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Bionanofiber Assisted Decoration of Few-Layered MoSe,
Nanosheets on 3D Conductive Networks for Efficient

Hydrogen Evolution

Feili Lai, Dingyu Yong, Xueliang Ning, Bicai Pan, Yue-E Miao,* and Tianxi Liu*

Molybdenum diselenide (MoSe,) has emerged as a promising electrocatalyst for
hydrogen evolution reaction (HER). However, its properties are still confined due
to the limited active sites and poor conductivity. Thus, it remains a great challenge to
synergistically achieve structural and electronic modulations for MoSe,-based HER
catalysts because of the contradictory relationship between these two characteristics.
Herein, bacterial cellulose-derived carbon nanofibers are used to assist the uniform
growth of few-layered MoSe, nanosheets, which effectively increase the active sites
of MoSe, for hydrogen atom adsorption. Meanwhile, carbonized bacterial cellulose
(CBC) nanofibers provide a 3D network for electrolyte penetration into the inner
space and accelerate electron transfer as well, thus leading to the dramatically
increased HER activity. In acidic media, the CBC/MoSe, hybrid catalyst exhibits
fast hydrogen evolution kinetics with onset overpotential of 91 mV and Tafel slope
of 55 mV dec™, which is much more outstanding than both bulk MoSe, aggregates
and CBC nanofibers. Furthermore, the fast HER kinetics are well supported by
theoretical calculations of density-functional-theory analysis with a low activation
barrier of 0.08 eV for H, generation. Hence, this work highlights an efficient solution
to develop high-performance HER catalysts by incorporating biotemplate materials,
to simultaneously achieve increased active sites and conductivity.
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1. Introduction

Electrocatalytic hydrogen evolution reaction (HER) has
been considered as a promising solution to meet the growing
demand for energy and environmental concerns caused by
the severe consumption of traditional fossil fuels.l'?] Noble
metals, especially platinum, are well known to be one kind of
the most effective catalysts for HER,[** while they are still
severely hindered for wide-spread utilization due to the high
cost and elemental scarcity. Therefore, it is of essential neces-
sity to develop earth-abundant HER electrocatalysts for eco-
nomic and competitive hydrogen production. Over the past
decades, transition metal dichalcogenides (TMDs), such as
MoS,, TiS,, WS,, and WSe,, have received tremendous atten-
tion and been regarded as promising alternatives for noble
metals due to their high activity and outstanding stability.[>-8]
As a typical TMD semiconducting material, molybdenum
diselenide (MoSe,) is vertically stacked by sandwiched Se—
Mo-Se layers with weak van der Waals interactions.’-!1]
The theoretical calculation reveals that MoSe, possesses
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Figure 1. DFT calculations. Calculated DOS for a) double-layered MoSe, and b) bulk MoSe,. The shadowed region highlights the increased state
density at the conduction band edge of double-layered MoSe,. Charge density distribution for the conduction band edge of ¢) double-layered

MoSe, and d) bulk MoSe,.

lower Gibbs free energy than MoS, for hydrogen adsorption
onto the active edges, which is because of the more metallic
nature of MoSe,,!'>!3 indicating its more outstanding HER
performance as an alternative of MoS,-based catalysts.[14-1¢]
However, confined by the scarce catalytically active sites,
bulk MoSe, is still a poor HER catalyst.'”] Therefore, it
is desirable and imperative to develop high-performance
MoSe,-based HER electrocatalysts by constructing feasible
nanostructures to effectively increase their exposed active
edges. Herein, few-layered MoSe, nanosheets are considered
as an outstanding platform to promote the hydrogen genera-
tion ability by affording abundant catalytically active sites.
More importantly, according to the density-functional-theory
(DFT) calculations,'®!" we have revealed that MoSe, pos-
sesses an increased density of states (DOS) at the conduction
band edge as compared to its bulk counterpart once the thick-
ness is down to few atomic layers, as shown in Figure 1a,b
by taking double-layered MoSe, as an example. Meanwhile,
as the spatial distribution of charge density near the Fermi
level (Figure 1c,d; Figure S1 in the Supporting Information)
is divulged, most of the charge density concentrates on the
surface of double-layered MoSe,, demonstrating that more
active electrons can be generated on the exposed surfaces
of few-layered MoSe, nanosheets than bulk MoSe,. There-
fore, the electric-excited electrons are easier to gather on the
surface to react with adsorbed hydrogen atoms, resulting in
enhanced hydrogen evolution reaction.

