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Developing non-corrosive wave energy harvesters is one of the critical technologies required for sustain-
able energy harvesting. This work studies the effect of surface defects in atomically thin chromiteen for
harvesting energy from water waves. An external strain further enhances the surface charge properties of
the chromiteen, resulting in higher electrical output in the fabricated flexible nanogenerator (C-FNG) to
harvest wave energy. The peak output voltage of the C-FNG device was ~5 V due to the water wave
force. The density functional theory (DFT) results indicate the presence of surface defects in the 2D chro-
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miteen, and the applied strain gradient introduced a redistribution of electron density, possibly due to
altered bond lengths in the material. The present work provides an atomistic study of energy harvesting in
the marine environment to provide power for deep-sea divers, ships, and any other small electronic

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 12 2025. Downloaded on 25.02.26 03:01:40.

(cc)

rsc.li/nanoscale

Introduction

Energy sources such as solar energy, wind energy, water wave
energy, and hydroelectric energy are gaining importance cur-
rently due to their low carbon footprint and sustainable energy
generation."” These natural sources of power provide benefits
including reduced environmental pollution, cost-effectiveness,
and low maintenance, which provide a wide range of
applications.>* These sustainable energies can be used for
small- and large-scale power generation to provide clean,
affordable, and off-grid power that meets the global energy
needs.>® Water wave energy harvesting is one of the fast-emer-
ging sustainable sources of energy.” The massive mechanical
force that the sea exerts through its waves on the coastal areas
is often ignored. Hence, using water wave power as the driving
energy offers a sustainable way to generate electricity, which is
also known as blue energy harvesting.®*"* There are currently
several types of water wave systems that are in use, but they
face various challenges in providing energy to ships or
offshore platforms. These systems are often made of a metal
body and mechanical parts such as gears, bearings, clamps,
and so on.' These metal parts react with the saline ocean
water, causing electrochemical reactions that cause corrosion
in the systems.'> Furthermore, the large force exerted by the
ocean waves causes the mechanical parts to undergo wear and
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sensors or marine Internet of Things in remote areas.

tear easily. This reduces the lifetime of existing devices
immensely.'® Therefore, systems are required whose lifetime is
not mostly dependent on the marine environment and do not
degrade due to it. Besides this, the devices can be used to
store and provide power to any other small electronic sensors
or electronic devices in remote coastal areas for marine
applications.

2D material-based flexible nanogenerators (2D-FNGs), such
as triboelectric, flexoelectric, and piezoelectric-based nanogen-
erators, can be useful in this direction.’”*® Although, tribo-
electric and piezoelectric nanogenerators are vastly studied for
energy harvesting technology, the requirement of higher exter-
nal stress and frequency makes them challenging to use in
ocean wave harvesting. Flexoelectricity, on the other hand, can
generate charges with a very low mechanical strain gradient or
mechanical response, which develops electric polarization in
the material.>* Flexoelectricity exists in principle in all dielec-
tric materials and has been used for different applications.
Despite this phenomenon existing in all dielectric materials,
there is a theoretical limit to the bulk flexoelectricity that
cannot be exceeded.”” Hence, it has been widely studied in
various types of low dimensional materials like soft materials,
biomembranes and 2D materials, and the flexoelectric effect
provides an alternative method for device applications in elec-
tricity harvesting, sensing, and actuating. Small strains on
nanoscale materials such as nanotubes, nanowires, and two-
dimensional (2D) materials would give rise to large strain gra-
dients. Moreover, 2D materials can also endure large out-of-
plane deformation due to their high mechanical strength and
become polarized due to a strain gradient generated by an
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applied external stress to generate charges.”® Furthermore,
these atomically thin materials have a higher surface area and
surface charge, due to which a higher value of electric power is
produced, which increases the efficiency of the FNGs.>* These
materials have one or two atomically thin layers,>**” due to
which there is quantum confinement of electrons or holes in
one dimension, and this causes the 2D materials to possess
unique electronic properties and responses to external
strain.*®**° In atomically thin materials, the strain generated in
them is easily propagated in only two dimensions, unlike in
bulk materials.>**' This propagation of strain in two dimen-
sions significantly modifies their lattice symmetry, which
causes them to generate electrical signals.** However, for real-
life applications, the 2D materials must be integrated with a
matrix material, such as polymers, for increasing their dura-
bility and mechanical strength. In such 2D material-integrated
polymers, the strain is applied to the polymer, and it gets pro-
pagated from the polymer matrix to the 2D materials. Hence,
the technique used to integrate 2D materials into a polymer
matrix is important to avoid slippage. Therefore, 2D materials
are encapsulated in the polymer matrix for efficient propa-
gation of the applied strain by water waves.*?

