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Electrochemically Exfoliating MoS2 into Atomically Thin 
Planar-Stacking Through a Selective Lateral Reaction 
Pathway

Xuelei Pan, Mengyu Yan, Congli Sun, Kangning Zhao, Wen Luo,* Xufeng Hong, 
Yunlong Zhao, Lin Xu, and Liqiang Mai*

The production of atomically thin transition-metal dichalcogenides (TMDs) 
has been investigated through various top-to-down exfoliation methods, 
such as mechanical and chemical exfoliation, while large-scale chemical 
exfoliation is sluggish and needs over ten hours to achieve atomically thin 
TMDs. Herein, a new strategy is reported for exfoliating bulk MoS2 into two/
three-layer flakes within tens of seconds through a mild electrochemical treat-
ment. This exfoliation method is driven by a lateral inward oxidation reaction 
starting from the typical layer edge with a rapid depth penetration, whereby 
a stacked few-layer (two/three layers) structure is ultimately formed. This 
efficient reaction process is monitored based on an individual MoS2 on-chip 
device combined with in situ Raman and cross-sectional scanning transmis-
sion electron microscopy, and the uniformity of thickness is demonstrated. 
This preferentially initiated method can be also extended to produce few-layer 
MoSe2 and the selective extraction mechanism is assumed to be related to 
intrinsic layer-dependent energy band properties. Moreover, the special reas-
sembled few-layer MoS2 possesses great performance as functional materials 
in electrocatalysis (127 mV overpotential for hydrogen evolution reaction) 
and surface-enhanced Raman spectroscopy (105 enhancement factor). These 
results illustrate the broad prospects of the reassembled few-layer MoS2 for 
optics, catalysis, and sensors.
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1. Introduction

Transition-metal dichalcogenides (TMDs) 
are typical 2D materials with fantastic and 
tunable physicochemical properties.[1,2] 
Atomically thin TMDs attract broad atten-
tion and have been explored in wide-
spread fields, such as electronics/optical 
devices,[3,4] sensors,[5] catalysis,[6–8] and 
energy storage,[9,10] etc. The atomic thick-
ness of 2D TMDs endows the quantum 
confinement in the electronic structure, 
which holds great promise for the afore-
mentioned fields and leads to the research 
on producing monolayer or few-layer 
TMDs.[11,12] Up to now, researches on 
the production of atomically thin TMDs 
focus on two fields, “top-to-down” exfo-
liation methods[13–15] and “bottom-to-up” 
chemical vapor growth.[16–18] The former 
method uses the shear force to break the 
interlayer van der Waals (vdW) interac-
tion by mechanical methods or ion/mole-
cule intercalation, and the latter is based 
on chemical vapor deposition. Although 
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the exfoliation methods can achieve high-quality 2D crystals, 
the scalable exfoliation is challenging and takes a long time.[19] 
Chemical vapor synthesis can achieve large-scale 2D TMDs 
with controlled thickness,[20,21] while it requires high tem-
perature and precise conditions and also introduces abundant 
crystallographic defects.[22,23] In general, the rapid and mild 
approach to achieve atomically thin TMDs remains an impor-
tant issue. In addition to TMDs, tremendous 2D materials have 
been developed, such as MXenes,[24] silicene,[25] and hexagonal 
boron nitrides,[26] etc. Different from the exfoliation of TMDs, 
MXene is a typical 2D material obtained by selective removing 
the “A” atom layer from bulk MAX material.[27] Thus, MXene 
can be produced on a large scale and its application in energy 
storage and conversion is realized.[28,29] Recently, researchers 
have reported the transformation of non-vdW bulk crystals to 
2D TMDs by reaction with chalcogen vapor.[30] This is a novel 
approach that imitates the exfoliation method of MXene, which 
utilizes a chemical reaction to extract certain atom layers to 
reduce bulk crystal into 2D TMDs. Nevertheless, this method 
must be operated at a high temperature, and the obtained 
accordion-like TMD is limited by the size and uniformity. 
Besides, researchers have reported a photo-induced exfoliation 
method[31] that realized the transformation from bulk to mon-
olayer TMDs, unfortunately it discards most of bulk materials. 
In addition to the difficulty in the efficient exfoliation approach, 
the exploration of the exfoliation mechanism is another cru-
cial problem. In the above work of photo-induced exfoliation, 
the optical observation contributes to the understanding of the 
exfoliation process. Nevertheless, the investigation of tradi-
tional exfoliation is limited by the lack of dynamic observation, 
and the inheritance of exfoliated sheets cannot be achieved. A 
systematic research model based on the individual TMD sheet 
is urgent for the development of 2D materials.

