsky step.
Since there are various exposed facets in the as-pre-
pared NiSe, foam (Fig. 6), the reaction was in some em-
bodiments modeled on the simple lowindex (100), (110)
and (111) surfaces of NiSe,. As shown in Fig. 4a, AGy-
is 8.4 kcal/mol for hydrogen adsorbed on
MoS;(1.,)S€,,/M0S5(1.)Se,,, Which is more reactive
than MoS,/MoS,, with a AGy- of 10.6 kcal/mol, agreeing
with the reported experimental result. In contrast, once
the MoSy(1)Se,, particles are hybridized with NiSe,
foam, the relevant AGy- on MoSy(q.,\Se,,/NiSe,(100)
and MoSy44Se,,/NiSe,(110) are further decreased to
2.7 kcal/mol and 2.1 kcal/mol, respectively, making these
hybrid catalysts more active than MoS,/MoS, and
MoS(1_xS€2,/M0S(1,)Se,, in the HER process. To un-
derstand the reason for the improved reactivity of
MoSy(1xSe,,/NiSe, hybrid catalysts, intermediate
structures (Fig. 4b) were further examined.
MoS;(1.,)Se,, insome embodiments is found to be chem-
ically bonded to the NiSe, substrate on the (100) and
(110) surfaces, allowing the electrons to delocalize into
the substrate, thus lowering the binding energies of hy-
drogen and ensuring quick charge transfer in the HER
process as confirmed in the EIS spectra. Thus, DFT cal-
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culations corroborate that the MoS,4.,\Se,,/NiSe; hy-
brid is an effective electro-catalyst (Fig. 4)

[0030] Thus, disclosed herein are robust and stable
hydrogen evolving catalysts, wherein such catalysts are
synthesized by growing ternary MoS,;,,Se,, particles
on a 3D porous and metallic NiSe, foam. Experimental
and  theoretical results show that these
MoSy(1x)Sep,/NiSe, hybrid catalysts exhibit catalytic
performance in the order of the LTMD catalysts (such as
MoS,, WS,) and first-row transition metal pyrites (CoSe,,
CoS,, NiSe,, etc.) of the prior art. The catalysts disclosed
herein are effective in catalyzing hydrogen production by
integrating metal dichalcogenides and pyrites into three-
dimensional hybrid architectures that possess high sur-
face area, mesoporous structures, good electrical con-
ductivity, and abundant active edge sites, making effec-
tive such catalysts effective and efficient for large-scale
water splitting.

[0031] EXAMPLE 2: A further embodiment comprises
an efficient and durable hybrid catalyst composed of
tungsten sulfoselenide WSy(q_,\Se,,/NiSe, particles
supported by 3D porous NiSe, foam which was formu-
lated from commercial Ni foam via thermal selenization
(see for example: Zhou H. et al., Highly Efficient Hydro-
gen Evolution from  Edge-Oriented  WS2(1-
x)Se2x/NiSe2, Nano Lett., 2016, 16 (12), pp 7604-7609).
Particles disperse uniformly on a NiSe, surface with a
large number of exposed edge sites. Therefore in some
embodiments WS, ,_,,Se,,/NiSe, /NiSe, hybrid foam
canbedirectly employed as a 3D self-standing hydrogen-
evolving electrode. In some embodiments an electrode
as disclosed herein exhibits an effective HER perform-
ance and produces a large current density (in the order
of about -10 mA/cm?2 at only -88 mV), a low Tafel slope
(in the order of about 46.7 mV/dec), large exchange cur-
rent density (in the order of about 214.7 pA/cm?2), and is
electrochemical stabile.

[0032] In some embodiments the catalytic properties
are superior to many catalysts of the prior art, which may
in part be attributed to the synergistic effects of good
conductivity and high surface area of porous NiSe, foam,
and a large number of active edge sites from ternary
WS;(1.5Seo/NiSe; particles.

