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Photoactivated defect engineering and
nanostructure functionalization of MoS2 via a
photochemical Fenton process†
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Tao Zhang, b Ranran Wang c and Evgeniya Sheremet a

Molybdenum disulfide (MoS2) is a promising 2D material for (photo)catalysis. However, its performance in

(photo)catalytic applications is usually limited by a small amount of catalytically active defects. Here, we

developed a novel large-scale, rapid, green, low-cost photoetching technique to transform multilayer

MoS2 into a few-layer MoS2 with high defect density and simultaneous spatial functionalization of MoS2
with magnetic nanostructures using a photo-driven Fenton reaction. The photoetching process and

resulting nanostructures were characterized by optical microscopy, atomic force microscopy, photo-

luminescence, and Raman spectroscopy. We elucidated the reaction mechanism driven by the Fenton

reaction in which photogenerated charge carriers in MoS2 play a dual role: reducing Fe3+ and Cu2+ ions

and generating hydrogen peroxide (H2O2) from water and dissolved O2. In this Fenton reaction, Fe2+ ions

react with H2O2 to generate hydroxyl (•OH) radicals, oxidizing MoS2 and forming metal oxide nano-

structures at the reaction sites. This dual pathway, triggered by MoS2 photon absorption even at low-

intensity illumination, ensures in situ generation of Fenton reactants (Fe2+ and H2O2), generating
•OH, to

achieve on-demand thinning and functionalization of MoS2 in a single step. Electron paramagnetic reso-

nance spectroscopy confirmed the generation of •OH radicals as the main reactive oxygen species. This

photochemical approach enables the photo-driven creation and growth of defects from submicrometer

regions up to a dozen micrometers, both at native defects and predefined defective region seeds, by

photochemical processing of MoS2 in FeCl3 and CuSO4 solutions. The presence of metal oxide nano-

structures on MoS2 was verified using magnetic force microscopy, scanning electron microscopy with

elemental mapping by energy dispersive X-ray spectroscopy and Raman spectroscopy. The simultaneous

photoetching and metal oxide deposition improves the catalytic performance of MoS2 in the electrical

hydrogen evolution reaction, evidenced by a potential shift from −0.7 V (graphite electrode) to −0.47 V

(MoS2 sample photoetched in FeCl3 solution under a halogen lamp illumination) at a current density of

10 mA cm−2.

1. Introduction

Molybdenum disulfide (MoS2) is the most studied 2D semi-
conductor material, known for its unique properties, such as
emerging photoluminescence in its monolayer form1 and its
potential in next-generation applications such as photovol-

taics,2 energy storage,3 photon detection,4 and (photo)cataly-
sis.5 In (photo)catalysis, defect engineering in MoS2 opens
new avenues for tailoring its physical and electronic properties
to enhance its performance.6,7 For instance, MoS2 edges
(defects) are catalytically active sites for the hydrogen evolution
reaction (HER), with near zero Gibbs free energy;8 conse-
quently, increasing the defect concentration improves HER
efficiency.9 However, large-scale, low-cost, and environmentally
friendly production of thin MoS2 with high defect density
remains a challenge. Various bottom-up and top-down
approaches have been developed to synthesize thin MoS2 with
high defect density (Table S1†). Among bottom-up methods,
wet chemical synthesis offers control over surface morphology,
crystallite size, and doping but faces scalability issues due to
size and thickness inhomogeneity and harsh conditions (e.g.,
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high pressure and hazardous chemical agents).10 In the top-
down approaches, chemical liquid exfoliation can achieve high
defect density under ambient conditions but suffers from non-
uniform thickness and poor production yield, limiting large-
scale production. Other conventional top-down techniques like
laser thinning in air and plasma treatment11–13 struggle with
scalability, cost, and safety.9

Here, we introduced a single-step, scalable, cost-effective,
and environmentally friendly method for thinning and
functionalization of MoS2 in an aqueous solution using a
light-driven Fenton reaction with FeCl3 or CuSO4 solutions
alone. Unlike traditional Fenton processes, this approach does
not require external supplies of Fe2+ or H2O2 as they are pro-
duced in the system under light illumination. In this process,
the production of hydroxyl radicals (•OH) generated by the
Fenton reaction enables the etching of multilayer to few-layer
MoS2 with high defect density and simultaneously forming
metal oxide nanostructures on MoS2. The spatial control of the
etching and metal oxide deposition area can be achieved by
laser processing technology in the air and by adjusting light
intensity and illumination time. Incorporating defects and
metal oxide nanoparticles enhances the catalytic activity of
multilayer MoS2 for the HER, demonstrating the versatility and
potential for creating new MoS2-based materials with added
functionalities.

