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ABSTRACT

MoS; based materials are considered the most reliable alternative catalysts for the hydrogen evolution reaction (HER), where engineering of
active sites has emerged as an acceptable approach to tune their HER activity. In this approach, the dispersion of bulk MoS; in the aqueous
phase was increased with a surfactant (sodium dodecyl sulfate), which reduced the exfoliation time and enhanced the exfoliation ability
to produce layered MoS; nanosheets. During the hydrothermal treatment, the nanosheets were further scissored into small nanocrystals.
Nanocrystals have attractive properties with stable dispersion and high-water solubility. Our method provides a scalable, eco-friendly, easy,
and low-cost strategy for designing other HER catalysts. Such ultra-small MoS; nanocrystals with rich Mo vacancies were used as catalysts
for HER, which showed excellent electrocatalytic activity with alow overpotential (95 mV) and small Tafel slope (41 mV/dec) in 0.5M H,SO4
electrolyte. The design and synthesis of the HER catalyst in this work presents a promising path for preparing active and stable electrocatalysts
to replace costly metal-based catalysts for hydrogen production.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0083934

INTRODUCTION the case of resource insufficiency and an energy crisis. Theoretical

research has demonstrated that the edges of MoS, nanostructures

Renewable energy sources are similar to flying stars and are the
only alternative among all energy sources. Hydrogen has received
much attention for renewable energy technologies because of its
broad applicability and its ability to produce and supply energy with
nearly zero carbon dioxide. Over recent decades, considerable effort
has improved hydrogen production efficiency.' ” Nevertheless, the
high cost and deficiency of noble metals have prevented large-scale
hydrogen energy production. Therefore, fundamental requirements
for designing and producing an alternative catalyst should be low
cost, high activity, high stability, high availability, and a convenient
synthesis procedure.” "

Hydrogen, yielded by electrocatalytic water splitting can result
in zero greenhouse gases. The advancement of platinum-free elec-
trocatalysts (Pt) is a fundamental challenge in improving the overall
efficiency of the hydrogen evolution reaction (HER), particularly in

are the cause of efficient HER activity, which plays a vital role
in manufacturing hybrid electrocatalysts. Therefore, the growth of
MoS; based catalysts with rich active edge sites and available elec-
trochemical surface area is vitally important for improving the
overall efficiency of the HER. Tremendous effort has been made to
enhance the HER activities of MoS; based catalysts by nanostructure
engineering, defect engineering, phase engineering, and heteroatom
doping to increase the number of intrinsic active sites.''>*"7>"
Defect formation may change the crystal structure of MoS, and
provide a different chemical and electronic environment.'”'* The
catalytic performance of defect-rich MoS; nanostructures has been
studied in depth. These findings are of great importance for improv-
ing the material properties. Feng used first-principles calculations
to study the structure and photoelectric properties of single-layer
Mo$S, with Mo vacancies.” '* The effectiveness of Mo vacancies
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strengthens the Mo-S bond. Several studies on the development of
S vacancies in MoS; co-catalysts have been reported; however, there
are few reports on creating Mo-vacancy rich MoS, co-catalysts to
enhance the HER activity."” **

Numerous approaches, including mechanical exfoliation,
chemical exfoliation, lithium-ion intercalation, and chemical vapor
deposition, have been developed to synthesize MoS, nanostruc-
tures. Although a comprehensive study has been carried out, many
problems still need to be resolved before studying their unique char-
acteristics for catalytic and electrochemical applications.”* The top-
down synthesis of high-quality TMDs (transition metal dichalco-
genides) nanocrystals has been highly challenging because of their
minute size, which requires time-consuming exfoliation and ultra-
sonication methods beginning from bulk TMD precursors (i)
peeled to 2D TMD nanosheets first and (ii) further scissoring
them down to nanocrystals.”* Further defect engineering of the as-
synthesized nanocrystals will provide exploration of more features
of nanocrystals for catalytic and electrochemical applications.

