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ABSTRACT: Two-dimensional MoS, nanoplates within
carbon nanofibers (CNFs) with monolayer thickness, nano-
meter-scale dimensions and abundant edges are fabricated.
This strategy provides a well-defined pathway for the precise
design of MoS, nanomaterials, offering control over the
evolution of MoS, morphology from nanoparticles to
nanoplates as well as from mono- to several-layer structures,
over a lateral dimension range of 5 to 70 nm. CNFs play an
important role in confining the growth of MoS, nanoplates,
leading to increases in the amount of exposed edge sites while
hindering the stacking and aggregation of MoS, layers, and
accelerating electron transfer. The controlled growth of MoS,
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nanoplates embedded in CNFs is leveraged to demonstrate structure-dependent catalytic activity in the hydrogen evolution
reaction (HER). The results suggest that increases in the number of layers and the lateral dimension result in a decrease in HER
activity as a general rule. Single-layer MoS, nanoplates with abundant edges and a lateral dimension of 7.3 nm demonstrated the
lowest hydrogen evolution reaction overpotential of 93 mV (J = 10 mA/cm?), the highest current density of 80.3 mA/cm” at 5 =
300 mV and the smallest Tafel slope of 42 mV/decade. The ability of MoS,—CNFs hybrids to act as nonprecious metal catalysts
indicates their promise for use in energy-related electrocatalytic applications.

KEYWORDS: two-dimensional, carbon nanofibers, e

B INTRODUCTION

The construction of a hydrogen-based energy system has been
repeatedly proposed as a solution to the severe global energy
shortage and accompanying environmental deterioration, as
hydrogen shows promise as an efficient, clean, and durable
energy carrier."”> Hydrogen may be evolved from the reduction
of protons to form hydrogen gas, which is the reductive half-
reaction of the splitting of water molecules.” This process
usually requires the use of high- performance hydrogen
evolution reaction (HER) electrocatalysts.* "¢ Although the
platinum group metals have traditionally been the highest-
performance catalysts for HER, these elements are rare and
costly. Therefore, there is an ongoing search for earth-
abundant, Pt-free catalysts in order to avoid the use of precious
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metals.”® The abilities of a variety of non-noble materials to
catalyze HER have been investigated, 1nc1uding those of
transition metal alloys, chalcogemdes, 14 carbides,'*™Y”
nitrides,"® and phosphides."” Despite extensive research,
however, only a few synthetic catalysts have been found
which can operate in water and yield high current densities at
low overpotentials (1) and with quantitative current
efficiencies.

Among these alternatives, significant attention has been
devoted to molybdenum disulfide (MoS,), which demonstrates
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Figure 1. Schematic illustration of the synthesis procedure used to prepare MoS,-carbon hybrid nanofibers and the thermosensitive morphology

evolutions.

appealing levels of HER activity as well as being abundantly
available. This research has led to the development of several
different MoS,-based HER electrocatalysts, in both crystal-
line®®~** and amorphous™~>° states. MoS, is a notable two-
dimensional nanomaterial and has been widely used as a
functional material in diverse applications, such as electronic

27,28 .29 . 30-32
*~® photovoltaics,” and catalysis.

transistors,26 batteries,
The chemical peculiarities of MoS, lead to unique mechanical,
optical, and electrical properties. Two-dimensional MoS, sheets
are formed of vertically stacked S—Mo—S interlayers. Results
from both theoretical and experimental studies have demon-
strated that catalytically active sites are situated on sulfided Mo
edges, while the basal plane is inert. Several parameters,
including the conductivity and roughness of the material, the
abundance of active edge sites, and the means of attachment of
the catalyst to the electrodes, must be tightly optimized to
produce more active electrocatalysts.” However, layered MoS,
crystals have a natural tendency to form closed structures such
as fullerenes and nanotubes or stacked multilayered geometries,
resulting in limited edge densities.*

Several methods have been attempted to produce single-layer
or several-layer MoS,, including mechanical exfoliation,>*
chemical exfoliation,>"** hydrothermal synthesis,””*"
chemical vapor deposition.”*** Exfoliated MoS, nanosheets
are metastable, tetragonal monolayers (1T-MoS,) possessing
excellent HER activity. However, these materials display a

strong tendency toward restacking and undergoing an
2,36

and

irreversible phase transition to hexagonal 2H-MoS,,
resulting in significant deterioration of the electrochemical
performance. Moreover, the single-layer MoS, nanosheets that
have been produced thus far have large aspect ratios. If a
reduction in the lateral dimension was to be accomplished,
novel properties may arise due to edge or quantum
confinement effects.**” However, developing an effective
method to produce single-layer MoS, nanoplates with nano-
scale lateral dimensions and greater amounts of edges exposure
has remained a challenge.

Additionally, although nanosized MoS, may serve as a highly
active electrocatalyst for HER due to the high exposure of
numerous reactive sulfur edge sites, it is also a semiconductor
with poor bulk conductivity and anisotropic electrical transport
properties that limit catalytic efficiency.”>*" This drawback may
be addressed through the preparation of single-layer MoS,
nanoplate-based composite materials, with partner materials
that are conductive and easily percolating. In particular,
nanoplates may be blended with carbonaceous materials.
Recently, MoS,-carbon composites have been found to be
effective at enhancing both electron and mass transport.”!
Combining carbon nanotubes,*® graphene,z'9 or conductive
polymers** with MoS, has also been shown to be effective in
this respect. Their abundance, tunable molecular structures, and
stability in both acidic and alkaline environments, are unique
advantages possessed by carbon-based materials when design-
ing catalysis. However, direct modification of MoS, with carbon
results in an inability to balance between exposure of active
sites and conductivity, and the number of layers and lateral
dimensions of the nanosheets were found to be uncontrollable,
thereby limiting the applicability of this approach.