2. Results and discussion
2.1. Boosting ROS production by the Fenton reaction with
FeCl3 for MoS2 photoetching

It is known that MoS2 is thinned through oxidation in water by
reactive oxygen species (ROS), such as superoxide radicals
(•O2

−) and •OH.14 This process can be described by the follow-
ing reactions (1) and (2):15

MoS2 þ 6•O2
� ! MoO4

2� þ 2SO4
2� ð1Þ

MoS2 þ 18•OH ! MoO4
2� þ 2SO4

2� þ 6H2Oþ 6Hþ ð2Þ

However, Ghim et al. reported that only 0.21% of MoS2 with
a thickness of 18 nm dissolves in water after 24 hours of
exposure to simulated sunlight,14 highlighting the need for
efficient ROS generation methods for rapid and effective
etching of multilayer MoS2 to few-layer MoS2 with high defect
density.

Advanced oxidation processes (AOPs), including chemical,
photochemical, and electrochemical methods, have been
developed to effectively generate strongly oxidizing ROS.16 The
Fenton reaction is the most commonly used AOP method, pro-
ducing strong •OH radicals according to the following eqn (3)
and (4), with the reaction rate constant k:

Fe2þ þH2O2 ! Fe3þ þ OH� þ •OH; k ¼ 51 M�1 s�1 ð3Þ

Fe3þ þH2O2 ! Fe2þ þ •O2
� þ 2Hþ; k ¼ 2� 10�3 M�1 s�1

ð4Þ

The low reaction rate of Fe3+ with hydrogen peroxide (H2O2)
(eqn (4)) and the low regeneration rate of Fe2+ from Fe3+ limit
the Fenton reaction, hindering the overall ROS regeneration
efficiency. This is why the Fenton reaction requires substantial
amounts of Fe2+ and H2O2 to achieve effective oxidation.17 For
instance, industrial applications typically require high concen-
trations of Fe2+ (18–410 mmol L−1) and H2O2 (30–6000 mmol
L−1) to generate sufficient •OH for practical use.18

Several strategies can be adapted to address the issues of
Fe2+ regeneration and high Fe2+ and H2O2 consumption. One
of the most promising methods is using semiconductors in
photocatalytic water-splitting reactions. For instance, semi-
conductors can directly reduce Fe3+ to Fe2+ through photogene-
rated electrons or via •O2

− (eqn (5)), generated in photo-
catalytic water-splitting reactions. Furthermore, •O2

− can gene-
rate H2O2 (eqn (6)), which is critical for driving the Fenton
reaction.19

Fe3þ þ •O2
� ! Fe2þ þ O2; k ¼ 7:8� 105 M�1 s�1 ð5Þ

2Hþ þ e� þ •O2
� ! H2O2; k ¼ 2:3� 106 M�1 s�1 ð6Þ

Therefore, semiconductor photocatalysts can address both
the challenges of Fe2+ regeneration and the high consumption
of Fe2+ and H2O2. To harvest solar energy, the photocatalyst
has to possess a small band gap. With its low band gap of 1.3
eV,5 multilayer MoS2 is emerging as a promising candidate for
solving Fenton-reaction issues and potentially boosting ROS
generation in this reaction through photocatalysis under
visible irradiation. Recently, Fe2+ regeneration from Fe3+ was
significantly enhanced by adding Fe-doping oligo-layer natural
molybdenite as a cocatalyst to the Fenton system.20 It is also
reported that H2O2 is produced effectively by MoS2 in photo-
catalytic water-splitting reactions.21 Thus, we hypothesize that
promoting the effective ROS generation based on the Fenton-
reaction is possible by illuminating MoS2 in FeCl3 without the
need for external addition of Fe2+ and H2O2.

To verify our hypothesis, we performed the irradiation of
MoS2 on highly oriented pyrolytic graphite (HOPG) in water
and aqueous 1 mM FeCl3 solution using a 532 nm laser at a
power of 0.1 mW through a 100× objective in 10 seconds.
Fig. 1(a) and (b) show the optical images of MoS2 on HOPG
before and after laser irradiation in distilled water where the
etched area presents as a dark spot. The MoS2 is photoetched
in water with a low laser power of 0.1 mW (power density ∼2 ×
104 W cm−2), which is approximately 100 times lower than the
photoetching threshold in air.22 These results suggest that
MoS2 can be photoetched more effectively in water than in air.
After laser irradiation of MoS2 in FeCl3 solution with the same
parameters, the etching of MoS2 is further enhanced, affecting
the whole flake (see Fig. 1(c) and (d)). The large etching area
within a short irradiation time (10 seconds) and with a low
laser power (0.1 mW), which is significantly larger than the
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laser beam diameter (∼800 nm), suggests the potential of our
method for the scalable production of thin MoS2.

