
RESEARCH ARTICLE
www.advmat.de

2D Materials-based Electrochemical Triboelectric
Nanogenerators

Giuseppina Pace,* Antonio Esau del Rio Castillo, Alessio Lamperti, Simone Lauciello,
and Francesco Bonaccorso*

The integration of 2D materials in triboelectric nanogenerators (TENGs) is
known to increase the mechanical-to-electrical power conversion efficiency.
2D materials are used in TENGs with multiple roles as triboelectric material,
charge-trapping fillers, or as electrodes. Here, novel TENGs based on
few-layers graphene (FLG) electrodes and stable gel electrolytes composed of
liquid phase exfoliated 2D-transition metal dichalcogenides and polyvinyl
alcohol are developed. TENGs embedding FLG and gel composites show
competitive open-circuit voltage (≈ 300 V), instant peak power (530 mW
m−2), and stability (> 11 months). These values correspond to a seven-fold
higher electrical output compared to TENGs embedding bare FLG electrodes.
It is demonstrated that such a significant improvement depends on the high
electrical double-layer capacitance (EDLC) of FLG electrodes functionalized
with the gel composites. The wet encapsulation of the TENGs is shown to be
an effective strategy to increase their power output further highlighting the
EDLC role. It is also shown that the EDLC is dependent upon the transition
metal (W vs Mo) rather than the relative abundance of 1T or 2H phases.
Overall, this work lays down the roots for novel sustainable
electrochemical-(e)-TENGs developed exploiting strategies typically used in
electrochemical capacitors.
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1. Introduction

In the last decade, energy harvesters
based on mechanical energy conversion
have witnessed renewed interest due to
the rise of triboelectric nanogenerators
(TENGs).[1–4] Differently from electro-
magnetic and piezoelectric generators,
TENGs can efficiently convert mechan-
ical energy at low force loads and low
frequency, while offering sustainable and
low-cost production processing.[5,6] Due
to the ubiquitous nature of triboelectri-
fication charging of surfaces, a wide set
of triboelectric materials[7,8] and device
configuration[9] have been tested, demon-
strating the large application fields offered
by this novel generator, e.g., in wearables,[10]

therapeutics,[11,12] wind[13,14] and wave[15]

energy harvesting.
The working principle of TENGs relies

on the triboelectrification charging occur-
ring when two materials are placed into
physical contact.[16] The contact-separation
mode[10] is the most common configuration

in which TENGs are operated. In this configuration, the device
is constituted of two electrodes and two triboelectric materials
(tribomaterial). Each electrode is interfaced with either the elec-
tropositive or the electronegative tribomaterial (triboelectrodes).
The two triboelectrodes are initially separated by an air gap. Dur-
ing the TENG operation, an external mechanical input takes the
two triboelectrodes into intimate contact, allowing the charge
transfer between the two tribomaterials.[17] By connecting the two
triboelectrodes to an external electrical circuit, an electrostatic in-
duction occurs and a displacement current is generated accord-
ing to the Maxwell theory.[18,19]A following release of the mechan-
ical stress allows for their separation and a current flows through
the external circuit.

Strategies so far used to improve TENGs power output include
the search for novel, more efficient tribomaterials,[1,20,7] their
nano and micro-structuration to increase the triboelectrification
charging,[21] the use of charge trapping additives,[22–24] novel elec-
trode engineering[25,26] and functional interlayers[27] placed at the
interface between the electrode and the tribomaterial. Within
this scenario, 2D materials have played a significant role[28–30]

as they can be used as tribomaterials,[20] charge-trapping
additives,[28] or electrodes as in the case of graphene-based
electrodes.[26]
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In our recent work, we highlighted the importance of
proper electrode selection and design to improve TENGs
performances.[31] We proposed flexible and all carbon electrodes
based on few-layers graphene (FLG) as a sustainable compo-
nent for the development of wearable, implantable, and biocom-
patible devices. In another work, we demonstrated the possi-
bility of boosting TENG power output by increasing the elec-
trode quantum capacitance thanks to the introduction of doped
graphene in flexible graphene electrodes.[32] 2D transition metal
dichalcogenides (2D-TMDs) are well known to show improved
energy storage capabilities compared to traditional electrode ma-
terials (e.g., metals) and other 2D materials (e.g., graphene).[33–35]

They can offer several advantages such as large electrochemi-
cally active surface area, high surface tunability, rich coordina-
tion sites, and both “Faradaic” and “Non-Faradaic” electrochemi-
cal behaviours. All these properties make the 2D-TMDs promis-
ing high-performing materials in capacitive charging devices, as
batteries and supercapacitors, and in capacitive mechanical trans-
ducers as TENGs.

