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ABSTRACT: Transition metal dichalcogenides (TMDs) are
a promising non-noble-metal electrocatalyst toward the
hydrogen evolution reaction (HER). However, the sluggish
HER kinetics and poor electric conductivities of the TMDs
severely restrict their practical applications for high-efficient
water splitting. Herein, a nanosheet array of 2D anion-tailored
MoSe,S,_, on carbon nanotubes (CNTs) was prepared
through an anionic substitution reaction. The all-solid-state
sulfidation of the CNT-MoSe, precursor using the sulfur
powder as the sulfur source indicates a green and easily
scalable strategy for the preparation of the CNT-MoSe,S,_,
hybrid. As a result, the CNT-MoSe,S,_, hybrid delivers an
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excellent HER performance including a low onset overpotential (83 mV), small Tafel slope (40 mV dec™") and long-term
stability (overpotential at 10 mA cm ™2 from 160 to 166 mV after 6000 cycles). The superior electrocatalytic activities of the
CNT-MoSe,S,_, hybrid are originated from decreased hydrogen adsorption energy associated with altering arrangements of Se
and S atoms within the MoSe,S, , nanosheets. In addition, the MoSe,S,_, nanosheet array on the highly conductive backbones
of CNTs also enables an efficient electron/ion transport thus manifesting fast HER kinetics.

KEYWORDS: transition metal dichalcogenides, vertical nanosheet array, carbon nanotube, high-temperature sulfidation,

hydrogen evolution

1. INTRODUCTION

Hydrogen, an ideal energy carrier with the highest energy
density among various energy sources, has been intensively
pursued to fulfill increasing energy demands in the coming
energy crisis.' ~ In particular, the hydrogen evolution reaction
(HER) in the electrochemical process has aroused extensive
attentions as an efficient approach for sustainable hydrogen
production.* Platinum group catalysts (such as Pt and Pd)
typically exhibit superior catalytic activities for the HER with a
near zero onset potential, whereas their high cost and rare
availability have severely restricted the large-scale productions
of hydrogen.” Therefore, the design and preparation of efficient
and earth-abundant alternatives to Pt-based catalysts for water
splitting remains key challenges to address the energy and
environmental issues.’””

Two-dimensional (2D) transition metal dichalcogenides
(TMDs) with a general formula of MX,, where M represents a
transition metal and X represents a chalcogen (S, Se or Te),
have attracted considerable attentions due to their high
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electrochemical activities in energy conversions.'’~'* Among
numerous candidates of the TMDs such as MoS,,"* CoS,,'°
CoSe,,'” and WS,,'"® MoSe, is gradually emerging as an
efficient HER catalyst due to its narrower band gap of ~1.4
eV.”"” Unfortunately, the poor electric conductivity as well as
the easy agglomeration of 2D MoSe, nanosheets has
significantly restricted its catalytic performance toward the
HER.”*" Theoretical calculations have revealed that the HER
activity of the 2D TMDs is strongly associated with the
number of electrochemically active sites,”"**
validated by several evidence from the experimental views.
Accordingly, many efforts have been made to further improve
the electrocatalytic performance of the MoSe, through
preserving their easy aggregation by coupling them with
conductive materials, such as carbon cloth,® graphene and
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Figure 1. (a) Schematic illustration of the synthesis of the CNT-MoSe,S,_, hybrid. Optimized structure of (b) MoSSe-H, (c) MoSSe-2H, (d)
MoSSe-3H, and (e) MoSSe-4H, where the white, cyan, yellow, and orange balls represent the H, Mo, S, and Se atoms, respectively. (f) AGy of the
hydrogen adsorptions on Mo edges of the MoS,, MoSe,, and MoSSe at the hydrogen coverage 25, 50, 75, and 100%, respectively.

26,27 . -
carbon nanotubes,”™" thus exposing more active sites as well

as improving the electric conductivity of the catalysts.
Solvothermal reactions™ and chemical vapor depositions
(CVD)* are commonly methods applied to effectively prepare
the 2D MoSe, nanostructure. Nevertheless, the aforemen-
tioned methods requiring complex preparation approaches
(high cost and large energy consumption) unquestionably
restrict their future applications. Therefore, it is still a great
challenge to develop a simple and efficient method to prepare
the TMD-based hydrogen evolution catalysts with improved
electron transfer, increased number of exposed active sites and
enhanced catalytic activity of active sites to synergistically
boost the resultant HER activity.”" ">

Herein, we present a design and targeted synthesis of carbon
nanotube (CNT)-backboned MoSe,S,_, through an “all-in-
crucible” solid-state sulfidation reaction. Among the hybrid
catalysts, the MoSe,S,_, nanosheet array provides abundant
active sites, and the CNT backbone enables fast electron
transport thus yielding superior electrochemical activities and
stabilities for the HER. More importantly, the MoSe,S,_, with
a tunable Se/S ratio dramatically reduces the hydrogen
adsorption energy on the Mo-edge adsorption thus resulting
in significantly boosted activity for the HER. The atomic
replacements of Se with S would not damage the Se—Mo—Se
sandwich structure within the nanosheets, thereby maintaining
the structural and durable stability. Compared with conven-
tional solution-processed sulfidation with an extremely low
yield and high energy consumption/cost, the solid-state
sulfidation provides an easily scalable route for the synthesis
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of anion-tunable MoSe,S, . nanostructures. This study
therefore opens a new guideline of developing highly efficient
HER catalysts based on 2D TMD-based materials.

