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lowering the reaction barrier in the tran-
sition state.[1–4] It is well-known that the 
active sites located on the catalyst surface 
promote important HER steps, including 
reactant adsorption (Volmer step), elec-
trochemical H2 desorption (Heyrovsky 
step), and chemical H2 desorption (Tafel 
step).[5] MoS2 monolayer is a promising 
HER catalyst because its HER activity can 
be easily tuned by manipulating the type 
and density of catalytically active sites.[6,7] 
The basal plane of 2H-MoS2 is chemically 
inert because of the fully occupied Mo 
d-orbitals. By contrast, the Mo-exposed 
centers located at point defects (S vacan-
cies) and edge sites of MoS2 layers con-
tain dangling bonds with unoccupied 
4d-orbitals.[8] These dangling bonds with 
unsaturated 4d-electrons locally increase 

the electrical conductivity by tuning the bandgap energy, while 
the local strain induced by the vacant atoms strongly affects 
the electronic structure. The upshifts of d-band centers at the 
edge and point defects suppress electron filling in the anti-
bonding states, increasing the charge transfer density and H 
affinity.[9] Moreover, the Gibbs free energy for H adsorption 
is significantly reduced by the presence of Mo-exposed active 

Unit-cell-thick MoS2 is a promising electrocatalyst for the hydrogen evolution 
reaction (HER) owing to its tunable catalytic activity, which is determined 
based on the energetics and molecular interactions of different types of HER 
active sites. Kinetic responses of MoS2 active sites, including the reaction 
onset, diffusion of the electrolyte and H2 bubbles, and continuation of these 
processes, are important factors affecting the catalytic activity of MoS2. Inves-
tigating these factors requires a direct real-time analysis of the HER occurring 
on spatially independent active sites. Herein, the H2 evolution and electrolyte 
diffusion on the surface of MoS2 are observed in real time by in situ electro-
chemical liquid-phase transmission electron microscopy (LPTEM). Time-
dependent LPTEM observations reveal that different types of active sites are 
sequentially activated under the same conditions. Furthermore, the electrolyte 
flow to these sites is influenced by the reduction potential and site geometry, 
which affects the bubble detachment and overall HER activity of MoS2.

ReseaRch aRticle

1. Introduction

The hydrogen evolution reaction (HER) via electrolytic water 
splitting facilitates sustainable H2 production without the use 
of hydrocarbon sources. However, water electrolysis is consider-
ably limited by its large activation energy barrier. Electrocata-
lysts can be employed for an energetically favorable HER by 
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sites. Such a fundamental understanding of the origin of HER 
activity enables the structural engineering of MoS2 aimed at 
increasing its catalytic activity.[10–12] However, it is not clear how 
different types of active sites kinetically respond to an electric 
potential, where the MoS2 surface is electrochemically activated 
during its interaction with the electrolyte. Therefore, it is neces-
sary to elucidate the effects produced by different types of active 
sites on activation kinetics, their reaction progressions, and 
rate-limiting factors affecting HER activities.

The H2 gas evolution occurring at local active sites during 
HER presumably induces kinetic perturbation due to the for-
mation of gas–liquid–solid interfaces.[13,14] For instance, the 
interfaces produced by H2 bubbles on the MoS2 surface create 
convection in the adjacent liquid electrolyte, which can accel-
erate the mass transfer of electrolyte molecules to the active 
sites.[15] However, if H2 bubbles remain on the MoS2 surface 
for an extended time, they are likely to reduce the electrolyte 
flow to the active sites. The impeded electrolyte diffusion by 
the adsorbed bubbles critically decreases the total current 
density and HER catalytic efficiency, as previously reported 
in studies of the bubble-pinning effect on the MoS2 layer.[16,17] 
Thus, reducing the contact time of H2 bubbles with the MoS2 
surface is an important factor affecting the HER duration 
by opening an electrolyte diffusion pathway. The adsorption 
of bubbles can be manipulated by controlling the wetting of 
the liquid electrolyte with the catalyst surface.[18] However, the 
surface wetting of H2 bubbles and electrolyte molecules on 
MoS2 and its effect on the HER progress remain unexplored 
because the direct observation of the HER occurring on the 
MoS2 surface at a nanoscale spatial resolution is a challenging 
task. In this regard, in situ liquid-phase transmission electron 
microscopy (LPTEM) can directly visualize the H2 evolution 
process at the individual active sites of the MoS2 monolayer 
under electrical biasing, which facilitates the time-dependent 
analysis of the bubble formation and fluid dynamic behavior 
of the electrolyte.[19–25] Herein, in situ electrochemical LPTEM 
is used for the real-time observation of the HER on the MoS2 
surface. The obtained results reveal that different types of 
catalytic active sites, such as strained defects, point defects, 
and edge sites, are sequentially activated under the same con-
ditions. In addition, the direct nanometer-scale monitoring 
of the H2 bubble formation confirms the active site-specific 
wettability of the electrolyte on the MoS2 surface and kinetic 
detachment of surface H2 bubbles caused by the competition 
between the bubble and electrolyte wetting processes on MoS2 
during HER.

