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Graphene/graphene nanoribbon aerogels
decorated with S-doped MoSe, nanosheets as an
efficient electrocatalyst for hydrogen evolutiont

Wei Fan, €22 Dong Wang,? Zhen Sun,® Xing Yi Ling @ *® and Tianxi Liu & *@

Searching for an efficient and cost effective electrochemical catalyst is regarded as the key challenge for
the hydrogen evolution reaction (HER). Both the active sites and electrical conductivity of the catalysts
should be carefully engineered to improve their HER performance. In this work, S-doped MoSe,-deco-
rated graphene/graphene nanoribbon aerogel (S-MoSe,@GGNR) hybrids have been fabricated as high-
performance electrocatalysts for HER. The unique nanoribbon-interconnected-nanosheet structure of
the graphene/graphene nanoribbon aerogel (GGNR) provides an open structure for fast ion diffusion and
conductive channels for fast electron transport. GGNR as a substrate could prevent MoSe, nanosheets
from agglomeration and fully expose the active sites of MoSe,, while further S-doping can modify its elec-
tronic and crystalline structure, which can improve the activity of the catalytic sites. Consequently, the
S-MoSe,@GGNR hybrids exhibit outstanding electrochemical activity with a potential of =153 mV vs.
reversible hydrogen electrode to achieve a current density of 10.0 mA cm™ and a small Tafel slope of
46 mV per decade. The good performance of the S-MoSe,@GGNR hybrids can be credited to synergistic
effects between the unique hierarchical architecture of carbon aerogels and positive effect of S-doping,
which makes them promising electrocatalysts for hydrogen production.

much attention.®*® MoSe,, one of the typical TMDs, has been
reported with superior catalytic activity for HER due to the nar-

Water electrolysis is one of the efficient approaches for the pro-
duction of hydrogen through the hydrogen evolution reaction
(HER), which is greatly dependent on the HER catalysts." So
far, the most active HER catalysts for water electrolysis are
noble metals such as platinum, whose practical application is
restricted by the extremely high cost and low elemental
reserve. Hence, researchers were inspired to search for earth-
abundant, cost-effective materials with both high HER activity
and good catalytic stability. Various kinds of electrocatalysts
were developed, including Pt alloy, non-noble metal and
metal-free carbon materials.*”

Among these candidates, layered transition metal dichalco-
genides (TMDs), such as MoS,, MoSe, and WS,, have drawn
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rower bandgap and greater metallic nature than MoS,."”'
However, bulk MoSe, exhibit poor HER performance due to the
limited exposure of catalytic active sites. Active site engineering
is one effective approach to improve their catalytic activity,
emphasizing increasing exposed active sites and enhancing the
intrinsic reactivity. First, designing layered metal dichalcogen-
ides into nanostructures is the primary strategy to expose active
sites.”” Exfoliating bulk MoSe, into few-layered MoSe,
nanosheets,”*?" fabricating defect-rich MoSe,,”*** and creating
nanoporous structures'®>* are explored for preferable catalytic
performance. For example, Cui and coworkers reported verti-
cally aligned few-layered MoSe, grown on Si nanowires, forming
MoSe, thin films with ample exposed edges, resulting in
improved HER performance.”” Second, for enhancing the intrin-
sic reactivity of catalytic active materials, the representative way
is heteroatom doping to tune their electronic structures.>**” For
example, a Co-promoted S-edge showed reduced free energy of
hydrogen adsorption, thus improving the activity of the
edge sites of Co-doped MoS, nanomaterials.”® Moreover,
MoS,(;_x)Se,, alloy nanoflakes exhibited improved HER activity
compared to either MoS, or MoSe,, which results from the
modified d band electronic structure of molybdenum with

incorporation of selenium and sulfur simultaneously.”*>°
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Another effective method to improve HER activity is elec-
tronic conductibility engineering.””*®  Coupling MoSe,
nanosheets with conductive carbon species can facilitate the
catalytic activity by creating internal electron transport path-
ways between MoSe, and electrodes.*'™” For example, Liu syn-
thesized few-layered MoSe, nanosheets perpendicularly grown
on conductive carbon nanotubes (CNTs), which facilitate the
electron transfer inside the catalysts, thus resulting in
enhanced HER performance.*® Further study has shown that
designing carbon nanomaterials into three-dimensional (3D)
structures could not only facilitate electron transport but also
shorten the ion transfer channels of catalysts, leading to
superior HER activity.*™> However, the porous structure of
carbon materials should be well designed to meet the desired
electrocatalytic performance. Our previous work has shown
that graphene/graphene nanoribbon (GGNR) aerogels with
tunable 3D porous structure can optimize the electron trans-
port and ion diffusion channels of the catalysts.’® Although
some studies have been reported to seek for a reasonable route
for more superior MoSe,-based electrocatalytic materials, the
engineering of both conductivity and active sites for MoSe,
nanosheets simultaneously still remains a great challenge.