2. EXPERIMENTAL SECTION

2.1. Materials. CNTs (outer diameter of 20—30 nm) were
supplied by Chengdu Institute of Organic Chemistry, Chinese
Academy of Sciences, China. Sodium molybdate dehydrate
(Na,Mo0O,2H,0, AR), Se powder (CP), sublimed sulfur (CP),
and hydrazine hydrate (N,H,-H,O, 85%) were provided by
Sinopharm Chemicals. Pt/C catalyst was purchased from Alfa
Aesar. Ammonium tetrathiomolybdate ((NH,),MoS,, AR) was
purchased from Sigma-Aldrich. N,N-Dimethylformamide (DMF)
and ethanol were obtained from Shanghai Chemicals. All aqueous
solutions were prepared with deionized (DI) water.

2.2. Preparation of the CNT-MoSe, and CNT-MoS,. The
CNT-MoSe, hybrid was prepared through solvothermal method for
the growth of MoSe, using acid-treated CNTs as the template. The
acid-treated CNTs were obtained by refluxing raw CNTs in an acid
mixture (H,SO,/HNO; = 3/1 in v/v) at 70 °C for 1 h. Upon
filtration, washing and drying, 50 mg of acid-treated CNTs was
suspended in 25 mL of DMF by sonication. Meanwhile, S0 mg of Se
powder was dispersed in 25 mL of 85% hydrazine hydrate at 80 °C to
form a red-brown solution. Subsequently, 25 mL of Se/hydrazine
hydrate solution was added into the DMF suspension of acid-treated
CNTs with a stoichiometric amount of Na,MoO, at a Mo/Se molar
ratio of 1/2. The mixture was transferred to a 100 mL Teflon-lined
autoclave and heated at 180 °C for 12 h with a heating rate of 5 °C
min~". The products were collected by filtration, washed with DMF
and DI water for several times, and dried at 60 °C in vacuum. The
initial concentrations of the Se solutions were controlled to be 1, 2,
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Table 1. Comparison of Chemical Compositions and Electrochemical Performances of the CNT-MoSe,, CNT-MoSe,S,_, and

CNT-MosS,
Se:S ratio
samples ICP XPS
CNT-MoSe,
CNT-MoSey 35, o7 0.93:1.07 0.89:1.11
CNT-MoSe, 465054 1.06:0.94 1.06:0.94
CNT-MoSe, 5500 1.20:0.80 1.12:0.88

CNT-MoS,

onset (mV) n@10 mA cm™2 (mV) Tafel slope (mV dec™)
-117 213 46
—87 180 43
-83 174 40
—126 204 44
-93 224 52

and 3 mg mL™", respectively, to optimize the MoSe, loadings on the
CNTs, denoted as CNT-MoSe,-1, CNT-MoSe,-2 and CNT-MoSe,-
3, respectively. Similarly, the CNT-MoS, hybrid was prepared by
solvothermal method using DMF as the solvent. Eight milligrams of
acid-treated CNTs, 80 mg of (NH,),MoS, and 0.8 mL of 85%
hydrazine hydrate was suspended into 40 mL of DMF. The mixture
was transferred into a 50 mL Teflon-lined stainless steel autoclave,
heated at 200 °C for 10 h with a heating rate of 5 °C min™". The
products were collected by filtration, washed with DMF and ethanol
several times, and dried at 60 °C in vacuum. For comparison, neat
MoSe, and MoS, were prepared by the similar method without
CNTs.

2.3. Preparation of the CNT-MoSe,S,_,. The CNT-MoSe,S, ,
hybrid with a tunable Se/S ratio was prepared by high-temperature
sulfidation using the CNT-MoSe, and sulfur powder as the precursor
and sulfur sources, respectively, in a tube furnace with a quartz tube. A
covered ceramic boat containing the mixture of the CNT-MoSe, and
sulfur powder was heated to a certain temperature at a ramp of 5 °C
min~" and held for 2 h under a nitrogen flow. The Se/S ratios were
tailored by varying the mass ratios of the CNT-MoSe, and sulfur (1/
2, 1/4, and 1/6), thus giving the CNT-MoSe;,Sggy CNT-
MoSe; 06S004 and MoSe93S1o; (calculated from the inductively
coupled plasma-optical emission spectroscopy (ICP-OES)). The
sulfidation temperature was tailored at 350, 450, and 550 °C,
respectively, with a 1/4 mass ratio of CNT-MoSe, and sulfur. For
comparison, a reference sample was also prepared through the above-
mentioned process in the absence of CNTs. The mass ratios of the
MoSe, and sulfur were kept at 1/4 to get neat MoSe 45Sy s, during
the sulfidation process.

