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Sequestering CO, in the form of carbon-based liquid fuels would
provide both a convenient and sustainable form of energy for
practical use as well as mitigate the effects of global warming and
climate change. Ocean wave energy is an abundant and relatively
stable source of renewable energy, which would be highly desirable
for the conversion of CO, to conveniently stored and transported
liquid fuels. In this work, we demonstrate a wave-energy-driven
electrochemical CO, reduction system, consisting of triboelectric
nanogenerators, a supercapacitor and a CO, reduction reactor, that
converts ocean wave energy to chemical energy in the form
of formic acid, a liquid fuel. We optimize the energy storage
component of the system and operation voltage of the electro-
chemical cell to achieve efficient energy storage and maximize the
production of formic acid. Under simulated waves, the system can
produce 2.798 pumol of formic acid per day via the wave energy
harvested from a water surface area of 0.04 m2. Moreover, we have
performed field tests in the Red Sea to demonstrate the practicality
of such an electrochemical CO, reduction system. Finally, we
present design guidelines for achieving a cost-effective, efficient,
and large-scale wave-energy-driven CO, reduction system for
liquid fuel production.

Introduction

Global atmospheric carbon dioxide (CO,) levels have reached a
record high of 400 ppm, generating severe concern about the
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Broader context

While the oceans cover more than 70% of the earth’s surface, more efforts
need to be invested to unleash the potential of wave energy. Meanwhile,
harnessing the wave energy to convert carbon dioxide in the atmosphere
to carbon-based liquid fuel is of great interest for modern society to
address both the need of renewable energy and the concern of climate
change. This work presents an ocean wave energy-powered electro-
chemical system to reduce carbon dioxide and produce formic acid,
which is a form of hydrogen fuel. The system mainly consists of three
components which are a spherical spring-assisted triboelectric
nanogenerator to convert the mechanical energy of the wave to
electrical energy, a power management circuit with a supercapacitor to
temporarily store the harvested electrical energy and a electrochemical
setup to reduce carbon dioxide to formic acid. In particular, we optimize
the charging process of the supercapacitor and the operation potential of
the electrochemical cells to more effectively utilize the energy harvested
from the nanogenerator and maximize the production of formic acid. At
the end, an outlook is presented to discuss the future challenges in
developing a practical wave energy-powered liquid fuel production
system.

effects of this greenhouse gas on climate change." Despite this,
fossil fuels still account for the largest portion of global energy
production, the consumption of which is the primary source of
greenhouse gases on the planet.”? Additionally, the finite reserves
of fossil fuels have motivated the need to develop alternative energy
sources other than petroleum-based hydrocarbons. The electro-
chemical reduction reaction of CO, (CO,RR) is an enticing
approach for converting CO, to useful carbon-based liquid fuels
to mitigate current energy and environmental needs.*® How-
ever, the CO,RR driven by renewable and sustainable energies is
still underexplored and remains an ongoing challenge.

Ocean wave energy is an abundant sustainable energy source
that is less-influenced by weather conditions compared with
other renewable energies, such as solar power. Roughly 71% of
the Earth’s surface is covered by ocean, and studies indicate
that ocean waves generate at least 8000 terawatt-hours per year
of electrical energy.”'® Yet, ocean wave energy is not widely
exploited due to several reasons. First, wave energy plants are

Energy Environ. Sci.


http://orcid.org/0000-0001-6417-7815
http://orcid.org/0000-0002-6192-9871
http://orcid.org/0000-0001-7742-1282
http://orcid.org/0000-0002-5530-0380
http://orcid.org/0000-0003-1886-9241
http://crossmark.crossref.org/dialog/?doi=10.1039/c9ee03566d&domain=pdf&date_stamp=2019-12-24
http://rsc.li/ees
https://doi.org/10.1039/c9ee03566d
https://pubs.rsc.org/en/journals/journal/EE

Published on 10 December 2019. Downloaded by Georgia I nstitute of Technology on 1/31/2020 5:53:53 PM.

Communication

often off-shore, which poses difficulties in connecting to the
power grid. Second, severe weather conditions, such as storms,
and corrosion by sea water can cause damage to the wave power
generator, which increases the cost of wave energy. Moreover,
typical wave energy converters based on electromagnetic
generators (EMGs) are bulky and cannot float, requiring
supporting platforms or to be fixed on the sea floor, which
causes disturbance to marine life."*™"?

