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Two-dimensional chromium telluride-coated 3D-
printed architectures for energy harvesting+t

Ritam Mondal,? Royston Mathias,}? Leonardo V. Bastos, }°
Chinmayee Chowde Gowda, (2 ¢ Nishant Tiwari,® Himanshu Singh,®
Cristiano F. Woellner,” Chandra Sekhar Tiwary (2 * and Partha Kumbhakar () *

Rapid development of industries, urbanization, and technological advancements have increased demand
for sustainable and cost-effective alternative energy sources. In this work, a self-powered flexible 3D-
printed triboelectric nanogenerator coated with 2D chromium telluride (Cr,Tes) (3D-TENG) is presented
as an innovative energy harvesting approach from pressure and temperature. The optimized flexible 3D-
printed hexagonal structures with coatings show varying specific yield strength and porosity. The
3D-TENGs achieved a maximum output voltage of ~39 V under periodic impacts of ~0.8 kPa and their
performance further increased (~45 V) in the presence of varied temperatures. The outstanding results
and flexibility of the 3D-TENG devices highlight their potential in self-powered energy harvesting from
external heat, magnetic fields, and body weight. Density functional theory (DFT) calculations further
explained the interaction between 2D Cr,Tez and the polymer surface under external impact. Therefore,
we believe that our findings illustrate the potential of integrating 2D materials with 3D-printed architec-
tures to enhance the efficiency and adaptability of flexible, lightweight, low-cost, and eco-friendly TENG
devices for industrial applications.

1. Introduction

One of the major problems of the 21% century is the ever-
increasing need for energy. The world’s power consumption is
rising exponentially due to factors such as fast industrializ-
ation, urbanization, and increasing dependence on electronic
devices." In response to economic and environmental pressure
associated with non-renewable fossil fuels, global energy
generation has undergone a significant transformation.
Renewable energy sources, including geothermal, hydro, wind,
and solar power, are being integrated increasingly into the
energy grid.> These technologies harvest electricity by using
naturally occurring processes, thereby eliminating problems
such as greenhouse gas emissions,” depleting natural
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resources, and dependency on finite fossil fuels.” A lot of
advanced research involves conversion of ambient energy from
the environment into usable electricity. Among these, tribo-
electric energy generation has emerged as a particularly prom-
ising technology.® TENGs offer a flexible and environmentally
friendly energy generation method that complies with the
values of conservation and sustainability. TENGs are promis-
ing as they efficiently transfer mechanical energy, which can
come from human motion, vibrations, and even wind, into
electrical energy that can be used for various purposes.
Recently, self-powered TENGs have received great attention.”
Triboelectricity is a surface-dependent phenomenon driven by
charge transfer at material interfaces.® Therefore, the magni-
tude of the charges and the surface properties of interacting
materials are the two critical factors that determine the
amount of output voltage generated.

2D materials present a path to enhance the power output of
TENGs.’ Strong covalent bonds give 2D materials their in-
plane stability, whereas van der Waals forces enable a com-
paratively weak interlayer attraction that permits the exfolia-
tion of the bulk material into discrete, atomically thin layers.
These 2D materials of atomic size thickness have unique pro-
perties such as a large specific surface area, ease of surface
modulation and exceptional electrical conductivity,'*"*
offering advantages in terms of surface charge generation. 2D
materials such as graphene and its derivatives'* and hexagonal
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boron nitride (h-BN)*? have a wide bandgap and low electron
affinity, thus making them tribo-positive materials. In contrast,
materials such as graphene, molybdenum disulfide (MoS,),
and transition metal dichalcogenides (TMDs)'*"> have high
electron mobility and strong electron affinity, making them
tribo-negative materials."®'” When utilized as bare materials,
these materials exhibit weak adhesion, fragility, high sensi-
tivity to environmental conditions, etc., even though they are
good candidates for TENG applications. Furthermore, a wide
range of reported TENG devices utilize polymer thin films or
cellulose substrates that are prone to wear and tear. To elimin-
ate these effects and to improve energy generation via contact
electrification and electrostatic induction, the surface mor-
phology of triboelectric polymers in TENGs has recently been
modified through micro- and nanopatterning.'® However, to
create less expensive nanopatterns, more effective techniques
are being sought. Thus, 3D printing offers the advantages of
being mechanically stable, flexible, affordable, effective, long-
lasting, and environmentally friendly.">>> Complex TENG
devices have shown considerable promise for development
using 3D printing technology. 3D-printed TENGs have been
largely utilized because of their sustainability, affordability,
ease of fabrication, and complex architectures.”*>*

Here, we have reported 2D Cr,Tes-coated 3D-printed hexag-
onal structures with varying porosities that are utilized as
energy harvesting systems from mechanical impact and temp-
erature. We have printed the structures using the effective
fused deposition modeling (FDM)*° technique. We have
demonstrated the hexagonal structure of 3D-printed devices,
which enhances their compression resistance, reducing wear
and tear over time. This increased durability contributes to
long-term reliability, making 3D-printed TENGs more advan-
tageous compared to traditional polymer-based or cellulose-
based counterparts. The primary benefit of employing intri-
cately shaped 3D-printed structures is that their increased
surface area allows for larger surfaces for coating 2D materials,
aiding in the production of high-output voltages. The mechan-
ical strength and durability of 3D-printed structures ensure the
lengthy lifespan of the manufactured device. The 3D-TENGs
produced an output voltage, which further increased with a
rise in temperature by illumination with infrared light. The
fabricated and coated device was used in various applications
to generate energy for our daily life.

