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Harvesting ocean wave energy through carbon-based materials,
particularly graphene, is receiving increasing attention. However, the
complicated fabrication process and the low output power of the
present monolayer graphene-based wave energy generators limit
their further application. Here, we demonstrate the facile fabrication
of a new type of wave energy generator based on graphene/TiO;
nanoparticle composite films using the doctor-blading method. The
developed wave energy harvesting device exhibits a high open-circuit
voltage of up to 75 millivolts and a high output power up to 1.8
microwatts. A systematic study was conducted to explore the optimal
conditions for the energy harvesting performance.

The ocean that covers nearly 72% of the Earth's surface is
abundant in enormous energy in a variety of forms including
heat, currents, waves, and tides." Harvesting this kind of
renewable energy is regarded as a promising approach to deal
with the global concern of energy shortage. Among the various
forms of ocean energy, ocean wave power is stable, predictable,
and plentiful. It can be harvested all the time: day and night
under varying weather conditions.”> The present wave energy
conversion techniques rely on bulky equipment that cause
engineering and economic challenges,® and bring biological
and/or physical impacts to the marine environment,* which
calls for facile and sustainable ways to achieve wave energy
harvesting. Recently, a new, simple, yet promising wave energy
conversion technique has been demonstrated through extract-
ing wave potential directly from the interaction between gra-
phene and a dynamic salt water-air interface.®* The 2D
molecular structure and richness of active 7 electrons® endow
graphene with high electrical conductivity (~10° S em™"),” large
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charge carrier mobility (2 x 10° em® V' s7'),” and good
sensitivity to external cations/ions in salted water,*® turning it
into an ideal material for energy conversion. When a gra-
phene-covered substrate makes contact with a salt solution,
an electric double layer (EDL) is formed at the graphene-solu-
tion interface."*** In particular, the movement of the liquid-gas
interface (such as the ocean waves) may cause an imbalance
between absorbed ions at the graphene surface and the coun-
terions in the liquid, resulting in an instantaneous net charge.
The charge inclines to draw electrons from graphene, leading to
an electric potential and current across the graphene sheet that
can be directly harvested as electricity.*'* Extensive efforts and
achievements have been made on wave power harvesting using
graphene and graphene derivatives through this method.***°
However, there are still a few issues limiting further develop-
ment. As reported, most graphene-based wave energy genera-
tors rely on large-area monolayer graphene by the chemical
vapor deposition (CVD) technique,>*>** followed by transferring
to the target substrates.>*> The expensive and complicated
fabrication procedure and inevitable cracks on the transferred
graphene inhibit it for mass production. In particular, it is
critical to control the graphene thickness to monolayer because
multilayer graphene exhibits diminishing voltage due to
decreased resistance.”* Although the collected potential of
monolayer graphene is limited to only several (<10) millivolts
with negligible currents. Recently, simple and cost-effective
wave energy generators based on graphene/carbon black/
polymer composite films have been demonstrated with
a maximum output voltage around 20 mV and a maximum
current of about 10 pA.*®

In this study, we demonstrate a facile process to fabricate
wave energy generators based on graphene nanosheets/TiO,
nanoparticle composite films. Multilayer (mostly 3-6 layers)*
graphene nanosheets are prepared through the efficient and
low-cost electrochemical exfoliation process, following our
previous work.”*** In order to improve the low wave potential of
multilayer graphene as observed in other research, insulating
TiO, nanoparticles are introduced to the composites to reduce
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their conductivity. The low conductivity of the composite films
allows slow response to the ion balance,* so as to improve their
harvesting ability. As a result, the graphene/TiO, composite-
based device can readily generate an open-circuit voltage up
to 75 mV, a short-circuit current up to 25 pA, and a maximum
output power around 1.8 pW.

The bladed graphene/TiO, film (thickness around 6 pm,
Fig. S1t) and final wave energy generator are shown in Fig. 1a
and b. A pure TiO, film was also bladed onto a glass substrate as
a reference, showing transparent appearance (Fig. S2at). The
Raman spectrum (Fig. $31) indicates the characteristic E; band
of TiO, and the D band, G band and 2D band of graphene,
confirming the existence of both TiO, and graphene in the film.