In an effort to overcome the problems associated with
EMGs, triboelectric nanogenerators (TENGs), which are able
to convert mechanical energy into electricity based on the effect
of triboelectrification and electrostatic induction, have recently
been employed for harvesting wave energy. TENGs feature a
simple structure, and are light-weight, and made of low-cost
materials, garnering increased interest in large-scale deploy-
ment as wave energy generators.'®'*3 A key advantage of the
TENG over the EMG is that the power output of an EMG is
proportional to the square of frequency of the motion, while the
power output of TENG is proportional to the frequency. As a
result, there exists a critical frequency (~5 Hz) and a TENG has
a higher output below this critical frequency than the EMGs in
the same scale, which makes the TENGs particularly suitable
for wave energy harvesting considering that the frequency of
ocean wave motion is often below 5 Hz.'®** Various designs of
TENGSs had been studied to improve the power output of wave
energy conversion, from 50 mW m~?> by liquid-solid electrifica-
tion to 1.366 W m ™~ in 2016."”*° Additionally, these TENGs are
able to naturally float on the water’s surface, causing minimal
impact to the environment.

Besides converting ocean wave energy to electricity, other
applications of wave energy harvesting by TENGs have been
explored, including wave-energy-powered water desalination
and water splitting for hydrogen fuel production.”>**” Notably,
converting wave energy to electrical energy and then storing
that energy in chemical fuels is more desirable compared with
energy storage by supercapacitors and batteries,>*>° as these
devices suffer from self-discharge, resulting in energy loss,
while chemical fuels do not and are relatively easy to store
and transport. However, additional effort is required to opti-
mize the power management and electrochemical aspects of
such wave energy to chemical fuel conversion systems. In
particular, formic acid (HCOOH) obtained by the electroche-
mical CO,RR is preferable to pure hydrogen obtained by water
splitting as a hydrogen storage medium®’**' because formic
acid is liquid at room temperature, making it safer and easier
to store and transport. In addition, it has a relatively high
volumetric hydrogen density of 53 g of H, per L. However, there
are no reports of carbon-based liquid fuels produced by TENG-
powered CO,RR, which involves complicated electrochemical
processes and requires more optimization.>®

Herein, we demonstrate liquid fuel production by electro-
chemical CO,RR powered by ocean wave energy harvested
using spring-assisted spherical TENGs.'®** This type of TENG
is more cost-effective compared to conventional EMG-based
wave energy converters. Moreover, it features a higher wave
energy conversion efficiency and power output as compared to
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previous TENG designs and is able to float on the water’s
surface, which both minimizes the environmental impact and
simplifies operation,'®** and these features are essential for the
practical use of TENGs in ocean wave energy harvesting applica-
tions. We optimize the operation parameters of this wave-energy-
driven CO,RR system, including the capacitance of the tribo-
electric charge storage device and the operation voltage of the
electrochemical cell to achieve near 100% faradaic efficiency (FE)
for the CO,RR and maximize the liquid fuel product. When
tested with a lab-simulated wave, the wave-energy-driven CO,RR
system can produce a maximum of 2.798 pmol of formic acid per
day by TENGs on a water surface area of 0.04 m®. Furthermore,
we performed field tests in the Red Sea under different wind
speed conditions to study the practical performance of the
CO,RR system. According to our field test results, the wave-
energy-driven CO,RR system can produce 0.325 umol of formic
acid per day at 18 knots wind speed. Finally, we present an
outlook for the future development of liquid fuel production by
wave energy. Our work not only demonstrates the first ever reported
production of a carbon-based liquid fuel by a wave-energy-driven
CO,RR system, but also optimizes the system parameters and
provides important design guidelines for maximizing the liquid
fuel product.

Results and discussion
Design of the wave-energy-driven CO,RR system

Fig. 1 shows a detailed schematic of the wave-energy-driven
CO,RR system. The system consists of three major components,
including the spring-assisted TENG for converting wave energy
to electricity, a power management circuit consisting of bridge
rectifiers and a supercapacitor, and a two-electrode electro-
chemical cell responsible for the CO,RR and oxygen evolution
reaction (OER). The detailed equivalent circuit diagram of the
system can be found in Fig. S1 (ESIt). An optical image of the
spherical TENG used is shown in Fig. S2a (ESIt), the fabrication
details of which can be found in our previous studies.'®** As
shown in Fig. 1, the outer shell of the TENG is made of acrylic.
Inside the sphere, there are two regions separated by three
circular acrylic plates and supported by four springs. The TENG
is located in the bottom region of the device and the top region
serves as a buffer, which allows the underlying TENG to be
compressed and decompressed. The TENG itself is a folded,
multi-layered structure that maximizes the contact area between
aluminum and fluorinated ethylene propylene (FEP) films.
During compression, electrons transfer from the aluminum to
the more electron-attracting FEP, and the resulting triboelectric
charges are conducted away. Moreover, the four springs in the
design enable kinetic energy from a wave to be stored and
converted to electricity from the residual vibration of the springs.
In our experiments, we connected four spherical TENGs in parallel
to increase the power output. The spherical TENGs are connected
externally to a circuit board that consists of bridge rectifiers for
converting the alternating current from the TENG to direct current,
as well as a supercapacitor to temporarily store the triboelectricity

