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ABSTRACT
The raindrop triboelectric nanogenerator (RD-TENG) is an emerging technology that is designed to harvest energy from raindrops.
This application requires materials with a negative triboelectric effect, high surface charge density, mechanical flexibility, and a
large surface area, which are key characteristics of 2D materials. However, fundamental research is necessary to understand the
potential of 2D materials in this context. This study introduces all-2D-based RD-TENG devices using graphene and transition
metal dichalcogenide (TMD) nanosheets. Liquid phase exfoliation (LPE) and liquid cascade centrifugation are used for nanosheet
preparation and size selection. The TENGs are fabricated through a rapid, low-cost solution deposition technique based on liquid-
liquid interface deposition, which allows screening of different active films and device geometries. Among the tested layered
materials, medium-sized molybdenum disulfide (MoS2) nanosheets (average lateral size≈160 nm, volume-fraction weighted
average layer number ≈9) exhibit the highest short-circuit current (µA per drop) and voltage (mV per drop) output due to their
most suited electron affinity, capacitance, and surface charge exchange properties. The variations in the performance of the TMD
films are further evaluated with X-ray photoelectron spectroscopy (XPS), showing the influence of oxidation differences on charge
transfer and charge decay time.
1 Introduction

Rapidly growing economy/population raises energy demands,
making the development of alternative methods to generate
green and renewable energy one of today’s most important
research questions. Although several technologies are already
on the market, some possible energy sources remain unused,
as technologies are still in the early development stages. Tri-
boelectric nanogenerators (TENGs) are among these promising
early development strategies [1]. The TENG converts mechanical
motions into electrical energy through triboelectricity, a process
in which materials gain or lose electrical charges when they
come into contact [2]. The charge transfer occurs through contact
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electrification and electrostatic induction [3]. TENG devices are
typically composed of metal contacts and triboelectric films,
however, they can operate in various modes, including single-
mode contact, double-mode contact, sliding, and triboelectric
freestanding layers [4]. This versatility in geometry allows TENGs
to be applied to a wide range of applications [4].

Recent advancements in TENGs have led to the design of
raindrop-based TENGs (RD-TENGs), which were first described
in 2014 and harvest energy from raindrops [5]. Unlike traditional
TENGs, RD-TENGs rely significantly on surface properties to
enhance performance [6]. Most currently reported RD-TENGs
use polymer structures due to their simple fabrication process
its use, distribution and reproduction in any medium, provided the original work is properly
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and flexibility [7]. However, the performance of these polymer-
based devices is limited due to their low capacity for surface
modification and surface charge density. This has led to the
emergence of 2D materials as promising alternatives that can
improve TENGs’ performance. Among the different 2D fam-
ilies, transition metal dichalcogenides (TMDs) are a suitable
material platform, as they are well-established and demonstrate
great potential for electronic devices [8]. Interestingly, TMDs
exhibit various triboelectric tendencies and occupy different posi-
tions in the triboelectric series, which makes them particularly
interesting for TENG applications [9]. Despite these promising
advantages, TMD incorporation in RD-TENGs is little explored
due to a lack of knowledge about their surface properties,
in particular on interaction with water, as well as difficul-
ties in achieving uniform, dense, large-area films on arbitrary
substrates.

One promising approach to addressing these challenges is liquid-
phase exfoliation (LPE), as it facilitates the scalable production
of 2D flakes and subsequent deposition, e.g., through print-
ing, which is critical for RD-TENGs application [10]. To date,
typical approaches to using LPE nanosheets to improve TENG
performance are based on using LPE nanosheets as fillers in a
polymer matrix. Here, a homogeneous distribution at a range
of loading levels is crucial. Alternatively, one can envisage
using 2D material-based thin films without a polymer matrix
[11]. However, the lack of research on the surface properties
of 2D films and challenges in engineering heterostructures
that meet the geometrical requirements for RD-TENG devices,
thus far has prevented systematic studies. The liquid-liquid
interface deposition (LLID) technique, which is a modified
Langmuir–Schäfer deposition, can address this limitation, as it
can assemble 2D nanoflakes into uniform films with acceptable
thickness control and surface coverage on arbitrary substrates
over a few cm2 areas on the labscale without the need for
dedicated equipment [12]. Importantly, the tiled nanosheet net-
works produced this way have a significantly lower porosity and
show better nanosheet alignment than many other deposition
methods [13, 14]. This implies that interfaces in heterostruc-
tures are relatively well defined which can be beneficial for
RD-TENGs.

In this study, LLID deposition is utilized to create uniform
films from LPE transitionmetal dichalcogenides, including tung-
sten disulfide (WS2), molybdenum disulfide (MoS2), tungsten
diselenide (WSe2), and molybdenum diselenide (MoSe2) on con-
ductive substrates suitable as RD-TENGs. The study investigates
how flake sizes and deposition cycles relate to optimizing device
efficiency and how surface properties such as wettability, surface
coverage, and chemical composition impact the RD-TENG per-
formance. To develop the assembly of all 2D-based RD-TENGs,
LLID-deposited LPE-derived graphene fractions were analyzed
for their thickness and electrical conductivity to identify themost
promising network to serve as an electrical contact. The study
provides a cornerstone for understanding material-structure-
function relationships in 2D-based RD-TENGs, which might
bring insight into their potential integration with other energy-
harvesting systems, such as solar cells. Importantly, it shows that
functional, simple devices can be fabricated using inexpensive,
scalable production and deposition techniques.
2 of 14
2 Results and Discussions

2.1 Optimization of NetworkMorphology and
Nanosheet Size

In this work, we focus on sonication-assisted liquid phase
exfoliation of TMDs in a water surfactant following purification
and size selection using cascade centrifugation [10, 15]. This is
an iterative centrifugation process with sequentially increasing
centrifugation speeds. After each step, sediments are collected,
and the supernatant is subjected to the next step. Our typical
sample nomenclature uses the lower and upper centrifugation
boundary, e.g., 2.5–5 krpm. Unless otherwise noted, we use
“medium-sized” nanosheets, which means that both large and
thick, as well as small and thin nanosheets, were removed.
After centrifugation, sediments are collected, and the solvent
is exchanged to isopropanol (IPA) to facilitate deposition. Here
LLID, a modified Langmuir-Schäfer deposition, is used [12].
In brief, the nanomaterial in IPA is injected at a liquid-liquid
interface (water-hexane) until the interface is visually covered
with the ink. The volatile hexane is allowed to evaporate, and
the substrate is then lifted through the nanomaterial surface
to transfer it onto the substrate. After drying, a homogeneous
film is obtained. To build up stacks or increase the film
thickness, the LLID deposition process can be repeated over
the as-deposited film, even up to 15 deposition cycles, here
termed 15x.