[0033] Insome embodiments, the synthesis of the cat-
alyst commences with the growth of porous NiSe, foam
from commercially available Ni foam by direct seleniza-
tion (Fig. 8). In some embodiments the original Ni foam
is composed of Ni grains that are micrometer in size.
After thermal conversion of Ni foam into metallic NiSe,
foam, additional porous structures with rough surface are
generated, and in some embodiments most of metallic
Ni is converted to pyrite NiSe, as confirmed by powder
X-ray diffraction pattern, wherein the remaining small
amount of metallic Ni contributes to the total conductivity
of porous NiSe, samples. The as-grown NiSe, samples
were in some embodiments modified with a (NH,),WS,
precursor, followed by a second selenization at 500 °C
in a tube furnace. The SEM images (Figure 8b,c) show
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that the WS;4_,\Se,,/NiSe, particles are uniformly dis-
persed on a porous NiSe, foam, which plays a significant
role in the catalytic performance because of the in-
creased active sites. High-resolution transmission elec-
tron microscopy (HRTEM), indicate that in some embod-
iments the layers of WS, 4,)Se,,/NiSe, particles are ex-
posed on the surface of NiSe, foam (Figure 8d and e),
which may be attributed to the rough and curved surface
of NiSe, foam that is used for layer orientation of
WS, (1.5 Sex/NiSe; particles. These exposed layers of
WS, 1xS€x/NiSe, particles then provide a large
number of active edge sites for the HER. Considering
the metallic feature and porous structures of NiSe, foam
and that each layer of WSy,_,)Se,,/NiSe, particles is in
some embodiments in direct contact with the NiSe, foam,
the electrical contact between the WS;4_,Se,,/NiSe,
catalyst and the electrode is increased, which ensures
quick electron transfer from the electrode to the
WS51xS€x/NiSe, particles.

[0034] Moreover, in some embodiments, the many po-
rous structures provided by NiSe, foam quicken the pro-
ton transfer from the electrolyte to the catalyst surface
because of high surface area. Thus, in some embodi-
ments the hybrid catalysts simultaneously possess good
electrical contact, high-density active edge sites, and 3D
porous structures with high surface area, all of which con-
tribute greatly to the electro-catalytic hydrogen evolution.
X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy were utilized to further characterize the
chemical composition of the as-prepared catalysts.
[0035] In some embodiments, XPS spectra collected
on WSy1.4Se,,/NiSe; /NiSe; hybrid material, detected
each of Ni, W, S, and Se elements (Figure 9a-c]. The
origin of Se (i.e. whether the signal originates from the
WS, 1x)S€2/NiSe, particles or NiSe, foam) was clarified
by performing a selenization at 500 °C, and by growing
the tungsten compound on a Si substrate to clearly detect
the presence of W, S, and Se elements in the relevant
XPSdata (Fig. 9a-c). In furtherembodimentsiitis possible
to detect the WS;(4_,)Se,,/NiSe;, particles on a porous
NiSe, foam by Raman spectroscopy because of different
vibration modes between NiSe,and WS4, Sep,/NiSe,.
As shown in Fig. 9d, for pure NiSe, foam, there are four
vibration peaks ascribed to the Tg (153.6 cm-1), Eg
(172.2cm™1),Ag (217.7 cm™1), and Tg (243.7 cm-) modes
of NiSe, while for pure WS,, two prominent Raman peaks
are detected at 357.5 and 421.0 cm-1, which can be at-
tributed to the E12g and A4 modes, respectively. Com-
pared to pure WS2/NiSe, foam, there is another broad
peak appearing at around 257 cm! for
WS;(1.5)Sex/NiSe,, which can be clearly found on the
Raman spectra of WS4\ Se,,/NiSe; /NiSe,, and is as-
sociated with the corresponding WSe,-like E129/2LA fea-
tures. These observations in Raman and XPS data con-
firm the formation of ternary WS, 4_,,Se,,/NiSe; particles
on porous NiSe, foam, as compared to bench mark data.
In some embodiments and based on Raman spectra, the
factor x showing the atomic ratio between S and Se is
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around 0.3, which is further demonstrated by the X-ray
energy dispersive spectroscopy measurement.

[0036] Insome embodiments, the electro-catalytic hy-
drogen evolution of the hybrid catalysts, were analyzed
by performing electrochemical measurements in a three-
electrode configuration in a N,- saturated 0.5 M H,SO,
electrolyte. The loading of WS, or WSy(,_,ySe,,/NiSe,
particles on porous NiSe, foam is at about 5.4 mg/cm?2.
All of the potentials reported here are referenced to the
reversible hydrogen electrode (RHE).

