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Abstract

Electrochemical exfoliation is an efficient approach for producing MoS2 nanosheets, yet
the correlation between exfoliation conditions, structural evolution, and nonlinear optical
(NLO) properties remains insufficiently understood. In this work, MoS2 nanosheets were
prepared using two representative electrolyte systems, acetonitrile/TPABr and aqueous
Na2SO4, under controlled voltages. The results reveal distinct exfoliation mechanisms,
where ion intercalation dominates in the nonaqueous system, while bubble-assisted pro-
cesses prevail in the aqueous system. Structural and chemical analyses (Raman, XRD, EDS,
and XPS) demonstrate that the nonaqueous system yields MoS2 with higher crystallinity
and lower oxidation degree, whereas the aqueous system shows increased oxidation with
the coexistence of Mo5+ and Mo6+ species. Correspondingly, enhanced nonlinear absorp-
tion and optical limiting performance are observed. A clear mechanism–structure–property
relationship is established, highlighting the critical role of electrolyte environment and
applied voltage in tailoring NLO responses. This work provides insights into the controlled
preparation of MoS2 nanosheets for photonic and optoelectronic applications.

Keywords: MoS2 nanosheets; electrochemical exfoliation; electrolyte-dependent; reverse
saturable absorption; optical limiting; Z-scan

1. Introduction
Two-dimensional transition metal dichalcogenides (2D TMDCs), featuring layered

van der Waals structures and strong excitonic effects, have attracted extensive attention
for applications in electronics, sensing, and optoelectronics. Among them, molybdenum
disulfide (MoS2) is one of the most representative semiconducting TMDCs. When thinned
from bulk to monolayer or few-layer structures, MoS2 undergoes a transition from an
indirect to a direct band gap, resulting in enhanced photoluminescence and tunable optical
absorption [1–3]. Under intense optical excitation, MoS2 also exhibits pronounced third-
order nonlinear optical responses, including saturable absorption (SA), reverse saturable
absorption (RSA), and optical limiting (OL), making it highly promising for laser protection,
optical switching, and nonlinear photonic devices. The performance of MoS2 in such
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applications strongly depends on the availability of high-quality, scalable monolayer or
few-layer nanosheets. Various preparation methods have been developed, including
mechanical exfoliation, chemical vapor deposition, liquid-phase ultrasonic exfoliation,
chemical intercalation, and electrochemical exfoliation (ECE) [4–7]. Among these, ECE has
emerged as an effective top-down strategy due to its rapid processing, tunable conditions,
relatively high yield, and scalability [8]. More importantly, compared with strongly reactive
chemical intercalation methods, ECE enables better control over intercalation, exfoliation,
and defect generation through the applied potential, electrolyte composition, and electrode
configuration, thereby providing a practical route for tailoring the structure–property
relationship of MoS2 nanosheets.

The exfoliation behavior of MoS2 during ECE is highly dependent on both the elec-
trolyte environment and the polarity of the applied potential, which determine the domi-
nant interfacial processes and consequently influence the layer number, lateral size, phase
composition, and defect or doping level of the resulting products. In neutral aqueous
electrolytes such as Na2SO4, the electrochemical process is often accompanied by gas
evolution at the interface, generating species such as O2, SO2, or H2 depending on the
reaction conditions. The formation and growth of gas bubbles within the interlayer galleries
produce a wedging effect that promotes interlayer expansion and cleavage, resulting in
exfoliation. This mechanism is commonly referred to as bubble-assisted or gas-expansion-
driven exfoliation [9,10]. However, relatively high applied potentials may also induce edge
etching, oxidation, and defect formation, which can significantly alter optical absorption
and carrier dynamics.