In light of the previous work, a mild method for achieving 
atomically thin 2D TMDs in high-efficiency and high-yield is 
eager. Herein, we demonstrate an electrochemical strategy to 
realize the fast transformation from bulk to 2D TMDs. Based 
on the on-chip device, we focused on the individual MoS2 sheet 
and found that when a high anodic potential is applied to bulk 
MoS2 in sulfate electrolyte, the edge of bulk MoS2 is selectively 
etched and the reaction subsequently proceeds to create a 2D 
channel. As shown in Figure 1, the uniform bi/tri-layer MoS2 
layers were finally retained and formed a stacked structure. 

This phenomenon is attributed to the oxidation of MoS2 to a 
high valance state leading to a selective structure degradation 
in the 2D channel. This electrochemical exfoliation method is 
an efficient strategy that directly transforms high-quality bulk 
to atomically thin 2D TMDs. It produces atomically thin MoS2 
in a short time and the formed uniform stacked few-layer 2D 
TMDs show considerable application potential. The exfoliated 
few-layer MoS2 shows a relatively low overpotential (127 mV at 
10 mA cm−2) for hydrogen evolution reaction. Moreover, it also 
shows high surface-enhanced Raman spectroscopy (SERS) sen-
sitivity for R6G molecule (target analyte), the lowest detectable 
concentration is 10–8 m and the enhancement factor is more 
than 105.

2. Results and Discussion

To focus on the dynamic structure evolution of an individual 
TMD sheet, we fabricated an on-chip electrochemical device 
based on an individual MoS2 sheet. Herein, the sheets with a 
thickness of more than tens of nanometer are denoted as bulk 
MoS2. One layer of poly(methyl methacrylate) (PMMA) was 
used as the covering layer to insulate gold electrodes. A window 
was opened by e-beam lithography (EBL) to expose the specific 
region of MoS2 sheet to the electrolyte. According to the con-
ventional ion-intercalation exfoliation cases, the intercalated 
ions expand the interlayer space of MoS2, and the following 
chemical and mechanical treatment break the vdW interaction 
between layers.[15] Particularly, MoS2 has been demonstrated to 
be able to store zinc ions after expanding the interlayer space. 
In this regard, we firstly applied a similar exfoliation treat-
ment on the MoS2 sheet in an aqueous solution (1 m zinc sul-
fate solution).[32,33] We performed the cyclic voltammetry (CV) 
test of the individual MoS2 sheet in the region corresponding 
to the zinc ion intercalation potential (Figure S1a, Supporting 
Information). However, the weak electrochemical signal sug-
gested that the intercalation of zinc ion into the interlayer of 
pristine MoS2 is quite difficult. This can be attributed to the 
larger radius of hydrated zinc ion (≈5.1 Å) than the interlayer 
space (≈3.1 Å) of MoS2. Nevertheless, we found that when the 
CV test was performed in a higher potential region (0.2–1.4  V 
vs SCE), an obvious redox transition was captured (Figure S1b, 
Supporting Information). And the first several CV cycles show 

