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ABSTRACT: The development of an active, earth-abundant and inexpensive catalyst for oxygen evolution reaction (OER) is high-
ly desirable, but remains a great challenge. Here, by combining experiments and first-principles calculations, we demonstrate that
MoS, quantum dots (MSQDs) are an efficient material for OER. We use a simple route for the synthesis of MSQDs from a single
precursor in aqueous medium avoiding the formation of unwanted carbon quantum dots (CQDs). The as-synthesized MSQDs ex-
hibit higher OER activity with the lower Tafel slope as compared to that for the state-of-the-art catalyst IrO,/C. The potential cy-
cling of the MSQDs activates the surface and improves the OER catalytic properties. The density functional theory calculations
reveal that MSQD vertices are reactive and the vacancies at the edges also promote the reaction, which indicates that the small
flakes with defects at the edges are efficient for OER. The presence of CQDs affects the adsorption of reaction intermediates and
dramatically suppresses the OER performance of the MSQDs. Our theoretical and experimental findings provide important insights
into the synthesis process of MSQDs and their catalytic properties and suggest promising routes to tailoring the performance of the
catalysts for OER applications.
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The concerns over the hasty depletion of fossil fuels, the
cumulative increase in the energy consumption, and the asso-
ciated ecological issues have compelled the society to explore
new energy resources, especially for automotive industries.
Combined with the energy harvested from the sun and wind,
water is the best renewable resource to produce fuel and min-
imize the effects of fossil fuels on the environment.'” No sur-
prise that the process of water splitting to hydrogen (H,) and
oxygen (0O,) has attracted substantial attention as a clean and
eco-friendly energy source. The hydrogen evolution reaction
(HER) is important for the generation of the cleanest fuels,
while the oxygen evolution reaction (OER) is equally im-
portant for fuel cells and metal-air batteries.*’ Compared to
the HER, OER involves a multistep (proton coupled with 4
electrons) oxidation process and gives sluggish electrode ki-
netics.” The state-of-the-art Ir and Ru-based catalysts give the
higher rate for the OER process, but scarcity and the high cost
of these materials limit their practical applications.7’8 There-
fore, the search for new and efficient catalysts to accelerate
this inherently sluggish kinetics by decreasing the overpoten-
tial and increasing the rate of conversion is of great im-
portance, and lots of effort has recently been focused on the
transition metal-based electrocatalysts, like metal 0Xides,9’10

phosphides,“'14 sulphides,ls'17 and selenides'® for HER and
OER due to their high catalytic stability and abundance.

At the same time, two-dimensional (2D) transition metal
dichalcogenides (TMDs) such as MoS,, WS,, MoSe, have
recently received an enormous amount of attention” >* in the
context of catalysis due to their very morphology and reduced
dimensionality, as well as chemical properties. Specifically,
MoS, has been extensively studied as a unique electrocatalyst
for HER.**® The activity of MoS, and other TMDs towards
OER has also been investigated27’28. It has been demonstrated
that sulfur-terminated edges of MoS, flakes are catalytically
very active.”” Therefore, nanostructures like quantum dots
(QDs) of MoS, must be favored as the efficient materials over
their bulk counterparts. The electrochemical HER on MoS,
QDs (MSQDs) has been thoroughly studied,’™" but the per-
formance of the MSQDs towards OER has not yet been ex-
plored. Moreover, the synthesis of MSQDs is normally done
in the presence of carbon (organic) solvents.”” This leads to the
formation of unavoidable carbon QDs (CQDs) and ultimately
may interfere with the properties and performance of MSQDs.

In this report, a single-step hydrothermal synthesis tech-
nique has been developed using a single precursor



((NH4),MoS,) avoiding the carbon source (organic) solvents,
as schematically shown in Figure 1. The resultant MSQDs
exhibits excellent electrocatalytic activity towards OER due to
reactive sites, including vertices and defects at MS, edges, as
confirmed by our first-principles calculations. The surface of
MSQDs was activated by potential cycling to explore the per-
formance. For comparison, the MSQDs have also been synthe-
sized in the presence of an organic solvent (DMF) to produce
the mixture of MoS, and carbon QDs (MSQDs@CQDs) under
similar synthesis condition. The electrocatalytic activity has
been analyzed to reveal the influence of the unavoidable
CQDs on the OER performance of sole MSQDs.
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Figure 1. Schematic representation of the MSQDs synthesis.
Ammonium tetrathiomolybdate was used as a single precursor for
MoS, growth.

