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Developing efficient electrocatalysts for hydrogen evolution reaction (HER) is of great importance in
contemporary water electrolysis technology. Here, a novel hierarchically sea urchin-like electrocatalyst
(Mo4011-Mo0S,-V0,) is synthesized by hydrothermal deposition and post-annealing strategy. The opti-
mized electrocatalyst behaves as a high active hydrogen evolution electrode in 0.5 mol/L H,SO4. This
electrode needs overpotential of only 43 mV to achieve 10 mA/cm? with a Tafel slope of 37 mV/dec and
maintains its catalytic activity for at least 36 h. Better than most previously reported non-noble metal
electrocatalysts anchored on carbon cloth. It is worth mentioning that the hierarchical sea urchin-like
structure promotes the redistribution of electrons and provides more catalytic active sites. This strategy
shows a way for the construction of inexpensive non-noble metal electrocatalysts in the future.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the continuous consumption of fossil fuel, the exploring
of new energy sources has become an urgent issue to solve the
current energy crisis [1-3]. Hydrogen energy has received consid-
erable attention for its high energy density, non-toxicity and no
pollution to the environment after combustion [4-7]. Using green
electricity (solar, hydro, etc.) to electrolyze the abundant water on
earth is an ideal way to obtain hydrogen energy. Thermodynamic
theory reveals that the theoretical decomposition voltage of wa-
ter is 1.23V, which is the minimum voltage to be overcome in the
process of water electrolysis [8,9]. However, in the field of indus-
trial applications, water decomposition using ordinary electrodes
requires overcoming extra voltage due to the slow kinetic process
[10,11]. This will waste electric energy and increase the cost to pro-
duce hydrogen [12,13]. Therefore, in order to achieve efficient hy-
drogen evolution process, extensive exploration has been made in
the preparation of efficient electrocatalysts for HER, which has be-
come a hot point in recent years [14,15].

So far, mature electrocatalyst for industrial hydrogen evolu-
tion reaction (HER) is commercial Pt/C. Unfortunately, the low re-
serves and the high price of platinum limit its large-scale applica-
tion [16,17]. Therefore, exploring inexpensive, stable, and the high-
performance electrocatalyst is the key to reducing the hydrogen
production cost. In recent years, transition metal dihalides (TMDs)
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with low cost, environmentally friendly properties and good HER
performance have also been widely studied [18]. Among them,
MoS, has been widely studied because of its two-dimensional
structure with good electron transport ability, stable physical prop-
erties, and low cost [19,20]. In 2005, Nerskov’s team had calculated
by density functional theory (DFT) that the S-unsaturated edge of
lamellar 2H-MoS, has an approximately neutral Gibbs free energy
of about 0.08 eV [21]. This is close to the Gibbs free energy of (111)
face of Pt (~0.09eV), which means MoS, can have the potential to
have similar HER performance to Pt. And indicating that MoS, is a
very promising non-noble metal HER catalyst. However, the basal
plane that dominates in lamellar 2H-MoS, has a high Gibbs free
energy (~2.6eV). This limits the proton adsorption process and is
not conducive to HER [22]. So, the electrocatalytic performance of
the original 2H-MoS, is inferior to that of noble-metal electro-
catalyst. Therefore, to enhance the HER rate of pristine MoS,, re-
searchers have made many explorations. From the aspect of ele-
ment doping, doping metal atoms (Fe, Co, Cu, V) [23-25], or non-
metal atoms (such as N, O, P) [26-29] or precious metals (Pt, Ag)
[30,31] in MoS, can significantly improve the intrinsic activity of
MoS, and reduce the onset potential for electrocatalytic reaction.
From the aspect of morphology construction, exposing the unsatu-
rated edge of MoS, to increase the contact between the electrolyte
and electrocatalytic active sites is also an effective strategy to im-
prove the electrocatalytic activity of MoS, [32].

