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Abstract: Here, nitrogen doped molybdenum disulfide quantum dots (N-MoS2 QDs) are fabricated
by making use of the pulsed laser ablation (PLA) process in liquid nitrogen (LN2) as a dopant agent.
In fact, LN2 contributes the rapid condensation of the plasma plume to form MoS2 QDs, optimizing
the conditions for the synthesis of N-doped MoS2 with p-type property. The structural/optical
features of the synthesized products are studied using transmission electron microscopy (TEM),
absorption spectroscopy, photoluminescence (PL) spectroscopy techniques, and X-ray photoelectron
spectroscopy (XPS). The TEM image shows the creation of MoS2 QDs with 5.5 nm average size. UV-
vis and PL spectroscopy confirm the formation of N-MoS2 QDs according to the dominant peaks. The
Tuck plot gives a direct band-gap of 4.34 eV for MoS2 QDs. Furthermore, XPS spectroscopy reveals
Mo-N bonding, indicating nitrogen doping as evidence of p-type MoS2 QDs. Thus, PLA provides a
single-stage way to the clean and green synthesis of the MoS2 QDs suspension without a need for
high vacuum devices and additional chemical components. Regarding the pristine MoS2, the N-MoS2

QDs benefit from a low overpotential of −0.35 V at −10 mA/cm2 per µg alongside a low Tafel
slope of 300 mV/dec. Subsequently, the lower Rct value of N-MoS2 QDs verifies the enhancement
of the charge transfer kinetics mainly due to the elevated electronic conductivity. Furthermore,
the quasi-rectangular cyclic voltammetry (CV) as well as the larger current window demonstrate a
notable electrocatalytic activity. The former is based on the enhanced active sites in favor of N-MoS2

QDs against other samples of interest. Thereby, it is discovered that the N-doped MoS2 QD acts as an
effective catalyst to notably improve the performance of the hydrogen evolution reaction (HER).

Keywords: MoS2 quantum dots; pulsed laser ablation; liquid nitrogen; nitrogen doping; hydrogen
evolution reaction

1. Introduction

Zero-dimensional quantum dots (QDs) benefit from distinctive optical and electrical
properties arising from electron confinement in a nanometric space [1]. The molybdenum
disulfide (MoS2) sheets, a family of transition metal dichalcogenides (TMDs) and van der
Waals material, are made up of Mo+4 ions tightly located between two layers of closely
packed sulfide (S) anions, each layer having a thickness of 0.65 nm. MoS2 QDs exhibit
significant interest in both academic and industrial domains due to their notable properties
based on the high surface area and quantum confinement effects. The synthesis of mono-
and few-layer MoS2 nanomaterials can be classified as a top-down process consisting of
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mechanical exfoliation [2,3], chemical exfoliation [4–6], and laser thinning techniques [7].
In contrast, the bottom-up processes include chemical vapor deposition (CVD) [8–12] and
pulsed laser deposition (PLD) [13–15]. Regarding CVD, a large scale deposition of MoS2
is time-consuming, taking more than 24 h to complete the process [16]. However, the
exfoliation and intercalation techniques may not be suitable for industrial applications
owning to solvent dangerous precursors [15]. Furthermore, the cost of nanomaterial
syntheses by the PLD method is relatively expensive due to the utilization of gas handling
systems and vacuum chambers [17]. On the other hand, PLA of solid targets is a promising
method for obtaining the stable suspensions of different nanostructures using a variety
of liquids in a shorter fabrication time. Regarding the other methods, PLA in liquids is
a one-step, versatile, straightforward, and economic technique for producing colloidal,
agent-free, and extremely pure products that can be applied for industrial scale due to its
green environmental applications [18–20].