Fig. 1c illustrates our experimental setup. The sample con-
nected with a multimeter was cyclically inserted into and pulled
out of a 0.6 M NaCl solution at a constant velocity and within
the range of insertion depth. Fig. 1d shows one representative
electric voltage signal observed during the dynamic process. An
increasing positive voltage was obtained when the sample was
inserted into the solution until a peak voltage of 75 mV was
reached at the maximum insertion depth, followed by
a dramatic drop when the sample was pulled out. Accordingly,
the short-circuit current signal also indicates a peak with the
maximum current of 25 pA, suggesting an output power of 1.8
uW. In contrast, the pure TiO, sample is electrically insulating,
and no evident open-circuit voltage can be observed when it
moved either in the air or in the salt solution under the same
test conditions (Fig. S2t). On the other hand, however, the pure
graphene film (fabricated through inkjet printing), exhibits
a low wave potential of ~5 mV (Fig. S4t). These suggest the
importance of the combining graphene and TiO, nanoparticles.
As shown by the SEM images in Fig. 2, in the graphene/TiO,
films, the majority of graphene is buried by the TiO, nano-
particles with some of them partly exposed. Owing to the
presence of TiO, nanoparticles, the electrical conductivity of
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Fig. 1 Schematic of wave potential across the graphene/TiO, film
sample. (a) Photograph of the bladed graphene/TiO, film on a glass
substrate. (b) Photograph of the final device after inkjet printing of the
silver electrodes. (c) lllustration of the insertion process of the sample
and the EDL mechanism at the solid-liquid interface. (d) Represen-
tative voltage and current signals generated over a sample during the
movement into 0.6 M NaCl at a velocity of 3.2 cm s~ with an insertion
depth of 5.0 cm.
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Fig.2 SEM images of the graphene/TiO, film under (a and b) low and
(c and d) high magnifications.

graphene can be adjusted to a low levels. According to
a previous study,” a low conductivity leads to slow charge
carrier mobility inside the material and thus elevates the
potential, improving the wave energy harvesting performance.
The exposed part of graphene is expected to interact with the
solution to form the EDL and hence produce the local potential.
It is worth noting that the EDL itself is not sufficient for the
generation of wave potential. According to the literature,®
a “dynamic” EDL boundary near the liquid-gas interface
(Fig. 1c) is necessary for producing the voltage. During our
measurement, when the sample was fully immersed in the salt
water, no induced voltage was observed. Instead, a significant
long-time decay appeared under complete immersion (Fig. S571),
exhibiting typical behavior of resistance-capacitor (RC)
circuits,” and confirming the EDL model as the reasonable
mechanism for the wave potential. Even when the sample
moved at the same velocity after being immersed fully in the
solution, no apparent peak voltages were collected due to the
absence of the liquid-gas interface (Fig. S61). When the sample
was pulled out of the salted water, the induced voltage dropped
to zero immediately (Fig. S5 and S6t), further demonstrating
the necessity of the gas-liquid interface.

Fig. 3 displays the output of the wave energy generators
under multiple cycles of inserting and pulling at a constant
velocity and interval time of 1 cm s~ ' and 10 s, respectively. The
open-circuit voltage is pretty stable, varying within a small range
between 15 mV and 20 mV (Fig. 3a), about 6 times higher than
monolayer graphene,® achieved at a comparable low velocity.
Moreover, the short-circuit current remained around 20 pA
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Fig. 3 Harvesting performance of the graphene/TiO5 film. (a) Open-
circuit voltage signal and (b) short-circuit current signal recorded at
a constant insertion velocity of 1 cm s~* during multiple inserting/
pulling cycles. (c) Peak voltage and the corresponding output power
for the test in (a and b).
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(Fig. 3b). As a result, under such low velocity, the maximum
output power could reach up to 430 nW (Fig. 3c), comparable
with previous devices based on the graphene/carbon black/
polymer composite,'® wrinkled graphene,* etc. (for more
information, see Table S17). In addition, even after 200 insert-
ing-pulling cycles (Fig. S7t), the induced potential still retained
at the same level as the first time, exhibiting excellent stability.

A previous study® revealed the dependence of the wave
potential Von the insertion velocity v, insertion depth d, dis-
charging charge per unit area g, and sheet resistance of the

1 .
generator Ryg as V = Equqovd . In our study, the velocity ranged

from 0.5 cm s~ ' to 8 cm s~ ', while the interval time was kept
constant (10 s) for every velocity. As shown in Fig. 4a, our results
confirm that the peak voltage increased linearly with the inser-
tion velocity. According to previous studies,>* the large voltage
increases at high insertion velocity can be interpreted by the
short response time for counterions in the solution to migrate to
the dynamic EDL boundary, thus increasing the net charge. The
insertion depth indicated a similar behavior as velocity. Fig. 4b
revealed that, with continuous insertion into solution, the
recorded voltage across the sample increased linearly. The linear
increment of induced voltage on inserting depth could be
explained by the equally connected resistances assumption.” The
length of the EDL region is divided into several equal sections
with the same resistance. An increase in the insertion depth
allows more sections to interact with the solution, which
increases the total resistance and thus the wave potential.

We further investigated the dependence of the wave poten-
tial on the interval time between two inserting-pulling cycles. As
shown in Fig. 4c, the peak voltage increases steadily with the
interval time at the same velocity. In our experiments, a high
interval time (300 s) produced voltage 2-3 times higher than low
interval time (10 s). This can be attributed to the wettability of
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the sample surface. When the movement is within a short
interval, due to the hydrophilicity of the film, the wetted surface
did not have enough time to recover, severely limiting the
region for the dynamic EDL boundary, causing a much lower
peak voltage. On the contrary, when the interval time was long
enough, the wetted surface became dry again, recovering the
region for the dynamic EDL boundary, thus producing a higher
voltage. Taking both the insertion velocity and interval time into
account, higher velocity exhibited stronger dependence on the
interval time since the voltage increase at the highest insertion
velocity of 8 cm s~ was relatively larger than that at lower
insertion velocities (Fig. 4c).