With continuous research on transition metal electrocatalysts,
reports of transition metal oxides (TMOs) used as electrocatalysts
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Fig. 1. Schematic of preparing Mo-0.15-60 electrode by the hydrothermal deposi-
tion and post-annealing process.

began to emerge. Badreldin et al. synthesized ZnO with oxygen va-
cancies for HER process [33]. Kim et al. successfully grew VO, on
Ni foam for oxygen evolution reaction (OER) [34]. She et al. suc-
cessfully improved the HER performance of the Si plate by load-
ing Mo40¢; nanorods at 1400 °C [35]. All these works indicate the
great potential of TMOs materials for water decomposition. How-
ever, the single component electrocatalytic has limited activity. By
constructing the coupling interface between different components,
the electron transfer can be enhanced, and the conductivity of het-
erostructures and the density of active sites regulated. Along this
line of thought, Luo et al. designed a high-performance electro-
catalyst with hierarchical MoS,-Mo0O3_x/Ni3S, structure. Abundant
MoS, active sites and MoO3_x’s strong adsorption on water formed
a synergistic effect to boost HER activity [36-38]. Thus, it is fea-
sible to construct such an interface between TMOs and TMDs to
improve the electrocatalytic performance. But so far, the process
of building heterogeneous interfaces between TMO and TMD re-
mains complex. In a typical process, loading each component often
requires the addition of different raw materials and different syn-
thesis methods, resulting in a long preparation period and more
energy consumption.

In this paper, a hierarchical (Mo401;-Mo0S,-VO,) electrocatalyst
is successfully anchored on carbon cloth by hydrothermal depo-
sition and post annealing strategy. The crystal structure and ele-
mental analysis show that the optimized sample has TMOs-TMDs-
TMOs tertiary structure. The morphology and catalytic activity of
the electrode can be effectively adjusted by changing the addition
of Mo. The optimized Mo-0.15-60 catalyst shows excellent HER ac-
tivity and stability in acidic media, which is superior to most of
the non-noble metal electrocatalysts anchored on carbon cloth re-
ported to date. In 0.5mol/L H,SOy4, this electrode needs overpo-
tential of only 43mV to achieve 10mA/cm? with a Tafel slope of
37mV/dec and maintains its catalytic activity for at least 36 h. Fi-
nally, the interfacial coupling mechanism of the electrocatalyst is
discussed. This work serves as a strategy for constructing a novel
hierarchical non-noble metal electrocatalyst.

Non-noble metal electrocatalyst with hierarchical sea urchin-
like structure is successfully anchored on carbon cloth, and ex-
plore the ways to optimize HER performance. As shown in Fig. 1,
conductive carbon cloth provides the prerequisite for the prepara-
tion of electrocatalytic electrode. The electrocatalyst is synthesized
in the first step with a double-layer structure of grain-like V,05
and MoS, microspheres. On this basis, the material is annealed
to reconstruct its surface morphology, and antenna-like Mo40q;
nanorods are grown on MoS, microspheres, and V,03 is also con-
verted into VO,. Finally, a Mo40;—Mo0S,-VO, hierarchical struc-
ture is formed, marked as Mo-0.15-60.
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Fig. 2. SEM images of (a) Mo-0, inset: digital photo of grain. (b) Mo-0-60. (c) Mo-
0.15, inset: locally magnified image, blocking state circled by yellow dotted curves.
(d) Mo-0.15-60, inset: locally magnified image, opening state circled with orange
dotted curves, an antenna-like nanorod is marked with green dotted curve. (e)
MoS;. (f) MoS,-60. (g) SEM images of Mo-0.15-60 and mapping.

The morphology of different samples is characterized by scan-
ning electron microscopy (SEM). Fig. 2a shows grain-like V,05
(Mo-0) is anchored on carbon cloth. This is quite different from
the smooth bare commercial carbon cloth (Fig. S1 in Support-
ing information). Morphology of Mo-0-60 is described in Fig. 2b.
Comparing Fig. 2a to Fig. 2b, the morphology of Mo-0 does not
change significantly after annealing. To study the effect of Mo
concentration on sample morphology during hydrothermal deposi-
tion, multiple samples are prepared by adding a gradient of 0.05g
(NH4)sMo70,4-4H,0. As shown in Fig. S2a (Supporting informa-
tion), microspheres formed by the aggregation of MoS, nanosheets
are randomly distributed on the surface of Mo-0.05. The spa-
tial relationship between V,03 and MoS, microspheres is clear:
MoS, microsphere grows on the grain-like V,03. With the increase
addition of (NH4)gMo7024-4H,0, V5,03 is gradually wrapped by
MoS; microspheres, while with the further increase addition of
(NH4)eMo7044-4H5 0, the characteristic of microspheres on the sur-
face gradually disappears and tended to be flat, as shown in Figs.
S2b-e (Supporting information).