In contrast, in nonaqueous electrolytes such as acetonitrile containing tetraalkylammo-
nium salts (e.g., tetrapropylammonium bromide, TPA+Br−), cathodic exfoliation typically
proceeds via an ion-intercalation-driven mechanism. Under negative polarization, solvated
TPA+ cations intercalate into the MoS2 interlayers, weaken the van der Waals interactions,
and expand the interlayer spacing. Subsequent dispersion and mild mechanical treatment
then yield few-layer or thinner nanosheets [11–14]. Compared with aqueous systems,
nonaqueous media can suppress water-splitting side reactions and mitigate strongly oxida-
tive environments. Moreover, the size and solvation structure of intercalating ions can be
tuned, offering advantages in dispersibility, process control, and impurity management.
These characteristics make nonaqueous systems particularly suitable for investigating how
intercalants and potential windows affect nanosheet quality and optical properties.

The nonlinear optical properties of two-dimensional materials are commonly evalu-
ated using the Z-scan technique due to its simple configuration and quantitative capability
for analyzing third-order nonlinear absorption. In particular, open-aperture Z-scan is
effective for probing nonlinear absorption processes and assessing optical limiting behavior.
Under the excitation conditions employed in this work (532 nm, 6 ns pulse width, and
4.5 kHz repetition rate), MoS2 nanosheets operate in the nanosecond high-fluence regime.
In this regime, the reduction in transmittance, namely RSA behavior, is generally attributed
to excited-state absorption (ESA), sequential two-photon absorption (TPA), and possibly
free-carrier absorption and/or thermal accumulation effects, all of which enhance optical
absorption and contribute to optical limiting [15–17]. Notably, the RSA strength and op-
tical limiting threshold are highly sensitive to microstructural characteristics. The layer
number and lateral size affect the absorption cross-section and excited-state dynamics;
defects, edge states, and surface charge influence energy-level distribution and carrier
trapping/relaxation pathways; and the phase composition (2H/1T/1T′) may further mod-
ify the nonlinear absorption coefficient and optical limiting response [18–20]. Therefore,
establishing the relationship between exfoliation mechanism, microstructure, and nonlinear
optical performance is of critical importance.
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In this work, layered MoS2 was electrochemically exfoliated in two representative
electrolyte systems: nonaqueous MeCN/TPABr and aqueous Na2SO4. Cathodic potentials
of −6.5 and −4.5 V were applied in the MeCN/TPABr system [21], while alternating
bipolar potentials of ±6.5 and ±4.5 V were used in the aqueous Na2SO4 system. These
conditions enable a comparative investigation of two distinct exfoliation pathways, namely
ion-intercalation-driven exfoliation and bubble-assisted exfoliation. The structural and
chemical evolution of the exfoliated nanosheets was examined using SEM, Raman, XRD,
EDS, and XPS, and the nonlinear optical response was evaluated by open-aperture Z-scan
and optical limiting measurements. By correlating exfoliation conditions with crystallinity,
oxidation state, and nonlinear optical behavior, this study aims to establish a mechanism–
structure–property relationship for electrochemically exfoliated MoS2 nanosheets.

2. Experiment
2.1. Preparation of MoS2 Nanosheets

Electrochemical exfoliation of layered MoS2 was carried out in a three-electrode sys
tem. Bulk MoS2 (99.99%) (Zhongcheng New Materials Technology Co., Ltd., Tianjin, China)
was cut into pieces of approximately 0.5 cm × 0.5 cm and used as the working electrode.
A Pt foil and an Ag/AgCl electrode (Hangzhou Frank Technology Co., Ltd., Hangzhou,
China) were employed as the counter and reference electrodes, respectively. To minimize
contamination from the electrical contact, the MoS2 electrode was connected using a copper
strip, while the nonactive contact region was insulated, leaving only the MoS2 surface
exposed to the electrolyte.