Initially, a vertical RD-TENG with WS2 sandwiched between
bottom and top LPE graphene contacts was designed as a proof-
of-concept for LPE-derived TMD films. The first device was
composed of 5 deposition cycles of graphene film (5x) as a
bottom contact, 1x of WS2, and 5x of top graphene contact,
but no detectable current/voltage was observed after the impact
of tap water droplets. Subsequently, the WS2 thickness was
increased to 5x, resulting in weak but measurable signals. It
was then suspected that high contact resistance was a lim-
iting factor. To address this, the bottom and top graphene
films were increased to 10x while 5x WS2 film remained con-
stant. This structure resulted in an improved performance,
which confirms the importance of the contacts and charge
separation in RD-TENGs (Figure S1). However, this fabrication
process has a low yield and is time-consuming. Addition-
ally, it caused increased surface roughness, which inhibited
droplets from rolling off the surface, negatively impacting
device efficiency. To investigate the relationship between con-
tact resistance and signal spikes, the output power of the
devices was measured using different load resistors. Figure
S2 presents the peak output power for devices with 5x and
10x graphene contacts. As shown, devices with 10x graphene
contacts exhibit higher peak power at lower load resistances
compared to those with 5x graphene contacts. The internal
resistance of the device can be expressed as Rint = RGraphene +
RTMD + Rinterface + Rleakage. An increase in graphene resistance
contributes to a higher overall internal resistance, which can
reduce the maximum achievable output power and shift the
power peak toward higher load resistance [16–18]. This occurs
because a larger portion of the voltage drops across the con-
tact resistance, decreasing the effective power delivered to the
load.
Small, 2025
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FIGURE 1 (a) Normalized extinction spectra of WS2 fractions with varying flake sizes and thicknesses. b) Extinction spectra of medium-sized
WS2 films after 1x to 5x LLID deposition cycles. Inset: optical photograph of the films. c) SEM images of large, medium, and small WS2 flakes after 1x
deposition. d) Surface coverage of WS2 films for 1x to 5x deposition cycles of small, medium, and large flakes. e) Short-circuit current of medium-sized
WS2 films on ITO electrodes with 1x to 5x deposition cycles under the impact of tap water droplets. Inset: RD-TENG device geometry on ITO/glass
substrate. f) Short-circuit current comparison of 3x films of small, medium, and large WS2 flakes on ITO electrodes under the impact of tap water and
1 M NaCl droplets.
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To better understand the performance of 2D-based TENGs, the
behavior of different sizes of one of the TMDs was first examined
using simpler devices on ITO as electrodes with varying numbers
of deposition cycles through the LLID deposition technique. The
LPE and size selection methods are used here to prepare three
WS2 fractions with varying sizes/thicknesses. In Figure 1a, the
normalized extinction spectra of the WS2 fractions are shown,
indicating an apparent difference between them. Extinction spec-
troscopy not only provides information about concentrations but
also provides good information about nanosheet thickness and
lateral size [19]. As a result, spectroscopic metrics for graphene
and TMDs were developed that extract this information from an
extinction spectrum [20]. According to the following extinction
metric, the average length <L> and volume-fraction weighted
mean layer number, <N>Vf of the sheets can be approximately
calculated for the WS2 dispersion [19]:

𝑒𝑥𝑡 (235)

𝑒𝑥𝑡 (295)
=
0.0159 ⟨𝐿⟩ + 2.20

0.0166 ⟨𝐿⟩ + 1
(1)

⟨𝑁⟩
𝑉𝑓 = 𝑁𝑏𝑢𝑙𝑘 ⋅ 𝑒𝑅(𝐸𝐴−𝐸𝐴,𝑏𝑢𝑙𝑘) (2)

where ext(235) and ext(295) refer to extinction values at 235 and
295 nm, respectively. EA is the measured exciton energy with
EA,bulk, referring to the bulk material. R is a phenomenological
material-dependent decay constant describing how the mono-
layer exciton energy approaches the bulk value as layer number
increases. Values of R and EA,bulk are taken from ref [19]. For
Small, 2025
the 1.3–2.5 krpm fraction, the average flake size is 268 nm with
14.2 layers; the 2.5–5 krpm fraction has an average flake size of
152 nm and 9.0 layers; and the 5–12 krpm fraction shows an
average flake size of 70 nm with 5.5 layers. Figure S3 compares
the <L> and <N>Vf of all three WS2 fractions. Note that <N>Vf
summarized above is larger than the arithmetic mean <N>, as
thicker nanosheets are also laterally larger in LPE [21].

Using the LLIDmethod, the dispersions were first deposited onto
quartz substrates in up to five sequential films [12]. Figure 1b
presents the extinction spectra for the medium-sized films cor-
responding to each deposition layer. The inset provides an optical
photograph of these films, demonstrating that as the number of
deposition cycles increases, the films appear darker compared
to the initial layers, resulting in progressively higher extinction.
To improve the imaging resolution in the SEM, the films were
deposited on ITO substrates. In Figure 1c, the films of large,
medium, and small flake fractions are shown from left to right
after one deposition cycle (1x). All three fractions demonstrate
uniform surface coverage across the substrate. Figure S4 shows
the SEM images of 1x, 3x, and 5x WS2 films for all three fractions.
The surface coverage for each fraction was determined from SEM
images taken at the same magnification and plotted in Figure 1d.
The supporting file and Figure S5 discuss themethod used for this
calculation. Among them, the 1.3–2.5 krpm fraction exhibits the
lowest surface coverage, while the 2.5–5 krpm fraction achieves
better coverage. Large flakes tend to create significant voids,
reducing surface coverage, whereas smaller flakes can cover the
surface more completely. Further, medium-sized flakes provide
3 of 14
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the best surface coverage compared with smaller flakes, which
have less overlap at the edges. Overall, after three deposition
cycles (3x), more than 90% of the surface is covered, while any
additional deposition cycles contribute to less than a 5% increase
in coverage. As each deposition cycle can also increase surface
roughness, three deposition cycles offer a good compromise
between coverage and disorder in the film.

Next, films were prepared on ITO electrodes to be tested as RD-
ENGs. In this configuration,WS2 nanosheets are deposited onto
isolated ITO contacts as shown in the inset of Figure 1e. This kind
of device serves as RD-TENG and was exposed to water droplets
falling onto the WS2 surface. The short-circuit currents for 1x
to 5x deposition cycles of medium-sized films are shown under
impact of tap water droplets released from a height of 52 cm.
Based on the results, as the number of deposition cycles increases,
the short-circuit current also increases, peaking at approximately
100 nA for the 3x film. However, beyond 3x deposition cycles,
the short-circuit current decreases. This reduction is likely due
to two factors: (1) In the 3x film, surface coverage exceeds
90%, significantly higher than in the 1x or 2x film, and further
deposition cycles do not significantly change this coverage, and
(2) additional deposition beyond 3x results in increased surface
roughness and a certain open pore volume, which slows droplet
spreading and decreases the effective rate of contact area change
during the initial stages of impact [22]. We also measured the
time-dependent change in contact angle for 1×, 3×, and 5× WS2
films; the results are presented in Figure S6. In this experiment, a
DI water droplet was placed on each film, and the contact angle
was recorded every 3 s. The results show that the contact angle
on the 1× WS2 film decreases rapidly, whereas the 5× WS2 film
exhibits a more gradual and nearly linear decrease over time.
This behavior suggests that increased film thickness and surface
roughness in the 5× WS2 sample slow down the spreading rate
of the droplet, leading to a more stable wetting behavior than in
thinner films.

In principle, this effect can be investigated with contact angle
measurements. However, as discussed later, contact angle mea-
surements for films beyond 3x were not feasible since the
increased surface roughness led to higher standard deviations
in the measured angles, making accurate assessment difficult.
However, the effect becomes evident during TENG device tests,
as the increased roughness and open pore volume slow the
rate of contact area change and hinder smooth droplet motion,
which is critical formaintaining device performance and efficient
energy harvesting. Consequently, both factors directly influence
the overall device efficiency, making the 3x deposition a suit-
able compromise between achieving high surface coverage and
avoiding excessive roughness.