After annealing, the surface morphology of the above samples is
obviously changing. Specifically, as shown in Figs. S2f and g (Sup-
porting information), many antenna-like Mo40; grow on MoS,
microspheres, forming unique sea urchin-like structures. However,
as shown in Figs. S2h-j (Supporting information), with the further
addition of Mo source, the annealed sample no longer forms sea
urchin-like structure, and the surface morphology changes from
dense nanorod to sparse bulk. This is because the excessive addi-
tion of Mo source thickens the MoS, nanosheets layer wrapped on
surface to form dense structure. This structure severely obstructs
the sublimation path of the internal materials, so only in a few ar-
eas with thin or cracked surface can the sediments overdeposit and
form massive structures. In particular, Fig. 2c shows the SEM image
of Mo-0.15, and shows many microspheres on the surface. The in-
sert reveals more details of a microsphere: Gaps between adjacent
nanosheets are blocked. The SEM image of Mo-0.15-60 is given in
Fig. 2d. Many antenna-like Mo401; nanorods covers uniformly on
the surface of MoS, microspheres. These rods are approximately
50nm wide and up to 1000 nm long. The insert shows that after
annealing, the gaps between adjacent nanosheets are opened be-



Y. Xing, N. Li, S. Qiu et al.

Fig. 3. TEM images of (a) MoS, nanosheets agglomeration. (b) MoS, and Mo401,
inset: SAED pattern. (c) TEM and FT images of nanorods (upper) and nanosheets
(bottom). (d) The EDS mapping of MoS, nanosheets. (e, f) HRTEM images of an
independent Mo404; nanorod. (g) Coupling interfaces between MoS, and Mo40y;.
(h) The EDS mapping of a Mo40Oy; nanorod.

cause the components blocking the gaps before are partially sub-
limated. As a control, pure MoS, is prepared, and illustrated in
Fig. 2e. After annealing, morphology of MoS,-60 does not vary sig-
nificantly (Fig. 2f). The energy dispersive X-ray spectroscopy (EDS)
mapping in Fig. 2g shows the element distribution of Mo-0.15-60.
Mo and S with a large concentration are evenly distributed. More-
over, sparse mapping of V and O indicates its low content. The spe-
cific ratio of elements is shown in Fig. S3 and Table S1 (Supporting
information).

Using transmission electron microscopy (TEM) to characterize
the structure of Mo-0.15-60. Fig. 3a clearly shows that MoS, mi-
crospheres are formed by aggregation of nanosheets. As shown in
Fig. 3b, the lattice fringes orientation of nanosheets is disorderly
which means lower crystallinity. In contrast, the lattice fringes
of antenna-like nanorods have uniform orientation, means higher
crystallinity. Selected area electron diffraction (SAED) pattern of
Mo-0.15-60 is illustrated in the inset of Fig. 3b. The diffraction pat-
tern is formed by two sets of patterns, with the matrix pattern at-
tributes to the antenna-like Mo40¢; and the polycrystalline diffrac-
tion ring attributes to the MoS, nanosheets. Bright spots in yellow
dotted circles well matching to (311) and (311) planes of Mo4Oy;,
while the orange circles represent the (100) and (110) planes of
MoS, [39]. In addition, in order to clarify the independence of the
two diffraction patterns, Fourier transform (FT) is performed on
TEM image of Mo401; nanorods and MoS, nanosheets respectively.
Fig. 3c displays the results. The matrix pattern and polycrystalline
diffraction ring obtain by the FT are consistent with the SAED re-
sults. EDS mapping of nanosheets is shown in Fig. 3d. High con-
centrations of Mo and S and low concentrations of V are evenly
distributed in the nanosheets. The presence of O comes from the
hydrate during hydrothermal deposition. Fig. 3e shows the struc-
ture of an individual Mo40¢; nanorod, and the HRTEM image in
Fig. 3f exhibits the lattice spacing of 0.375nm, corresponding to
the (311) plane of Mo40Oq;. To determine the coupling between
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Mo40¢; nanorods and MoS; nanosheets, we analyze the HRTEM
image of the coupling interface, as shown in Fig. 3g. The interface
coupling between the (311) plane of Mo40¢; and the (002) plane of
MoS, was the key to improving electrocatalytic performance. Fig.
3h shows the high concentrations of O and Mo show the main
components of Mo4O¢;, while S and V elements come from the
annealing environment.