The confinement of nanoparticles within conductive carbon
materials, such as fullerenes, carbon nanotubes, or graphene has
been proven to be effective in restricting the size of these
particles to the nanometer scale, leading to improvements in
their catalytic properties.**** Recent results from our group
describing the design of a system combining noble metal
nanoparticles with carbon nanofibers revealed that small,
uniform nanoparticles could be obtained easily using this
combination due to the confinement of nanoparticle growth,
resulting in both high catalytic activity and high stability.*'
Electrospun carbon nanofibers (CNFs) have been widely used
in energy conversion and storage applications as this material is
highly conductive and stable as well as having a large
electrochemical surface area, making it an ideal carrier for
MoS, nanocrystals. In addition, CNFs can serve as a host to
confine the growth of MoS, nanoplates.
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Herein, a novel and effective strategy is described for the
synthesis of two-dimensional MoS, nanoplates with monolayer
thickness, nanometer-scale dimensions, and abundant edges
fabricated within one-dimensional CNFs. This scheme provides
a well-defined pathway to enable precise design of morpho-
logical control over evolution both from nanoparticles to
nanoplates and from mono- to several-layers, as well as control
of the lateral dimension between S to 70 nm. CNFs play an
important role in confining the growth of MoS, nanoplates by
increasing the exposure of edge sites, hindering the stacking and
aggregation of MoS, layers, and accelerating electron transfer.
In the process introduced here, (NH,),MoS, is dissolved in
polyacrylonitrile (PAN) solution and then electrospun into
continuous PAN-(NH,),MoS, (PANAMo) nanofibers. After
high-temperature treatment to promote the conversion of
amorphous PAN nanofibers into graphene-layered CNFs, the
(NH,),MoS, starting material decomposes into MoS,, forming
MoS,—CNFs hybrid nanomaterials. MoS, nanocrystals exhibit
thermosensitive morphologies: increased graphitization temper-
atures and heating rates led to increases in the lateral dimension
(from 7 to 70 nm) and number of layers (from 1 to 6), along
with a phase transition from 1T MoS, to 2H MoS,. The
synthesis procedure and thermosensitive evolution of the
morphology are illustrated in Figure 1. The controlled growth
of MoS, nanoplates embedded in CNFs is used to demonstrate
structure-dependent catalytic activity in the hydrogen evolution
reaction. Single-layer MoS, nanoplates with abundant edges
and a lateral dimension of 7.3 nm demonstrated the lowest
HER overpotential, at 93 mV (J = 10 mA/ cm?); the highest
current density, 80.3 mA/cm? at 77 = 300 mV; the smallest Tafel
slope, 42 mV/decade. These metrics are close to those
demonstrated by commercial Pt/C catalysts. The results
suggest the general rule that increases in the number of layers
and the lateral dimension result in a decrease in HER activity.
The ability of MoS,—CNFs hybrids to act as nonprecious metal
catalysts indicates their promise for use in energy-related
electrocatalytic applications.

B RESULTS AND DISCUSSION

The thermolysis of (NH,),MoS, under an inert environment
has two overall steps, as described in the literature.** At low
temperatures, between 120 and 360 °C, (NH,),MoS, is
converted to MoS; (eq 1). The second step, conversion from
MoS; to MoS, (eq 2), requires annealing at a higher
temperature, at least above 800 °C.*

(NH,),MoS, — 2NH, + H,S + MoS, (1)

MoS; — MoS, + S ()

Typically, the PANAMo nanofibers produced using this
method have a (NH,),MoS, mass fraction of 12% and an
average diameter of 560 nm. Images of the fibers (Figure 2a)
reveal a distinct, random arrangement of nanofiber architec-
tures. After graphitization treatment at 1000 °C, MoS,—CNFs
nanofibers are uniform and continuous, forming a 3D network
(Figure 2b). The average diameter of MoS,—CNFs is 220 nm,
indicating that the fibers experience significant shrinkage during
the graphitization process. Figure 2c shows the amorphous
structure and uneven, rough surfaces of the PANAMo
nanofibers. By contrast, the surfaces of MoS,—CNFs samples
(Figure 2d) are smooth, with thin MoS, nanoplates visibly
embedded in a random distribution in the CNFs, demonstrat-

Figure 2. Field emission scanning electron microscopy (FE-SEM) and
transmission electron microscopy (TEM) images of the (a, c) as-
prepared PANAMo and (b, d) MoS,—CNFs nanofibers treated at
1000 °C and 2 °C/min. Inset in panel d is a high resolution
(HR)TEM image of the MoS,—CNFs. (e) High angle annular dark
field scanning transmission electron microscopy (HAADEF-STEM)
images of the MoS,—CNFs and (f) STEM-EDS (energy-dispersive X-
ray spectroscopy) mapping image of the selected area: C (red), Mo
(dark blue), and S (green) elements.

ing that the graphitization treatment was able to cause the
formation of MoS, nanocrystals.

The majority of the small MoS, nanoplates formed during
graphitization exhibit two-layered structures, with an interlayer
distance of 0.66 nm in the (002) plane and lateral dimensions
ranging from 4 to 10 nm, as can be clearly seen using high
resolution transmission electron microscopy (HRTEM) image
(inset in Figure 2d). High angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) (Figure
2e) shows that the MoS, nanoplates are evenly dispersed
throughout the CNF matrix. The edges of the MoS, nanoplates
are also visible as pale white lines. These locations of these
edges are consistent with the black lines seen in the
transmission electron microscopy (TEM) images of MoS,—
CNFs (Figure 2d). The elemental composition of the MoS,—
CNFs was analyzed using scanning transmission electron
microscopy energy-dispersive X-ray spectroscopy (STEM-
EDS) mapping. The carbon content detected is due to the
CNFs while the molybdenum and sulfur indicate the presence
of MoS,. The distribution of the detected elements is consistent
with successful formation of embedded MoS, nanoplates in
CNFs.