In this approach, suitable molybdenum and sulfur precursors
with adequate surfactants undergo hydrothermal treatment. The
HER activity of the as-synthesized MoS, nanosheets and nanocrys-
tal electrocatalysts was studied in acidic and alkaline media, and the
HER activity of the synthesized MoS, nanosheets and nanocrys-
tal electrocatalysts was studied in acidic and alkaline media. The
as-synthesized MoS; nanocrystals showed a lower onset overpoten-
tial of 95 and 198 mV with a Tafel slope of 41 and 47 mV/dec for
0.5M H,SO4 and 1M KOH electrolytes, respectively, with a cur-
rent density of 10 mA/cm?. In addition, electrochemical impedance
spectroscopy (EIS) was performed to assess the catalytic activity of
the MoS, nanostructures and calculate their active electrochemical
surface area (ECSA). The improved intrinsic activity of the catalyst
indicates defect formation in MoS; nanocrystals. This was ascribed
to the formation of more defects on the catalyst’s surface. This was
ascribed to many defects on the surface of the catalyst. The pro-
posed approach has unique advantages over current procedures:
(1) the synthesis time is considerably reduced and (2) the process
is eco-friendly. Ultra-small MoS; nanocrystals exhibit better HER
activity without metal heteroatoms or chemical reagents. In addi-
tion, MoS; nanostructures offer excellent performance and stability
in acidic media, allowing them to be versatile catalysts for the HER.
The noticeably improved active edges can increase the number of
catalytic sites and stimulate the catalytic activity. It also facilitates
charge-carrier transfer during the catalytic process for the evolution
Of H2 .

METHODS
Reagents and chemicals

Bulk molybdenum disulfide (MoS, powder, 99.9%, Product
Number: 69860), dodecyl sodium sulfate [CH3(CH,)1:0SO3Na,
Product Number: 436143], sulfuric acid (H,SO4, Product Num-
ber: 339741), and potassium hydroxide (KOH, Product Number:
484016) were purchased from Sigma-Aldrich.

Experimental section

The MoS, nanocrystals were synthesized using single-bath
sonication and hydrothermal treatment of commercial MoS,

scitation.org/journal/adv

powder. In the first step, MoS, nanosheets were obtained through
the liquid-phase exfoliation of MoS, powder. Usually, 1.4 g of
MoS, powder and 0.5 g of SDS (sodium dodecyl sulfate) were
mixed and dispersed in 120 ml of deionized water. After ultrason-
ication for 6 h, the solution mixture was centrifuged for 30 min
at 8000 rpm to separate the unexfoliated MoS; sediment. During
ultrasonication, the operating power was 120 W. We worked on
a bath sonicator built by OSCAR ULTRASONIC (Model Number:
Microclean 103).

The supernatant was carefully pipetted from the uppermost
portion, and the dispersion was maintained for 2 h for sedimenta-
tion. The MoS; nanosheets were appropriately mixed in deionized
water through sonication and centrifuged at 10 000 rpm two times
to remove excess SDS. Finally, the as-synthesized MoS; nanosheets
were dispersed in 50 ml of deionized water and placed in a 100 ml
Teflon autoclave, which was then kept inside a muffle furnace at 180
°C. After heating for 5 h, it was naturally cooled to room tempera-
ture. The solution was then allowed for filtration through a 0.22-ym
polytetrafluoroethylene (PTFE) filter, and the filtrate was washed
by dialysis in water to remove impurities. Then, the as-synthesized
nanocrystals were diluted with 10 ml of deionized water for further
use (at 4 mg/ml).

Characterization: A UV-2401(Shimadzu Corporation) spec-
trophotometer was employed to investigate the absorption spectra
of the MoS; nanostructures. The crystal structures of the bulk pow-
der, nanosheets, and as-grown nanocrystals were examined using
a Rigaku Miniflex diffractometer with a typical x-ray tube (Cu K«
radiation, 40 kV, 30 mA). Structural analysis of the MoS, nano-
structures was performed using a transmission electron microscope
(TEM) (Model JEOL JEM-2100F) at the voltage of 200 kV. TEM
analysis was performed by drop-casting the dispersed MoS, nanos-
tructures over a carbon-coated copper grid, followed by drying. The
Raman spectra of the MoS; nanocrystals were obtained using a
Renishaw Raman microscope using a 532 nm (0.3 mW) laser. Pho-
toluminescence (PL) spectra were acquired with a Fluoromax 4C
HORIBA Scientific spectrofluorometer upon excitation of a range
of wavelengths using a 450 W xenon lamp. An XPS study was con-
ducted on an ESCALAB 250Xi spectrometer (ThermoFisher) with
an Al Ka x-ray source.