Figure 1f compares the performance of 3x WS2 films with small,
medium, and large flakes on ITO contacts. These films were
tested with tap water (conductivity 593.4 µS/cm at 20◦C) and 1 M
NaCl droplets released from a height of 52 cm. Themedium-sized
WS2 films generated the highest short-circuit currents (Isc) of
approximately 100 nA and 0.6 µA for tap and ionic water droplets,
respectively. The larger signal observed with ionic droplets is
attributed to their higher ion concentrations, which enhance
charge transfer upon impact [23]. In contrast, the small and large
flake films generate lower signals than medium-sized films. This
4 of 14
difference is likely due to reduced surface coverage in the small
flake films and increased surface roughness in the large flake
films.

It is worth noting that, in conventional polymer-based RD-
ENGs, increasing the ionic concentration of the impacting
droplets typically leads to a decrease in spike intensity because
of strong charge screening effects [24–26]. However, in 2D
material–based RD-TENGs, the interfacial interactions between
the droplets and the TMD surface fundamentally differ. Here,
the surface consists of numerous exposed flakes, and the film
is not highly hydrophobic, allowing for stronger interaction
with the liquid. Consequently, increasing the ionic concentration
enhances these surface interactions, leading to higher charge
transfer and larger signal amplitudes in contrast to polymer-based
systems.

2.2 Material Comparison

To compare the performance of other TMD films, the same exfoli-
ation process is used to prepare medium-sized WS2, WSe2, MoS2,
and MoSe2 flakes with comparable average nanosheet lateral
size and layer number. The extinction spectra of the prepared
dispersion are plotted in Figure S7. Table S1 presents the size and
thickness of the exfoliated TMDs derived from extinction spectra
according to the spectroscopic metrics [19]. SEM images of the
3x deposited TMDs films are shown in Figure S8. The 3x films of
all TMDs are deposited on ITO electrodes to serve as RD-TENGs.
A series of devices was employed to evaluate the short-circuit
current under releasing deionized (DI) water (conductivity 4.4
µS/cm at 20◦C), tap (conductivity 593.4 µS/cm at 20◦C) water,
and 1 M NaCl drops. Figure 2a illustrates the Isc response to DI
water drops. All TMDs demonstrated relatively low Isc values
for DI water. The Isc results for tap water droplets are shown in
Figure 2b. In tap water, ions improve conductivity and facilitate
more effective triboelectric charge transfer upon impact, resulting
in improved performance [23]. Figure 2c presents the Isc measure-
ments for the 1 M NaCl solution, which contained the highest
ionic concentration among the solutions. For all TMDs, clear
and well-defined current spikes were observed, although their
intensities varied. The results show that higher ionic strengths
enhance the triboelectric effect since ions at the interface between
a TMD and water improve charge transfer [23]. Accordingly,
the Isc intensity increased progressively with increasing ionic
strength from DI to tap water, then to 1 M NaCl drops across
all TMDs. This behavior contrasts with that typically observed
in polymer-based RD-TENGs, where higher ionic concentrations
often reduce the output due to charge screening [27–30]. In
TMD-based RD-TENGs, however, the enhanced output arises
from stronger interfacial interactions between the ionic droplets
and the exposed TMD surface, which facilitates more efficient
charge transfer during droplet impact. Figure 2d also shows
the Voc spikes for all TMDs, which show the same trend as
the Isc.

Due to variations in the spike intensities for all TMDs, a series
of devices (6 devices) was fabricated for each TMDs, and Isc,
the open circuit voltage (Voc), and charge of all of them were
measured under the impact of 1 M NaCl droplets (78 drops per
device). The results are summarized in the form of histograms to
Small, 2025
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FIGURE 2 Short-circuit current (Isc) response of TMD-based RD-TENGs (MoS2, WS2, MoSe2, andWSe2) to (a) DI water, (b) tap water, and (c) 1 M
NaCl droplets. (d) Open circuit voltage (Voc) of TMD-based RD-TENGs to 1 M NaCl droplets. Histograms and scatter plots of all measured (e) Isc and (f)
Voc spike intensities for a series of TMDs devices under 1 M NaCl drop releasing.
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evaluate the overall performance. Figure 2e shows the maximum
Isc spike intensities plotted in histograms for all TMDs. Each TMD
has a relatively normal distribution showing specific central peak
positions. The average Isc values of 0.09, 0.25, 1.11, and 3.33 µA
were obtained for the WSe2, MoSe2, WS2, and MoS2 RD-TENGs,
respectively. The Voc of all devices is also measured and plotted
as histograms in Figure 2f, showing the same behavior as Isc
with average values of 4.8, 5.3, 17.8, and 36.7 mV, respectively.
As will be discussed later, the wider distribution observed in
WSe2 is likely attributed to oxidation states that form during
drop releasing and electrical measurements. Based on Isc and
Voc measurements, MoS2 exhibits the highest values among
the TMDs, followed by WS2, MoSe2, and WSe2. This is further
confirmed by the histograms of the separated charges, which can
be extracted from the integration of the Isc spikes displayed in
Figure S9. Despite having a wide distribution, the histograms
still follow the same trend as Isc and Voc. Note that the highest
currents using MoS2 are in the µA range, with voltages in the
mV range per drop. The observation aligns with some trends in
triboelectric nanogenerators (TENGs), especially polymer-based
raindrop TENGs [31, 32]. However, most polymer-based raindrop
TENGs report higher open-circuit voltages while maintaining
similar currents [33, 34]. It indicates that further surface or
interface engineering of MoS2 is required to further boost its
output.

MoS2’s superior performance can be attributed to its highest
electron affinity of ∼4.3 eV which facilitates the build up of
negative charge through interaction with water. WSe2 exhibits
the lowest Isc and Voc values, possibly due to its lowest electron
affinity of ≈3.8 eV. In total, device performance follows the order
MoS2>WS2>MoSe2>WSe2, which is roughly in the same order
as the electron affinities of 4.3 eV (MoS2), 4.1 eV (WS2 and
MoSe2), 3.8 eV (WSe2) according to ref [35] as illustrated in the
scatter plots in Figure 2e,f (bottom). Note that these values for
electron affinities are theoretical values (DFT, bulk), as to date,
Small, 2025
no experimental values for this type of nanosheet network have
been reported.

While the trend of electron affinities is well reflected in device
performance, we note that other factors play a role, including
the TMD films’ wettability, surface roughness, and capacitance
properties. Surface roughness and capacitance variations also
affect charging and decay dynamics, influencing the overall per-
formance and efficiency of RD-TENGmaterials [36]. In addition,
upon the impact of water droplets, oxidation can degrade the
electrical conductivity and stability of these TMD films, especially
selenide-based films, which have a lower Isc and Voc signals with
wider distributions.