X-ray diffraction (XRD) analysis of PANAMo, pure CNF,
and MoS,—CNF samples was used to reveal more detail
concerning the evolutions undergone by both the crystal and
chemical structures of the materials during the graphitization
process. As shown in Figure 3A, the nanofibrous mats of
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Figure 3. (A) XRD patterns of the (a) PANAMo, (b) pure CNFs, and (c) MoS,—CNFs nanofibrous mats. (B) Raman spectra of the (a) pure CNFs
and (b) MoS,—CNFs nanofibrous mats. Mo 2d XPS spectra of (C) PANAMo and (D) MoS,—CNFs nanofibrous mats. S 2p XPS spectra of (E)

PANAMo and (F) MoS,—CNFs nanofibrous mats.

PANAMo exhibit a sharp peak at 17.1° and a broad band at
27.5°, which are ascribed to the (110) and (310) planes of PAN
crystalline.** Meanwhile, pure CNFs display a single diffraction
peak, representative of the (002) plane of stacked graphite
layers at 26 = 24.7° (JCPDS 75-1621), indicating the presence
of crystalline graphitic carbon in the nanofibers.** The relatively
broad band in the XRD pattern of MoS,—CNFs arises from the
(002) plane of the graphene layers in the CNFs. In addition, a
strong and sharp diffraction peak can be seen at 14.5°
corresponding to the (002) plane of single-phase, hexagonally
structured MoS, (JCPDS 37-1492).*

As the only peaks observable in the spectra of both CNFs
and MoS,—CNFs can be ascribed to the (002) plane, it can be
concluded that these planes constitute the majority of exposed
surfaces in these samples. This observation is consistent with
the above results of the TEM and HAADF-STEM inves-
tigations. As described in the literature, hexagonal structures of
MoS, have three characteristic reflection peaks, centered at
approximately 20 = 14.5°, 33.8°, and 57.1° and corresponding
to the (002), (100), and (110) planes, respectively.”***~* No
(100) and (110) planes were detected in the XRD spectrum of
MoS,—CNFs (Figure 3A, curve c). This is because that the

22129

incorporation of MoS, nanoplates into the layers of the CNFs
considerably restricts the growth and aggregation of MoS,
layers during the graphitization process, leading to the
formation of few-layered MoS, nanoplates with poor
crystallinity. Using HRTEM (Figure 2d), only the exposed
(002) planes can be seen clearly, with no observable (100) and
(110) planes.

The Raman analysis shown in Figure 3B also confirms the
formation of a pure MoS, phase within the CNFs. The
spectrum of nanofibrous mats composed purely of CNFs
displays two bands at 1345 and 1578 cm™’, corresponding to
the D and G bands.>**' Apart from these signals, the MoS,—
CNFs hybrid nanomaterials also exhibit two sharp peaks
located at 380.1 and 403.2 cm™, which are associated with the
in-plane El2g and out-of-plane Alg vibrational modes of
hexagonal MoS,.>** Previous research efforts have reported
that information concerning the nature of the MoS, crystal
termination can be deduced from the relative integrated
intensities of these peaks. A relatively greater intensity of the
Alg mode compared to the Elzg mode indicates the formation
of an edge-terminated structure, while the converse is

. . . 2 . .
correlated with terrace surface-termination.” In this inves-
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Figure 4. TEM, HRTEM, HAADF-STEM, and STEM-EDS mapping images of the MoS,—CNFs nanofibers prepared under different graphitization
temperatures: (a—c) 900, (d—f) 1000 and (g—i) 1100 °C. Insets in panels a, d, and g are the selected area electron diffraction (SAED) patterns of the
MoS,—CNFs. All MoS,—CNFs nanofibers had a (NH,),MoS, mass fraction of 12 wt % and were treated at 2 °C/min.

tigation, the intensity of the Alg peak is greater in the Raman
spectrum of the MoS,—CNFs, indicating that the as-prepared
MoS, structures are edge-terminated. This edge termination
appears to increase the amount of exposed edge sites.

The PANAMo and MoS,—CNFs nanofibrous mats were
characterized using X-ray photoelectron spectroscopy (XPS) in
order to better describe the formation of MoS, nanoplates. As
shown in Figure S1 (Supporting Information), the C Is
spectrum of pure PANAMo nanofibers may be deconvoluted
into three characteristic subpeaks, located at 285.1, 286.3, and
286.9 eV. These subpeaks are assigned to C—C, C=N and
C=0 groups, respectively.***' For pure CNFs (Figure S1,
Supporting Information), the C 1s spectrum exhibits four
characteristic subpeaks located at 284.9, 286.1, 287.6, and 290.6
eV, which correspond to graphitized carbon, carbon in phenolic
or C=0 groups, carbon in carbonyl or quinine groups, and
carbon in adsorbed CO and CO,. These results are in
agreement with previous studies of PAN-based carbon
nanofibers.***' For MoS,—CNFs (Figure S2, Supporting
Information), the binding energy (BE) of C=C/C—C
bonds (284.4 eV) is downshifted by ~0.5 eV compared to
that of pure CNFs (284.9 eV), indicating a significant amount
of charge transfer from CNFs to the MoS, nanoplates, which
may improve both the current density and catalytic activity of
the resulting hybrid material>**