There are a few reports available on the MoS2 synthesis via the PLA technique in
liquid media, that are tabulated in Table 1 alongside their specifications. However, there
is no article addressing the synthesis of MoS2 QDs in cryogenic media. The presence of
LN2 as a monolayer 2D fluid during the synthesis of MoS2 and graphene oxide via the
PLA method facilitates the rapid cooling of the laser-induced plasma [21,22]. Moreover, the
optimum and easy conditions for in-situ doping nitrogen in nanostructures provide better
results than other methods involving the expensive facilities and complex processes [23,24].
Yin et al. presented a technique to fabricate MoS2 QDs for promoting cancer treatment
regarding the photothermal events [25]. MoS2 QDs were obtained within the colloidal
suspensions using PLA of the commercial MoS2 particles in liquid at 532 nm with pulse
duration 7 ns, 50 mJ/pulse. This enhances the photocatalytic activity of MoS2 QDs for the
purpose of hydrogen (H2) generation [1]. Mortazavi et al. introduced a unique, prompt, and
easy method to exfoliate 2D material employing Nd:YAG laser pulses in LN2 medium [21].
Furthermore, the p-type semiconductors are fabricated by the non-metal dopants, such as
nitrogen, phosphorus, oxygen, etc., which substitute the S with N atoms. The materials’
electronic features, catalytic activity, and the intrinsic conductivity are improved after
the N doping [26–30]. Recently, we obtained the N-MoS2 nanosheets (NSs) utilizing the
PLA in a LN2 medium, demonstrating its properties as p-type semiconductor [22]. On
the other hand, H2 as a combustion product benefits from high energy density and zero
effect on the environment. Thus, it will be used as a future green and clean energy carrier
in modern industry [31–35]. The HER (2H+ + 2e− → H2) relies on water’s electrolysis
in acidic media as a potential pathway to produce the hydrogen fuel [36,37]. According
to the limitations, such as low thermal efficiency, unstable catalytic performance, and an
extreme lack of cost-effective substitute catalysts during the process of HER, there is a need
for novel electrocatalysts with good catalytic stability [1,13,36,38–40]. Thereby, controlling
the morphology of martial of interest and doping proper elements into MoS2 represent
the efficient approach of this work to increase the active sites and the corresponding
conductivity leading to enhance HER activity. The latter arises from the edges of sulfur
layers [40–42]. Hence, N doping to the MoS2 leads to enhance the active sites by provoking
the HER. In other words, the improving activity of S/Mo edges gives rise to the larger plane
conductivity. Nanometric MoS2 QDs with a few layers benefits from the greater density of
edges compared to micrometric MoS2 NSs with the same weight [26,40]. TMD monolayers
have been doped using several techniques, including chemical doping, vacuum deposition,
and ultrasonic dispersion [43,44]. To our knowledge, no report has addressed the doping
of MoS2 QDs simultaneously in their synthesis during the PLA in the cryogenic fluid.

Here, the N-MoS2 QDs synthesis is reported using the PLA method in LN2 in order to
scale up HER performance probed by cyclic voltammetry, linear sweep voltammetry (LSV),
and electrochemical impedance spectroscopy (EIS).
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Table 1. Characteristics of PLA-synthesized MoS2 QDs in different media.

Laser Wavelength Medium Sizes UV-Vis Peak
[nm] PL Peak [nm] Ref.

Nd:YAG 1064, 532, 355
nm 6–7 ns Water 2–30 nm 209.8 and 211.4 553–563 [45]

Nd:YAG 532 nm–7 ns Acetonitrile 3–6 layers
5 to 20 nm 450 440 to 530 [1]

Ti:sapphire 800 nm–50 fs Deionized (DI)
water

1–120 nm
1–5 nm λ < 300 340 to 450 [46]

Ti:sapphire 800 nm–150 fs Diethylamine 1.8 nm 275 ~420 [47]
Yb:KGW 1026 nm–170 fs Water - - 448 nm [48]
Nd:YAG 1064 nm–10 ns LN2 5.5 nm 256 and 282 nm 300 to 450 nm This work

2. Materials and Methods

MoS2 powder (Aldrich, < 2 µm, 99%) is utilized to fabricate the disk-shaped target
using the spark plasma sintering (SPS) process at 20 MPa [49]. The MoS2 QDs are gen-
erated by the ablation of Q-switched Nd:YAG laser in LN2 (–195.8 °C), which acts as a
cryogenic medium and dopant agent. Laser ablation is performed for 10 min exposure time
(3000 shots) with laser line at 1064 nm and 5 Hz repetition rate alongside the pulse duration
of 10 ns and 15 mJ/shot energy corresponding to the 1.5 J/cm laser fluence. Figure 1
illustrates the schematics of experimental setup in favor of the MoS2 synthesis in LN2.
Initially, the MoS2 bulk target is located at the bottom of an irradiation cryostat. After
creating the vacuum in chamber, LN2 is poured into the cryostat for the successive laser
ablation. The LN2 is continually injected into the cryostat until the condition of a thermal
steady state is established. Then, a plano-convex lens (f = 32 mm) is employed to focus the
laser beam on the target. The combustion materials and nitrogen gas are exited through the
ventilation outlet. The residual LN2 evaporates after the end of laser time exposure at the
ambient temperature. Subsequently, the cryostat is injected with DI water-ethanol mixture
to make a N-MoS2 suspension.
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Figure 1. Diagram of the experimental argument: homemade irradiation cryostat to synthesize
N-MoS2 QDs in LN2. 1—chamber of vacuum, 2—reservoir of LN2, 3—mount of MoS2 target, 4—
beam guidance section, 5—outlet of ventilation (N2 evaporator), 6—inlet of LN2, 7—window of laser
irradiation, 8—pump of rotary, 9—optical window for monitoring and 10—product yield location
(outlet) [22].