[0037] Figure 10a shows the polarization curves re-
corded on the as-prepared hybrid catalysts. For compar-
ison, curves collected on binary WS,4_,Se,,/NiSe,,
pure NiSe, foam, and a Pt wire are shown, wherein in
some embodiments the WS,1_,,Se,,/NiSe, hybrid cat-
alyst can provide a geometric current density of -10
mA/cm? at only -88 mV, which is much lower than -108
mV for WS,/NiSe, and -154 mV for pure NiSe, foam.
This performance outperforms many reported catalysts
in the prior art illustrating the effective catalytic perform-
ance of ternary WS;4_,Se,,/NiSe, particles/NiSe, foam
hybrids reported here for the HER. In addition, the Tafel
slope ofthe WS, 4_,,Se,,/NiSe, /NiSe, hybridis only 46.7
mV/dec (Figure 10b). The exchange current density (jg)
is calculated to be around 214.7 pA/cm2, larger than most
of the values reported on the well-known MoS,, WS,,
and CoSe, catalysts. This, in some embodiments, may
be due to the increased active edge sites from
WSy (1xS€x/NiSe, particles grown on porous NiSe,
foam.

[0038] In some embodiments, the hybrid catalysts are
also electrochemically stable in 0.5M H,SO,. For exam-
ple, after 1000 cycles, the polarization curve is almost
the same as that of the initial one, indicating no observ-
able degradation after long-term cycling tests (Figure
10c). The practical operation of the catalyst was exam-
ined in electrolysis at a fixed potential over a long period
(Figure 10d), and at a given overpotential of -145 mV,
there is no observable decrease in the current density at
~ -120 mA/cm? for electrolysis over 8 h for the hybrid
WSy (14 Sex/NiSe,/NiSe, catalyst, indicating its poten-
tial usage in water splitting for a long time.

[0039] Further, in some embodiments to evaluate the
differences in the electrochemically effective surface
areas of the catalysts disclosed herein, the
electrochemical double-layer capacitances (Cdl) were
measured via a simple cyclic voltammetry (CV) method
as displayed in Figure 11 a,b. By drawing the current
difference between anodic and cathodic current densities
(AJ = janodic - Jeathodic) @gainst each scan rate at a given
potential of 0.15 V, a linear fitting may be conducted, and
the Cdl is derived from the linearly fitted curves, which is
half the value of the linear slopes. As shown in Figure
11c¢, the Cdl values are extracted to be 256.9 mF/cm? for
the WSy, Se,/NiSe, /NiSe, hybrid catalyst, which is
larger than 180.9 mF/cm2 of pure WS2/NiSe, foam and
nearly 28.5 times of 9.0 mF/cm?2 of pure NiSe, foam.
Thus, in some embodiments, given that there is a linear



15 EP 3 458 191 B1 16

relationship between the electrochemical-surface area
and the capacitance Cdl, the relative electrochemically
active surface area can be derived, which may be further
used to normalize the exchange current density
io,normalized- N some embodiments the normalized
exchange current density of WS4, Se,,/NiSe, /NiSe,
(8.54 pAlcm?) is larger than that of WS,/NiSe, (6.46
pnA/cm,), suggesting improved intrinsic catalytic activity
by Se doping. Meanwhile, electrochemical impedance
spectroscopy (EIS) was applied to study the electrode
kinetics of the catalysts. Nyquist plots (Figure 11d) reveal
a decrease of charge-transfer resistance (Rct) for the
ternary WS, 4_,)Se,,/NiSe; /NiSe, hybrid (0.8-1.3 Q) in
contrast to the binary WS,/NiSe, hybrid (3.2 2) and pure
NiSe, foam (19.6 Q). Furthermore, all of the catalysts
exhibit very small series resistances (~1 2), meaning that
effective electrical integration is ensured by metallic
NiSe, foam.