Two electrolyte systems were used to investigate the effect of exfoliation mecha-
nisms. In the nonaqueous system, acetonitrile containing tetrapropylammonium bromide
(MeCN/TPABr) was employed, and cathodic potentials of −6.5 V and −4.5 V were applied
under constant current–time (i–t) mode. In the aqueous system, Na2SO4 solution was used
as the electrolyte, and exfoliation was performed under bipolar potentials of ±6.5 V and
±4.5 V (For the aqueous Na2SO4 electrolyte, bipolar chronoamperometric exfoliation was
performed at ±6.5 V and ±4.5 V, with each anodic/cathodic step maintained for 5 s before
reversing the polarity) using chronoamperometry (CA). The electrolytes used in this work
were a 1.0 mol·L−1 aqueous Na2SO4 solution and a 3.0 mmol·L−1 TPABr/MeCN solution,
which was prepared by dissolving 0.08 g of tetrapropylammonium bromide (TPABr) in
10 mL of acetonitrile. In all cases, the exfoliation duration was fixed at 1 h.

The applied potentials of 6.5 V and 4.5 V were selected based on both the instrumental
limitations and the exfoliation characteristics of the aqueous Na2SO4 system. To ensure
equal voltage amplitudes under bipolar operation, the maximum potential difference per-
mitted by the electrochemical workstation (CHI760E, Shanghai Chenhua Instrument Co.,
Ltd., Shanghai, China) was 13 V, which set the upper limit at ±6.5 V. In addition, lower ap-
plied voltages were found to be unfavorable for bubble-assisted exfoliation in Na2SO4 elec-
trolyte, resulting in reduced exfoliation efficiency and increased oxidation of the nanosheets.
Preliminary experiments further showed that when the applied voltage was below 4.5 V,
corrosion of the working electrode occurred during exfoliation, introducing impurities into
the solution and thereby lowering the purity of the obtained nanosheets. Therefore, 6.5 V
and 4.5 V were chosen as the representative operating potentials in this work.

After exfoliation, the resulting black dispersions were collected and purified by re-
peated centrifugation at 5000 rpm for 5 min per cycle (eight cycles in total) to remove
residual electrolyte and impurities. The collected precipitates were then subjected to ul-
trasonication (80 W) for 20 min to further disperse the nanosheets. Finally, the products
were dried and stored under ambient conditions. The obtained samples were denoted by
MoS2–MeCN6.5, MoS2–MeCN4.5, MoS2–Na2SO46.5, and MoS2–Na2SO44.5, respectively.
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2.2. Structural and Chemical Characterization

The surface morphology and cross-sectional features of the nanosheets were examined
using a JSM-7900F scanning electron microscope (SEM, EDS, JEOL Ltd., Tokyo, Japan). The
crystal structure and crystallinity of the nanosheets were analyzed using a Rigaku Ultima
IV multifunctional X-ray diffractometer (XRD, Rigaku Corporation, Tokyo, Japan). The
chemical composition, valence states, and bonding configurations were analyzed using
an ESCALAB 250 Xi X-ray photoelectron spectrometer (XPS, Thermo Fisher Scientific,
MA, USA).

2.3. Preparation of MoS2/PMMA Composite Samples

To evaluate the nonlinear optical properties, MoS2 nanosheets were embedded into
a poly(methyl methacrylate) (PMMA) matrix to form organic glass samples. Methyl
methacrylate (MMA) was used as the monomer and 2,2′-azobisisobutyronitrile (AIBN)
as the polymerization initiator. Specifically, 0.02 g of MoS2 nanosheets, 10.35 g of MMA,
and 0.04 g of AIBN were mixed and dispersed by ultrasonication for 20 min, followed by
magnetic stirring for 2 h to ensure uniform dispersion. The mixture was then heated at
75 ◦C under stirring until increased viscosity was observed, and subsequently cast into a
mold. Polymerization was carried out at 45 ◦C for 12 h. After cooling to room temperature,
transparent MoS2/PMMA organic glass samples with a thickness of ~1 mm were obtained.

2.4. Nonlinear Optical Measurements

The nonlinear optical properties of the MoS2/PMMA samples were investigated using
the open-aperture Z-scan technique. A Nd:YAG laser operating at 532 nm with a pulse
width of 6 ns and a repetition rate of 4.5 kHz was used as the excitation source. The laser
beam was divided into a reference beam and a measurement beam using a beam splitter.
The measurement beam was focused by a convex lens and transmitted through the sample
mounted on a motorized translation stage along the optical axis. The transmitted energy
was recorded as a function of sample position [22].