A single precursor, ammonium tetrathiomolybdate, was
used as the source for both Mo and S. The hydrazine was uti-
lized as the reducing agent for the formation of MoS,. The
possible reaction in the formation of MoS, from (NH,),MoS,
in the presence of hydrazine is presented in equation 1.

2(NH,);MoS, + NyH, — 2M0S, + Ny + (NHy),S + 2H, ... (1)
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Figure 2. (A, B) TEM, (C, D) HRTEM images of MSQDs. The
inset in panel (A) is the selected area electron diffraction patterns
of MSQDs. The inset in panel (B) shows the statistical analysis of
size distribution of the as-synthesized MSQDs.

The details of the synthesis process are given in the support-
ing information. After formation of MSQDs, the high-
resolution TEM (HRTEM) was used to characterize their sizes
and morphology (Figure 2). As evident from Fig. 2B, the as-
synthesized MSQDs are rather narrow in size distribution.
Most of the particles have sizes less than 5 nm with very low
aggregation. The HRTEM image shows the lattice spacing of

2.3A which is assigned to (110) plane of a hexagonal pattern
of MoSz.34 The selected area electron diffraction pattern indi-
cates that the MSQDs are crystalline in nature.”> The atomic
valence state and chemical composition measurement were
carried out by X-ray photoelectron spectroscopy (XPS) (Fig-
ure S1). The high-resolution XPS of Mo 3d region in MSQDs
was de-convoluted into two main intense peaks at 232 eV and
235 eV that correspond to the Mo 3ds;, and Mo 3d;,, signatures
thus revealing the presence of mixed valences of +4 and +5
states of Mo. A similar observation has been documented by
the Shaijumon’s group.” This indicates that the edges of the
MSQDs are slightly oxidized being usually in contact with
water and atmosphere. The above conclusion has been con-
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Figure 3. (A) Raman spectra of pristine MoS, (inset shows the
Raman spectra of MSQDs), (B) UV-visible spectra of MSQDs
(inset shows the images before and after irradiation of UV light
of 365 nm lamp), (C) shows the PL spectrum of MSQDs excited
at different wavelengths and (D) represents the fluorescence
lifetime spectrum at different emission wavelengths.

firmed by the findings of the peak at 168 eV, which points to
the presence of S-O bonds.*® The Raman spectroscopy exper-
iments were carried out to compare the spectra of the as-
synthesized MSQDs with those of the pristine MoS, (Figure
3A). The pristine MoS, shows two strong characteristic peaks
at around 379.3 cm’' and 404.5 cm™' associated with the in-
plane Elzg and out-of-plane A,, vibrational mode of Mo-S
bond, respectively.”’” Frequency, intensity, and width of the
peak observed for Elzg and A,, vibrational modes reflects the
layer thickness of the MoS,.” The as-synthesized MSQDs
shows Elzg and A, vibrational modes at around 380 and 403.3
cm’ respectively. Interestingly, it has been observed that the
MSQDs exhibit a redshift of Elzg and blue shift of A,, vibra-
tional modes, as compared to the pristine MoS,. This confirms
that the as-synthesized MSQDs consists of a few layers of
MoS,. This is in agreement with the similar observations re-
ported by Lee et al.”’ The intensity ratio of the A, and Elzg
modes was derived to deduce the texture information of the as-
synthesized MSQDs. The A,/ Elzg ratio of MSQDs possess a
higher value of 3.32 as compared to the pristine MoS, (2.36)
that evidently reflects the higher edge-terminated structure.*