The schematic mechanism of MoS2 photoetching in FeCl3
under illumination is presented in Fig. 1(e):

(1) Photon absorption by MoS2 generates free electrons (e−)
and holes (h+).

(2) Dissolved O2 reacts with photogenerated e− to produce
•O2

−.
(3) •O2

− further reacts with electrons and protons (H+) to
produce H2O2 and OH− (see eqn (6)). This process provides the
H2O2 needed to fuel the Fenton reaction.

(4) The Fe2+ necessary to trigger the Fenton reaction is gen-
erated either by the reduction of Fe3+ through superoxide rad-
icals (see eqn (5)) or directly by photoexcited electrons in
MoS2.

(5) The Fenton reaction occurs when Fe2+ reacts with the
H2O2 generated by MoS2, producing Fe3+ and •OH radicals as
products (see eqn (3)).

(6) These strongly oxidizing •OH radicals attack MoS2,
resulting in the formation of Mo6+ and sulfate (SO4

2−) ions.
Consequently, ROS production and photoetching are signifi-
cantly enhanced due to the generation of highly oxidizing •OH
radicals23 (see eqn (1)).

As long as MoS2 and a light source are present, photo-
excited charge carriers are generated and the system will con-
tinue to produce H2O2 and Fe2+. This allows the Fenton reac-
tion to continue without Fe2+, H2O2 consumption and Fe2+

regeneration issues.
To confirm the generation of the •OH radical, we performed

electron paramagnetic resonance (EPR) spectroscopy. The
increase in the EPR signal of the •OH radical after irradiation
of MoS2 in the FeCl3 solution confirms the enhanced gene-
ration of •OH in our system and validates the photo-driven
Fenton mechanism (see Fig. S1 and the explanation in
the ESI†).

To visualize the effect of •OH radicals on MoS2 photoetch-
ing, we conducted •OH quenching experiments using isopropyl
alcohol (IPA) as a •OH scavenger. A halogen lamp was
employed as the light source for better visualization. The
results presented in Fig. S2† show no observable change after
immersing in FeCl3 and FeCl3 + IPA solution, confirming the
absence of any spontaneous reaction between MoS2 and FeCl3
or FeCl3 + IPA. Using high-magnification optical microscopy,
we quantified the etched area of MoS2 in FeCl3 + IPA to be
about 14 μm2. This etched area was smaller than the 33 μm2

obtained in FeCl3 without IPA. The difference in the photo-
etching area is even more pronounced when considering that
the illumination time was 2 minutes for the FeCl3 solution
with IPA, compared to just 10 seconds without IPA. These
results demonstrate the quenching effect due to the addition
of IPA as a hydroxyl radical scavenger, confirming our hypoth-
esis of •OH-driven photoetching of MoS2.

Further evidence for the Fenton reaction was provided by
monitoring the pH of dispersions containing MoS2, FeCl3, and
MoS2 with FeCl3, with and without illumination of halogen
lamps for 2 hours. The results showed that the pH decrease in
the MoS2 + FeCl3 solution after halogen lamp illumination for
2 hours was smaller than the sum of the pH decreases in the
MoS2 and FeCl3 solutions individually (see Table S2†). This
observation indicates the generation of OH− ions during the
Fenton reaction, which partially offset the H+ ions generated
by MoS2 and FeCl3. The presence of OH− supports the pro-
posed Fenton reaction mechanism (eqn (3)), which includes
OH− and •OH as products.

Finally, we also ruled out •Cl radicals as the main driving
force for photoetching since repeating the experiment in a
NaCl solution yielded no observable changes (see Fig. S3†).

The laser power density of ∼2 × 104 W cm−2 in our photo-
etching experiment is much higher than the power density of
solar irradiation on the Earth’s surface (∼0.14 W cm−2). To