In this work, we have designed a flexible energy harvesting
device using the atomically thin chromiteen®! and the thermo-
plastic polyurethane (TPU) polymer matrix, which generates
charges based on the flexoelectric principles. The 2D chromi-
teen provided high surface charge for efficient charge gene-
ration, and the TPU polymer provided flexibility to sustain in
the harsh marine environment and an effective strain propa-
gation property to chromiteen. The fabricated device was
tested for its output voltage by means of an indigenously
designed ocean simulator. By varying various physical para-
meters like the depth of the film in water, the frequency of
waves, and the aspect ratio of the film, the output efficiency
was optimised. Density functional theory calculations were
further used to get more insight into the efficiency. Therefore,
the fabricated C-FNG can be used as a portable power source
for ships, for emergency situations, and as a backup.
Moreover, it can provide power supply for fishermen in places
with limited resources to enhance their efficiency and safety.

Experimental section
Materials

The chromite ore (FeCr,0,) was supplied by a mine in Orissa,
India. 99.8% pure TPU polymer and dimethylformamide
(DMF), 99.5% pure acetone and 4 mT magnetic field super
magnets were supplied by Sigma-Aldrich, Bangalore, India.

The synthesis of a few atomic-layer thin chromiteen

The bulk chromite ore was first crushed using a grinder to
make the particles finer. The crushed chromite ore particles
were then added to DMF solvent to prepare a dispersed solu-
tion. The ratio of chromite to DMF was 1 mg: 5 ml, which was
an optimum amount for a well-dispersed solution. The solu-
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tion was then subjected to exfoliation using the Liquid Phase
Exfoliation (LPE) technique. The solution was sonicated for
5 hours in a probe sonicator at room temperature. The probe
sonication was carried out with a 10 s ON pulse and a 5 s OFF
pulse to avoid overheating of the sample. Moreover, the solu-
tion was kept in an ice bath to maintain room temperature.
The LPE method was used due to its scalability and ability to
exfoliate the bulk material into atomically thin 2D sheets. The
bulk chromite ore has a layered structure, and during exfolia-
tion, nanobubbles are formed due to the ultrasonic waves in
the solution. These nanobubbles enter the layers of the chro-
mite ore and burst. This burst releases a large amount of
energy, which breaks the van der Waals bonds that hold the
layers together. Finally, the layers get separated, and the exfo-
liated chromite sample is obtained. Furthermore, the exfo-
liated sample is left to rest for 24 hours after the exfoliation
process. This ensures that the bulk particles settle down and
only the exfoliated chromite, which is at the top part of the
solution, is separated for further use.

Fabrication of the C-FNG device

The fabrication of the C-FNG device started by dissolving the
TPU polymer in DMF solvent. 4.7 g of TPU was dissolved in
20 ml of DMF. Furthermore, the exfoliated chromite sample
was added to the dissolved TPU. This mixture was thoroughly
mixed for 5 minutes to achieve a uniform distribution of chro-
mite particles in the TPU. Furthermore, the mixture was
poured into a Petri dish, which was placed on permanent
magnets. These magnets produced a magnetic field that
aligned the chromite particles in the TPU in the same direc-
tion. This ensured that the charge generation process was not
affected by the randomness in the 2D chromite particle orien-
tation. The poured solution was left as it is for 24 hours to dry
and cure. The DMF solvent was vaporised during this process,
and only the TPU-chromite composite was left behind, which
was in the form of a polymer film.

Furthermore, to fabricate the C-FNG device, the film was
attached with two copper electrodes that were connected on
either side of the film to allow the electrons to flow through
them (Fig. S1). Furthermore, the electrical characteristics such
as output voltage, output current, internal resistance, and
power output of the device were measured.