RESULTS AND DISCUSSION

As shown in Fig. 1, MoS; nanocrystals were sequentially syn-
thesized through a combination of ultrasonication and a hydrother-
mal method from MoS, powder. In our approach, SDS was favored
as a surfactant. The exfoliation time of nanosheets was reduced to
6 h, as was the case for the ultra-sonication exfoliation of MoS2
nanosheets in organic solvents, such as dimethylformamide (DMF)
and n-methyl-2-pyrrolidone (NMP). It is understood that MoS,
nanosheets tend to restack owing to the interlayer binding energy.
Coleman et al. reported that few-layer TMDs could be synthesized
by sonication in water if a surfactant stabilizer was added to pre-
vent the re-aggregation induced by the significant surface energy.”
Figure 2(a) consists of a couple of Mo 3d and S 2s core level
peaks and is presented with two Mo 3d doublets and two singlet
peaks (S 2s). The typical intense doublet peak, located at 230 eV,
is assigned to Mo*" (i-Mo**) and the charge state of molybdenum
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FIG. 2. High-resolution XPS survey spectra of the as-prepared bulk MoS,. (a) Mo 3d and (b) S 2p spectra of MoS, nanosheets; (c) Mo 3d and (d) S 2p of nanocrystals.
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in MoS;. The doublet peak at 1.2 eV higher than binding energy
(BE) originates from the defect Mo** (d-Mo*"), assigned to Mo
atoms neighboring sulfur vacancies (Vs). Ultimately, the peak at
234.4 eV is because of the Mo*® species. They confirm that the Mo
edges in MoS; nanocrystals are partly oxidized during the transition
from the Mo*" state to the Mo®* state. The singlet peak is due to
the S 2s emission from defect-free region of MoS,, while the new
singlet peak at 227.5 eV resembles sulfur near to a defect. The sul-
fur chemical environment can be analyzed precisely through the
S 2p core level spectrum, exhibited in Fig. 2(b), where two doublets
are found at 162.8 and 164.08 eV, respectively. We assign the most
intense peak to intrinsic S (i-S) and the higher BE doublet to sul-
fur near S vacancies (d-S). In addition, the XPS measurement results
also show that after hydrothermal treatment of the nanosheets, the
stoichiometric ratio of Mo:S in the MoS, nanosheets and nanocrys-
tals continuously changed from 1:2.443 to 1:2.602, showing that a
large number of Mo vacancies (defects) are generated in MoS after
the hydrothermal treatment, which is dependent on the degree of
disorder. Figure 2(c) shows the XPS spectrum of the Mo 3d core
level region of the MoS, nanocrystals, which, apart from a slight
chemical shift due to band bending, shows a different line shape
than the nanosheets. This additional peak at 232.47 eV [d (2)-Mo*"]
corresponds to Mo atoms near a more complex defect that exists
in the MoS; nanocrystal. Figure 2(d) shows S 2p spectra of MoS;
nanocrystals. It is difficult to distinguish which defects are produced
after hydrothermal treatment because a complex defect results in a
higher BE than d (1)-Mo** and i-Mo™. It can be concluded that the
Mo:S ratio decreased after hydrothermal synthesis, confirming the
loss of Mo atoms.”® The XPS survey scans confirmed the presence
of Mo, S, O, and C elements [Figs. S4(e) and S4(f)]. A significant
portion of carbon content [as shown in Figs. S2(a) and S2(c)] orig-
inated during the mounting of the samples to the XPS chamber.
As exhibited in Figs. S2(b) and S2(d), the O 1s peak at 533 eV is
attributed to the binding energy of oxygen in the Mo (IV)-O, bonds,
thus confirming oxygen incorporation rather than surface oxida-
tion. A fraction of oxygen could be incorporated into the carbon
atoms existing on the surface of the samples and not to Mo. In

AIP Advances ARTICLE
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addition, the XPS survey spectra of Mo 3d and S 2p are shown in
Figs. S3(a) and S3(b).” %