2. Results and Discussion

2.1. In Situ Electrochemical LPTEM Analysis of HER on MoS2 
Monolayer

The LPTEM-based experimental setup for the in situ obser-
vation of the MoS2-activated HER is schematically illustrated 
in Figure  1a. The top chip of the liquid cell contains three 
electrodes micropatterned on the electron transparent SiNx 
window. The MoS2 monolayers grown by chemical vapor dep-
osition (CVD) are transfer-printed onto a glassy carbon (GC) 

working electrode (WE) by a surface energy-assisted transfer 
method.[26] Cs-corrected scanning transmission electron 
microscopy (Cs-STEM) observations of the transferred MoS2 
show the presence of covalently bonded Mo and S atoms in 
the MoS2 monolayers, confirming their successful transfer 
printing (Figure S1, Supporting Information). Raman spec-
trum and mapping data also verify the complete transfer of 
MoS2 onto the microchip (Figure S2, Supporting Information). 
The strong intensities of the Raman (E1

2g and A1g vibrational 
modes) peaks indicate high crystallinity of the MoS2 mon-
olayers.[27] The top chip with the transferred MoS2 is assem-
bled with the bottom chip to maintain perfect sealing of the 
liquid cell under the ultrahigh vacuum of the transmission 
electron microscopy (TEM) column. The liquid cell is also 
filled with an electrolyte (0.1 n H2SO4 aqueous solution) by a 
liquid flow system. A negative potential for electrochemical 
reduction is applied to the WE during in situ LPTEM imaging, 
which is used to directly monitor the H2 evolution process 
at the HER active sites of the MoS2 layer. The time-resolved 
TEM images as increasing the negative reduction potential 
show the H2 bubble formation and electrolyte flow on the 
MoS2 layer (Figure  1b and Movie S1 (Supporting Informa-
tion)). Deep-learning-based denoiser is introduced to improve 
the spatial resolution of the in situ LPTEM images. The linear 
sweep voltammetry (LSV) curve corresponding to the TEM 
images is presented in Figure 1c. To confirm the reliable elec-
trochemical behavior of the MoS2 monolayers in the bulk, the 
HER of the MoS2 layer in a beaker cell is performed using a 
large GC electrode containing MoS2 flakes. The onset potential 
(−0.309 VRHE) and Tafel slope (107 mV dec−1) are obtained from 
the constructed LSV and Tafel plots (Figure S3, Supporting 
Information). These parameters are consistent with previously 
reported values, which demonstrate the robustness of MoS2 
monolayers.[28] We also confirm that the onset potential of the 
MoS2-activated HER in the liquid cell is −0.756 VRHE. In (i) 
and (ii), the reduction current increases within a small poten-
tial range, and H2 bubbles are not clearly visible in the TEM 
images at a given magnification (Figure  1b,c), which is used 
for minimizing the electron beam damage (beam dose rate: 
<0.247 e− Å−2 s−1). We confirm that the MoS2 monolayers are 
stable at the electron beam dose of 0.247 e− Å−2 s−1 during in 
situ LPTEM imaging (Figure S4, Supporting Information). As 
the reduction potential is increased to more negative values, 
direct observation of the H2 bubble formation becomes pos-
sible. Hydrogen bubbles are visualized by the bright image 
contrast in the sequential TEM images, while the local aggre-
gation of electrolyte molecules induced by the outward electro-
lyte flow from the bubble growth location is shown by the dark 
contrast. The different contrasts of H2 bubbles and electrolyte 
originate from the material density and thickness related to the 
electron beam deflection.[29] In the medium potential range 
((ii) and (iii)), the regions with the bright and dark contrasts 
appear transiently, as confirmed by the corresponding inten-
sity profiles (Figure 1d). It is confirmed that the dark contrast 
in the images is not emerged from the electron-beam-induced 
damage (Figure S5, Supporting Information). Frequent alter-
nation of the bright and dark contrast regions indicates the 
dynamic H2 evolution and its association with the electro-
lyte flow. The gas products generated inside the liquid cell 
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are collected and analyzed by mass spectrometry (Figure  1e). 
Among these products, hydrogen detection confirms the suc-
cessful H2 evolution during the in situ electrochemical LPTEM 
analysis. In the high potential range ((iv) and (v)), the electro-
lyte wetting of the electrode surface is enhanced by the large 
applied potential,[30] which promotes the full coverage of the 
MoS2 surface with electrolyte molecules. The continuous 
supply of the electrolyte induced by the high reduction poten-
tial intensifies the production of H2 gas and its prompt desorp-
tion from the MoS2 surface fully covered by electrolyte species 
(Figure S6, Supporting Information). The gentle slope of the 
intensity profile indicates enhanced electrolyte wetting of the 
MoS2 surface. The higher reduction current measured by LSV 
supports this conclusion. The observed fluctuations of the LSV 
curve are possibly caused by the repeated supply and blockage 
of electrolyte molecules by the adsorbed bubbles at the active 
sites. As the bubbles are formed with short lifetimes in the 
confined space of the liquid cell, they can locally inhibit mass 
transfer and decrease the current density.