Figure 1. The schematic illustration of selective exfoliation of bulk MoS2 and the formed stacked structure. a) The schematic of the on-chip device based 
electrochemical configuration. RE and CE represent the reference electrode (saturated calomel electrode, SCE) and counter electrode (Pt electrode). 
b) The schematic of the process driven by a lateral inward electrochemical reaction and water molecules go into bulk phase through the formed 2D 
channel.
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enhanced oxidation peaks. After achieving this electrochemical 
signal, we compared the optical image of MoS2 before and after 
the CV test (Figure 2a,c). It can be found that the MoS2 edge 
after the CV test shows a color change from yellow to green 
(Figure  2c). Technically, color is a simple index for estimating 
the thickness, and the semitransparent green color empirically 
implies a thickness of less than 10 nm. To further identify the 
structure evolution, Raman spectroscopy is used to recognize 
the characteristic vibration bands. In 2H-phase MoS2, Mo and S 
atoms are coordinated in [MoS6] octahedral, forming an S-Mo-S 
layer.[34] According to Raman selection rules, there are four first-
order Raman-active modes for 2H MoS2, denoted as E1g, E1

2g, 
E2

2g, and A1
g.[35] Specifically, E1

2g and A1g bands can be easily 
detected around 400 cm−1 to reveal the layer-related information. 
E1

2g (≈383 cm−1) and A1g (≈408 cm−1) bands arise from in-plane 

opposite Mo-S vibration and out-of-plane vibration of S atoms 
(Figure S2, Supporting Information), respectively.[36] Therefore, 
the thickness of MoS2 (less than 5 layers) can be determined 
by calculating the wavenumber difference (∆ν) between E1

2g 
and A1g bands.[35–37] We recorded Raman spectra of the MoS2 
before and after electrochemical treatment and calculated the 
∆ν of each site (Figure 2b,d). The corresponding wavenumber 
mapping of E1

2g and A1g bands are shown in Figure S3 in the 
Supporting Information. Figure 2b shows the distribution of ∆ν 
for the initial MoS2, which shows uniform ∆ν at ≈25 cm−1. For 
the MoS2 after electrochemical treatment, corresponding to the 
color-changed regions, ∆ν decreased to ≈22.5 cm−1 (Figure 2d). 
The Raman spectra of selected sites are shown in Figure 2e–g. 
It has been studied that ∆ν decreases to ≈23 and ≈22 cm−1 
for trilayer and bilayer MoS2, respectively.[36] Hence, it can be 

Figure 2. a) Optical image of the individual bulk MoS2 sheet on a SiO2/Si wafer (300 nm oxide layer). b) The mapping of the wavenumber difference 
(∆ν) of two typical vibration bands of MoS2 (E1

2g at ≈383 cm−1 and A1g at ≈408 cm−1). c,d) Optical image and mapping of ∆ν of the same MoS2 after 
electrochemical treatment in the electrolyte of ZnSO4. e–g) Raman spectra of initial MoS2 and after the treatment at three selected sites.
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concluded that the thickness of the MoS2 edge is reduced to 
trilayer or bilayer after the electrochemical treatment in the 
ZnSO4 aqueous solution. Few-layer MoS2 is achieved after sev-
eral CV cycles treatment, and this transformation seems to start 
from the edge but not exfoliate from the whole surface layer.

To solidly confirm the thickness change and further inves-
tigate the structure information, we performed atomic force 
microscopy (AFM) and scanning transmission electron 
microscopy (STEM) characterization. Figure 3a shows an 
optical image of individual MoS2 after electrochemical treat-
ment where the green regions are supposed to be involved in 
the electrochemical reaction. The corresponding AFM image 
shows a reduced thickness of the MoS2 edge (Figure 3b). The 
thickness of the MoS2 basal plane is ≈35  nm, while the edge 
region is reduced to ≈20 nm (Figure 3c). This result seems to 
contradict the Raman spectra in Figure 2, which shows a mere 
bilayer/trilayer distribution at the edge region. To identify the 
structural details of the MoS2 involved in the reaction, we used 