Fig. 1 Optical image of MoS2 on HOPG: (a) before and (b) after laser irradiation in distilled water using a 532 nm laser at the power of 0.1 mW
through a 100× objective in 10 seconds; and (c) before and (d) after laser irradiation in 1 mM FeCl3 using a 532 nm laser at the power of 0.1 mW
through a 100× objective in 10 seconds. (The arrows show the irradiated spots). (e) Schematic illustration of the photoetching mechanism of MoS2 in
FeCl3 under illumination, highlighting ROS generation and the Fenton reaction for controlled etching.
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illustrate the use of visible light for large-scale, green, and low-
cost photoetching, we used a halogen lamp as the light source
with an emission spectrum as shown in Fig. S4.† We still
observed effective photoetching of MoS2 in the FeCl3 solution
under halogen lamp illumination with a power of 22.5 W, as
shown in the optical images and photoluminescence (PL)
intensity maps (Fig. 2(a)–(d)). The noticeable change in the
flake color of MoS2 from blue to gray, similar to that of HOPG,
and the increase in PL intensity indicate the effective photo-
etching of MoS2 to a few-layer structure. This color change
occurs because few-layer MoS2 exhibits low light absorption,
reduced optical contrast compared to HOPG,24 and high PL
emission. In contrast, control experiments under dark con-
ditions showed no etching of MoS2 by FeCl3 (see Fig. S5†), con-
firming the absence of a spontaneous reaction and the crucial

role of light in the photoetching process. As proposed in the
mechanism, light is necessary to produce photoexcited elec-
trons in MoS2, which are essential for generating •O2

−, H2O2

and Fe2+ for the Fenton reaction. The results in Fig. S6† show
that no etching of MoS2 occurred in distilled water under
halogen lamp illumination, likely because the low power
density of the halogen lamp and short illumination time were
insufficient to induce visible etching.

The normalized PL spectra of pristine mechanically exfo-
liated monolayer, photoetched at location 1, and multilayer
MoS2 samples reveal significant PL intensity enhancement, a
blue shift, and peak broadening at location 1. The PL spectra
were normalized to the E12g Raman peak of MoS2. In the
photoetched regions, the PL intensity increases significantly,
consistent with the thinning of MoS2 and a reduction in layer

Fig. 2 (a)–(d) Optical (a and c) images and PL intensity maps (b and d) of MoS2 before (a and b) and after (c and d) photoetching in FeCl3 under
halogen lamp illumination, showing enhanced PL intensity in the etched area consistent with layer thinning. (e) Photoluminescence (PL) spectra of
mechanically exfoliated (ME) monolayer, multilayer, and etched MoS2 at point (1) in (c) and (d) showing increased intensity after photoetching, and
(f ) mechanically exfoliated monolayer, multilayer, and etched MoS2 at point (1) in (c) and (d), where the peak position difference (Δω) confirms
monolayer thickness after photoetching. (g) AFM height profile of multilayer MoS2 flakes on HOPG before photoetching, showing thicknesses
ranging from 5 nm to 37.3 nm. (h) AFM image of MoS2 after photoetching, revealing surface modifications.

Paper Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 2
2 

A
pr

il 
20

25
. D

ow
nl

oa
de

d 
by

 T
ec

hn
is

ch
e 

U
ni

ve
rs

ita
t C

he
m

ni
tz

 o
n 

4/
23

/2
02

5 
1:

51
:3

1 
A

M
. 

View Article Online

https://doi.org/10.1039/D4NR05278A


thickness.1 The blue shift and a broadening PL peak could be
explained by the created defects or nanoparticles or by doping
MoS2 during photoetching.25,26 Our results align with a pre-
vious study,25 demonstrating the blue shift in PL by defect
engineering and oxygen bonding. The broadening of the PL
peak could be due to the formation of the metal oxide after
photoetching,27 as suggested by EDX results in Fig. S7.†
Fig. S8 and S9† show the PL spectra before and after photo-
etching. The 28-fold and 7-fold enhancement in PL intensity
after photoetching clearly demonstrates the thinning of MoS2
down to a few layers or monolayers1 and an increase in the
defect density25 after halogen lamp illumination in FeCl3.

To investigate the effect of layer thickness on photoetching,
we illuminated mechanically exfoliated (ME) multilayer and
few-layer MoS2 in FeCl3. No changes were evidenced in optical
microscopy imaging of few-layer MoS2, in contrast to the obser-
vations for multilayer MoS2 (Fig. S10†). These results show
that the photoetching rate decreases when MoS2 is thinned to
a few layers, suggesting a new pathway to control layer thick-
ness based on light absorption without the need for an
applied potential bias, unlike the electrochemical conditions
used in a previous report.28 The reason for this effect is the
low light absorption in the visible range of few-layer MoS2
compared to its bulk form.29 Another reason could be that fast
charge recombination in few-layer MoS2, as evidenced by
strong PL,28 reduces the amount of •OH radicals, leading to
less effective photoetching of MoS2.