The crystal structures of the as-prepared MoS, samples, includ-
ing bulk precursors, were characterized by x-ray diffraction (XRD)
[Fig. 3(a)]. Bulk MoS, shows a high-intensity peak at 26 = 14.5°,
corresponding to the (002) plane, accompanied by other character-
ized peaks indicating a substantial number of grains in this precise
orientation. The MoS; nanosheets have three prominent peaks at
20 values of 14.5°, 33.25°, and 57.56°, corresponding to the (002),
(013), and (012) orientations. After hydrothermal treatment, the
(002) peak of the as-synthesized MoS, nanocrystals nearly dis-
appeared, confirming the formation of few-layer nanocrystals, as
supported by the TEM results. Moreover, the minute peak at 20 =
22.4° appeared from the partial restacking of the nanocrystals during
the coating process. The XRD spectra of the nanosheets, nanocrys-
tals, and bulk MoS, are perfectly matched with the 2H-MoS,
crystal symmetry.”’ Figure 3(b) shows the Raman characteristics of
the MoS, nanosheets, nanocrystals, and bulk samples. Bulk MoS,
shows two distinct peaks, E'»; and Ajg, with a frequency dif-
ference of 25 cm™" due to the stacking of neighboring S-Mo-$
layers. The E'5; and Aj, peaks correspond to in-plane phonon
and out-of-plane vibration modes, respectively, indicating the exis-
tence of the 2H-phase alone. The observed peak difference (24.07
cm™') for the MoS, nanocrystals is less than the bulk precur-
sor, indicating that these MoS; nanocrystals contain a few-layered
composition.”’

The absorption spectra of the nanocrystals, nanosheets, and
bulk MoS; are shown in Fig. 4(a). The excitonic peaks positioned
at A and B show a direct band-to-band transition at the K-point
of the Brillouin zone. The peaks at C and D are due to the direct
excitonic transitions from the split valence to the conduction band
at the M point of the Brillouin zone. The energy splitting within
different absorbance peaks in bulk MoS; arises from spin-orbit
and interlayer coupling.’” However, the interlayer coupling starts to
diminish with a reduction in the number of layers. The absorbance
peak at 350 nm in the MoS; nanocrystals is associated with the
excitonic features. This validates the nanocrystals’ size reduction
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AIP Advances 12, 035119 (2022); doi: 10.1063/5.0083934
© Author(s) 2022

12, 035119-4



AIP Advances

ARTICLE scitation.org/journall/adv

(a) —— MoS, nanosheets
150 393 460 —— Bulk Mos,
—— MoS, nanocrystals
616 670
3
E
o
o
£
o
o
e
=]
0
o
<
L] Ll T hd T T
320 400 480 560 640 720 800

Wavelength (nm)

N

3

R

=

(']

=

5]

£
=———PLE j_ =350 nm
=—PLE }_ =408 nm

300 350 400 450 500 550 600
Wavelength (nm)

(b) —=— 430 nm
E
8
2
w
1=
2
£

350 400 450 500 550 600 650 700 750

Wavelength (nm)
(d) —— MoS, nanocrystals
——Hos, nanosheets

S
s i
2> d
@ i
c H
8 ¢
£

350 400 450 500 550 600

Wavelength (nm)
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spectrum with the detection wavelength of 408 nm and PL spectrum excited at 350 nm of the MoS; nanosheets and MoS; nanocrystals, which were measured in water

under the excitation of 350 nm, and (d) PL spectra of monolayer MoS; nanocrystals.

after the nanosheets’ hydrothermal treatment. The shifting of the
absorbance peak position toward shorter wavelengths with a particle
size reduction is associated with the quantum size effect in the MoS,
nanostructures.””* PL and PL excitation (PLE) spectra [Fig. 4(c)],
a prominent emission maximum at 408 nm, were observed when
the nanocrystal sample was excited at 350 nm with a Stokes shift
of 58 nm. PLE spectra [Fig. 4(c)] listed with a designed wavelength
of 408 nm exhibited one peak at 350 nm. The photoluminescence
spectra of the Mo$S, nanocrystal dispersion excited by varying wave-
lengths ranging from 350 to 430 nm are shown in Fig. 4(b). A
redshift in the photoluminescence emission between 408 and 575
nm increased with the excitation wavelength. The emission from the
quantum-sized MoS; nanocrystals may also appear from the sur-
face state recombination.”””” Numerous atoms are at or near the
edge of the nanocrystals, driving the dominance of dangling bonds
and defects in the surface states. Foreign atoms added during the
synthesis procedure can also produce further surface states, serv-
ing as traps or recombination sites. In a few nanometers of MoS,
nanocrystals, the PL peak obtained at 408 nm is correlated with sur-
face recombination. Furthermore, the emission centered at 408 nm
was missing in the PL spectra of the as-prepared Mo$S; nanosheets, as
shown in Fig. 4(d). This result can be related to the few edge defects