A comprehensive summary of the developments made in 2D-
material-based TENGs was reported in recent reviews.[28–30,36,37]

A record power output (500 W m−2) was obtained for TENGs
based on ferroelectric polymer composites embedding MoS2,
however, such a high value was reached after electrical pooling of
the polymeric film.[38] High triboelectric performances are also
achieved with TENGs integrating M-Xenes, either used as tri-
boelectric material (400 mWm−2)[30] or integrated into polymer-
based fiber composites (330 mWm−2).[39] Different studies have
shown high TENGs performances when using MoS2 compos-
ites, showing a power output of a few hundred mW m−2,[40,41]

and only more recently WS2 (138 mW m−2).[42] So far, the ob-
served improvement in TENGs electrical output has mostly been
attributed to the intrinsic triboelectric properties of the 2D mate-
rials or to their triboelectric charge-trapping capabilities. Here,
we study and compare a series of four 2D-TMDs (specifically
MoS2, WS2, WSe2, and MoSe2) integrated into TENGs in the form
of polyelectrolyte composite interlayer, a strategy that allowed to
reach a peak power output of 530 mW m−2.

In the current work, we provide evidence that the improved
performance observed in our TENGs is due to the capacitive
charging properties of such 2D materials.

In addition, we demonstrate that the power output of TENGs
based on FLG electrodes can be further optimized by increas-
ing their electrochemical double-layer capacitance (EDLC). This
is achieved by the introduction of the 2D-TMDs-based polyelec-
trolyte interlayer placed at the interface between an encapsulat-
ing tribomaterial and the FLG-electrode. A seven/fold increase in
TENGs power is observed using a polyelectrolyte gel composite
based on liquid-phase exfoliated 2D-TMDs, and polyvinyl alcohol
(PVA). By investigating the electrochemical performance of su-
percapacitors embedding the FLG electrodes modified with the
gel composite, we provide evidence of the correlation between
the TENGs electrical output and the electrode EDLC. The influ-
ence of the 1T and 2H phases, commonly found in these 2D-
TMDs, on the EDLC is also investigated. Despite previous evi-
dence reporting the higher electrocatalytic activity of the 1T phase
compared to the 2H phase, due to a faster electron transfer pro-
cess occurring at the 1T phase,[43] we did not observe any spe-
cific phase dependence of the TENGs performances. Instead, we

observe higher EDLC and shelf-life stability for W-based chalco-
genide TENGs compared to Mo-based ones. The possibility to en-
hance TENGs power output through the design of efficient EDLC
electrodes opens the way to the development of novel sustainable
electrochemical-TENGs (e-TENGs) with efficient power output.
Such results also mark another essential technological advantage
of e-TENGs compared to other mechanical energy harvesters,
in particular piezoelectric harvesters, by offering a broader spec-
trum of device optimization strategies that are drawn on electro-
chemistry principles.

2. Results and Discussion

2.1. Materials Characterization

The capacitance of liquid phase exfoliated and a few layers 2D-
TMDs strongly depends on the size and number of layers of the
produced TMDs’ flakes. It is reported that a high capacitance
in C-based electrodes can be reached if the obtained 2D-TMDs
flakes dispersion allows for good electrode wettability and an ef-
ficient electrolyte intercalation into the carbon network.[44] These
phenomena would then increase the TMD/electrolyte interface
thus enabling a good electronic connection and ensuring a fast
charge transfer to the bulk C-electrode.

In this work, few layers thick 2D-TMDs have been pro-
duced by liquid phase exfoliation (LPE), in a sustainable sol-
vent (2-propanol), of bulk crystals of WSe2,[45] WS2,[46] MoSe2

[47]

and MoS2.[48] The morphological characterization of the exfoli-
ated 2D-TMDs is investigated through Atomic Force Microscopy
(AFM). The AFM images (Figure S1, Supporting Information)
show the presence of few-layer thick 2D-TMDs flakes with few
micrometres lateral sizes, suitable for intercalation and adhesion
into the FLG-electrode, thus promoting an efficient charge trans-
fer between the TMDs flakes and the electrode.

Flexible FLG electrodes were prepared from a slurry composed
of wet-jet milled graphene, activated carbon, and ethyl-vinyl ac-
etated (EVA) used as binder, according to previously reported
method.[31] The slurry was doctor-bladed onto a sacrificial alu-
minum foil and subsequently hot-transferred into a flexible EVA
substrate to produce a few tens micrometers thick FLG electrode
(10–20 μm).