It is well known that the peak position difference between
E12g (in-plane vibrations of Mo and S atoms) and A1g (out-of-
plane vibrations of S atoms) allows for the evaluation of layer
thickness.30 Therefore, we recorded the Raman spectra of ME
MoS2 and MoS2 after photoetching. The results are shown in
Fig. 2(f ). The peak position difference between E12g and A1g
for both ME monolayer MoS2 and photoetched MoS2 at point 1
are identical, at ≈20.9 ± 0.7 cm−1, confirming the presence of
monolayer MoS2 after photoetching. This value is significantly
smaller than 24.5 ± 0.7 cm−1 for multilayer MoS2, confirming
the photoetching of multilayer MoS2. Additionally, the E1

2g

peak width of etched MoS2 at point 1 is 2.9 ± 0.4 cm−1, which
is higher than the value of ME monolayer MoS2 (1.98 ±
0.4 cm−1). The A1g peak width of photoetched MoS2 at point 1
is 3.29 ± 0.4 cm−1 compared to 2.90 ± 0.4 cm−1 for ME mono-
layer MoS2. These results demonstrate defect introduction to
MoS2 during photoetching, consistent with previous reports of
MoS2 Raman peaks widening due to defects.31,32

Fig. 2(g) shows the atomic force microscopy (AFM) image of
multilayer MoS2 flakes on HOPG before photoetching, with
thicknesses ranging from 5 nm to 37.3 nm. Fig. 2(h) presents
the AFM image of MoS2 after photoetching in FeCl3 under illu-
mination, highlighting significant surface modifications of the
MoS2 flakes. However, due to nanoparticles on the MoS2
surface, we could not precisely determine the layer thickness.
These nanoparticles significantly increase the surface rough-
ness, which could be advantageous for applications like hydro-
gen production.9 For instance, the root mean square surface
roughness of MoS2 flakes with thicknesses of 5.0 ± 0.1 nm and

21.3 ± 0.1 nm increased from 1.8 ± 0.2 nm and 0.6 ± 0.2 nm to
4.4 ± 0.6 nm and 5.1 ± 0.9 nm, respectively. This increase in
surface roughness can be related to nanoparticle formation or
high defect concentration, evidenced by Raman spectroscopy.

Additional experiments were performed on MoS2 flakes de-
posited on Si/SiO2 in FeCl3. We still observed MoS2 photoetch-
ing (see Fig. S11†), which shows the applicability of our
approach regardless of the substrate. However, the photoetch-
ing efficiency of MoS2 on HOPG is most effective33,34 (see
Fig. S12†), which can be explained.

In summary, we demonstrated a rapid, green, low-cost
etching method for production of thin MoS2 with high defect
density and nanoparticle deposition by simply illuminating
MoS2 in FeCl3 solution using a halogen lamp with a low light
intensity. The photoetching efficiency is closely linked to the
generation of photoexcited charge carriers in MoS2, producing
ROS in the photocatalytic water splitting reaction and •OH in
the Fenton reaction. Therefore, the presence of photoexcited
charges in MoS2 is critical, as evidenced by the slower photo-
etching rate of few-layer MoS2 compared to multilayer MoS2,
attributed to lower light absorption or faster charge recombi-
nation and no change in the optical image of MoS2 after
immersing in FeCl3 in dark.

2.2. Spatially controlled photoetching and nanostructuring
on laser-engineered defects on MoS2

Previous research indicates that MoS2 oxidation–dissolution or
particle deposition typically initiates at the edges due to their
defective nature.35–37 Our previous work demonstrated spon-
taneous deposition of Ag nanostructures at laser-carved
defects on MoS2 without illumination,22 motivating us to
control MoS2 photoetching and nanoparticle growth at laser-
engineered defects. We observed that photoetching of MoS2 in
FeCl3 solution initiates at the defects or edges (see Fig. S10†).

Laser processing technology offers the advantage of creat-
ing defects with precise spatial control. Therefore, we hypoth-
esize that a laser beam can enable precise spatial control over
the photoetching of MoS2 with subsequent nanoparticle depo-
sition at specific locations. To verify our hypothesis, a 532 nm
laser was employed to irradiate MoS2 in air to create defects
selectively. Laser-carved MoS2 flakes were then exposed to
FeCl3 under halogen lamp illumination, resulting in nano-
structure growth in the etched regions (the process described
in section 2.1). This process is schematically illustrated in
Fig. 3(a).