and the larger MoS; nanosheets’ dangling bonds. The chemical
and optical properties of the MoS, nanocrystals were character-
ized from the different samples by Raman and UV-vis absorption
spectroscopy [as shown in Figs. S1(a) and S1(b)]. The analysis
results show that ultra-small MoS; nanocrystals can be successfully
prepared. Figure S1(c) shows the brown-colored dispersed MoS,
nanocrystals.””**

The distinctive morphological and structural features of the
as-synthesized MoS; nanostructures were examined using TEM.
Figures 5(a) and 5(b) show low-magnification TEM and high-
resolution TEM images of the MoS, nanosheet with selected area
electron diffraction (SAED) pattern (the top right inset of the figure).
Figure 5(a) shows the in-plane hexagonal arrangements, which show
the crystalline features of the MoS, nanosheets, which are attributed
to the (010), (011), and (002) planes of 2H-MoS,, respectively
[JCPDF-00-037-1492]. The lattice fringe of MoS, nanosheets with
an interplanar spacing of 0.612 nm corresponds to the (002) lattice
plane of MoS; [as shown in the bottom left inset of Fig. 5(b)]. The
MoS; nanocrystal size ranges from 2 to 5 nm with an average size
of 3 + 0.2 nm with no particle aggregation, as shown in the inset of
Fig. 5(c). The HRTEM image of the nanocrystals [top left inset of
Fig. 5(d)] reveals disordered lattice fringes.

AIP Advances 12, 035119 (2022); doi: 10.1063/5.0083934
© Author(s) 2022

12, 035119-5



AIP Advances

ARTICLE scitation.org/journall/adv

* -
-

2 1/nm

FIG. 5. (a) Low-magnification TEM image of MoS, nanosheets. (b) HRTEM image of MoS, nanosheets [the top right corner inset shows the corresponding selected
electron diffraction (SAED) pattern of the as-synthesized nanosheets, and the bottom left corner inset shows the corresponding lattice fringes]. (c) HRTEM image of MoS,
nanocrystals (the inset shows the histogram of size distribution). (d) Zoomed HRTEM image [the top right corner inset shows the corresponding selected electron diffraction
(SAED) pattern of the as-synthesized nanocrystals, and the top left corner inset shows the corresponding lattice fringes].

It is worth noting that the lattice fringes are discontinuous and
can be associated with rich defects. These defects act as significant
parameters that determine the high performance of the catalyst for
the HER. The corresponding SAED pattern shows a diffuse ring
pattern related to the polycrystallinity of the MoS; nanocrystals,
attributed to the (002) plane of MoS; [inset of Fig. 5(d)]. The lat-
tice spacing (d) was 0.618 nm, which corresponds to the (002) plane
of MoS,.” "

The HER activity of different electrocatalysts was studied in
IM KOH and 0.5M H,;SO4 electrolyte solutions using a three-
electrode system (Auto lab/PGSTAT128N) with a standard glassy
carbon (GC) working electrode (GCE, 1 mm diameter). For linear
swipe voltammetry studies, the GCE was modified using a MoS;
catalyst (40 pl of nanosheets, nanocrystals, and bulk MoS;). The
MoS; suspension in water was drop-cast onto glassy carbon as the
working electrode and dried overnight in an inert environment.
The mass loading of the catalyst deposited on the electrode was
116 ug/cm?, which was the same for each measurement. The work-
ing electrode potential in the LSV (linear swipe voltammetry) mea-
surement ranged from 0 to —0.4 V with Ag/AgCl at a scan rate

of 2 mV/s in 0.5M H,;S04 and —0.15 to —0.55 V in 1M KOH. A
graphite rod and Ag/AgCl electrode were employed as the counter
and reference electrodes.