Capacitive, as well as catalytic properties of 2D-TMDs, are
often associated with the presence of either the 1T or 2H
phase.[48–50] The 2H phase has a hexagonal lattice with trigonal
prismatic metal coordination. It has a semiconducting charac-
ter, and it is the most favoured thermodynamic phase.[49] The 1T
phase instead, is characterized by octahedral metal coordination
with a tetragonal symmetry and a metallic character, which has
often been considered at the base of its superior redox activity in
catalytic reactions over the 2H phase.[51] It has also been shown
that the exfoliation process induces the phase transition from the
naturally found 2H phase to the 1T phase.[51–55]

The presence of the two phases has been investigated by
means of Raman and X-ray photoelectron spectroscopy (XPS)
measurements, as reported in Figure 1 and 2, respectively.

The 1T phase typically shows a rich Raman spectral signature
in the low wavenumber region (< 300 cm−1). Here, more vibra-
tional modes at lower peak intensities are found compared to the
2H-phase spectra. This evidence is ascribed to the lower symme-
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Figure 1. Raman spectra acquired on a) WS2, b) MoS2, c) WSe2, and d) MoSe2 produced by LPE. Insets show the rich peak distribution observed at low
wavenumbers, in which the low intensity 1T phase Raman peaks are typically found.

Figure 2. High-resolution XPS spectra of the exfoliated: a) WS2 (4% 1T); b) MoS2 (7% 1T); c) WSe2 (60% 1T); d) MoSe2 (74% 1T). In all spectra are
reported the row intensity data (black), the background (grey), and the sum spectra of the fitted peaks (red dotted line).
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Figure 3. a) Schematic picture of the electronegative triboelectrode fabrication steps. b) Device structure of TENGs investigated in this work and oper-
ating in contact-separation mode. c) Device structure of the supercapacitor used for the electrochemical characterization of the 2D-TMDs modified FLG
electrodes.

try of the monoclinic 1T phase compared to the hexagonal 2H
phase.[49] A close look at this region (Figure 1, insert), allows iden-
tifying the presence of the 1T-modes in all the 2D-TMD samples.
Both signature peaks, assigned either to the 1T or 2H phase, can
be found in each sample. A detailed assignment of Raman peaks
is reported in Figure S4 (Supporting Information).

X-ray photoelectron spectroscopy data confirm the simultane-
ous presence of the 2H and 1T phases in each 2D-TMD sample.
However, they show different relative content per each exfoliated
2D-TMD.

X-ray photoelectron spectroscopy high-resolution spectra of
the exfoliated WS2 and WSe2 (Figure 2a,c) show the typical
W_4f5/2 and W_4f7/2 doublet peaks of the chalcogen (30–35 eV),
along with the W_4f peak of the W(IV) oxide (WOx) at higher
binding energies (35–40 eV)[56,57] as typically found in exfoli-
ated dispersions.[45,46,48,58] The deconvolution of the W_4f peaks
shows the presence of two doublet peaks associated with the 2H
(32.45 eV for WS2; 31.93 eV for WSe2) and 1T (31.87 eV for WS2;
31.51eV for WSe2) phases.[49,59] Similarly, high-resolution spec-
tra of MoS2 and MoSe2 acquired in the chalcogen binding energy
region (226–232 eV) show two pairs of doublets associated with
the Mo_3d3/2 and Mo_3d5/2, and assigned respectively to the 2H
(229.05 eV for MoS2; 228.8 eV for MoSe2) and 1T (228.45 eV for
MoS2; 228.19 for MoSe2) phases.[60–62] Signature associated with
the Mo(IV) oxide (232–240 eV) is visible in Figure 2b,d. The S_2s
peak (225.3 eV) is also found in the MoS2 sample.[56,63]

The peak analysis of the deconvolved spectra allows for esti-
mating the relative content of the 2H and 1T phases. Specifically,
we found 4% of 1T in WS2, 60% in WSe2, 7% in MoS2, and 74%
in MoSe2. The data show the higher stability of the 1T phase in
the Se-based TMDs compared to the sulfur-based ones. The high
content of the 1T phase in the selenide-based chalcogenides is
also confirmed by the Se_3d peak deconvolution (Figure S5, Sup-
porting Information). This finding agrees with Raman’s studies
(Figure 1) and shows the influence of selenium on the stability
of the 1T phase.

It is worth highlighting that the exfoliated 2D-TMDs were used
in TENGs and characterized with Raman and XPS measure-
ments after 1 year from their preparation. Furthermore, since the
2H phase mostly characterizes the bulk 2D-TMD crystal, it is ar-

gued that our LPE procedure in 2-propanol may promote the 2H
to 1T transition stabilizing the 1T phase.