To improve measurement reliability, each Z-scan measurement was performed twice
(forward and reverse scans), and the results were averaged. The nonlinear absorption coef-
ficient was extracted by fitting the experimental data. The nonlinear absorption coefficient
β is used to describe the intensity-dependent absorption capability of a material under
strong optical excitation. In this work, the positive β values indicate reverse saturable
absorption behavior, and a larger β corresponds to a stronger intrinsic nonlinear absorption
response [23].

3. Results and Discussion
3.1. Electrolyte-Dependent Exfoliation Behavior and Morphology Evolution

The morphology of the electrochemically exfoliated MoS2 nanosheets was examined
by SEM to evaluate the influence of electrolyte system and applied voltage. As shown in
Figure 1, all samples display sheet-like morphologies, confirming the successful exfoliation
of bulk MoS2.

Nevertheless, noticeable morphological differences are observed among the samples.
The MeCN/TPABr-derived samples contain more separated and fragmented nanosheet
structures, particularly at −6.5 V, suggesting more effective interlayer separation. In
contrast, the aqueous-Na2SO4-derived samples show more stacked aggregates, especially
at ±4.5 V, indicating relatively limited exfoliation under lower-voltage conditions.

These observations are consistent with different exfoliation pathways. In the nonaque-
ous MeCN/TPABr system, exfoliation is mainly associated with ion intercalation, where
solvated organic cations weaken interlayer van der Waals interactions. In the aqueous
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Na2SO4 system, exfoliation is mainly related to gas-evolution-assisted layer expansion.
The applied voltage further regulates the exfoliation efficiency by affecting ion insertion or
bubble generation. Therefore, the morphological differences suggest that both electrolyte
environment and applied voltage influence the exfoliation behavior.

 
Figure 1. SEM images of electrochemically exfoliated MoS2 nanosheets under different electrolyte
systems and applied potentials: (a) MeCN −6.5 V, (b) MeCN −4.5 V, (c) Na2SO4 ±6.5 V, and
(d) Na2SO4 ± 4.5 V.

3.2. Structural Integrity and Chemical State Evolution

The structural integrity and chemical states of the electrochemically exfoliated MoS2

nanosheets were systematically investigated using Raman, XRD, EDS, and XPS, in order to
elucidate the electrolyte-dependent evolution of crystallinity and oxidation.

Raman spectroscopy was used to evaluate lattice preservation and structural disorder
after electrochemical exfoliation. As shown in Figure 2, all samples exhibit characteristic
MoS2 Raman modes located at approximately 380 and 403–405 cm−1, corresponding to the
E2g1 and A1g modes, respectively. This indicates that the basic 2H-MoS2 lattice framework
is largely retained after exfoliation.

The MeCN/TPABr-derived samples show relatively stronger and sharper Raman
peaks, suggesting better structural preservation. By contrast, the aqueous-Na2SO4-derived
samples, especially the ±4.5 V sample, show weaker Raman features, implying increased
structural disorder or reduced effective MoS2 phase content. These results suggest that
the nonaqueous electrolyte is more favorable for maintaining the MoS2 lattice during
exfoliation. The Raman results mainly serve to evaluate lattice preservation and structural
disorder in this work.

The crystal structure of the exfoliated samples was further examined by XRD. As
shown in Figure 3, all samples show a characteristic diffraction peak at 2θ ≈ 14.1◦, cor-
responding to the (002) plane of hexagonal 2H-MoS2. Weak reflections at approximately
32.7◦, 39.5◦, 49.8◦, and 58.3◦ can be indexed to the (100), (103), (105), and (110) planes,
respectively, confirming the retention of the 2H-MoS2 structure.
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Figure 2. Raman patterns of (a) MoS2–MeCN6.5, (b) MoS2–MeCN4.5, (c) MoS2–Na2SO46.5, and
(d) MoS2–Na2SO44.5.
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Figure 3. XRD patterns of (a) MoS2–MeCN6.5, (b) MoS2–MeCN4.5, (c) MoS2–Na2SO46.5, and
(d) MoS2–Na2SO44.5.