the focused ion beam (FIB) to fabricate the cross-sectional 
sample from the rectangle region in Figure 3d. Figure 3e shows 
an overview of the cross profile from bulk to the edge. We can 
find an obvious slope thickness-shrinkage on the transition 
zone, where the thickness decreased from ≈35 to ≈20 nm. The 
magnified images of bulk, transition zone, and edge are shown 
in Figure 3g–i. Some specific layers in MoS2 are extracted from 
the bulk region and the remained MoS2 layers (most are two/
three layers) form a restacked structure with a decreased thick-
ness. It is worth noting that the bottom remains 3–5 layer 
according to the STEM results. This phenomenon can be attrib-
uted to that the strong Coulomb interaction between bottom 
MoS2 and substrate inhibits the electrochemical reaction.[12,31] 
To sum and note, this structure has two characteristics: First, 
the stacked structure with two/three layers is expanded and 
forms a loose but stable stacking; Second, the stable bottom 
and top layers of the MoS2 sheet account for the whole out-
line of MoS2 after electrochemical treatment. These two points 

Figure 3. a) Optical image of a typical MoS2 sheet after electrochemical treatment (remove PMMA layer). b,c) The corresponding AFM image and 
the thickness profile along the arrow direction of two lines. d) The SEM image of the same MoS2 sheet with a C/Pt cover layer prepared for FIB. e) An 
overview of the cross-profile STEM image of the MoS2 sheet. The sample is prepared from the rectangle region in (d). f) The magnified image of the 
transition zone from bulk to edge. g–i) The magnified STEM images of bulk, transition zone, and edge, respectively.
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distinguish this electrochemical exfoliation from conventional 
corrosion or etching approaches. In conclusion, we can fully 
understand the results from Raman, AFM, and STEM, that the 
electrochemical treatment only extracts selective few layers in 
the bulk MoS2, and the left uniform two/three-layer reassem-
bles to form a stacked structure and keeps the whole outline of 
initial MoS2 sheet intact.

After identifying the structural details of the exfoliated MoS2 
after electrochemical treatment, we further studied the reaction 
pathway. Based on the aforementioned results, it is rational to 
hypothesize that this reaction follows an inward propagation 
pathway, namely begins at the unpacking of edge and then goes 
straight into the depth. To verify this hypothesis, we fabricated 
two types of on-chip MoS2 devices, one exposes the basal plane 
and another one exposes the edge regions (Figure S4, Sup-
porting Information). After the same electrochemical treatment 
(CV test in ZnSO4 solution), the plane-exposed MoS2 shows a 
stable structure without any change, whereas the edge-exposed 
MoS2 shows a characteristic reaction trace (color change). This 
phenomenon gives evidence for the proposed lateral inward 
pathway for MoS2. It is acknowledged that the basal plane of 
a perfect 2D TMD is impermeable to all atoms and molecules 
under the ambient condition because of the dense electron 
cloud.[38] For this reason, the penetration reaction from the 
basal plane of MoS2 would not happen. Compared to the basal 
plane, the edge sites are thought to be electrochemically active. 
The on-chip experiments have solidly demonstrated the exfolia-
tion process of MoS2 in the ZnSO4 electrolyte, which inspired 
us to examine the potential of large-scale production through 
this strategy. Hence, we transfer bulk MoS2 samples to the 
fresh titanium (Ti) foil to carry out the same electrochemical 
treatment. We monitored the optical video of several dispersive 

MoS2 sheets during the electrochemical process (Video in 
the Supporting Information). The images of MoS2 at selected 
potential are shown in Figure 4a, which shows the same inward 
reaction pathway as proposed. When the anodic potential was 
higher than ≈1  V, the reaction began from the edge outline 
and then went straight into the bulk of MoS2. According to the 
same results from the bottom contact configuration in this test 
system and lateral contact in the on-chip device, we demonstrate 
that the reaction pathway is not decided by the orientation of 
the electric field but decided by the intrinsic properties of MoS2. 
The optical image and Raman spectra of a specific MoS2 sheet 
are shown in Figure 4b–d. The ∆ν between E1