2.2. TENGs Fabrication and Characterization

Polyvinyl alcohol has been selected to form the gel electrolyte
due to its extensive application as an electrolytic medium in
supercapacitors, promoting the establishment of an EDLC in
carbon-based electrodes.[64,65] Stable polyelectrolyte gel compos-
ites (stability over 2 months stored in vials) are obtained from a
dispersion of the exfoliated 2D-TMDs in a PVA gel containing
sulfuric acid (H2SO4) as electrolyte. The gel composite has then
been incorporated as an interlayer between the tribomaterial
(Teflon) and the flexible FLG-electrode (Figure 3a). The good dis-
persion and stability of the 2D-TMDs flakes within the gel enable
the uniform adhesion of the PVA composite layer over the entire
FLG-electrode surface area as shown by the SEM images (Figure
S2, Supporting Information). Teflon is accomplishing a double
function of electronegative tribomaterial and encapsulating ma-
terial allowing water retention in the gel. The final e-TENG device
structure is reported in Figure 3b. It contains an electronegative
triboelectrode that comprises the FLG electrode, the polyelec-
trolyte gel composite, the Teflon film and an electropositive tri-
boelectrode formed by a polyurethane (PU) film adhered onto an
aluminium foil (FLG/polyelectrolyte-gel/teflon//airgap//PU/Al).
The electropositive (PU) and electronegative (Teflon) triboma-
terials remained invariant across the different tested TENGs.
Therefore, in this device configuration, the performance varia-
tion observed across different e-TENGs can be attributed only to
the modification of the gel composite interlayer.

Figure 3c presents a schematic of the supercapacitors contain-
ing the FLG electrode modified with the gel composite and fab-
ricated following the same procedure applied for the hydrogel
functionalized FLG electrodes integrated into the e-TENGs. In
the symmetric supercapacitor structure, two FLG-electrodes have
been used, respectively as cathode and anodes.

The e-TENGs are operated in contact-separation mode.[18]

High power output (Figure 4) can be obtained when a wet en-
capsulation is performed, in which the Teflon layer is deposited
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Figure 4. TENG fabricated following the wet encapsulation process with Teflon film. a) TENGs voltage output measured on the day of preparation and
after 15 days (10 N, 5 Hz, 40 MΩ, 5mm airgap, active area 4 × 4 cm2). b) Drying time dependence of the instant peak power output measured for TENGs
embedding WSe2 gel composites. c) Open Circuit Voltage (VOC) measured for WSe2-TENG after 15 days of drying, measured with 1 GΩ voltage probe
(also Figure S6, Supporting Information). d) The same TENG has been used to charge a 1 μF capacitor, inset represents the simplified diagram of the
electronic circuit used to load the 1 μF capacitor. (WSe2-TENG-15days. RMS power 16 μW cm−2 at 5 Hz; PVA only RMS power 2.2 μW cm−2 at 5 Hz).

right after the gel composite deposition on the FLG-electrode. Af-
ter 15 days, an evident rise in voltage output and instant peak
power (Figure 4) is observed, showing the time-dependent elec-
trical performance of the e-TENGs. This time-dependent output
is a common feature of all investigated gel-based e-TENGs and
is associated with the water content effect on the EDLC forma-
tion. In fact, a wet environment allows for greater ionic mobility,
thus increasing capacitance and rate diffusion of the electrolyte
over the water-wet electrode’s surface.[66,67] Nevertheless, an in-
creased thickness of the interlayer leads to a reduced induction
potential at the electrode.[27] The insertion of the WSe2 gel com-
posite into the e-TENG device structure resulted in more than a
7-fold increase in power output (peak voltage 186 V, peak power
53 μW cm−2, RMS power 16 μW cm−2 at 5 Hz, Figure 4b), com-
pared to the value reached by devices containing only the PVA
electrolyte gel (PVA_only devices, 68 V, peak power 7 μW cm−2,
RMS power 2 μW cm−2 at 5 Hz, Figure S7, Supporting Infor-
mation). It is important to highlight that this high-power output,
obtained by performing TENG electrode engineering, could be
further increased with additional tribomaterial micro- and nano-
structuring. For the WSe2-based TENG, the open circuit voltage
(VOC) reached 286 V (Figure 4c) and can effectively be used to
store energy in a 1 μF capacitor (Figure 4d).

However, TENGs fabricated following the wet encapsulation
procedure, suffer from gel leakage occurring during the TENGs
operation. In fact, under contact pressure, the gel, which is still

wet, tends to escape from the device sides, which are sealed
only with paper tape (Figure 4). However, if the encapsulation
is performed when the gel is fully dried (Figure S8, Supporting
Information), the TENGs performance is rather poor. Further-
more, when the gel electrolyte is left drying overnight in ambient
conditions, the gel films deteriorate, with the formation of gel
aggregates.