XRD patterns in Fig. 4a show that the diffraction peaks at 13.8°,
33.2° and 58.8° correspond to the (002) (100) (110) planes of MoS,
(PDF #75-1539) for Mo-0.15. The wider peaks of MoS, indicate its
lower crystallinity, which is consistent with the TEM observation.
The peak at 27.2° comes from the carbon cloth substrate. Compar-
ing XRD patterns of multiple Mo-X samples, the diffraction peaks
of V,05 are found to gradually weaken with the increase of the
coating thickness of MoS, nanosheets, in agreement with SEM re-
sult. In XRD pattern of Mo-0.15-60, the peaks of 22.1°, 25.8° and
53.6° match with the (211) (601) (223) planes of Mo4O;, indi-
cating the successful synthesis of Mo40O¢; (Fig. 4b). Furthermore,
the XRD characterization of Mo-0 and Mo-0-60 is carried out, as
shown in Fig. 4c. Peaks at 36.5°, 41.7°, 54.7° and 65.8° correspond
to (110) (113) (116) and (300) planes of V,03 (PDF #85-1403).
Peaks at 27.7°, 40° and 55.5° of Mo-0-60 corresponds to the (110),
(200) and (211) planes of VO, (PDF #73-2362). The results show
that V,03 is transformed into VO, after annealing. Through the
above XRD characterization, we prove that the Mo-0.15-60 sample
is assembled by grain-like VO, and sea urchin-like MoS;/Mo401;
from the perspective of crystal structure.

To obtain the elemental composition and chemical valence in-
formation, we characterize Mo-0.15 and Mo-0.15-60 by X-ray pho-
toelectron spectroscopy (XPS). Survey spectra (Fig. S5 in Support-
ing information) indicate the presence of Mo, S and O in the sur-
face of Mo-0.15 and Mo-0.15-60. No obvious V signal in the survey
spectra indicates the low content. Comparing the survey spectra
of the two samples, the O 1s spectrum of Mo-0.15-60 is signifi-
cantly enhanced, which could be attributed to the reconstruction
of oxygen-rich Mo40;; on the surface after annealing. As shown in
Fig. 5a, Mo-0.15 dominate doublet is located at 229.22~232.38 eV,
which means that Mo+ is the dominant [40]. The S 2s spectrum at
226.35eV means the presence of S-Mo bond, proves that MoS, is
the main component on the surface of Mo-0.15. In addition, there
are another smaller doublet at the higher binding energy, located
at 229.87 and 233.47 eV, corresponding to Mo>*t [41], which come
from partial oxidation during hydrothermal deposition process. The
spectrum corresponding to Mo®t can be attributed to the partial
oxidation of the sample into MoOs; during hydrothermal deposi-
tion [42]. For Mo-0.15-60, the peak of Mo®* is obviously enhanced,
which is consistent with the Mo404; on surface. For Mo-0.15, the
S 2p spectrum exhibits two contributions, 2p3, and 2p;,, located
at respectively 163.18 and 161.98 eV (Fig. 5b, top) [43]. For Mo-0.15-
60, (Fig. 5b, bottom) the S 2p spectrum shift ~0.1 eV to lower bind-
ing energy. Decreasing binding energy means an increase in elec-
tron density, which is conducive to the adsorption of H* and im-
proves the HER activity [44]. In Fig. 5c, the O 1s spectrum contains
two peaks, namely, adsorbed oxygen and lattice oxygen [45]. Com-
paring two samples, the peaks strength of adsorbed oxygen and
lattice oxygen in Mo-0.15-60 is obviously improved. The increase
of adsorbed oxygen peak is mainly due to the increase of air ex-
posed area causing by the growth of nanorods, and the increase
of lattice oxygen peak strength is mainly due to the surface cov-
erage of Mo40O¢; nanorods. The spectrum of V 2p (Fig. 5d) clearly
shows that it exists in two chemical environments. First obvious
doublet, located at 521.68~513.68 eV, is characteristic of V3*, indi-
cates that there may be more unsaturated sulfur atoms, which can
act as active sites for hydrogen absorption and desorption [46]. The
second one has higher intensity and higher binding energy, located
at 524.28~517.08 eV, in agreement with the V4*. It may come from
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Fig. 5. XPS spectra of Mo-0.15 and Mo-0.15-60, including the (a) Mo 3d, (b) S 2p,
(c) O 1s and (d) V 2p.