Strain generation in the chromiteen-TPU composite film

The synthesized C-FNG film was subjected to a uniaxial strain
applied to both extremes of the film. This caused the film to
bend, and the strain was propagated to the 2D chromiteen
sheets in the composite. The strain (¢) in the film was calcu-
lated using the equation,*

€=z (1)

where 7 is half the thickness of the film and R is the radius of
curvature of the bent composite film. The film was bent to five
different strain values of 0%, ~1.6%, 2.05%, 2.6%, and 4.2%.
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Characterization

The 2D sheet structure and the morphology of the exfoliated
sample can be seen using a Scanning Electron Microscope
(SEM) from ThermoFisher (Apreo S LoVac), which was attached
to an energy dispersive spectrometer (EDS) to confirm the rela-
tive composition of the sample. X-ray diffraction (Miniflex 600
Rigaku XRD) was carried out to confirm the different phases
and Miller indices of planes exposed during the exfoliation.
High-Resolution Transmission Electron Microscopy (HRTEM)
(Talos F200 G2) was used to analyse the defects in the atomic
structure of the sample. Raman spectroscopy (Renishaw inVia
Raman Microscope) was carried out to understand the modifi-
cations in the lattice structure of the chromiteen under strain.
Fourier Transform Infrared Spectroscopy (FTIR) was used to
gain further insights into the bonding between the 2D chro-
mite and TPU polymer and the chemical properties of the
C-FNG film. The tensile strength of the C-FNG was measured
using a Universal Tensile Testing Machine (UTTM) from
Finetechno Engineering. The film used for testing measured
17 mm x 10 mm x 0.3 mm (I x b x k). The film was clamped
onto the UTTM machine, where it was elongated until it
reached its breakdown point. The film was stretched out at a
rate of 5 mm per minute.

First-principles calculations

We carried out first-principles density functional theory (DFT)
calculations using the Vienna Ab Initio Simulation Package
(VASP).>***” The interactions between ions and electrons were
modeled  using  projector-augmented (PAW)
potentials,®®*® and the exchange-correlation effects were
treated within the Perdew-Burke-Ernzerhof (PBE) formulation
of the generalized gradient approximation (GGA).*® A plane-
wave basis set with an energy cutoff of 500 eV was used to rep-
resent the Kohn-Sham orbitals. For structural optimization,
the conjugate-gradient algorithm was employed until the
Hellmann-Feynman forces on each atom were reduced below
0.005 eV A™*. The Brillouin zone was sampled using a I'-cen-
tered Monkhorst-Pack (MP) k-point mesh of 8 x 8 x 8, ensur-
ing convergence during geometry optimization. To investigate
the charge transfer between Fe/Cr and O atoms in FeCr,0,, the
Bader charge analysis was employed.*"** In this method, the
net atomic charge was calculated using the formula: Bader net
atomic charge = ZVAL — Bader population. Here, ZVAL denotes
the number of valence electrons associated with each atomic
species. Additionally, the charge density difference can be
computed to visualize the redistribution of electrons. This is
typically defined as**** Ap(r) = pFeCr,04(r) — pCrFe(r) — pO(7),
where, pFeCr,0,(r), pCrFe(r), and pO(r) are the charge densities
of FeCr,0,, CrFe and O, respectively.

wave

Results and discussion
Structural and morphological properties of the C-FNG film

The XRD spectra of the exfoliated sample were recorded to
study the crystallinity of the material. It was observed that the
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XRD pattern of the exfoliated sample matched the spinel
phase of chromite [JCPDS No.: mp-1104680] (Fig. S2). The
Miller indices (A,k,!) of the planes were also determined using
the XRD data. AFM characterisation was carried out to study
the sheet thickness of the exfoliated and synthesized chromi-
teen (Fig. 1a and b). Fig. 1a shows the gradual decrease in the
thickness of the synthesized chromiteen with increasing exfo-
liation time. Few atomic layer thick chromiteen was obtained
after 5 hours of exfoliation (Fig. 1b). The inset of Fig. 1b shows
the profile plot of the surface of a single sheet obtained from
the LPE method, which was found to be 6 nm. This confirms
the formation of a few atomically thin sheets of chromiteen.
Fig. S3 shows the AFM images of the gradual formation of
chromiteen sheets from the chromite ore over a period of
4 hours of exfoliation. The TEM images of the chromite
sample were also obtained to confirm the layered nature of the
exfoliated sample, as shown in Fig. 1c. In Fig. 1c, we also
marked the presence of a few layers of chromiteen. The
HRTEM image of the 2D layered chromite sample was
obtained to check the presence of lattice defects (Fig. 1d). The
fast Fourier transformation (FFT) pattern of the HRTEM image
showed irregularity in the atomic positions in the sample,
implying the presence of defects in it (Fig. 1le). Furthermore,
the atomic arrangement (marked in yellow squares in Fig. 1d)