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic of the ocean-wave-driven electrochemical CO,RR system for liquid fuel production. The system consists of three components: the
spring-assisted spherical TENG; an energy storage circuit with rectifiers and a supercapacitor; and a two-electrode electrochemical cell for CO,RR and

OER.

produced. The supercapacitor plays two important roles in the
system. First, the power output of the TENG is pulsed, and the
supercapacitor acts as a reservoir of triboelectricity and provides a
steady power output for electrochemical reactions when discharging.
Second, it can accommodate the optimal operation potential of
electrochemical cells. This is because the typical voltage output of
TENGs can reach over a hundred volts and it is too high and
inefficient for electrochemical reactions if the TENG is just directly
connected to the electrochemical cells without the use of a
supercapacitor.

Optimization of the triboelectric charge storage

When the supercapacitor is charged to a sufficient voltage by the
TENGES, it connects to a gas-tight two-electrode electrochemical
cell and drives the OER and CO,RR, with the positive terminal
connected to the anode and the negative terminal connected to
the cathode. The catalyst and electrolyte for the OER are platinum
(Pt) foil and 1 M potassium hydroxide (KOH), and those for
CO,RR are bismuth(m) oxide (Bi,O;) and 0.5 M CO,-saturated
potassium Dbicarbonate (KHCOs), respectively. Further experi-
mental details of the electrochemical cell catalysts can be found
in the Methods section. Fig. S2 (ESIt) shows a photograph of the
gas-tight two-electrode electrochemical cell. In this work, we adopt
the fabrication of a Bi,Oj catalyst reported in the literature,® and it
shows that the major CO,RR product by the Bi,O; catalyst is
formic acid with a negligible amount of carbon monoxide and
hydrogen. The CO,RR and OER can be represented by the
following chemical equations, in which formate is produced on
the cathode by the CO,RR.

CO,RR on the cathode: CO, + H + 2¢” — HCOO™
OER on the anode: 20H™ — 2¢~ — 1 0, + H,0
Fig. 2a shows the uncorrected linear sweep voltammetry

(LSV) curves of the CO,RR on the Bi,0;-coated cathode in 0.5 M

This journal is © The Royal Society of Chemistry 2019

KHCO; (Blue curve) and the OER on the Pt anode in 1 M KOH
(red curve) carried out with a potentiostat at a scan rate of
10 mV s~ . If we take the onset potential for both CO,RR and
OER at 1 mA cm % then the onset voltage to drive both
reactions is ~1.9 V. In the wave-energy-driven CO,RR system,
the role of the capacitor is to temporarily store the tribo-
electricity generated by the TENGs and drive the CO,RR and
OER when it reaches a sufficient voltage. Therefore, the capacitor
will be charged to a certain voltage above 1.9 V by the TENGs,
after which it discharges to drive the CO,RR and OER, and
eventually stops discharging when the capacitor voltage drops to
1.9 V. This process is one operation cycle of the wave-energy-
driven CO,RR system. In regards to the capacitance, on the one
hand, it must be large enough to provide sufficient energy and
sustain a reasonable period of discharging time for the electro-
chemical reactions, particularly for the sluggish OER.*>** On the
other hand, if the capacitance is too large, it will take too long to
charge to the required voltage for the electrochemical reactions.
Therefore, we tested the system with capacitors that ranged
from 100 pF to 0.1 F in capacitance and analyzed the liquid
products of the electrochemical reactions by nuclear magnetic
resonance (NMR). We detected no liquid product when the
capacitance was lower than 0.01 F, which is due to the insuffi-
cient charge to sustain a reasonable discharging time. Therefore,
we searched for a suitable capacitance value within a range of
0.01-0.1 F.