Compared with the aqueous-Na2SO4-derived samples, the MeCN/TPABr-derived
samples exhibit sharper and more intense diffraction peaks, indicating better crystallinity
and stacking order. The broader and weaker peaks observed for the aqueous samples,
especially at ±4.5 V, suggest increased disorder and reduced stacking coherence.

EDS analysis (Figure 4) further supports the above trend. EDS mapping confirms the
presence and relatively uniform distribution of Mo and S in all samples. However, the oxy-
gen signal differs significantly between the two electrolyte systems. The aqueous-Na2SO4-
derived samples exhibit stronger oxygen signals than the MeCN/TPABr-derived samples,
indicating a higher degree of oxidation in the aqueous environment. This is consistent with
the involvement of water-related electrochemical side reactions during exfoliation.
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Figure 4. SEM images and EDS elemental mapping of MoS2 nanosheets: (a) MoS2–MeCN6.5,
(b) MoS2–MeCN4.5, (c) MoS2–Na2SO46.5, and (d) MoS2–Na2SO44.5 and EDS spectra and atomic
percentages of S, Mo, and O: (e) MoS2–MeCN6.5, (f) MoS2–MeCN4.5, (g) MoS2–Na2SO46.5, and
(h) MoS2–Na2SO44.5.

XPS was further employed to analyze the chemical states and quantify the oxida-
tion evolution of the exfoliated MoS2 nanosheets (Figures 5 and 6). The Mo 3d spectra
of all samples can be deconvoluted into multiple components corresponding to Mo4+,
Mo5+, and Mo6+ species, indicating the coexistence of different oxidation states after
electrochemical exfoliation.

Figure 5. S2p of (a) MoS2–MeCN6.5, (b) MoS2–MeCN4.5, (c) MoS2–Na2SO46.5, and (d) MoS2–Na2SO44.5
and O1s of (e) MoS2–MeCN6.5, (f) MoS2–MeCN4.5, (g) MoS2–Na2SO46.5, and (h) MoS2–Na2SO44.5.

For the MeCN/TPABr-derived samples, the Mo 3d spectra are dominated by the Mo4+

doublet, with relatively small contributions from Mo5+ and Mo6+ components. Quantitative
fitting results show that the combined fraction of oxidized species (Mo5+ + Mo6+) remains
low, indicating that most Mo atoms are preserved in the sulfide state. The S 2p spectra
exhibit well-defined S2− doublets without significant high-binding-energy features, and the
O 1s signal is relatively weak, suggesting limited surface oxidation and good preservation
of the Mo–S framework.
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Figure 6. Mo 3d of (a) MoS2–MeCN6.5, (b) MoS2–MeCN4.5, (c) MoS2–Na2SO46.5, and (d) MoS2–
Na2SO44.5.

In contrast, the aqueous-Na2SO4-derived samples exhibit a more complex chemical-
state distribution. The Mo 3d spectra show a clear increase in both Mo5+ and Mo6+ compo-
nents, and quantitative analysis reveals a significantly higher fraction of oxidized species
compared with the MeCN/TPABr-derived samples. The presence of Mo5+ suggests the
formation of intermediate oxidation states during electrochemical reactions, while the
increased Mo6+ contribution indicates further oxidation toward oxide-like species. In
addition, the S 2p spectra display additional high-binding-energy components associated
with oxidized sulfur species, and the O 1s spectra show enhanced intensity, confirming the
formation of oxygen-containing compounds. These features are particularly pronounced
in the ±4.5 V sample, suggesting that insufficient exfoliation and prolonged interfacial
reactions may promote oxidation under the present conditions.

