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ABSTRACT: Due to its unique electronic band characteristics
(presence of d-orbital in both Mo and Se atoms), MoSe, has
potential to exhibit high electrical conductivity and superior
hydrogen evolution reaction (HER) kinetics when compared to
other transition-metal dichalcogenides. Though various strategies
were employed earlier to obtain MoSe, structure with different
shapes and morphologies, precise control on achieving both Mo-
and Se-edge sites and understanding their interaction with
reactants in HER remains to be challenging. Here, we successfully
demonstrate the vapor diffusion method to grow highly crystalline
MoSe, nanoflowers on carbon cloth in a vertical orientation.
Uniformly dispersed nanoflowers with Mo- and Se-edge sites
exhibited remarkable electrocatalytic activity on hydrogen
reduction in terms of low Tafel slope and high exchange current

density. The existence of a strong interaction between MoSe, and carbon cloth assists in long-term hydrogen production and
confirms the exceptional durability of the catalyst. A comprehensive evidence for hydrogen adsorption on dual active sites, viz.,
Mo- and Se-edges of MoSe,, is provided using X-ray photoelectron spectroscopy and in situ Raman spectroscopy containing a

specially designed liquid immersion objective lens.
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1. INTRODUCTION

Two-dimensional (2D) layered materials have shown signifi-
cant potential in energy field applications over the past decade
owing to their excellent electrical, optical, mechanical, and
(electro)chemical catalytic properties." In particular, inorganic-
based transition-metal dichalcogenides (TMDs), commonly
represented as MX, (M = transition metals, and X = S, Se, Te)
compounds, are emerging as a potential candidate to replace
conventional catalysts in hydrogen evolution reaction (HER)
and lithium-ion storage systems.” * However, fundamental
understanding of such materials reveals that the catalytic
activity is restricted to the edge sites present in them.”™” It is
reported that TMDs in the form of nanosheets possess
maximum catalytically active sites;” thus, few-layered structures
have been investigated extensively as (electro)catalysts.”~"" In
TMD, atomic arrangement in a single layer consists of a
transition metal sandwiched between two chalcogen atoms,
and a few-layered/bulk structures are formed when several
single layers are stacked by weak van der Waals interlayer
interaction. Thus, the resulting anisotropic structure permits
top-down and bottom-up approaches to obtain mono/few-
layer TMD nanosheets.'”~'” Among the wide range of TMDs,
MoS, is comprehensively developed by various strategies and
is ubiquitously considered to be an economically viable
material for HER. On the other hand, selenium-based TMDs
are preferred for many electronic applications because of their
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narrow bandgap, but they have not been studied extensively
like MoS, for HER applications.'"” It has been recently
predicted using density functional theory that both Mo- and
Se-edge sites in MoSe, have hydrogen adsorption free energy
(AGy = 0.05 eV) close to zero, which can exhibit higher HER
catalytic activity better than Mo$S, >’

To date, it has been challenging to harvest MoSe,
nanosheets enriched with both Mo and Se edges due to the
low reactivity of selenium with molybdenum (Mo) precursors,
which demands prolonged reaction time.”'”*’ However,
prolonged reaction time always leads to the formation of
bulk structures.”* Another approach involving the reaction of
Mo precursors with rapidly vaporized selenium has guided the
MoSe, growth in a perpendicular direction to the substrate.
Though this approach enhances the formation of unsaturated
edge sites, it predominantly encourages Mo edges.”" Similarly,
activation of MoSe, basal planes”*° and tailoring their
morphology with preferred (either Mo or Se or both) edge-
terminated structures are considered as effective approaches to
enhance the density of overall active sites. However, achieving
precise Mo or Se edge site is found to be dependent on the
shape and morphology of formed MoSe, structures. Several
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Figure 1. Growth and morphological characterization of MoSe, nanoflowers: (a) schematic representation of the experimental setup for CVD
growth. (b—d) low- and (b’—d’) high-magnification SEM images of MoSe, morphology grown at (b, b") 750 °C, (¢, ¢’) 850 °C, (d, d’) 950 °C.