Inspired by the aforementioned concepts, the rational
synthesis of few-layered MoSe, nanosheets is of great impor-
tance. Up to now, a wide range of methods have been devel-
oped for the fabrication of few-layered MoSe, nanosheets,
such as chemical vapor deposition, liquid-phase exfolia-
tion, and wet chemical synthesis, among which wet chemical
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synthesis is regarded as one of the most promising solu-
tions for industrial production due to its facile process and
high yield.?*?2l Using wet chemical synthesis approach,
for example, macroporous MoSe, films,*3] hierarchical and
ultrathin Mo-rich MoSe,_, nanosheets,” and porous MoSe,
nanosheets,?Y have been developed as high-performance
HER catalysts. Although few-layered MoSe, nanosheets
have been reported to possess more exposed active sites
than their bulk ones, the intrinsic poor conductivity resulting
from the large bandgap of MoSe, still severely limits their
overall HER rate.[”! Therefore, the simultaneous optimi-
zation of both active sites and conductivity still remains a
great challenge for MoSe, nanosheets because of the con-
tradictory relationship between these two characteristics. To
overcome this obstacle, enormous efforts have been made to
pursue a reasonable route, which can not only enhance the
conductivity of MoSe, nanosheets but also keep the active
sites as well. Satisfyingly, carbon-based materials, with excel-
lent conductivity, extremely large surface area, and struc-
tural stability, have become promising candidates to lower
the bandgaps of metal-based materials by modulating their
electronic state.'>29271 As a novel bionanofiber precursor
for carbon materials, bacterial cellulose (BC), with the for-
mula of (C¢H;(;Os),, is a polysaccharide normally produced
via the microbial fermentation by using certain types of bac-
teria.[?®301 With the competitive superiorities of high crys-
tallinity, free of lignin/semicellulose, abundant resource, and
eco-friendliness, bacterial cellulose has been an emerging
nanomaterial in the particular fields of energy conversion
and storage.[’!32]

Herein, bacterial cellulose is chosen as the carbon pre-
cursor to support the growth of MoSe, nanosheets, leading
to carbonized bacterial cellulose (CBC)/MoSe, hybrid with
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hierarchical structure as potential HER
catalyst. As expected, MoSe, nanosheets
are uniformly anchored on the surface
of CBC nanofibers to form a unique
core-shell structure which is attributed ,
to the as-formed 3D network of bacte- §’ ’
rial cellulose-derived carbon nanofibers.

Meanwhile, due to the assistance of CBC
template, MoSe, nanosheets exhibit few-
layered characteristic instead of bulk
aggregates, which dramatically increase b
the active sites of CBC/MoSe, hybrid.
Benefiting from the synergistic structural
and electronic modulations, CBC/MoSe,
hybrid catalyst displays an optimal HER
activity with an onset overpotential of
91 mV and Tafel slope of 55 mV dec™!, as
well as excellent cycling stability. Hence,
this work provides a simple but effective
pathway to simultaneously enhance the
active sites and conductivity of MoSe,-
based HER catalysts by incorporating bio-
material nanofiber template.