The Mo 3d XPS spectrum of PANAMo nanofibers (Figure
3C) contains four distinct peaks, located at 233.3, 230.2, 227.5,
and 223.8 eV and corresponding to the Mo 3d and S 2s of
(NH,),MoS,. The Mo 3d doublet, with peaks at 233.3 and
230.2 €V, is assigned to the Mo 3d;/, and Mo 3ds,, of Mo(IV)
ions.” The S 2s peaks at 227.5 and 223.8 eV are attributed to
bridging S,>~ and S*~ species, indicating that (NH,),MoS,
exists in two chemical states. In addition, in the S 2p spectrum
(Figure 3E), there is a doublet located at BEs of 165.6 and
160.2 eV, which also corresponds to the S species in
(NH,),MoS,, including disulfides (S,*7) as well as S~
ligands.z"‘g’49 The Mo 3d spectrum of MoS,—CNFs (Figure
3D) shows two peaks at 232.2 and 229.2 €V, which are due to

the doublet Mo 3d;, and Mo 3ds,, orbitals and are
characteristic peaks of MoS,. Notably, the BEs of the Mo 3d
peaks shift from 233.3 and 230.2 eV in the spectrum of the
PANAMo nanofibers to 232.2 and 229.2 eV in the MoS,—CNF
nanofiber spectrum, adding further evidence of the formation of
MoS, nanoplates during the graphitization process. The MoS,—
CNFs S 2p spectrum can be deconvoluted into two peaks
located at 162.2 and 161.2 eV, which represent the S 2p, , and
S 2p;,, orbitals of divalent sulfide ions (S*”). These values are
consistent with those previously reported for MoS, nanocryst-
als.”**%° High BE of S species, with associated peaks between
168 and 170 eV, were not detected, indicating that only pure
MoS, is present, with no oxidized phase.

To investigate the temperature dependence of the
thermosensitive morphology of the samples, a series of
graphitizations were performed at temperatures from 900 to
1100 °C. All samples were imaged using TEM, HRTEM,
HAADEF-STEM, and STEM-EDS mapping. Figure 4a—c shows
the MoS,—CNF nanofibers prepared at 900 °C. Quasi-spherical
MoS, nanoparticles with an average diameter of 1.3 nm are
evenly dispersed throughout the CNF matrix. Figure 4b
indicates that the MoS, nanoparticles are surrounded by the
graphene layers while the SAED pattern displays only randomly
oriented CNF polycrystallites without any MoS, diffraction
spots, suggesting the low crystallinity of the MoS, nano-
particles. HAADF-STEM images of MoS,—CNFs also show
that the MoS, nanoparticles (seen as white spots) are well-
dispersed. The distribution of C, Mo, and S seen in STEM-EDS
mapping images of a selected area further demonstrates the
formation of MoS, nanoparticles.

As expected, small and uniform MoS, nanoplates were
formed in the CNF matrix after treatment at 1000 °C (Figure
4d). A HRTEM image (Figure 4e) reveals single-layer MoS,
nanoplates randomly embedded in the CNFs. The lateral
dimension of these nanoplates is only 5.9 + 4.1 nm, which is
exciting not only because of the extremely short perpendicular
distance it represents but also because it implies a very small
lateral transport length and extreme confinement of the local
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Figure 5. XPS of Mo 3d (a—c) and S 2p (d—f) of the MoS,—CNFs nanofibers prepared under different graphitization temperatures at (a, d) 900, (b,

e) 1000, and (c, f) 1100 °C.

electroactive mass. This latter point is crucial to the reversibility
of “conversion” reactions. Figure 4f also clearly shows that the
MoS, nanoplates are uniformly dispersed throughout the CNF
matrix. Similar results may be observed in the STEM-EDS
mapping images, wherein the selected area is full of C, Mo, and
S signals. When the annealing temperature was increased to
1100 °C, the formerly small MoS, nanoplates grew to larger
sizes (Figure 4g). A typical two-layer MoS, nanoplate structure
with an interlayer spacing of 0.65 nm can be observed in Figure
4h. The lateral dimension of the nanoplates increased to 12.8
nm. Figure 4i contains strong signals from the larger MoS,
nanoplates, with STEM-EDS mapping images displaying a
distribution of Mo and S that is consistent with the edge
morphology of MoS, nanoplates, demonstrating an increase in
the number of MoS, layers.

XPS analysis was used to further investigate the evolution of
sample morphology and the XPS results are summarized in
Table S1 (Supporting Information). Figure Sa shows the Mo
3d spectrum of MoS, nanoparticles—CNFs graphitized at 900
°C. The binding energies of the Mo 3ds,, and Mo 3d;,, peaks,
228.7 and 231.8 eV, are characteristic of MoS,. A small S 2s
peak is visible as well, corresponding to polysulfides or bridging
S,*". In the S 2p spectrum (Figure Sd), the main doublet
(located at 160.8 and 162.1 V) corresponds to the S 2ps/, and

22131

S 2p, /, orbitals of MoS,. In addition, there is a peak located at a
higher BE, 165.4 eV, which arises from bridging S, and/or
apical $*”. The ratio of S to Mo in MoS, nanoparticle—CNF
hybrids prepared at 900 °C is calculated to be 2.66:1 (Table S1,
Supporting Information), indicating the formation of S-rich
MoS, nanostructures. In the spectra collected from a sample of
MoS, nanoplate—CNFs graphitized at 1000 °C, the Mo 3d
scan has two distinct peaks at 228.5 and 231.7 eV, which can be
assigned to doublet Mo 3d;;, and Mo 3dj,, respectively
(Figure Sb). The S 2p scan exhibits three peaks located at
164.5, 163.4, and 162.1 €V, which are due to bridging S,*~ and/
or apical S, and the S 2p,/, and S 2p;,, orbitals of divalent
sulfide ions (S*”) (Figure Se).