The best compromise, in terms of water retention and time sta-
bility, is obtained when the gel is left drying in ambient conditions
for 30 min before the encapsulation (data shown in Figure 5,
peak power output in Figure S9, Supporting Information). An
improved lifetime stability is observed for the W-based TENGs,
which retain their electrical output for at least up to 11 months
from fabrication (Figure S10, Supporting Information). Contrar-
ily, the Mo-based TENGs show shorter lifetime stability than the
other 2D-TMDs. When comparing the e-TENGs voltage output
measured after 1 month from fabrication, and after 2 months,
we observe a 60% decrease for the MoS2-based TENGs, a 30%
decrease for WS2, 15% for MoSe2, and 4% for WSe2. This evi-
dence shows the superior stability of the W-based TENGs com-
pared to the Mo-based ones, which might reflect the W-based
TMDs higher stability toward oxidation.[68–71] Furthermore, SEM
images acquired on films deposited on Al foil, show that during
the drying process of the composite film, the WS2 flakes tend
to accumulate at the electrode interface (Figure S3, Supporting
Information). Such redistribution of the W-based TMDs at the
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Figure 5. Time-dependent TENG electrical output and correlation with electrochemical performances derived from supercapacitors measurements. a)
Time-dependent e-TENGs voltage output. Each train of voltage curves has been measured at different times from the fabrication day (1 day, 4 days,
1 month, 2 months) and under the same operational conditions (10 N, 5 Hz, voltage probe 40 MΩ, airgap 5 mm, ≈ 40% humidity, ≈ 21 °C). b)
Galvanostatic charge-discharge curves (set current 150 μA, set voltage 1 V). c) Correlation between capacitance and peak voltage. Simplified e-TENG
structure used to resolve analytically the VOC dependence upon the EDLC: d) scheme of a TENG where only dipole reorientation can occur within the
interlayer. e) Scheme of an e-TENG where both dipole reorientation and ionic migration occur after triboelectrification. f) e-TENG equivalent circuit.
Electrical double layer capacitance (CEDL), EDL charges (QEDL), variable capacitance (Cvar), and variable airgap distance (dvar).

interface with the FLG electrodes might improve the FLG/TMD
electrical connection (impedance analysis, Figure S15, Support-
ing Information), thus leading to an increased electrode capaci-
tive charging.

The adoption of the EVA as substrate and Teflon as triboma-
terial, known to be excellent moisture- and gas-barrier[73] con-
tribute to the time stability of the devices. Furthermore, the ob-
served stability of the W-based TENGs (almost 1 year, stored in
ambient condition, Figure S10, Supporting Information), can be
attributed to the formation of a “quasi” solid-state electrolyte in-
terlayer, which makes our TENGs stable in time despite the non-
optimized sealing procedure.

To correlate the e-TENGs electrical performance with the
EDLC capacitance of the modified FLG-electrode, current-voltage
(Figure S12, Supporting Information) and galvanostatic constant
current charge–discharge (GDC) measurements (Figure 5b) were

performed on symmetric supercapacitors comprising the FLG
electrodes modified with the gel composite and a glass fiber sep-
arator (scheme in Figure 3c). Current-voltage curves reported in
the supplementary information (Figure S12, Supporting Infor-
mation) show a quasi-rectangular shape, as commonly observed
in the absence of a pseudocapacitive behavior that would imply
the presence of redox reactions.[74,75] This evidence confirms the
double-layer capacitive behavior of the modified FLG-electrodes
and the absence of impurities (oxidized flakes) in our wet-jet
milled (WJM) graphene, which typically would show pseudo-
capacitive behavior.[76,77]

Galvanostatic charge–discharge measurements (Figure 5b)
have been acquired at low specific current (≤ 150 μA) to approach
as much as possible the low current range that is involved in the
2D-TMDs based TENGs operation (< 100 μA). The capacitance
of the 2D-TMDs modified FLG electrodes has been extracted
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from the discharge curve of the GDC measurements per each
2D-TMD-based supercapacitor (Figures S12 and S13, Supporting
Information). Plotting the discharge curves in logarithmic scale
(Figure S12, Supporting Information) highlights the presence of
multiple discharge time constants, compatible with multiple dis-
charging mechanisms and consistent with the presence of at least
two capacitive materials, the FLG electrode, and the 2D-TMDs.

In particular, the 2D-TMDs-based supercapacitors show an ad-
ditional discharge time constant, which is instead absent in the
PVA_only devices and can be associated with the discharging of
the TMDs. This feature is clear evidence of the 2D-TMDs contri-
bution to the FLG electrode capacitance.

A correlation is found between the EDLC of the modified FLG-
electrode and the relative TENGs electrical performance (Fig-
ure 5c). Higher voltage outputs are observed for those 2D-TMDs
modified FLG electrodes that show higher EDLC, as found for
the WSe2 and WS2-based electrodes. This substantial evidence
demonstrates how increasing the EDLC of carbon electrodes also
determines a boost in TENGs power output.