To rationalize device performance, we conducted a series of
additional experiments and data evaluation. Figure S10 shows the
contact angle measurements of the TMD films on bare silicon
substrates. Bare Si has a contact angle of 49.09 ± 0.3◦. However,
once the first film is deposited, the angle increases to a larger
value for all TMDs. The second and third deposition cycles result
in a further increase. This can be rationalized by the increasing
surface coverage with each deposition cycle. At the same time, an
increased surface roughness with each cycle increases the stan-
dard deviation in the contact angle measurement, as illustrated
in the inset of Figure S10. Due to the larger standard deviation
of the 3x films, the results are presented in histogram form. The
histograms show that 3x MoSe2 and WSe2 exhibit contact angles
of around 90◦, while 3x MoS2 and WS2 have contact angles of
around 80◦. These results indicate that drops have more surface
interactions on the MoS2 and WS2 films, which leads to more
surface charge exchanges. This can be a factor contributing to the
higher electrical short circuit currents in the sulfide-based films
compared with the selenide-based films.

To examine how ionic concentration of the droplets affect the per-
formance of TMD-based RD-TENGs,MoS films were tested with
2
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NaCl solutions at different concentrations. Figure S11a,b shows
the measured Isc and Voc values. As observed, spike intensities
gradually rise from DI water to 1 M, 10 mM, 100 mM, and 1 M
NaCl drops, indicating that higher ionic concentrations increase
the output signal. The histograms of spike intensities (Figure S11c,
d) further confirm this and show that both average spike and
maximum spike intensities increase with ionic strength. As previ-
ously discussed, this behavior differs from that of polymer-based
RD-TENGs, where higher ionic concentrations usually weaken
the signal due to increased charge screening. This difference
probably arises from additional interfacial interactions between
the droplets and theMoS2 film—thanks to the film’s large surface
area and numerous edge states, which foster stronger interactions
and more effective charge exchange during droplet impact.

To further clarify the role of interfacial properties in this process,
an additional devicewas fabricated by inserting a thin polystyrene
(PS) layer between the ITO electrode and the MoS2 film. A
2 wt% PS solution in toluene was spin-coated onto the ITO
substrate at 5000 rpm, followed by deposition of a 3x MoS2
film via the LLID method. As illustrated in Figure S12, the PS-
interlayered device produced stronger Isc spikes for DI water
droplets compared to MoS2 RD-TENGs without the PS layer.
Interestingly, the spike intensity increased further at 1 mM NaCl
but declined significantly at higher concentrations (10mM—1M).
This behavior may arise from the presence of the PS interlayer,
which restores the charge-screening effect typical of polymer-
based systems. Alternatively, this behavior may originate from
the blocking role of the PS layer, which suppresses salt ion
penetration and prevents ions from reaching the bottom ITO
contact through the MoS2 film. These observations suggest that
both mechanisms may contribute to the operation of the TMD-
based RD-TENG: the triboelectric effect likely dominates at low
ionic concentrations, while processes related to electric double
layer (EDL) formation become increasingly significant at higher
concentrations [37]. Further investigation is required to fully
elucidate the role of interfacial interactions in this behavior.

The practical performance of the MoS2-based RD-TENG was
tested by connecting it to a diode bridge to charge 1 µF capacitors
during sequential droplet impacts with different ionic concen-
trations. As shown in Figure S13, higher ionic concentrations
allowed the capacitor to store more charge, causing its voltage
to rise faster than with lower ionic concentration droplets. To
further evaluate the output power of the RD-TENG, the MoS2-
based device was connected to various load resistors, and its
current and voltage were measured under the impact of 1 mM
NaCl droplets. The corresponding current and voltage results
are presented in Figure S14a. Based on these measurements, the
output power was calculated and plotted in Figure S14b, showing
a peak power of approximately 3.3 nW.

2.3 Circuit Model for Device Performance

To further evaluate and understand the factors crucial for device
performance, we make use of a circuit model presented below.
Figure 3a illustrates a simplified equivalent circuit for a TMD/ITO
RD-TENG. In this model, each TMD flake is considered as a
capacitor named CTMD that is connected to other TMDs through a
junction resistor named Rj. Consequently, the equivalent circuit
6 of 14
model consists of several capacitors and resistors. As a result
of equivalent capacitors and resistors, the entire device can be
simplified into anRCcircuit, whereR andC represent the circuit’s
total resistors and capacitors.

This can be linked to the measured current, as each Isc spike
decreases exponentially in electrical measurements, which can
bemodeled as Isc =Q/τ e−t/τ where Q is the charge exchange from
drop to device and τ is the decay time equal to RC (Figure 3b). It
is possible to utilize the fitting function of an exponential decay
in the form y = y0 + A1e-(x-x0)/t1, to fit each Isc spike, where
t1 (τ) is the decay time in our introduced model (Figure 3c).
However, due to the complex behavior of some spike decays,
the fitting function may not always provide a good fit to the
data points. In such cases, we focus only on the spikes with a
successful fitting process and extract the decay function from
those results. The results of the fitting functions and the decay
times are shown in Figure 3d–h. The average decay times of 0.08,
0.12, 0.28, and 0.35 s were measured for MoS2, WS2, MoSe2, and
WSe2, respectively. A shorter decay time suggests a smaller RC
product. The dielectric constants of the four TMDs are likely
within the same order of magnitude, suggesting that their total
capacitances are comparable as well [38]. Thus, the key difference
in their performance primarily arises from variations in total
resistance. A higher total resistance indicates weaker interflake
connectivity, which hinders efficient charge redistribution upon
drop impact. As a result, electrostatic induction within the
contact area is reduced, leading to diminished performance. As
a result, the fast decay time of MoS2 film is probably due to
its higher conductivity and possibly better charge transfer. In
contrast, the longer decay time of WSe2 could be due to its lower
conductivity and lower surface interaction. While a lower surface
interaction can be inferred from the contact anglemeasurements,
a lower conductivity of WSe2 compared to MoS2 cannot be
easily rationalized for pristine nanosheets with comparable film
morphology. As we will demonstrate later, nanosheet oxidation is
the most likely reason for this behavior.

Note that this equivalent circuit model can also be applied to
provide a better understanding of the flake size dependence dis-
cussed above. According to the capacitance equation, capacitance
is inversely proportional to the thickness of a dielectric. To cover
a fixed area, fewer large flakes are needed compared to small
ones. As illustrated schematically in Figure S15, if each flake is
considered as an individual capacitor, smaller flakes result in a
greater number of capacitors connected in parallel. Since the total
capacitance in a parallel configuration increases with the number
of capacitors, films composed of smaller flakes exhibit higher
overall capacitance. Based on size and thickness measurements
of exfoliatedWS2 flakes, large flakes are approximately four times
the size of small flakes. Consequently, covering a given area
requires either one large flake, two medium flakes, or four small
flakes, resulting in more parallel capacitors for films made with
smaller flakes. Figure S15 also presents the equivalent circuit
model for these films. Let C0 represent the capacitance of a
WS2 monolayer, and N be the average number of layers per
flake. Then, the capacitance of each flake is defined as C0/N,
with the following approximations: small flakes: CS = C0/5.5,
medium flakes: CM = C0/9, and large flakes: CL = C0/14.2.
Using this model, the total film capacitances of small, medium,
and large flakes are CS

t ≈ 0.48C0, CM
t ≈ 0.14C0, CL

t ≈ 0.04C0,
Small, 2025
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FIGURE 3 (a) Simplified equivalent circuit of TMD/ITO devices. (b) The introduced RCmodel for the Isc spike. (c) Decay fitting function used for
the Isc spikes. Fitting functions and extracted decay times for one Isc spike of (d) MoS2, (e) WS2, (f) MoSe2, and (g) WSe2 RD-TENGs. h) Histogram plots
of the extracted decay times for all four TMDs.
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consequently. This analysis shows that increasing flake size leads
to a decrease in total capacitance, which correlates with reduced
short-circuit current in films with larger flakes. Interestingly,
although small flakes provide the highest capacitance, their
poorer surface overlap and lower film density result in lower
short-circuit current than medium flakes. Thus, the better short-
circuit performance ofmedium-sized flakes can also be attributed
to their optimal balance between surface coverage, surface
roughness, and capacitance.