The results from the Mo and S scans are in good agreement
with the existence of layered MoS, structures. Bridging S,>~
and/or apical S*~ species can be detected in MoS, nanoplate—
CNFs. The ratio of S to Mo in MoS, nanoplate-CNF samples
treated at 1000 °C is calculated to be 2.33:1 (Table SI,
Supporting Information), suggesting the formation of S-rich,
layered MoS, structures. Similarly, the Mo 3d scan of samples
graphitized at 1100 °C shows the doublet Mo 3ds,, and Mo
3d;), orbitals at 228.7 and 231.8 eV and S 2s at 2259 eV,
respectively, confirming the formation of a layered structure. In
addition, the observed peaks at 163.1 and 162.0 eV correspond

dx.doi.org/10.1021/am505544g | ACS Appl. Mater. Interfaces 2014, 6, 22126—22137
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Table 1. Statistics of the MoS,—CNFs Hybrid with Different Mass Fraction of (NH,),MoS, Treated at Different Heating Rates

lateral dimension number of
samples (nm) layers

average diameter of the nanofibers

heating rates mass fraction of (NH,),MoS,

MoS,—CNFs-5-1 12.6 + 54 2
MoS,—CNFs-5-2 223 + 2.1 2
MoS,—CNFs-5-3 43.1 + 6.5 2
MoS,—CNFs-10-1 13.3 + 4.6 2
MoS,—CNFs-10-2 28.6 + 5.1 2
MoS,—CNFs-10-3 46.6 + 6.4 3to$S
MoS,—CNFs-10-1 73 £ 2.5 1to2
MoS,—CNFs-10-2 312 + 4.6 2to 4
MoS,—CNFs-10-3 66.7 £ 9.5 6

(nm) (°C/min) (%)
270 + 40 S S
265 + 42 10 S
261 + 38 15 S
215 + 36 S 10
220 + 38 10 10
208 + 40 15 10
130 + 2§ S 15
125 + 22 10 15
120 + 20 15 15

to the S 2p, ,, and S 2p;), orbitals of divalent sulfide ions (S>7).
However, there are no peaks corresponding to bridging S,*”
species detected for MoS, nanoplate-CNFs prepared at 1100
°C, and the ratio of S to Mo was found to be only 2.02:1 (Table
S1, Supporting Information), indicating that annealing at higher
temperatures produces a higher purity MoS, phase.

During low-temperature graphitization (below 400 °C), the
(NH,),MoS, decomposes to MoS;, forming MoS;—CNFs.
Upon increasing the temperature (above 800 °C), the as-
formed MoS; begins to be converted to MoS,. Above 800 °C,
graphene layers are formed in the CNFs, confining the growth
of MoS, structures. The conversion from MoS; to MoS,
depends strongly on the graphitization temperature, with
higher temperatures leading to increasingly vigorous molecular
motion. At elevated temperatures, more MoS, nuclei are
generated and undergo more collisions with one another,
leading to the formation of larger MoS, crystals. This trend
results in an evolution from nanoparticles to layered nano-
plates.

The experiments described above show an evolution in MoS,
morphology from nanoparticles to layered structures with
increasing temperature and all tests were performed on samples
that had been treated with a heating rate of 2 °C/min. Higher
heating rates have been shown to lead to significant shrinkage
of the CNFs and more rapid conversion from MoS; to MoS,.*!
As such, samples with three different (NH,),MoS, mass
fractions (S, 10, and 15 wt %) were heated at different rates to a

graphitization temperature of 1000 °C in order to explore the
influence of heating rate on the thermally sensitive morpho-
logical evolution. Figures S3 and S4 (Supporting Information)
show MoS,—CNFs prepared at heating rates ranging from § to
15 °C/min from a starting material with 5 and 10 wt % of
(NH,),Mo0S,. They both exhibit a significant trend that an
increase in the heating rate leads to increases in both the lateral
dimension and numbers of layers of MoS, nanoplates. More
discussion can be found in the Supporting Information.

The results for samples prepared using the highest mass
ratio, 15%, can be found in Figure 6. For these samples, the
evolution of nanoplate morphology depends strongly on
heating rate. As shown in Figure 6ab (S °C/min), small
MoS, nanoplates are generated in a random distribution within
the CNFs. The nanoplates have one or two layers and a lateral
dimension of approximately 7.3 + 2.5 nm. The shapes and faces
of the larger hexagonal MoS, nanoplates can be observed
clearly in Figure 6c. Because of the higher mass fraction used in
the starting material, MoS, nanoplates are close-packed and fill
much of the volume of the CNFs.

As expected, a higher heating rate (10 °C/min) leads to the
formation of larger MoS, nanoplates (Figure 6d,e). The
majority of these nanoplates have four layers, but there is
also a portion of smaller nanoplates with bilayer structures. The
lateral dimension of these plates is 312 + 4.6 nm and the
STEM-EDS mapping images confirmed the formation of MoS,.
However, when a heating rate of 15 °C/min is used, the hybrid
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Figure 7. Polarization curves, enlargement of the onset region and the corresponding Tafel plots of MoS,—CNFs hybrids treated at different (a, b,
and e) graphitization temperatures and (c, d, and f) heating rates.