Fig. 2b and c are the voltage and stored energy against
charging time for the capacitors ranging from 0.01 F to 0.1 F
when charged by four spherical TENGs connected in parallel.
The four spherical TENGs have a projected area on the water’s
surface of 0.04 m> (20 x 20 cm®) and were powered by a
simulated wave that mainly drove the TENGs up and down
(see Methods for more details). Under this wave, the 0.01 F
capacitor reaches 0.5 V in less than 600 s, while the 0.1 F
capacitor can only reach 0.042 V in the same period of time.
Furthermore, the stored energy in the 0.01 F capacitor is 14 times
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Fig. 2 Characterization of the electrochemical reactions and the supercapacitor charging by the TENGs. (a) LSV curves of the CO,RR on the Bi,Os-
coated cathode in 0.5 M CO,-saturated KHCOs (blue curve) and the OER on the Pt anode in 1 M KOH (red curve) at a scan rate of 10 mV s~2. (b) Voltage
and (c) stored energy against charging time for capacitors that ranged from 0.01 F to 0.1 F when charged by four spherical TENGs connected in parallel.
(d) Voltage against charging time when charging the 0.01 F supercapacitor from 1.9 V to 2.4 V by the TENGs.

higher than that in the 0.1 F device, despite being charged in
the same way. This phenomenon can be explained by the better
impedance matching between the load capacitance and the
inherent capacitance of the TENG, which results in higher
energy storage efficiency, which has been studied in detail in
our previous studies.**** As a result, we chose the 0.01 F
capacitor to store the generated triboelectricity because of its
higher energy storage efficiency. It is worth noting that a super-
capacitor is more suitable as charge storage than a Li-ion battery
in this work since the power capacity of the TENG in this work is
insufficient to charge a Li-ion battery. Despite this, we suggest
that Li-ion batteries can be used when the size and power
capacity of such a system are scaled up in the future.

Optimization of the operation voltage of the two-electrode
electrochemical cell

As previously noted, 1.9 V is the minimum voltage needed to
drive both the CO,RR and OER. However, we still needed to
determine the voltage at which the capacitor should be charged
in order to yield the most formic acid. While a higher discharge
voltage should produce more formic acid in each discharge
cycle, it takes longer to charge. To explore this tradeoff, we
charged the capacitor to a range of voltages, including 2.4 V,
2.9V, and 3.9 V (corresponding to 0.5 V, 1 V, and 2 V higher
than 1.9 V) and analyzed the amount of liquid products
produced by these discharge voltages (Vg;s). Fig. 2d displays
the capacitor voltage against charging time, in which the
spherical TENGs driven by the simulated wave require
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~1090 s to charge a 0.01 F capacitor from 1.9 V to 2.4 V, and
~2468 s and ~7424 s to charge the capacitor from 1.9 V to
2.9 V and 1.9 V to 3.9 V, respectively. The capacitor voltage
increases more slowly at higher voltages, which is a typical behavior
of capacitor charging.® Fig. S3 (ESI) shows the self-discharge
characteristics of the 0.01 F supercapacitor after being charged to
2.4 V. We observe a notable self-discharge as the voltage drops to
2.32 V in 0.5 h, and then drops below 1.6 V in 24 h, clearly
demonstrating the advantage of converting wave energy to chemical
fuels over storing the harvested wave energy in supercapacitors/
batteries.

Fig. 3a and b show the voltage and current characteristics
over time when the 0.01 F capacitor is discharged at 3.9 V,
2.9 V, and 2.4 V to drive the two-electrode electrochemical
cell. In all cases, the current rises rapidly to approximately
10-15 mA and then drops to below 1 mA in 5 s. The entire
discharge cycle in all cases finishes in ~20 s. From the voltage
characteristics, we can observe that the beginning of the
recorded voltage never reaches the discharge voltages (3.9 V,
2.9 V and 2.4 V), though the data acquisition is at 10 Hz.
That means the capacitor voltage drops very rapidly at the
beginning of the discharge process, especially when discharging
at 3.9V, and it drops below 2.9 V in less than 1 s because of the
high current density at the high over potential as shown in
Fig. 2a.