Fig. 3(b–e) illustrates the progression of etching at laser-
carved spots by optical and AFM imaging. Optical images
show an increased diameter of etched regions; the photoetch-
ing process started from the laser-carved spots. AFM images
evidence remarkable changes in height and surface roughness.
Before immersion in FeCl3, the diameter of laser-formed spots
was about 650 nm, close to the laser beam diameter of
approximately 800 nm. After photoetching, the diameter of the
laser-carved area increased to 5 μm (see Fig. 3(d) and (f )).
Additionally, the root mean square roughness in the etched
area increased to 6.5 ± 1.5 nm, compared to 1.3 ± 0.8 nm
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before etching due to the photoetching and nanoparticle depo-
sition. The contrast difference in the MFM phase image
demonstrates differences in magnetic properties between the
non-magnetic MoS2 and the functionalized/etched spot
(Fig. 3(g)), indicating the deposition of magnetic nano-
particles, likely iron oxide, that is consistent with EDX data
presented in Fig. S7.†

We showed that laser-engraving technology enabled to
selectively control the creation of nanoparticles in specific
regions, providing a way to add magnetic properties to MoS2 at
predefined locations and to achieve spatially controlled
photoetching.

2.3. Boosting the ROS production by a Fenton-like reaction
with CuSO4 for MoS2 photoetching

We wanted to explore whether our approach could be extended
to Fenton reactions using metal ions other than iron. In this
context, Cu2+ ions, which are commonly employed for ROS

generation in Fenton-like reactions,38,39 prompted us to inves-
tigate the feasibility of selective MoS2 photoetching in CuSO4

solution. Cu+ regeneration can be accomplished through the
absorption of photoexcited electrons in the semiconductor by
Cu2+, reducing it to Cu+, as shown in eqn (7)40 or by the reac-
tion with •O2

− (eqn (8)):

Cu2þ þ e� ! Cuþ at 0:153V vs: SHE

ð�4:59 eV vs:EvacÞ at pH ¼ 7
ð7Þ

Cu2þ þ •O2
� ! Cuþ þ O2; k ¼ 6:6� 108 M�1 s�1 ð8Þ

Cuþ þH2O2 ! Cu2þ þ OH� þ •OH; k ¼ 4� 105 M�1 s�1

ð9Þ

The Cu+ reacts with H2O2 and O2 in a Fenton-like reaction
to produce •OH radicals, as described in the following reac-
tions (9).41

Fig. 3 (a) Schematic of the process: laser carving creates defects in MoS2 on HOPG, followed by FeCl3 immersion and illumination resulting in
nanostructure growth in etched regions. (b and c) Optical images of MoS2 before and after photoetching, showing an increase in the laser-etched
region diameter. (d and e) AFM images of laser spots before (∼650 nm) and after (∼5 μm) etching, with increased surface roughness (6.5 ± 1.5 nm) in
etched areas. (f ) High-resolution AFM of the etched region. (g) MFM phase image shows enhanced magnetic contrast, confirming the formation of
magnetic iron oxide nanoparticles.
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Fig. 4(a) shows a schematic of the selective photoetching
process in CuSO4 at laser-carved spots on MoS2. Optical
images (see Fig. 4(b)–(d)) confirm the etching of MoS2 after
exposure to CuSO4 under halogen lamp illumination, in con-
trast to the absence of change in the optical image without
illumination. The photoetching selectively occurred at the
MoS2/HOPG/CuSO4 interface or laser-carved defects. AFM
images in Fig. 4(e) and (f) prove the photoetching in CuSO4

solutions. Nevertheless, we observed Cu2O nanoparticles
resulting from Fenton-like reactions, as confirmed by Raman
spectroscopy results showing the peaks from Cu2O in the
etched region (see Fig. S14†). The etching efficiency of MoS2 in
CuSO4 is lower than that in the FeCl3 solution (see Fig. S12†),
which may be attributed to the lower activity of Cu2+ ions.42

Given the light-driven nature of this process, our work
opens perspectives for scalability and the use of white light

illumination to drive ROS production for selective photoetch-
ing of multilayer MoS2 to few-layer MoS2 with high defect
density and simultaneous metal oxide nanoparticle depo-
sition. This approach could benefit applications such as cata-
lyst creation for pollution control, including wastewater
treatment.

2.4. Practical applications: enhanced HER performance

MoS2 is a promising non-noble stable metal catalyst for the
HER.43 To demonstrate the practical applications of our photo-
chemical etching method based on the Fenton reaction, we
evaluated the HER performance of MoS2-based materials. The
HER activity was assessed using electrochemical measure-
ments under alkaline conditions (1 M KOH). Linear sweep vol-
tammetry (LSV) curves for the graphite electrode (GE), the GE
with MoS2 (GE/MoS2), and the GE/MoS2 treated with FeCl3 in