2.2. Sequential H2 Evolution from Different Types of 
HER Active Sites

The 3D geometry of the transferred MoS2 on the GC electrode 
is schematically illustrated in Figure 2a. Atomic resolution Cs-
STEM images display possible HER active sites of the CVD-
grown MoS2 layer including point defects (S vacancies) and Mo 
zigzag (Mo-zz) edges (Figure 2b). The height profile of the GC 
electrode measured by atomic force microscopy shows the cur-
vature of the electrode edge that can induce a strain effect on 
the overlaid MoS2 layer (Figure S7, Supporting Information). 
When a constant potential of −2.2 VRHE is applied to the WE, 
H2 bubble formation is observed by the time-resolved LPTEM 
at three different types of active sites, including strained defects, 
point defects, and MoS2 edges (Figure 2c and Movie S2 (Sup-
porting Information)). A chronoamperometry curve obtained 
at an applied potential of −2.2 VRHE is presented in Figure S8a 
(Supporting Information). The first activation at the early stage 
of the HER occurs at strained MoS2 defects. Dynamic H2 
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Figure 1. In situ electrochemical liquid-phase transmission electron microscopy (LPTEM) for hydrogen evolution reaction (HER) of MoS2 monolayer. 
a) Schematic illustration and optical microscopy image of LPTEM setup filled with the acidic electrolyte (0.1 n H2SO4). The white dashed triangles 
indicate MoS2 monolayers transferred on the microchip. Scale bar: 10 µm. b) Time-resolved LPTEM images with increasing the applied reduction 
potential (0 to −3.7 VRHE). Scale bar: 2 µm. c) Linear sweep voltammogram (LSV) during in situ electrochemical LPTEM imaging. Applied potentials 
corresponding to the TEM images are indicated by the magenta stars (i) to (v). d) Intensity profiles from the dashed lines in (b). e) Mass spectrometry 
of the gas products collected from the liquid cell after in situ LPTEM experiment.
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bubble formation from the strained defects is visualized by the 
alternation of the bright and dark contrasts in the time-series 
LPTEM images (Figure S9, Supporting Information). H2 bub-
bles rapidly evolve from several strained defect sites, resulting 
in a line propagation, as indicated by the yellow dashed lines 
in Figure  2c. Subsequently, point defects (P1–P4) of the MoS2 
layer initiate the formation of H2 bubbles at to + 34.6 s during 
LPTEM imaging. Neighboring point defects independently 

generate H2 bubbles that grow steadily at each site, as shown 
in the magnified time-series LPTEM images (Figure  2d). The 
bubbles that evolve from the P3 and P4 sites collapse and 
merge after the time of to + 47.9 s. Subsequently, the edge sites  
(E1–E3) of the MoS2 monolayer are activated (Figure  2e). The 
bubbles evolved from the E1 and E2 sites merge during the early 
stage of bubble formation. The merged bubble (E1 + E2) grows 
faster than the bubble evolved from a single site (E3) due to the 