In this study, with both active site and electronic conduct-
ibility engineering approaches in mind, sulfur-doped MoSe,
decorated GGNR (S-MoSe,@GGNR) hybrids have been
designed and fabricated. Few-layered MoSe, nanosheets were
first grown on GGNR aerogels, which were subsequently cal-
cined with sulfur to obtain the S-MoSe,@GGNR hybrid. The
GGNR aerogels can facilitate catalytic activity by ensuring good
electrical contact between MoSe, nanosheets and the electro-
des. GGNR aerogels can also prevent MoSe, nanosheets from
aggregating, which maximizes the number of exposed active
sites. Moreover, S-doping can create more unsaturated S and
Se edge sites and modify the d band electronic structure of
molybdenum, which can further improve the electrocatalytic
performance. Benefiting from both improved electrical con-
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ductivity and more active sites, the optimized S-MoSe,@GGNR
hybrid exhibits excellent HER performance, with a low onset
potential and long-term stability in acid medium.

Experiment
Preparation of S-MoSe,@GGNR hybrids

The graphene/graphene nanoribbon (GGNR) aerogel was pre-
pared according to our previous work.>® Typically, graphene
oxide (GO, 4 mg mL™") and graphene oxide nanoribbon (GONR,
4 mg mL™") suspension were mixed in the proportion of 1:1,
followed by freeze-drying and thermal treatment (900 °C for 2 h
in N,) to obtain GGNR aerogels (see details in ESIT).

MoSe,@GGNR hybrids were fabricated via a solvothermal
reaction, as schematically illustrated in Fig. 1. First, Na,MoO,
was added into 2 mg mL™" Se solution in 10 mL N,H,-H,O with
the Mo:Se molar ratio of 1:2. 10 mL DMF was added to the
above mixture along with sonication and then transferred to a
50 mL Teflon-lined autoclave. 10 mg GGNR aerogel was added
into the autoclave, and the system was maintained at 180 °C for
12 h. S-MoSe,@GGNR hybrids were further prepared by anneal-
ing the products in N, atmosphere at 450 °C for 2 h with the
addition of S powder placed at the upstream side of the furnace.
S-Doped MoSe,@GGNR hybrids prepared with different amounts
of S powder with weight ratio to MoSe,@GGNR of 1:1, 1:2, and
1:4 were denoted as 1S-MoSe,@GGNR, 2S-MoSe,@GGNR and
4S-MoSe,@GGNR, respectively. In addition, MoSe,@GGNR-0.5
and MoSe,@GGNR-2 hybrids with varied loading of MoSe, were
also obtained with different amount of Se solution (5 and
20 mL), respectively. Pure MoSe, and S-MoSe, was also produced
via the above method without GGNR aerogels.

Electrochemical characterization

Electrochemical measurements were performed in a three-elec-
trode setup on an electrochemical workstation (CHI 660D,
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Fig. 1 Schematic illustration of the fabrication process of MoSe,@GGNR and S-MoSe,@GGNR hybrids.
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Shanghai Chenhua Instrument Co., China), in which the cata-
lyst-modified glassy carbon electrode (GCE) was used as the
working electrode, the graphite rod as the counter electrode,
and saturated calomel electrode (SCE) as the reference elec-
trode, respectively. Typically, 4 mg of electrochemical catalyst
were dispersed in a mixed solution of 1 mL water—ethanol and
20 pL of Nafion solution. After that, 5 pL of the slurry was
loaded onto a glassy carbon electrode (3 mm diameter) with
the mass loading of 0.28 mg cm™ on each electrode. Linear
sweep voltammetry (LSV) was conducted in 0.5 M N,-purged
H,S0, solution with a scan rate of 2 mV s™*. All the potentials
reported in this work were calibrated to the reversible hydro-
gen electrode (RHE) according to the equation of Egyg = Esce +
(0.241 + 0.059 pH) V. The double-layer capacitance (Cq;) of the
products was calculated from the cyclic voltammograms (CVs)
in the region of 0.15-0.25 V vs. RHE. By plotting Aj at 0.2 V vs.
RHE against the scan rate, the slope is twice that of Cg.
Electrochemical impedance spectroscopy (EIS) measurements
were carried out in the frequency range between 100 kHz and
10 mHz with an amplitude of 5 mV.