Scale bars: 10 and 1 ym.

other strategies, includin§ solvothermal,”” colloidal,”® and
hydrothermal methods,”””* yield MoSe, nanosheets with
heavily packed Mo edge sites that enhance the catalytic
activity. On the other hand, MoSe, nanosheets synthesized
directly on a conductive electrode surface alter the molecular
layered structures, which increases the electronic conductivity
of the layers as well as the active sites. Also, the presence of a
conductive backbone network resolved the inherent charge-
transfer issues during the reaction and showed a dramatic
improvement in the electrocatalytic HER activity.”' >* On the
basis of these strategies, synergetic engineering of MoSe,
morphologies toward abundant Mo and Se edge sites together
with an efficient electronic coupling with conducting network
is a potential way to obtain higher (electro)catalytic activity.
In recent years, tuning TMD morphology has been achieved
with the chemical vapor deposition (CVD) process, which is a
unique method to produce highly crystalline monolayer TMD
nanosheets enriched with edge sites in a favorable
orientation.” Although reports on CVD growth of MoSe,
directly on a conductive surface were demonstrated with
improved HER activity,36 controlling Mo and Se edge sites
precisely to increase the activity and elucidating their role in
HER has not been realized so far. Here, we carried out CVD
growth of MoSe, on a three-dimensional (3D) carbon cloth
(CC) surface in a controlled manner by varying the
parameters, such as temperature and growth time, to
manipulate the surface morphology, thickness, and formation
of both Mo and Se edge active sites. As grown, MoSe, on CC
was subjected to detailed chemical and electrochemical
characterizations to deduce the structural, electronic, and
morphological features. For the electrocatalytic application, we
performed HER by using typical linear polarization methods in
acidic conditions. The hydrogen reduction reaction kinetics
with respective different edge sites are discussed in detail with
the help of a Tafel plot, exchange current density, in situ

Raman, and X-ray photoelectron spectroscopy (XPS) charac-
terization.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. CVD process: MoSe, nanoflowers
were grown on a conductive CC in a furnace with a 2-inch diameter
quartz tube using a CVD technique at atmospheric pressure. Initially,
a CC substrate was cut into 13 mm diameter disks that were
sequentially washed with acetone, iso-propanol, and distilled water for
10 min in an ultrasonic bath. An alumina boat, consisting of MoO;
powder (99%, Sigma Aldrich) underneath the cleaned CC, was placed
at the center of the reactor, i.e., high-temperature zone. A ceramic
boat consisting of selenium pellets (99.9%, Sigma Aldrich) was placed
in a lower-temperature zone (250—300 °C) upstream relative to the
gas flow direction. Before the process, the furnace was flushed out
with high-purity Ar gas for 20 min to exhaust the air. Afterward, the
furnace temperature was raised to 850 °C with a ramp speed of 55
°C/min and was kept for 25 min at 850 °C by flowing a mixture of Ar
(80 sccm) and H, (20 sccm). When the middle zone of the furnace
consisting of carbon cloth and MoOj precursor reached 850 °C, the
temperature of the Selenium boat at the upstream edge of the tube
reached 250—300 °C, yielding vertically grown MoSe, nanoflowers.
After the growth process, the furnace was allowed to cool down in the
Ar environment.

2.2. Electrochemical Characterization. A three-electrode
electrochemical cell with Ag/AgCl as a reference, Pt foil as counter,
and the MoSe, grown on CC as the working electrode were used for
electrochemical characterization. For the electrocatalytic purpose, 0.5
M H,SO, solution was utilized, which was previously degassed with
argon gas. Similarly, electrochemical impedance spectroscopy (EIS)
was performed with the catalyst in 0.5 M H,SO, using CH760E
bipotentiostat in a frequency range of 1 MHz to 50 mHz and an
amplitude of 10 mV.