2. Materials and methods
2.1 The fabrication of 2D Cr,Te;

To fabricate 2D Cr,Te;, stoichiometric amounts of pristine
high-purity chromium (Cr) and tellurium (Te) chunks (99 wt%)
served as the base materials for producing a Cr-Te alloy. The
fact that the two elements’ melting temperatures differ signifi-
cantly, Cr (~1907 °C) having a melting point much higher
than Te (~450 °C), both components were sealed in a quartz
tube before melting. To prevent the oxidation of Te, which is
very volatile at higher temperatures,®® an inert atmosphere was
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created using argon (Ar) gas that was backfilled into the quartz
tube. After that, the alloy was melted in an induction furnace
at 1350 °C and the temperature was maintained for two hours.
Following the melting phase, the samples were subjected to an
extended heat treatment at 900 °C for a duration of
75-80 hours. This was done to achieve homogeneity of the
alloy. This forms a bulk Cr,Te; alloy.

The bulk Cr,Te; was cut into small chunks, physically
crushed, and powdered with a mortar and pestle. The powders
were then dispersed in isopropyl alcohol (IPA) solution. The
sample-to-solvent ratio was maintained at 1 g: 10 ml. The solu-
tion was exfoliated for 4 hours using a 10-second pulse-rate
probe sonicator operating at 30 kHz. The exfoliated solution
was allowed to stand for a few hours, so the larger particles
settled down and well-dispersed Cr,Te; nanosheets were
obtained.

2.2 Fabrication of the flexible 3D-TENG and coating with 2D
Cr,Te;

3D printing was performed using fused deposition modeling
(FDM) (Flashforge Creator Pro) (Fig. 1). Complex structures
can be printed using this technique using a thermoplastic
polyurethane filament. This is a typical additive manufactur-
ing (AM) process that involves heating the filament and
forcing it through a nozzle to form layers. Every layer’s pattern
is determined by the nozzle’s x-y location. Next, as it advances
along the build plate, the print head deposits each layer one
after the other. We used a TPU filament of 1.75 mm diameter
that has a print temperature of 200-220 °C. The filament was
loaded into the printer, where the rollers guide the filament
into the heated extruder nozzle. The printing was conducted
using the left extruder, with a diameter of 0.4 mm at a temp-
erature of 230 °C and the bed temperature was 50 °C. The
printer was set to standard mode. The printing instructions
were provided using the printer slicer software Flash Print-5.
The dimensions of the structure were 15 mm X 13 mm X
15 mm and 30% and 40% infills (H1 and H2 structures,
respectively) were selected using the Slicer software itself. The
printing parameters such as printing speed, raft enable and
other parameters were set and then fed into the printer. After
the 3D structure was ready, the raft was removed and the struc-
ture was prepared for coating.

The printed structures were initially submerged in the exfo-
liated liquid for a duration of 24 hours. Following this, the
structures were subjected to a drying process in a hot oven
maintained at 70 °C for 5 hours to ensure complete removal of
residual solvent (IPA) (Fig. 1e and f). Hence, 2D Cr,Te;-coated
H1 and H2 structures for the device fabrication were obtained
(Fig. 1d). One of the flat surfaces of each structure was
attached with Kapton tape, which functions as a neutral
material essential for the operation of the TENGSs.
Subsequently, copper tape was attached to both flat surfaces of
the structure, serving as external contacts to facilitate the
measurement of the electrical output (Fig. 1d). Furthermore,
the structure was coated multiple times, as shown in Fig. 1h,

This journal is © The Royal Society of Chemistry 2025
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(a) Atomistic model of Cr,Tes and (b) surface interaction with a TPU monomer. (c) X-ray diffraction patterns of bulk Cr,Tes and 2D Cr,Tes, (d)

Raman spectra of 2D Cr,Tes, (€) TEM image of 2D Cr,Tes, and (e-1) and (e-1l) FFT pattern and line spacing of exfoliated Cr,Tes. (f) Schematic of 3D
printing the hexagonal structures, dip-coating with 2D Cr,Tes and fabrication of the TENG device, (g and h) optical image of the 3D structure, (i)
SEM images of 2D Cr,Tez coated on the TPU structures and (j) 3D structures with varied layers of 2D coating of Cr,Tes.

and tested for voltage generation under IR light and varying
temperature conditions.

2.3 Characterization

Scanning electron microscopy was conducted using a Thermo
Fischer Apreo S LoVac to confirm the coating morphology of
Cr,Te; on TPU. X-ray diffraction patterns were collected and
crystalline phase information was obtained using an X-ray diffr-
actometer (Bruker D8 Advance) with a Cu-Ka source operating at
40 kv voltage and 40 mA current with a wavelength (1) of
1.5406 A. High-resolution transmission electron microscopy
(HRTEM) was conducted using a JEOL F30 FEI machine
running at 300 kV to investigate the microstructural properties
of the samples. For optimal imaging, the samples were first exfo-
liated and then dispersed in ethanol, ensuring that the particles
were evenly distributed throughout the solution. The sample dis-
persion was sonicated for ten minutes and then one or two

This journal is © The Royal Society of Chemistry 2025

drops of the prepared sample were carefully drop-cast onto a
copper grid for imaging. The copper grid, which was coated
with holey carbon, featured a 500 square mesh specification,
allowing for fine imaging and stabilization of the sample under
the electron beam. The material’s chemical characteristics and
vibrational modes were studied by Raman spectroscopy using a
WITec Raman spectrometer (WITech, UHTS 300 VIS, Germany)
operated at a 532 nm laser excitation wavelength, which was
carried out at room temperature (RT). Furthermore, X-ray photo-
electron spectroscopy (XPS) was performed using Al-Ka radiation
(4 = 1486.71 eV) as the X-ray source. Measurements of voltage
were made with a DSO Textronix 1072B. The zeta potential and
particle size were measured using a Litesizer 500 (Anton Paar).