Results and discussion
Morphology and structure of S-MoSe,@GGNR

The morphology of S-MoSe,@GGNR is shown in Fig. 2. The
SEM image of the S-MoSe,@GGNR aerogel at low magnifi-
cation (Fig. 2a) shows a porous structure with ultrathin gra-
phene sheets interconnected with each other. A close obser-
vation (Fig. 2b) shows that GNRs with the original ribbon-like
morphology are distributed uniformly among the graphene
sheets without aggregations, forming a nanoribbon-intercon-

Fig.2 SEM images of the 25-MoSe,@GGNR hybrid at (a) low and
(b) high magnifications. (c) and (d) show MoSe, nanosheets growing
uniformly on the GNR surface and graphene sheets, respectively.

This journal is © the Partner Organisations 2019

View Article Online

Research Article

nected-nanosheet structure. The GNR-interconnected-gra-
phene nanostructure can improve the electrical conductivity of
the whole hybrid catalyst, thus facilitating the rapid transfer of
electrons. Furthermore, planar graphene sheets and nano-
ribbons allow the intimate growth of highly dispersed and per-
pendicularly oriented MoSe, nanosheets. At high magnifi-
cations, it can be observed clearly that S-MoSe, nanosheets are
evenly and perpendicularly distributed on the aerogel surface,
both on the surface of GNRs (Fig. 2c¢) and graphene sheets
(Fig. 2d). The TEM image of S-MoSe,@GGNR also shows the
uniform distribution of S-MoSe, nanosheets on a single gra-
phene sheet (Fig. S17). This uniformly and perpendicularly
oriented nanosheet structure can increase the exposure of
active edges, which is preferable for enhanced HER perform-
ance. In contrast, for pure MoSe, without the carbon aerogel
template (Fig. S2t), MoSe, nanosheets seriously aggregate into
a hydrangea-like morphology, thus hindering the exposure of
the edge sites of MoSe,. As indicated by the nitrogen adsorp-
tion/desorption isotherms shown in Fig. S3,f the specific
surface area of S-MoSe,@GGNR aerogels is 131 m?> g,
which is much larger than that of pure MoSe, nanosheets
(18 m* g7"), highlighting the importance of the carbon aerogel
template by constructing a homogeneous porous structure.

The detailed microstructure of MoSe,@GGNR and
S-MoSe,@GGNR hybrids was further observed using TEM
(Fig. 3). The surface of the GGNR aerogels is covered with
curved MoSe, nanosheets (Fig. 3a). The HRTEM image (Fig. 3b
and c) further elucidates that the MoSe, nanosheets exhibit
layered structures, with an interlayer spacing of about
0.65 nm, which is consistent with the (002) lattice of the
annealed MoSe,. The EDX mapping (Fig. 3d) of MoSe,@GGNR
hybrid reveals the uniform and homogeneous distribution of
Mo, Se and C across the hybrid. For the S-MoSe,@GGNR
hybrid, it can be observed that a few-layered MoSe, nanosheets
still adhered in an intact manner to the surface of GGNR from
the TEM images in Fig. 3e, suggesting that the overall mor-
phology would not be damaged through the S-doping process.
However, the incorporation of S into MoSe, nanosheets in the
2S-MoSe,@GGNR hybrid gives rise to more stacking faults and
plane defects (Fig. 3e-g), resulting in the polycrystalline
feature of the basal plane composed of distributed nanodo-
mains. Different from the perfect crystal structure of the
MoSe,@GGNR hybrid (white box in Fig. 3c), the crystalline
nanodomains (white box in Fig. 3g) and amorphous nanodo-
mains (white circle in Fig. 3g) appear alternately in the basal
plane of the 2S-MoSe,@GGNR hybrid, resulting in the for-
mation of additional unsaturated S and Se edge sites along the
domain walls, which are possible active sites for HER catalysis.
The EDX mapping of 2S-MoSe,@GGNR hybrid presented in
Fig. 3h indicates the homogeneous distribution of the S
element throughout the hybrid.

