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-engineering on the basal plane of
ultra-large MoS2 monolayers attached onto
stretchable gold electrodes†

Leonardo H. Hasimoto, ab Ana B. S. de Araujo,ac Cláudia de Lourenço,ac
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and Murilo Santhiago *ab

Strain and defect-engineering methods have been widely used to tune a variety of properties of monolayer

MoS2 towards optical, electronic, mechanical, and electrochemical applications. For electrochemical

applications in the field of energy, i.e. hydrogen evolution reaction (HER), defects act as catalytic sites to

promote this reaction. Thus, the creation of routes that convert the relatively inert MoS2 basal plane into

an HER-active system plays an essential role in this field. In this work, we report an innovative method

that can generate both strain and edge-like defects on ultra-large MoS2 monolayers anchored onto

stretchable gold electrodes. By simply stretching the electrodes, tensile strain, and oriented crack

formation were achieved on the basal plane. Raman, photoluminescence, and atomic force microscopy

experiments confirmed the presence of strain. Simulation of the stretching process reveals the regions

that are more prone to crack, which was experimentally confirmed by scanning electron microscopy and

laser scanning confocal microscopy measurements. Density functional theory studies confirm that

curvature effects alone do not improve significantly the HER activity, thus emphasizing the need to

produce cracks in the MoS2 monolayers to improve the catalytic activity. Finally, the stretch-induced

cracks can reduce the overpotential measured at 10 mA cm−2 to 352 mV. The electrocatalytic activity is

superior when compared to pristine MoS2 and presents remarkable stability up to 500 cycles.
Introduction

Flexible and stretchable electrodes in the energy storage and
conversion elds have gained a lot of interest in recent years
due to the possibility of integrating devices for wearable- and
implantable electronics,1,2 and tuning a variety of properties of
the active material by mechanical strain.3 For instance, fully
stretchable devices such as batteries,4 supercapacitors,5 solar
cells,6 and fuel cells7 have been successfully demonstrated. To
atory, Brazilian Center for Research in

ulo 13083-970, Brazil. E-mail: murilo.

o Paulo 09210-580, Brazil

inas, Campinas, São Paulo 13083-970,

for Research in Energy and Materials

res and Integration of Nanomembranes

09126 Chemnitz, Germany

Rio de Janeiro, Rio de Janeiro, RJ 21941

ESI) available: Additional DFT, XPS, PL,
studies. See DOI:

17338–17349
preserve mechanical stability aer different stretching levels,
judicious electrode design and a proper choice of materials are
mandatory for advanced applications.8 Thus, many different 2D
or 3D electrode geometries combined with metallic and semi-
conductor nanostructured materials are pushing the eld of
stretchable electrochemical devices.1 Among the possibilities,
2D materials have been widely used as an active layer in
stretchable devices due to their remarkable mechanical
properties.

Notable examples of electrode congurations using gra-
phene have been reported since 2009.9 Since then, many
methods to improve graphene synthesis, electrode preparation,
and stretchable electrode design have been described.10 For
example, defect-free and large-area stretchable graphene elec-
trodes are possible due to new growth methods.11 Beyond gra-
phene, transition metal dichalcogenides (TMDs) are a very
interesting class of layered materials that offer a unique catalog
of electronic properties, atomic structure, band gaps, and
electrochemical activity with potential application in the energy
eld.12–15 TMDs present a general formula MX2, where M is
a transition metal atom, and X is a chalcogen atom (typically Te,
Se, or S). Among them, MoS2 is abundant, low-cost, non-toxic,
and it is one of the most studied TMDs. However, the basal
plane is relatively inert for many applications in the energy eld.
This journal is © The Royal Society of Chemistry 2024
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To improve the performance in the region of the largest area of
MoS2, many methods have been reported to create defects that
ultimately work as catalytic sites. For example, batteries,16

supercapacitors,17 and electrochemical hydrogen production
devices18,19 can have their performance enhanced by intro-
ducing defects on the basal plane of MoS2. The most common
types of defects introduced on the basal plane are sulfur
vacancies or edge-like defects.18,20–22 Chemical oxidation,23

electrochemical desulphurization,24 dry etching using laser25

and O2 plasma,26 and wet chemical etching such as NaClO27 and
HNO3,28 to name a few, are widely employed to place defects on
MoS2.

Strain engineering is another remarkable way to modulate
some properties of the basal plane of MoS2, such as the band
gap29 and electrocatalytic activity.30,31 There are many ways to
adjust the strain in MoS2 on exible or rigid substrates.3,32 By
transferring MoS2 onto microfabricated pillars33 or domes34 on
rigid substrates one can tune the strain of the ultrathin layered
material. For exible substrates, for instance, the bending
process can introduce tensile and compressive strain.3 Some of
these routes have been used to tune the electrocatalytic activity
of MoS2 towards hydrogen evolution reaction (HER). In this
case, strain is generated on conductive substrates to perform
electrochemical experiments to interrogate the HER perfor-
mance of MoS2 aer strain engineering. For example, Li and
coworkers showed that by mapping the HER activity using
scanning electrochemical microscopy, strained MoS2 contain-
ing S vacancies presented a superior electron-transfer rate
constant when compared to unstrained defective material.33

The overpotential necessary to drive HER can also be decreased
by regulating the strain on MoS2 using dome-like architec-
tures.35 By using exible electrodes, Rhuy et al. fabricated
surface wrinkles on polystyrene coated with gold to generate
strain on bulk MoS2 and improve the HER performance.36

Another possibility is to bend exible electrodes and tune the
activity of MoS2 for hydrogen production.37 One of the most
used exible substrates to modulate strain in MoS2 is poly-
dimethylsiloxane (PDMS).38–41 However, to the best of our
knowledge, only one work reported so far the strain tuning
through the use of PDMS-based stretchable electrodes for HER
studies. Li and coworkers transferred MoS2 lms onto pre-
strained PDMS/Ti electrodes to investigate the HER perfor-
mance.42 The overpotential was reduced due to the compressive
strain on MoS2 aer releasing the polymer. Thus, the routes
reported so far introduce defects using chemical or physical
methods and generate strain on the monolayer to improve the
performance of MoS2 towards HER. No attempt has been made
to generate defects and induce strain only by modulating the
substrate mechanically, for example, by stretching electrodes
using PDMS.