The model suitable to describe the role of the EDLC in promot-
ing higher power output should consider both the variable capac-
itance (Cvar), due to the moving triboelectrode over the airgap dis-
tance (dvar), and the capacitance of each triboelectrode. To provide
an analytical description of the e-TENGs voltage dependence on
the EDLC we used the simplified e-TENG structure presented
in Figure 5e. In the model architecture, the Al layer is acting
both as the electropositive tribomaterial and as electrode, while
the second triboelectrode comprises a triboelectric layer and an
EDL electrode.[78] The equivalent circuit related to the simplified
e-TENG structure is reported in Figure 5f.

Based on previous models,[79,80] the maximum voltage reached
by the e-TENG can be expressed with the following equation:

Vmax =
1
2

VTE

(
CEDL

Cmin

)
(1)

VTE =
QTE ⋅ dTE

A ⋅ 𝜀TE
(2)

where CEDL corresponds to the maximum capacitance measured
under contact conditions (more details in Supporting Informa-
tion). Cmin is the capacitance measured when the two triboelec-
trodes are placed at their maximum relative distance. VTE is the
voltage at the surface of the triboelectric layer and depends on
the triboelectric charge distribution (QTE) over the tribomaterial
surface area (A), its permittivity (𝜖TE), and thickness (dTE). In the
model, the tribomaterial thickness is assumed to be larger than
the gel electrolyte layer thickness. Since the triboelectric layer is
the same across all 2D-TENGs, VTE can be considered a constant
for all generators, and Vmax will show a linear dependence on the
ratio CEDL/Cmin. Therefore, Vmax is expected to increase with the
CEDL. The outcome of Equation. 1 is confirmed by the experimen-
tal evidence of the 2D-TENG voltage correlation with the EDLC
of the 2D-TMD modified FLG electrode (Figure 5c; Figure S14,
Supporting Information).

Figures 5d,e presents a schematic of the different electrode po-
larization mechanisms that can settle under the establishment of
a triboelectrification field in absence (Figure 5d) or presence (Fig-
ure 5e) of an electrolytic media. In the case of a non-electrolytic

dielectric, only molecular dipole reorientation can occur (Fig-
ure 5d). The addition of an electrolyte to the dielectric layer allows
both dipole reorientation and ionic migration, favoring the EDL
formation (Figure 5e), thus determining an increased electrode
capacitive charging with respect to a non-electrolytic dielectric.

Due to its good conductivity, fast electron-transfer kinetics, and
high density of reactive sites (both at the plane edges and basal
plane),[48,50,80] the 1T phase would be expected to favour an in-
creased capacitance of the FLG electrode and therefore, of the
TENGs power output. However, despite the significant difference
in 1T/2H relative content, as revealed by XPS measurements, no
specific correlation is found when we compare the 1T/2H ratio
with the trend observed in TENGs power output. Instead, W-
based 2D-TMDs provide the most efficient TENGs compared to
Mo-based TENGs. The higher stability of W-based TMDs toward
oxidation, together with an improved electrical connection to the
FLG-electrodes due to interfacial phase segregation, could be the
reason for the higher performance and longer lifetime of the W-
based TENGs compared to the Mo-based ones. Therefore, the
presence of the 1T phase shall not be taken as the foremost re-
sponsible for the power output variation observed over the four
different 2D-TMDs-based TENGs. A fast charge transfer occur-
ring between the FLG-electrode and the TMDs and the conse-
quent increase in capacitive charging can then be considered re-
sponsible for the high capacitance (≈ 2 mF cm−2) and TENGs
power output (≈ 530 mW cm−2) obtained with the functionalized
FLG electrode.

3. Conclusion

The present work introduces a new class of TENGs, the
electrochemical-TENGs (e-TENGs), developed following strate-
gies typically used in electrochemistry for enhancing the elec-
trode double-layer capacitance. It is demonstrated that high
power output is obtained when the 2D-TMDs-based gel elec-
trolytes are introduced as an interlayer in the TENGs structure,
due to the increase of the EDLC of FLG-electrodes. The chemical
and structural analysis allows concluding that the observed im-
provement in TENGs performance is not correlated to the pres-
ence of either the 1T or 2H phase typically found in this class of
2D-TMDs. Instead, it is observed that FLG electrodes modified
with the W-based 2D-TMDs achieve higher EDLC than the case
of Mo-based ones.