2.4 Device Stability

To provide information on the stability of the devices, we
performed extinction spectroscopy and XPS before and after
exposure to NaCl and subsequent washing. For extinction spectra
(Figure S16), 3x films of all TMDs were prepared on quartz
substrates, and the extinction spectra were measured under three
conditions: fresh films, after exposure to NaCl drops, and after
washing with DI water. The extinction spectra of all films seem
to remain similar to the fresh films in terms of spectral profile,
except for variation in extinction intensity, which can arise from
differences in the film’s mounting in the spectrometer. The
extinction did not drop systematically with the NaCl treatment
and washing, so this cannot be attributed to the removal of
the nanosheets on exposure to droplets. The exception is WSe2
where the extinction spectrum of droplet-exposed films showed
a relative increase in extinction in the UV region below 400 nm
compared to freshly prepared WSe2 films. This can be attributed
to tungstates, i.e. a result of oxidation [39]. Interestingly, the
extinction spectrum of WSe2 returned close to the profile of
Small, 2025
the freshly prepared film after washing with DI water, albeit
with significantly lower extinction. This observation suggests that
the water-soluble tungstates are removed through washing with
water and do not remain in the film.

To validate this hypothesis, X-ray photoelectron spectroscopy
(XPS) measurements were conducted on WS2 and WSe2 films
to allow for a direct comparison of the metal core level spectra.
The XPS analysis of the W 4f core levels in WS2 and WSe2 films
reveals significant variations in chemical states before and after
the release of NaCl drops. For the fresh WS2 film (Figure 4a),
the W 4f spectrum shows the characteristic W 4f7/2, W 4f5/2, and
W 5p3/2 peaks at binding energies typical for WS2, along with a
secondW 4f doublet at higher binding energies attributed toWOx
compounds, probably due to surface oxidation states [40]. The
atomic percentages confirm that the W 4f component of WS2 is
dominant (88.8%),withminor contributions fromW5p (6.5%) and
WOx species (6.5%). After the release of NaCl drops (Figure 4b),
the spectrum still shows the same components, but with an
additional doublet at lower binding energies that constitutes ≈3
at%. This suggests an electron transfer to the WS2 due to the
interaction between NaCl ions and theWS2 film [41]. Further, the
features assigned to WOx are reduced to 2.1 at%. We attribute this
to a dissolution of the water-soluble tungstates by the treatment
with the aqueous solution and, hence, removal from the film.

Similar features are observed for theWSe2 film (Figure 4c), which
includes W 4f7/2, W 4f5/2, W 5p3/2, and WOx peaks [42]. However,
the WOx contribution is significantly higher (18.6%) than in the
WS2 film, which means a larger portion of the WSe2 is oxidized
already prior to treatment with the aqueous solution. After the
7 of 14
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FIGURE 4 XPS analysis of the W 4f core in a, b) WS2 and c, d) WSe2 films before (a, c) and after (b, d) impact of NaCl droplets.
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release of NaCl drops (Figure 4d), a doublet at lower binding
energy appears, which can be attributed to charge transfer species
in the presence of NaCl, albeit with a lower at% than inWS2 films.
While this cannot be directly translated to the behavior in TENG
devices due to the absence of water, it nonetheless suggests a
higher tendency to formcharge-separated states inWS2 compared
to WSe2, in agreement with the electron affinities discussed
above. Similar to WS2, the oxide content is also reduced in WSe2
after exposure to aqueous NaCl, but much more significantly
from 18.6 at% to 4.1 at%. Overall, a lower oxide percentage of WS2
(5.6%) comparedwithWSe2 (18.6%) suggests that LPEWS2 ismore
resistant towards oxidation in the presence of water and oxygen.
This improves charge interaction by reducing insulating barriers,
resulting in better triboelectric performance. Furthermore, the
interaction of NaCl ions with the cleaner WS2 surface likely
encourages stronger adsorption and charge redistribution. This
results in improved EDL formation and charge separation during
triboelectric interactions. In contrast, higher surface oxidation
leads to weaker ion interactions in the WSe2 overall, resulting in
a poorer triboelectric performance.

To confirm the hypothesis that water-soluble tungstates are
removed throughwater and to test whether the charge separation
in the presence of NaCl is reversible, the films, after exposure to
aqueous NaCl, are washedwith DI water, and XPSmeasurements
8 of 14
are repeated. As shown in Figure S17, results reveal a significant
reduction in the atomic percentage of oxides for both WS2 and
WSe2 films. For the WS2 film, the oxidation decreases to 1.6 at%.
Similarly, the WSe2 film exhibits an oxide percentage of 2.3 at%,
confirming the removal of the oxidized tungsten species. Further,
after washing films with DI water, it seems that any residual ions
resulting in charge-separated states are effectively also removed.
This supports the hypothesis that ions bind weakly to the W
interface, interacting through ionic or physical adsorption rather
than forming strong covalent bonds. Further, it shows that the
interaction with ions results in transfer of a negative charge to
the TMDs.

The XPS results align with the suggested response dynamics
derived from the RC model. The model explains that the decay
time (τ) is proportional to the RC product, where a smaller τ
indicates better charge transfer properties. By measuring the
decay times of the Isc spikes, a shorter decay time was observed
for sulfide-based films,while a longer decay timewas obtained for
selenide-based films. Although a qualitative correlation between
the oxidation level and charge decay dynamics can be observed,
establishing a quantitative relationship between oxide fraction
and the decay time (τ) remains challenging. XPS measures only
the average surface oxidation, whereas τ reflects the overall elec-
trical response of the entire TMD network, including numerous
Small, 2025
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FIGURE 5 (a) Normalized extinction spectra of graphene dispersions, (b) Extinction spectra of the medium-sized graphene for 1x up to 15x
deposition cycles. The inset shows the optical photograph of the films. (c) Sheet resistance versus extinction values for graphene films. (d) SEM images
of the 5x medium-sized graphene films with 0, 27, 60, and 75 wt% SWCNT content. (e) Sheet resistance versus extinction values for Gr:CNTs films.
(f) Thickness versus extinction value at 800 nm wavelength for Gr films. The inset shows the results for Gr:CNTs films with 27 wt% SWCNT ratio.
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interflake junctions. Oxidation is also nonuniform across flakes,
and τ represents an effective time constant of a distributed RC
network rather than a single interface. Nonetheless, a clear trend
is observed where higher oxidation levels (e.g., in MoSe2 and
WSe2) correspond to longer τ values, indicating that oxidation
increases junction resistance and slows charge redistribution.

To further verify the practical stability of the MoS2-based RD-
ENG, given that sulfide films are more resistant to oxidation
than selenide films, the device was tested under continuous
operation with more than 2000 sequential impacts of 1 mM
NaCl droplets. As shown in Figure S18, the corresponding Isc
spikes demonstrate that the device reaches a stable output after
approximately 100–200 droplet impacts, and the spike amplitudes
remain nearly constant even after 2000 impacts, confirming the
long-term stability of the device.