A colloidal suspension of MoS2 QDs is produced homogeneously by the MoS2 target
through PLA method followed by centrifugation. MoS2 QDs are separated from the
suspension through centrifugation, Hettich universal-320, for 30 min at 500 rpm. The
supernatant is centrifuged again for an hour at 1000 rpm based on their weight difference
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to obtain a transparent supernatant suspension. Finally, a very homogeneous colloidal
suspension is obtained from the supernatant section containing a significant population of
MoS2 QDs.

The morphology and structure of end products are investigated using transmission
electron microscopy; TEM, Philips CM30 microscope using a 150–200 kV acceleration
voltage. The obtained suspension is drop-cast onto a copper (carbon-coated) TEM grid. The
optical properties of produced N-MoS2 QDs are examined via the UV−visible absorption
spectrophotometer (Jenway 6715) operating in 200−1100 nm spectral range having a
pulsed Xenon light source. The spectrometer benefits from a resolution of 1.5 nm, which is
coupled with a dual silicon detector. The PL spectra are evaluated by a pulsed Xenon lamp
ranging 200–1100 nm spectral range and a 1 nm spectral resolution equipped with a PMT
array detector. Furthermore, an XPS spectrometer (Kratos, AXIS Ultra, Manchester, UK) is
employed to determine the chemical composition. The deconvolution of peaks is performed
using SDP software (version 7.0) following a peak fitting of 80% Gaussian–20% Lorentzian.

Electrochemical Measurements

Electrochemical measurements are carried out using an electrochemical instrument
(Autolab PGSTAT302N, Metrohm, Netherlands) utilizing a conventional three-electrode
configuration. All the electrodes are placed in 0.5 M H2SO4 aqueous solution as electrolyte.
Saturated Ag/AgCl and platinum (Pt) electrodes are used as the reference electrode and
the counter electrode, respectively [50]. Some articles reported graphite as the counter
electrode [42]. The working electrodes are made of glassy carbon electrode (GCE) according
to following the procedure: First, the pristine MoS2 at 3 mg/mL concentration and the
N-MoS2 NSs at 3 µg/mL and QDs at 2 µg/mL concentrations are prepared in an ethanol-
water solution at room temperature. Absolute ethanol and distilled water have a volume
ratio of 2:1. Then, the mixed solution is dispersed using an ultrasonic bath for 30 min to
create a homogeneous ink. Afterwards, 15 µL of a 5% Nafion solution is mixed with the
ink and sonicated for 30 min to produce catalyst ink. After that, 10 µL of the ink is dropped
onto the GCE surface (with a diameter of 3 mm, or ~7.1 mm2). Finally, the modified GCE
is dried at room temperature. The CV measurements are carried out at a typical 20 mV/s
scan rate to record the preliminary screening of the electrocatalytic activity of the N-MoS2
QDs against N-MoS2 NSs and pristine MoS2 in an acidic medium. LSV measurements
are carried out between −0.8 and 0 V at a scan rate of 2 mV/s in 0.5 M H2SO4 electrolyte
utilizing Pt, Ag/AgCl and GCE electrodes. All potentials against the Ag/AgCl electrode
are measured during the experiment. Potentials are calibrated with respect to the reversible
hydrogen electrode (RHE). All reported potentials in 0.5 M H2SO4 are referenced to the
RHE using the formula: E(RHE) = E(Ag/AgCl) + 0.197 V. To ensure the repeatability of
the experimental data, each measurement is carried out several times. Eventually, EIS is
performed with a modulation amplitude of 5 mV. The frequency range for the EIS spectra
spanned the range of 0.01 Hz–100 kHz. Here, we have shown that a small amount (in µg
order) of N-MoS2 NSs and QDs synthesized by the PLA method in LN2 presents a very
good catalytic effect with respect to traditional MoS2 flakes in mg scale. Thus, the current
density, J, appears per µg of catalytic ink in comparison.