The quantitative increase in Mo5+ and Mo6+ fractions indicates a progressive oxidation
process from Mo4+ → Mo5+ → Mo6+, reflecting the evolution of chemical states during
electrochemical exfoliation. Such oxidation-induced modifications can introduce defect
states, alter the local electronic structure, and reduce the effective MoS2 active phase.

Combined with the Raman and XRD results, these observations suggest that the
nonaqueous MeCN/TPABr system more effectively suppresses oxidation and preserves
the intrinsic MoS2 lattice, whereas the aqueous Na2SO4 system promotes partial oxidation
and structural disorder. This difference in chemical-state evolution correlates well with the
nonlinear optical measurements, where samples with lower fractions of oxidized species
exhibit stronger nonlinear absorption and improved optical limiting performance.

3.3. Nonlinear Optical Properties and RSA Behavior

The nonlinear optical properties of the MoS2/PMMA composites were investigated
using the open-aperture Z-scan technique, based on an experimental configuration similar
to that reported in our previous work [24]. A Nd:YAG laser operating at 532 nm with a
pulse width of 6 ns and a repetition rate of 4.5 kHz was used as the excitation source. The
laser beam was focused by a convex lens with a focal length of 10 cm, and the focused spot
diameter at the sample position was approximately 90 µm, corresponding to a beam waist
radius of w0 ≈ 45µm. The linear transmittance values of the PMMA plates containing
MoS2–MeCN6.5, MoS2–MeCN4.5, MoS2–Na2SO46.5, and MoS2–Na2SO44.5 were measured
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to be 0.430, 0.623, 0.603, and 0.641, respectively. The fitting was performed under the
standard Gaussian-beam approximation.

The laser beam was divided into a reference beam and a measurement beam, and the
corresponding signals were recorded by Detector 1 (D1) and Detector 2 (D2), respectively. To
exclude the contribution of the PMMA matrix, a blank PMMA plate with the same thickness
as the composite samples was used as the normalization reference. The experimentally
measured normalized transmittance was defined as

Texp(z) =
P2(z)/P1(z)

P2,0/P1,0
(1)

where P1(z) and P2(z) are the powers recorded by D1 and D2 at sample position z, respec-
tively, and P1,0 and P2,0 are the corresponding powers measured using a blank PMMA plate
of the same thickness under identical experimental conditions.

If the average incident power on the sample is denoted by P, the single-pulse energy
is Ep = P/ f , and the corresponding on-axis peak intensity at focus is given by

I0 =
Ep

πw2
0τ

(2)

where f is the repetition rate and τ is the pulse duration. Under the Gaussian-beam
approximation, the Rayleigh length is

z0 =
πw2

0
λ

(3)

where λ is the laser wavelength. Using w0 ≈ 45µm and λ = 532 nm, the Rayleigh
length was estimated to be z0 ≈ 12 mm, which is much larger than the sample thickness
(L = 1 mm). Therefore, the thin-sample condition required for standard open-aperture
Z-scan analysis is satisfied.

The linear absorption coefficient and effective thickness are given by

α0 = − ln Ta

L
(4)

and

Leff =
1 − exp(−α0L)

α0
(5)

where Ta is the linear transmittance and L is the geometric thickness of the sample.
Since all measured open-aperture Z-scan curves exhibited typical reverse saturable

absorption (RSA) behavior, and no saturation term was included in the MATLAB R2023b
fitting procedure, the experimental data were analyzed using an RSA-only model. In this
case, the intensity-dependent absorption coefficient can be written as

α(I) = α0 + βI (6)

where β is the nonlinear absorption coefficient.
The on-axis intensity distribution along the propagation direction is

I(z) =
I0

1 + (z/z0)2 (7)
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and the corresponding nonlinear absorption parameter is

q0(z) = βI(z)Leff =
βI0Leff

1 + (z/z0)2 (8)

Under the standard open-aperture Z-scan formalism, the theoretical normalized trans-
mittance is expressed as

Tfit(z) =
1√

π q0(z)

∫ +∞

−∞
ln
[
1 + q0(z)e−ξ2

]
dξ (9)

where ξ is a dimensionless integration variable. In the MATLAB fitting procedure, the
normalized coordinate Z = z/z0 was used, and the theoretical transmittance Tfit(z) was
fitted to the experimental normalized transmittance Texp(z). Finally, the nonlinear absorp-
tion coefficient β was obtained from the fitting results. A positive β value indicates RSA
behavior, and a larger β corresponds to a stronger intrinsic nonlinear absorption response.