Adv. Mater. 2022, 2206066

Figure 2. Catalytic active sites of MoS2 monolayer and their sequential activation. a) Schematics of the geometry of the working electrode (GC) and 
MoS2 electrocatalyst. b) Denoised Cs-STEM images of the point defect (S vacancy) and edge (Mo-zigzag) sites of the MoS2 monolayer. Scale bars: 
1 nm. c) Real-time LPTEM images during HER process at various types of active sites of the MoS2 layer. Scale bar: 1 µm. H2 evolution at the each of 
the active sites are designated by the colored arrows. d,e) LPTEM images for H2 bubble growth at the point defects (P1–P4) and edge sites (E1–E3), 
respectively. Contours of the gas–liquid–solid interfaces are indicated by dashed lines. Time-dependent contour lines are displayed in the progress of 
time at the right side of the images. Scale bars: 1 µm in (d) and 500 nm in (e), respectively. f) H2 bubble area versus time plot for analyzing the bubble 
growth rate for the active sites (P1–P4 and E1–E3). g) H2 bubble area versus time plot of the merged bubbles (P3 + P4 and E1 + E2 + E3) for the point 
defects and edge sites, respectively.
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high density of the Mo-zz centers. To determine the growth rate 
of evolving H2 bubbles, their contour areas are tracked using 
homebuilt MATLAB codes and plotted with respect to time 
(Figure  2f). The starting points of HER activation obtained 
for different types of active sites are indicated by the orange 
dashed lines. Sequential activation in the order of strained 
defect, point defect, and edge sites is confirmed, a consistent 
trend for the HER activity reported in the previous study.[7] 
Because the applied electric potential is much larger than the 
onset potential (−0.756 VRHE in Figure 1c), the observed sequen-
tial H2 evolution indicates kinetically different responses of 
the active sites. Monitoring the bubble formation process on 
the nanometer scale shows the heterogeneity of the bubble 
growth rates obtained for different active sites of the same type  
(P1–P4) because the degree of S vacancy clustering can vary 
from site to site (Figure S10, Supporting Information).[31–33] The 
H2 bubbles evolved from the edge sites of the MoS2 monolayer 
(E1–E3) also grow at different rates due to the different Mo-zz 
densities (Figure  2e,f). The largest growth rates determined 
for each group of point defects and edge sites are quite dif-
ferent (0.0319 µm2 s−1 for P3 and 0.0202 µm2 s−1 for merged 
E1 and E2; see Figure  2g). The merging of bubbles increases 
the growth rate owing to the larger number of active sites. The 
growth rate of the merged bubble evolved from the P3 and P4 
sites is equal to 0.0742 µm2 s−1, which is 2.33 times larger than 
the bubble formation rate measured for a single P3 defect site 
(0.0319 µm2 s−1). The merged bubble evolved from the edge 
sites (E1  + E2  + E3) grows at a rate 0.0421 µm2 s−1, 2.08  times 
faster than the bubble before merging (0.0202 µm2 s−1). How-
ever, this merged bubble growth rate is 1.76 times lower than 
the growth rate of the merged bubble evolved from point 
defects (0.0742 µm2 s−1).

2.3. Potential-Induced Electrolyte Insertion to the Active Sites

The LPTEM observations of the MoS2-activated HER describe 
the H2 bubble growth and interaction processes as well as 
the related electrolyte transport, as shown in the TEM images 
acquired at an applied potential of −2.2 VRHE (Figure 3a). The 
merged bubble undergoes a typical interface relaxation process, 
changing its original shape with a negative curvature into a 
spherical morphology, as indicated by the contour map and cir-
cularity changes of the merged bubble depicted in Figure 3b,d, 
respectively. The circularity of the bubble rapidly decreases 
after the merging events (I and II), as denoted by the dashed 
lines in Figure  3d. The bubble interface immediately relaxes 
to minimize the surface free energy, as confirmed by the cir-
cularity recovery. The growing H2 bubbles are pinned onto the 
MoS2 layer, which confirms the strong adhesion between MoS2 
surface and H2 bubbles observed in a previous study.[34] The 
pinned bubbles on the catalyst surface have been considered a 
source of deterioration of the HER catalytic activity, which can 
block the electrolyte supply pathway to the active sites. How-
ever, the defect sites of the MoS2 layer blocked by the bubbles 
can maintain their activity due to the continuous supply of the 
electrolyte. The enhanced electrolyte surface wetting by the 
applied potential enables electrolyte penetration through the 
gas–solid interface (Figure 3c). The electrolyte diffused under-