V doping of MoS,. The V signal of Mo-0.15-60 is obviously weak-
ened, which is obviously related to the cover of Mo40q; nanorods
on the surface.

The change on HER electrocatalytic activity for the effect of sea
urchin-like structure anchoring are evaluated by comparison of for
Mo-X, Mo-X-60 and pure MoS, samples. The scanning rate of all
LSV tests in the experiment is 1mV/s, and CV/LSV tests are iR-
corrected. As expected, Pt foil shows the best HER performance,
LSV curves are given in Figs. 6a and b. The overpotential required
to reach current densities of 10, 50 and 100 mA/cm? are only 16, 35
and 40 mV, respectively (Fig. 6b). Among the samples we prepared,
Mo-0.15-60 shows the best electrocatalytic performance, reaching
current densities of 10, 50 and 100mA/cm? only at overpotential
of 43, 70 and 89 mV. The onset potential is just 35mV, the geomet-
ric current density of the electrocatalyst increase rapidly, reflecting
its rapid dynamic process. The overpotentials of Mo-0, Mo-0-60,
Mo-0.15, MoS, and MoS,-60 are 125, 89, 137, 209 and 220mV at
10 mA/cm?, respectively. More LSV curves with different Mo addi-
tions are shown in Fig. S6 (Supporting information). For Mo-X, an-
nealing has a positive effect on the improvement of electrocatalytic
performance, as shown in Figs. S6¢c and S6d. However, electrocat-
alytic performance of MoS, decreases after annealing. The specific
overpotential of various catalysts are shown in Table S2 (Support-
ing information). In order to explore the interfacial kinetic behav-
iors of these samples. We get the polarization plot into Tafel plot
(Fig. 6¢). We use the Tafel equation (n=>b logj+ a, where j is the

current density and b is the Tafel slope) to fit the above curves.
For Pt, Mo-0, Mo-0-60, Mo-0.15, Mo-0.15-60, MoS, and MoS,-60,
the Tafel slops were 30, 93, 80, 103, 37, 72 and 97 mV/dec. The
Tafel slope of Mo-0.15-60 decreases obviously due to the change of
surface morphology, the enhancement of intrinsic activity and the
expansion of electrochemical active sites after annealing.

In acidic electrolytes, it is generally believed that HER mecha-
nism involves the following three steps (Egs. 1-3) [47]:

Volmer step : H* + e~ — H* (1)
Heyrovsky step : H* + H" +- e~ — H, (2)
Tafel step : H* + H* — H, (3)