Using NMR, we quantitatively analyzed the liquid products
of the CO,RR after being driven by the three discharge voltages.
In order to ensure there was a detectable amount of liquid

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Voltage and (b) current characteristics of the supercapacitor
when discharging to the two-electrode electrochemical cellat 3.9V, 2.9V,
and 2.4 V.

product in the resulting solution for each condition, we
conducted multiple charge-discharge cycles for each voltage
over the course of an hour. The details of the experiment and
NMR analysis can be found in the Methods section. From the
NMR analysis, we can only detect formic acid as the major
liquid product. The average FEs of the three Vy;s calculated
from the result of NMR are shown in Fig. 4a (the corres-
ponding statistics are shown in Table S1, ESIt). The 3.9 V Vy;s
featured the lowest average FE of 76%. When discharging at a
lower voltage, the average FE increases to 96% for 2.9 V Vg
and reaches the highest FE of nearly 100% when discharged at
2.4 V, which agrees with the FEs at the similar potential
reported in the literature.” The higher FE from the lower
discharge voltage can be explained by the following reasons.
First, the higher over potential will result in increased produc-
tion of other chemical products, such as hydrogen for the
Bi,O; catalyst.” Second, the high voltage region (3.9 V to 2.9 V)
is sustained for only a very short period of time as described
previously in Fig. 3. Therefore, the discharging time may be
too short to allow all the charges produced to contribute to the
anodic and cathodic electrochemical reactions, particularly in
the case of the sluggish OER.*>** During the experiment, we
also tried to analyze the gaseous product by gas chromato-
graphy, however, we were not able to obtain a reliable result,
possibly due to the deficient amount of gaseous product. It is
worth noting that we did not get detectable electrochemical
product for Vy;, effectively below 2.4 V, which might be due to
the insufficient amount of energy stored in the supercapacitor
to power up the electrochemical reaction. Despite this, here
shows an important rule to improve the utilization of electric
charge when powering up electrochemical reactions using
capacitors.

Fig. 4b shows the amount of formic acid produced per cycle
by the three discharge voltages, which are measured by NMR.
As expected, discharging at 3.9 V produces the most formic acid
per cycle at 0.067 umol per 0.57 mg cm > of catalyst loading,
while discharging at 2.9 V and 2.4 V produces 0.047 pmol and

This journal is © The Royal Society of Chemistry 2019

View Article Online

Communication

Faradaic Efficiencies of HCOOH

Vp =39V V=29V V =24V
Capacitor Discharge from Voltage (V) to 1.9 V

&
b o 030 302
© L ] g_
>
8 25 5
) ] @
o (%]
= 20 3
7] O -
E 8¢S
= 1.5 o £
2 2 =2
= 1.0 ~
: -
© 0.5 g
g c
= 0.0 .2
< V,,=39V V, =29V V =24V £
e
c 100 100
[l Mechanical Energy of the TENG
[ Electrical Energy Stored in Capacitor
80 B Energy Contributed to 4180
Formic Acid Conversion —
— e}
% 60 60 £
g 8
g 40 40 2
w IT}
20 20

V, 239V V=20V V, =24V

Fig. 4 Analysis of the chemical product by NMR and energy conversion
efficiencies. (a) Faradaic efficiencies of formic acid when the capacitor
discharge was at 3.9V, 2.9V, and 2.4 V. (b) Amount of formic acid that can be
produced per cycle and per day at the three discharge voltages. (c) Estimate of
the energy conversion efficiencies from the mechanical energy of the TENGs
to the energy contributed to formic acid conversion.

0.035 pmol of formic acid, respectively. Interestingly, when we
estimate the amount of formic acid produced per day by
evaluating how many cycles can be undergone in 24 h, we
found that discharging at 2.4 V can yield the most formic acid
of 2.798 pmol per day while discharging at 2.9 V and 3.9 V
can only produce 1.635 pumol and 0.777 pmol, respectively.
This intriguing result can be attributed to the lower charging
efficiency at higher capacitor voltage and the lower faradaic
efficiency when discharging at 3.9 V, as we discussed earlier.
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Fig. 5 Field test of the wave-energy-driven CO,RR system. (a) Photograph of the field test showing the four spherical TENGs connected in parallel to
charge the 0.01 F supercapacitor by ocean waves. (b) The amount of formic acid that can be produced per day at different wind speeds.

Therefore, we can conclude that it is beneficial to charge the
capacitor to a lower voltage above the onset potential in terms of
the daily amount of formic acid production. It is worth noting
that although the amount of formic acid produced seems small,
it is made by TENGs featuring a total area of only 0.04 m”.
The light-weight, low-cost, and low environmental disturbance of
the spherical TENGs suggest that our wave-energy-driven CO,RR
system could be highly advantageous in large-scale deployment
as compared with conventional wave energy convertors based
on EMGs.