In contrast, the bare GCE and bulk MoS, showed relatively
poor HER catalytic activity with the current density value of
10 mA/cm? and a large onset overpotential. For bulk MoS;, the
onset overpotential was 142 mV in H>SO4 and 385 mV in KOH
with a weak cathodic current density. As the cathodic current density
is proportional to the evolved hydrogen, the large current density
confirms an excellent hydrogen evolution reaction. The outstand-
ing catalytic performance of MoS, nanocrystals can result from
the abundance of active sites and the presence of defects in the
sample.”” "

A schematic of the HER activity of the as-synthesized MoS,
samples is shown in Figs. 6(a) and 7(a) for different electrolytes.
Furthermore, it was observed that the combination of bath soni-
cation and hydrothermal treatment enhanced the catalytic activity
of MoS; nanocrystals for HER [as shown in Figs. 6(b) and 7(b)].
The as-synthesized MoS, nanocrystals showed much higher HER
activity with a low onset overpotential of 95 and 198 mV in H>SO4
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(d) Stability test of MoS, nanocrystals.

and KOH at a current density of 10 mA/cm®.” ™" Tafel analysis is
a robust tool for determining the HER catalytic activity of catalysts.
This reveals the inherent properties of the materials, followed by the
rate-determining steps involved in electrocatalysis.”

Furthermore, the surface kinetics of electrocatalytic materials
can be studied using the Tafel slope. An electrocatalytic element with
a small Tafel slope value is regarded as a more desirable electro-
catalyst because it enhances hydrogen production at a greater rate
and raised potential. The Tafel plot represents the relationship of
steady-state current densities at various overpotentials to increase
the reaction rate by a factor of ten, calculated by the extent of the
variation in the activation energy for a presented increment overpo-
tential. The Tafel slope was obtained by fitting the linear portion of
the Tafel plot to the Tafel equation: n = blog(j) + a, where | denotes
the overpotential, j denotes the current density, a constant, and b is
the Tafel slope.”"”” Figures 6(c) and 7(c) exhibit the Tafel plots of
the as-synthesized MoS, nanocrystals, nanosheets, and bulk MoS,.
The Tafel slopes of the MoS, nanocrystals in 0.5M H,SO4 and 1M
KOH are 41 and 47 mV/dec, respectively. A comparison of the HER
activities of the MoS,-based catalysts is shown in Table I. The Tafel
slopes for MoS; nanosheets are ~53 and ~64 mV/dec, whereas bulk
MoS; shows Tafel slopes of ~91 and 96 mV/dec for 0.5M H,SO4 and
1M KOH electrolytes, respectively. The working electrode potentials
were referenced to a reversible hydrogen electrode using Eq. (1),"

Ertie = Epg/agar + 0.0591PH + 0.1976.

In this study, the Tafel slope of 41 mV/dec for MoS, nanocrys-
tals implies that HER was most probably controlled by electron
reduction of protons, which gives a hydrogen atom associated to
an active site (Volmer reaction) and electrochemical desorption of
hydrogen (Heyrovsky reaction). The small Tafel slope of the defect-
rich Mo$S; nanocrystal is helpful for possible purposes because it will
drive a faster increase in the HER activity (hydrogen production)
with increasing overpotential. First, a tiny grain size of nanocrys-
tals could provide the maximum reaction sites for the HER. Second,
the hydrothermal treatment produces more Mo-vacancies in MoS;,
which increases the HER activity of MoS, due to increased reaction
sites.” This high current density value can be assigned to the unique
defect-rich structure and morphology that provide more reactive
sites.””"* For bulk MoS, (116 mV/dec), the ineffective edges restrict
kinetic response, where adsorption occurs, as shown by the large
Tafel slope. Various studies have proposed the HER mechanisms
in the acid and found that HER involves three steps in an acidic
medium: (i) H3O" + e - Hygs + H,O (initial discharge or Volmer
step), (ii) H;O" + Hug + € — Hy + H,O (atom + ion or Hey-
rovsky step), and (iii) Hads + Hads = H> (atom + atom or Tafel step),
which is different from the mechanism in an alkaline medium. Like-
wise, the HER mechanism in the alkaline medium can also carry
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FIG. 7. (a) Schematic of the HER activity in 1M KOH. (b) LSV curves of all samples in 1M KOH. (c) Tafel plots of Pt, GCE, bulk MoS,, nanosheets, and nanocrystals.