(a)
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Fig. 1 (a) Plot showing the change in layer thickness of the chromite
ore with increasing exfoliation time. The inset shows the schematic of
reducing thickness of chromiteen. (b) AFM image of the 5-hour exfo-
liated chromiteen. The inset shows the profile plot of the AFM image. (c)
TEM image of the exfoliated chromiteen, confirming the 2D sheet struc-
ture. (d) HRTEM image of the chromiteen showing the atomic arrange-
ment in the sample. (e) FFT pattern of the HRETM image showing the
irregularities in the atomic arrangement. ((e) I-1ll) 3D plots of the
HRTEM image of the positions marked with yellow squares in (d), visua-
lizing the defects and irregularities in the atomic arrangement.
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from the HRTEM image was 3D plotted (Fig. 1el-III) using
Image] software to visualize the atomic positions and the
defects present in it. Fig. lell-IIl show the defects in the
atomic arrangement which is generated during the liquid
phase exfoliation process of the chromite ore. The presence of
surface defects in chromiteen can be a source of charge gene-
ration under strain conditions. Furthermore, characterization
studies were carried out to understand the molecular bonding
in the atomically thin chromiteen sample and its interaction
with the polymer using FTIR measurements. Fig. S4a shows
the FTIR spectra of the synthesized sample, which were
recorded over the wavelength range of 500-4000 cm™', con-
firming the spinel phase of chromiteen. We have also
measured the zeta potential to study the surface of the
materials, and it was found to be —32.4 mV, which implies the
presence of a net negative charge on the surface of the
material (Fig. S4b).

Voltage generation in C-FNG under strain conditions

As shown in Fig. 2a, C-FNG was subjected to uniaxial strain by
bending it mechanically. As discussed in the synthesis
process, the chromiteen is encapsulated within the polymer
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Fig. 2 (a) Digital images of the uniaxial strain applied to the C-FNG
device. (b) Plot showing the change in the output voltage of the C-FNG
device with the change in strain. (c) Schematic diagram showing the
flexoelectricity mechanism for chromiteen bending due to strain propa-
gation from the TPU matrix. (d) Change in the peak position of the
Raman spectrum due to the applied strain in the C-FNG device. (e)
Magnified Raman peak of the unstrained chromiteen. (f) The peak split-
ting in the Raman spectrum due to the broken lattice symmetry in
chromiteen.
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matrix, and hence, there is no slippage between them during
the straining process, as shown in the schematic diagram in
the inset of Fig. 2b. By avoiding this slippage, the strain is
transferred from the polymer to the 2D sheets efficiently.
Furthermore, strain was applied to both ends of the flexible
film to observe the changes in the surface charge of chromi-
teen by observing the generated output voltage. As shown in
Fig. S5, the output voltage of the unstrained flexible composite
film was ~2.72 + 0.08 V (V,,p). However, when a strain was
applied, the output voltage increased and reached a value of
~3.76 + 0.08 V (V;,p) at an applied strain of ~4.2% (Fig. 2b).
This indicated that the strain in the device was efficiently
transferred to the chromiteen structure. The strain gradient
causes a change in the lattice symmetry of the chromiteen and
thereby a change in the surface charge (Fig. 2c). Hence, the
charge generation in the device occurs due to the flexoelectri-
city principle. As explained using DFT in the later section,
when strain is applied, a redistribution of electron density
occurs due to altered bond lengths or angles. These changes
in bond lengths and redistribution of electron density generate
electric polarisation in the material, which causes chromiteen
to generate charges. These charges flow out of the device
through the metal electrodes connected to the C-FNG device.
This process continues for both the to and fro motion of the
film in the water wave and generates voltage for both cycles
due to the strain generated in it.