3. RESULTS AND DISCUSSION

The preparation of the CNT-MoSe,S,_, hybrid mainly consists
of two steps demonstrated in Figure 1a. First, the CNT-MoSe,
was prepared via solvothermal growth of 2D MoSe, on acid-
treated CNTs. The oxygen functional groups on acid-treated
CNTs benefit the array decoration of 2D MoSe,. The density
of MoSe, nanosheet array on CNTs could be easily tuned with
different initial Se concentrations of 1, 2, and 3 mg mL7,
respectively, and the products were denoted as CNT-MoSe,-1,
CNT-MoSe,-2, and CNT-MoSe,-3, respectively. Unless
otherwise specified, the CNT-MoSe, appearing on its own
refers to the CNT-MoSe,-2 in the following. Second, the
CNT-MoSe,S,_,. hybrid was prepared via thermal sulfidation
of CNT-MoSe, using the powder sulfur sources. By tuning the
mass ratios of CNT-MoSe, to sulfur as well as the sulfidation
temperatures, the Se/S ratio among the MoSe,S,_, could be
precisely tailored. In details, the mass ratios of CNT-MoSe, to
sulfur powder were tuned to be 1/2, 1/4 and 1/6, respectively,
at the sulfidation temperature of 450 °C, and the products
were calculated to be CNT-MoSe; 5,S050, CNT-MoSe; 46Sg.04
and CNT-MoSe ;S ¢, respectively, based on the elemental
analysis using inductively coupled plasma-optical emission
spectroscopy (ICP-OES). Besides, the Se/S molar ratios
among the CNT-MoSe,S,_, hybrid were also calculated from
the X-ray photoelectron spectroscopy (XPS) (Table 1). The
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XPS results generally provide the surface elemental composi-
tions of measured samples due to X-ray cannot penetrate into
interiors of measured samples.””** However, the elemental
composition results acquired from the ICP-OES correspond to
the total elemental contents within measured samples.***
Hence, the Se/S ratios derived from XPS and ICP-OES are of
a little difference.

The target products CNT-MoSe,S, , with rationally
designed compositional and structural features could greatly
boost their catalytic properties by synergistically increasing the
number of active sites and enhancing the catalytic activity of
active sites for the HER. In order to make clear that why the
MoSe,S,_, structures show superior catalytic performance than
neat MoS, and MoSe,, the MoSSe with a Se/S ratio of 1:1 (see
the top and side views of the build slab of pristine MoSSe
adopted in the DFT calculations in Figure S1) was calculated
and expected to decrease the Gibbs free energy for hydrogen
adsorption (AGy«). In principle, the data of AGys is
theoretically used to evaluate the HER activity of active sites
of a catalyst."”*” Low AGy will cause a strong and sufficient
adsorption of H atoms, while high AGy:« will make the H
atoms bonded too weakly on the catalyst surface.*® The
Sabatier “volcano” plot indicates that AGy: of an ideal HER
catalyst is required to be close to thermoneutral (AGy« = 0),
where a good balance between the adsorption and desorption
of hydrogen can be achieved.® Therefore, herein density
functional theory (DFT) calculations were carried out to
evaluate the impact on the intrinsic catalytic activity of MoSe,
with an anion replacement (see the Supporting Information for
detailed computation details and theoretical models). Basically,
the pathway for the electrocatalytic HER can be defined into
three stages, i.e,, an initial state (H'), an intermediate state
(H*) and a final state (1/2 H,). The AGys is a key parameter
for evaluating the final HER activity of a catalyst, and the
catalyst with a AGy: closer to thermoneutral could be
considered as an ideal candidate as a HER catalyst. According
to previous studies, the HER sites of the MoS, as well as its
analogues like MoSe, are mainly ascribed to exposed
edges.””™" particularly the metallic edges like Mo atoms.
Therefore, we still considered the Mo-edge adsorption similar
to the model used in the previous calculation of MoSe,.*
Figure 1b—e indicates optimized structures of (b) MoSSe-H,
(c) MoSSe-2H, (d) MoSSe-3H, and (e) MoSSe-4H. The
white, cyan, yellow, and orange balls represent the H, Mo, §,
and Se atoms, respectively. The hydrogen atoms with the
number of 1, 2, 3, and 4 are adsorbed on the edge Mo atoms
with the coverage of 25, 50, 75, and 100%, respectively.
Interestingly, the optimized configurations show that the
adsorbed hydrogen prefers diffusing into the middle of two
neighboring Mo atoms rather than attaching to the Mo atoms
by “face-to-face” ways, which are quite different with the
adsorbed hydrogen on the Mo edge of MoSe,.** The adsorbed
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Figure 2. (a) XRD patterns of the CNTs, MoSe, 45S;.05, and CNT-MoSe, 46S504; (b) XRD patterns of the CNT-MoS,, CNT-MoSe ¢3S, o7, CNT-
MoSe 46S094 CNT-MoSe; ,,Sg.50» and CNT-MoSe,; (c) Raman spectra of the CNTs, MoSe, sSgos, and CNT-MoSe, (¢Sy04; (d) Raman spectra of
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Figure 3. (a) Mo 3d, (b) Se 3d, and (c) S 2p XPS spectra of the CNT-MoS,, CNT-MoSe; ;S ¢;, CNT-MoSe, 465004 CNT-MoSe, 5So50 and
CNT-MoSe,. (d) S 2p XPS spectra of the CNT-MoSe; 35,7, CNT-MoSe; 065004 and CNT-MoSe; 5,50 50-

hydrogen atoms are actually shared by the edge Mo atoms
indicating their relatively weaker interactions, which may be
attributed to lattice deformations of the edges created by the
replacement of the S with Se. More impressively, the AGy- in
Figure 1f shows that there are big improvements of the HER
activity of the MoSSe with the calculated AGys« of
approximately —0.056 eV at the hydrogen coverage of 100%
with details showed in Table S1. Such a value is very close to
the thermoneutral criterion and is even closer than the one of
Pt (AGys ~ —0.09 eV) reported previously.*’ Considering the
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inevitable calculation errors (say, IAl ~ 0.05 eV) introduced by
using different models, different parameters and different
reference data adopted in the calculation, we can estimate the
AGy: — 1Al —0.11 eV, which is still closer to the
thermoneutral than the best AGy: = —0.23 eV and AGy: =
—0.14 eV for the MoS, and MoSe, reported by previous
studies.”>*® Furthermore, different with the MoS, and MoSe,,
the AGyx of MoSSe in Figure 1f rise monotonously with the
increase of the hydrogen coverage and reach the best HER
performance at a 100% hydrogen coverage. This means more