2.4 Computational analysis of contact electrification

To support our experimental findings and to reinforce them
with a more detailed description, we also designed an atomis-
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tic model for contact electrification between Cr,Te; and TPU
surfaces and performed first-principles calculations using
density functional theory (DFT). Based on a Cr,Te; unit cell,
we first constructed a 2 X 5 x 1 supercell. To simulate the two-
dimensional nature of the exfoliated material, the supercell
was cleaved along the (001) plane and a vacuum layer of 20 A
was added above the resultant surface. The purpose of this
vacuum is to avoid periodic interactions in the direction per-
pendicular to the surface while maintaining periodic boundary
conditions in parallel directions. Using this configuration,
which is shown in Fig. 1a and b, we computed the work func-
tion. The work function indicates how well charge may be
created through contact electrification. It is the least energy
required to remove an electron from the surface of a
material.”” The energy difference between the Fermi energy
level and the electrostatic potential value under vacuum far
from the surface was calculated to determine it.

The approximation for the exchange-correlation energy uti-
lized in all calculations was the Perdew-Burke-Ernzerhof
(PBE)*® functional, as implemented using the CASTEP tool.
The OTFG ultrasoft pseudopotential with an energy cutoff of
381.00 eV was used to describe the interaction between core
and valence electrons. To obtain the electrostatic potential,
geometry optimization was performed until an energy vari-
ation of less than 10~ eV was verified between steps. The work
function was then obtained by taking the difference between
the average value of the electrostatic potential at a plane paral-
lel to the surface, located inside the vacuum region, and the
Fermi energy obtained through the calculation.

Following this process, a TPU unit cell was introduced to
the vacuum layer parallel to the Cr,Te; surface to simulate the
contact electrification process, as illustrated in Fig. 1a and b.
This unit cell is representative of the hard parts present in
TPUs, which can be modeled in a crystalline pattern. In the
model we used,?® the urethane bonds are composed of diphe-
nylmethane 4,40-diisocyanate (MDI) molecules and 1,4-buta-
nediol (BDO), which is used as a chain extender. With the goal
of identifying interfacial charge transfer, we then performed a
single-point energy calculation and obtained the electron
localization function (ELF) and the charge density distri-
bution. The ELF provides a visual way to quickly convey chemi-
cal bond information, as it allows us to differentiate between
covalent, single, double, and triple bonds*® and the electron
density plot allows us to identify charge transfer between the
surfaces.

3. Results and discussion

3.1 Structural and morphological properties of 2D Cr,Te;-
coated 3D structures

The bulk Cr-Te alloy was synthesized through induction
melting at 1350 °C, ensuring a high degree of alloying and
homogeneity. The phase formation of the resulting alloy was
confirmed through X-ray diffraction (XRD) analysis (Fig. 1c),
which provided clear evidence of successful alloying.
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Following this, the bulk samples were mechanically crushed
and exfoliated using a probe sonication technique for 10 to
12 hours. This sonication process facilitated the exfoliation of
the bulk material into thinner layers, which were then sus-
pended for 48 hours to further separate any larger particles.
Post-suspension, the samples were centrifuged to remove any
remaining impurities and then dried and collected for other
characterization studies. The exfoliated 2D structure of Cr,Te;
was made based on the bulk prototype, where van der Waals
(vdw) layers were found to lie predominantly in the (100) crys-
tallographic plane. This plane, with an interlayer distance of
approximately ~3 A, was identified as the primary plane of
exfoliation. The structure of these 2D layers consists of Cr,Te;
units, which are composed of four edge-sharing CrTe, octahe-
dra. These octahedra form a continuous 2D layer structure by
connecting at the corners with nearby Cr,Te; units. Visual
confirmation of this 2D structure was modeled based on the
Cr-centered polyhedral arrangement, depicted in the inset of
Fig. 1c, which provides a clear representation of the Cr,Te;
structure. The most highly exfoliated planes were experi-
mentally confirmed using XRD analysis of exfoliated Cr,Te; to
be (100) planes. Raman spectroscopy was employed to under-
stand the vibrational characteristics of the material. The spec-
trum exhibits four different peaks at Raman shifts of
96.06 cm™*, 101.18 cm ™, 119.56 cm ™! and 137.04 cm™*, which
show different vibrational modes. The peak at 119.56 cm™*
shows the most dominant and functional vibrational mode
inside the structure. Moderate intensity peaks at 96.06 cm™"
and 101.81 em™" indicate the presence of significant phonon
modes with a lower peak at 137.07 cm ™" (Fig. 1d). Using X-ray
photoelectron spectroscopy (XPS), the composition of the exfo-
liated 2D Cr,Te; sample was verified through a survey scan
(Fig. S1f). The XPS analysis revealed distinct peaks corres-
ponding to both chromium (Cr) and tellurium (Te) elements,
validating the successful formation of the Cr,Te; composition.
Specifically, the Te 3d and Cr 2p core level spectra provided
clear indications of surface oxidation, as evidenced by the
presence of oxidation peaks. However, due to the overlap of
the Te 3d signals with the Cr 2p core level, deconvoluting the
peaks posed certain challenges, introducing a degree of uncer-
tainty in quantifying the oxidation states of Cr and Te.
Therefore, the results should be considered as estimates rather
than definitive values. The Cr 2p core level spectra are shown
in Fig. S2a,T where characteristic satellite peaks appear at 574
eV and 584 eV. Additionally, the main peaks of Cr 2p are
observed at 577 eV for the 2p;,, state and 586 eV for the 2p,,
state with full width at half maximum (FWHM) values of ~3.1
eV and ~3.5 eV, respectively, indicating the Cr oxidation states.
Similarly, the Te 3d peaks are depicted in Fig. S2b,f with a
peak at 577.35 eV for the 3d,,, state, which overlaps with the
Cr 2p3), peak. Additionally, the Te 3ds/, peak shows significant
overlap, complicating the precise deconvolution of these
signals. Despite these overlaps, the overall spectra affirm the
presence of both elements in the Cr,Te; structure.
Furthermore, the work function of exfoliated Cr,Te; was deter-
mined using the XPS data and was calculated to be ~3.522 eV