3. Results
3.1. TEM Image

N-MoS2 QDs are synthesized by the intercalation and exfoliation of MoS2 target in
LN2 using PLA after the centrifugation. Figure 2a,b illustrate the N-MoS2 QDs TEM images
with 50 and 20 nm scales, respectively, and their size distribution. After centrifuging, most
of the residual species in the supernatant suspension are the QDs with the average lateral
sizes of 5.5 nm and ~2–10 nm size distribution. It is understood that the majority of QDs
are arranged in the form of linear chains.
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Figure 2. Typical TEM images of MoS2 QDs (a) 50 nm scale and (b) 20 nm scale alongside size
distribution, in inset (a), generated by pulsed laser at 1064 nm, 10 ns, 1.5 J/cm2, and 5 Hz during
cryogenic PLA synthesis process.

3.2. UV-Vis Spectroscopy and Tuck Plot

Figure 3a illustrates the normalized optical absorption spectrum of N-MoS2 QDs.
The excitonic peaks of material of interest appear at 256 and 282 nm (λ < 300 nm) in the
near-UV region [40,46]. Conversely, the excitonic peaks are observed at A: 677, B: 627,
C:457, and D: 402 nm in the form of nanosheets [22]. The position of A and B peaks is
located towards the direct excitonic transitions, which can be shifted by changing the
number of layers. Moreover, the position of C and D peaks arises from the direct transition
that occurs by provoking the deep valence to the conduction bands [22]. However, the
characteristic excitonic peaks notably vanish during the creation of N-MoS2 QDs owing
to the effects of quantum confinement and the quasi-continuous electronic energy band
structure. Furthermore, a couple of dominant peaks appear in favor of N-MoS2 QDs over
the UV region, resembling the excitonic characteristics of MoS2 QDs [51]. On the other
hand, under UV light, the transparent QDs solution changes to a blue/green color, in
accordance with the PL spectrum.
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Figure 3. (a) Spectral absorbance of N-MoS2 QDs synthesized by making use of Nd:YAG laser during
cryogenic PLA synthesis process. (b) Corresponding Tauc plot indicating the optical band gap energy
of N-MoS2 QDs. Note that, in general, the doping N amount and the QDs size affect the bandgap of
N-MoS2 QDs. In fact, the band gap enlarges in favor of the smaller QDs.

The optical absorption coefficient (α) is calculated according to Equation (1) [52] based
on Beer–Lambert law:

α = 2.303
A
d

, (1)
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where A is the absorbance A = log
(

I0
I

)
value at the specific wavelength. The sample

thickness, denoted by d, is assumed to be 1 cm, equivalent to the quartz cuvette thickness.
Applying the UV-Vis data, the optical band gap of the N-MoS2 QDs is calculated by virtue
of Tauc formalism as follows [34,53,54]:

(αhυ)
1
n = B

(
hυ− Eg

)
, (2)

where Eg, α, hν, and accretion to be the optical band gap, the absorption coefficient and the
incident photon energy, respectively. B is a constant value depending on the transition type.
Depending on the transition type, n takes the values 2, 3/2, 1, and 1/2 for the forbidden
indirect, forbidden direct, allowed indirect, and allowed direct, respectively. Here, the
allowed direct transition with n = 1/2 is considered. In a direct-gap semiconductor, the
photon emission takes place when an electron passes through an intermediate state with
no momentum transfer [53,54].

Regarding the Tauc method, the absorption edge i.e., the extrapolation over the linear
part of (αhν)2 depicts versus photon energy plot is a line that intersects the x-axis at Eg,
where (αhν)2 = 0. This indicates the band gap energy of the MoS2 QDs. Figure 3b displays
the direct band gap of N-MoS2 QDs. The material of interest benefits the band gap value
of 4.34 eV, consistent with previous reports on MoS2 QDs [55–57]. The reduction of MoS2
sheets to the nanometric dimensions enlarges the material band gap according to the
phenomenon of quantum confinement. The band gap in the specific cases of MoS2 QDs is
beneficial for the purpose of photo/electrocatalyst effect.