Fig. 4 (a) Schematic of photo-etching in CuSO4 at laser-carved spots on MoS2/HOPG under halogen lamp illumination. (b–d) Optical images: (b)
after laser carving, (c) after CuSO4 exposure in the dark, and (d) after illumination, showing selective etching at defects. (e and f) AFM images: (e)
etched regions on MoS2 and (f ) zoomed-in area showing Cu2O nanoparticles, formed via Fenton-like reactions.
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the dark (GE/MoS2/FeCl3/D) and under halogen lamp illumina-
tion (GE/MoS2/FeCl3/L) are shown in Fig. 5. After depositing MoS2
on the GE, the HER performance increases, indicating the high
catalytic activity of MoS2. Subsequent treatment of GE/MoS2 with
FeCl3 under dark conditions further improves performance, as
reflected by the high current density of GE/MoS2/FeCl3/D (see
Fig. 5(a)), likely due to iron oxide particle deposition. The sample
prepared under illumination, GE/MoS2/FeCl3/L, shows the best
performance of all, as evidenced by an overpotential shift to a
less negative value and a significantly higher current density
across the entire potential range, indicating a more efficient
hydrogen generation process. Defect creation and iron oxide
nanoparticle formation via the photochemical Fenton reaction
lead to the formation of additional active sites for the HER, result-
ing in a potential shift from −0.7 V (GE) to −0.47 V (GE/MoS2/
FeCl3/L) at a current density of 10 mA cm−2. Thus, our simple
and scalable approach for modifying the electrode surface effec-
tively improves the electrocatalytic performance of the electrode
for the HER.

To understand the elementary steps in the HER, Tafel
slopes are derived from linear portions of Tafel plots fitted to
the equation η = b × log( j ) + a, where η is the overpotential (V),
j is the current density (mA cm−2), and b is the Tafel slope in
mV dec−1. Three possible reaction steps governing HER kine-
tics are as follows: the Volmer reaction (b ≈ 120 mV), the
Heyrovsky reaction (b ≈ 40 mV), and the Tafel reaction (b ≈
30 mV).44 For the GE, GE/MoS2, GE/MoS2/FeCl3/D, and GE/
MoS2/FeCl3/L, the Tafel slopes are 140, 118, 117, and 93 mV
dec−1, respectively (see Fig. 5(b)). The GE/MoS2/FeCl3/L exhi-
bits the smallest Tafel slope of 83 mV dec−1, indicating a
Volmer–Heyrovsky reaction.45 Additionally, after 100 HER
cycles, the GE/MoS2/FeCl3/L sample maintained consistent
HER performance, demonstrating good electrochemical stabi-
lity (see Fig. 5(c)).

3. Conclusion

This work presents a simple, novel, scalable, and environmen-
tally friendly approach for the spatially controlled etching and
nanoparticle functionalization of multilayer MoS2 to few-layer

MoS2 with high defect density, achieved by low-intensity
halogen lamp illumination in FeCl3 and CuSO4 solution.
Based on Fenton reactions, this method, validated by Raman
spectroscopy, scanning probe microscopy methods, optical
microscopy, scavenging experiments, and scanning electron
microscopy with elemental mapping, enables light-driven
MoS2 thinning, defect creation and nanoparticle functionali-
zation. We elucidated the mechanism behind photochemical
defect formation and thinning based on the generation of
strongly oxidizing •OH radicals through Fenton reactions.
Furthermore, we demonstrated the spatially selective function-
ality through the simultaneous growth of magnetic nano-
particles at predetermined locations using laser engraving
technology. Our approach improved MoS2 performance in the
HER by introducing defects and metal oxides. In conclusion,
this work provides a novel strategy for thinning of MoS2 to a
monolayer, introducing defects, and achieving metal
functionalization in a single simple processing step compati-
ble with large-scale production, offering potential benefits for
applications in (photo)catalysis and optoelectronics
applications.

4. Materials and methods
4.1. Materials

MoS2 flakes were obtained through mechanical exfoliation of
natural bulk 2H-MoS2 crystals and subsequently deposited on
four substrates: highly oriented pyrolytic graphite (HOPG)
(NT-MDT, Russia), Si/SiO2, indium tin oxide (ITO), and polydi-
methylsiloxane (PDMS) (Gel@Pak, Korea). The FeCl3 salt was pur-
chased from Sigma-Aldrich and used without further purification.

4.2. Atomic force microscopy

Surface morphology and electronic properties were character-
ized using an NTEGRA PRIMA atomic force microscope
(NT-MDT, Russia). Topography and Kelvin probe force
microscopy (KPFM) measurements were performed using
NSG10 and NSG10/Pt tips (NT-MDT, Russia), while magnetic
force microscopy was conducted using MFM01 tips (NT-MDT,
Russia).