(d) Stability test of MoS, nanocrystals.

the Volmer-Heyrovsky step or Volmer-Tafel step, as shown in the
above equations.

In contrast to the acidic conditions where water is electrochem-
ically dissociated into adsorbed OH™ and H in the Volmer step, in
an alkaline medium, the catalyst needs to break the stronger cova-
lent H-O-H bond before adsorbing H*, rather than the covalent
bond of the hydronium ion so that the reduction of H;0" could

quickly proceed.”” *° Usually, though, it has been noticed that HER
activities are driven faster in acid than alkaline electrolytes. With
inherent interest, the urge to explore and ultimately discover the dif-
ficult contribution of pH comes from the stability effects that disturb
most non-precious metallic catalysts in acid solutions. Therefore,
switching to an alkaline environment is necessary for designing
platinum-free HER catalysts. Despite the pH parameter, the nature

TABLE 1. Comparison of electrochemical performance of MoS; nanocrystals toward HER activity with other catalys.

Overpotential ~ Tafel slope
Catalyst Electrolyte (mV) (mV/dec)  References
MoS; nanosheets/strained S vacancies 0.5 M H,;SOy4 170 60 70
P-doped 2H-MoS; nanosheets 0.5 M H,S04 300 49 71
MoS;/reduced graphene oxide 0.5 M H,SO4 140 41 72
Ni-doped MoS; nanosheets 1 M KOH 98 60 73
MoS,;@Ni/carbon cloth 1 M KOH 91 89 74
Ni-doped MoS;/Ni foam 1 M NaOH 207 65 71
MoS; nanocrystals 1 M KOH 198 47 This work
0.5 M H,SO4 95 41
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of the proton source and surface morphology play a crucial role in
determining hydrogen electrocatalysis from an experimental point
of view. However, to fabricate novel materials for HER, we have
to distinguish the governing phenomena under all pH conditions
and then search for various combinations of different atoms work-
ing as the active sites, which can also be enhanced by using distinct
morphologies as found in engineered nanostructures.” ">’

In addition to the HER activity, stability is another outstanding
quality of an advanced electrocatalyst. A stability test was con-
ducted using MoS; nanocrystals in the HER. The stability of the
as-synthesized MoS; nanocrystals was measured by taking 3000 con-
tinuous CV cycles within the voltage window of —0.3 and 0.01 V and
—0.55 and —0.15 in 0.5M H,SO4 and 1M KOH electrolytes, respec-
tively, vs reversible hydrogen electrode (RHE) with the scan rate
of 100 mV/s to reach 10 mA/cm? without iR correction. Figures
6(d) and 7(d) show that after 3000 cycles, the catalyst maintains

AIP Advances ARTICLE scitation.org/journal/adv

high HER activity with negligible degradation in 0.5 M H,SO4 and
1 M KOH.

The impedance behavior of the MoS; nanocrystals and
nanosheets was investigated in the linear potential region of the
Tafel plots [Figs. 8(a) and 8(b)] between 80 and 110 mV of overpo-
tential in 0.5 M H,SO4. The large semicircles at the low-frequency
end are potentially dependent, describing a charge transfer process;
the quicker the charge transfer, the higher the inverse of the charge
transfer resistance (1/R¢).”” On the other hand, the high-frequency
semicircles are potentially self-governing [the Ohmic series resis-
tance (Rg)] and describe the connection between the GCE and the
electrocatalyst. The solid-state interface layer’s chemical capacitance
(CPE) was built during the passivation reaction. A fitted electri-
cal circuit [exhibited in the inset of Fig. 8(c)] was used to study
the impedance behavior of the MoS; catalysts, and a perfect fit can
be observed at various overpotentials. The R.; data extracted from
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FIG. 8. Nyquist plots of (a) MoS; nanocrystals and (b) nanosheets as a function of overpotential ranging from 80 to 110 mV with an increment of 10 mV. (c) Corresponding
Tafel plots of catalysts, which were obtained using R data from the impedance analysis.
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Figs. 8(a) and 8(b) were used to obtain Tafel plots for the MoS,
nanocrystals and nanosheets, respectively. Figure 8(c) shows a lin-
ear relationship between the overpotential and log(1/R), with Tafel
slopes of 36.19 and 48.41 mV/dec, respectively, for MoS; nanocrys-
tals and nanosheets, which shows that the HER rate is usually higher
when the nanosheets are engineered to defect-rich nanocrystals. The
Tafel slopes obtained using the voltammetric and EIS methods were
not comparable for both catalysts. This variation can be attributed
to the electronic transport resistance inherent in MoS; incorporated
in the voltammetry data, removed in the EIS analysis. Thus, the EIS
method of Tafel analysis revealed pure charge transfer kinetics of the
HER. The actual HER kinetics were suppressed in the voltammetric
method of Tafel analysis because of the resistance resulting from the
several components of Ry and the resistance due to slow electron
transport. Hence, EIS was used in a comprehensive Tafel analysis to
avoid the above constraint. Tafel’s analysis showed the process of the
Volmer-Heyrovsky mechanism with a rate-determining Heyrovsky
step in MoS; electrocatalysts.”’