3.3. Photoluminescence Spectroscopy

Figure 4 illustrates the PL spectrum of N-MoS2 QDs using the PLA after the laser
exposure of with repetition rate of 5 Hz. The emission spectrum of MoS2 QDs exhibits a
pronounced emission at ~343.4 nm, in agreement with Ref. [46]. It is important to point
out that the bulk MoS2 does not exhibit PL emission, however it appears in favor of QDs
and nanosheets [58]. In fact, the quantum confinement affects the electronic structure and
the optical features of MoS2 materials [59]. The induced defects of crystal structures also
impact the PL spectrum of TMDs [60,61]. The formation of disordered MoO3 regions within
the MoS2 crystal leads to PL quenching [62,63], while PL emission notably enhances due to
the attendance of sulfur vacancies and the nitrogen doping at the defective sites.
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Figure 4. Typical PL spectrum of MoS2 QDs using Nd: YAG laser in LN2 under the excitation line
at 230 nm. Note that, the PL peak appear at 343.4 nm and the shoulder at 460 nm exhibits second
harmonic of λext. The corresponding PL characteristic peak undergoes a spectral shift, as well as a
shoulder, also appears due to the nitrogen doping.
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3.4. XPS

Figure 5 depicts XPS spectra N-MoS2 QDs for the peaks of N (1s), Mo (3 d), and S (2p)
to determine the chemical components and bonding states according to the deconvolution
of these spectra. Figure 5 shows the peaks at ~395 and ~397.1 eV, attributed to Mo 3p3/2

and N 1s peaks, respectively [28,35,64,65], as lucid evidence of the formation of Mo-N
bonds [39]. In addition, the spectral overlap at 398.4 eV arises from the Mo-N bond [66],
suggesting that the nitrogen atoms substitute S sites of MoS2 QDs. The maximum peak
is placed at 400.2 eV, corresponding to the N 1s peak arising from the Mo-N bond [28,67],
indicating nitrogen doping during the PLA process within LN2 [64]. A single peak appears
at 401.7 eV (N-O) emphasizing the nitrogen monoxide (NO) adsorption on the skin surface
of the MoS2 [67,68]. Hereby, XPS results confirm the presence of N atoms replaced by S
atoms in QDs of interest. Figure 5b displays the peaks at 228.8, and 232.7 eV indexing as
doublet Mo+4 3d5/2 and Mo+4 3d3/2, respectively [28,33,64,69]. Furthermore, the peak at
235.9 eV revealed in the Mo 3d region characterizes the high-valence Mo+6 most likely
due to molybdenum oxide sulfide (MoO1.6S1.9) [70] or molybdenum oxides (MoOx) [71].
The formation of oxide species is caused by the interaction of the nanosecond laser with
the LN2/target-MoS2 interface out the air residual at the attendance of high-temperature
gradient. Additionally, the energy peak at 237.7 eV is suggested from the Mo 3d orbital as
molybdenum defective state [72], possibly due to the shift at higher energy binding during
nitrogen doping. Moreover, the peaks at 226.6 [73] and 224.4 eV are correlated to the S 2s of
Mo−S links in the Mo 3d region.
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Figure 5. XPS spectra demonstrating energies of core binding. (a) N (1s) (b) Mo (3d), and (c) S (2p)
of XPS spectra taken by N-MoS2 QDs created by PLA in LN2. The calibrated peak for all spectra is
the C 1s peak, which is placed at 284.8 eV. The N (1s), Mo (3d), and S (2p) peaks are deconvoluted
to identify the corresponding bonding states and chemical species following Shirley background
subtraction alongside 80% Gaussian-20% Lorentzian fitting. Thus, the evidence of N-doping is
obviously validated. (d) Typical scheme of top and side views of the covalent N-MoS2 QDs, for
instance, the formation of molybdenum nitride (MoN) and dimolybdenum nitride (Mo2N) by PLA in
LN2. Note that, XPS attests the nitrogen doping lucidly takes place during process.

Figure 5c illustrates the peaks at 161.2 and 162 eV attributing the S 2p3/2 and S 2p1/2 of
divalent sulfide ions (S2−), respectively [59]. Another peak at 163.6 eV is the characteristic
of the S 2p of sulfur element [60,61]. The Mo 3d and S 2p peaks are shifted to the higher
binding energies after nitrogen doping. This elucidates a higher chemical state owing to
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the interaction between N, Mo, and S, approving that the nitrogen atoms are effectively
doped into the QDs of interest [23,55].