2.5 Graphene Electrodes

To develop RD-TENGs using only solution processed nano mate-
rials, graphene is used as metal contacts. A similar LPE and size
selection method was used to produce three graphene nanosheet
dispersions with different sizes and thicknesses, named 0.9–
1.8 krpm, 1.8–2.9 krpm, and 2.9–6.8 krpm fractions denoted as
large, medium, and small [20]. The goal of introducing these
graphene fractions is to find films with good conductivity and
straightforward deposition. Figure 5a displays the extinction
spectra of graphene dispersions in sodium cholate (SC, 2 g/L)
solution. By normalizing the spectra to the peak at ≈270 nm (π–
π* transition), a noticeable difference is observed due to variation
in size and thickness [20]. It was experimentally reported and
Small, 2025
theoretically confirmed that the peak intensity ratio to the long
wavelength plateau (≈550–800 nm) increases with increasing
nanosheet thickness [20]. The reported equations below were
used to approximately estimate the arithmetic mean number of
layers <N> and average nanosheet lengths <L> of graphene
flakes [20]:

⟨𝑁⟩ = 35.7 ×
𝐸𝑥𝑡550
𝐸𝑥𝑡325

− 14.8 (3)

⟨𝐿⟩ = (
𝐸𝑥𝑡.𝑒𝑥𝑝

2.466
)

−3.05

(4)

where Ext550 and Ext325 are extinction values at 550 and 325 nm,
respectively. An estimation of thickness is made using the
extinction intensity ratio at 550 nm to 325 nm, and an estimation
of the lateral size is determined by the exponent from fitting the
extinction spectra between 550–800 nm with a power law. As
depicted in Figure S19, the approximate values of <N> are 11.2,
8.4, and 5.5, with corresponding<L> values of around≈1037, 519,
and 394 nm for the 0.9–1.8 krpm, 1.8–2.9 krpm, and 2.9–6.8 krpm
graphene fractions, respectively.

Graphene dispersions were deposited onto quartz substrates with
1x to 15x deposition cycles using the LLID method (Figure S20a).
As observed through visual inspection, the graphene films exhibit
a lower opacity when initially deposited. However, as the number
of deposition cycles increases, the films gradually become darker.
Four-point probe measurements were carried out to evaluate
the flake networkconductivities. Figure S20b displays the sheet
resistance of graphene films with various deposition cycles from
9 of 14
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1x to 15x. By increasing the number of deposition cycles, the
conductivity of the films improves, which may be attributed to
creating a more integrated 3D network that enhances electrical
connectivity. However, once the number of deposition cycles
reaches approximately 10x, any additional deposition cycles do
not significantly change the sheet resistance of the films. The
conductivity of the initially deposited films is influenced by
the area of overlap between the flake edges and by the voids
between them. These factors affect the junction and network
resistances of the film, respectively [43]. In our LLID-deposited
LPE fractions, smaller and thinner graphene sheets exhibit higher
sheet resistance compared to other fractions, likely due to their
reduced overlapping areawhen deposited andmore junctions per
area. With additional deposition, there is a significant decrease in
sheet resistance, attributed to the formation of a denser network.
Table S2 lists the details of sheet resistance measurements for
each film. Moreover, a comparison of medium and large-sized
graphene sheets shows that films composed of medium-sized
sheets exhibit higher conductivity. This higher conductivity is
likely attributed to fewer gaps between the flakes during the film
formation in the deposition process. Although networks of larger
flakes may possess lower junction resistance, the increased voids
between them due to nonuniform flake thickness- can still lead
to higher sheet resistance values.

A UV-visible spectrophotometer was used to evaluate the trans-
parency of the graphene films. Figure 5b depicts the extinction
spectrum of 1.8–2.9 krpm films with varying numbers of deposi-
tion cycles, ranging from 1x to 15x. As the number of depositions
increases, the extinction values also increase, without any notice-
able change in the π–π* peak except for detector saturation
above extinction of ≈3.5. Figure S20c plots the extinction value
of all graphene films at 800 nm, which increases with increasing
deposition cycles. The 0.9–1.8 krpm fraction exhibits the highest
extinction values, whereas the 2.9–6.8 krpm fraction exhibits
the lowest values for the same number of deposition cycles, in
line with the corresponding flake thicknesses of the nanosheets
in dispersion. This observation will become more significant in
future work aimed at designing devices for harvesting both rain
and sunshine simultaneously [44].

Figure 5c presents the relationship between sheet resistance
and extinction values for all graphene films, making it easier
to choose the most appropriate graphene film for RD-TENG
devices. Here, graphene films with medium-sized flakes appear
to be the best choice as they demonstrate higher transparency
and higher conductivity, which makes them potentially more
suitable for RD-TENG contacts compared to the other fractions.
However, they still exhibit high sheet resistance, making them
not feasible as an electrical contact in the current form. For
example, the sheet resistance of 15x medium-sized graphene is
around 327 Ωϒ. To obtain this relatively suitable conductivity,
a time-consuming deposition process must be undertaken. As
mentioned above, the better performance of 10x graphene-based
RD-TENGs compared with 5x devices in our initial tests high-
lights the significant role of electrode resistance. Although 10x
graphene films exhibit a higher short-circuit current (Figure S1),
the current is still much lower than that of ITO devices. This
demonstrates that contact conductivities play an essential role
in the device’s performance. Overall, the number of depositions
should be optimized to achieve the best possible performance.
10 of 14
At first glance, more deposition cycles may seem desirable
based on electrode conductivity, but this comes with some draw-
backs, such as longer fabrication times, rougher surfaces, and
reduced hydrophobicity, whichmay diminish the final RD-TENG
performance.

Carbon nanotubes (CNTs) have been shown to significantly
enhance the conductivity of graphene films [45]. As a result,
single-walled carbon nanotubes (SWCNTs) were prepared using
the LPEmethod in an IPA/DI mixture and added to the medium-
sized graphene dispersions in various mass ratios. The details
of the mass ratio calculations for graphene/SWCNT dispersions
are discussed in the Supporting Information. These mixtures
were then deposited on substrates using the LLID method with a
hexane/DI interface. SEM images of the 5xGraphene filmswith 0,
27, and 75 wt% SWCNTs are shown in Figure 5d. By increasing the
SWCNT content, the density of graphene flakes is decreased, and
distinct graphene nanosheets are hard to discern in the 75 wt%
SWCNT film.

Figure 5e illustrates the sheet resistance results for graphene
and its composites with a SWCNT ratio of 0, 8 wt%, 27 wt%,
60 wt%, and 75 wt%. As summarized in Table S3, by increasing
the SWCNT content, the sheet resistance decreases, and films
show higher transparency. Compared with pure 3x graphene
film, the 3x graphene film with 27% CNT content shows a 83%
reduction in sheet resistance, from 3172.4 to 551.9 Ωϒ, along
with a 4% improvement in transparency (extinction value at
800 nm reduced from 0.51 to 0.49), making this combination
a promising candidate for TENG electrical contacts. The sheet
resistance and transparency are further improvedwith increasing
the SWCNT content. However, contact angle measurements
reveal that higher SWCNT contents increase the hydrophilicity
of the films (Figure S21). The contact angle for 1x Gr film is
measured to be 72.0◦±2.29 on quartz substrates and it is decreased
to 67.0◦±2.6, 59.2◦±2.1, 57.4◦±1.8, and 56.6◦±1.0 after addition
of 8, 27, 60, and 75 wt% SWCNT, respectively. This decreasing
contact angle with increasing SWCNT content is not desirable
for RD-TENGs because droplets will remain on hydrophilic
contacts and decrease the device performance. The hydrophilicity
of the SWCNTs is attributed to the raw material which is pre-
functionalized with carboxylic acid functional groups to facilitate
processing.