nanofibers undergo a remarkable amount of shrinkage, with the of as-formed MoS, molecules, the conversion from MoS; to
large MoS, nanoplates becoming ejected from the CNFs. The MoS, and leading to the formation of larger MoS, nanoplates.
average diameter of the CNFs decreases significantly to 130 nm These novel MoS,—CNF hybrid nanomaterials may be used
while the lateral dimension of the plates increases to 66.7 + 9.5 as highly efficient electrocatalysts for the HER. To investigate
nm. The numbers of layers in the plates increases as well, to 6. morphology-dependent catalytic properties, electrochemical
Figure 6i exhibits carbon from the CNFs (shown in red) as well measurements (Figure 7) were collected of the HER activity
as Mo and S signals in an arrangement that is consistent with of MoS,—CNFs nanohybrids prepared using different graphi-

tization conditions, as well as of bulk CNFs, MoS,, and
commercial Pt/C catalysts. All measurements were carried out
at an optimized catalyst loading weight of 0.280 mg cm™>. The
electrochemical parameters of all MoS,—CNF hybrid nanoma-
terials are summarized in Table 2. In these experiments, MoS,—
CNFs treated at 900, 1000, and 1100 °C (5 °C/min) are
referred to as Mo-900, Mo-1000, and Mo-1100, respectively,
whereas bulk MoS, is abbreviated as Mo. The morphology of
the hybrid nanomaterial samples was the same as that shown in

hexagonal nanoplate morphology.

XRD analysis further corroborates the existence of these
evolutions, as shown in Figure SS (Supporting Information). It
is clear from all investigations that the sizes, number of layers,
and morphology of the MoS, structures formed during
graphitization strongly depend on heating rates. The properties
of MoS,—CNF hybrids treated at different conditions are
shown in Table 1. For samples prepared using the same initial
composition but increasing heating rates, MoS, nanoplates

o ] ! Figure 4.
grow from small, thin, irregular single- or bilayer nanoplates to As shown in Figure 7, polarization curves of the current
large, uniform, multilayer hexagonal structures. However, when density (J) plotted against potential show the HER activity of
a low heating rate (S °C/min) is maintained, MoS, nanoplates the Mo-900, Mo-1000, and Mo-1100 in comparison with pure
develop only one or two layers regardless of mass fraction. CNFs, MoS,. Pure MoS, exhibits the onset of HER activity
Increasing the heating rate to a higher level (10 or 15 °C/min), near —250 mV vs reversible hydrogen electrode (RHE),
significant dimensional growth is produced. Raising the consistent with previous reports.>>' The Mo-900 displays
graphitization temperature and the heating rate leads to improved HER activity, and the onset of the catalytic activity
vigorous molecular motion and an increase in the collisions shifts to a relatively lower overpotential, as significant H,
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Table 2. Electrochemical Parameters of the MoS,—CNFs
Hybrid Electrocatalysts
charge-

transfer
resistance,

current density ~ Overpotentials at

at 7 = 300 mV  current density of  Tafel slopes

samples (mA/cm?) 10 mA/cm?® (mV)  (mV/decade) R./Q

Mo- 29.6 215 79 267
900

Mo- 54.9 120 46 118
1000

Mo- 47.8 148 58 254
1100

Mo-§ 80.3 93 42 47

Mo-10 S1.1 15§ 48 64

Mo-15 22.5 238 56 425

evolution (J = 10 mA/cm?) is observed at a voltage as low as
—215 mV (Figure 7b). Meanwhile, the Mo-1000 and Mo-1100
show dramatically lower overpotentials, as significant H,
evolution (J = 10 mA/cm?) is observed at a voltage as low as
—120 and —148 mV (Figure 7b). It suggests that the single-
layer MoS, nanoplates (Mo-1000) are more catalytically active
than MoS, NPs (Mo-900) or large bilayer MoS, nanoplates
(Mo-1100). Figure 7b clearly reflects the trend in activity.

The effect on HER activity of the morphological differences
brought about by differences in heating rate was also
investigated by comparing MoS,—CNFs (15 wt %, 1000 °C)
treated using heating rates of 5, 10, and 15 °C/min. These
samples are referred to as Mo-5, Mo-10, and Mo-15, and have
the morphologies shown in Figures 6. All the three samples
exhibit much lower overpotential, as significant H, evolution (J
= 10 mA/cm?) is observed at a voltage as low as —238, +155,
and +93 mV (Figure 7d). The single-layer Mo-S sample
demonstrates the lowest HER overpotential of all samples, at
93 mV (J = 10 mA/cm?). With the application of increasingly
negative potential, the cathodic current rises rapidly in a pattern
that is close to that of commercial Pt/C catalysts. The cathodic
current density shown by sample Mo-5, 80.3 mA/cm?® at 7 =
300 mV, is much higher than those of samples Mo-10 and Mo-
15, at 51.1 and 22.5 mA/cm? respectively, indicating that single-
and bilayer MoS, nanoplates yield superior HER activity. The
HER overpotential demonstrated with these catalysts is
superior to most reported values for MoS,-based catalysts,
which are typically over 150 mV.»>>' This suggests that small,
thin MoS, nanoplates with single- or bilayer structures and
abundant exposed edges offer better HER activity than other
MoS, morphologies. As increased heating rates lead to
increases in the lateral dimension and number of layers, they
result in a decrease in HER activity. Recently, Yu et al. have
confirmed that increased layers of MoS, nanosheets would
affect the HER activity, resulting in a significant decrease.>”
Previous reports have confirmed that HER activity is localized
on the sulfur edges of MoS, plates, while the basal planes of
such plates are catalytically inert.">® As such, nanoscale MoS,
with extensive exposed edge sites should produce more HER
activity than bulk materials. This prediction is borne out by the
results above, which show that small, thin MoS, nanoplates
with single-layer or bilayer structures have abundant sulfur edge
sites, leading to greater HER activity. In addition, increases in
the number of layers and lateral dimension lead to a decrease in
the available active edges and increases in the local electroactive
mass, resulting in poor HER activity.

The Tafel slope is an inherent property of electrocatalysts
and is determined by the rate-limiting step of the HER.>!