neath the merged bubble can be transferred across the necking 
point (to + 63.1 s in Figure 3c), which promotes the activation 
of defect sites, as confirmed by the continuous growth of H2 
bubbles at the blocked active sites. To enhance the potential-
induced diffusion of electrolyte molecules through the gas–
solid interface, a relatively large potential of −4.2 VRHE has 
been applied in this work (Figure  3e and Figure  S8b and 
Movie  S3 (Supporting Information)). A blinking of the dark 
contrast is observed at the point defects, indicating the rapid 
and frequent insertion of electrolyte molecules, while the 
size of the detached bubbles is smaller than that of the bub-
bles generated at the medium applied potential of −2.2 VRHE. 
This phenomenon indicates that the enhanced electrolyte wet-
ting of the MoS2 surface at a high potential accelerates the 
electrolyte flow to the active sites and causes frequent detach-
ment of the as-formed H2 bubbles. However, at the edge sites, 
blinking of the dark contrast is hardly observed, while H2 
bubbles gradually grow along the periphery of the MoS2 layer. 
We have also measured the average image intensity of five 
lateral pixels along the vertical line passing through the point 
defects, edges, and GC background and tracked the averaged 
intensity profile during the HER at a high applied potential of 
−4.2 VRHE (Figure 3f). The average intensities are normalized 
by the background intensity (IBG) of the GC electrode located 
at a large distance from the MoS2 layer (Figure 3g). The defect 
sites of the MoS2 layer exhibit a rapid change in the bright 
and dark contrasts, while the MoS2 edges maintain the bright 
contrast. The average intensities of the defect sites (IDefect/IBG) 
largely fluctuate in the range lower than that obtained for the 
GC electrode (IGC/IBG), which suggests that fast H2 bubbling 
and electrolyte insertion repeatedly occur at the defect sites. 
However, the average intensities of the edge sites (IEdge/IBG) 
fluctuate marginally and exhibit higher values than IGC/IBG, 
which implies that the electrolyte supply from the outside of 
the MoS2 edge is restricted. Such a potential-induced electro-
lyte insertion process occurs differently at the point defect and 
edge sites, as schematically illustrated in Figure  3h. Thus, it 
is supposedly possible that the potential-induced electrolyte 
insertion affects H2 evolution rates of the active sites listed in 
Figure  2g. The H2 bubbles evolved from the activated defect 
sites of the MoS2 layer grow isotropically, which allows uni-
form penetration of the liquid electrolyte along the entire 
periphery of the formed bubble. By contrast, the H2 bubbles 
growing on the MoS2 edge sites spill over toward the basal 
plane of the MoS2 layer due to the strong adhesion between 
these bubbles and the MoS2 surface. The geometry of the 
MoS2 edge promotes the anisotropic potential-induced inser-
tion of electrolyte molecules. As the growing bubble covers 
the basal plane and the edge site, it is possible to further limit 
the electrolyte supply. It is different from the situation of point 
defect sited on the basal plane, where the electrolyte supply is 
radially uniform (Figure  3h). In addition, displacement heat-
maps obtained from molecular dynamics (MD) simulation pre-
sent that the mobility of the electrolyte at the edge of the MoS2 
layer (Figure S11, Supporting Information) is inherently low 
even in the absence of bubbles. Therefore, the geometry and 
directionality of H2 bubbling are related to the electrolyte flow 
to the active sites, one of the important factors associated with 
the kinetic duration of the local HER activity of the MoS2 layer.

Adv. Mater. 2022, 2206066
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2.4. Surface Wetting of the Electrolyte and H2 Bubbles on the 
MoS2 Monolayer

MD simulation results reveal that the local environment near 
the MoS2 surface can be controlled by varying the external 
electric field strength applied to the system (Figure  4a). The 
negatively charged MoS2 surface is described by the surface the 

electric field enters. The number densities of the hydronium 
(H3O+) and hydrogen sulfate (HSO4

−) ions exhibit electric field 
strength dependencies on their affinities toward the MoS2 layer 
at all concentrations (Figure  4b and Figure S12 (Supporting 
Information)). Upon increasing the electric field strength from 
0 to 4  V nm−1, more H3O+ ions which generates H2 bubbles 
accumulate on the MoS2 surface, while the number of HSO4