Na,MoO,

2. Results and Discussion

The fabrication process of CBC/MoSe, hybrid is displayed
in Figure 2a. Representative field emission scanning electron
microscope (FESEM) and transmission electron microscopy
(TEM) images of CBC nanofibers (Figure 3a; Figure S2 in
the Supporting Information) reveal a 3D network consisting
of numerous individual carbon nanofibers with average
diameter of 30-60 nm and length of a few micrometers.
Due to the huge aspect ratio of CBC nanofibers, the formed
3D network possesses porous structure for the penetra-
tion of MoSe, precursor, thus being an ideal template for
anchoring of MoSe, nanoparticles. Before the in situ solvo-
thermal growth of MoSe,, CBC nanofibers are acid-treated
to introduce functional groups, such as hydroxyl and carboxyl
groups, thus achieving their good dispersion. Consequently,
MoSe, nanosheets are uniformly and densely grown on the
skeleton of CBC nanofibers, with the complete retention
of 3D interconnected and porous networks (Figure 3b,c).
The obtained CBC/MoSe, hybrid possesses an increased
diameter of about 150 nm due to the anchoring of MoSe,
nanosheets. With the assistance of CBC template, MoSe,
nanosheets are decorated throughout the longitudinal axis,
which reasonably promotes the exposure of active sites for
few-layered MoSe, nanosheets (Figure 3d). From the top-
view high-resolution TEM (HR-TEM) image in Figure 3e,
five to eight single layers with an interplanar spacing of 6.2 A
can be observed for an individual MoSe, nanosheet, which
matches well with the (002) lattice spacing of MoSe,. Mean-
while, bulk MoSe, aggregates obtained under identical syn-
thesis conditions (Figure 2b) display “ball-like” morphology
(Figure 3f; Figure S3 in the Supporting Information), which
definitely hinder the electrolyte penetration into the inner
space, as well as the electron transfer outward the surface of
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Figure 2. Schematic illustration of the preparation of a) CBC/MoSe, hybrid with CBC nanofiber
as template and b) MoSe, aggregates without CBC nanofiber template.

bulk MoSe,. Hence, the CBC/MoSe, hybrid structure dem-
onstrates that CBC nanofibers are outstanding support to
mediate the growth of MoSe, nanosheets, which are ben-
eficial to not only releasing the few-layered characteristic of
MoSe, nanosheets with increased active sites, but also over-
coming the poor intrinsic conductivity of bulk MoSe,.

As shown in the X-ray diffraction (XRD) patterns
(Figure 4a), both the bulk MoSe, aggregates and CBC/MoSe,
hybrid display four diffraction peaks at 26 = 13.2°, 31.9°,
38.1°, and 56.2°, corresponding to (002), (100), (103), and
(110) planes of hexagonal MoSe, (JCPDS 87-2419), respec-
tively, proving the successful preparation of MoSe, nanocrys-
tals.’3] In addition, a broad peak ranging from 26 = 20° to
30° observed in the XRD pattern of CBC/MoSe, hybrid is
ascribed to the amorphous CBC nanofibers (JCPDS 01-0646),
indicating the coexistence of MoSe, and CBC nanofibers
in the hybrid materials. X-ray photoelectron spectra (XPS)
measurements were also carried out to analyze the chem-
ical composition and state of the CBC/MoSe, hybrid. In
the survey spectrum (Figure 4b), characteristic peaks for
C, Mo, Se, and O appear as the principal elemental com-
ponents, demonstrating no detectable impurities for CBC/
MoSe, hybrid. As for the high-resolution spectrum of Mo
3d in Figure 4c, two characteristic peaks located at 229.1 and
232.2 eV are observed from Mo 3ds, and Mo 3d;, orbitals,
suggesting the dominance of Mo") in the product.[?’! Mean-
while, the Se 3d region with a single doublet of 3ds, peak at
54.6 eV and 3d;, peak at 55.4 eV (Figure 4d), as well as Se 3p
region of 3psy, at 161.1 eV and 3p,), at 166.7 eV (Figure 4e)
respectively, is consistent with the —2 oxidation state of sele-
nium. Moreover, the detailed compositional analysis reveals
that the surface atomic ratio of Se:Mo is approximately to be
2.2:1, giving the direct evidence to the formula of MoSe,.