Since the substrate (EVA) and triboelectric material (Teflon)
are already known to be effective temperature and humidity-
resistant, further improvements of this newly designed
electrochemical-TENGs are expected if an optimal device sealing
is achieved and/or with the choice of alternative electrolytic
dielectrics. This further engineering will then allow to widen
the application of e-TENGs as stable harvesters and sensors,
in fields such as wearables and implantable devices and wave
harvesters. In view of these findings, it is important to consider
the likelihood, that the increased electrode capacitance due to the
addition of 2D nanomaterials might have been overlooked in the
literature. The possibility to extend the TENGs design strategies
also to include electrochemical parameters, such as electrodes
EDLC, will allow to further enhance TENGs output performance,
a significant advantage over other mechanical energy harvesters
such as piezoelectric and electromagnetic generators.

Adv. Mater. 2023, 2211037 2211037 (7 of 11) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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4. Experimental Section
Production of 2D Materials: Liquid phase exfoliation in 2-propanol of

the bulk 2D-TMD crystals was performed as follows: 500 mg of the layered
crystals were pestled, thus obtaining powders. Then, the powders were
dispersed in 2-propanol, 100 mL, and exfoliated using an ultrasonic bath
(Branson 5800 cleaner, Branson Ultrasonics) for six hours.

The obtained dispersions were centrifuged at 2700 g (Rotina) for 60
min at 15 °C. The centrifugation process allowed the sorting of unexfoli-
ated bulk crystals (sediment) from the few layers TMDs in the supernatant.
The concentration of the crystals in the supernatant was estimated by dry-
ing aliquots of 10 mL and weighing the solid residual. Finally, the concen-
tration of the TMDs dispersions was tuned to 0.2 g L−1 by evaporating the
excess solvent.

2D-TMDs Gel Composites Formulation: Poly(vinyl alcohol) (PVA, >

99% hydrolyzed, Mw 146 000–186 000) gel was prepared by dissolving
it in water at a concentration of 100 g L−1. The dispersion was placed un-
der vigorous stirring for 30 min. Then the temperature was raised to 85
°C until a clear solution was obtained. PVA gel electrolyte was prepared by
dissolving PVA into an acidic water solution containing the H2SO4 (50 g
L−1), vigorously stirred for 30 min at RT, and subsequently brought to 85
°C until a clear solution was obtained.

The 2D-TMDs gel composites were prepared by mixing the PVA gel with
the 2D-TMDs dispersion in the optimized volume ratio of 2:1 (PVA:2D-
TMD). The composite gels were placed on a hot plate at 80 °C and un-
der vigorous stirring for 1 h until a clear gel was formed. This formula-
tion allowed the gel composites to remain stable in ambient conditions
over weeks, showing the stability of the dispersed 2D-TMDs into the so-
formulated electrolyte PVA gel matrix. The reference PVA-only gel was pre-
pared by adding pure 2-propanol in a 2:1 volume ratio. The pH of the ob-
tained gel was tested with a litmus paper and was ∼ 1.

All dispersions were heated at 40 °C for 30 min prior to their use. All
chemicals were purchased from Merk and used as received.

Production of Few-layers Graphene (FLG): Few-layer graphene flakes
were produced via wet-jet-milling (WJM),[82,83] Briefly, the graphite (20
g L−1) is dispersed in N-methyl-2-pyrrolidone, NMP, under high stirring.
Briefly, a mixture of the bulk layered crystals (200 g of graphite flakes from
Sigma Aldrich) and the solvent (20 L of NMP, Sigma Aldrich) was pre-
pared. The mixture was placed in the container and mixed with a mechan-
ical stirrer (Eurostar digital Ika-Werke). The mixture was processed in the
homogenizer, using a nominal pressure of 200 MPa.

Fabrication of Few-layers Graphene (FLG) Electrodes: FLG flakes (WJM),
carbon black (Super P, Alfa Aesar), and ethyl vinyl acetate (EVA, Mr Watt
Srl) used as a binder at a weight ratio of 1:250:40, were dispersed in a
solvent mixture containing butylcarbamate and chlorobenzene (3:7.5 v/v)
to form a homogeneous slurry. The slurry was spread on a clean Al foil
via doctor blading method, and dried on a hotplate, under ambient con-
ditions, at 100–120 °C for 1 h. The FLG-based film was then transferred
onto EVA flexible substrates by hot-pressing the FLG-coated Al film on the
EVA substrate (80 °C, 15 min). The Al foil was then peeled off the FLG-
coated electrode before use. This resulted in FLG electrodes’ thicknesses
of 10–20 μm. The electrical connection to external loads was obtained by
connecting a copper wire to the FLG electrode with Ag conductive paste.