This phenomenon was confirmed using in situ Raman spec-
troscopy on the unstrained and strained C-FNG. As shown in
Fig. 2d, the unstrained film (¢ = 0%) showed two prominent
Raman peaks at wavelengths of 549 cm™", which corresponds
to Fp, symmetry, and 703 em ™', which corresponds to Ayg Sym-
metry, which are characteristic Raman peaks for chromiteen
2D sheets. Furthermore, the flexible film was subjected to
gradual strain of 2.2%, 2.7%, and 4.8% under a Raman
system, which showed a shift in the characteristic peak posi-
tions. Fig. 2e shows a peak at 549 cm™" with F,, symmetry for
the unstrained film. This peak gradually split into two peaks at
wavelengths of 546 cm™" and 570 cm™" at a maximum strain of
4.2% (Fig. 2f). This indicates that the strain is effectively trans-
ferred from the polymer matrix to the chromiteen sheets, and
its lattice symmetry is broken at this strain level.

First-principles calculations

To study the effects of surface defects and strain on charge
generation, we conducted DFT calculations in detail. The
crystal structure of FeCr,0, is shown in Fig. 3a, with optimized
lattice parameters a = 10.05, b = 6.055, and ¢ = 5.93 A. The
corresponding density of states (DOS) is shown in Fig. 3b. The
upper and lower panels represent spin-up and -down states,
respectively. The non-uniform distribution of spin-up and
spin-down states results in non-zero magnetization with a
magnetic moment of ~6.06u. The total DOS shows a continu-
ous distribution of states across the Fermi level, confirming
that electrons can occupy energy levels without any forbidden
region. The partial DOS reveals that the Cr d and Fe d orbitals
contribute significantly near the Fermi level, with O(p) orbitals

Nanoscale, 2025, 17, 26820-26827 | 26823
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Fig. 3 A comprehensive analysis of the structural, electronic, and charge characteristics of FeCr,O4 under different conditions. (a) The crystal struc-
ture of FeCr,O4 and (b) the density of states (DOS) for the pristine case. (c) The crystal structure of FeCr,O4 with an oxygen vacancy (O,) and (d) the
corresponding density of states (DOS). (e) Charge density difference plot for the pristine structure, highlighting charge accumulation around oxygen
atoms and depletion near Fe and Cr atoms. (f) Bader charge analysis under three conditions: pristine, strained, and oxygen-deficient FeCr,O4.

dominating the lower energy range (valence region). This
suggests strong hybridization between transition metal
d-states and oxygen p-states.

Fig. 3c shows the crystal structure of FeCr,O, with an
oxygen vacancy (O,), marked by a circle with a white center.
The optimized lattice parameters are a = 10.00, b = 5.65, and ¢
=5.69 A. In contrast to the pristine case, the oxygen-deficient
structure (Fig. 3d) shows a noticeable enhancement of the
DOS near the Fermi level, particularly from Fe d and Cr d orbi-
tals. The O(p) contribution is slightly reduced, reflecting the
loss of oxygen coordination. This redistribution of states indi-
cates that the vacancy introduces localized electronic states
and increases the carrier density, potentially enhancing con-
ductivity and modifying magnetic interactions. The asymmetry
between spin-up and the spin-down channels also becomes
more pronounced compared to the pristine case, which results
in a magnetic moment of ~20.06xg. This comparison under-
scores how oxygen vacancies can be used to tune the electronic
and magnetic properties of FeCr,0,, making it a versatile
material for functional applications. Fig. 3e presents the
charge density difference plot for pristine FeCr,0,, offering a
spatial visualization of how electronic charge is distributed
within the crystal structure. In this plot, yellow regions rep-
resent charge accumulation, while cyan regions indicate
charge depletion. In the pristine structure, the charge accumu-
lation is primarily observed around the oxygen atoms (red
spheres). Correspondingly, the cyan regions near Fe and Cr
atoms indicate that these atoms donate electron density. The
plot thus confirms the partially covalent nature of bonding in
FeCr,0,, where transition metal cations not only partially
transfer charge to oxygen anions but also engage in some
degree of covalent hybridization, especially through d-p