This journal is © The Royal Society of Chemistry 2025
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(Fig. S3t). The exfoliated sample was then subjected to particle
size analysis using a Litesizer 500 (Anton Paar), where the
average lateral size of 2D Cr,Te; was found out to be ~1.8 pm
(Fig. S4t). The sample dispersion was drop-cast onto a
500-mesh holey carbon grid for additional morphological
examination. The HRTEM image of a Cr,Te; flake with an FFT
pattern is shown in Fig. 1e. The monoclinic pattern stacking is
visible in the FFT pattern. Based on Fig. 1e(I), the line profile
shows a spacing of approximately 128 pm, which corresponds
to the atomic radii of Te atoms. In the (110) plane, the fringes
are roughly spaced at d = 0.206 nm. Furthermore, the HRTEM
image (Fig. S51) was used to observe the edge defects present
in the exfoliated Cr,Te;, which contribute to the overall charge
generation during the TENG operation. The coating of Cr,Te;
was confirmed by SEM images, which show the morphological
and structural information of the coated Cr,Tes, as shown in
Fig. 1e(Il). From the figure, we can see the rough sheet-like
structures and flaky appearance of the material in the range of
~1 pm or larger, indicating textures that are commonly found
in 2D materials or nanostructured compounds. Finally, we
confirmed the presence of Cr and Te in the bulk and exfoliated
samples using Electron Diffraction Spectroscopy (EDS)

(Fig. S67).

3.2 Mechanical property analysis of the 3D-printed
hexagonal structure

The load-bearing capacity of the structures was measured
along the perpendicular direction of the layer printing direc-
tion through the compression testing of the 3D-TENGs using a
UTM Instron 3365. The two distinct pristine 3D-printed struc-
tures H1 and H2 with dimensions of 15 mm x 13 mm X
15 mm and densities of 0.598 g ecm™ and 0.786 g cm >,
respectively, were used. The surface area/volume ratio and
porosity are the essential variables for the design of distinct
architectural porous structures. Among these structures,
H2 has less porosity but a higher surface area/volume ratio
compared to the H1 structure. Throughout the compression
tests, a continuous strain of 1 mm min~' was applied. An
optical camera was used in front of the testing setup to
analyze the deformation behavior of the structures.
Mechanical properties such as Young’s modulus, specific com-
pressive strength (yield strength of the structure/density), and
specific resilience (area under the curve up to the elastic
region of the structure/density) were calculated for investi-
gating the structural performance of the 3D-printed structures.
Initially, the stress distribution for the hexagonal structures
was analyzed. The amount of deformation for H1 and H2 was
calculated at different strain percentages (~0%, 10%, 20%,
30%, 40%, 50%, and 60%), as shown in Fig. 2(a and b). The
compression test data were analyzed and the geometrical and
mechanical representation values are presented in Tables S1
and S2.1 Ultimate strength is the highest point on the stress-
strain curve, representing the peak load-bearing capacity of the
material.>* Beyond this point, the structure typically experi-
ences irreversible deformation or failure. The ultimate strength
of H1 was 0.31 MPa, while the ultimate strength of H2 was

This journal is © The Royal Society of Chemistry 2025
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0.62 MPa, as shown in Fig. 2d and Fig. S7 and S8.7 The higher
ultimate strength of H2 indicates a better load-carrying
capacity, making it more suitable for applications requiring
high strength. The deformation of H1 showed a gradual
increase in strain, indicating a higher stress distribution
across the structure (Fig. 2c). At higher strain percentages, H1
exhibited larger deformations, suggesting that it can tolerate
more strain before failure. Furthermore, we have calculated the
Young’s modulus (Fig. S9 and S10f) that measures the
stiffness of a material. Here, H1 shows a lower Young’s
modulus of 0.119 MPa, while H2 shows a higher Young’s
modulus of 0.359 MPa (Fig. 2h), indicating that H1 has greater
flexibility, which is perfect for applications such as triboelec-
tric devices where flexibility plays an important role in enhan-
cing the performance. Furthermore, the specific yield strength
was also calculated and it is defined as the compressive
strength of a composite material divided by its density. This
measure allows for comparison of materials with different den-
sities, highlighting the strength-to-weight ratio. The specific
yield strength for the H1 structure is 0.0059 MPa g~* em™ and
that of the H2 structure is 0.0233 MPa g~ cm™, as shown in
Fig. 2i, which shows a 132% increase in yield strength when
porosity was decreased by ~20%. The specific resilience of the
structure is also defined as the area under the stress-strain
graph until the elastic region, divided by its density, and the
calculated specific resilience for the H1 structure was found to
be ~0.0035 MPa ¢~' cm™ and that for the H2 structure was
found to be ~0.0738 MPa g~' cm™® (Fig. S11 and S127). The
specific compressive strength and specific resilience were
higher for H2 (about 20 times that of H1), consistent with its
lower porosity and higher density (Fig. 2e and g). These pro-
perties indicate that H2 can absorb more energy per unit
density (specific resilience) before deformation and has a
better strength-to-weight ratio compared to the H1 structure
(Fig. 2f). After removing the load, the deformed structure
starts regaining its original shape (Fig. S137). In triboelectric
devices, flexibility plays a crucial role in generating electrical
signals. In such devices, the materials must deform easily
under mechanical stress to maximize surface contact and sep-
aration, which enhances the triboelectric effect. The flexibility
of a material allows it to adapt to varying mechanical inputs,
leading to more efficient energy conversion. Here, the flexi-
bility, higher surface area per unit volume (Fig. 2j) and ade-
quate mechanical properties of the H1 structure make it an
ideal structure for various low-load applications.