[0040] In some embodiments, and on the basis of the
improved catalytic performance and EIS spectra, the
substitution of S by Se atoms may affect the electrical
conductivity ofthe ternary phase WS;4_,Se,,/NiSe, and
thereby the hydrogen adsorption free energy. The en-
hanced electrical conductivity improves the electron
transfer between WS;(4_,)Se,,/NiSe; catalyst and NiSe,
support, and consequently, Cdl measurements and EIS
results confirm that WS, 4_,,Se,,/NiSe,/NiSe, hybrid cat-
alyst exhibits more facile electrode kinetics toward hy-
drogen evolution, which may be attributed to the good
conductivity and porous structures of the NiSe, foam,
and the active edge sites from WSy4_,ySe,,/NiSe, par-
ticles. In conclusion, the catalytic HER activity of transi-
tion-metal dichalcogenides is increased by making 3D
porous architectures of layered WSy(;_,Se,,/NiSe, par-
ticles on metallic NiSe, foam. Good conductivity and po-
rous structures of NiSe, foam and a large number of ac-
tive edge sites from WS;q_,)Se,,/NiSe, particles were
created, which makes the hybrid catalyst highly active
and efficient for HER, and stable in acid over a long pe-
riod. Thus providing a basis for the fabrication of robust
and stable electro-catalysts for large-scale water splitting
and satisfying an unmet need in the art.

[0041] While exemplary embodiments of the disclo-
sure have been shown and described, modifications
thereof may be made by one skilled in the art without
departing from the spirit and teachings of those embod-
iments. The embodiments described herein are exem-
plary only, and are not intended to be limiting. Many var-
iations and modifications of the disclosed embodiments
are possible and are within the scope of the claimed dis-
closure. Where numerical ranges or limitations are ex-
pressly stated, such express ranges or limitations should
be understood to include iterative ranges or limitations
of like magnitude falling within the expressly stated rang-
es or limitations (such as,, from about 1 to about 10 in-
cludes, 2, 3,4, etc.; greaterthan 0.10 includes 0.11, 0.12,
0.13, etc.). For example, whenever a numerical range
with a lower limit, R;, and an upper limit, R, is disclosed,
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any number falling within the range is specifically dis-
closed. In particular, the following numbers within the
range are specifically disclosed: R=R,+k* (R -R)), where-
in k is a variable ranging from 1 percent to 100 percent
with a 1 percentincrement, i.e., kis 1 percent, 2 percent,
3 percent, 4 percent, 5 percent, ..... 50 percent, 51 per-
cent, 52 percent, 95 percent, 96 percent, 97 percent, 98
percent, 99 percent, or 100 percent. Moreover, any nu-
merical range defined by two R numbers as defined in
the above is also specifically disclosed. Use of the term
"optionally" with respect to any element of a claim is in-
tended to mean that the subject element is required, or
alternatively, is notrequired. Both alternatives are intend-
ed to be within the scope of the claim. Use of broader
terms such as comprises, includes, having, etc. should
be understood to provide support for narrower terms such
as consisting of, consisting essentially of, comprised sub-
stantially of, etc.

[0042] Accordingly, the scope of protection is not lim-
ited by the description set out above but is only limited
by the claims which follow.

Claims

1. A three dimensional (3D) hydrogen evolution reac-
tion (HER) catalyst, comprising:

a porous Ni foam support;

a NiSe, scaffold positioned on the support; and
a layered transition metal dichalcogenide (LTM-
DC) particles with binary or ternary phase posi-
tioned on the NiSe, scaffold, wherein the lay-
ered transition metal dichalcogenides (LTMDC)
particles comprise vertically oriented layers and
wherein the layered transition metal dichalcoge-
nides (LTMDC) particles comprise
MoSy(1xSeoy Or WSy(1.4)Sey, particles.

2. The catalyst of claim 1, wherein the NiSe, scaffold
comprises mesoporous pores of between 0.001 nm
and 50 nm in diameter.

3. The catalyst of claim 1, wherein the NiSe, scaffold
comprises active edge sites.

4. A method of making the three dimensional hydrogen
evolution reaction (HER) catalyst of claim 1, com-
prising:

positioning a porous Ni foam support,
selenizating said Ni foam support, and forming
a NiSe, scaffold; and

growing layered transition metal dichalcoge-
nides (LTMDC) particles on the NiSe, scaffold,
to form a three dimensional hydrogen evolution
reaction (HER) catalyst.
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The method of claim 4, wherein said selenizating is
in an Ar atmosphere, and at 450°C - 600°C.