2g and A1g bands 
of the center region is ≈25.5 cm−1, while ∆ν of the exfoliated 
region is 22–23 cm−1 (bi/-tri-layer MoS2). This result also con-
firms the uniformity of the MoS2 sample after electrochemical 
treatment. Meanwhile, we analyze the chemical composition of 
the MoS2 sheet after exfoliation. The typical Raman modes of 
1T MoS2 and partially oxidized MoOx were not detected, dem-
onstrating the maintaining 2H MoS2 phase (Figure S5, Sup-
porting Information). Similarly, the AFM image further showed 
the edge regions are involved in the electrochemical reaction, 
leading to a much-reduced thickness (from 40.9 to 20.7  nm) 
(Figure S6, Supporting Information). Combined with Raman 
results, the exfoliated regions are also thought to be stacked by 
two/three MoS2 layers. Based on the above results, it is clear 
that the reaction pathway is lateral inward. Besides, the mass 
production is also demonstrated as the bottom contact does not 
affect the proposed reaction pathway and the exfoliated MoS2 
can be easily achieved at a high anodic potential.

To investigate the universality of this electrochemical treat-
ment to other TMD, we further fabricated on-chip MoSe2 
devices. Although the CV curves of MoSe2 are similar to those 

Figure 4. a) The in situ optical snapshots of MoS2 sheets during an electrochemical process in ZnSO4 electrolyte (first increase to 1.4 V vs SCE and 
then back). b) Optical image of a typical MoS2 sheet after the electrochemical treatment on the Ti foil. c) The corresponding mapping of ∆ν. d) Raman 
spectra of three selected sites on the MoS2 sheet in (b).
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of MoS2 (shown in Figure S7 in the Supporting Information, 
oxidation peaks keep increasing during the first several CV 
cycles), the morphology of MoSe2 after electrochemical treat-
ment shows the different states. From the optical image, two 
notches along the PMMA window can be found, which poten-
tially indicates that the edge of MoSe2 is completely etched 
(Figure S8, Supporting Information). Nevertheless, the Raman 
mapping of the intensity of A1g mode shows the whole outline 
for MoSe2 after treatment (Figure S8b,e, Supporting Informa-
tion). Then we analyze the position mapping of the A1g band 
(Figure S8c,f, Supporting Information), which shows that the 
invisible part of MoSe2 (notch region) exists as the ultra-thin 
layer (νA1g decrease from ≈242 to ≈240 cm−1). Because the weak 
E1

2g vibration band cannot be observed, the shift of A1g mode 
is considered to be an index for the layer number less than  
5 layers.[37] The redshift of A1g to ≈240 cm−1 is attributed to mon-
olayer or bilayer MoSe2. Considering the color and transparency 
of the MoSe2 edge region, it is rational to suppose that the edge 
is merely single or a few atomic layers. We further observed the 
dynamic change of MoSe2 during electrochemical treatment 
(Figure S9, Supporting Information). Similarly, when anodic 
potential rises to 1 V versus SCE, an inward reaction began and 
a transparent trace was lastly left. The further Raman spectra 
are the same as the results from the on-chip device (Figure S10, 
Supporting Information), A1g mode of reaction part can still be 
observed, while νA1g shifts to ≈240 cm−1 (mono/bi-layer MoSe2). 
The AFM results also confirmed this conclusion, which shows 
a thickness of ≈2  nm in the exfoliated region (Figure S11, 

Supporting Information). To demonstrate the structure of 
exfoliated MoSe2, cross-sectional HAADF-STEM was used to 
observe the exfoliated MoSe2. As shown in Figure S12 in the 
Supporting Information, the STEM images show a gradually 
reduced thickness of MoSe2. The right side is the bulk phase 
and the left side is only 1–3 layer. The transition zone (Figure 
S12c, Supporting Information) shows a continuous reduction of 
thickness which is different from the sharp shrinking of MoS2.