3.3 Measuring the voltage output of the 3D-TENGs

The TENG device was fabricated by connecting the electrodes
to the coated 3D-printed structure. One of the flat surfaces of
each structure was attached with Kapton tape as a triboelectric
layer. Subsequently, a metal electrode (copper tape) was
attached to both surfaces of the structure, serving as contacts,
as seen in Fig. 3a (see the Experimental section for more
details). The output was measured at varied impacts and fre-
quencies. The tapping frequency was 3 Hz (periodic taps) (ESI
video S171). The output performance was calculated from the
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3CTH1 and 3CTH2 structures and (j) comparison of the surface area/volume of the 3CTH1 and 3CTH2 structures.

voltage density (JV,.) graph, which is voltage per unit area, as
shown in Fig. 3(b and c). In Fig. 3(d and e), we present the
output voltage as a function of pressure and the maximum
output voltage was found to be ~38 V for the H1 structure and
~39 V for the H2 structure under a mechanical impact of 900
Pa. Additionally, we charged a 100 pF capacitor using the
output voltage of 3D TENGs, which showed the charging and
discharging cycles of the capacitor (Fig. 3f). The charging and
discharging times of the capacitor are almost symmetric with
a time constant (z) value of ~1.45 s. Furthermore, we have
measured the internal resistance (R;) of the fabricated device
by connecting a circuit, as shown in the inset of Fig. 3g. It was
found that the R; of the device was ~20 MQ with a current
rating of ~1 pA (Fig. 3g), from which we calculated the power
output from the device and it was found to be ~20 pw.
Therefore, the fabricated 3D-TENG system can be used to
power a small electronic device under mechanical impact.
Furthermore, to confirm that the 3D-printed structures are
advantageous for better output voltage, a cellulose paper sub-
strate was coated with Cr,Te; and its output voltage was com-
pared with those of the H1 and H2 TENG devices. As shown in
Fig. S14,7 the comparison showed that the 3D printed struc-

14652 | Nanoscale, 2025, 17,14647-14659

tures gave considerably better output than the paper-coated
TENG device. This also confirms that the increased specific
surface area provided by the 3D-printed structures aids in
achieving higher output voltage (see the ESI for more detailst).

The 3D-TENG device was designed by using the common
contact separation mode using Cr,Te; as the tribo-positive
layer with the most common charges of +3 and +6 and TPU as
the tribo-negative layer. The principle of operating the
3D-TENG is illustrated schematically in Fig. 3h, which shows
how electrons are transferred in a contact separation mode.
When a periodic external pressure is applied (Fig. 3h-i), the
positive 2D material initially comes in contact with the nega-
tive TPU. Both materials’ surfaces generated positive and nega-
tive charges, respectively, with no electron transfer occurring.
Furthermore, when the external pressure is removed (Fig. 3h-
ii), both the surfaces are separated and a space is formed in
between, which produces an electric potential difference and
the electrons are transferred from one electrode to another via
an external load, and hence an electrical current is produced.
Once the separation between the two surfaces reaches the
maximum (Fig. 3h-iii), due to the electrostatic equilibrium, the
electron flow is stopped. When the external force is applied

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Experimental setup and schematic diagram to measure the output voltage of the TENG devices at different applied pressures, (b and c)

voltage density vs. time plot of the CTH1 and 3CTH2 structures at 1.2 N force and a temperature of 60 °C, (d and e) output voltage measured at
various applied external pressures, and (f) charging and discharging cycle for an external capacitor. (g) Voltage vs. resistance (log axis) curve of the
TENG device. The inset shows the circuit used to measure the internal resistance of the TENG device. (h) Schematic diagram of different stages of
contact-triboelectrification. (i) The 2D layer and TPU are in contact due to external pressure, (i) the 2D layer and TPU start to separate when the
external pressure is released, (iii) the 2D layer and TPU are completely separated when the external pressure is removed, and (iv) the 2D layer and

TPU are approaching again due to the external pressure.

again, it disturbs the electrostatic equilibrium, and a new
opposing potential difference is produced and the electron
current starts to flow in an opposite direction (Fig. 3h-iv).
Alternating current is produced because of continuous elec-
tron flow between the top and bottom electrodes throughout
the contact separation process.*”

The output voltage generated by the 3D-TENG is given by
the following equation:**

Q.
C(x)

This equation is known as the V-Q-x relationship, which
represents the innate capacitive behavior of the TENG, where
Voc is the open-circuit voltage, C(x) is the capacitance between
two electrodes, and Q is the charge transferred between two
electrodes.