~
~
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Figure 4. SEM images of (a—c) CNT-MoSe, and (d—f) CNT-MoSe, 4sSpos (g—i) TEM images of CNT-MoSe ¢S04 with folded edges of the
MoSe 65004 Nanosheets. The dotted circular frames in i indicate the crystal distortions and defective sites of MoSe; (sS;04 Nanosheets.

hydrogen can be catalyzed at the edge of the MoSSe. Such a
big improvement of the HER activity may be attributed to the
deformed lattice of the edge of MoSSe as well as the shared
bonding between one hydrogen and two neighboring Mo
atoms, leading to weaker interactions between adsorbed
hydrogen and the edge of the MoSSe compared with the
MoS, and MoSe,.

Figure 2a indicates the X-ray diffraction (XRD) patterns of
the CNT-MoSe,S,_, hybrid revealing the compositions and
crystal structures of the catalysts. The diffraction patterns at 26
= 26.0° of the CNTs and CNT-MoSe, 4S04 can be assigned
to (002) plane of the sidewalls of CNTs. For the MoSe; sSo.os,
the XRD pattern displays the expected characteristic hexagonal
molybdenum dichalcogenide features and the reflections in 260
= 14.0, 32.1, 38.6, and 58.0° match the (002), (100), (103),
and (008) crystal planes of MoS,(Se;, (JCPDS No. 36—
1408). Moreover, all the patterns are broadened indicating a
decrease in their structural crystallinity.*” For comparison,
Figure 2b indicates that the diffraction patterns at 26 = 13.4,
32.7,and 56.3° in the CNT-MoSe, correspond to (002), (100)
and (110) planes of hexagonal 2H-phase MoSe, (JCPDS No.
87—2419). The diffraction patterns ascribed to (110) plane of
MoSe, increase to higher angles as the S contents increase
within the MoSe,S,_,, (Figure 2b). Such an upshift is attributed
to the replacement of large-diameter Se with small-diameter S
atoms, which is in accordance with the decrease in lattice
parameters caused by the incorporation of S atoms within
transition-metal selenides.”"”

Raman spectroscopy was conducted to investigate phonon
vibration mode properties of the CNT-MoSe,S,_,. The Raman
spectra of CNT's reveal the characteristic peaks of D, G and 2D
bands at 1353, 1592, and 2702 cm ™, respectively (Figure 2c).
The Raman spectra at low frequencies (200—500 cm™) of
MoSe, sSo95s and CNT-MoSe, (4S04 include the Mo—Se and
Mo—S related modes, respectively. With the incorporation of S
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atoms within the MoSe,S, ,, the original MoSe, crystal
symmetry is destroyed due to lattice distortion from the
substitution of Se with smaller S atoms.>*® Therefore, the two
vibration modes shift to a higher frequency due to the local
stress caused by the incorporation of S atoms into MoSe,
(Figure 2d)." In addition, the characteristic peaks of 2H-phase
MoSe, locate at 235.1 and 283.4 cm™, which correspond to in-
plane Ezgl and out-of-plane Ay, respectively. With the increase
of S contents, the intensities of MoS,-like bands increased
along with the significant peaks of in-plane Ezgl (375.5 cm™)
and out-of plane A, (400.9 cm™") vibration modes, while the
intensities of MoSe,-like bands intensely decrease.

XPS measurements were utilized to further investigate the
binding energies and chemical compositions of the CNT-
MoSe,S,.,, and the corresponding high-resolution spectra of
Mo 3d, Se 3d and S 2p were displayed in Figure 3. The Mo
3ds,, and Mo 3d;,, characteristic peaks centered at 228.9 and
232.1 eV manifest the Mo*" oxidation state in the hexagonal
2H phase of MoSe, (Figure 3a). The incorporations of S atoms
within the MoSe,S,, nanosheets lead to a continuous
displacement of Mo 3d;,, peak to higher binding energy
(MoSe,: 228.9 eV, MoS,, 229.4 eV), which are caused by the
increase of nominal valence state of Mo for the higher
electronegativity of S than that of Se.’” By controllably
regulating the Se/S molar ratios, the 3d band electronic
structure of Mo can be elaborately modified. As the 3d band
electrons in transition metals are involved in bonding with the
adsorbates, subtle modification in the d band electronic
structure may give rise to the effective optimization in the
catalytic activity of MoSe,S, .””">> Moreover, the corre-
sponding changes can be also observed in the Se 3d (Figure
3b) and S 2p (Figure 3c) XPS spectra with an increase of S
contents. The decrease in the proportion of S atoms within the
MoSe,S,_, leads to a continuous displacement of S 2p;/, and S
2py/, peaks to higher binding energy, indicating the
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Figure 5. TEM-EDX elemental mappings of the CNT-MoSe, 44S,4 showing the homogeneous distributions of the C (red), Mo (white), Se (blue),

and S (green) elements.

sulfurization processes take effect at selected experimental
conditions. The XPS peaks of the CNT-MoSe,S,_, between
158 and 169 eV can be deconvoluted into four peaks (Figure
3d). The peaks located at 163.2 and 162 €V correspond to the
S 2py;, and S 2p3), orbitals of MoSe,S, ,, indicating the
existence of Mo—S bonding instead of elemental S, whereas
the other two peaks at 160.8 and 166.5 eV are attributed to the
binding energies of Se 3p;,, and 3p, ,, respectively.