To identify the difference between the exfoliated MoS2 and 
MoSe2, we analyze the layer-dependent energy band of MoS2 
and MoSe2. The electronic properties of the atomically thin 
MoS2 and MoSe2 are dominated by the quantum confinement, 
which causes an expanded bandgap and transition from indi-
rect to direct gap when thickness decreases to monolayer.[39] 
Figure 5a shows the layer dependent valance band plotted versus 
vacuum level and standard hydrogen electrode (SHE). The red 
region represents the redox potential peak of Mo oxidation  
(0.95–1.15 V vs SHE), according to the CV results. Based on the  
previous work,[31,40] we thought that the reaction equation is 
MoX2 + 8H2O → Mo6+ + 2XO4

2− + 16H+ + 18e− (X represents 
S and Se). The valance bands of bulk and monolayer MoSe2 
match the redox region, thus the MoSe2 flakes are oxidized. 
Meanwhile the strong coupling of the bottom layer MoSe2 to 
the SiO2 results in a band shift of MoSe2.[12,41] Hence, only the 
bottom layer MoSe2 is left after the electrochemical oxidation 
reaction. In another case, we also found a similar phenomenon 
in a metallic VSe2, which only left the bottom layers on Ti foil 
(Figure S13, Supporting Information). Extend this concept to 

Figure 5. a) Energy band diagrams of MoS2 and MoSe2 with different layers. The red band represents the redox potential range. The valence band 
level and bandgap data are adapted from refs. [50] and [51] b) The schematic of the thickness of the edge and the basal plane of MoS2 after exfoliation.  
c) The relationship between bulk thickness and exfoliated thickness. Inset: histogram of exfoliated thickness distribution. d) The polarization curves of 
MoS2 after different CV cycles treatment (0, 200, and 300 cycles). The dash lines mark the overpotential at 10 and 20 mA cm−2. e) The corresponding 
Tafel slope plots.
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MoS2, the mono-, bi-, and tri-layer MoS2 shows a slight lower 
valance band than the oxidation region, while the bulk MoS2 
valance band falls into the region. Thus, the bulk MoS2 will 
be electrochemically exfoliated into a series of tri-layer MoS2 
flakes. Since the thermal vibration at room temperature is  
≈100 meV and the bilayer and trilayer MoS2 valence bands 
are too close, some bilayer MoS2 can also be found after the 
electrochemical exfoliation. Based on that analysis, we demon-
strated that the specific reaction mechanism of MoS2 is domi-
nated by the layer-dependent electronic properties. In addition 
to the layer dependent properties, the different edge sites also 
determine the intrinsic properties. Uncoordinated Mo and S 
terminal atoms result in two different edge states, zigzag and 
armchair types.[42] These two edge types result in different elec-
tronic properties, show metallic behavior for zigzag and semi-
conductive for armchair. These characteristics are supposed to 
account for the selective extraction of some layers due to the 
coexistence of Mo and S terminal atoms in bulk MoS2. Then we 
investigate the thickness distribution after 50 CV cycles treat-
ment (Figure  5b,c). Although the correlation between plane 
thickness and exfoliated thickness remains uncertain, and  
the thickness of most MoS2 sheets after the reaction is found to 
be below 20 nm. We then performed the same CV treatment in 
another electrolyte (Li2SO4 and Na2SO4) (Figures S14 and S15, 
Supporting Information). The phenomenon is similar for MoS2 
in these two electrolytes, while the exfoliated thickness is hard 
to reach bilayer according to the Raman results.