The XRD patterns of MoSe,@GGNR hybrids (Fig. 4a) reveal
characteristic peaks at 260 = 13.6°, 26.2°, 31.8°, 37.6° and 56.1°,
corresponding to the diffraction planes of (002), (004), (100),
(103) and (110) for MoSe, (JCPDS 29-0914), respectively. The
broad peak centered at 20 = 26° can be assigned to amorphous

Inorg. Chem. Front,, 2019, 6, 1209-1216 | 1211
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Fig. 3 (a—c) TEM images of the MoSe,@GGNR hybrid at different magnifications. (d) Corresponding elemental mapping of the C, Mo and Se
elements, respectively. (e—g) TEM images of the 25-MoSe,@GGNR hybrid at different magnifications. (h) Corresponding elemental mapping of the

C, Mo, Se and S elements, respectively.

carbon, which is in accordance with the diffraction peak of
GGNR, suggesting that MoSe, nanosheets and GGNR are suc-
cessfully composited in the MoSe,@GGNR hybrid. For the
S-doped samples, with increasing S content, the (100) and
(110) peaks gradually shift to higher 26 angles as illustrated by
dotted line in Fig. 4a. This agrees with the modification in the
lattice parameter (high-magnification TEM images in Fig. 3)
through the replacement of selenium atoms with smaller
sulfur atoms, indicating their mixing at the atomic level.
Fig. 4b presents the Raman spectra of S-MoSe,@GGNR
hybrids. All the spectra show the typical D band (~1354 cm™")
and G band (~1588 cm™") of carbon materials, confirming the
existence of the GGNR aerogel. The MoSe,@GGNR hybrid
shows a peak located at 238 cm™", corresponding to the typical
Aig (Mo-se) mode of MoSe,. With the introduction of S, the
peak intensity of the Ay (mo-se) mode weakened and two peaks
located at 384 ecm™" and 402 cm™" appeared, contributing to
E12g (Mo-s) and A;¢ (vmo-s) Mmodes, indicating the substitution of

1212 | Inorg. Chem. Front, 2019, 6, 1209-1216

Se by S atoms. With the increase of S, the E';; modes
(~283 cm™") related to Mo-Se shift to lower wavenumber in
the S-MoSe,@GGNR hybrids, indicating the decreased
vibration frequency of the Mo-Se modes through the inter-
action between sulfur and selenium atoms.

The XPS survey spectra in Fig. 4c indicate the presence of
Mo, Se, C, and O elements in the MoSe,@GGNR hybrid, while
the S element can also be found in S-MoSe,@GGNR hybrids,
which is in agreement with the EDX results (Fig. 3d and h).
The Se/S molar ratios of 1S-MoSe,@GGNR, 25-MoSe, @GGNR
and 4S-MoSe,@GGNR are determined to be 1.35:0.65,
1.06:0.94 and 0.89:1:21, respectively. The Mo 3d spectrum
(Fig. 4d) of the MoSe,@GGNR hybrids exhibits two peaks at
228.7 and 232.1 eV assigned to Mo 3ds, and Mo 3d;, orbitals,
respectively, confirming the formation of Mo*". The introduction
of S causes a gradual shift of Mo 3ds;, and Mo 3dj/, to higher
binding energy to 229.4 and 232.6 €V in 4S-MoSe,@GGNR,
respectively, suggesting that varying S contents in MoSe,@GGNR

This journal is © the Partner Organisations 2019
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(a) XRD patterns, (b) Raman spectra, and (c) XPS spectra for the hybrids. (d—f) High-resolution XPS spectra of Mo 3d, Se 3p and Se 3d,

respectively. (i) MoSe,@GGNR hybrid, (ii) 1S-MoSe,@GGNR hybrid, (i) 25-MoSe,@GGNR hybrid, (iv) 45-MoSe,@GGNR hybrid, and (v) MoS,@GGNR

hybrid.