Fig. 5 (a) LSV curves of the GE, GE/MoS2, GE/MoS2/FeCl3/D, and GE/MoS2/FeCl3/L samples. (b) Tafel slopes derived from the curves in (a). (c)
Stability test of the GE/MoS2/FeCl3/L sample. The catalyst is still stable after 100 cycles.

Paper Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2025

Pu
bl

is
he

d 
on

 2
2 

A
pr

il 
20

25
. D

ow
nl

oa
de

d 
by

 T
ec

hn
is

ch
e 

U
ni

ve
rs

ita
t C

he
m

ni
tz

 o
n 

4/
23

/2
02

5 
1:

51
:3

1 
A

M
. 

View Article Online

https://doi.org/10.1039/D4NR05278A


4.3. Photoluminescence and Raman spectroscopy

Photoluminescence (PL) and Raman spectra were recorded
using a Raman spectrometer (NT-MDT SI, Russia). All spectra
were recorded using a 532 nm laser with a 100× objective with
1800 or 150 mm−1 gratings for Raman and PL spectra, respect-
ively. Laser power after the objective was 0.1 mW.

4.4. Scanning electron microscopy (SEM)

SEM images and elemental maps were obtained using an
in situ analytical scanning electron microscope, TESCAN
MAGNA (TESCAN, Czech Republic), at 10 kV.

4.5. Laser carving for defect creation

Laser carving of MoS2 flakes was performed using a 532 nm
laser with the power of 12 mW after a 100× objective in air.

4.6. Photoetching experiment

A 10 μL drop of the aqueous solution of the investigated salt was
deposited onto the MoS2 flake and covered with a glass coverslip
to ensure uniform solution distribution and enable optical
imaging. Samples were illuminated using a halogen lamp, Schott
ACE I A20510 (Schott, Germany), at the power of 22.5 W, focused
through a 100× objective. The spectrum of the halogen lamp is
provided in Fig. S4.† After illumination, the coverslip was
removed, and samples were rinsed with distilled water. The terms
of photooxidation and photoetching are the same in our case, as
photooxidation leads to thinner MoS2 flakes.

4.7. Electron paramagnetic resonance (EPR) spectroscopy
experiments

5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was used as a spin-trap-
ping agent. MoS2 was dispersed in water to obtain a concentration
of 2.5 mg mL−1. This dispersion was mixed at a 1 : 1 volume ratio
with 0.1 mM FeCl3. This concentration of FeCl3 minimizes inter-
ference with DMPO. A high amount of DMPO (0.10 g) was added
to stabilize radicals and limit oxidation by Fe3+.

4.8. •OH scavenging experiment

The same experiment as the photo-etching experiment was
conducted using a 10 μL drop of a mixed solution containing
1 mM FeCl3/98% 2-isopropanol (IPA) at a volume ratio of 1 : 1.

4.9. pH measurement experiment

The pH values of 0.05 M MoS2 dispersion, 0.05 M FeCl3 solu-
tion and 0.05 M MoS2/0.05 M FeCl3 dispersion were measured
by a colorimetric method using litmus (Aquanatura, Germany).

4.10. Electrochemical measurements

A graphite electrode (GE) was prepared following a previously
reported protocol.46 The GE/MoS2 working electrode was prepared
by drop-casting 10 µL of MoS2 solution (0.01 g of MoS2 per mL of
ethanol) onto the GE and allowing it to dry. Subsequently, a
small volume (<10 µL) of chloroform was applied to improve
adhesion, followed by drying at room temperature (∼10 minutes)
and then at 49 °C for an additional 10 minutes.

GE/MoS2/FeCl3/D was prepared by immersing the GE/MoS2
electrode in 1 mM FeCl3 for 15 minutes. GE/MoS2/FeCl3/D was
prepared by immersing the GE/MoS2 electrode in 1 mM FeCl3
under halogen lamp illumination for 15 minutes.
Electrochemical HER activity and stability tests were conducted
using a three-electrode cell configuration connected to a potentio-
stat (Corrtest, China). An Ag/AgCl (3.0 M NaCl) and a platinum
wire were used as reference and counter electrodes, respectively.
HER performance was evaluated in aqueous 1.0 M KOH (pH
13.7). Cyclic voltammetry (CV) and LSV were performed by scan-
ning from −0.9 V to −1.8 V vs. Ag/AgCl at a scan rate of 25 mV
s−1. All potentials were converted into the reversible hydrogen
electrode (RHE) scale using the following formula: ERHE = E(Ag/
AgCl) + 0.059 pH + 0.209. Electrochemical stability was tested
over 100 CV cycles across the specified potential range.
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