2.3. In Situ Raman Experiment. In situ Raman spectroscopy was
performed using an in-house built three-electrode electrochemical
cell. A similar three-electrode system was set up, as described in
Electrochemical Characterization. The typical recording spectrum
time was 60 sec for each spectrum. To attain electrochemical
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Figure 2. Characterization of MoSe, nanoflowers: (a) low-magnification SEM image of MoSe, nanoflowers. Scale bar 10 ym. (b—e) EDAX and
elemental mappings of Mo, Se, and C of MoSe, nanoflowers grown on CC. (f) Raman spectra of MoSe, recorded with 532 nm green laser. (g)

XRD pattern compared with bulk MoSe, (JCPDS No: 00-18-0887).

equilibrium, different potentials in 100 mV increments were applied
for at least 15 min before collecting the spectrum. The band
intensities used for the data analysis in this study were baseline
corrected.

2.4. Characterization Methods. X-ray diffraction (XRD)
patterns were recorded at a scan rate of 0.05° s™' on a Rigaku
Miniflex II X-ray diffractometer using Cu Ka source. Field emission
electron microscopy image studies were performed on a JEOL JSM-
7600 system operated with an accelerating voltage of 20 kV. X-ray
photoelectron spectra (XPS) of electrode surfaces were collected
using a PHI Quantera spectrophotometer, and deconvolution of
spectra was performed with open source XPS peak fit 4.1 software.
Raman studies were carried out on an Andor 500 series spectrometer
with a 532 nm green laser excitation.

3. RESULTS AND DISCUSSION

The MoSe, nanoflowers were grown on CC by using the CVD
method, as schematically illustrated in Figure la. In the initial
setup of growth in this process, a ceramic boat, containing a
MoOj; precursor spread on the bottom side of a circular CC
(13 mm diameter), was placed at the high-temperature zone,
whereas a small quartz boat carrying selenium pellets was
positioned at the low-temperature zone of the horizontal
quartz tube. To achieve sustainable growth of MoSe, enriched
with catalytic sites, CVD was carried out at different
temperatures (750, 850, 950 °C). After the growth process,
the morphology and composition of the as-synthesized
MoSe,/CC were studied by scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDAX)
mapping. Figure 1(b—d, low magnification) and Figure 1(b'—
d’, high magnification) SEM images demonstrated that the
MoSe, growth density, lateral dimensions, and morphology
vary with temperature. Interestingly, it was found that the
MoSe, nanosheets patterned into nanoflower morphology and
distributed evenly at 850 °C, whereas incomplete growth and
excessive coverage of nanosheets were observed at 750 and 950
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°C. Further, the high-magnification image (Figure S1) of a
nanoflower revealed the vertical orientation of several
individual MoSe, nanosheets originating from a central
point. The corresponding EDAX elemental mapping exposed
the homogeneous distributions of Mo and Se atoms in a
nanoflower on the CC, as shown in Figure 2a—e, and atomic
ratio of the Mo and Se in nanoflower samples found to be 1:2
(Figure S2). During MoSe, growth, it was hypothesized that
kinetics of selenization process affects the layer orientation and
morphology of the nanosheets. At 750 °C, due to the low
reactivity of selenium, its interaction with molybdenum
precursors proceeds slowly, which provides fewer nucleation
sites and leads to the formation of few-layered planar
nanosheets, whereas, at 850 °C, selenium reactivity is
augmented and produces many nucleation sites, which tends
to form a large number of nanosheets from one core nuclei
rather than enabling lateral growth. In addition, reductive
nature of carbon cloth at elevated temperature enhances the
reduction of MoO; to convert into MoO,_,, (x > 1) and limits
the diffusion of selenium vapors; due to the anisotropic
structure of TMDs, selenium vapors diffusion along the van
der Waals gaps is expected to be much faster than diffusion
across the layers, which provides vertical orientation for
nanoflowers.”’ The vertically aligned discrete MoSe, nano-
sheets coalesce to reduce the surface energy and convert into a
nanoflower morphology. On the other hand, at 950 °C, the
concentrations of both selenium vapors and MoO;_, (x > 1)
increase drastically, which lead to an uncontrollable reaction
between them and eventually form excessive MoSe, nano-
sheets, which cover the whole carbon cloth.