3.5. HER Activity of the Nitrogen Doped MoS2 QDs
3.5.1. Cyclic Voltammetry (CV)

The electrochemical performances of the pristine MoS2, N-MoS2 NSs and QDs are
investigated in 0.5 M H2SO4 electrolyte by making use a standard three-electrode setup. The
corresponding electrocatalytic activity of the N-MoS2 QDs with respect to N-MoS2 NSs and
pristine MoS2 is carried out by CV at a typical scan rate of 20 mV/s. Figure 6a displays the
CV curves of materials of interest in comparison. The N-MoS2 QD electrode demonstrates
a notable electrochemical activity against N-MoS2 NSs and pristine MoS2 favoring HER
performance. In fact, the background current of N-MoS2 QDs gains the largest value and
the pristine MoS2 electrode shows the smallest one. In general, the background current is
proportional to the surface area. The N-MoS2 QDs electrode benefits a significant current
response at a potential window of −0.29 to 0.40 V. On the other hand, the defects owing to
the size, edge, and nitrogen doping of the N-MoS2 QDs significantly enhance the active
sites in order to accumulate the charges at the electrode/electrolyte interface as well as
a pronounced pseudo-supercapacitive property due to the quasi-rectangular CV curve.
We conclude that the numerous surface active sites and accessible edges, as well as large
surface area create, the proper surface locations for the effective adsorption/desorption
process of ions, resulting in a higher specific capacitance than other samples of interest.
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Figure 6. (a) Typical CV curves of the pristine MoS2, N-MoS2 NSs and N-MoS2 QDs in 0.5 M H2SO4

electrolyte at a scan rate of 20 mV/s (b) LSV graphs in 0.5 M H2SO4 with scan rate of 2 mV/s,
(c) corresponding Tafel plots of the pristine MoS2, N-MoS2 NSs and N-MoS2 QDs and (d) Nyquist
plots of the samples of interest in 0.5 M H2SO4. The inset shows the Randles equivalent circuit for
the fitting of EIS data which Rs and CPE denote the solution resistance and constant phase element,
respectively. Note that, the smaller Tafel plot slope indicates the larger catalytic activity for HER
performance. Furthermore, N-MoS2 QDs exhibit a less Rct value due to a smaller semicircle diameter.
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3.5.2. Linear Sweep Voltammetry (LSV)

LSV measurements are carried out in a 0.5 M H2SO4 solution with a scanning rate of
2 mV/s at room temperature to assess the catalytic activity in HER of the N-MoS2 NSs and
QDs using current density (J) versus applied voltage (V) as J−V curves. Figure 6b,c illustrate
the obtained cathodic polarization curves and corresponding Tafel plots, respectively, in
favor of three samples of interest, i.e., pristine MoS2, N-MoS2 NSs, N-MoS2 QDs. It can be
seen that the N-MoS2 NSs and N-MoS2 QDs benefit significantly lower onset overpotentials
(η) against the pristine MoS2. For instance, at a given current of −10 mA/cm2 per µg, the η

value of N-MoS2 NSs and N-MoS2 QDs are −0.45 and −0.35 V (versus RHE), respectively.
The N-MoS2 QDs reveal the lowest value of onset potential, indicating outstanding HER
activity. Additionally, as shown in Figure 6b, the cathodic current densities per µg of
N-MoS2 NSs and N-MoS2 QDs (η = 0.6 V) are obtained as 26.25 and 41.42 mA/cm2 per µg,
respectively. This values are five and eight times greater than that of the pristine MoS2
(5.2 mA/cm2 per µg). Thereby, the HER enhancement is verified in favor of N-MoS2 NSs
and N-MoS2 QDs according to LSV spectra.

On the other hand, Tafel slope is an essential property of the electrocatalysts materials
to show the kinetics of the HER process. The Tafel slope defines the overpotential increment
corresponding to the higher reaction rate by a factor of ten. This is determined by the mag-
nitude of the change in the activation energy for a given increase of the larger overpotential.
A low Tafel slope corresponds to higher HER activity. In fact, a smaller voltage must be
applied to obtain a given current according to the lower Tafel slope. Thus, more current
can be produced with less power consumption [74]. The Tafel plots in Figure 6c match the
Tafel equation η = b × log j + a, where η and J ascertain the overpotential and the current
density, respectively. Furthermore, a and b denote to be a constant and the Tafel slope,
respectively. The values of the Tafel slope for pristine MoS2, N-MoS2 NSs and N-MoS2
QDs are determined to be ~420, ~380, and ~300 mV/dec, respectively. The strongest HER
activity appears in favor of the N-MoS2 QDs with the lowest Tafel slope. Although the Tafel
slope of N-MoS2 NSs is larger than that of N-MoS2 QDs, the HER activity remains higher
than that of pristine MoS2. Hence, according to Figure 6c, the N-MoS2 NSs and N-MoS2
QDs exhibit significant HER activities, which arise from corresponding small Tafel slopes.
Note that the N-MoS2 QDs benefit from the optimal HER activity among the samples
of interest.