Besides studying the chemical products, we also evaluated the
efficiencies of the entire energy conversion process, from the
kinetic energy of the TENGs to the energy being consumed to
reduce CO, to formic acid. Fig. 4c and Table S2 (ESIf) demon-
strate the energies obtained at different stages of the conversion
process for the three discharge voltages, including the mechanical
energy of the TENGs, the electrical energy stored in the capacitor,
and the energy contributed to the formic acid conversion in each
cycle. For the mechanical energy of the TENGs, we assumed they
displayed simple harmonic motion under the influence of the
water wave and estimated the average kinetic energy in one cycle

1
of charging by Zm(2nf )?a2, in which m is the mass of the TENGs,

and f and a are the frequency and the amplitude of the simple
harmonic motion, respectively. The details of the calculations can
be found in the Methods section. From the plot in Fig. 4c, we
can see a significant energy loss in the mechanical to electrical
energy conversion, which can be explained by the non-optimized
impedance between the TENGs and the 0.01 F capacitor, leading
to inefficient energy transfer. The need for the capacitance to
balance the charging time and the energy stored poses a con-
straint on the choice of the capacitance and the optimization
between the load capacitance and the inherent capacitance of the
TENG. In addition, the design of the spherical TENG can be
further improved to enhance the power output, such as by
increasing the number of triboelectric layers to fully utilize the
space inside the sphere. In contrast to the mechanical to electrical
energy conversion, the electrical to chemical energy conversion is
very effective thanks to the high FE of formic acid, as shown in
Fig. 4a. Meanwhile, this also suggests that there is little issue in
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the conversion loss when we substitute capacitors/batteries with
chemical fuels as energy storage media.

Field test

To demonstrate the practicality of the wave-energy-driven
CO,RR system, we performed field tests in the Red Sea at the shore
of our university (location at N 22°20'31.232” and E 39°05'17.307").
Fig. 5a and Video S1 (ESIt) show a photograph and video of the
field test. The tests were performed on March 13, March 16, and
March 18, 2019 when the wind speeds at 3 pm were 15 knots,
18 knots, and 14 knots, respectively. During the tests, the multi-
layered structures in the spherical TENGs were compressed and
decompressed as the devices moved in the water, converting the
wave energy to electrical energy stored in the 0.01 F capacitor. We
measured the voltage charged in 1 h, and then calculated the time
needed to charge the 0.01 F capacitor from 1.9 V to 2.4 V and the
amount of formic acid that theoretically could be produced by the
CO,RR system on the three test days (Fig. 5b). Overall, we can see
that more formic acid can be produced on a windier day. We note
that the capacitor charging in the sea is slower than that in the lab-
simulated wave. This is attributed to our observation that the motion
of the TENGs on the sea is rather orbital, with both vertical and
lateral motion instead of the mainly vertical motion experienced in
the simulated wave. As a result, the vertically-stacked multi-layered
TENG cannot fully utilize the wave energy in the sea.

Conclusions

In conclusion, we demonstrate an ocean wave-energy-driven
electrochemical CO,RR system that converts wave energy to
conveniently stored and transported carbon-based liquid fuels.
The spring-assisted TENGs, which can convert the energy of a
wave to electricity stored in a capacitor, are low-cost, light-
weight, and cause less disturbance to marine life. The stored
energy can then be used to convert CO, to formic acid via
electrochemical reduction. Moreover, we have optimized the
system’s parameters, including the capacitance of the tribo-
electric charge storage and operation voltage of the CO,RR
system so that optimal energy storage and formic acid
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conversion efficiencies are achieved. Our findings show that setting
the discharge voltage of the capacitor, which temporarily stores the
triboelectricity, at an optimal value of 2.4 V for each cycle, results in
an FE of nearly 100% for the conversion of CO, to formic acid. The
CO,RR system can produce 2.798 pmol of formic acid per day with
wave energy harvested from an area of 0.04 m®. Additionally, we
tested the wave-energy-driven CO,RR system in real conditions to
demonstrate the practicality of converting ocean wave energy to
liquid fuels. To the best of our knowledge, this is the first
demonstration of a wave-energy-driven CO,RR system that can
simultaneously convert CO,, a major greenhouse gas, to carbon-
based liquid fuel using abundant ocean wave energy.