As shown in Figure 7, all MoS2/PMMA composites exhibit a decrease in normalized
transmittance near the focal position, indicating typical reverse saturable absorption be-
havior. The decrease becomes more pronounced with increasing incident pulse energy,
confirming enhanced nonlinear absorption at higher excitation intensity.

Figure 7. Open-aperture Z-scan curves of the MoS2/PMMA organic-glass samples at incident
pulse energies of 40 µJ, 55 µJ, 70 µJ, and 85 µJ: (a–d) MoS2–MeCN6.5/PMMA, (e–h) MoS2–
MeCN4.5/PMMA, (i–l) MoS2–Na2SO46.5/PMMA, and (m–p) MoS2–Na2SO44.5/PMMA.

Among the samples, MoS2–MeCN6.5/PMMA shows the strongest RSA response,
whereas MoS2–Na2SO44.5/PMMA exhibits the weakest response. This trend is consistent
with the structural and chemical characterization results. The better preserved MoS2 lattice
and lower oxidation level in the MeCN/TPABr-derived samples favor stronger nonlinear
absorption, whereas oxidation and structural disorder in the aqueous-Na2SO4-derived
samples reduce the effective active MoS2 contribution.
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The extracted β values are summarized in Figure 8. For all samples, β increases with
incident pulse energy, indicating an intensity-dependent nonlinear absorption response.
The MoS2–MeCN6.5/PMMA sample exhibits the highest β value, reaching approximately
122 m GW−1 at 85 µJ. In contrast, the MoS2–Na2SO44.5/PMMA sample shows the lowest
β value.

Figure 8. Nonlinear absorption coefficient (β) curves of the MoS2/PMMA organic-glass sam-
ples at incident pulse energies of 40 µJ, 55 µJ, 70 µJ, and 85 µJ: MoS2–MeCN6.5/PMMA, MoS2–
MeCN4.5/PMMA, MoS2-Na2SO46.5/PMMA, and MoS2–Na2SO44.5/PMMA.

The higher β value of the MeCN6.5 sample can be attributed to more effective exfolia-
tion, better crystallinity, and suppressed oxidation, which collectively enhance excited-state
absorption and carrier-related nonlinear absorption processes. These results indicate that
increasing the applied voltage can improve the nonlinear optical response, but this effect is
strongly dependent on the electrolyte environment.

3.4. Optical Limiting Performance and Structure–Property Correlation

The optical limiting performance of the MoS2/PMMA composites was further evalu-
ated, as shown in Figure 9; all samples exhibit a monotonic decrease in transmittance with
increasing fluence, confirming their optical limiting capability [25].

The optical limiting threshold F0.5 is defined as the incident fluence at which the
normalized transmittance decreases to 50% of its initial value [26,27]. The MeCN/TPABr-
derived samples generally show lower F0.5 values than the aqueous-Na2SO4-derived
samples, indicating better optical limiting performance [28].