To gain further evidence, we performed Raman spectro-
scopic analysis on MoSe,/CC samples using a 532 nm laser
source, as shown in Figure 2f. The MoSe,/CC nanoflowers
showed the typical Raman vibration modes, such as in-plane
(lEzg) and out-of-plane (Alg) modes, at 287 and 242 cm™),
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Figure 3. Electrocatalytic hydrogen evolution on MoSe, nanoflowers: (a) HER polarization curve on MoSe, nanoflowers (blue) compared with
MoSe, grown at 750 °C (black), 950 °C (red), and benchmark Pt/C catalyst (magenta). Scan rate: 1 mV/s. (b) Tafel plot (17 vs log j, mA/cm?).
(c) EIS Nyquist plot of MoSe, nanoflowers (blue) compared with MoSe, grown at 750 °C (black), 950 °C (Red). Alternating current frequency
range: 1 MHz to 100 mHz. Amplitude: 10 mV. (d) Stability of MoSe, catalytic activity against HER (chronoamperometry performed at

overpotential (17) of 250 mV).

respectively. For comparison, Raman spectra of samples grown
at different temperatures were taken, which showed similar
spectral features with slight red-shift in frequency values
(Figure S3). The obtained Raman spectrum of MoSe,
nanoflowers is in agreement with previous studies in terms
of the lEzg peak shift to the higher wavenumber and the A;,
¢ 37,38 1,
peak moving to the lower number. It is well understood
from theoretical studies that the A,, peak preferentially
originates from the edge-terminated structures, whereas the
1E2g peak arises due to the basal plane, and the ratio of the
relative intensity between these two modes grovides
information about the density of the active sites.”” In our
work, the intensity of the 1E2g peak is significantly smaller
(about 10%) compared to the Ay, peak, indicating that the
MoSe, nanoflowers are supplemented with a substantial
amount of active edge sites. In addition to these Raman
characteristics, an extra peak around 355 cm™" was pronounced
in MoSe, nanoflower samples. It is noteworthy to mention that
this peak (assigned as a B,, vibrational mode) is inactive in
monolayer and bulk but active in a few layers due to the
breakdown of translation symmetry.w’41 Hence, the appear-
ance of the B,, vibrational mode in Raman spectra further
confirms the flower type of morphology associated with the
few layers of nanosheets. Figure 2g shows the X-ray diffraction
(XRD) pattern of MoSe, nanoflowers along with the bulk
MoSe, sample. The MoSe, nanoflowers exhibit a strong
diffraction pattern at 20 = 13.51° that corresponds to the
(002) plane, which specified the 2H symmetrical hexagonal
phase of MoSe,/CC. However, other characteristic peaks at 20
= 31.29, 37.76, 41.50, 47.40, 56.14, and 56.89° associated with
the (100), (103), (006), (105), (110), and (112) planes,
respectively, exhibit considerably lower intensities in MoSe,
nanoflowers than the bulk sample. This observation demon-
strates that MoSe, nanoflowers preferably grow in the z-axis
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(002) direction, which usually indicates the formation of
vertically oriented nanosheets and the presence of more
unsaturated sites.”” In addition, XRD patterns of MoSe, grown
at different temperatures (Figure S4) indicate that the relative
intensity of the (002) plane peak is increased with temperature
from 750 to 950 °C. From microscopic and spectroscopic
characterizations, it can be concluded that vertically aligned
MoSe, nanoflowers grown on CC by the vapor diffusion
method have abundant active edge sites and can be expected to
show higher electrocatalytic activity.