The method of claim 4, wherein the NiSe, scaffold
is HER active, and the grown layered transition metal
dichalcogenides comprises a large number of ex-
posed active edge sites.

The method of claim 4, wherein said growing of said
particles is in a vertical layer orientation from the
NiSe, scaffold and wherein one layer of said parti-
cles is about 0.1 to 75nm in thickness.

The method of claim 4, wherein the layered transition
metal dichalcogenides (LTMDC) particles are grown
at between 450°C and 600°C.

The method of claim 4 wherein the catalyst compris-
es mesoporous pores of between 0.001nm and
50nm in diameter.

10. An electrode, comprising:

the three dimensional Hydrogen Evolution Reaction
(HER) catalyst comprising:

a porous Ni foam support;

a NiSe, scaffold positioned on the support; and
a layered transition metal dichalcogenide (LTM-
DC) particles with binary or ternary phase posi-
tioned on the NiSe, scaffold, wherein the lay-
ered transition metal dichalcogenides (LTMDC)
particles comprise vertically oriented layers and
wherein the layered transition metal dichalcoge-
nides (LTMDC) particles comprise
MoS;(1.,)Sey, or WSy(1_,\Sey, particles.

Patentanspriiche

Dreidimensionaler (3D) Katalysator fiir die Wasser-
stoffentwicklungsreaktion (HER), umfassend:

einen porésen Ni-Schaumtrager;

ein NiSe,-Gerust, das auf dem Trager positio-
niert ist; und

Partikel von geschichtetem Ubergangsmetall-
dichalkogenid (LTMDC) mit binarer oder terna-
rer Phase, die auf dem NiSe,-Gerlst positioniert
sind, wobei die Partikel von geschichtetem
Ubergangsmetalldichalkogenid (LTMDC) verti-
kal ausgerichtete Schichten umfassen und wo-
bei die Partikel von geschichtetem Ubergangs-
metalldichalkogenid (LTMDC) MoS,; ., Se;,-
oder WS;(4,)Se,,-Partikel umfassen.

2. Katalysator nach Anspruch 1, wobei das NiSe,-Ge-

ristmesopordse Poren mit einem Durchmesser zwi-
schen 0,001 nm und 50 nm umfasst.
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3.

10.

Katalysator nach Anspruch 1, wobei das NiSe,-Ge-
rist aktive Kantenstellen umfasst.

Verfahren zur Herstellung des dreidimensionalen
Katalysators fur die Wasserstoffentwicklungsreakti-
on (HER) nach Anspruch 1, umfassend:

Positionieren eines pordsen Ni-Schaumtragers,
Selenisieren des Ni-Schaumtragers und Bilden
eines NiSe,-Gertists; und

Ziichten von Partikeln von geschichteten Uber-
gangsmetalldichalkogeniden (LTMDC) auf dem
NiSe,-Geriist, um einen dreidimensionalen Ka-
talysator fir die Wasserstoffentwicklungsreakti-
on (HER) ZU bilden.

Verfahren nach Anspruch 4, wobei das Selenisieren
in einer Ar-Atmosphare und bei 450 °C - 600 °C er-
folgt.

Verfahren nach Anspruch 4, wobei das NiSe,-Ge-
rist HER aktivist und die geziichteten geschichteten
Ubergangsmetalldichalkogenide eine grolRe Anzahl
von freiliegenden aktiven Kantenstellen umfassen.

Verfahren nach Anspruch 4, wobei das Zlichten der
Partikel in einer vertikalen Schichtausrichtung von
dem NiSe,-Gerust erfolgt und wobei eine Schicht
der Partikel eine Dicke von etwa 0,1 bis 75 nm auf-
weist.

Verfahren nach Anspruch 4, wobei die Partikel von
geschichteten  Ubergangsmetalldichalcogeniden
(LTMDC) bei zwischen 450 °C und 600 °C geziichtet
werden.

Verfahren nach Anspruch 4, wobei der Katalysator
mesopordose Poren mit einem Durchmesser zwi-
schen 0,001 nm und 50 nm umfasst.