The UV-visible spectrum of the as-prepared MSQDs gives a
single peak near UV-region at 300 nm (Figure 3B). MSQD
solution displays blue fluorescence on irradiation with a 365
nm UV lamp (Inset of Figure 3B). This absorption peak at 300
nm was assigned as the signature of the excitonic features of
MSQDs.41 The small size MSQDs cause the quantum con-
finement effect, which leads to an increase in the band gap.
The gap was estimated to be around 3.73 eV, which is much
higher than that of bulk MoS, (1.2 eV) and monolayer MoS,
(1.9) eV.¥ The high uniformity of size and thickness of
MSQDs would produce an inherent photoluminescence (PL)
spectrum. Therefore, the PL spectra of MSQDs dispersions
were recorded at different wavelengths (Figure 3C). The in-
crease in excitation wavelength led to the red shift in the lumi-
nescence emission spectra, and it was observed over the wave-
lengths ranging from nearly 350 nm to 550 nm. The obtained
broad peak may be attributed to the direct band-edge recombi-
nation. The excitation-dependent luminescence indicates poly-
dispersity in the lateral dimension of the MSQDs
dispersions.*” The red-shift in the emission is likely due to the
formation of deeper trap states for the uncompensated sulfide
ions and metal ions on the surface of the QDs. The excitation
at 320 nm shows the maximum peak intensity at 400 nm, and
that the peak intensity was observed to decrease with increas-
ing the excitation wavelength. This gives the particle size dis-
tribution which agrees well with the TEM observations.* To
understand the nature of the recombination processes of the
MSQDs, the fluorescence lifetime spectra were taken at dif-
ferent emission wavelengths. All are fitted well to a 3" order
exponential decay profile with the average reduced weighted
chi-squared residual (XZ) value of <1.2. The calculated values
are given in Table S1. Interestingly, not much change in the
emission decay lifetimes was observed for the QDs indicating
that the nature of electronic relaxation is the same for various
sizes of QDs present in the as-synthesized sample. The aver-
age excitation lifetime for the MSQDs was found in the range
of 10 nanoseconds. Since the edge emission of recombining
electron/hole pairs for MoS, has a characteristic time of sever-
al picoseconds or less, it is reasonable to assign the observed
long-lived emission of MSQDs to charge recombination
throu%h defect states that exist mostly on the edges of the
QDs.

Having characterized the synthesized MSQDs, we proceed
to the study of their OER properties. The catalyst was modi-
fied over the glassy carbon (GC) working electrode. The OER
polarization curves were recorded by linear sweep voltamme-
try (LSV) at a scan rate of 5 mV/s in 1 M KOH. The control
experiment on GC was also performed for verification. The
benchmark experiments on catalyst IrO,/C and pristine MoS,
were carried out for comparison. All the polarization curves
were iR corrected, and the LSV plots are shown in Figure 4A.
The IrO,/C catalyst exhibited higher OER activity with lower
overpotential.46 The bare GC electrode and the pristine MoS,
shows poor catalytic activity, while MSQDs demonstrated
enhanced OER activity with lower overpotential and higher
current density. Further, the hydrothermal condition was opti-
mized by checking the OER performance of as-synthesized
MSQDs obtained with varying the reaction temperature and
duration of reaction (Figure S2). Then, the activation of the
QDs has been carried out by potential cycling the modified
electrode in the electrolyte conditions. The optimization of the
activation process was checked from the OER polarization
LSV response (Figure S3). It has been observed that the cata-

Iytic current density increases with the number of potential
cycles. However, no further enhancement of the current densi-
ty was observed beyond 50 potential cycles. The activation
cycling probably increases the number of active sites of the
MSQDs and makes them catalytically more active. The as-
synthesized materials after cycling (MSQDs-AC) gives higher
activity, as compared to that before cycling (MSQDs) with a
lower onset overpotential of 280 mV. The interesting en-
hancement of the OER activity after cycling was further ac-
cessed by the impedance measurement (Figure 4C). The
MSQDs-AC shows a lower value of charge transfer resistance
in the Nyquist plot as compared to MSQDs. The better charge
transfer resistance and higher metallic character in MSQDs-
AC reflect the better performance in OER activity. The de-
tailed mechanism of activation is not fully understood at this
point and needs further study. The MSQDs-AC achieved a
current density of 10 mA/cm’ and 100 mA/cm” at the overpo-
tential of 370 mV and 570 mV, respectively. This overpoten-
tial value is much smaller as compared to the pristine MoS,.
This suggests that the MSQDs are highly active for OER.
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Figure 4. (A) LSV polarization plot towards OER for different
electrocatalysts on glassy carbon electrode in 1 M KOH at a scan
rate of 5 mV/s. (B) Corresponding Tafel plots. (C) Nyquist plot
of MSQDs before and after activation through potential cycling
(D) Chronopotemetric measurement for MSQDs-AC modified
electrode at a constant current density of 10 mA/cm® (Inset im-
age shows the evolution of oxygen bubbles on the surface of the
catalysts). (E) The comparison of onset overpotential towards
OER with other reported catalysts and (F) Comparison of over-
potential to generate 10 mA/cm?® on different catalysts towards
OER.
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It is worth to compare the onset overpotential and the over-
potential required to generate the benchmark current density
(10 mA/cmz) for present MSQDs with various other catalysts
(Figure 4E &D). Nevertheless, the as-synthesized MSQDs
shows lower activity as compared to the state-of-art catalyst