As verified by DFT calculations, the few-layered MoSe,
nanosheets with nanocrystalline structure could efficiently
enhance the exposure of electrochemically active sites of
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Figure 3. a) SEM image of CBC nanofibers. b,c) SEM images, d) TEM image and e) HR-TEM
image of CBC/MoSe,-2 hybrid. f) TEM image of bulk MoSe, aggregates without carbonized
bacterial cellulose nanofibers as template during the solvothermal synthesis.

MoSe, layers, leading to optimized electrocatalytic abilities.
Additionally, the CBC nanofiber skeleton improves the elec-
trical conductivity of integrated CBC/MoSe, hybrid, which is
beneficial to promoting the electron transfer rate for better
electron exchange processes. In order to verify our expecta-
tion, electrochemical measurements of different CBC/MoSe,
hybrids, as well as the bulk MoSe, aggregates and CBC
nanofibers were performed as HER electrocatalysts. All of
the experiments were carried out within 0.5 m H,SO, solu-
tion using a three-electrode setup with the same loading of
0.285 mg cm™ on a glassy carbon electrode. As displayed in
Figure 5a, all of the CBC/MoSe, hybrids possess much lower
onset overpotentials (17) than the bulk MoSe, aggregates,
suggesting the simultaneous enhancement of active sites and
conductivity of the hybrids derived from few-layered MoSe,
nanosheets and CBC nanofiber template. Particularly, the
CBC/MoSe,-2 hybrid exhibits the lowest value of 91 mV
(Table 1) which is much more superior over the previously
reported MoSe,-based catalysts (Table S1, Supporting Infor-
mation),203441] while inferior performances of 160 and
123 mV are observed for CBC/MoSe,-1 and CBC/MoSe,-3
hybrids, respectively. Notably, the morphologies of CBC/
MoSe,-1 and CBC/MoSe,-3 hybrids play a key role as shown
in Figure S5 in the Supporting Information. The sparse growth
of MoSe, nanosheets for CBC/MoSe,-1 hybrid (Figure S5a
in the Supporting Information) results in scarce active sites
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toward H atom adsorption while the
excessive decoration of MoSe, aggregates
for CBC/MoSe,-3 hybrid (Figure S5b
in the Supporting Information) leads to
poor conductivity and restricted electron
transfer. Moreover, the cathodic current
density is also regarded as an impor-
tant evaluation criterion for HER per-
formance. As displayed in Figure 5a, the
CBC/MoSe,-2 hybrid possesses the largest
cathodic current density among all of the
tested samples, with 87 mA cm™ at the
overpotential of 300 mV, which is 15 and
174 times higher than those of bulk MoSe,
aggregates and CBC nanofibers respec-
tively, indicating its prominent hydrogen
evolution behavior. To obtain further
insight into the CBC/MoSe, hybrids, Tafel
plots of various samples were investi-
gated (Figure 5b). The corresponding Tafel
plots demonstrate that the CBC/MoSe,
hybrids possess smaller Tafel slope than
both of single-component CBC nanofiber
(112 mV dec™!) and bulk MoSe, aggre-
gate (105 mV dec™!). Furthermore, the
as-obtained CBC/MoSe,-2 hybrid displays
the lowest Tafel slope of 55 mV dec’,
leading to a faster increment of HER rate,
which implies its potential applications.

To prove the enhanced conductivity of
CBC/MoSe, hybrid under HER process,
electrochemical impedance spectroscopy
(EIS) tests were conducted as shown in
Figure 5c. An apparent decrease of the charge-transfer resist-
ance can be observed for CBC/MoSe, hybrid compared with
that of bulk MoSe, aggregates, due to the 3D network and
larger surface area for faster interdomain electron transport.
Meanwhile, the smaller solution resistance of the CBC/MoSe,
hybrid with respect to bulk MoSe, aggregates demonstrates
the positive role of the highly conductive CBC nanofibers to
generate uniformly anchored few-layered MoSe, nanosheets
and provide efficient pathways for rapid electron transfer as
well. Consequently, the CBC/MoSe, hybrid achieves an inte-
grated structure with both highly exposed active sites and
increased overall conductivity, leading to its superior HER
activity.