To evaluate the electrocatalytic activity of MoSe,/CC, HER
was performed in acidic conditions (0.5 M H,SO,) using linear
sweep voltammetry with a conventional three-electrode setup
at a scan rate of 1 mV/s. Figure 3a shows the comparative
voltammograms of MoSe, grown at different temperatures
along with a benchmark platinum (Pt) catalyst. During the
cathodic sweep, MoSe, nanoflowers showed minimal onset
potential for hydrogen reduction (7 = 170 mV vs reversible
hydrogen electrode (RHE)) followed by a sharp rise in
current, which denotes a high catalytic nature in HER,
whereas, MoSe, grown at 750 and 950 °C displayed the onset
potential and HER catalytic current at > 250 mV vs RHE. The
reduced overpotential for hydrogen reduction on MoSe,
nanoflowers was likely due to the vertical orientation of
MoSe, nanosheets, which decreases the hydrogen adsorption
energy on catalytically active edge sites.”” To further
corroborate the catalytic activity, we performed a Tafel analysis
on the obtained polarization curves with iR-correction, as
demonstrated in Figure 3b. It was found that MoSe,
nanoflowers exhibited a Tafel slope value of 61 mV/dec,
which is very low compared to other samples grown at 750 °C
(176 mV/dec) and 950 °C (126 mV/dec). Naturally, Pt
displayed (37 mV/dec) the lowest Tafel slope value among all
of the electrocatalysts studied for HER.
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Similarly, the exchange current density (j,) was calculated
from the extrapolation of X-axis in the Tafel plot, and it was
found that MoSe,/CC (0.85 mA/cm®) nanoflowers show
higher j, compared to the samples grown at 750 °C (0.24 mA/
cm?) and 950 °C (0.18 mA/cm?). In addition, the enhance-
ment of HER kinetics was confirmed from the overpotential
measured at 10 mA/cm* HER current, and it was found that
nanoflower samples require only # = 220 mV, whereas MoSe,
grown at 750 °C and 950 °C need >350 mV. From the Tafel
and exchange current analyses, it is evident that MoSe, with a
nanoflower structure exhibits enhanced HER kinetics
compared to other samples and previous reports in the
literature (Table S1). Although numerous reports exist on
HER using TMDs as electrocatalysts, elucidating the
responsible mechanism has remained indecisive. Previous
reports explained that hydrogen reduction on any surface
occurs either by hydrogen—hydrogen atom (Volmer—Tafel) or
hydrogen ion—hydrogen recombination (Volmer—Heyrovsky),
which can be elucidated from the Tafel slope values. If the
Tafel slope is below 40 mV/dec, HER takes place via Volmer—
Tafel and of above 40 mV/dec, it follows the Volmer—
Heyrovsky mechanism.*”** This suggests that the HER on
MoSe,/CC nanoflowers undergoes two-electron transfer
reductions, i.e., the Volmer—Heyrovsky type of mechanism
and electrolytic desorption process, which could be the rate-
deciding step. The improvement of the catalytic property of
nanoflowers can be likely due to more coverage of hydrogen
ions on edge sites as well as the efficient charge transportation
between MoSe2 layers and the CC conducting network during
electrocatalysis.*”

To further verify the enhancement in MoSe,/CC nano-
flower charge-transport activity, we performed electrochemical
impedance spectroscopy (EIS). Figure 3c demonstrates
Nyquist plots of MoSe,/CC nanoflowers measured at open
circuit potential, which is compared with other samples and
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blank CC. In EIS, nanoflower samples exhibited charge-
transfer resistance (R,) of 60 Q, which is lower than for the
MoSe, grown at 750 °C (125 ), 950 °C (90 ), and blank
CC (150 €2). Obtaining higher impedance values on 750 °C
(Figure SS) and 950 °C samples can be ascribed to the
formation of incomplete and complete coverage of MoSe,
nanosheets on CC fibers, respectively. The complete coverage
of MoSe, on CC having more active sites blocks the electron
transportation due to higher density, which is in agreement
with earlier reports.”* This evaluation clearly validates the
reason behind the low HER kinetic current, the decrease in
exchange current density, and the higher Tafel slope gained on
950 °C MoSe, samples during polarization experiments. On
the other hand, major reduction in the R value on MoSe,
nanoflower morphology can be attributed to its vertical
orientation on CC, which creates more charge interaction
between them and reduces the free energy associated with the
electron-hopping process, ending with efficient charge trans-
port.”” In addition to MoSe, nanoflowers having better
catalytic property, their enduring stability against hydrogen
production is of vital importance in industrial level catalyst
development. Indeed, TMDs directly grown on a carbon
substrate efliciently stabilize their structure when compared to
other synthesis methods and have as gnlﬁcant impact on their
stability during electrocatalysis.””** This effect is more
pronounced when TMDs are aligned in the vertical direction,
which creates a strong interaction with the carbon surface;
hence, our MoSe, nanoflowers on CC can be expected to show
remarkable stability during HER. To show such feasibility, the
MoSe,/CC surface was exposed to an acidic solution with a
supply of constant overpotential (7 = 250 mV) over a long
period of time. As shown in Figure 3d, an initial current (18
mA/cm?) at 250 mV potential remains stable for a specified
period (~9 h); afterward, it started to increase and reached 22
mA/cm? at 12 h (~20% higher). The increment is rational due
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to the elimination of surface impurities and renewal of fresh
active sites on a prolonged operation time. This excellent
stability against hydrogen production shows the potential
utility of MoSe, nanoflowers for an efficient water electrolysis
process.