Herein, we report for the rst time the preparation of ultra-
large MoS2 monolayers with tunable strain and aligned crack
formation by applying uniaxial strain on stretchable gold elec-
trodes. Wavy-like electrodes were prepared on pre-strained
PDMS substrates. The electrodes can be stretched up to 20%
with minimal impact on their electrical properties, enabling the
preparation of MoS2 monolayers using a fast electrochemical
This journal is © The Royal Society of Chemistry 2024
thinning method.43,44 By applying uniaxial strain on the elec-
trodes, we introduce both strain and edge-like defects on MoS2.
The presence of strain was conrmed by Raman spectroscopy,
atomic force microscopy (AFM), and photoluminescence (PL)
experiments, as reported.3 By stretching the substrates up to
20%, we observed the formation of aligned cracks on the basal
plane of MoS2. The theoretical evaluation of the stretchable
system under various mechanical loads revealed the regions of
higher stress on the MoS2 layer, showcasing where cracks are
more likely to form. Laser scanning confocal microscopy
(LSCM) and scanning electron micrographs (SEM) were used to
localize the cracks on the surface. These edge-like defects work
as catalytic sites to improve the HER on the electrodes. We
interrogate the stretchable electrodes by preparing microelec-
trodes to measure only the region of the basal plane. The elec-
trocatalytic activity was remarkably improved aer stretching
the electrodes and DFT studies clearly show that this behavior is
caused by the appearance of cracks in the MoS2 monolayers and
not simply due to variations in strain or curvature on corrugated
surfaces.
Experimental
Stretchable electrode preparation

Polydimethylsiloxane (PDMS) substrates were prepared by
mixing the monomer and the curing agent (10 : 1) using
commercial kit Sylgard 184 (Dow Corning, MI, USA) followed by
a heating ramp on a hot plate: 70 °C/4 min, 80 °C/3 min, 90 °C/
4 min, and 100 °C/3 min.45 The prepared PDMS strips were wet
cleaned using acetone, isopropanol, and de-ionized water. Then
the substrates were stretched (z25%) and subjected to an
oxygen plasma treatment for 15 min at a power of 30% and
pressure of 0.3 mbar (Diener Nano). Subsequently, the PDMS
substrates were allocated in an electron beam system and Ti/Au
layers (20 nm/150 nm) were thermally deposited (AJA Interna-
tional). Aer releasing the electrodes from the stretching
condition, bulk MoS2 crystals (SPI supplies, PA, USA) were
mechanically exfoliated using an adhesive tape (Nitto) and
transferred onto the stretchable electrodes using a melted
sucrose method, as previously described.43,44 In short, sucrose,
sourced from Synth (SP, Brazil), was melted at 250 °C and added
dropwise onto the tape hosting pre-exfoliated bulk MoS2 akes.
Following the solidication of sucrose, the resultant solid piece
was carefully detached, placed on the gold substrate, and sub-
jected to washing with heated (100 °C) de-ionized water. This
procedure facilitated the removal of residual sucrose, leaving
the MoS2 akes adhered to the substrate. For comparison, we
performed the fabrication of conductive gold electrodes on
glass substrates (at electrodes) using the same deposition,
cleaning, and transfer conditions.
Electrochemical thinning and hydrogen evolution reaction
measurements

The stretchable electrodes, containing bulk MoS2 akes,
underwent an electrochemical thinning process to obtain
monolayers of the layered material. The procedure was carried
J. Mater. Chem. A, 2024, 12, 17338–17349 | 17339
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out in a 3-electrode system, wherein the stretchable electrode
was set as the working electrode, an Ag/AgCl electrode as the
reference electrode, and a glassy carbon electrode as the counter
electrode. The electrochemical thinning was carried out in
a 0.5 M H2SO4 solution, employing a PGSTAT-204 model from
AUTOLAB potentiostat (Eco Chemie, Netherlands) interfaced
with NOVA 2.1.6 soware. Initially, chronoamperometry was
conducted by setting the potential at 1.5 V vs. Ag/AgCl for 300 s.
Subsequently, 10 cyclic voltammetric curves were obtained from
−0.1 to +0.5 V at a scan rate of 10 mV s−1.43,44 Following the
electrochemical thinning process, the stretchable electrodes
were either preserved (corrugated samples) or subjected to
stretching to induce edge-like defects formation (stretched
samples) before proceeding to HER measurements. To isolate
the initial basal plane of the MoS2 monolayers, an insulating
resin was employed. HER polarization curves were acquired
using linear sweep voltammetry at a scan rate of 5 mV s−1 in
0.5 M H2SO4, previously purged with N2 for 1 hour. The
potential shi of the Ag/AgCl electrode to the reversible
hydrogen electrode (RHE) was adjusted according to E(RHE) =

Eexperimental + 0.059 pH + 0.198.