Elektrode, umfassend:
den dreidimensionalen Katalysator fiir die Wasser-
stoffentwicklungsreaktion (HER), umfassend:

einen porésen Ni-Schaumtrager;

ein NiSe,-Gerust, das auf dem Trager positio-
niert ist; und

Partikel von geschichtetem Ubergangsmetall-
dichalkogenid (LTMDC) mit binarer oder terna-
rer Phase, die auf dem NiSe,-Gerust positioniert
sind, wobei die Partikel von geschichtetem
Ubergangsmetalldichalkogenid (LTMDC) verti-
kal ausgerichtete Schichten umfassen und wo-
bei die Partikel von geschichtetem Ubergangs-
metalldichalkogenid (LTMDC) MoSy(q_,Seoy,-
oder WSy(1.)Sep,-Partikel umfassen.
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Revendications

Catalyseur tridimensionnel (3D) de réaction d’'évo-
lution de I’hydrogéne (HER), comprenant :

un support poreux en mousse Ni ;

un échafaudage NiSe, positionné sur le
support ; et

des particules de dichalcogénure de métaux de
transition en couches (LTMDC) avec une phase
binaire ou ternaire positionnées sur I'échafau-
dage NiSe,, dans lequel les particules de dichal-
cogénure de métaux de transition en couches
(LTMDC) comprennent des couches orientées
verticalement et dans lequel les particules de
dichalcogénure de métaux de transition en cou-
ches (LTMDC) comprennent des particules
MoS;(1.)Sey, 0u WSy (1 Sepy.

Catalyseur selon la revendication 1, dans lequel
I'échafaudage NiSe, comprend des pores mésopo-
reux d’un diamétre compris entre 0,001 nmet 50 nm.

Catalyseur selon la revendication 1, dans lequel
I'échafaudage NiSe, comprend des sites de bord
actifs.

Procédé de fabrication du catalyseur de réaction tri-
dimensionnelle d’évolution de I'hydrogene (HER)
selon la revendication 1, comprenant :

positionnement d’un support poreux en mousse
Ni,

sélénisation dudit support en mousse Ni, et for-
mation d’un échafaudage de NiSe, ; et
cultivation de particules de dichalcogénures de
métaux de transition en couches (LTMDC) sur
I'échafaudage NiSe,, pour former un catalyseur
tridimensionnel de réaction d’évolution de I'hy-
drogene (HER).

Procédé selon la revendication 4, dans lequel ladite
sélénisation est dans une atmospheére d’Ar, et a 450
°C-600 °C.

Procédé selon larevendication 4, danslequel I'écha-
faudage NiSe, est HER actif, etles dichalcogénures
de métaux de transition en couches cultivés com-
prennent un grand nombre de sites de bord actifs
exposeés.

Procédé selon la revendication 4, dans lequel ladite
cultivation desdites particules est dans une orienta-
tion de couche verticale a partir de I'’échafaudage
NiSe, et dans lequel une couche desdites particules
a une épaisseur d’environ 0,1 a 75 nm.

Procédé selon la revendication 4, dans lequel les
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particules de dichalcogénures de métaux de transi-
tion en couches (LTMDC) sont cultivées entre 450
°C et 600 °C.

Procédé selon la revendication 4, dans lequel le ca-
talyseur comprend des pores mésoporeux d’un dia-
meétre compris entre 0,001 nm et 50 nm.

Electrode, comprenant :
le catalyseur tridimensionnel de réaction d’évolution
de I'hydrogéne (HER), comprenant :

un support poreux en mousse Ni ;

un échafaudage NiSe, positionné sur le
support ; et

des particules de dichalcogénure de métaux de
transition en couches (LTMDC) avec une phase
binaire ou ternaire positionnées sur I'échafau-
dage NiSe,, danslequel les particules de dichal-
cogénure de métaux de transition en couches
(LTMDC) comprennent des couches orientées
verticalement et dans lequel les particules de
dichalcogénure de métaux de transition en cou-
ches (LTMDC) comprennent des particules
MoSy(1x)S€2y 0U WSy(1,)Sepx.
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Fig. 11
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