Outlook

From our estimates based on the experimental results, we
believe that a wave-energy-driven CO,RR system installed with
1 km? of TENGs can generate about 56% of the daily per capita
energy consumption in the world (according to 2015 data, see
calculation in the ESIt). Nonetheless, there is still room for
improvement in the energy conversion efficiency of the system.
While the major components, including the TENGs, power
management circuit, electrochemical cell, and catalysts, are
all fairly mature, substantial optimization is still needed when
combining them for an efficient wave-energy-driven CO,RR
system. First, the energy storage efficiency should be improved
by better matching the impedance between the TENGs and the
energy storage components. Despite extensive research on
improving the charging efficiency of the capacitor by the
TENGs,**?° further studies are still needed since the load
capacitance of the capacitor and inherent capacitance of the
TENG will depend on the targeted energy production and TENG
design. In addition, Zi et al. have reported that the designed
charging cycle can significantly improve the energy-storage
efficiency up to 50%. The higher energy-storage efficiency is
essential for practical use of TENGs to harvest ambient
mechanical energies.’® Second, in order to deliver a higher
power output and more effectively utilize the ocean wave
energy, the design of the TENG must be further improved to
better accommodate the actual dynamics of ocean waves rather
than a lab-simulated wave. As a matter of fact, researchers keep
investing their effort to achieve higher performance in harvesting
ambient mechanical energy by TENGs. For example, when we
were preparing this communication, Li et al. reported an Oblate
Spheroidal TENG which consists of two TENG parts that can
better adapt to both rough and quiet sea conditions. The design
has also considered the actual dynamic of the ocean wave, which
can more effectively convert the vertical and horizontal motions of
the ocean wave into electrical energy.>® Third, system integration
plays a key role in the performance of such a wave energy-driven
CO, reduction system. In the past, components utilized in our
system including TENGs, power management circuits and the
catalysts for electrochemical reactions were characterized and
optimized separately with the best performance revealed in
their optimal working conditions. However, there are substantial

This journal is © The Royal Society of Chemistry 2019
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challenges when integrating these components to achieve the best
performance of the system. Taking this work as an example, the
voltage output generated by the TENG is pulsed and too high for
typical electrochemical reactions, which requires a supercapacitor
for temporary charge storage. And we found that the faradaic
efficiency is largely dependent on the operation voltage of the
electrochemical cells. We foresee that substantial works must be
carried out in the future to achieve practical use of such a wave
energy harvesting system. For example, when advancing the
design and scaling up the power output of TENGS, the inherent
impedance will vary which can significantly alter the optimal
charging condition for the energy storage device. Besides, scaling
up the effective area of the TENG will unavoidably largely increase
the size and the physical distance between the TENGs and power
management unit, which will introduce problems such as loss of
energy in the connection between the components and these
problems need substantial efforts to overcome. Finally, besides
the above, the cost of fabricating the TENGs must be lowered, and
it should be made more convenient to form a large network of
TENGS to deliver cheaper and higher wave power output.

Methods

Charging performance measurements by the TENG array

Four spherical TENGs with the spring-assisted multilayered
structure are respectively connected to a full-bridge rectifier
and then connected in parallel. The TENGs are then used to
charge various super-capacitors under the water waves generated
by using a series of wave pumps (rw-20 JEPOWER TECHNOLOGY
Inc.) controlled by a function generator (AFG3011C Tektronix
Inc.). The output frequency and output amplitude of the func-
tion generator are set as 1.0 Hz and 2.5 V, respectively. The
capacitances ranged from 0.01 F to 0.1 F. The voltage on the
supercapacitors is measured by a current preamplifier (Keithley
6514 System Electrometer). Note that when charging the super-
capacitor from 1.9 V by the TENGS, we first charged it from 0 to
1.9 V by using the direct-current power source.

Preparation of the two-electrode electrochemical cell, catalyst
and linear sweep voltammetric (LSV) measurement

To prepare the cathodic electrode, 5 mg of the obtained Bi,O3
nanosheet powder was dispersed in 750 pl of ethanol, 250 pl of
deionized water and 40 pl of 5 wt% Nafion solution with
sonication for 30 min, and then 120 ul of the mixed solution
was dropped on 1 x 1 ecm 2 carbon paper and dried at room
temperature. The loading amount of the catalyst is 0.57 mg cm ™.
An electrocatalytic experiment was carried out with a potentiostat
(Biologic-SAA) in a two-electrode electrochemical cell (optical
images are shown in Fig. S2b and c, ESIt), and a bipolar membrane
was used to separate the anodic and cathodic compartments. The
catalyst loaded carbon paper and Ag/AgCl (saturated KCI solution)
were placed in the cathodic side, and used as a working and
reference electrode, respectively. A platinum wire electrode was
used as the counter electrode in the anodic side. For the cathodic
compartment, 0.5 M KHCO; electrolyte was used, while the
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anodic compartment was 1 M KOH electrolyte, each compartment
containing 9 ml electrolyte with a 3 ml headspace. The cathodic

Oi

FEgaseous% = x 100% =

View Article Online
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following equations are used to calculate the faradaic efficiency of
CO, reduction gaseous products.