The influence of the salt concentration on the peak voltage
under the same interval time is revealed in Fig. 4d and e. The
concentration of 0.1 M is a delimitation for the voltage depen-
dence on the concentration. As illustrated in Fig. 4e, when the
concentration is below 0.1 M, the peak voltage decreases signif-
icantly with the increasing concentration. This is consistent with
the observation in the literature®® and could be ascribed to the
decreased screening effect from the Cl™ layer, which relatively
increases Na' near the interface and further enhances the
voltage. However, when the concentration is above 0.1 M, the
peak voltage increases evidently with the salt concentration. This
phenomenon is inconsistent with the behavior of other wave
energy generators® and could be attributed to more Na' ions
absorbed on the graphene/TiO, film surface at high salt
concentration, but the full understanding of the mechanism
needs further fundamental exploration. Similar to the behavior
in NaCl, the sample generated wave potential when inserted into
other ionic solutions. Fig. 4f compares the peak voltages and
peak currents in LiCl, NaCl, KCl, MgCl,, Na,SO, at the same
concentration of 0.6 M with deionized water (DI) as the reference.
All the measurements were conducted at a velocity of 6 cm s™*
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Influence of other factors on the induced peak voltage. (a) Peak voltage as a function of insertion velocity at the same interval time of 10 s.

(b) Dependence of peak voltage on the insertion depth. (c) Peak voltage as a function of interval time at various velocities. In (a—c), the sample was
inserted into 0.6 M NaCl solution. (d) Peak voltage as a function of insertion velocity when the sample was inserted into a series of NaCl
concentrations. () Dependence of peak voltage on the NaCl concentration in the solution at the velocity of 8 cm s™2. (f) Peak voltage and current
when the sample is inserted into LiCl, NaCl, KCl, MgCl,, Na,SO4 solutions and DI water. All the solutions have the same concentration of 0.6 M,

and insertion depths of 2.5 cm.
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Fig. 5 The scalability of the electricity harvesting through series and parallel connection of graphene/TiO; films. Illustration of (a) series
connection and (b) parallel connection of the wave energy generators. (c) Produced voltage signal of series connection and (d) current signal of
parallel connection of two samples into 0.6 M NaCl. In the test of series connection, the inserting depth is 2 cm for an individual device, and 4 cm
for the connected (in series) device. In the test of parallel connection, the inserting depth is 5 cm for both individual and connected (in parallel)

devices.

and interval time of 10 s. As we predicted, no obvious induced
voltage was observed in DI water, confirming the necessity of ions
for wave potential production. MgCl, produced the highest peak
voltage, while Na,SO, the lowest; we consider this significant
discrepancy as a result of different charging effects and adsorp-
tion energy of ions: Mg>* has a stronger charging effect than
other cations® and can be more easily absorbed to the graphene
surface, resulting in a higher voltage under the same anion
conditions. Similarly, CI™ has higher adsorption energy due to its
small size (compared to SO,°>7),° and hence is more easily
repelled from the graphene surface to enable the generation of
a high wave potential.

The generated electricity can be further scaled up through
series and parallel connections of multiple graphene/TiO, wave
energy generators (Fig. 5 and S8f). As shown in Fig. 5c, an
individual device (with a size of 1.5 x 2.5 cm?) induced around
10 mV peak voltage, but after connecting two identical films in
series (Fig. 5¢), the peak voltage was over 25 mV, increased by
more than twice. Similarly, the short-circuit current increased
from 9 pA for one individual device (with a size of 0.5 x 6.0 cm?)
to about 20 pA after two devices are connected in parallel
(Fig. 5d). The feasibility of series and parallel connection offers
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opportunities to scale up the wave energy harvesting. Certainly,
it can be well expected that the electrical performance of our
ocean wave energy generators can be further improved if they
are combined with other mechanisms in literature, such as
triboelectric, piezoelectric, thermoelectric,
evaporation-enhanced energy harvesting.*®

and solar

Conclusions

In summary, we have developed a facile process to fabricate
wave energy generators based on graphene/TiO, nanoparticle
composites. When cyclically inserted into and pulled out of
simulated seawater, the devices could generate a voltage of up
to 75 millivolts with a maximum power of nearly 1.8 yW. The
devices exhibit good stability, with no evident performance
degradation after 200 cycles. The output voltage increases
linearly with the insertion velocity, insertion depth and the
interval time between the cycles, which agreed well with the
existing theory for wave potential, whereas it exhibits non-
monotonous dependence on the salt concentration. Further-
more, by series and parallel connections of multiple devices, the
output voltage and current are scaled accordingly. This research

© 2022 The Author(s). Published by the Royal Society of Chemistry
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is expected to expedite the development of wave energy gener-
ators in practical applications.
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