Characterization

Topographic images were obtained employing atomic force
microscopy (AFM) with a ParkSystems NX-10 instrument in
a nitrogen (N2) atmosphere. The tapping mode of AFM was used,
employing an FMR probe (NanoSensors) with a nominal reso-
nant frequency of 75 kHz and a constant nominal spring of 2.8 N
m−1. The acquired images underwent processing using Gwyd-
dion soware. Raman spectra were recorded using a 532 nm
laser and a 50× objective lens (XploRA Plus Horiba). Raman
mapping was performed with a step size of 0.75 mm within the
100 to 1100 cm−1 range. Photoluminescence (PL) measurements
were conducted with an XploRA Plus Horiba instrument,
employing a 532 nm laser and a 50× objective lens, in the
wavelength range of 535 to 730 nm. X-ray photoelectron spec-
troscopy (XPS) analysis were carried out using a Thermo Scien-
tic Ka spectrometer (U.K.) with a spot size of 50 mm, pass energy
of 50 eV, and energy step size of 0.1 eV. Scanning electron
microscopy images were obtained using a FEI Quanta 650 FEG
microscope with an operating voltage of 5 kV. SEM-tilted images
were obtained at an angle of 67°. A 3D laser scanning confocal
microscope (LSCM) from Keyence, model VK-X200 series, Osaka,
Japan was used to obtain information about the surface rough-
ness and the areas of the electrodes. Optical images, both before
and aer the thinning process, were captured using a Zeiss
Microscope Icc5 at different magnications.

Finite-element method (FEM) simulation

The stretchable PDMS/MoS2 system was modeled using the
nite-element method to calculate the strain distribution along
the MoS2 layers, that results from the elongation previously
applied in the PDMS substrate. The calculation was performed
using the structural mechanics module of COMSOL Multi-
physics, which computes the strain levels, deformations, and
mechanical compliance dynamically.46 The PDMS substrate
17340 | J. Mater. Chem. A, 2024, 12, 17338–17349
geometry was constructed to represent the real samples,
featuring the surface peak and valley regions that repeat with
az 20 mm spatial periodicity and display az 10 mmhigh peak-
to-valley distance. To optimize the computation time, only part
of the wrinkled sample was constructed. Thereby, we employed
periodic boundary conditions at the bottom- (xy) and lateral (xz)
surfaces of the simulated volume. The mechanical properties of
MoS2 and PDMS were set in agreement with the soware library
(viz. MoS2- and PET properties, respectively). For our calcula-
tion, the le side of the simulated geometry was kept xed,
whereas the other boundaries were set free to move. The
substrate was stretched along the x-axis direction. Then, the
MoS2 layer's rst principal strain was computed at every small
volume domain at zero and 20% PDMS elongation. The results
were plotted along the corresponding deformed shapes.
DFT calculations

The theoretical description at atomic level of the at and corru-
gated MoS2 pristine monolayers (i.e. no defects or vacancies in
the basal plane) was performed by rst-principles calculations
using density functional theory (DFT)47,48 as implemented in the
Vienna “ab initio” simulation package (VASP).49 The exchange–
correlation functional described by Perdew, Burke, and Ernzer-
hof (PBE)50 under the generalized gradient approximation (GGA)
is used for the calculation of structural and electronic properties.
The interactions between the valence electrons and the ionic
cores are treated within the projector augmented wave (PAW)
method.51,52 The Brillouin Zone (BZ) integrations are performed
using a 8 × 8 × 1 G-centred Monkhorst–Pack sampling53 mesh
for the structural optimizations.

The electronic wave functions are expanded on a plane-wave
basis with an energy cutoff of 600 eV. To facilitate the
construction, comparison, and analysis of the at and corru-
gated MoS2 pristine supercells, we use an orthorhombic
supercell with 4 × 10 lateral periodicity in the x–y plane and
a vacuum region of about 16 Å inserted along the z-direction.

To build a corrugated MoS2 model that mimics the same
curvature as obtained experimentally, we approximate the
corrugation prole by a sine function (see Fig. S1a†). By de-
nition, the local curvature (k) is given by:

k ¼ y
00

�
1þ ðy0 Þ2

�3=2
(1)

where y0 and y00 are respectively the rst and second-order
derivatives of the corrugation prole. From the tted sine
function, the calculated curvature from experiments has an
amplitude of 0.5 mm−1 (see Fig. S1b†). Thus, the theoretical
corrugated model was built to replicate this curvature, even
though the period and amplitude of the model prole are much
smaller than the experimental one. The curvature of the theo-
retical corrugated model aer the structural relaxation process
can be seen in Fig. S1c.†

The theoretical performances for the HER of the at and
corrugated MoS2 monolayers were estimated from Gibbs free
energy of adsorbed hydrogen (DGH*) in all Mo (molybdenum)
This journal is © The Royal Society of Chemistry 2024
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and S (sulfur) sites using the single atom catalysis (SAC)
approach.54 The DGH* in this approach is dened as

DGH* = Eads + DEZPE − TDSH* (2)

where T is the temperature, DEZPE and DSH* are respectively the
change in zero-point energy and entropy between atomic
hydrogen adsorption and hydrogen in the gas phase standard
state (300 K and 1 bar). Here, we approximate the entropy of
hydrogen adsorption as DSH� z

1
2
S0H2

, where S0H2
is the entropy

of gas phase H2 under standard conditions. In this work DEZPE
for all Mo and S sites of corrugated MoS2, according to the
following expression.

DEZPE ¼ DE
ðMoS2þHÞ
ZPE � DE

ðMoS2Þ
ZPE � 1

2
EH2

ZPE (3)

DEðMoS2þHÞ
ZPE is the zero-point energy of one hydrogen atom

adsorbed on MoS2 monolayer, DEðMoS2Þ
ZPE is the zero-point energy

of the MoS2 monolayer and EH2
ZPE is the zero-point energy of the

H2 molecule in the gas phase. Eads is the hydrogen binding
energy and can be dened as

Eads ¼ EðMoS2þHÞ � EðMoS2Þ �
1

2
EðH2Þ (4)
Fig. 1 (a) Fabrication process of the stretchable gold electrodes: (i) PDM
metallic layer deposition; (ii) Ti/Au layers deposition in electron beam ch
layers. (b) Picture of the flexible and stretchable electrode fabricated. (c
schematic representation of the wrinkled pattern of the surface; (iii) pictu
surface of the electrode after applying tensile strain. (d) Normalized c
stretchable electrode (e) after releasing pre-strain and (f) with tensile strai
obtained from the indicated areas (blue and red squares in e and f, respec
through the creation of new edge-like sites.