Furthermore, the active sites of the catalysts are another para-
meter to illustrate this phenomenon.” " The effective electro-
chemical active surface area (ECSA) of MoS; nanocrystals and
nanosheets with comparable composition is proportional to the
electrochemical double-layer capacitance (Cq), which was evaluated

(a)0.20
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by CV in a non-Faradaic region at different scan rates (Vy) of 20,
40, 60, 80, and 100 mV/s [Figs. 9(a) and 9(b)]. Then, the double-
layer capacitance (Cq;) was calculated by plotting d(Aj) = (ja — jc) as
a function of the scan rate [Figs. 9(c) and 9(d)]. It can be calculated
using Eq. (2),%

_d(4))
Ca = 2dVy,

The ECSA can be calculated from Cg; according to Eq. (3),

Ca
ECSA = —,
C

S

where Cs indicates the value of specific capacitance of the MoS; cat-
alyst or the atomically smooth planar surface of the substance per
unit area under identical electrolyte conditions; the estimated value
of ECSA for MoS; nanocrystals is ~34 cm?. In comparison, the value
of ECSA for the MoS, nanosheet samples was ~28 cm?. Overall,
the superior long-term stability, higher electrochemical surface area,
lower Tafel slope, and low overpotential in defect-engineered MoS,
give an efficient hydrogen evolution reaction.

— 100 mV/s
—80 mVis
0.104 =——60 mVis
| =——d0mvis

— 20 mVis

s

o

o
1

o
g

-0.05+

-0.104

04 02 00 02 04 06 08

Potential (V)
(dl‘IO
o 84
£
(%]
<
E &
2
W4
=
2 T T T T T
20 40 60 80 100
Scan Rate (mV/s)

FIG. 9. Cyclic voltammetry curves of (a) MoS; nanocrystals and (b) MoS; nanosheets at scan rates (Vy) from 20 to 100 mV/s. Scan rate dependence of the current densities

of (c) MoS; nanocrystals and (d) MoS, nanosheets.
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CONCLUSIONS

This study used a facile route to synthesize defect-rich MoS,
nanocrystals in an aqueous solution through ultrasonication and
hydrothermal treatment. It is an environmentally friendly process,
as organic solvents are not used throughout the synthesis. The abil-
ity to exfoliate MoS; nanosheets considerably increased with the
SDS surfactant. The defect-engineered MoS, nanocrystals showed
excellent HER activity compared to bulk and MoS; nanosheets in a
0.5 M H,SOy4 electrolyte. The as-synthesized MoS, nanocrystal cat-
alysts exhibited outstanding HER activity in an acidic medium with
a low overpotential of ~95 mV and a Tafel slope of 41 mV/decade,
thus demonstrating the Volmer-Heyrovsky mechanism for the HER
activity. The morphology of MoS; nanocrystals and the increase in
active sites result in excellent catalytic activity, supported by ECSA
and EIS results. This process can be advanced to other systems
to develop cost-effective catalysts with enhanced performance for
large-scale applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for Raman and UV-vis spectra
of MoS, nanocrystals from different levels of vial containing dis-
persed MoS; nanocrystals, HRXPS spectra of C 1s, O 1s, and survey
spectra of MoS; nanocrystals and nanosheets, XPS spectra of Mo 3d
and S 2p of bulk MoS,, and electrical parameters of the equivalent
circuit obtained by fitting the EIS data.
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