Zi x Py x Vo x v (vol%) x F

Qiotal Rx T x1Ix60(smin~!)

2% 1013 x 10°(Pa) x ¥, (ml min™") x 107(m* ml™") x v (vol%) x 96 485 (C mol~")

8.314 (m*Pa mol~! K-1) x 298 (K) x I (C s~!) x 60 (s min—!)

electrolyte was pre-saturated with Ar or CO, (99.999%) with an
average flow rate of 10 sccm for 30 min before CO, reduction. The
pH of the CO, saturated electrolyte was measured as 7.34.
For the preparation of catalysts, we adopt the fabrication of
the catalyst reported here.” CV and polarization curves were
collected (no iR-corrected) at a scan rate of 10 mV s~ using a
potentiostat (Biologic-SAA). Before the test, the Bi,O3; loaded
electrode was biased at —1.6 V vs. Ag/AgCl for 1 h to Bi metal.
The reduced working electrode was taken out of the electrolyte,
rinsed with deionized water and immersed in fresh 0.5 M
KHCO;3;. When testing the CO2RR at the three discharge
voltages, we carried out multiple charge-discharge cycles for
each voltage in an hour to ensure a detectable amount of
liquid product in the resulting solution. Thereafter, the liquid
products in the resulting solution were analyzed by NMR.

Nuclear magnetic resonance and gas chromatography for the
CO,RR product

To analyze the liquid product, 600 MHz 'H nuclear magnetic
resonance (NMR) spectroscopy was used. After each electrolysis
at a fixed potential, 510 pl of electrolyte was taken out and
transferred to the NMR sample tube. Then 10 pl of an internal
standard, which contains 0.05 mmol 1~' dimthyl sulfoxide
(DMSO) and 120 pl D,O was added. The 'H spectrum was
obtained with water suppression using a presaturation method.
Here, HCOOH is the only liquid product. The following equations
are used to calculate the faradaic efficiency of HCOOH.

2 X Nj F
OHcooH w1007, — 2 Nncoon x

Oca Oca

Nucoon is the number of moles of HCOOH in the cathodic
electrolyte, which is calibrated by the standard calibration
curve from a series of standard HCOOH solutions. Qcy is the
total charge passing through the electrode during electrolysis,
which is calculated by integrating the plot of chronoampero-
metry (CA). Since we have performed multiple charge-
discharge cycles for the three discharge voltages in one hour,
the amount of liquid product obtained per cycle is calculated by
the total amount of liquid product divided by the number of
cycles undergone.

The gaseous products (H, and CO) were detected by an
online gas chromatograph (Agilent 7890 B) equipped with a
Shincarbon Column, thermal conductivity detector (TCD) and
flame ionization detector (FID) with a methanizer used for H,
and CO quantification, respectively. Ultrahigh purity Ar (99.999%)
was used as the carrier gas. The volume ratio of gaseous products
was calibrated by standard curves from standard gases. The

FEjiquia% =
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Here, Z; is the number of electrons needed for reducing CO, to H,
or CO, both H, and CO need 2 electrons; P, is the pressure, V, is
the gas flow rate measured by a flow meter, v (vol%) is the
volume ratio of H, or CO in the GC sampling loop, F is the
faradaic constant (96485 C mol™ "), R is the ideal gas constant
(8.314 m® Pamol ' K "), T'is the reaction temperature (298 K), and
I is the average current during the sample injection.

Estimation of the energy conversion efficiency

For the mechanical energy of the TENGs, we assume the simple
harmonic motion (SHM) of the TENGs under the influence of a
water wave. And the mechanical energy of the TENGs to charge
the capacitor is estimated by the average kinetic energy in one
cycle of SHM multiplied by the time needed to charge to the

1
specific voltage, which equals to Zm(ZT;f)za2 x T where m is the

mass of the TENGs, fand a are the frequency and the amplitude
of the SHM, and T is the charging time, which is 1090 s, 2468 s
and 7424 s to charge a 0.01 F capacitor from 1.9Vto2.4V,2.9V
and 3.9 V, respectively. The energy stored in the capacitor is

1
calculated by ECVZ, where C is the capacitance and V is the

capacitor voltage. The energy contributed to the conversion of
formic acid is calculated by energy stored in the capacitor
multiplied by the faradaic efficiency.
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