3.5.3. Electrochemical Impedance Spectroscopy (EIS)

The HER catalytic kinetics of the catalysts are assessed by making use of EIS measure-
ments according to the values of charge-transfer resistance (Rct) in Nyquist plots. EIS is
a powerful technique that allows separate analyses of stages of charge transfer in terms
of different alternating current (AC) frequencies typically, here 0.01 Hz–100 kHz. Infor-
mation about the electrochemical reactions regarding the surface and material properties
of electrodes can be ascertained using the EIS measurement. Impedance is a measure of
the ability of a circuit to resist the flow of electrical current. Impedance is measured in
EIS by applying a small excitation signal that is an AC potential to an electrochemical
system and the subsequent recording of the AC response. Impedance is composed of a
real and an imaginary part. Each point on a Nyquist plot is the imaginary versus the real
impedance at any frequency. Higher frequencies are on the left side and low frequencies are
located on the right side of the Nyquist plot. As result, Rct varies with frequency. We have
obtained the value of Rct, indicating the rate of charge exchange on the electrode-solution
interface. Figure 6d displays that the N-MoS2 QDs notably show a smaller semicircle
diameter, implying a lower Rct against those of N-MoS2 NSs and pristine MoS2. The inset
of Figure 6d illustrates the Randles equivalent circuit for the fitting of EIS data. Table 2
tabulates the fitting of EIS data utilizing a Randles circuit to determine Rct values alongside
LSV, Tafel slope data, and the corresponding parameters, i.e., V and J. The Rct of the N-MoS2
QDs electrode at −0.5 V overpotentials is given as 0.897 kΩ, which is lower than that of
N-MoS2 NSs (1.131 kΩ) and pristine MoS2 (1.162 kΩ), indicating an enhanced HER kinetics
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accompanying the faster reaction rate takes place in favor of N-MoS2 QDs. Hence, the low
Rct value for QDs directly evidences the faster charge transport between N-MoS2 QDs and
electrolyte interface, leading to effective proton-electron recombination.

Table 2. Electrochemical characteristics of pristine MoS2, N-MoS2 NSs and QDs Electrodes.

Sample Overpotential (V) at
−4 mA/cm2 per µg

Overpotential (V) at
−10 mA/cm2 per µg

J (mA/cm2 per µg)
at η = 0.6 V

Tafel Slope
(mV/dec) Rct (kΩ)

Pristine MoS2 −0.55 - 5.20 420 1.162
N-MoS2 NSs −0.29 −0.45 26.25 380 1.131
N-MoS2 QDs −0.20 −0.35 41.42 300 0.897

4. Discussion

The synthesis of MoS2 QDs, structures with nanometric lateral dimensions, is more dif-
ficult and necessitates the use of the similar techniques, such as reverse micelle synthesis or
solvothermal reduction of (NH4)2MoS4 with hydrazine at the attendance poly(vinylpyrrolid
one) [23,24]. On the other hand, given their high price, Pt, Pd, and Rh (metallic catalysts),
as the most effective electro-catalysts for the HER application, are strongly limited in
large scale [40]. Here, it is demonstrated that the generation of N doped MoS2 QDs with
average size of 5.5 nm is easily carried out using PLA of bulk MoS2 target in cryogenic
nitrogen medium. In comparison to N-MoS2 QDs using the sintering/etching/exfoliation
method [40], the PLA method benefits single-step, time-saving, and doping during the syn-
thesis process. Thereby, this method opens a straightforward way for improving the HER
activity of catalysts according to the layered transition metal dichalcogenides for the first
time. The experimental results above suggest N-MoS2 QDs are successfully synthesized
by virtue of the PLA method in LN2. The TEM, UV-Vis, Tauc plot, PL, and XPS results
lucidly demonstrate that LN2 is a suitable cryogenic medium for the formation of in-situ
N-MoS2 QDs. The N bonding enhances the density of states close to the Fermi level, where
more active sites are available for hydrogen adsorption [64]. Furthermore, the synthesized
N-MoS2 QDs exhibit a strong photoluminescence emission at ~343.4 nm after UV excitation
at 230 nm.

In other words, the N-MoS2 QDs formation mechanism relies on the pulsed laser-
induced thermal shock waves and interlayer position of N2 causes to exfoliate flakes due
to high temperature gradient. Subsequently, the sudden and rapid expansion that occurs
during laser irradiation leads to a phase transition from liquid to gaseous [21,22]. Figure 5d
depicts the covalent N-doping of MoS2 QDs during the synthesis of PLA in cryogenic
liquid-LN2, demonstrating the replacement of N at the S locations. Naturally, there is a
strong hybridization between the Mo-d states and the N-p as well as S-p states [22]. In fact,
the covalent N-doping and the compressive strain in MoS2 ignite the plasma in nitrogen gas
that gives rise to the effective p-type doping of MoS2 [75], in agreement with the findings
of the present technique. On the other hand, the Hall effect proves the N-MoS2 QDs to
be p-type semiconductors. We have previously carried out the Hall effect to examine the
semiconductor type of MoS2 NSs [22]. A similar effect appears here for N-MoS2QDs too.