IrO,/C. However, taking into account the cost and scarcity of
Ir, it can be compensated by the lower cost, higher abundance
and easy production of MSQDs-based catalysts. The kinetics
of the as-synthesized materials towards the OER was investi-
gated by measuring Tafel polarization plot, i.e. the plot of
“overpotential (n) vs log j”. Figure 4B represents the Tafel
plot for pristine MoS,, MSQDs after and before cycling
(MSQDs-AC and MSQDs) and IrO,/C. The Tafel slope of
MSQDs-AC was estimated to be 39 mV/dec, which is much
lower than for the pristine MoS, (143 mV/dec) and benchmark
catalyst IrO,/C (60 mV/decade). This observation indicates the
faster reaction kinetics of OER on MSQDs-AC as compared to
the MSQDs before cycling and the state-of-art catalyst IrO,/C.
The activity of MSQDs-AC is compared with some of the
state-of-the-art catalysts and other quantum dots for OER ap-
plication and is summarized in Table S2. The Tafel slope of
MSQDs-AC is comparable to other catalysts. The stability of
the MSQDs electrocatalyst under the condition of oxygen evo-
Iution was tested through chronopotentiometry measurement
at a constant current density of 10 mA/cm’ (Figure 4D). After
continuous electrolysis for 2 hr, very nominal change in the
overpotential was observed reflecting its robustness for long-
term reaction and will find promising application in the real
field. A movie recorded during the oxygen evolution from the
MSQDs-AC on glassy carbon plate electrode during electroly-
sis at overpotential 370 mV (@ 10 mA/cmz) is presented in
Movie S1 in the supporting information.

To gain further insight on the OER catalytic mechanism, we
carried out the first-principles calculations. As in our previous
work,” the computational modeling of the reactants, interme-
diates and products and reaction process involved in OER
process was performed by using density functional theory
(DFT) within the RPBE* exchange-correlation functional, as
implemented in the Atomistix ToolKit.* The details of the
computational method are presented in the supporting infor-
mation.
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Figure 5. Free energy profiles for OER on vertex, edge and sur-
face of MSQDs with Mo-edge and half/full S coverage, as re-
vealed by first-principles calculations. The results are obtained at
external potential U= 0.6 V and pH = 14.

The OER reaction mechanisms of the MSQDs were ana-
lyzed for different bias potentials by showing the profiles of
free energy changes of the intermediates and products. For an
electrocatalytic reaction, the catalytic performance may de-
pend on the particular surface or edge termination at a given
applied bias value. Therefore, the MSQDs with various edge
terminations were considered (Figure S4), which have been
observed in the experimentsso. The results showed that the Mo
edges are energetically more stable than the S edge for differ-
ent size of MSQDs. This is in agreement with the earlier ex-
perimental results using scanning tunneling microscopy
(STM) reported by Besenbacher et al.’"*> and first-principles
calculations.” Therefore, we have focused on QDs with Mo
edges (full and half S coverage) for this study. For both types
of the Mo edges, different possibilities of adsorption positions
(at least 3) have been considered and the most stable structures
have been used for free energy calculations (Figure S5). We
have also studied the effect of vacancies on the surface and on
the edges of MSQDs on the catalytic activity of these materi-
als. The free energy changes of the intermediates and prod-
ucts under the catalytic roles of MSQDs are shown in Figure
S6. It can be seen that the complete process is not favorable
from the thermodynamic point of view without a potential bias
to drive the reaction. The limiting step of the reaction, i.e., the
one with the highest energy barrier, corresponds to the combi-
nation of OH™ group with an adsorbed O atom for the for-
mation of OOH species, except for vertex position where the
highest barrier originates from dissociation of O, molecule
from the MSQD. In general, the AG value of the rate-
determining step indicates the rate of whole OER, and smaller
AG suggests the lower energy barriers of intermediates and
consequently faster OER process. The overall potentials ob-
tained for OER process using MSQDs with different edge
terminations and adsorption sites are summarized in Table S3.
The results show lower activation barrier for the Mo edges
containing half sulfur coverage than full sulfur coverage.
Moreover, adsorption at vertex position shows the lowest
overpotential in comparison to edges or surface. The highest
overpotential is found for surface adsorption suggesting that
MSQD plane is almost inactive during OER process, as sug-
gested before from the experiment *' and theory **. According
to our results in the free-energy diagram (Figure 5), an exter-
nal potential of U= 0.6 V is required to make the OER an exo-
thermic reaction. The results show that the thermodynamic
activation energy for the final step is higher for the edge or the
vertex adsorption than the surface adsorption. The reason is
the strong binding energy of oxygen molecule at edge and
vertex positions, which require higher desorption energy in
comparison to surface adsorption. According to the reaction
process, the final step does not entail electron-transfer pro-
cesses and, thus, the free energy step does not depend on the
electrode potential. However, the binding energy of the mole-
cule on MSQD decreases by growing the repulsion interaction
between adsorbed oxygen molecules, which helps the oxygen
molecule to escape from the surface and facilitates the recov-
ery of the catalysts for the next cycle. Figure S7 shows the
effect of the single sulfur vacancy on the OER processes. The
vacancy positions were varied with respect to the perfect
MSQD to reveal the effect of adsorption sites. As expected,
the defects can significantly change the free energy diagram
for all adsorption sites. In the case of Mo-edge with full S
coverage, the overpotential decreases in both vertex and edge