where * is the hydrogen adsorption site in the equation. Two re-
action steps form a complete HER process. One is through the
Volmer Tafel step and the other is through the Volmer Hey-
rovsky step. Tafel slopes are 120, 30 and 40 mV/dec respectively,
indicating that the rate-determining steps in HER mechanism are
Volmer, Tafel and Heyrovsky step. Therefore, HER reaction of Mo-
0.15 (103 mV/dec) and Mo-0.15-60 (37 mV/dec) follows Volmer-
Heyrovsky pathway [48]. Therefore, we can infer that the recon-
struction of the surface morphology greatly boosts the electrocat-
alytic activity of the materials and confirms the positive signifi-
cance of the annealing process. In order to investigate the charge
transfer process at the electrode/electrolyte interface of each sam-
ple, Nyquist plots in the frequency range of 10kHz-0.01 Hz were
obtained by EIS at 50 mV (vs. RHE). As shown in Fig. 6d, the equiv-
alent circuit model is inserted into the diagram. The charge trans-
fer resistance (R;) appears as the diameter of a semicircular arc,
reflecting the key parameters of Faraday dynamics at the reaction
interface. It is found that the R of Mo-0.15-60 (1.05 €2) is lower
than that of MoS,-60 (53.85 2), indicates that the electron trans-
fer of Mo-0.15-60 is very easy during HER process. This implies
that the intrinsic conductivity of the material is enhanced after
annealing. This extremely low R effectively reduces energy loss
in practical applications. The ECSA of the samples can be evalu-
ated by Cy [37,38]. CV is carried out at different scanning rates
(20-120mV/s) in the non-faradaic range (0-0.2V vs. RHE). We take
the current density at 0.15V as the ordinate and the scanning rate
as the abscissa to fabricate the function plot. The slope is calcu-
lated by linear fitting reflects the Cy. According to Fig. 6e, the Cy
of Mo-0, Mo-0-60, Mo-0.15, Mo-0.15-60, MoS, and MoS,-60 are
11, 27, 97, 157, 46 and 34 mF/cm?2, respectively. This means that
not only vanadium doping, but also the surface structure recon-
struction caused by annealing also greatly expands the number of
active sites of HER. Durability of electrocatalyst is one of the im-
portant indicators to evaluate whether it is valuable for industrial
practical application. We conduct two tests on Mo-0.15-60: (1) In
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the range of 0-100mV (vs. RHE), 1000 cycles of CV test are car-
ried out under the scanning rate of 100 mV/s. The change of over-
potential before and after 1000 cycles is negligible at the current
density of 10mA/cm? (Fig. 6f). The inset image is a digital pho-
tograph of the electrode in the process of hydrogen evolution. (2)
Long-term chronopotentiometry is used to test the material’s sta-
bility at 10mA/cm?2. During the 36-h test, Mo-0.15-60 has almost
no potential fluctuation, as shown in Fig. 6g. These tests prove that
Mo-0.15-60 has an excellent robustness in the process of HER. In
general, Mo-0.15-60 exhibits the best HER performance. The com-
parison of the overpotential and Tafel slope of this work with other
works are shown in Fig. 6h.

In addition, we investigate the mechanism of the electrocata-
lyst in this work. Firstly, V,03 has better electrocatalytic intrinsic
activity and higher conductivity than MoS,. However, SEM surface
morphology and Cy measurements show that less electrochemi-
cal active sites restrict its electrocatalytic performance. Secondly,
the electrocatalytic activity is enhanced by anchoring MoS, micro-
spheres on the surface of V,03. More importantly, the gaps be-
tween MoS, microspheres do not completely wrap the V,03, so
that V,03 can participate in the electrocatalytic process. Finally, af-
ter annealing, not only the V50, is converted to VO, with better
electrocatalytic performance, but also Mo40;; nanorods are grown
on MoS, microspheres. Annealing treatment opens the gap be-
tween MoS, nanosheets in microspheres and strengthened the in-
terfacial contact between electrode and electrolyte. More than that,
active sites are not only distributed on the surface of VO,, but also
on the edge and the basal plane of V-doped MoS, and the surface
of Mo40¢; nanorods, which meant that this sea urchin-like hierar-
chical structure greatly expand the number of electrocatalytic ac-
tive sites. Different components form self-supported coupling in-
terfaces with low contact resistance, ensuring efficient transport
and redistribution of electrons from conductive carbon cloth to

Fig. 7. Schematic diagram of the electron transport path and hydrogen evolution
reaction sites.

VO,, MoS, nanosheets and Mo404; antenna-like nanorods to the
corresponding active electrocatalytic sites. The specific electron re-
distribution path and the main HER participating sites of Mo-0.15-
60 are given in Fig. 7.

In summary, through rational design and efficient synthesis, we
demonstrate an efficient non-noble metal sea urchin-like electro-
catalyst on carbon cloth for HER. The optimized Mo-0.15-60 elec-
trode has excellent activity and stability for HER in acidic media,
which is superior to other advanced non-noble metal catalysts an-
chored on carbon cloth in the literature. In 0.5 mol/L H,SOy4, this
electrode needs overpotential of only 43 mV to achieve 10 mA/cm?
with a Tafel slope of 37 mV/dec and maintains its catalytic activ-
ity for at least 36 h. The concentration of Mo ion has an impor-
tant effect on morphology reconstruction, intrinsic activity, and the
number of catalytic sites. Such fascinating catalytic performances
are mainly attributed to the different components formed self-
supported coupling interfaces with low contact resistance, ensur-
ing efficient electron transport and redistribution. This strategy to
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expand the electrocatalytic active site by utilizing the sublimation
characteristics of the substance itself can provide reference for col-
leagues who are engaged in the research of high-performance elec-
trocatalysts for HER and provide more possibilities to explore more
excellent electrocatalysts without noble metals.
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