hybrids would modify the d band electronic structure of molyb-

denum, which may lead to significant change in catalytic activity

since d electrons in transition metals bond with adsorbates.
Furthermore, a slight shift of Se 3p (Fig. 4e) and Se 3d (Fig. 4f)
can be observed with increasing S amount. And the peaks
located at ~162.4 eV and ~163.6 eV corresponding to S 2p;/, and
S 2py, orbits of divalent sulfide ions (S>7) rise continuously,

implying the substitution of Se by S atoms.
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HER electrocatalytic activity of S-MoSe,@GGNR

The HER activities were investigated in 0.5 M H,SO, solution
at a scan rate of 2 mV s™'. Fig. 5a shows the LSV curves for Pt/
C, MoS,, MoSe,, MoSe,@GGNR and the S-MoSe,@GGNR
hybrid. The Pt catalyst exhibits superb HER activity, with a
near-zero overpotential and a large current density. Despite

the highlighted theoretical catalytic activity of pure MoS, and
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(a) LSV polarization curves for Pt/C, MoS,, MoSe,, MoSe,@GGNR hybrids, and S-MoSe,@GGNR hybrids. (b) The corresponding Tafel plots. (c)

Electrochemical impedance spectra of MoSe,, MoSe,@GGNR hybrids and 25-MoSe,@GGNR hybrids. (d) EIS of the 25-MoSe,@GGNR hybrid at

H,SO4 solution.

This journal is © the Partner Organisations 2019

various overpotentials. (e) Plots showing the extraction of the double layer capacitance (Cq|) for the MoSe,@GGNR hybrids and 2S-MoSe,@GGNR
hybrids at 0.2 V. (f) Time dependence of the current density for the 25-MoSe,@GGNR hybrid modified GCE recorded at —0.16 V versus RHE in 0.5 M
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MoSe,, the current density is much lower compared with those
of the MoSe,@GGNR hybrid, which can be ascribed to the
aggregation of pure nanosheets with hindered active edges
and poor electroconductivity (Fig. S2t). The better HER cata-
lytic activity of the MoSe,@GGNR hybrid highlights the impor-
tant role of 3D carbon substrates that provide improved con-
ductivity and exposed HER active sites. The catalytic perform-
ance of the MoSe,@GGNR hybrids with different MoSe,
loading are further investigated (Fig. S41). The MoSe,@GGNR
hybrid with proper MoSe, loading shows the optimized HER
performance, with the onset overpotential (17) of 90 mV and
current density (j) of 10 mA cm™? at 5 = 220 mV, which outper-
forms those of the other two samples. Notably, the
S-MoSe,@GGNR hybrid even exhibits preferable performance
than the MoSe,@GGNR hybrid. As shown in Fig. 5a, among all
the S-doped MoSe,@GGNR hybrids, 25-MoSe, @GGNR exhibits
the best HER activity with an onset potential of 70 mV.
Furthermore, the 2S-MoSe,@GGNR hybrid shows a current
density of 10.0 mA cm™? at a low overpotential of 153 mV, com-
pared with 195 mV required for 1S-MoSe,@GGNR and
175 mV for the 4S5-MoSe,@GGNR hybrid. The HER activity is
better than most MoS, or MoSe,-based electrocatalysts as
listed in Table 1. The enhanced HER performance of
S-MoSe,@GGNR hybrid with S-doping can be attributed to the
following factors. First, S-doping would give rise to more
crystal distortion and unsaturated S and Se edge sites (as
shown in the TEM image in Fig. 3g), leading to increased
defective sites and exposed active sites, which is beneficial for
the improvement of resultant catalytic performance. Second,
the modification of the d band electronic structure of MoSe,
with appropriate S-doping (as shown in XPS spectra in Fig. 4d)
can adjust the hydrogen adsorption energy and achieve AGy
close to thermoneutral, exerting a positive effect on the HER
activity.

The Tafel plots are shown in Fig. 5b, which have originated
from their corresponding LSV curves with the Tafel equation