The morphological evolutions from the CNT-MoSe, to
CNT-MoSe; 46So04 are monitored by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) in Figure 4. The acid-treated CNTs with a smooth
surface are interpenetrating with each other (Figure S2a, b).
After solvothermal growth of MoSe,, the significantly rough
surface of CNTs indicates the vertical decoration of MoSe,
nanosheet array (Figure 4a—c). However, without the CNT
templates, neat MoSe, displays a 2D MoSe,-assembled flower-
like structure (Figure S2c, d). In addition, the density of
MoSe, nanosheet array could be easily tailored by tuning
different MoSe, loadings. When the Se concentration is
relatively low (1 mg mL™'), only few unapparent small
particles are scattered on the surface of CNTs, and the
diameter of CNT-MoSe,-1 shows a slight increase compared
with neat CNTs (Figure S3a, b). With the increase in Se
contents to be 3 mg mL™' for the CNT-MoSe,-3,
perpendicularly oriented MoSe, nanosheets with a denser
distribution are observed on the surface of CNTs, and excess
MoSe, aggregates into flowerlike MoSe, microspheres (Figure
S3c, d). TEM characterizations are carried out to distinguish
the morphologies between the CNT-MoSe,-1 and CNT-
MoSe,-2 (Figure S4). For the CNT-MoSe,-1, only few MoSe,
nanosheets are scattered on the CNTs along the axial
direction. However, vertically aligned MoSe, nanosheet arrays
among the CNT-MoSe,-2 are observed. Upon sulfidation, the
MoSe,; 06S094 nanosheet array within the CNT-MoSe, 46Sg 04
maintains well, indicating the atomic substitution of Se with S
atoms does not destroy the lamellar structures of MoSe,
(Figure 4d—f). Thin layers of MoSe, sSp04 nanosheets are
uniformly decorated on the CNTSs with stretching-out folded
edges (Figure 4g—i). The interlayer distance of the
MoSe 46Sp94 nNanosheets is ~0.65 nm corresponding to the
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(002) plane orientation of 2H-pahse MoSe,. The thickness of
the MoSe 46Sp04 nanosheets can be estimated by the curve
edges of the nanosheets in cross-section TEM images, which
are determined in the range of 1.3—6.5 nm with a thickness of
2—10 atomic layers. The MoSe, (5S¢0, nanosheets are tightly
grown on the CNTs and the resultant frameworks are
interconnected with each other to create a highly porous
structure, which therefore facilitates ion/electron diffusion
pathways. The lattice fringes along the curled MoSe; 4S04
edges are discontinuous, indicating the formation of numerous
crystal distortions and dislocations (marked in dotted circular
frames in Figure 4i. Such crystal defects can afford the
additional defective edge sites, thus enhancing the resultant
catalytic properties. Moreover, the energy dispersive X-ray
(EDX) mappings further manifest a uniform distribution of C,
Mo, Se, S elements in the CNT-MoSe, 065004 sample (Figure
5).

The linear sweep voltammetry (LSV) measurements are
conducted to evaluate the HER performance of the CNT-
MoSe, with different loadings of MoSe, by using a typical
three-electrode electrochemical cell in a N,-saturated 0.5 M
H,SO, electrolyte. The CNT-MoSe,-2 electrode displays a
catalytic activity with an overpotential of 213 mV at 10 mA
cm™ (Figure S5a), which is lower than those of CNT-MoSe,-1
(244 mV) and CNT-MoSe,-3 (237 mV). Furthermore,
electrochemical impedance spectroscopy (EIS) was applied
to characterize the HER reaction processes catalyzed by CNT-
MoSe,-1, CNT-MoSe,-2 and CNT-MoSe,-3 electrodes in
Figure S6. All Nyquist plots of each electrode have two
semicircles. The difference of the three plots is significant. The
semicircle at lower frequencies is potential-dependent and
represents the charge transfer process. The semicircle at higher
frequencies represents a time constant that is largely potential-
independent and is most probably related to the contact
resistance between the glassy carbon electrode and the catalyst.
Among all CNT-MoSe, samples, the CNT-MoSe,-2 electrode
shows a minimum charge transfer resistance (R.) and
contacting resistance together compared with those of the
CNT-MoSe,-1 and CNT-MoSe,-3 electrodes, indicating a
faster charge transfer during the electrochemical process.
Therefore, the catalytic activity differences can be explained
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according to the different morphology and R, of the resultant
catalysts. For CNT-MoSe,-1, only sparsed MoSe, nanosheets
are anchored on CNT backbones and some regions of CNT
backbones are exposed without the coverage of MoSe, active
sites. For CNT-MoSe,-3, excess MoSe, aggregates decrease the
exposure of MoSe, active sites, restricting the ion/electron
transfer and electrolyte diffusion. Therefore, the CNT-MoSe,-
2 with a moderate MoSe, loading offers optimized
conductivities and more exposed active sites, thus exhibiting
optimal catalytic performance. Therefore, the CNT-MoSe,-2
precursor is chosen for subsequent sulfidation. Sulfidation
temperatures of 350, 450, and 550 °C are conducted to
evaluate the sulfidation temperature on the HER activity of the
resultant catalysts. The CNT-MoSe,S, , catalysts prepared at
350, 450, and S50 °C, respectively, exhibit overpotentials of
188, 174, and 208 mV, respectively, at 10 mA cm™> (Figure
S5b). When the sulfidation temperature is 350 °C, only a small
amount of sulfur can be successfully doped into MoSe, in 2 h
due to relatively slow reaction process. However, when the
sulfidation temperature is 550 °C, most of sulfur may suffer fast
evaporation during the sulfidation, similarly leading to fewer
sulfur doping. Therefore, a moderate amount of sulfur can be
controllably doped into MoSe, nanosheets by controlling the
appropriate temperature at 450 °C. Meanwhile, based on the
XPS results and relative analysis in Supporting Information, the
CNT-MoSe,S,_, can be tuned to be CNT-MoSe, 545050 CNT-
MoSe; 68094 and CNT-MoSe(93S; o7, with an initial mass ratio
of the CNT-MoSe, precursor to sulfur powder of 1/2, 1/4, and
1/6, respectively. The CNT-MoSe; 5,S¢50, CNT-MoSe; 065004
and CNT-MoSe(o;S,; catalysts show overpotentials of 204,
174, and 180 mV, respectively, at 10 mA cm ™2 (Figure SS¢, d
and Table 2). The CNT-MoSe, 445,04 electrode exhibits lower