26824 | Nanoscale, 2025,17, 26820-26827

orbital overlap. Fig. 3f presents a Bader charge analysis for
FeCr,0, under three distinct conditions: without strain, with
strain, and with an oxygen vacancy. In the pristine (unstrained)
case, Cr atoms carry a relatively high positive charge (~1.52¢7),
Fe atoms have a moderate positive charge (~1.1e7), and O
atoms exhibit a negative charge (~1.52e¢”). When strain (~1%)
is applied, the charges in both Cr and Fe become more posi-
tive, while the charge in oxygen becomes more negative, indi-
cating a redistribution of electron density, possibly due to
altered bond lengths or angles (charge transfer from Cr/Fe to
O atoms). The anomalous changes occur with the introduction
of an oxygen vacancy. The charges in Cr and Fe become less
positive, implying reduced oxidation or weaker bonding due to
the missing oxygen. Interestingly, the remaining O atoms
become less negatively charged (charge transfer from O to Cr/
Fe), likely due to the reduced number of oxygen sites.
Furthermore, the oxygen vacancies in the chromiteen were
experimentally confirmed using XPS spectra (Fig. S6a). The
peak fitting of the high-resolution oxygen spectra shows 3
peaks (Fig. S6b). These extra peaks, mainly at lower energy
levels, suggest the presence of oxygen vacancies in the sample.

Output performance of the device under water waves

To measure the output performance of the C-FNG device
under water waves (Fig. 4a), we connected the device to a DSO.
The test was conducted in an indigenously designed ocean
simulator, as shown in Fig. 4b (digital image of the setup).
Various parameters of the experiment were varied to simulate
the sea waves. Fig. 4c shows a schematic of the array of C-FNG
films to harvest energy at the seashore. During the experiment,
the variation of the output voltage of the device was recorded
by changing the depth of the film dipped in the water, the fre-

This journal is © The Royal Society of Chemistry 2025
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(@) Schematic diagram of the C-FNG device employed underwater. The right inset shows the digital image of the C-FNG device. (b)

Indigenous setup used to test the C-FNG device under various parameters. (c) Schematic diagram showing the applicability of the C-FNG devices at
the seashore for wave energy harvesting. (d) Transient behaviour of the C-FNG device with varying frequencies of water waves. (e) Plot of output
voltage versus the distance of the C-FNG from the water wave source. (f) Plot of output voltage versus the depth of the film in water. (g) Plot of the
output voltage of C-FNG versus the frequency of water waves. (h) Plot of output voltage versus the area of the C-FNG device. (i) Current density vs.
voltage plot of the C-FNG device. The inset shows the circuit diagram used to characterise the current—voltage behaviour of the device. (j) Power

density vs. resistance curve of the C-FNG device.

quency of waves, the aspect ratio of the film (area of the film),
and the distance of the film from the source of the waves.
Fig. S7a-c and Fig. 4d show the transient behaviour of the
C-FNG device under different conditions.

First, we varied the distance of the film from the source of
the waves from 33 c¢cm to 3 cm (inset of Fig. 4e). The voltage
obtained when the film was at a distance of ~3 cm from the
source was ~3.2 V (Fig. 4e). Therefore, when the film was
closer to the source of the waves, it generated more voltage
than when it was farther away. This is because the waves were
more turbulent when the film was closer, and therefore the
film oscillated more rapidly. This caused a higher strain in the
device and it generated voltage.

Furthermore, the depth of the film was varied when the film
was at a constant distance of ~4 cm from the source of waves
with a wave frequency of ~2 Hz. We observed that as the depth
of the film inside the water was increased, the output voltage
increased. When the film was completely exposed to the sea
waves (depth = 4 cm), we obtained an output voltage of ~2.6 V
(Fig. 4f). This implied that the greater the area of the film
exposed to the sea waves, the more voltage was generated.

This journal is © The Royal Society of Chemistry 2025

Furthermore, to confirm the increase in voltage when the film
was brought closer to the source of water waves, we generated
more turbulent waves by increasing the frequency of the waves,
and it was seen that the voltage generated also increased with the
increasing frequency of the waves. A voltage of ~5.1 V was
obtained when the frequency of the waves was 2 Hz (Fig. 4g). Also,
to confirm the increase in voltage when the depth of the film was
increased in water, we changed the area of C-FNG while keeping
the depth constant to confirm that the voltage increased due to
the increase in the area of the film. We observed that as the area
of the film increased, the output voltage also increased. The
output voltage was ~2.7 V when the area of the film was ~4.5 cm?®
(Fig. 4h). These results confirm that the fabricated C-FNG device
generated voltage under different marine conditions.