This journal is © The Royal Society of Chemistry 2024
where E(MoS2+H) is the total energy of the MoS2 monolayer with
one hydrogen atom adsorbed, E(MoS2) is the total energy of the
MoS2 monolayer and E(H2)

is the total energy of the H2 molecule
in the gas phase.
Results and discussion

Fig. 1a describes the fabrication process of the stretchable gold
electrodes using PDMS as an elastomeric material. We fabri-
cated holders using a 3D printer to keep the elastomer stretched
at controlled levels. One of the challenges to fabricating
stretchable conductive electrodes is to keep the thin metal lms
attached to PDMS due to the low surface energy of the poly-
mer.55 Oxygen plasma treatment is widely employed to adjust
PDMS surface properties.55,56 PDMS undergo chemical modi-
cations on its surface, mainly by forming oxygenated chemical
groups due to reaction with oxygen radicals.57 We conrmed the
introduction of oxygen-rich functionalities by performing XPS
analysis aer the plasma treatment. Fig. S2† shows the forma-
tion of new Si–O and C–O groups on the surface. In addition, the
overall chemical composition of oxygen increased by z100%
(Table S1†). Aer plasma treatment, we immediately transfer
the samples to the deposition chamber to prepare the
S substrates are stretched and subjected to oxygen plasma before the
amber; (iii) stretchable gold electrode with Ti (20 nm) and Au (150 nm)
) (i) Picture of the stretchable electrode after releasing pre-strain; (ii)
re of the stretched gold electrode; (iv) schematic representation of the
onductance x tensile strain (%). LSCM images were obtained for the
n applied. The scale bars in (e) and (f) are 100 mm long. (g) Linear profiles
tively). (h) Schematic representation of the expected HER improvement

J. Mater. Chem. A, 2024, 12, 17338–17349 | 17341
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conductive layer. Aer deposition of Ti/Au and strain release,
the resulting electrode is exible, as can be seen in Fig. 1b. In
addition, due to preparation conditions, the electrode is
stretchable. Fig. 1c(i and ii) illustrates a picture of the electrode
and the wrinkled pattern observed aer releasing the pre-strain.
When a stiff lm is attached to a pre-strained substrate, wrin-
kles are formed upon pre-strain release.58 By applying a tensile
strain on the electrodes, as shown in Fig. 1c(iii and iv), the
corrugated gold electrodes can be stretched by expanding the
wavy-like patterns. To conrm that electrical properties were
preserved aer stretching we measured normalized conduc-
tance as a function of tensile strain, as illustrated in Fig. 1d. As
can be observed, a minimal impact on the electrical properties
up to z20% of strain highlights the stability of the conductive
layer upon stretching.

The corrugated gold lm that ensures high stretchability and
preserves electrical properties can be better visualized in Fig. 1e
and f by LSCM images. Aer pre-strain release, the elastomer
returns to its unstrained state leading to the formation of wavy
structures. The amplitude (A0) and wavelength (l0) were 5.0 mm
and 9.5 mm, respectively, by measuring the linear proles on the
LSCM images, as shown in Fig. 1g. The obtained values are
higher when compared to other works, thus ensuring the
stretchability of the wrinkled electrodes.59 When the electrodes
are stretched, the wavelength and amplitude on the interface
buckles gradually increased and decreased, respectively.
Further stretching up to z25% of applied strain led to the
formation of a at gold lm, as shown in Fig. 1g. Thus,
considering that an effective strain up to 11% is necessary to
promote the rupture of MoS2 monolayers,60 this work highlights
a new method to introduce edge-like defects by applying
uniaxial tensile strain at 20%. Since MoS2 edges are catalytic
sites, it is expected an improved electrocatalytic activity toward
Fig. 2 (a) Bulk MoS2 flake adhered onto the corrugated gold surface. (b) M
process. Scale bars in panels a and b are 25 mm long. (c) High magnificatio
in b. Scale bar in c: 50 mm. (d) LSCM images obtained for thinnedMoS2 (0%
20%) and after releasing the electrode from the stretching condition (stra
and valley of the wavy-like electrode, respectively. (e) Finite-element simu
system. The system domain geometry considered in the calculation i
stretchable substrate. (i) The domain edges, materials, and volumetric me
stretched along the x-axis direction, whereas the MoS2 layer strain com
first principal strain along the MoS2 layer (color scale) is shown at two su

17342 | J. Mater. Chem. A, 2024, 12, 17338–17349
HER aer stretching the monolayers, as schematically shown in
Fig. 1h.

The ultra-large MoS2 monolayers are prepared using
a simple and fast electrochemical thinning method recently
reported.43,44 This method is being reported for the rst time on
corrugated gold lms. In brief, we transfer bulk akes onto gold
electrodes using sucrose. Fig. 2a shows the bulk MoS2 akes
adhered to the corrugated gold lm. The light grey color indi-
cates the multilayer nature of the layered material. Aer elec-
trochemical thinning, the color of the MoS2 crystals changes to
light yellow, thus conrming the reduction of layer number, as
illustrated in Fig. 2b. The high magnication image of the ultra-
large area thinned MoS2 layer can be visualized in Fig. 2c, where
the monolayer adapts to the peaks and valleys of the curved
surface. The large area of the basal plane is of fundamental
importance for electrochemical studies on the basal plane, as
will be shown ahead. Next, we employed LSCM to follow the
introduction of edge-like defects on the basal plane on MoS2.
The markers (*) and (**) in Fig. 2d indicate the peaks and the
valleys of the wavy-like patterns, respectively. We created strain
at the MoS2 monolayers by stretching the electrodes perpen-
dicularly to the grooves. We held the electrode at 20% strain and
obtained the image to highlight the cracks formed in this step.
The edge-like defects follow the region of the valleys. Additional
stretching cycles can be performed to tune the insertion of
defects until the stage of bringing the electrode back to its
unstrained initial condition.