At last, we explored the application of this original basal plane 
stacked structure. MoS2 is thought to be a promising candidate 
for electrocatalytic hydrogen evolution reaction (HER) due to 
the moderate hydrogen adsorption energy on edge sites.[43] We 
applied the exfoliated stacked MoS2 as catalyst for HER. The 
polarization curves of one individual MoS2 sheet after different 
CV cycles treatment are recorded in 0.5 m H2SO4 based on 
the on-chip MoS2 device. By electrochemically exfoliating the 
bulk MoS2 to the stacked bi/tri-layered one, the overpotential 
decreases from 347 to 127 mV at 10 mA cm−2, and the Tafel slope 
decreases from 326 to 199 mV dec−1 (Figure 5d,e). Considering 
the charge injection from the electrode, the electrons in bulk 
MoS2 transport through hopping in the vertical direction. The 
large Van der Waals gap results in a ≈0.12 eV gap for electron 
hopping.[44] The reduced thickness of MoS2 reduces the poten-
tial gap for electron transfer between layers, thus enhances HER 
performance. Furthermore, the electronic states of the edge 
sites on atomically thin MoS2 are more favorable. This perfor-
mance improvement is attributed to that the expanded edge 
sites with few atomic layers increases more available active sites 
and the reduced thickness improves the hydrogen adsorption 
energy. The much improved HER performance is an example 
of the application of this stacked MoS2 structure in TMD 
electrocatalysis.

Besides, atomically thin TMDs have been investigated 
as the substrate for surface-enhanced Raman spectroscopy 
(SERS).[45,46] The mechanism for Raman enhancement of 
TMDs is attributed to the chemical interaction between TMDs 
and analyte, which is relatively weaker than the electromagnetic 
field enhancement of noble metal.[47] Hence, an efficient MoS2 
SERS substrate without noble metal is eagerly awaited. We 
further measured the SERS sensitivity of the exfoliated MoS2 

using rhodamine 6G (R6G) as the analyte (Figure S16a, Sup-
porting Information). The Raman spectra of R6G on bulk and 
exfoliated MoS2 are shown in Figure 6a,b. We found that the 
Raman signal of R6G can be detected on the exfoliated MoS2 at 
an ultra-low concentration of 10–8 m (Figure 6b), while the bulk 
MoS2 only shows a weak signal when the concentration is more 
than 10–3 m. The enhancement factor (EF) can be calculated by, 

= 









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SERS

N

N

EF
I

C

I

C
,[48] where ISERS and IN represent the intensity  

of SERS and normal Raman measurement of R6G, and CSERS 
and CN represent the concentration of R6G for SERS and 
normal Raman measurement, respectively. Hence, the EF of 
exfoliated MoS2 is 1.15 × 105 which is almost three orders of 
magnitude larger than that of the bulk MoS2 (Figure S16b, Sup-
porting Information). We then recorded the Raman spectra 
at different regions of an individual MoS2 to demonstrate the 
enhancement dependence on the state of MoS2 (R6G concen-
tration is 1 × 10–5 m). The Raman spectra, optical image, and 
the max intensity plot are shown in Figure 6c–e. We find that 
the Ti substrate shows no enhancement of the Raman signal, 
as well as the bulk MoS2 region shows no characteristic peaks 
of R6G. Meanwhile, the exfoliated region shows much higher 
enhancement, demonstrating the enhanced sensitivity of exfo-
liated MoS2. The stacked structure of stacked atomically thin 
MoS2 favors the adsorption of R6G molecules and the reduced-
thickness adjusted the electronic structures. Moreover, the tran-
sition region between the bulk and exfoliated MoS2 and the 
edge regions show even higher enhancement compared to the  
plane of exfoliated regions. The structure disorder gener-
ates more local dipoles to interact with the dipole of the R6G 
molecule, which is dominant for the SERS effect. Herein, the 
improved SERS performance is attributed to the stress and 
structure disorder-induced rich dipole in the stacked MoS2 
(especially in the transition zone).