The power output of the device was measured using the
maximum power theorem. The device was connected across a
load resistance through a diode rectifier circuit, and the
voltage drop was measured across the load resistance
(Fig. S8a). Furthermore, the current density of the device was
measured using the circuit shown in the inset of Fig. 4i. A
voltage source was used to increase the potential across the

Nanoscale, 2025, 17, 26820-26827 | 26825
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electrodes of the C-FNG device, and the voltage drop was also
measured across the device. Simultaneously, the current
through the device was measured using a microammeter, as
shown in the circuit diagram, and a current-voltage plot was
obtained, as shown in Fig. S8b. The current density was calcu-
lated by dividing the current values by the area of the C-FNG
device. Finally, the current density versus the voltage curve was
plotted (Fig. 4i), and hence, the maximum current density deli-
vered by the device was ~10 mA m™>.

Furthermore, the power density of the device was calculated
using the resistance-voltage values. It was observed that a
maximum power of ~239 mW m > was transferred from the
C-FNG device to the load when the load resistance value was ~10
MQ (Fig. 4j). These electrical output values showed an enhance-
ment in the power and current values compared to the other
reported devices. Table S1 gives a detailed comparison of the
electrical output values of the reported flexible nanogenerators.

Study of durability and the effect of saltwater on the C-FNG
device

As the C-FNG is applied for wave energy harvesting, it has to
go through large mechanical force due to the oceanic waves.
Hence, to validate its mechanical strength, a tensile strength
measurement of the C-FNG device was carried out. Fig. S9
shows the stress-strain curve of the C-FNG sample. The strain
increased with increasing stress on the film. The elongation
continued until it reached a strain percentage of ~369% of its
initial length, and further stress caused the film to break at a
strain percentage of ~382% of its initial length. The film could
withstand a load of 3 kgF, and the tensile strength of the film
at the highest strain was 1.022 kg mm™>. These results imply
that the C-FNG device can maintain its mechanical strength
under the harsh conditions of the oceans.

The high tensile strength of the C-FNG film is due to the 2D
layers of chromiteen in the TPU matrix. These 2D sheets act as
nanofillers that enhance the mechanical properties of the film
by interconnecting the polymer chains with each other in the
TPU matrix. When the ocean waves hit the polymer film, the
stress gets distributed throughout due to the presence of 2D
sheets and hence avoids strain at one single point. This pre-
vents the film from tearing or generating cracks, and therefore,
it enhances the overall mechanical strength of C-FNG.

To study the durability and anti-corrosion property of the
C-FNG device, it was kept in saline water at a concentration of
35 g L', which is the natural salt concentration of seawater.®
The C-FNG was kept dipped in the solution for 5 days, and
then its tensile strength was measured. It was observed that
the film elongated until it reached a strain percentage of
~269% of its initial length, and further stress caused the film
to break at a strain percentage of ~316% of its initial length,
which is comparable to the newly synthesized film (Fig. S9).
Therefore, the synthesised film shows good mechanical stabi-
lity under marine conditions. Furthermore, the output voltage
of the saltwater-dipped C-FNG device was measured. It was
observed that the voltage output (V,) of the device dropped by
~35% due to the saltwater reaction. As 2D materials are prone

26826 | Nanoscale, 2025, 17, 26820-26827
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to oxidation, prolonged dipping of the C-FNG film in the
saltwater oxidises the chromiteen surface. This produces a net
negative surface charge due to excess oxygen atoms and hence
reduces the potential difference generated in the device.
Fig. S10 shows the change in the output voltage of the device
before and after treating it with saltwater. Furthermore,
the optical image of the device surface showed discolouration
due to the saltwater. This discolouration can also be attributed
to the oxidation of Fe atoms present in the chromiteen
structure.

Conclusions

In summary, this study reveals the modification of surface
charge by applying strain in the atomically thin chromiteen.
This modification of surface charge helped in generating an
electric signal from ocean waves for the harvesting of energy.
Furthermore, the DFT calculations confirm the presence of
surface defects and generation of surface charge by the
applied strain, which together improve the output perform-
ance under mechanical impact. Additionally, the durability
and the anti-corrosion behaviour of the C-FNG device
also prove a significant advancement in water wave energy har-
vesting. The high tensile strength and the presence of
surface charge in the material can generate high electrical
output in the device and withstand harsh ocean environments
for a long period of time, providing electricity for marine
applications.
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