We conducted nite-element calculations to evaluate the
structural mechanical properties related to the strain relaxation
of the MoS2 layer. We were interested in the strain-transfer
events that occur when the PDMS substrate is stretched,
which may result in oriented cracks in the MoS2 layer. Our
model consists of a MoS2 layer lying on a wrinkled PDMS
oS2 monolayer on the gold surface after the electrochemical thinning
n image of the ultra-large thinned MoS2 layer from the squared region
strain), after stretching the electrode at approximately 20% (strained at
in release). Scale bars are 10 mm long, whereas (*) and (**) are the peak
lation of the strain-transfer properties within the wrinkled PDMS/MoS2

s composed of the MoS2 layer lying on the wrinkled surface of the
sh configuration are showcased. For the calculation, the substrate was
pliance was computed at every small volume domain. The normalized
bstrate-stretching conditions: (ii) zero and (iii) 20% elongation.

This journal is © The Royal Society of Chemistry 2024
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substrate. Fig. 2e illustrates the simulation results with the
sample geometry and calculated strain distributions. The
material's volumetric domains and mesh structures are dis-
played in Fig. 2e(i). When the substrate is not stretched, the
strain transferred to the MoS2 layer is negligible, as shown in
Fig. 2e(ii). However, when the substrate is stretched, as indi-
cated in Fig. 2e(iii), strain is transferred to the monolayer. The
same gure shows that a strain gradient occurs in the MoS2
layer along the wrinkles of the PDMS substrate. Our calculations
indicate that the edges of the MoS2 layer receive the least
amount of strain transfer (z20% of the maximum strain, as
shown on the le or right-hand side of Fig. 2e(iii)). The peaks
display intermediate strain transfer to the MoS2 layer, i.e.,
z50% of the maximum value achieved in the simulation. The
substrate's valley regions experience the most critical amount of
transferred strain. At this location, the MoS2 layer is subjected
to the highest levels of mechanical stress upon substrate elon-
gation (Fig. 2e(iii)). Therefore, our theoretical evaluation of the
stretchable PDMS/MoS2 system suggests that valleys are more
suitable for producing fractures in the MoS2 layers than the
peaks or edge regions. As shown in Fig. 2e(iii), the formation of
fractures is expected to follow the valley patterns, where the
MoS2 layer may not display enough mechanical compliance to
hold out the amount of transferred strain from the elongated
PDMS. Our structural mechanics' ndings reveal that the use of
wrinkled-surface PDMS substrates may be a feasible way to
produce well-oriented periodic cracks in MoS2 mono- and
multilayers intentionally. In addition, the wavy-like patterns can
Fig. 3 (a) Raman spectra of (i) MoS2 monolayer on a flat gold electrod
a corrugated gold surface after strain releasing. (b) Raman maps of stretc
releasing the strain. Panels i and iii refer to E2g

1; panels ii and iv refer t
luminescence spectra of (i) MoS2 monolayer on a flat gold electrode;
a corrugated gold surface after strain releasing.

This journal is © The Royal Society of Chemistry 2024
be tuned using other experimental conditions, as shown in
Fig. S3.†

One of the most used techniques to characterize MoS2 is
Raman spectroscopy. By obtaining Raman spectra one can
determine phase change,61 presence of defects,44,62 and number
of layers.63 Fig. 3a(i) shows the Raman spectra obtained in the
basal plane of electrochemically thinned MoS2 attached to a at
Au electrode. The spectra show the presence of two main peaks
in the range investigated, the E2g

1(385.3 cm−1) and A1g
(405.3 cm−1). The former corresponds to in-plane vibration
while the latter is an out-of-plane Raman active mode of MoS2.
The monolayer nature was conrmed by obtaining the
frequency difference between the two modes. The obtained
value was 20 cm−1, which is in agreement with reported values
for monolayer MoS2.64 Next, we applied a uniaxial strain
(z20%) on the electrode and obtained Raman spectra on the
basal plane located on the top of the peaks of the corrugated
pattern, as shown in Fig. 3a(ii). The frequency difference below
21 cm−1 on the basal plane on the top of the peak (E2g

1 −
385.2 cm−1 and A1g − 406.0), conrms the successful thinning
process on MoS2 located on the wavy-like patterned electrode.
Aer releasing the applied strain, we notice a red shi in both
Raman peaks in the spectra in Fig. 3a(iii) (E2g

1− 383.0 cm−1 and
A1g − 404.3). Such a shi is commonly associated with the
presence of tensile strain in MoS2 layers.65 Raman maps at 20%
of strain and aer strain release are shown in Fig. 3b for the
position of the E2g

1 and A1g modes of MoS2 (Fig. 3b(i) and (ii),
respectively). We employed the same locationmarkers of Fig. 2d
e; (ii) MoS2 monolayer on a stretched electrode (z20%); (iii) MoS2 on
hable electrodes (i and ii) with uniaxial strain applied and (iii and iv) after
o A1g Raman modes. Raman maps are 37.4 mm × 2.1 mm. (c) Photo-
(ii) MoS2 monolayer on a stretched electrode (z20%); (iii) MoS2 on

J. Mater. Chem. A, 2024, 12, 17338–17349 | 17343
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Fig. 4 (a) SEM image of a MoS2 monolayer on a stretched electrode
revealing cracks formation and wrinkled structure (red arrows). Scale
bar: 25 mm. (b) AFM image of MoS2 monolayers after stretching and
releasing the substrate. (c) Line profile of the indicated regions in panel
b. Green arrows indicate sharp regions. (d) AFM image of a MoS2 on
a stretchable electrode before subjecting to uniaxial tensile strain. (e)
Line profile of the indicated regions in panel d. Scale bars in panels
b and d: 1 mm.
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to identify the valleys and peaks of the electrode. By holding the
electrode at 20% of strain we can observe the absence of Raman
signal in the valleys due to the rupture of the monolayer, in
agreement with the LSCM image illustrated in Fig. 2d. Aer
strain release of the electrode, both E2g

1 and A1g are red-shied
indicating that the area of the basal plane is strained (Fig. 3b(iii)
and (iv), respectively).