− 

Adv. Mater. 2022, 2206066

Figure 3. Surface relaxation of H2 bubble and potential-induced electrolyte insertion process during HER. a) In situ LPTEM images of H2 evolution and 
bubble merging process under the applied potential of −2.2 VRHE. Scale bar, 500 nm. b) Contour lines of the gas–liquid interfaces with the increased 
time. Scale bar: 500 nm. c) Contour maps of the gas–liquid–solid interfaces and the inserted electrolyte. The orange dashed lines and sky blue areas 
show the gas–liquid–solid interfaces and electrolyte inserted into the bubble, respectively. Scale bar: 500 nm. d) Circularity versus time plot extracted 
from the gas–liquid–solid interface contours. e) LPTEM images of the H2 bubble formation and electrolyte insertion of the MoS2 layer under the reduc-
tion potential of −4.2 VRHE. Bubbles are indicated by yellow (defect) and green (edge) dashed lines in TEM images. Scale bar: 1 µm. f) LPTEM image 
and averaged intensity plot from 5 lateral pixel lines in the progress of time. g) Normalized intensity (I/IBG) plot for the point defect, edge, and glassy 
carbon indicated by green, purple, and gray dots, respectively. IBG is the averaged intensity value obtained from the light-green area in the averaged 
intensity plot of (f). h) Schematic illustration of the H2 bubble evolution and growth at the point defect (left) and edge (right) of the MoS2 layer.
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ions near the MoS2 surface decreases. The lateral (in the x- and 
y-directions) and vertical (in the z-direction) displacements of 
the water molecules increase as the applied external electric 
fields strengthen (Figure 4c), indicating that the stronger elec-
tric fields lead to the increase in mobility of electrolyte mole-
cules near the MoS2 surface.

These results suggest that surface wetting and the desorption 
of H2 bubbles are key factors for the HER continuation that are 
strongly influenced by the interactions between the electrolyte 
and MoS2 layer and can be modulated by the applied electric 
potential. Different scenarios of this behavior are illustrated in 
Figure 4d. For a static bubble on the MoS2 surface, the surface 
tensions γgas–solid, γgas–liquid, and γliquid–solid are equilibrated at 
the triple point of the gas–liquid–solid interface, as shown in 

the central scheme of Figure 4d. If the negatively charged MoS2 
surface attracts the electrolyte, including mobile H3O+ ions (as 
observed in the case of a low reduction potential), it lowers the 
surface tension γliquid–solid and promotes competitive wetting of 
the bubbles and electrolyte molecules on the MoS2 surface (the 
left scheme in Figure 4d). Under these conditions, the convec-
tive flux (F) of the electrolyte produced by the adjacent growing 
bubbles can assist electrolyte insertion into the active sites. 
These effects facilitate the bubble formation by the contin-
uous electrolyte flow to the active sites. The potential-induced 
insertion of the electrolyte can be accelerated by applying a 
large reduction potential, as illustrated by the right scheme of 
Figure  4d. In this case, the electrolyte with enhanced surface 
wetting occupies the bubble contact area, while the weakened 

Adv. Mater. 2022, 2206066

Figure 4. MD simulation and surface wetting of the electrolyte and H2 bubble during MoS2 HER. a) Schematic illustration of the distributions of the 
H3O+ and HSO4

− ions and water molecules with the presence of static external electric fields (0, 1, 2, and 4 V nm−1). b) Number density plots (in the 
z-direction) of hydronium (H3O+, left) and hydrogen sulfate ions (HSO4

−, right) of 0.05 m system with the presence of static external electric fields (0, 
0.5, 1, 2, and 4 V nm−1). c) Lateral (x- and y-directions, left) and vertical (z-direction, right) displacement plots of the water molecules of 0.05 m system 
with the presence of static external electric fields (0, 0.5, 1, 2, and 4 V nm−1). d) Schematic illustration of the potential-induced electrolyte wetting in 
the H2 bubble formation and desorption processes.
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adhesive force of H2 bubbles expedites the detachment of the 
as-grown bubbles from the MoS2 surface. As a result, applying 
a large reduction potential leads to the fast detachment of small 
bubbles and dynamic insertion of the electrolyte into the active 
sites, which is consistent with the experimental results pre-
sented in Figure 3c.