positions (see Table S3) due to the enhanced adsorption
strength on the vacancy site. Thus, our DFT calculations vali-
date the assumption that the as-synthesized small MoS, quan-
tum structures have defects at the edges and confirms the en-
hanced activity towards OER.

This enhanced electrocatalytic performance of the as-
synthesized MSQDs was further accessed by estimating the
double layer capacitance (Cq4) and roughness factor (R¢) of the
materials. The Cy and the Ry are directly proportional to the
active surface area of the electrocatalyst and reflect the elec-
trocatalytic performance of the materials."'"**" The CV of the
catalysts at different scan rates and the plot of current (i) vs
scan rate (v) have been obtained (Figure S8). The Cy and Ry
values of the materials have been summarized in Table S4. As
expected, the calculated Cy value of IrO,/C is higher than that
in MSQDs. Interestingly, the MSQDs after activation show
higher C4 and R¢ values as compared to the materials before
the cycle and pristine MoS,. So it clear evidence that the po-
tential cycling of the MSQDs produces more active sites and
increases the accessibility of ~OH ions for oxidation to evolve
the oxygen molecules. It reveals the new electrocatalytic pro-
cess which may further develop for utilization of electrochem-
ically active sites to enhance the performance of OER without
any additives into the matrix of MSQDs.

To gain insight into the intrinsic catalytic activity of
MSQDs after potential cycling, the number n of active sites
and turn over frequency (TOF) were estimated.””’ The details
of the calculation are discussed in the supporting information.
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Figure 3. (A) TOF plot of different as-synthesized catalysts to-
wards OER and (B) corresponding TOF values at different over-
potential.

The values of n were calculated from the cyclic voltammetry
(CV) data in the potential range from -0.2 V to +0.6 V vs RHE
in 1M phosphate buffer (pH=7) at 50 mV/s (Figure S9). n is
directly proportional to the integrated charge (Q.) obtained
from the CV measurement, and it was derived using the equa-
tion 2 (supporting information). The value of #n was estimated
for all the electrocatalysts (Table S5). Then, the TOF value
was derived using the equation 3 (supporting information).
Assuming that all the materials on the modified electrode sur-
face are catalytically active towards OER, the turnover fre-
quency (TOF) was estimated and presented against the over-
potential (Figure 6A). The TOF values of the catalysts have
been compared at different overpotential (Figure 6B). The
present observation validates that the activation of MSQDs by
potential cycling dramatically influence the OER performance.
The activation of MSQDs increased the TOF value.

MSQDs adds unavoidable CQDs to the solution.”” The use
of carbon-containing solvents contributes to the formation of
CQDs during the synthesis process. However, the effects of
unwanted CQDs on the application of MSQDs have not yet