Another way to conrm the monolayer nature of MoS2 and
monitor the presence of strain is by using photoluminescence
(PL) experiments. Due to changes in the electronic band gap
from indirect (bulk) to direct (monolayer), the three-atom thick
material presents remarkable photoluminescence when
compared to multilayer MoS2.66 Fig. 3c(i) shows the PL spectra
obtained in the basal plane of MoS2 obtained in a at electrode.
A high-intensity peak located at 665 nm is attributed to exciton
A, as reported for the MoS2 monolayer. In addition, the small
peak at z620 nm that can be observed in the spectra is
attributed to exciton B, as reported previously.67 Fig. S4† shows
a zoom-in of the spectra in the ESI le† to highlight the pres-
ence of the small peak. From the PL spectra obtained on the
basal plane located on the top of the peak at 20% of strain and
aer strain release, a red shi of the exciton A peak is observed
in Fig. 3c(ii and iii), from 673 nm to 687 nm, respectively. These
results align with the Raman experiments, which conrmed the
presence of strain on the peaks of the wavy-like patterns.
Another feature that highlights the inuence of strain in the
monolayer is the intensity of the exciton A peak.68 It has been
reported that uniaxial tensile strain decreases the intensity of
the A peak,29 which can also be seen in our case in Fig. 3c. In
addition, the red shi in the PL peaks is an indication of the
reduction of the band gap of MoS2 monolayer due to the applied
strain.68 Thus, by applying and releasing strain in the Au-PDMS
electrode it is possible to tune the band gap of MoS2.

A remarkable aspect of the defect-engineering step promoted
by stretching the electrodes is that aer releasing strain in PDMS,
it promotes an additional inuence of strain on the MoS2
monolayers, as conrmed by Raman and PL experiments.
Compressive and tensile strain can be generated on MoS2
monolayers by manipulating the mechanical properties of the
exible substrate, i.e. bending or stretching the polymer.3 In our
case, we observed a progressive red shi in Raman and PL
spectra, which is indicative of tensile strain on the MoS2
monolayer.33,68–71 Uniaxial tensile strain on monolayer 2D mate-
rials has been observed on wrinkled structures formed on ex-
ible65 and rigid72 substrates. Thus, we performed additional
investigation to verify the formation of strained regions on the
MoS2 basal plane. Fig. 4a shows the SEM image of the stretched
electrode. It is possible to notice the presence of wrinkled
structures on the basal plane of MoS2. To investigate topography
changes, we obtained AFM images and line proles on the top of
the basal plane before and aer the stretching process. Fig. 4b
and c show the AFM image and the line proles of the selected
areas, respectively, aer stretching and releasing strain on the
substrate. The mapped region in Fig. 4b reveals that the basal
plane contains many regions where the valley-to-peak distance is
more pronounced. This feature can be better visualized in the
line proles illustrated in Fig. 4c, where many sharp regions
17344 | J. Mater. Chem. A, 2024, 12, 17338–17349
indicated by the green arrows are seen in the graph. It is
important to note that such “sharp” regions are not visualized on
the MoS2 basal plane before the uniaxial tensile strain, as indi-
cated by the control images illustrated in Fig. 4d and e. We
inserted the AFM image and line proles for the PDMS-Au in the
SI le for comparison (Fig. S5†). Our results indicate that aer
stretching and releasing the electrode, wrinkles are formed on
the basal plane, which explains the additional impact of strain
detected by Raman and PL experiments.

The introduction of valley-oriented edge-like defects on the
basal plane of MoS2 by exploring the mechanical properties of
stretchable electrodes is unique in this work. Other reported
techniques can generate edge-like defects and ne-tune some
properties of MoS2 monolayer. For example, by using an AFM
tip and pressing a free-standing MoS2 monolayer it is possible
to generate strain and induce crack formation.73 While strain
can be ne-tuned using the tip, the direction of crack formation
is hard to control on free-standing monolayers. On the other
hand, defects on supported MoS2 monolayer can be achieved
using thermochemical scanning probe lithography.74 High-
resolution techniques such as transmission electron micros-
copy enable precise creation and observation of cracks on the
basal plane,75 however, the technique is time-consuming and
This journal is © The Royal Society of Chemistry 2024
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not appropriate for defect patterning in ultra-large areas. The
most used patterning methods to generate active edges onMoS2
are based on lithography combined with wet or dry etching
processes.76,77 In such methods, the photoresist or polymethyl
methacrylate (PMMA) can cause contamination of the catalytic
sites or undesirable oxidation.78,79 Another challenge is to assess
the basal plane to measure the HER activity without contami-
nating the edge-like active sites.

To interrogate the MoS2 basal plane towards HER, we
employed a recently reported two-step method to isolate only the
region where the defects are introduced.44 In brief, the method
consists of approaching an insulating resin with the aid of an
optical microscope and curing the resin without the need to
spread thematerial over the entire surface. Thus, the pristine and
defect-engineered MoS2 basal plane can be evaluated without
Fig. 5 (a) Schematic representation of the electrode preparation and el
after electrochemical thinning process; (ii) uniaxial tensile strain promote
(iii) after the formation of cracks, the electrode is released from the tensil
basal plane; (v) the isolatedmicroelectrode is applied as theworking elect
to perform the measurements. (b) HER polarization curves obtained in H2

corrugated and stretched electrodes. (c) Tafel plots from the HER polariza
voltammetry curves for the defective electrodes. (e) Top and side views o
corrugatedMoS2monolayers. The purple and yellow colors correspond to
employed in this work are indicated at the bottom. The 1st scan in d is t