3. Conclusion

The obtained in situ electrochemical LPTEM data reveal that 
different types of active sites, including strained defects, point 
defects, and edge sites of the MoS2 layer, are sequentially acti-
vated under electrical biasing conditions. The electrolyte sur-
face wetting can be enhanced by applying a reduction potential, 
which facilitates the electrolyte flow to the active sites. The 
potential-induced electrolyte insertion strongly depends on 
the active site geometry and bubbling directionality, resulting 
in different growth rates of H2 bubbles for point defects and 
edges of the MoS2 layer. These results indicate that the surface 
wetting of electrolyte on the MoS2 layer is an important factor 
affecting the continuous H2 evolution and HER activity. There 
is no doubt that there are other factors to consider in order to 
understand the activity and kinetics of HER on diverse types of 
active sites on the MoS2. Atomic structural identity of defects, 
their density on MoS2 layer, and their structural stability in 
HER, when they are correlated with in situ observation for H2 
bubble production dynamics, are likely the important informa-
tion to have more quantitative understanding on the kinetics 
of MoS2 HER. In the current study, the spatial resolution is 
not enough to resolve structural identity of the active sites and 
their changes occurring during HER because of the limited 
resolution due to the presence of the electrolyte in LPTEM. 
Nonetheless, our study suggests that enhancing surface wetting 
and bubble detachment by selecting an appropriate electrolyte 
design is a useful strategy for the development of efficient elec-
trocatalyst systems with high HER activities.

4. Experimental Section
Characterization of MoS2 Monolayers: Raman spectrum and spectral 

mapping were performed by using aberration-corrected spectrometer 
with laser wavelength of 532  nm (HEDA, NOST) to determine the 
thickness and crystallinity of MoS2 crystal. Cs-corrected STEM images 
operated at an acceleration voltage of 80 or 200  kV were obtained by 
using JEM ARM-200F (JEOL Ltd.) with a spherical aberration corrector 
(probe correction) installed in the National Center for Inter-University 
Research Facility at the Seoul National University (SNU). Atomic force 
microscopy was performed by using NX-10 (Park Systems) equipped 
with a single module flexure XY-scanner, installed in the Research 
Institute of Advanced Materials at the SNU.

Transfer Printing of MoS2 Monolayers on the Microchip: Polystyrene (PS) 
solution (9 g of polystyrene beads in 100 mL toluene) was deposited on 
MoS2 monolayer flakes on sapphire substrate by using a spin-coater 
(rotation speed: 1500 rpm, rotation time: 60 s). The substrate deposited 
by PS was baked out for strong adhesion between PS and MoS2 layers 
(at 90  °C for 5 min). After immersion of the substrate in deionized 
(DI) water, the PS and MoS2 film was manually peeled off from the 
sapphire substrate. The stripped film was transferred on the working 
electrode of the microchip (top chip) and immersed in toluene for 1 h 
to dissolve the PS film. After the PS dissolution, the microchip with the 

as-transferred MoS2 layers was rinsed by acetone and blown by high-
purity nitrogen gas.

In Situ Liquid-Phase TEM Setup: The liquid cell for LPTEM analysis 
was composed of top chip (6 mm × 4.5 mm × 300 µm) and bottom chip 
(2  mm × 2  mm × 300  µm). The top and bottom microchips included 
50  nm thick electron transparent SiNx window (window dimensions: 
550  µm × 40  µm for the top and 550  µm × 50  µm for the bottom). 
Working electrode (WE), counter electrode (CE), and reference electrode 
(RE) were micropatterned on the top chip. Metal circuits were sealed 
with a spacer (SU-8, thickness: 500 nm). All microchips were purchased 
from Protochips. 0.1 nN H2SO4 aqueous solution was saturated with Ar 
gas for the prolonged bubbling time and used as the electrolyte in the 
liquid cell. Electrolyte was injected into the liquid cell by a liquid flow 
system (injection speed: 120  µL h−1). Potentiostat (Reference 600+, 
Gamry) was connected to the LPTEM holder (Poseidon, Protochips) 
for electrochemical experiments. In situ LPTEM experiments were 
performed by using JEM-2100F (JEOL Ltd.) operated at the acceleration 
voltage of 200  kV, equipped with an UltraScan 1000XP charge coupled 
device detector (Gatan). The electron dose rate during in situ LPTEM 
analysis was maintained to <0.247 e− Å−2 s−1 for minimizing the beam-
induced damage. In situ LPTEM videos were recorded with a frame rate 
of 10 frames s−1.