been assessed. Therefore, a control experiment was designed
using the mixture of organic solvent (DMF) and water to
check any formation of carbon quantum dots (CQDs) at simi-
lar synthesis condition. The as-prepared sample was character-
ized by the UV-visible spectroscopy and irradiation of UV
light. Surprisingly, the as-prepared solution showed the ab-
sorption band at ~330 nm and displayed greenish fluorescence
under the irradiation of a 365 nm UV lamp (Figure S10). This
observation confirms the formation of CQDs from the solvent
containing carbon source. Then, the MSQDs have been syn-
thesized in similar condition adding the DMF to the reaction
medium deliberately to generate CQDs. So, it can be deduced
that the as-synthesized solution contains the mixture of
MSQDs and CQDs (MSQDs@CQDs). The synthesis schemes
of the sample are presented in Figure S11. It showed the ab-
sorption band at ~295 nm and displayed bluish-green fluores-
cence under the irradiation of a 365 nm UV lamp (Figure
S10). Interestingly, as synthesized samples of CQDs,
MSQDs@CQDs and MSQDs show a variation in the UV-
visible spectral pattern and fluorescence color during the irra-
diation of UV lamp (Figure S10). Furthermore, the influence
of carbon quantum dots (CQDs) on the OER performance of
MSQDs has been explored. It has been observed that the pres-
ence of some organic solvents generates CQDs, and also influ-
ence the UV and fluorescence properties. It is essential to un-
derstand the effect of unavoidable CQDs on the catalytic ac-
tivity of MSQDs so that the synthesis strategy can be tuned.
Therefore, the OER performance of as-synthesized CQDs, the
mixture of MSQDs and CQDs (MSQDs@CQDs) has been
explored and compared with the MSQDs. A substantial differ-
ence in the OER performance was observed (Figure S12). It
indicates that CQDs suppress the OER performance of
MSQDs. It can be speculated here that the CQDs have poor
OER activity in comparison to MSQDs and their presence
may block the active sites of MSQDs and hamper the catalytic
performance. The measurement of the Tafel slopes validates
the observation (Figure S12B). The Tafel slopes of MSQDs
are lower as compared to the CQDs and MSQDs@CQDs. The
present observation evidently provides a new insight to design
the MSQDs free of CQDs for essential OER applications of
interest. The Cg and Ry values of the CQDs and
MSQDs@CQDs have been derived to deduce the information
on any correlation of the change in active surface areas (Figure
S13). Interestingly, the Cy and Ry values of the CQDs and
MSQDs@CQDs are much lower than the MSQDs (Table S6).
From here, it can be deduced that the presence of CQDs prob-
ably decreases the number of active sites in MSQDs or CQDs
may be a barrier in approaching the reactant species on the
surface. In order to understand the effects of carbon adsorption
on the catalytic activity of the MSQDs, we have also studied
the coverage of the QDs with a graphene flake (Figure S14).
The optimized average interlayer distance (d) is 3.18 A, which
is in very good agreement with the previous value reported for
the MoS,/graphene heterostructures.” The Mulliken popula-
tion analyses were used to evaluate the change of atomic
charges (Aq) on the graphene flake before and after adsorption
on the QD. It was found that the atomic charge is changed
only by ~ 0.1 % per carbon atom indicating negligible charge
transfer between the graphene flake and the MSQDs. There-
fore, it is expected that introducing carbon into the MSQDs
will not change the catalytic activity on the edge and the ver-
tex adsorption but it can affect the adsorption of reaction in-
termediates on the QD’s surface.



In summary, MSQDs have been successfully synthesized by
a facial one-step hydrothermal method adopting a strategy to
ignore the formation of unavoidable CQDs. The as-
synthesized MSQDs have a very small lateral size ranging
from 2 nm to 5 nm. Due to the strong quantum confinement,
MSQDs exhibit a noticeable blue shift in the UV-visible ab-
sorption and PL-spectra. Remarkably, the MSQDs show ex-
cellent electrocatalyst activity towards OER, and our experi-
mental and theoretical data provide insights into the OER ac-
tivity. The theoretical results showed that the MoS, basal
plane is almost inert during the OER process, while the OER
reactivity occurs preferentially at the vertexes. If the number
of vertexes remains constant for different sizes of MSQDs, the
results suggest that the OER efficiency can be improved by
reducing the lateral size of the QDs. Sulfur vacancies and their
positions play an important role in the catalytic activity of
MoS, QDs. As an example, single vacancies can create active
sites at the edge and vertex of the QD with full S coverage,
which can improve the OER performance. Also, a detailed
experimental and theoretical insight on the presence of CQDs
with the active sites of the MSQDs for OER has been ob-
tained. It was revealed that the CQDs affect the adsorption of
reaction intermediates on the MSQDs and suppress the elec-
trocatalytic process of OER. Our findings provide important
insights into the synthesis process of MSQDs and their catalyt-
ic properties so that these structures can be tuned for the use in
promising energy applications.
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