Overall, a balance between contact angle, surface coverage, and
sheet resistance must be maintained. Based on this, the 3x
graphene film with 27 wt% SWCNT was selected as RD-TENG
contacts with over 90% surface coverage and a sheet resistance
of 551.9 Ωϒ (Figure 5d,), comparable to that of 8x to 10x films of
pure graphene, while providing the additional benefits of reduced
surface roughness, faster fabrication, and higher reproducibility.

To characterize the electrodes in more detail, the thickness of
a range of films was measured using atomic force microscopy
(AFM). The extinction values of graphene films should be directly
correlated with their thickness in homogeneous tiled nanosheet
networks. To confirm this, for medium-sized graphene, the film
thicknesses were measured and plotted versus the extinction at
800 nm in Figure 5f. A linear relationship is observed between
thickness and extinction with a slope of ≈60. Importantly, the
data agree well with a fit through the origin, which is expected,
Small, 2025
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FIGURE 6 (a) Illustration of the fabrication process for TMD-based raindrop TENGs utilizing Gr:CNTs interdigitated contacts and TMDs as active
materials. The inset shows the photograph of the deposited films. (b) Short-circuit current (Isc) responses of TMD-based devices to DI water, tap water,
and 1 M NaCl drops.
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as zero thickness should result in zero extinction. The inset
of Figure 5f also shows the data for Gr:CNT films containing
27 wt% SWCNTs. Here, fitting a linear function results in tGr:CNT
= 46.02Ext800. This is a manifestation of Figure 5e that adding
SWCNTs results in changing the transparency due to the distinct
extinction spectrum of this type of SWCNTs (Figure S22).

2.6 All Printed, All 2D-Based Devices

Taking advantage of the improvement in electrical conductivity,
RD-TENGswere assembled usingGr:CNTs contacts and TMDs as
the primary activematerials. To enable precise patterning, custom
molds andmaskswere designed and fabricated using 3D printing,
which provided shadowmasks for the solution deposition process
using the LLID method. As shown in Figure 6a, glass substrates
were placed within a printed mold, followed by an interdigitated
mask attached to the mold. By tightening the screws between
the glass substrate and mask, secure contact was ensured. Once
assembled, the wholemolds were placed in the deposition holder,
where Gr:CNTs dispersions were deposited sequentially three
times. An optical image of the deposited film is shown in the
inset of Figure 6a. Following the deposition of Gr:CNTs, the
interdigitated mask was replaced with a secondary mask for the
deposition of TMDs. Over the Gr:CNTs electrode lines, TMDs
were sequentially deposited by repeating the LLID for three
cycles. In the inset of Figure 6a, the final device configuration
can be seen. To enhance adhesion properties and optimize device
performance, the assembled devices were vacuum-annealed at
150◦C for 2 h after the final assembly. The Isc responses of TMD-
based devices to DI water, tap water, and 1 M NaCl drops are
shown in Figure 6b. When DI water droplets are released, MoS2
shows the largest response, whereas WSe2 shows the lowest
signal. The same behavior is also observed for tap water and NaCl
drops. This is consistent with results from TMDs/ITO TENGs,
indicating thatMoS2 andWS2 perform better than selenide-based
devices, also in all solution-processed devices.

By employing the same LLID method as used for the interdigi-
tated electrode design, vertically structured 2D-based RD-TENGs
are also introduced here. In this configuration, 3x films of
Small, 2025
Gr:CNTs are first deposited on a glass substrate to create the
bottom contact. Afterward, 3x films of TMDs are deposited over
two-thirds of the Gr:CNTs film, leaving one-third exposed. Using
a second mask, another 3x films of Gr:CNTs are deposited on
the remaining one-third area of the TMD film to form the top
contact. The fabrication steps of the devices are schematically
shown in Figure S23a. The Isc results for DI water, tap water,
and 1 M NaCl drops are presented in Figure S23b, respectively.
As observed in the interdigitated configuration, Isc increases
with higher ionic concentrations, confirming enhanced charge
transfer with increased ion presence. The vertical RD-TENG
shows a higher Isc than the interdigitated RD-TENG for 1 M
NaCl drops. This may be attributed to the optimized contact area
and the enhanced charge separation efficiency in the vertical
structure, which promotes efficient charge transfer across the
TMD and Gr:CNTs interfaces [46]. The high ionic strength of the
NaCl solution further enhances electrostatic interactions at these
interfaces, facilitating greater triboelectric charge generation and
a stronger current response [23]. This effect is less pronounced
in DI water and tap water, which have lower ion concentrations
and, therefore, do not exhibit the same degree of electrostatic
enhancement as observed in 1 M NaCl. In the same way as
previous devices, MoS2 and WS2 devices perform better than
MoSe2 and WSe2 devices.

3 Conclusions

In this study, graphene and transition metal dichalcogenide
(TMD) nanosheets are employed as all-2D-based raindrop
TENGs. The films were prepared using LPE and LLID. Various
sizes and thicknesses of the exfoliated TMD flakes were examined
as the main triboelectric films of the devices. Among these,
medium-sized MoS2 nanosheets demonstrate the highest current
and voltage output due to their better triboelectric tendencies
and surface properties. Moreover, the circuit model and X-ray
photoelectron spectroscopy (XPS) analysis illustrate the essential
role of surface oxidation in determining the variations in charge
transfer and charge decay dynamics across different TMDs. In
a nutshell, this study focused on establishing a new fabrica-
tion route for RD-TENGs and demonstrates the feasibility of
11 of 14
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all-2D-based RD-TENGs. This study paves the way for future
research to improve their power output (e.g. by avoiding leakage)
and explore their multifunctional sensing capabilities due to the
combined triboelectric and EDL effect. The ease of fabrication
has great potential to investigate the TENG performance of
other layered materials, while further optimization in terms of
transparency might allow for an integration with solar cells.

4 Experimental Section

4.1 Materials

Graphite powder (≈325 mesh, 99% carbon basis), molybdenum
disulfide powder (<2 µm, 99%), tungsten disulfide powder
(<2 µm, 99%), and sodium cholate hydrate (≥99%) derived from
bovine and/or ovine bile were obtained from Merck Sigma-
Aldrich. Molybdenum diselenide (325 mesh powder, 99.9%) and
tungsten diselenide (10–20 µm powder, 99.8%) were purchased
from Alfa Aesar. A single-wall carbon nanotube powder (P3-
SWNT, Purity> 90%) was provided by Carbon Solutions, Inc. The
thin films were deposited on quartz substrates purchased from
Precision Glass & Optics GmbH.