When the Volmer reaction is the rate-limiting step of the HER,
a slope of 120 mV/decade should be observed, whereas if the
Heyrovsky or Tafel reaction acts as the rate-limiting step, a
Tafel slope of 30 mV/decade or 40 mV/decade, respectively, is
measured. For a complete HER process that produces
molecular hydrogen, a combination of steps, ie., Volmer—
Heyrovsky or Volmer—Tafel mechanism, is required.

In this investigation, MoS, nanoparticles and large MoS,
nanoplates (samples Mo-900, Mo-1100, and Mo-1000) were
found to exhibit Tafel slopes of 79, 58, and 46 mV/decade
(Figure 7e). In addition, the observed Tafel slopes of 56, 48,
and 42 mV/decade for Mo-15, Mo-10, and Mo-5 are nearly the
smallest measured to date for a MoS,-based catalyst, suggesting
that the Volmer—Heyrovsky HER mechanism is operative
during the HER as catalyzed by these samples.>>>" Tt is
commonly postulated that a small Tafel slope will lead to
significant enhancement of the HER rate with only a moderate
increase in the overpotential, a property that is beneficial in
practical applications.

The excellent HER performance of the catalysts prepared
here can be ascribed to their advantageous morphology of
ultrathin nanoplates with abundant accessible edges, as well as
to the favorable chemical and electronic coupling between the
MoS, nanoplates and the CNF. Strong chemical couplings lead
to confined growth of the highly dispersed MoS, nanoplates.
This situation results in small, ultrathin, highly dispersed MoS,
nanoplates, thereby providing an abundance of accessible edges
that may serve as active catalytic sites for the HER. Meanwhile,
the CNF matrix also form an interconnected, conductive
network and electrical coupling between the MoS, structures
and the graphene therefore allows rapid electron transport from
the less-conductive MoS, to the electrodes.

Electrochemical impedance spectroscopy (EIS) was per-
formed at an overpotential of # = 0.3 V to investigate the
electrode kinetics and interface reactions undergone by the
MoS,—CNF hybrids during the HER process (Figure S6,
Supporting Information). Table 2 contains impedance
parameters that were obtained by fitting the electrochemical
impedance spectroscopy (EIS) response. Sample Mo-1000
demonstrates the lowest charge transfer resistance (R), 118 &,
indicating that this sample offers the fastest HER kinetics. The
R, of the MoS,—CNFs prepared at different graphitization
temperatures increases in the sequence Mo-1000 < Mo-1100 <
Mo-900, which is in agreement with the HER results above
(Figure 7a). Bulk MoS, and pure CNFs, which were used as
controls, show negligible HER activities due to their lack of
conductivity (for MoS,) or activity (for the CNFs). Changing
the heating rate also lead to an effect on R, which decreases to
425 Q for sample Mo-15 to 47 Q for sample Mo-S (Figure S6,
Supporting Information), reinforcing the conclusion that the
aforementioned chemical and electronic couplings are critical to
achieving strong HER activity. Samples Mo-1000, Mo-5, and
Mo-10 share a small, ultrathin morphology with abundant
accessible edges as well as exhibiting the lowest R,
demonstrating that HER activity is morphology-dependent
HER.

When compared with the R of bulk MoS, (Z; ~ 10 k2) and
pure CNFs (Z; ~ 1 kQ), the low R, values measured using
MoS,—CNF hybrid materials suggest that these samples’
enhanced electrocatalytic performance originates not only
from the increase in electrical conductivity due to the use of
conductive CNFs but rather from a complex interaction
between the CNFs and MoS, nanoplates that synergistically
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promotes the HER. The XPS results shown in Figures S1 and
S2 (Supporting Information) also corroborate the existence of
strong electron transport between the CNFs and MoS,. For
MoS,—CNFs (Figure S2, Supporting Information), the BE of
C=C/C—C bonds (284.4 eV) is downshifted by about 0.6 eV
compared to that of pristine CNFs (285.0 eV), indicating a
significant amount of charge transfer from CNFs to the MoS,
nanoplates, which improves both the current density and
catalytic activity of the resulting hybrid material.”**

In addition to catalytic activity, stability is also an important
property to consider when evaluating an advanced electro-
catalyst. The stability of sample Mo-5, which exhibited among
the best HER activities, was investigated by continuous cycling
for 1000 cycles in an acidic environment. As shown in Figure
S7 (Supporting Information), almost no difference can be
observed between the initial and final curves, demonstrating
that this sample possesses excellent durability during long-term
cycling. Both the high activity offered by this optimized catalyst
as well as its impressive stability can be attributed to the
following two aspects: (i) small, ultrathin, mono- or bilayer
MoS, nanoplates offer large quantities of unsaturated sulfur
atoms to serve as active sites for hydrogen evolution; (ii)
chemical coupling and the concomitant redistribution of
electron between the CNFs and the MoS, provides a
negligible-resistance path for fast electron transfer, thereby
accelerating the kinetics of the HER as catalyzed on the MoS,
surface. This finding may provide a general strategy for the
synthesis of other 2D transition metal sulfide-based catalysts,
such as WS, and TeS,, thereby paving the way for performance-
oriented molecular design of these novel materials.