3. Conclusion

In this work, we demonstrated a systematic investigation of 
a new strategy by electrochemical oxidation of MoS2 that ends 
up with a stacked few-layer structure. The process is robust and 
promising in high-efficient and large-scale production since only 
an anodic potential is required in the ZnSO4 aqueous solution. 
Different from the previous etching and corrosion approach, 
this oxidation is a selective process that leaves uniform bi/tri-
layer MoS2 with self-stacked 2D channels. We proved the validity 
of the electrochemical oxidation-driven exfoliation by on-chip 
individual MoS2 sheet device and in situ optical observation. 
Through the comparison between MoSe2 and MoS2, it is found 
that the relative high valance band causes a different morphology 
after electrochemical treatment. The strategy is a promising exfo-
liation method for TMDs, which is ultrafast (tens of second), 
uniform atomically thin (two/three layers), and high retention 
(30–40%). The exfoliated few-layer MoS2 is demonstrated to 
be more efficient as an electrocatalyst for HER which shows a 
lower overpotential (127 mV) compared to bulk MoS2 (347 mV). 
Besides, the exfoliated MoS2 is proved to dramatically enhance 
the sensitivity enhancement factor (1.15 × 105) for SERS using 
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10–8 m R6G as a target analyte. At last, it is believed that due to 
the reassembled atomically thin structure, the exfoliated few-
layer MoS2 would have broad application potential in nano-fluid, 
confined electrocatalysis, quantum devices, and sensor, etc.

4. Experimental Section
Fabrication of the Individual MoS2 Sheet On-Chip Device: Commercial bulk 

MoS2 sheets were transferred by scotch-tape onto the Si/SiO2 substrate 
with the patterned gold electrodes. The detailed device fabrication process 
can be found in the previous work.[8,49] The gold electrodes connected to 
MoS2 were fabricated by EBL (JC Nabity Lithography Systems, Nanometer 
Pattern Generation System) and thermal evaporation deposition (10  nm 
Ti/150  nm Au, Kurt J. Lesker, PVD75). The PMMA (MicroChem Corp.) 
windows were opened by EBL to expose the specific regions of the MoS2 
sheet.

Material and Device Characterization: The optical images of the MoS2 
and MoSe2 devices and the in situ observation were taken by optical 
microscopy (Sunny Optics, 50/100× objective). The Raman spectra 
were acquired with an excitation laser of 532  nm by Horiba LabRAM 
HR Evolution. The thickness was measured by AIST-NT SmartSPM 1000 
scanning probe microscopy. The cross-sectional sample was prepared 
by a dual-beam FIB (FEI Helios Nanolab G3) and the STEM images 
were recorded in a CEOS probe corrected FEI Themis TEM with 300 kV 
accelerating voltage.

Electrochemical Measurement: A typical electrochemical measurement 
was performed by a three-electrode configuration based on the on-chip 
device, where an individual MoS2 sheet was the working electrode, and 
platinum wire electrode and saturated calomel electrode (SCE) worked 

as the counter and reference electrode. A probe station (Lake Shore, 
TTPX) was used to connect the working electrode and electrochemical 
measurement was performed by Autolab PGSTAT302N. For a CV 
measurement in ZnSO4, the potential was scanned from 0.2 to 1.4  V 
versus SCE with a scan rate of 20/50 mV s−1. For the measurement on 
Ti foil, an electrolytic cell was used to perform a normal electrochemical 
test. The polarization curve of HER (linear sweep voltammetry) was 
measured at a scan rate of 5 mV s−1 with a fine graphite rod as a counter 
electrode instead of the Pt electrode.

SERS Measurement: The R6G ethanol solution with different 
concentrations was obtained by the sequential diluting method. In 
a typical SERS measurement on Ti Foil, 2  µL R6G solution was drop-
casted on Ti foil (5 × 5 mm)  with MoS2 samples. The Raman spectra 
were collected by a 532  nm laser dispersed by 600 gr mm−1 gratings 
(100× objective lens, NA = 0.9), and the power was set as 0.26 mW.
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