Electrochemical Measurement: The electrochemical measurements for 
MoS2 HER were conducted with a three-electrode system in the liquid 
cell (WE: glassy carbon, CE and RE: platinum). The Pt reference electrode 
was calibrated in 0.1 n H2SO4 solution. The GC WE was replaced with 
Pt WE for this calibration process. Cyclic voltammetry (CV) obtained 
using Pt WE and RE featured a typical CV profile of the platinum 
(Figure S13, Supporting Information), where the curve exhibited the Pt 
oxide reduction peak at 0 V (vs Pt) in 0.1 n H2SO4 solution. The PtO 
reduction potential from Pt RE (VPt) showed the shifted value of 0.8 V 
compared to the potential from reversible hydrogen electrode (VRHE) as 
the RE.[35] Therefore, the obtained VPt values were converted to the values 
of VRHE − 0.8 V (VRHE = VPt + 0.8 V). Bulk electrochemical experiments 
were performed using potentiostat (PGSTAT302N/FRA2, Autolab) and 
beaker cell (WE: glassy carbon plate, CE: Pt wire, RE: Ag/AgCl). Surface 
area of the GC WE used in the beaker cell was 5 cm2.

Training and Denoising of In Situ LPTEM Images: In the experiment, 
in situ TEM images were postprocessed to remove noise to improve 
visualization. Deep-learning-based denoiser was used based on 
unsupervised blind-spot denoising method[36] with customized neural 
network. To train model and inference denoised images, PyTorch- and 
Pytorch-lightning-[37,38] based homemade codes were used. Training 
datasets were generated by subsampling 256 × 256 sized image patches 
from TEM images. As data augmentation, patches were randomly 
rotated by 90°, 180°, 270°, and mirrored. Models were trained for every 
dataset with double NVIDIA RTX 2080Ti GPU, training and inference 
took about 4 h per dataset.

MD Simulation: The aqueous sulfuric acid solutions were comprised 
of hydronium ions, hydrogen sulfate ions, and water. Exact number 
of molecules, the corresponding salt concentrations, MoS2 slabs’ 
end-to-end distance (z-axis), and box size were shown in Table S1 
(Supporting Information) and system images were shown in Figure S14 
(Supporting Information). Vacuum was added to top and bottom of the 
MoS2/solvent system which was equal to the size of z length shown in 
Table S1 (Supporting Information). Defect MoS2 slab had 19 S-defect 
sites, where 18 S-defect sites were aligned with 3 × 6 matrix at the 
center and the other one at the left end of MoS2 slab (Figure S14c, left, 
Supporting Information). Defect MoS2 slab was placed at the bottom of 
defect MoS2 and strained MoS2 systems. Curvature radius of 10 nm was 
used to build strained MoS2 systems. The actual molar concentrations 
shown in Table S1 (Supporting Information) were in the order of 0.05, 
0.248, and 0.487  m, but for convenience, concentrations would be 
marked as 0.05, 0.25, and 0.5  m. Density of each concentration was 
calculated from 10  ns NPT bulk simulation with a system size of 5551 
water molecules and 5/25/50 pairs of H3O+ and HSO4

−. 20  ns NPT 
simulations were carried out on MoS2/solvent systems in the presence 
of static external electric fields with intensities of 0.5, 1, 2, and 4 V nm−1, 
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respectively. For comparison, a simulation without an electric field 
was performed under same conditions. Number density profiles in the 
z-direction for ions were produced with last 5 ns of the NPT simulations. 
Water displacement analysis was conducted by averaging the movement 
of water molecules for 6 ps during the last 10 ns of the NVT simulations. 
All atom simulation was performed using GROMACS[39,40] molecular 
dynamics simulation package with optimized potentials for liquid 
simulation–all-atom (OPLS-AA) force field where the parameters were 
generated by LigParGen[41–43] force-field generator. Structure of MoS2 slab 
was constructed using Inorganic Crystal Structure Database ID: 24000 
and the force field parameters were taken from previous studies.[44,45] 
Charges of vacancy neighboring Mo were taken from density-derived 
electrostatic and chemical (DDEC) charge[46] and other charges of Mo 
at defect MoS2 slab were set to 0.5108 to make the slab charge neutral. 
The cutoff distance for short-range van der Waals and Coulombic 
interactions was set to 1  nm. Long-range electrostatic interactions 
further than cutoff distance were calculated by particle mesh Ewald[47] 
method. Bond lengths were constrained by LINCS algorithm.[48] The 
integration timestep was set to 2 fs and temperature of the system was 
set to 298 K. Nosé–Hoover[49,50] thermostat and Parrinello–Rahman[51] 
pressure coupling were used in the simulation.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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