Table 2. Comparison of Electrochemical Properties of
CNT-MoSe,S,_,-Related Samples

onset 7@10 mA cm™> Tafel slope (mV
samples (mV) (mV) dec™?)

CNTs

MoSe, —148 366 69
MoSe, 0505 -120 303 60
MoS, —193 347 103
CNT-MoSe, -117 212 46
CNT- —83 174 40

MoSe; 065094

CNT-MoS, -93 224 52
Pt/C -9 30 31

onset overpotential of 83 mV than those of CNT-MoSe, (117
mV) and CNT-MoS, (93 mV) (Figure 6a and Table 2).
Meanwhile, the overpotentials of CNT-MoSe; 04Sg04 CNT-
MoSe, and CNT-MoS, are measured to be 174, 213, and 224
mV at 10 mA cm™, respectively. The commercial Pt/C
catalyst was also tested for comparison, exhibiting the catalytic
performance for HER with a near zero onset potential and an
overpotential of 30 mV at 10 mA cm ™ The positive effects of
introducing highly conductive CNTs as a backbone were
investigated. As shown in Figure 6b, the polarization curve of
CNTs indicates that there is negligible electrochemical HER
activity for neat CNTs. However, the CNT-MoSe; 04S¢0
electrode exhibits an overpotential of 117 mV at a current
density of 10 mA cm™?, which is much smaller than that of neat
MoSe; sSgos catalyst with a similar Se/S ratio (the over-
potential at 10 mA cm™2: 303 mV). Furthermore, Brunauer—
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Emmett—Teller (BET) theory and pore size distributions
based on nonlocal density functional theory (NLDFT) slit
pore model were calculated for the CNT, CNT-MoSe; 045004
and MoSe; (sSpos. The specific surface area of CNT-
MoSe; 468004 composite is calculated to be 61.4 m* g7,
which is apparently larger than that of MoSe, (5S(9s nanosheets
(9.9 m? g') in Figure S7. A higher surface area can provide
more active sites, thus giving rise to better catalytic activity for
HER. Therefore, 1D CNT templates may afford a uniform
dispersion of MoSe,S, , nanosheets without aggregations,
offering an abundance of accessible active sites for sequent
electrocatalysis. Besides, the interconnected CNT network
may facilitate the electron transport from active sites to current
collectors.

Tafel analysis by fitting the linear portion of Tafel plot was
utilized to study the HER kinetics, according to the Tafel
equation: 7 = b log j + a, where 7, b and j represent
overpotential, Tafel slope and current density, respectively.
The Tafel slope is closely related to the reaction pathway and
adsorption types, which can reflect an inherent property of
catalyst. Three major reaction mechanisms have been involved
in the HER in acidic electrolytes:>> (1) Discharge step
(Volmer reaction): H;O* + e” — H_ 4+ H,O, where a proton
is absorbed on an active edge site, achieving a Tafel slope of
~120 mV dec™’; (2) Electrochemical desorption step
(Heyrovsky reaction): H,+ H;0" + e~ — H, + H,0,
where an H, 4, combines with a proton in the aqueous solution
to convert H' to H, with a Tafel slope of ~40 mV dec™'; (3)
Tafel recombination step (Tafel reaction): H,y4, + H,g— H,,
where the chemisorption of hydrogen (H,4,) migrates over the
electrode surface to interact with immobile adsorbed atoms to
form molecular hydrogen (spillover effect),'” leading to a Tafel
slope of ~30 mV dec™ . Therefore, the Volmer—Heyrovsky or
Volmer—Tafel mechanism should be involved in the electro-
chemical HER process to produce molecular hydrogen."> As
shown in Figure 6c, the Tafel slopes obtained from the CNT-
MoS,, CNT-MoSe,, and CNT-MoSe, (4S04 €lectrodes are 52,
46, and 40 mV dec”’, respectively. The Tafel slopes between
40 and 70 mV dec™" are ascribed to the Volmer—Heyrovsky
mechanism with a fast discharge reaction followed by an
electrochemical desorption step as the rate-limiting step. With
a small Tafel slope of 40 mV dec™’, the CNT-MoSe; 465094
catalyst suggests a Tafel-step-determined Volmer—Tafel
mechanism, where the chemisorption of hydrogen from
electrolytes onto the surface requires little activation energy.*®
Therefore, the small Tafel slope of the CNT-MoSe; sS04
electrode with an enhanced HER rate of a moderate
overpotential increase is definitely beneficial in practical
applications.”* A comparison of catalytic properties between
the CNT-MoSe,; 045094 and MoSe,S, ,-based electrocatalysts in
the literatures is presented in Table 3. The lower overpotential
and Tafel slope of CNT-MoSe, 465,94 are comparable to most
previously reported catalysts, indicating that the element
doping or hybridization with conductive materials plays
important roles in designing highly active MoS,- or MoSe,-
based electrocatalysts. Moreover, the exchange current
densities (j,) can be determined by applying extrapolation
method to the Tafel plots. Figure S8 indicates the calculation
of j, for the MoSe,, MoSe,,S,_, and MoS, with and without
CNT backbones. As summarized in Table 4, the j, of 1.62 yA
cm™? for CNT-MoSe, 0sSo94 Outperforms the value of 0.39,
0.03, 043, 0.72, and 095 pA cm™ for MoSe, MoS,,
MoSe 45Sp95; CNT-MoSe,, and CNT-MoS, respectively. The
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Figure 6. (a) LSV polarization curves of the CNT-MoSe, 0sS0.05 CNT-MoSe,, CNT-MoS,, and Pt/C at 2 mV s™". (b) LSV polarization curves of
the CNT-MoSe; 065004 M0Se 45So0s, and CNTs at 2 mV s™". (c) Corresponding Tafel plots of the CNT-MoSe; 065004y CNT-MoSe,, CNT-MoS,
derived from the polarization curves. (d) Cycling stability of the CNT-MoSe; 44Sq04 at 2 mV s~ ".