V=— + Voe (%) (1)

3.4 Computational analysis for triboelectrification

To determine the interaction between atomically thin Cr,Te;
and the surface of TPU under mechanical impact, DFT calcu-

This journal is © The Royal Society of Chemistry 2025

lations were carried out further. The electrostatic potential
variation in the direction perpendicular to the surface of
Cr,Te; is shown in Fig. 4. The assigned numerical value is the
average potential at a plane parallel to the surface. By subtract-
ing the vacuum and Fermi energies, we determined the work
function to be 3.618 eV, which closely matches the value of
~3.522 eV found experimentally, which is lower than those of
most metals. For comparison, gold has a work function of
about 5.1 eV, while both silver and copper have values of
around 4.7 eV. As less energy is required to remove an electron
from the Cr,Te; surface, this material is expected to act as a
tribo-positive component when paired with TPU. In Fig. 4a—-d,
we show the electron localization function and the charge
density calculations. The electron localization function assigns
a 0 to 1 value to the probability of finding an electron in proxi-
mity with a reference electron of the same spin. Values close to
1 represent a very localized ELF and indicate strongly bound
electrons, often associated with covalent bonds or the exist-
ence of stable electron pairs, while 0 denotes the total absence
of electrons. An ELF value of 0.5 is generally indicative of
metallic bonds and is the characteristic value for an electron

Nanoscale, 2025, 17, 14647-14659 | 14653
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Fig. 4 (a and b) Electron localization function calculated for the chromium atoms at the Cr,Tes surface (green cross section) and for the tellurium
atoms below the surface (red cross section) before and after contact with TPU, (c and d) Mulliken charge distribution before and after contact with
TPU, and (e) average value of the electrostatic potential inside the simulation cell in the direction perpendicular to the surface. The Fermi and
vacuum levels indicated were used for the calculation of the work function.

gas. The Cr,Te; surface atoms, which are all chromium, show where the ELF reaches a maximum value of around 0.7. For
a somewhat non-localized ELF even before the introduction of comparison, Fig. 4b (lower panel) shows the same calculation
the TPU layer into the system, as can be seen in Fig. 4a and b  for the layer of tellurium atoms below the surface, where a
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strong localization is present and distinct shells can be clearly
seen. The non-localization at the surface suggests that elec-
trons are weakly bound to the chromium atoms and the ELF
values close to 0.5 (depicted by the green regions) indicate the
presence of free electrons. This abundance of free charges con-
tributes to the amount of charge generated through the tribo-
electric effect. To highlight the presence of negative charges
on the surface, we have also conducted a Mulliken population
analysis. Even though the absolute values of charge are known
to be sensitive to the atomic basis set used for the calculation,
this method can be very useful for identifying qualitative vari-
ations in a system, such as changes in electron density. For the
system containing only Cr,Te;, we obtained a surface charge
density of —1.182 x 10> C m™?, meaning that the chromium
atoms are negatively charged and electrons accumulate at the
surface. If charge transfer occurs upon interaction with the
TPU surface, this value is expected to shift, becoming more
positive if electrons flow from the surface to the TPU, and
more negative otherwise. With the addition of the TPU mole-
cule, more green regions (representing an ELF of 0.5) start to
appear, as shown in Fig. 4e. This shift indicates that electrons
are being removed from the surface and thus gained by the
TPU molecule. This transfer is corroborated by the new Cr,Te;
surface density of 7.571 x 107> C m >, becoming positively
charged, and by the charge density distribution shown in
Fig. 4e, where the presence of electrons can be seen in the pre-
viously empty vacuum region. Considering its low work func-
tion and the abundance of free surface charge, our theoretical
results show that Cr,Te; is a viable option to be used as the
tribo-positive component of a triboelectric nanogenerator.
Paired with TPU as the tribo-negative part, we achieve an
effective combination for the generation of charge via contact
electrification.

3.5 The output performance of 3D-TENGs under
temperature, magnetic field, and weight conditions

Furthermore, we have measured output voltage under a wide
range of temperature conditions (Fig. 5a and Fig. S15, S167)
(starting from room temperature to higher temperature
ranging from 25 °C to 70 °C) and we observed a trend of
increase in the output voltage as the applied temperature was
increased. From Fig. 5b, the maximum output voltage for each
structure was observed at ~60 °C, which was ~45 V for H1 and
~39 V for H2. Therefore, these results conclude that our
3D-TENG devices could work optimally when the applied exter-
nal pressure was ~900 Pa and until a temperature of ~60 °C.
The increase in voltage is attributed to the charge generated
due to the temperature gradient in the sample, as schemati-
cally shown in Fig. 5c. To probe the temperature gradient in
the coated structure, the IR-thermal imaging method was used
to confirm it. As we can see from Fig. 5d, the heat at the
bottom surface (where the heating element is nearer) of the
sample increases rapidly compared to the top surface. This
generates an increasing temperature gradient concerning time,
as shown in Fig. 5e. The variation of output voltage with temp-
erature was further verified with a classical electrodynamics
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model as discussed below. The electronic thermionic emission
is given by the following equations:

o = —ClTh + C2

(2)
3)

where ¢ is the surface charge density when the cooler layer’s
temperature remains constant, C; and C, are the correction
factors related to the material, o is the short-circuit transfer
charge density, oy is the initial value of o (which is equal to
the value of ¢), 4 is the surface area of the 3D-TENG device,
and ¢, is the time of heat preservation.*>** By applying the
classical electrodynamics derivation, the following relation-
ship®® can be constructed between the voltage output of the
TENG (V(¢)) and AT:

_ ,—SAt
Otc = € ?Gteo

AT + b
(‘Cl et CZ) femt
v(t) =
£0Er
l (t
1 (Tt + J xtdt) ;o
p Ner Jo /. ,(7t+J xtdt)
1 J e RAg, de| _\er Jo /.
- 0 RAe -1
(I + xeer) 7 + RAeoe, e 0
(4)

where [ is the thickness of the cooler layer, ¢, is the permittivity
of the cooler layer, x(t) is the distance between two friction
layers, which is a function of time, where ¢, is the permittivity
of vacuum, ¢ is the time, and R is the external resistance.
When there is a temperature difference (AT) between the
hotter and cooler layers, the electron transfer mechanism for
triboelectrification between them is explained by the electron-
cloud-potential-well model depicted in Fig. S17.1 AT causes
more electrons to jump from the hotter surface of the sample
(2D Cr,Te;) to the cooler surface, thereby increasing the
output voltage of the TENGs. The left portion of Fig. S177 illus-
trates how the increased temperature will affect the electron
energy levels in the hotter layer to rise (~ kAT).*®* When the
exchange of heat between the hotter and cooler surfaces is
taken into consideration, the temperature of the cooler layer
will rise steadily through contact heat transfer of the air, and
the cooler layer’s accumulated charges will progressively leak
out through electron thermionic emission and into the air.
Electrons in the hotter layer at the higher energy level will
jump to the hotter layer’s surface states during the heating
process (Fig. S17t). More electrons will jump from the hotter
to the cooler layer, as shown in Fig. S17,} increasing the
charge density. However, because of the thermionic emission
effect of triboelectric charges, it is simpler for electrons to
leave the potential well and return to the hotter layer side
while pressure is applied or spill into the surroundings when
the cooler layer’s temperature rises, as illustrated in Fig. S17.t
This reduces the charge density and the output performance
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr05005c

Open Access Article. Published on 28 April 2025. Downloaded on 7/18/2025 3:54:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale

(a) 0.15 (b) 50 _ ‘
f——Voltage at 25°C| Force per unit area: 900 Pa -
p—\/oltage at 50°C I
——Voltage at 60°C [
oo {——Voltage at 60°C| 40 |
—~ i —~ ]
NE Sx107 %30 i
2 0 < -
== -5x107* > 1
2 46 8101214 I
Time (Sec) 10 I
0.00+ I
1
0 5 10 15 20 25 . 40 50 60 !
Time(s) Temperature (°C) '

(d) T=0sec T= 40 sec T= 80 sec T= 120 sec (e) 39

25 7
/
§20 /
515 / :
"
10 -
e e
0 20 40 60 80 100120 140
- Time(s)
Fig. 5 (a) Curve showing the increase in the output voltage with increasing temperature plotted in terms of voltage density vs. time, (b) output

voltage measured at various temperatures at an applied pressure of 900 N m~2, (c) schematic of creating a temperature gradient in the TENG device,
(d) IR images of the TENG devices, which show a temperature gradient at different time intervals, and (e) temperature gradient vs. time curve of the

TENG device.

of 3D-TENGs.*” The consequence is a non-linear trend of the
surface charge density due to the competition between the
increasing transmitting charge and thermal charge dissipa-
tion. Hence, as the temperature increases (~25 °C to 70 °C),
electrons gain more thermal energy, leading to thermionic
emission, which reduces surface charge density and results in
a decrease in open-circuit voltage (V,.). While moderate temp-
eratures (~60 °C) can enhance contact and charge accumu-
lation by softening material surfaces, higher temperatures
(~70 °C and above) cause excessive charge loss, leading to a
sharp decrease in the output. Additionally, atomic thermal
vibrations influence charge transfer, initially enhancing triboe-
lectrification but later disrupting charge retention at elevated
temperatures. Temperature can also induce charge polarity
reversal depending on the material’s electronic structure and
shifting energy levels.** In Fig. S18,1 we present the compari-
son of voltage outputs at room temperature and 60 °C, which
shows a higher output at the higher temperature. Therefore, if
we compare eqn (1) and (4), we can see that eqn (4) depends
on various factors including temperature and permittivity,
which increase the overall voltage output of the 3D-TENG
under heating conditions. We have studied the effect of 2D
materials coating on 3D-printed structures (Fig. S191) and the
results clearly show that optimized coating gives maximum
output performance. Furthermore, to check the output stabi-
lity of the TENG device, we conducted the output voltage test
for 1000 cycles at 60 °C at a constant periodic pressure of 900
Pa (Fig. S20t). It was observed that there was only a small
decrease in the output voltage after the 500" cycle, which was
again consistent after 1000 cycles. Furthermore, SEM analysis

14656 | Nanoscale, 2025, 17, 14647-14659

was performed to observe the coating stability of Cr,Te; on the
3D-printed structures after 1000 cycles of mechanical pressure
application. As seen in Fig. S21,T the atomically thin coating
remains intact on the surface of the TPU structure even after
1000 cycles of operation (see the ESI} for more details). In the
design of a high-quality sensor and an energy harvesting device,
sensitivity plays an important role. It indicates how well a
sensor can detect changes in impact, meaning that the smallest
changes in the parameter measured cause significant alteration
of the output signal from the sensor, which positively influences
accuracy and reliability. From the perspective of a 3D-TENG,
sensitivity is mathematically expressed as the difference in
output voltage to the change of input physical quantity (weight,
temperature, pressure, etc.). It is represented as:

Sensitivity = AV,/Am (5)

where AV, is the change in output voltage V, and Am is the
change in input physical quantity. Additionally, we have calcu-
lated the figure of merit (FOM), which is a crucial dimensionless
quantity used to calculate the efficiency and sensitivity of various
devices, systems, and methods. In TENGs, the FOM is often cal-
culated using the relative sensitivity coefficient, which quantifies
the response of the open-circuit voltage to changes in key para-
meters such as external force, light intensity, magnetic field, etc.
The relative sensitivity coefficient (S,,) measures the change in
output voltage (V,) in response to changes in an independent
parameter, such as temperature, magnetic field, or weight. The
formula for FOM or the relative sensitivity coefficient is:

FOM = S, = dV,/V, (6)
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where dV, is the change in output voltage and m is the inde-
pendent parameter. In our case, we will consider three such
conditions: infrared (IR) intensity, weight, and magnetic field.
Hotter bodies, such as electronic gadgets and home appli-
ances, generally emit IR radiation. The human body also emits
infrared (IR) radiation as a part of body heat, ranging from 40
to 57 W m~2, due to metabolic activities. Therefore, the detec-
tion of IR emission from different sources is of urgent need.
As observed earlier, 3D-TENGs show good response under
external temperature conditions. We have studied the effect of
IR light on the device. IR light is electromagnetic radiation
with longer wavelengths than the visible region yet shorter
compared to microwaves, ranging from 700 to 1000 nm wave-
lengths. A setup was made using an IR lamp of 700-1200 nm
wavelengths and placed in front of the 3D-TENG device
(Fig. 6a), where the irradiated light intensity was changed from
1 to 40 W m ™2 (Fig. 6a-I). A constant pressure of 0.15 MPa was

Multi-meter

Force
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applied to the device and the variation of the output voltage of
the device concerning the change of IR intensity is shown in
Fig. 6a-1I. It was observed that the irradiated IR light increased
the output voltage from ~0.47 V to 1.02 V. It was found from
the plot (Fig. 6a-II) that in the lower intensity range of the IR
lamp of 1-10 W m™?, the output voltage generated had a sensi-
tivity of ~44 mV m®> W' and in the higher intensity range of
the IR lamp (10 to 40 W m™?), sensitivity dropped to 3 mV m?
W™, Additionally, the variation of FOM was also calculated for
the change in the irradiated intensity of IR. The FOM ranged
from 0.3 to 0.08 with the increase of irradiated intensity from
1040 W m 2. These results show that the IR radiation helps in
enhancing the energy harvesting nature of the fabricated
device. The IR rays interact with the material and contribute to
energy generation by increasing the temperature.

2D Cr,Te; is known to have good ferromagnetic properties,
as shown in Fig. S22,f and thus with an expectation of sensing
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(a) Experimental setup to measure the output voltage at different IR radiation intensities, (a-1) IR images of the TENG devices when irradiated

with IR light at various intensities, (a-11) output voltage vs. the intensity of IR light curve, (b) schematic of the 3CTH structure under a magnetic field,
(b-1) experimental setup to find the output voltage when the magnetic field is applied from only one side, (b-l1l) experimental setup to find the
output voltage when the magnetic field is applied from both sides, (b-Ill) curve to compare the output voltage when a magnetic field is applied from
one side and both sides at different applied magnetic fields, (c) schematic diagram showing the application of the 3CTH TENG device as a mass
measuring instrument, (c-1) experimental setup showing the sensing of human body mass as a function of voltage and (c-Il) curve of voltage vs.
weight applied.
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an external magnetic field, we tested our device under a mag-
netic field (Fig. 6b). A constant pressure of 0.15 MPa was
applied to the device and different measurements of output
voltages under different magnetic fields varying from 0 to
64 mT were performed. The magnets were first aligned on one
side and then on both sides to check the variation (Fig. 6b-I
and II). It was observed that the applied magnetic field (0 to
~64 mT) increased the output voltage from 0.36 V to 0.51 V
(for one side alignment) and from 0.29 V to 0.44 V (for both
side alignment) (Fig. 6b-III).

From the analysis of the triboelectric behavior of our struc-
ture coated with Cr,Te; and the promising results, it can be
used as a device for weight sensing under varying weights and
pressures (Fig. 6c¢). As the 3D-printed structures show very
good mechanical properties under loading conditions, we have
further used the structures as weight sensors. The weight-
sensing performance of our structure can be investigated
using output voltage at different weights (weight in kg). In our
case, we selected five people of different weights ranging from
45 to 70 kg and made them stand on our device, as shown in
Fig. 6¢-1. ESI Video S27 illustrates the output voltage’s corres-
ponding reaction when a 60 kg human stands on the device.
Fig. 6¢c-II plots and illustrates the variation in the average
output voltage of the devices under varying human weights.
The output voltage and weight graph has been linearly fitted
and it has been noted that a person’s weight increases the
output voltage. The slope of the output voltage vs. weight
graph provides insight into the voltage generated per unit
change in weight (in kg). It was found that there is an increase
in output voltage with a sensitivity value of ~6.4 mv kg™
Additionally, the variation of the FOM concerning weight has
been calculated for different changes in output voltage with
corresponding weights. The values of FOM varied from 0.17 to
0.03 with the increase of weights from 45 to 70 kg. This ana-
lysis shows that the 3D-TENGs with the effect of triboelectricity
can be used for weight sensing. Only by monitoring the devel-
oped device’s output voltage can an individual’s weight be
determined. We also performed a comparison of our work
with other reported 2D material-based TENG devices to make
a direct benchmarking against other high-performance TENGs
(Fig. S23 and Table S37).

4. Conclusions

In conclusion, this work presents a novel method for incor-
porating 2D Cr,Te; into a 3D-printed structure to maximize
the benefits of TENGs. The results show that enhanced power
output is achieved when complex 3D designs and 2D
materials work together synergistically in the presence of
temperature and infrared radiation exposure. The study also
emphasizes the remarkable mechanical qualities of the 3D-
printed structures, which ensure flexibility and strength for
usage under dynamic sensing conditions. The device’s
proven sensitivity to external factors, such as load, magnetic
fields, and temperature, indicates a variety of possible uses,
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including wearable technology and environmental monitor-
ing. The 3D-TENGs generated an output voltage of ~39 V
under a periodic impact of 0.8 kPa, which further increased
to around ~45 V with varying temperatures. DFT calculations
further confirm the interaction between the 2D sheets and
the polymer surfaces. In addition to expanding our knowl-
edge of material-structure synergy in energy harvesting
devices, this work creates new opportunities for the develop-
ment of low-cost, sustainable, and flexible sensors for a
variety of applications.
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