Materials Characterization: The Atomic force microscopy (AFM) im-
ages were acquired with an AFM-Bruker Dimension Edge in tapping mode,
using nitrogen-doped silicon cantilevers (PPP-NCHR Nanosensors, USA)
with a nominal tip diameter of 10 nm. Gwyddion and Nanoscope Data
Processing software were used for image analysis. Scanning Electron Mi-
croscopy (SEM) images were acquired with a Field Emission Scanning
Electron Microscopy (FE-SEM, Zeiss GeminiSEM 560) operating at 5 kV
acceleration voltage and considering secondary electrons.

The XPS characterization was performed with an XPS ESCA 5600 ap-
paratus (monochromatic Al K𝛼, X-ray source, 1486.6 eV) equipped with a
concentric hemispherical analyzer (Physical Electronics Inc., Chanhassen,
MN, USA). Pass energy was 58.50 eV with energy steps of 0.25 eV. The
binding energy scale was calibrated considering the C 1s peak at 285 eV.
XPS spectra analyses were performed using the XPSPEAK41 software and
a Voigt shape-fitting function.

Confocal micro-Raman spectroscopy was performed using a Renishaw
In-Via spectrometer (New Mills, Kingswood, Wotton- under-Edge, UK)
equipped with a solid-state laser source and excitation wavelength of 514
nm (2.41 eV). The laser power was set below 10% of its nominal power (<
1 mW) to avoid sample damage.

Samples for AFM, XPS, and Raman measurements were prepared by
drop-casting the 2D-TMDs dispersions onto Si/SiO2 substrate, followed
by drying in ambient conditions.

Gel Composites Electrochemical Characterization: The electrochemical
characterization was carried out with a potentiostat/galvanostat (VMP3,
Biologic). The electrochemical characterization of the electrolyte gel com-
posites was performed in a symmetric supercapacitor configuration. A
Swagelok cell was used for all electrochemical testing. Cyclic voltammetry
(CV) measurements were acquired at voltage scan rates ranging from 10
mV s−1 to 200 mV s−1. Galvanostatic charge–discharge (GCD) measure-
ments were carried out at different specific currents, ranging from 150 μA
to 2 μA.

The FLG electrodes (1 cm diameter) were cut from the FLG-coated Alu-
minium (FLG/Al). 500 μl of gel composite was cast on each FLG/Al elec-
trode. A glass fiber membrane (Whatman) was used as an electrode sep-
arator.

TENG Fabrication: The 2D TMDs-based gel electrolytes were cast onto
the FLG electrode. 1 mL of the gel composites was cast over an electrode
area of 4.5 × 4.5 cm2. The gel composites were left drying in a controlled
atmosphere (humidity 40%, temperature 20–21 °C). The Teflon film (100
μm thick) was placed over the gel to play the function of both triboelectric
material and encapsulating film. Sealing was achieved with paper tape,
allowing the TENGs shelf-life of a few months. Teflon encapsulation was
performed at different timing after drying the gel composite as also re-
ported in Figures 4 and 5 captions. Specifically, in the wet encapsulation,
the Teflon layer was placed on top of the polyelectrolyte gel composite
soon after the gel deposition on the FLG-electrode.

Though the top and bottom layers were constituted by humidity and
gas insulators (EVA as substrate, and Teflon as tribomaterial), the wet en-
capsulation procedure suffers from gel leakage at the lateral sides of the
triboelectrode, which could occur during the e-TENGs operation. To over-
come this issue, different strategies were explored to produce optimal e-
TENGs with improved lifetime and operational stability. It was observed
that when the gel was left to dry overnight before encapsulation with the
Teflon layer, only poorly performing e-TENGs were obtained (Figure S11,
Supporting Information). Optimal conditions for achieving e-TENGs op-
erational stability and longer lifetime were found when the gel was left dry-
ing in ambient conditions for 30 min before the deposition of the Teflon
encapsulating film.

TENG Characterization: A home-built set-up was used comprising a
linear motor and load cell. The electric measurements were carried out
using an oscilloscope (Tektronix MSO5000), a voltage probe 40 MΩ (Tek-
tronix), a current amplifier (1211 DL Instruments), and a home-built re-
sistance commutator for current measurements. Open circuit voltage was
measured using a 1 GΩ voltage probe (1000x Tektroniks). The device ac-
tive area was 4 × 4 cm2. The device operation parameters were set to an
applied force of 10 N, and an operating frequency of 5 Hz. The maximum
air gap between the two triboelectrodes was set at 5 mm.

The instant peak power was calculated from the current peak maximum
at varying resistance loads (P = RLoad × IPeak

2). The RMS power was cal-

culated according to the formula PRMS = 1
T

T

∫
0

i2Rdt, with T being the time

interval of an entire cycle at 5 Hz.
A commercial LTC-3588 energy harvester was used to demonstrate the

capability of the e-TENGs to charge a storage unit (the LCT-3588 internal
capacitor, 1 μF).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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