Stability is another significant criterion to evaluate the HER
activity of a catalyst. To investigate the durability of CBC/MoSe,
hybrid in an acidic environment, continuous cyclic voltammetry
between —0.4 and 0.2 V versus RHE was conducted for 1000
cycles with a scan rate of 100 mV s7!. Negligible difference can
be observed from the linear sweep voltammetry curves before
and after 1000 cycles, with low onset potentials and slight decay
in the current densities (Figure 5d), confirming that CBC/MoSe,
hybrid is a highly stable catalyst to withstand accelerated deg-
radation. Furthermore, the practical operation of CBC/MoSe,
hybrid was examined under a fixed overpotential of 200 mV,
resulting in a continuous generation of gaseous hydrogen. As
displayed in Figure S6 in the Supporting Information, the
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Table 1. Comparison of catalytic parameters of different HER materials.

Materials Onset potential Tafel slope 2
[mV vs RHE] [mV dec™] [mA cm2]
CBC 402 112 0.2
MoSe, 203 105 6
CBC/MoSe,-1 160 71 23
CBC/MoSe,-2 91 55 87
CBC/MoSe,-3 123 63 44
Pt/C 0 30 -

dCathodic current densities (j) were recorded at =300 mV.

current density remains stable at about 26 mA cm™ for elec-
trolysis over 9000 s with only a slight degradation, which might
be caused by the accumulation of H, bubbles on the electrode
surface that hinders the reaction.[®) Therefore, this exceptional
durability demonstrates the promising practical applications of
CBC/MoSe, hybrid over the long term.

To further understand the catalytic efficacy arising from
the incorporation of CBC template, the detailed HER
pathway for CBC/MoSe, hybrid was investigated by DFT
calculations. In general, AGy; is regarded as a key descriptor
in the theoretical prediction of HER activity on various solid
electrodes. According to Sabatier principle, AGy = 0 is ben-
eficial to achieving a maximum rate for the overall hydrogen
evolution reaction. From the physical chemistry perspective,
a good HER catalyst should form a sufficiently strong bond
with adsorbed hydrogen atoms, that is low AGy, to facilitate
the electrochemical process, while it should be weak enough
with high AGy to assure a facile bond breaking for further
releasing of gaseous H, product as well.*?l Hence, it pro-
vides a feasible method to discover potential catalysts with
optimum HER activities by adjusting the value of AGy
to =0. To be an analog compound of MoSe,, the hydrogen
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adsorption free-energy calculations reveal that Mo-edges of
MoS, exhibit a strong adhesion to the carbon support which
can weaken the hydrogen binding and optimize the AGy
of MoS,/carbon hybrids,[*l demonstrating similar superi-
ority of the interfaces between CBC nanofibers and MoSe,
nanosheets in this work. As shown in Figure 6a,b, there are
three aspects leading to the superior HER activity of CBC/
MoSe, hybrid: (1) The 3D network of carbonized bacterial
cellulose nanofibers provides a porous skeleton, which is
beneficial for the penetration of electrolyte into the inner
space. (2) The high conductivity of carbon support makes
it easier for electron transfer compared with bulk MoSe,
aggregates. (3) Few-layered MoSe, nanosheets generated by
incorporating bionanofiber template create a great deal of
active sites for H atoms adsorption and HER reaction.

For the HER reaction in acidic media, three principle
steps have been proposed to convert H* into H,, commonly
referred to as the Volmer, Heyrovsky, and Tafel reactions!*’!