Here, we have shown CVD-grown MoSe, nanoflowers on
CC with high catalytic active edges because of vertically
oriented structure that provide promising HER activity. A
further understanding of MoSe, nanoflower active sites that
influence the catalytic activity in HER will be helpful to
engineer a suitable catalyst in the future. In addition to the
edge reliant reactivity, the electronic behavior of TMDs is
largely influenced by heterogeneity on the surface, ie., edge
planes are metallic whereas basal planes are semiconducting in
nature as evidenced from both theoretical and experimental
studies.*® The interplay between the edge sites and electronic
structure in TMDs are well demonstrated, and its structure
reconstruction upon hydrogen adsorption was studied in detail.

For understanding hydrogen adsorption sites in MoSe,/CC
nanoflowers, we performed detailed X-ray photoelectron
spectroscopy (XPS) investigation before and after the HER
process. Figure 4a illustrates that the Mo 3d core-levels of
MoSe, before and after HER show a typical splitting of the
MoSe, doublet peak that corresponds to the Mo 3d;,, and
3d;,, orbitals. The Mo 3d spectra of pristine MoSe, (before
HER) show lower binding energy values with a broadened
peak which is distinct from the reported bulk Mo 3d XPS
spectrum,50 indicating the existence of different Mo atomic
structures. Further, the deconvoluted spectra of Mo 3ds,,
revealed that it has three peaks, which include two
predominant peaks at 229.2, 228.8 eV and a smaller one at
228.3 eV. Previously, it has been described that binding
energies corresponding to the metallic edges always transpired
at lower values and was well demonstrated for MoS, on gold
substrates, exfoliated MoS, and MoSe, layers.”">> Hence, the
lower binding energy peak observed in the Mo 3ds,, spectrum
indicates the existence of unsaturated Mo-edge planes in
MoSe, nanoflower samples, which was further validated by the
presence of ~0.5 eV difference in between two predominant
peaks of Mo 3d;/,. The other doublet peak of higher binding
energies at 231.4 and 235.0 eV corresponds to the Mo 3d;/,
and Mo%, respectively, as illustrated in Figure 4a. Similarly, the
Se 3d spectrum of the MoSe,/CC occurs with significant peak
broadening, as shown in Figure 4b, and the fitting affirms the
presence of two sets of doublet peaks. The peaks obtained at
55.34 and 56.04 eV correspond to the typical Se 3d;,, and Se
3d,, orbitals, respectively. Similar to the Mo 3d spectrum, the
Se 3d spectra have a lower binding energy (54.39 eV) peak,
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which is certainly due to the unsaturated Se’” and terminal
Se,>” atoms. Theoretical studies of TMD flake structure
predicted that the inverted triangle shape could accommodate
both Se- and Mo-rich types of catalytic active edge sites
simultaneously, which is difficult to achieve in other
morphologies.” XPS studies are in good agreement with
morphologies observed through SEM images, showing that the
vertically aligned 2D MoSe, nanoflower’s petals exhibit an
inverted triangular shape (Figure S6).