View Article Online
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n = blog(j) + a (where 5 is the overpotential, b is the Tafel
slope, and j is the current density). It should be noted that the
2S8-MoSe,@GGNR hybrid shows a lower Tafel slope of 46 mV
dec™, suggesting that the fast HER reaction occurs through a
Volmer-Heyrovsky mechanism with fast discharge reaction fol-
lowed by a rate-limiting recombination step.’”*® Nyquist plots
(Fig. 5¢) of the MoSe,@GGNR hybrid show a much smaller
charge transfer resistance (R.) of 120 Q in comparison with
that of MoSe, (762 Q), reflecting faster electrode kinetics and
lower transfer resistance due to the presence of a carbon
aerogel in MoSe,@GGNR. Besides, the R, of the
25-MoSe,@GGNR hybrid is even smaller (45 Q), fully reflecting
the preferable electron transfer from the appropriate S-doping.
EIS responses of the 25-MoSe,@GGNR hybrid at various over-
potentials (Fig. 5d) reveal that R.. decreases with the increase
of overpotential, indicating more rapid electron transfer and
more efficient hydrogen generation under increased over-
potentials. The electrochemical double layer capacitance
(Ca1) was also measured to estimate the effective surface area
of the solid-liquid interface for MoSe,@GGNR and
25-MoSe,@GGNR (Fig. 5e and Fig. S57). The 2S-MoSe,@GGNR
hybrid exhibits a higher Cqy of 18.9 mF em™> compared with
that of MoSe,@GGNR (Cq = 12.7 mF cm™?), indicating a larger
exposed active area caused by the heteroatoms distorting the
crystalline structure of MoSe,.

Continuous HER activities at a constant overpotential were
conducted to investigate the durability of 2S-MoSe,@GGNR. As
demonstrated in Fig. 5f, the current density displays only a
slight fluctuation after long-term cycling of more than 10 h,
revealing the good stability of the 2S-MoSe,@GGNR catalyst.
The inset in Fig. 5f further indicates the alternate bubble
accumulation and release processes of hydrogen, indicating
the rapid depletion of H' in the electrolyte. The faradaic
efficiency of 2S-MoSe,@GGNR is also determined.
Potentiostatic electrolysis of 2S-MoSe,@GGNR was performed
and maintained 3600 s at an overpotential of 160 mV in 0.5 M

Table 1 Comparison of HER performance of MoS,™ or MoSe,-based catalysts in 0.5 M H,SO4

Electrode materials Onset potential (mV) Tafel slope (mV dec™) 5 at 10.0 mA em™> (mV) Ref.
1T@2H-MoSe,/Ti 120 68 — 13
MoS,-MoSe, heterostructures — 46 175 18
Ultrathin S-doped MoSe, nanosheets 90 58 — 27
Mo0S;(;x)Sez, alloy nanoflakes 80-100 46 164 29
Monolayered MoS;(; _x)S€xx — 119 273 31
MoS,(1—x)Se,, nanotubes 101 55 219 35
MoS,/graphitic nanocarbon hybrid — 47 195 40
MoSe,/carbon fiber cloth 70 69 182 45

1T-2H MoSe,/graphene shell/core nanoflake 45 49 98 46
MosSe,/graphene 50 61 159 47
Carbon nanotube@MoSe, 70 58 178 48
MoS,/carbon aerogel 140 59 200 49
MoS,/mesoporous graphene 100 42 — 51
MoS,/N-doped graphene aerogel 236 230 261 54
MoSSe@reduced graphene oxide — 51 153 57

MoS, supported on MOF-derived carbon 35 53 200 59
MoS;(;—x)Sez,/carbon nanofibers 54 124 150 60

MoSe, @GGNR 90 53 220 This work
25-MoSe, @GGNR 70 46 153 This work

1214 | Inorg. Chem. Front., 2019, 6, 1209-1216
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H,SO,, and the corresponding amount of generated H, was
measured using gas chromatography. As shown in Fig. S6,f
the agreement of the amount of experimentally quantified
hydrogen with theoretically calculated hydrogen (assuming
100% faradaic efficiency) suggests that the faradaic efficiency
is close to 100%.

Conclusions

In summary, S-doped MoSe, nanosheet-decorated GGNR
aerogel hybrids have been synthesized as efficient electrocata-
lysts for HER. The GGNR aerogel with a 3D interconnected
open structure can facilitate the rapid transfer of electrons and
fast ion diffusion, while the introduction of S modifies the
electronic structure and crystalline structure of MoSe,, further
enhancing the catalytic performance of the hybrid. As a result,
with both improved electrical conductivity and active sites, the
optimal S-MoSe,@GGNR hybrid exhibits excellent HER activity
with a relatively low onset potential of —70 mV, and a small
Tafel slope of 46 mV per decade. Therefore, this study provides
an alternative material in exploiting the Pt-free HER catalyst
with high performance.
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