4.2 Liquid Phase Exfoliation

For TMDs, 20 g/L of the initial TMD powder was added to an SC
solution with a 6 g/L concentration. Themixture was then probe-
sonicated (Sonics VX-C500) for 1 h at 55% amplitude with a 6:4
s on:off pulse sequence using a flathead tip. After centrifuging
at 4700 rpm for 1.5 h, the supernatant was discarded, and the
sediment was re-dispersed in 2 g/L SC solution. A 55% amplitude
tip sonication was repeated for 5 h at the same pulse rate on the
dispersion. Then, it was centrifuged at 1.3 krpm for 2 h, and the
sediment (unexfoliated flakes) was removed. The supernatants
were centrifuged at 2.5 krpm, 5 krpm, and 12 krpm, and after each
step, the sediments were collected in 0.1 g/L SC solution. These
collected sediments were labeled as 1.3–2.5 krpm, 2.5–5 krpm, and
5–12 krpm fractions, respectively.

To prepare the graphene fractions, graphite powder was added
to an aqueous SC solution (8 g/L in DI water) at a concentration
of 30 g/L and sonicated with probe sonication (Sonics VXC-500)
for 1 h at 60% amplitude with a pulse rate of 6 s/2 s on/off using
a flathead tip. Then, the mixture was centrifuged at 5.9 krpm
for 2 h, and the sediment was collected in 80 mL of a fresh
2 g/L aqueous SC solution. The dispersion was sonicated at 60%
amplitude with the same pulse sequence for 5 h. Next, it was
centrifuged at 0.9 krpm for 2 h, the supernatant was collected,
and the sediment (unexfoliated flakes) was discarded. Following
centrifugation at 1.8 krpm, 2.9 krpm, and 6.8 krpm for 2 h, the
sediments of each step were collected in fresh SC solution (2 g/L)
labeled as 0.9-1.8 krpm, 1.8–2.9 krpm, and 2.9–6.8 krpm graphene
fractions.

To exfoliate carbon nanotubes (SWCNTs), 0.5 g/L of P3-SWNT
powder was dispersed in a 60% isopropyl alcohol (IPA)/40%
deionized water (DI) mixture. The dispersion was sonicated with
a tappered microtip at 25% amplitude with a pulse sequence of 6 s
on and 2 s off for 3 h. Themixturewas centrifuged at 5 krpm for 2 h
12 of 14
to separate larger agglomerates. The top supernatant, containing
the well-dispersed CNTs, was carefully collected as the final CNT
dispersion.

4.3 Graphene/SWCNTs Dispersion

First, the medium-sized graphene dispersion in SC was diluted
in DI and centrifuged at 15 krpm for 2 h. Then, the sediments
were collected and dispersed in an IPA/DI (60%/40%) mixture
to allow straight forward mixing with the SWCNT dispersion.
The concentration of the graphene and SWCNT dispersions in
IPA/DI was calculated by measuring the UV–vis extinctions
and using the Beer-Lambert law. The extinction coefficient of
the P3-SWCNTs was determined as 3292 mLmg−1m−1 through
gravimetry after microfiltration onto alumina membranes. Then,
the mass of flakes/tubes per volume was calculated, and different
volumes of SWCNTdispersionwere added to graphene dispersion
to have mixtures with SWCNT mass ratios of 8%, 27%, 60%,
and 75%.

4.4 Solvent Exchange of the 2D Ink

To transfer the 2D inks from SC solvents to IPA, the inks were
first diluted in DI water and centrifuged at 15,000 rpm for 2 h.
The resulting sediments were collected and re-dispersed in IPA at
varying concentrations, depending on the fractions. Specifically,
concentrations of 1 g/L, 0.5 g/L, and 0.1 g/L in IPA were used
for the large, medium, and small fractions, respectively. Prior to
deposition, all inks were gently bath-sonicated for a few seconds
to ensure uniform dispersion. In the case of graphene/SWCNT
ink, the dispersion in IPA/DI was directly used for the deposition
process.

4.5 Liquid–Liquid Interface Deposition

The LLID experiment involved placing a substrate on a teflon
stand in a beaker of deionized water. Over the submerged sub-
strate, distilled hexane (1 mL) was added to form a water/hexane
interface. Then, TMDs inks in IPA (or graphene/SWCNT in
IPA/DI) were added inside the hexane until a continuous layer
was created over the water/hexane interface. In the case of
graphene inks, the dispersion was added directly to DI water to
form a water/air interface. To coat the substrate with nanosheets,
the teflon stand was slowly lifted through the formed layer. Once
the films were dried, they were annealed in air at 60◦C for 15 min
to enhance solvent removal and film adhesion. The next film
deposition was done by repeating this procedure.

4.6 Raindrop TENG Device Fabrication.
TMDs/ITO Device

For the TMDs/ITO device, the ITO/glass substrates were initially
scratched to create two isolated regions, effectively forming
source and drain electrodes. Then, TMD films were deposited on
the whole substrate in varying numbers. Gr:CNT/WS2/Gr:CNT
Device: 3x Gr:CNT (or Gr) film was deposited onto glass
substrates as a bottom contact. By using a 3D-printed mask,
Small, 2025
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3x TMDs film was deposited over the selected region of the
previous films. The top contact was then coated with a 3x
Gr:CNT (or Gr) film using a second 3D-printed mask to block
portions of the TMDs film. Interdigitated Gr/TMDs Device:
The glass substrate was placed inside a 3D-printed mold, and
the interdigitated mask was attached on top of it. 3x Gr:CNT
films were deposited through interdigitated patterns in a LLID
deposition setup. The interdigitatedmask was then replaced with
another rectangularmask, and 3x TMD films were deposited over
pairs of Gr:CNT interdigitated electrodes.

All devices were annealed at 150◦C in a vacuum for 2 h to enhance
film adhesion. Then, copper tapes were attached to the device
surfaces. A PVC tape was then applied over the copper surface to
ensure connection durability during exposure to water droplets.

4.7 Raindrop Measurements

To simulate raindrop impacts on the devices, a Legato 100
Syringe Pump from KD Scientific was used with different types
of water, including deionized water, tap water, and 1 M NaCl
solution at a controlled flow rate of 200 µL/min, releasing from
a distance of 52 cm. Under simulated raindrops, the devices were
positioned at a 45◦ angle. Keithley 2400 SourceMeter unit and
Tektronix TDS2012 were used to measure short-circuit current
and open-circuit voltage, respectively. A MATLAB program was
implemented to collect real-time data.

4.8 Characterization

The extinction spectra of the dispersion were measured using an
Agilent Cary 60 UV-Vis/NIR spectrophotometer through quartz
cuvettes with a 1 cm path length. A Cary 5000 UV-Vis-NIR spec-
trophotometer was employed to measure the extinction spectra
of thin films. All spectra were acquired in 0.5 nm increments.
The sheet resistance of thin films was determined with an Alessi
four-point probe connected to a Keithley 2400 SourceMeter unit.
The surface morphology of the films was investigated using a
HITACHI S-4000 scanning electron microscope (SEM) at an
acceleration voltage of 10 kV. Atomic force microscopy (AFM)
imageswere takenusing a FlexAFMbyNanosurf in tappingmode
under ambient conditions with a silicon cantilever (Nanosensors,
type NCLR-W). Contact angle measurements were performed
with a KSV’s CAM 100 instrument. A drop of water was placed
on the surface and recorded with the camera. XPSmeasurements
were carried out using a PHI VersaProbe III equipped with a
micro-focused monochromatic (Al Kα source, 1486.6 eV) and
dual-beam charge neutralization. Binding energies were refer-
enced to the carbon signal at 284.8 eV, and peaks were fitted using
CasaXPS software.
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