This journal is © The Royal Society of Chemistry 2024
unintentional surface changes, as described above. Fig. 5a illus-
trates the overall schematic process for stretch-induced defects,
microelectrode preparation, and electrochemical measurements.
Aer stretching the electrodes, the resin was applied to isolate
the basal plane. Fig. S6† shows the LSCM image of the electrode.
The basal plane of the at and corrugated MoS2 shows poor
electrocatalytic activity due to the lack of active sites, as demon-
strated by our DFT calculations below. However, aer generating
edge-like defects by stretching the electrodes, the overpotential to
achieve 10 mA cm−2 was remarkably reduced to 352 mV (Fig. 5b).
In addition, the stretched electrodes showed the lowest Tafel
slopes, indicating faster kinetics in the HER process (Fig. 5c).
Another key parameter when investigating the electrocatalytic
activity of modied electrodes is long-term stability. We per-
formed successive cycling using the defect-engineered electrode
ectrochemical experiments: (i) MoS2 onto stretchable gold electrodes
s the formation of cracks oriented in the “valley” regions of the surface;
e strain; (iv) an insulating resin is applied to isolate what was initially the
rode in a three-electrode system and H2SO4 0.5M solution is deposited
SO4 0.5 M at 5 mV s−1. The surface topography was considered for the
tion curves. (d) Stability tests performed after 250 and 500 linear sweep
f the optimized geometry of a 4 × 10 supercell for pristine (i) flat and (ii)
the atomsMo and S, respectively. The a, b, and c axes of the supercells

he same represented in b for the stretched sample.
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and observed that the electrode is stable up to 500 cycles, as seen
in Fig. 5d. The slight improvement in the HER activity aer
cycling stability may be related to desulfurization of the basal
plane.36 The Raman and PL spectra obtained on the region of the
basal plane, showed the typical features of MoS2 aer stretching
and electrochemical long-term stability, as shown in Fig. S7.†
Since minor changes were observed in Raman and PL spectra,
XPS measurements were performed before and aer cycling the
electrodes, as illustrated in Fig. S8.† The results indicated an
increased amount of oxidizedMo. As previously stated, MoS2 can
react with oxygen under ambient conditions,80 in addition,
wrinkles and strained regions present higher chemical reac-
tivity.31 Aer stretching the samples, new edge sites and wrinkled
regions are formed (Fig. 4a) which may favor the formation of
additional active sites in MoS2 during electrochemical cycling.
Such unintentional chemical changes may be favoring the
increased reactivity in a small extent.

By observing the results shown in Fig. 5b, the stretched elec-
trodes displayed the best performance among the three studied
conditions due to the presence of edge-like defects, as described
above. In addition, the edges created by stretching the electrodes
are more stable than edges patterned by Ga+ beam44 and present
superior electrocatalytic activity when compared to exposed
edges tuned by O2 plasma etching.81 The enhancement of HER
activity due to edge-like defects in MoS2 monolayers is well-
documented.81–83 However, it may be surprising that curvature
effects have very little effect in enhancing HER. To understand
this behavior, we performed DFT calculations to understand the
similar electrocatalytic activity between rigid and corrugated (not
stretched) MoS2 monolayers. For this analysis, at and corru-
gatedMoS2monolayers, both pristine, were built and can be seen
in Fig. 5e. It is well-known that for an ideal hydrogen catalyst, the
Gibbs free energy of hydrogen adsorption (DGH*) should be
approximately zero (DGH* z 0),84 since the overpotential (h) is
related to DGH* by h = jDGH*j/e,85 where e is the elementary
charge. Thus, we determine the HER activity of the at and
corrugated MoS2 monolayers by calculating the DGH* in the
single atom catalyst (SAC) approach54 for all molybdenum (Mo-)
and sulfur (S-) sites in the model structures (see Fig. 5e). For the
at MoS2 (Fig. 5e(i)) monolayer we nd that jDGMo

H* j z 2.1 eV for
the Mo-sites and jDGS

H*j z 1.76 eV for the S-sites, and which are
in agreement with the results found in the literature.18,20 In the
case of corrugated MoS2 monolayer (Fig. 5e(ii)), we obtain
respectively jDGMo

H* jz 2.3 and jDGS
H*jz 1.82 eV. Therefore, there

is no substantial variation of Gibbs free energies due to curvature
alone, in agreement with HER polarization curves, where in both
cases (at and corrugated) HER polarization have the same
behavior and do not exhibit good HER efficiency. These results
show that the corrugation does not have inuence in HER effi-
ciency for pristine systems. In the case of stretched MoS2
monolayer, the best performance in HER is related to the
formation of edge-like defects in the basal plane.

Conclusions

In conclusion, we reported for the rst time the formation of
edge-like defects in ultra-large MoS2 monolayers by stretching
17346 | J. Mater. Chem. A, 2024, 12, 17338–17349
gold electrodes. The wavy-like electrodes can be stretched up to
20% with minimal impact on their electrical properties, thus
ensuring proper conditions for the defect engineering step. The
electrochemical thinning process enables the fast and simple
preparation of ultra-large area MoS2 monolayers attached to the
corrugated electrodes. By applying uniaxial tensile strain
exceeding the mechanical compliance of MoS2 monolayers, the
generation of oriented cracks that follow the valleys of the
electrode was demonstrated. Simulations conrmed that the
regions on the bottom of the valleys were more prone to crack,
due to the large strain in this region. Raman and PL experi-
ments conrmed the presence of strained areas aer stretching
the electrodes, and such strained regions were attributed to the
formation of wrinkled regions as shown by SEM and AFM
images. The electrocatalytic activity of the electrodes was
measured by isolating only the basal plane, and a remarkable
decrease of overpotential to 352 mV was observed when
measured at 10 mA cm−2. In addition, the electrodes are stable
aer long-term cycling. DFT studies reveal that curvature alone
has minor effects on HER activity since the Gibbs free energy of
adsorption was similar comparing at and corrugated elec-
trodes without defects, in agreement with experiments.