Typically, the HER mechanism on the catalyst surface can be accomplished according
to Volmer discharge, Heyrovsky desorption, and Tafel combination reactions [36] in which
the competitive events for hydrogen atoms, such as adsorption and desorption, take place
at the catalyst to match with HER acceleration. According to HER electrocatalysts in acidic
media, the Volmer–Heyrovsky mechanism has reported [34].

2H+ + 2e− → H2

The creation of the H2 molecule from the adsorbed H atoms can occur via two different
initial pathways in the Volmer−Heyrovsky reactions:

H+ + e− + *→ H*
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H* + H+ + e− → H2 (g)

where three simple pathways are used to form the hydrogen in the Volmer–Tafel reactions:

H+ + e− + *→ H*

H+ + e− + H* → 2 H*/2 H* → H2 (g)

where the * denotes the active sites of the N-doped MoS2 QDs as electrocatalysts, and H*
indicates intermediates on the electrode’s surface.

Thereby, nitrogen-doped MoS2 QDs are simultaneously synthesized during the PLA
process as a clean and green technique that introduces an efficient catalyst for hydrogen
production. To better understand the importance of nitrogen doping MoS2 QDs as a more
effective catalyst, the following mechanisms are proposed. After nitrogen-doping, the
density of electrons increases surrounding active sites at the doping positions due to the
critical role of nitrogen atoms as the electron donors. This can improve the catalytic HER
performance favoring the material of interest [33]. Hereby, the charge transfer process
facilitates the higher electron density near the active sites. Moreover, these can lead to
a balanced hydrogen population [36]. Our preliminary experiments on HER shows the
effective feature of N-MoS2 QDs catalytic activity to elevate hydrogen generation arising
from excessive active sites in accordance with the reduction of MoS2 size through the
synergetic reactions. It is worth noting, the higher HER activity arises from both the
exposed Mo active sites owing to S defects and the improved electron density state of
S atoms caused by nitrogen doping [76]. Thereby, the N-MoS2 QDs benefit higher HER
activity than other samples of interest due to more active edge sites in order to ease the
electron/ion transfer during the reaction.

5. Conclusions

The creation of N-MoS2 QDs in the cryogenic medium is reported for the first time.
This product is the nitrogen-doped QDs in 5.5 nm size as p-type semiconductors because
those are synthesized in liquid nitrogen. Here, the Nd:YAG laser shots at 1064 nm focus
on MoS2 solid target in LN2 medium. The target surface can be treated with laser-induced
plasma to produce reactive sites that scale up nitrogen bonding and result in selective
functionalization. Note that the process of nitrogen doping takes place during synthesis
simultaneously. In fact, LN2 acts as a dopant agent as well as the liquid medium for rapid
plasma cooling to create QDs. It is important to note that the N-MoS2 QDs are produced
after optimizing variables, including the number of laser shots, irradiation time, and laser
wavelength. The TEM image demonstrates N-MoS2 QDs with a 5.5 nm distribution size.
Moreover, the UV-Vis shows spectral absorbance in the range of λ < 300 nm, which is
attributed to N-MoS2 QDs having a 4.34 eV band gap according to the Tuck plot. Further-
more, the XPS spectra emphasize the N-doped MoS2 QDs based on the deconvolution of
spectra. The N-MoS2 QDs synthesized by this method in cryogenic fluid benefit from a
fast, flexible, one-stage, and chemically pollution-free process, making it easy to collect
the products alongside in-situ doping. This approach could provide a new opportunity
to fabricate several intriguing, highly active catalysts in favor of HER performance. In
fact, one of the most promising applications of N-MoS2 arises from its ability as a low-cost
catalyst to replace expensive noble metal catalysts such as Pt during photo/electrocatalytic
activities to generate hydrogen for the purpose of energy. Hence, it is shown that N-MoS2
QDs contribute to enhancing the hydrogen evolution reactions, demonstrating eight times
greater performance over the traditional MoS2 ones. Eventually, we examine active elec-
trocatalysts based on the PLA method to form the nitrogen-doped MoS2 as p-type QDs in
order to speed up the HER performance.
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