Table 3. Comparison of Catalytic Properties of CNT-MoSe, (¢S04 with MoSe,S, ,-Based Electrocatalysts in the Literature

catalysts
CNT@MoSe, nanosheets
MoS, nanosheets/CNTs
MoSx/NCNT forest

synthesis method
solvothermal
hydrothermal reaction

low-temperature decomposition

MoSe, layer/rGO nanosheets solvothermal
MoS, nanoparticles /rGO sheets solvothermal
MoSSe nanosheets @rGO sheets self-assembly
Monolayered MoS,(;_,Se,, CVD

MoS,(i_y)Se,, Alloy nanoflakes

MoS,(;.)Se, nanoflakes (HD)/CNFs CVD
MoS;(1_y)Se,, nanoflakes (LD)/CNFs CVD
3D MoS,(;_,)Se,, nanosheets CVD

CNT-MoSe; 06So.04

high-temperature solution reaction

“all-in-crucible” solid-state sulfidation

onset (mV) n@10 mA cm™>  Tafel slope (mV dec™) refs
—120 202 58 7
—90 189 44.6 58
-75 110 40 s
—-125 195 67 9
—100 160 41 8
—98 155 51 7
—-182 273 119 12
-38 166 48 2
—54 150 144 e
—104 272 124 e
—98 183 55.5 2
—83 174 40 this work

Table 4. Calculated Exchange Current Densities of the
MoSe,, MoSe, (sS¢05, MoS,, CNT-MoSe,, CNT-
MoSe, ¢4S¢.94 and CNT-MoS,

log(lj (mA cm™)l)at exchange current densities j,
n=0V

catalysts (uA cm™2)
MoSe, —3.34 0.39
MoSe, 45So.s -3.37 043
MoS, —4.48 0.03
CNT-MoSe, -3.14 0.72
CNT- -2.79 1.62
MoSe; 06S0.94
CNT-MoS, —-3.02 0.95

lower overpotential and larger exchange current density of
CNT-MoSe, (6S¢.04 reveals an improved inherent HER activity
due to the crystal distortion induced by S atomic replacements
within MoSe,, which greatly reduce the free energy of H
adsorption and afford more defective active sites. The
electrochemical double-layer capacitances (Cy), as an
important parameter describing the electrochemical active
surface area of a catalyst, are determined by performing the
cyclic voltammetry (CV) at the scan rates of S, 10, 20, 50, 100,
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200 mV s~ in the potential range of 0.1—0.2 V vs RHE. The
current density variations AJ (AJ = J,.odic — Jeathodic) 2t 150 mV
vs RHE are plotted against scan rates, and the half slope of
fitted line enables the estimation of Cy as shown in Figure S9.
The C4 of CNT-MoSe,, CNT-MoS,, and CNT-MoSe; 04S0.04
are 28.1, 19.8, and 37.6 mF cm™?, respectively, indicating that
the CNT-MoSe; (4Spo4 electrode possesses higher effective
active surface area than CNT-MoS, and CNT-MoSe, electro-
des. The enhanced electrochemical active surface area
manifests the proliferation of exposed active sites. Besides
extra defect-rich sites, the enhanced conductivity of the catalyst
is also beneficial to enhance the final HER performance. EIS
measurements were conducted in the frequency ranging from 1
X 10° Hz to 0.01 Hz at 250 mV vs RHE to study the charge-
transfer mechanism during the HER process. The semicircles
of the Nyquist plots in Figure S10 indicate that charge-transfer
resistance controls the kinetics at the electrode interface. The
CNT-MoSe, 06S¢.04 exhibits the lowest R, of 47 Q than that of
MoSe, (664 Q), MoSe,S,_,. (564 ©) and CNT-MoSe, (89 Q),
indicating a fast charge transport during the HER process. The
remarkable decrease of the charge-transfer resistance may arise
from the introduction of highly conductive CNT backbones

DOI: 10.1021/acsaem.8b01466
ACS Appl. Energy Mater. 2018, 1, 7035—7045


http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b01466/suppl_file/ae8b01466_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.8b01466/suppl_file/ae8b01466_si_001.pdf
http://dx.doi.org/10.1021/acsaem.8b01466

ACS Applied Energy Materials

and the atomic doping of S atoms into MoSe, that enhance the
intrinsic conductivity of MoSe,.