HO"+¢ o Hyy +H,0(b =120 mV dec!) @
Hads +H3O++e'—>H2+H20(b:4O mV deC_l) (2)
Hads + Hags > H2 (b=30 mV dec™) G)

For a complete HER process, two separate pathways (the
Volmer-Tafel or the Volmer-Heyrovsky mechanism) should
be involved to produce molecular H,. Although the HER
mechanism for MoSe,-based catalysts still remains inconclu-
sive due to the reaction complexity, the Tafel slope of CBC/
MoSe, hybrid in this work (Figure 5b) is 55 mV dec™!, which
demonstrates its Volmer-Heyrovsky mechanism during the
electrochemical reactions. Furthermore, the detailed HER
pathway on CBC/MoSe, hybrid catalyst was investigated
by DFT calculations (Figure 6¢). In the DFT calculation,
one H atom is first adsorbed on the active site of Se atom,

0.62 nm

Figure 6. a,b) Illustration of the electron and ion transport pathways in CBC/MoSe, hybrid. ¢) Schematic reaction pathway of HER process for CBC/
MoSe, hybrid (green, purple, blue, and brown balls indicate Se, Mo, H atom/H*, and C, respectively).
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while another H* gets close to the adsorbed H atom with
H-H distance of 3.22 A (Figure 6C1). After migrating to a
proper condition, the two approached H atoms on the edge
of Se atoms form a transition state with H-H distance of
2.22 A (Figure 6C2). Finally, the adsorbed H, makes its way
to desorption (Figure 6C3). The calculated activation barrier
for generation of H, is 0.08 eV, which is even lower than the
energy for H atomic migration, including path-ab of 0.13 eV
and path-ac of 0.21 eV (Figure S7 in the Supporting Informa-
tion). Hence, the calculated low energy agrees well with the
aforementioned experimental HER Kkinetics, indicating the
great practical values of CBC/MoSe, hybrid catalyst.

3. Conclusion

In summary, 3D CBC/MoSe, hybrid was prepared via the
combination of high-temperature carbonization and hydro-
thermal reaction. The active sites and conductivity play key
roles during the hydrogen evolution reaction process, while
it still remains a great challenge to simultaneously optimize
these two parameters. Interestingly, the CBC nanofibers are
found to effectively overcome this problem by inducing the
controllable growth of few-layered MoSe, nanosheets to
expose more active sites, and providing 3D conductive net-
work for enhancing electron transfer at the same time. As
expected, the obtained CBC/MoSe, hybrid catalyst exhibits
high activity for hydrogen evolution with onset overpoten-
tial of 91 mV and Tafel slope of 55 mV dec™!, which can be
ascribed to the synergistic effect between few-layered MoSe,
nanosheets and carbonized bacterial cellulose nanofibers.
Furthermore, the mechanism for HER process is investigated
via density-functional-theory calculations, which theoretically
proves the low activation barrier of 0.08 eV for hydrogen evo-
lution. Hence, this work will broaden the vision to enhance
the activity of various metal-based electrocatalysts by incor-
porating biomaterial-derived templates to synergistically
modulate the exposed active sites as well as conductivity.

4. Experimental Section

Materials: The bacterial cellulose pellicles (30 x 40 cm?) were
obtained from Hainan Yide Food Co. Ltd. Selenium powder (Se,
99.99%), sodium molybdate (Na,MoO,, 99.99%), and hydrazine
hydrate (N,H,-H,0, 50 wt% in water) were provided by Sinopharm
Chemical Reagent Co. Ltd. N,N-dimethylformamide (DMF) and eth-
anol were purchased from Shanghai Chemical Reagent Company.
Pt/C catalyst (20 wt% platinum on carbon black) was obtained from
Alfa Aesar. All chemicals were of analytic grade and used as received.