Our route opens a new possibility to generate edge-like
defects on MoS2 monolayers by stretching the electrodes. The
fabrication method is scalable, and the area of the electrodes
can be further tuned. While signicant effort has been made
using MoS2 monolayers for stretchable electronics,86–88 this is
the rst work that illustrates key features to create defects and
improve the electrocatalytic activity of stretchable electrodes.
Thus, we expect that this toolbox can be expanded to other 2D
materials and drive discoveries in the eld. We believe that by
making some adjustments it will be possible to perform bi-axial
strain to increase the number of defects and/or create other
corrugated patterns. Further work will be undertaken by
combining the mechanical properties of the electrode and
defect-engineering steps on the basal plane.

Data availability

All data obtained will be stored on the researcher's personal
computer, in cloud services (One Drive), and in the repository of
the Brazilian Center for Research in Energy and Materials
(CNPEM). Files saved in the three locations above described will
be organized as follows: technique >measurement date > sample
> experimental conditions, to facilitate quick location. Records
noted as sample preparation and experimental conditions will be
made in an laboratory notebook that belongs to the research
center, which will be available for internal and external consul-
tation. Additional data were also inserted in the ESI le. †
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45 S. Damasceno, C. C. Corrêa, R. F. Gouveia, M. Strauss,
C. C. B. Bufon and M. Santhiago, Adv. Electron. Mater.,
2019, 6, 1900826.

46 L. Merces, R. F. De Oliveira and C. C. Bof Bufon, ACS Appl.
Mater. Interfaces, 2018, 10, 39168–39176.

47 W. Kohn and L. J. Sham, Phys. Rev., 1965, 140, A1133–A1138.
48 G. Kresse and J. Furthmüller, Phys. Rev. B: Condens. Matter

Mater. Phys., 1996, 54, 11169–11186.
49 J. Hafner, J. Comput. Chem., 2008, 29, 2044–2078.
50 J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett.,

1996, 77, 3865–3868.
51 P. E. Blöchl, Phys. Rev. B: Condens. Matter Mater. Phys., 1994,

50, 17953–17979.
52 G. Kresse and D. Joubert, Phys. Rev. B: Condens. Matter Mater.

Phys., 1999, 59, 1758–1775.
53 H. J. Monkhorst and J. D. Pack, Phys. Rev. B: Solid State, 1976,

13, 5188–5192.
54 J. K. Nørskov, T. Bligaard, A. Logadottir, J. R. Kitchin,

J. G. Chen, S. Pandelov and U. Stimming, J. Electrochem.
Soc., 2005, 152, J23.

55 D. W. Kim, M. Kong and U. Jeong, Adv. Sci., 2021, 8, 2004170.
56 C.-Y. Li and Y.-C. Liao, ACS Appl. Mater. Interfaces, 2016, 8,

11868–11874.
17348 | J. Mater. Chem. A, 2024, 12, 17338–17349
57 B. Jiang, H. Guo, D. Chen and M. Zhou, Appl. Surf. Sci., 2022,
574, 151704.

58 Y. Ma, Y. Xue, K.-I. Jang, X. Feng, J. A. Rogers and Y. Huang,
Proc. R. Soc. A, 2016, 472, 20160339.

59 B. Wang, S. Bao, S. Vinnikova, P. Ghanta and S. Wang, npj
Flexible Electron., 2017, 1, 5.

60 S. Bertolazzi, J. Brivio and A. Kis, ACS Nano, 2011, 5, 9703–
9709.

61 N. Moses Badlyan, N. Pettinger, N. Enderlein, R. Gillen,
X. Chen, W. Zhang, K. C. Knirsch, A. Hirsch and
J. Maultzsch, Phys. Rev. B, 2022, 106, 104103.

62 K. Ye, K. Li, Y. Lu, Z. Guo, N. Ni, H. Liu, Y. Huang, H. Ji and
P. Wang, TrAC, Trends Anal. Chem., 2019, 116, 102–108.

63 C. Lee, H. Yan, L. E. Brus, T. F. Heinz, J. Hone and S. Ryu,
ACS Nano, 2010, 4, 2695–2700.

64 H. Li, Q. Zhang, C. C. R. Yap, B. K. Tay, T. H. T. Edwin,
A. Olivier and D. Baillargeat, Adv. Funct. Mater., 2012, 22,
1385–1390.

65 A. Castellanos-Gomez, R. Roldán, E. Cappelluti,
M. Buscema, F. Guinea, H. S. J. Van Der Zant and
G. A. Steele, Nano Lett., 2013, 13, 5361–5366.

66 K. F. Mak, C. Lee, J. Hone, J. Shan and T. F. Heinz, Phys. Rev.
Lett., 2010, 105, 136805.

67 K. K. Paul, L. P. L. Mawlong and P. K. Giri, ACS Appl. Mater.
Interfaces, 2018, 10, 42812–42825.

68 H. J. Conley, B. Wang, J. I. Ziegler, R. F. Haglund,
S. T. Pantelides and K. I. Bolotin, Nano Lett., 2013, 13,
3626–3630.

69 C. K. Tan, W. C. Wong, S. M. Ng, H. F. Wong, C. W. Leung
and C. L. Mak, Vacuum, 2018, 153, 274–276.

70 C. Rice, R. J. Young, R. Zan, U. Bangert, D. Wolverson,
T. Georgiou, R. Jalil and K. S. Novoselov, Phys. Rev. B:
Condens. Matter Mater. Phys., 2013, 87, 081307.

71 H. Li, A. W. Contryman, X. Qian, S. M. Ardakani, Y. Gong,
X. Wang, J. M. Weisse, C. H. Lee, J. Zhao, P. M. Ajayan,
J. Li, H. C. Manoharan and X. Zheng, Nat. Commun., 2015,
6, 7381.

72 N. Sakai, M. Suzuki and T. Sasaki, Adv. Mater. Interfaces,
2022, 9, 2102591.
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