Interestingly, the nonlinear absorption coefficient (β) and optical limiting threshold
(F0.5) are not strictly correlated. The MeCN6.5 sample shows the highest β but not the lowest
F0.5. This discrepancy arises because β reflects intrinsic third-order nonlinear absorption,
whereas optical limiting behavior is influenced by additional factors such as scattering,
thermal effects, and morphology-dependent light–matter interactions [29–31]

It should be noted that β and F0.5 are not strictly proportional. While β mainly
reflects the effective nonlinear absorption response extracted from Z-scan fitting, optical
limiting performance is also influenced by scattering, thermal accumulation, morphology-
dependent light propagation, and composite uniformity [29–31]. Therefore, the slightly
different trends between β and F0.5 are reasonable.
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Figure 9. Optical limiting curves of MoS2/PMMA organic glass samples prepared using different
electrolyte systems and applied voltages: (a) MoS2–MeCN6.5/PMMA; (b) MoS2–MeCN4.5/PMMA;
(c) MoS2–Na2SO46.5/PMMA; and (d) MoS2–Na2SO44.5/PMMA.

3.5. Mechanism–Structure–Property Relationship

Based on the above results, an electrolyte- and voltage-regulated mechanism–structure–
property relationship can be proposed. In the nonaqueous MeCN/TPABr system, exfo-
liation is mainly associated with ion intercalation. A higher cathodic voltage facilitates
ion insertion and interlayer decoupling, while the nonaqueous environment suppresses
water-related oxidation. As a result, the obtained nanosheets retain better crystallinity
and lower fractions of oxidized species, with Mo atoms predominantly remaining in the
Mo4+ state.

In the aqueous Na2SO4 system, exfoliation is mainly related to bubble-assisted layer
expansion. Increasing the applied voltage enhances gas evolution and improves exfoliation
efficiency. However, the presence of water promotes oxidation-related side reactions,
leading to the formation of multiple oxidation states, including Mo5+ and Mo6+. The
coexistence of these species suggests a progressive oxidation process from Mo4+ to higher
valence states during electrochemical exfoliation.

Such oxidation-induced chemical-state evolution can introduce defect states, modify
the local electronic structure, and reduce the effective MoS2 active phase content. Conse-
quently, the aqueous-Na2SO4-derived samples exhibit weaker nonlinear optical responses
compared with the MeCN/TPABr-derived samples.

Therefore, the electrolyte determines the dominant exfoliation pathway, while the
applied voltage regulates exfoliation efficiency and the extent of oxidation (including the
relative fractions of Mo4+, Mo5+, and Mo6+). These factors collectively govern the structural
characteristics and nonlinear optical performance of the MoS2/PMMA composites.

4. Conclusions
In this work, few-layer MoS2 nanosheets were prepared by electrochemical exfoliation

in nonaqueous MeCN/TPABr and aqueous Na2SO4 electrolyte systems under different
applied voltages. The results show that the electrolyte environment determines the domi-
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nant exfoliation pathway, while the applied voltage further regulates exfoliation efficiency,
oxidation level, and structural preservation. The XPS results further reveal the coexistence
of Mo4+, Mo5+, and Mo6+ species, indicating a progressive oxidation evolution during
electrochemical exfoliation.

In the MeCN/TPABr system, exfoliation is mainly associated with ion intercala-
tion, which promotes interlayer decoupling while suppressing oxidation. Consequently,
the MeCN/TPABr-derived samples exhibit better crystallinity, lower oxidation, and
stronger nonlinear absorption. In the aqueous Na2SO4 system, exfoliation is mainly
driven by bubble-assisted expansion. Although higher voltage improves exfoliation
efficiency, oxidation and structural disorder are still more pronounced than in the
nonaqueous system.

Open-aperture Z-scan measurements show that all MoS2/PMMA composites exhibit
reverse saturable absorption and optical limiting behavior. The MoS2–MeCN6.5/PMMA
sample shows the strongest nonlinear absorption response, whereas the aqueous-Na2SO4-
derived samples display relatively weaker performance due to increased oxidation and
reduced effective MoS2 active phase content. The difference between β and F0.5 further
indicates that intrinsic nonlinear absorption and device-level optical limiting are governed
by related but distinct factors.

Overall, this study establishes a mechanism–structure–property relationship for elec-
trochemically exfoliated MoS2 nanosheets and demonstrates that electrolyte and voltage
regulation are effective strategies for tuning MoS2-based nonlinear optical materials.
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