The durability, another significant property to comprehen-
sively assess catalysts for HER, was investigated by conducting
the LSV measurements after repeated CV between —0.4 and
0.2 V vs RHE. The polarization curves of the CNT-
MoSe, 46So.04 electrode at 2 mV s™' after 2000 and 6000
cycles were recorded (Figure 6d). Notably, there is no
appreciable decay of cathodic current after 2000 cycles,
manifesting an outstanding stability of the CNT-MoSe; 4S04
electrode in acid. After 6000 cycles, the overpotentials lightly
increase from 160 to 166 mV at 10 mA cm™2 The
chronoamperometric curve of the CNT-MoSe; (4S04 €lectrode
at an overpotential of 200 mV in 0.5 M H,SO, was further
measured (Figure S11). The negligible deterioration might
arise from the consumption of H' in the electrolyte or the
production of H, bubbles, which are distributed around the
electrode and hinder the reactions to continue. The durability
of supported catalyst strongly depends on the interactions
between the catalytic species and supporting substrates,>
indicating that the as-obtained MoSe (sS9, nanosheets and
the CNT backbones can synergistically give rise to the
resultant structural stability during cycling. Figure S12a, b
show SEM images of the CNT-MoSe, 4So04 hybrid after the
durability tests. The MoSe; (5S4 nanosheets did not peel off
from the CNT backbones except with little deformations.
TEM images (Figure S12c, d) further confirm the structural
stability of the decorated MoSe (5S¢4, indicating an excellent
stability of the CNT-MoSe, 445094 hybrid catalyst during long-
time HER processes. The XRD results were used to test for the
changes in crystal structures and compositions of the CNT-
MoSe 46S0.04 hybrid before and after 6000 cycles (Figure 13a).
The XRD diffraction patterns show quite consistent character-
istic peaks with no significant changes after the HER cycling.
The XPS spectra of the CNT-MoSe, ¢6So04 hybrid after the
HER cycling also show no obvious changes of the oxidation
states for the Mo, Se, and S (Figure S13b—d). All of these
characterizations suggest the excellent stability of the CNT-
MoSe, 045094 for promising HER applications.

The comparison of the catalytic properties between the
CNT-MoSe,S,_, hybrid and other TMD-based catalysts has
been summarized and listed in Table 3. In contrast to other
reported TMD-based HER electrocatalysts, the resultant
CNT-MoSe (65004 shows a competitive onset overpotential
and low overpotetial at 10 mA cm > More importantly, our
CNT-MoSe, (65094 catalysts show the optimal Tafel slope as
low as 40 mV dec™". Considering the environmentally friendly
concept for the construction of simple and controllable
synthesis route, our study therefore demonstrates great
potentials for fabricating potential TMD-based catalysts for
efficient electrocatalysis toward HER.

Therefore, the significantly enhanced electrochemical HER
activity of the CNT-MoSe 4S04 electrode can be ascribed to
the following reasons. (1) 1D CNTs not only provide a
confined substrate for the decoration of 2D MoSe, (¢S4 With
more exposed catalytic sites, but also form interconnected
conductive networks and well-defined interior voids for
efficiently transferring electrons from glassy carbon electrodes
to catalytic active sites of the MoSe; 46594 and boosting an
efficient diffusion of hydrogen ions onto the MoSe; 5S¢4
surface. (2) 2D MoSe; (4Sgo4 With more crystal distortion and
significant residual strain can give rise to the proliferation of
defective sites and exposed active sites, which is beneficial for
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the improvement of resultant catalytic performance.’® (3) The
excellent HER catalytic activity of the CNT-MoSe, (¢S¢ .94 may
result from the modification of the electronic structure of
MoSe,S,_, with an appropriate Se/S ratio, which can achieve
the AGy« close to thermoneutral (AGy+ ~ 0) and exert a
positive effect on the HER activity of resultant catalysts.” The
doping of S atoms within MoSe,S, , with tunable
compositions may also lead to extra donor levels in the
forbidden energy gap, which would promote the electronic
conductivity due to the narrowed band gap compared with
neat MoS, and MoSe,.

4. CONCLUSIONS

In summary, a unique all-in-crucible solid-state sulfidation has
been developed for the preparation of the CNT-MoSe,S,_,
hybrid with a tunable Se/S ratio. Compared with conventional
solution-processed sulfidation with an extremely low yield and
high energy consumption/cost, the solid-state sulfidation
provides an easily scalable synthesis of the MoSe,S,_,
nanostructures. The resultant CNT-MoSe; (sS04 catalysts
exhibit largely boosted HER performance including low
onset overpotential at 83 mV, low Tafel slope of 40 mV
dec™, and negligible current decay after 6000 cycles. This
work therefore opens up new strategies for the design and
controllable synthesis of the TMDs and hybrid materials for
energy conversation.
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