Bl CONCLUSION

A new schema has been proposed for the synthesis of small,
ultrathin, 2D MoS, nanoplates with abundant active edges
within 1D carbon nanofibers. This strategy allows the
formation of favorable nanosized products with monolayer
thicknesses, nanoscale lateral, and abundant edges. The use of
CNFs provides both an electronic mediator and substrate and a
host matrix to confine the growth of the MoS, nanoplates,
increasing the exposure of edge sites and hindering the stacking
and aggregation of MoS, layers. It has been conclusively shown
that the MoS, nanocrystals have thermosensitive morphologies,
leading to intriguing phenomena. As the graphitization
temperature is increased from 900 to 1100 °C, the morphology
of the MoS, nanocrystals shifts from nanoparticles to
nanoplates, and both the lateral dimension and the number
of layers increases. Similarly, the use of increased heating rates
leads to increases in the lateral dimension from S to 70 nm,
while the number of layers increases from 1 to 6. Moreover, a
phase transition from 1T MoS, to 2H MoS, is observed as the
heating rate is increased. Single-layered MoS, nanoplates with a
lateral dimension of 7.3 nm demonstrated the lowest HER
overpotential of all samples, at 93 mV (J = 10 mA/cm?), which
is very close to the value shown by commercial Pt/C catalysts.
These samples produced the highest current density, 80.3 mA/
cm? at 7 = 300 mV, and the smallest Tafel slope, 42 mV/
decade, indicating that the Volmer—Heyrovsky mechanism acts
as the rate-limiting step for this catalyst. MoS,—CNF hybrid
nanomaterials are able to act as nonprecious metal catalysts,
suggesting that they have a promising future in energy-related
electrocatalytic applications.

B EXPERIMENTAL SECTION

Synthesis of Small MoS, Nanoplates Embedded in Carbon
Nanofibers. In a typical procedure, 3.000 g of polyacrylonitrile
(PAN) powder was dissolved in 22 mL of dimethylformamide (DMF)
under magnetic stirring at 65 °C to get a homogeneous solution with a
mass ration of 12 wt %. Then, 0.1000 g of (NH,),MoS, was added
into the PAN/DMF solution and then transferred into a syringe with a
stainless copper needle at the tip. The needle was connected to a high
voltage power supply. The applied voltage was 12 kV, the needle-to-
collector distance was 12 cm, and the flow rate of the solution was 0.6
mL/h. All experiments were performed at room temperature. The as-
collected electrospun PANAMo nanofibrous mats were peeled off
from the aluminum foil and placed into a home-built chemical vapor
deposition (CVD) tube furnace for heat treatment. The PANAMo
nanofibrous mats were first heated to 280 °C in air at a rate of S °C/
min and maintained for 6 h for stabilization, then the samples were
heated up to 900 °C at a rate of 5 °C/min under Ar gas flow (150
sccm) for the graphitization. The desired graphitization temperature
was held constant for 8 h and then the products were cooled to room
temperature under an Ar atmosphere.

Electrochemical Measurements. Electrochemical experiments of
the samples were performed on a glassy carbon electrode in 0.5 M
H,SO, solution using a typical three-electrode system in which a
MoS,—CNFs fibrous mats electrode, graphite electrode and saturated
Ag/AgCl electrode served as the working, counter and reference
electrodes, respectively. Four milligrams of catalyst and 80 uL of 5 wt
% Nafion solution were dispersed in 1 mL of 4:1 v/v water/ethanol by
at least 30 min of sonication to form a homogeneous ink. Then 15 L
of the catalyst ink was loaded onto a glassy carbon electrode (GCE, §
mm in diameter). The HER activity was evaluated by linear sweep
voltammetry conducted with Autolab potentiostat/galvanostat (Model
PGSTAT302N) workstation with scan rate of 2 mV s'. The
polarization curves were obtained after iR-compensation. In all
measurements, we used a Ag/AgCl electrode as the reference and
the potential values are corrected to reverse hydrogen electrode
(RHE). In 0.5 M H,SO,, E(RHE) = E (Ag/AgCl)+0.204 V. Prior to
any electrochemical measurement, the electrolyte solution was purified
with N, for 1 h to remove completely the oxygen, and stable
polarization performance was recorded after 10 cycles.

Material Characterizations. Transmission electron microscopy
(TEM) images were taken by a JSM-2100 transmission electron
microscope (JEOL, Japan) at an acceleration voltage of 200 kV. Field
emission scanning electron microscopy (FE-SEM) images were
characterized by a JSM-6700F FE-SEM (JEOL, Japan) at an
acceleration voltage of 3 kV. X-ray photoelectron spectra of the
products were recorded using an X-ray photoelectron spectrometer
(Kratos Axis Ultra DLD) with an Al (mono) Ka source (1486.6 V).
The Al Ka source was operated at 15 kV and 10 mA. X-ray diffraction
(XRD) patterns were analyzed by a Bruker AXS D8 DISCOVER X-ray
diffractometer with Cu Ka radiation (4 = 1.5406 A) at a scanning rate
of 0.02 20 s™" in the 26 range of 10—80°. Raman spectra of all the
samples were recorded by a RenishawinVia Raman microscope
(LabRAM HRS800) using a 532 nm laser excitation source. The
excitation light intensity in front of the objective was 10 mW with a
spectral collection time of 1 s. The integration time for our
measurements was set to 10 s. The high-angle annular dark field
scanning TEM (HAADF-STEM) image, STEM mapping and line-scan
energy dispersive X-ray spectroscopy (EDX) were recorded by a
STEM (Tecnai G2 F30S-Twin, Philips-FEI) at an acceleration voltage
of 300 kV. The number of layers and lateral dimensional of MoS,
nanoparticles and nanoplates (200 counts) were measured with Image-
Pro Plus 6.2 software.

B ASSOCIATED CONTENT

© Supporting Information

Assignments of the XPS spectra of PANAMo, pure CNFs
nanofibrous and MoS,—CNFs hybrid, TEM images and XRD
patterns of MoS,—CNFs nanofibers prepared using different
heating rates and (NH,),MoS, mass fraction, Nyquist plots of
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the pure MoS,, CNFs and MoS,—CNFs hybrid, polarization
curve of Mo-5 after 1000 CV cycles. This material is available
free of charge via the Internet at http://pubs.acs.org.
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