Hence, it is safe to conclude that nanoflowers consist of both
the unsaturated Se and Mo atoms all over the edge site, as
schematically illustrated in Figure 4c,d. In addition to the edge
plane confirmation, the lower binding energies suggest the
presence of more negative charges on the terminal edge sites,
which can share the electrons easily with electrophilic atoms,
like hydrogen (in the HER case). Previously, XPS inves-
tigations of hydrogen adsorption on the edge planes of MoS,
under reactive circumstances indicated the intensity variations
among the peaks during the reaction due to the edge planes
reactivity; however, no visible changes in the binding energy
values were observed in the spectrum.’* Indeed, we found that
the intensity of lower binding energy peaks on both Mo 3d and
Se 3d vanished, and significant variation in the shape of the
peak (from broader to sharper after HER process) was
observed, as shown in Figure 4ab. This observation can be
explained as adsorption of hydrogen ions on edge sites
significantly change the MoSe, electronic conductivity from
metallic to semimetallic and the corresponding peak binding
energy value shifts to higher values. This observation is in line
with previous results where a reduction in XANES peak
intensity was observed on terminal disulfide ligands of MoS,
materials upon hydrogen adsorption.™

To understand surface/interface reactions during the
electrochemical process, we performed in situ Raman spec-
troscopy containing a specially designed liquid immersion
objective lens, which will drastically reduce the refractive index
mismatch in the optical path at the air/electrolyte interface.
Thus, it provides a significant improvement in the sensitivity
and spatial resolution of the Raman signal. Figure Sa shows in
situ Raman spectra recorded at different hydrogen evolution
overpotential regions, viz, from 0 to 0.6 V vs RHE. In this case,
no change in the position and intensity of Raman vibration
bands was seen when the sample was in contact with an acidic
solution, which confirms the stability of MoSe, structures on
the 3D carbon surface. As the potential swept toward a
cathodic direction, the 'E,, peak completely attenuated and
the intensity of the A;; peak gradually decreased along with
peak broadening. Further increment of cathodic potential, the
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intensity of A,, peak completely reduced, which can be
explained as follows. It has been well demonstrated that the A,
phonon involves selenium atomic vibration opposite from the
c-axis and has a higher tendency to interact with reactant
molecules.”® In the HER case, the increase in the cathodic
potential induces the adsorption of more H* ions on the
MoSe, edge sites, which persuades the reduction in peak
intensity. Also, during hydrogen interaction with the edge sites,
the charge transfer between the scattered phonon—electrons
results in intensity reduction and peak broadening (Figure Sb).
This observation is consistent with earlier reports that Raman
intensities of amorphous MoS, terminal edges were attenuated
upon interaction with hydrogen,”” and reports indicated the
edge site’s participation during HER. The low Tafel slope value
and higher exchange current density gained from MoSe,/CC
nanoflowers were attributed to the dual (Mo- and Se-rich)
active sites present in them and exemplified with XPS and in
situ Raman characterizations.

4. CONCLUSIONS

In summary, we have successfully demonstrated the direct
growth of MoSe, nanoflower structures on a CC surface,
enriched with active Mo and Se edge sites, by using a CVD
technique. A combination of spectroscopic and microscopic
studies revealed that the MoSe, nanoflowers were constructed
by the amalgamation of a few layers of nanosheets in
perpendicular to the substrate with all the unsaturated edge
sites exposed. As a result, the MoSe,/CC electrode showed
enhanced electrocatalytic activity on hydrogen reduction,
including a lower Tafel slope and a higher exchange of current
density. Further, impedance results proved that the synergistic
effect of the 3D carbon surface and 2D MoSe, nanosheets
increases the electron-hopping process by reducing the charge-
transfer resistance across the electrode—electrolyte interface. In
situ Raman and XPS studies provide detailed evidence on
hydrogen adsorption on dual active sites viz.,, Mo and Se edges
present in MoSe,/CC. The present work proposed an eflicient
route to increase the active catalytic sites and the electrical
conductivity of metal dichalcogenides-based HER electrodes,
enabling their potential to replace contemporary electro-
catalysts for the HER process.
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