Synthesis of CBC/MoSe, Hybrids: First, carbonized bacte-
rial cellulose nanofibers were prepared according to the previous
method.“4! Briefly, BC pellicles were soaked in 0.1 m NaOH solu-
tion for 6 h, and then washed with deionized water for several
times to pH = 7. Subsequently, the hydrous BC pellicles were
frozen by liquid nitrogen and freeze-dried to obtain dried BC pel-
licles. Then, the dried BC pellicles were heated up to 800 °Cin N,
atmosphere with a heating rate of 5 °C min~! and maintained for
1 h to obtain CBC nanofibers.
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As for the solvothermal process, 3 mg mL™! of Se solution was
firstly prepared by using hydrazine hydrate as the solvent. To pre-
pare CBC/MoSe, hybrid, 10 mg of acid-treated CBC nanofibers and
4.6 mg of Na,MoO, were dispersed in 10 mL DMF under sonication
for at least 20 min. Then, 1 mL of Se solution was dropped into
the above solution under vigorous stirring to form a homogeneous
suspension with Mo:Se molar ratio of 1:2. After being stirred
for 30 min, the mixed solution was transferred into a Teflon-line
autoclave and maintained at 180 °C for 12 h. Then, the obtained
products were collected by centrifugation, washed with deion-
ized water and ethanol for several times, and dried at 60 °C under
vacuum. After dried overnight, the products were annealed in N, at
450 °C for 2 h to yield a crystallized CBC/MoSe,-1 hybrid. Mean-
while, CBC/MoSe,-2 and CBC/MoSe,-3 hybrids were also obtained
with different Na,MoO, quantities of 23.0 and 46 mg, and Se solu-
tion of 5 and 10 mL, respectively.

Synthesis of Template-Free MoSe, Aggregates: Template-
free MoSe, aggregates were prepared via the same method as
CBC/MoSe, hybrid, while the only difference was that no CBC
nanofibers were added during the solvothermal process.

Characterization: Morphology of the samples was observed
by FESEM (Ultra 55, Zeiss) at an acceleration voltage of 5 kV. The
TEM, HR-TEM were carried out on a JEM-2100F field emission elec-
tron microscope at an acceleration voltage of 200 kV. XRD patterns
were obtained on a Philips X’Pert Pro Super diffractometer with Cu
Ko radiation (A = 0.1542 nm). XPS were acquired on an ESCALAB
MK Il with Mg Kot as the excitation source.

Calculations: The first-principle calculations were carried out
with the Vienna ab initio simulation package.l’! The projector
augmented wave potentials are used to describe the interac-
tion between ions and valence electrons, and the generalized
gradient approximation in the Perdew—Burke—Ernzerhof form is
used to treat the exchange-correlation between electrons.l46:47]
To achieve the accurate density of electronic states, the one-
electron wave functions in a plane-wave basis were expanded
with an energy cutoff of 500 eV. In addition, the Gamma cen-
tered Monkhorst-Pack mesh is used to sample the Brillouin
zone for all the structures with the k-point separation <0.07 A-1.
lonic relaxations were carried out under the conventional energy
(10-° eV) and force (0.01 eV A1) convergence criteria. To study
the mechanism of HER processes, the well-established climbing-
image nudged elastic band (CI-NEB) approach was utilized.[48!
The computational modeling of the HER processes was per-
formed by periodic density functional theory with the Vienna ab
initio Simulation Package.

Electrochemical Measurements: All of the electrochemical
measurements were performed in a three-electrode system on an
electrochemical workstation (CHI 660D, Shanghai Chenhua Instru-
ment Co., China), where the electrochemical catalysts were used
as the working electrodes, Pt wire as the counter electrode, and
saturated calomel electrode (Hg/HgCl, in saturated KCl, SCE) as
the reference electrode, respectively. Typically, 4 mg of electro-
chemical catalyst and 30 pL of Nafion solution (Sigma Aldrich, 5
wt%) were dispersed in 1 mL water—-DMF solution by sonication
for 30 min to form a homogeneous emulsion. After that, 5 uL of
the emulsion was loaded onto a polished glassy carbon electrode
(GCE) with 3 mm diameter. Linear sweep voltammetry was con-
ducted in 0.5 m N,-purged H,SO, solution at room temperature
with a scan rate of 5 mV s71. All the potentials reported in this
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work were calibrated to RHE according to the equation of Egye =
Esce + (0.241 + 0.059 pH) V. Tafel plots are derived from the polar-
ization curves of various samples, which are fitted well with the
Tafel equation of = b log(j) + a (where 7 is the overpotential, j
is the current density, and b is the Tafel slope). EIS measurements
were conducted by applying an AC voltage in the frequency range
between 100 kHz and 10 mHz with an amplitude of 5 mV.
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Supporting Information is available from the Wiley Online Library
or from the author.
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