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ABSTRACT: Harvesting distributed and low-quality mechanical energies by
triboelectric nanogenerators to power electrochemical reactions is beneficial to
electric energy saving and certain applications. However, the conventional self-
powered electrochemical process is awkward about the reaction rate, energy
conversion efficiency, high-operation frequency, and mismatched impedance. Here
we demonstrate an advanced self-powered electrochemical system. In comparison
with the conventional system that is inert in activity, the superior power
management and electrochemical reaction regulation in tandem make the novel
system outstanding for hydrogen peroxide production. In addition to the visible
product, an internal current efficiency of 24.6% in the system was achieved. The
developed system provides an optimization strategy toward electric energy saving
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for electrochemical reactions as well as enabling their applications in remote areas by converting environmental mechanical

vibrational energy for ecological improvement or recyclable chemical fuel generation.

KEYWORDS: triboelectric nanogenerators, electrochemistry, power management, reaction optimization,

self-powered electrochemical system

An electrochemical route can activate substances in a mild
environment to obtain the target products.' ™ It is an
alternative strategy for typical chemical production; however,
excessive electric energy is needed to initial the reactions.
Converting discrete energies to power specific electrochemical
reactions is beneficial to electric energy saving and possesses
certain application values.*”® Triboelectric nanogenerators
(TENGs) have been applied to extract the discrete mechanical
energies for the regular operation of micro- or nanosystems by
the couplin$ effect of triboelectrification and electrostatic
induction.””"” Though they are not invented for electro-
chemical reactions, there is the possibility of reactions when
TENGs are connected with electrochemical cells.

Within a few years after the invention, the TENGs have
rapidly developed into a field of self-powered electro-
chemistry.'*”"” Emerging processes have been reported, such
as self-powered water splitting,'® brine desalination,'® steri-
lization,”® organic component degradation,”’ heavy ion
reduction,”” liquid fuel generation,” and nitrogen fixation.”***
However, in these works, rotating TENGs with a large number
of grid electrodes or contact-separation TENGs (CS-TENGs)
with high operation frequency were employed as the direct
power sources, which discards the inherent advantages of
TENGs for low-frequency vibrational energy harvesting.”””’
More importantly, there is an impedance contradiction
between the harvester and the electrolyzer. As a consequence,
negligible or very limited voltage can be applied to the
electrolyzer. Although a transformer can enhance the input
density to the electrolyzer, this approach is applicable only to
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the high-frequency operating TENG.”*"*® Another feasible
strategy is to directly introduce an energy storage unit to
intermittently improve the supplied power to the electro-
lyzer.””?° Nevertheless, it is not an efficient method for
intensive chemical reactions.

Here, an advanced self-powered electrochemical system
(SPECS), consisting of an energy harvester, a power
management module, an energy storage module, and an
electrolyzer unit, was proposed. Taking the hydrogen peroxide
(H,0,) production via electrocatalytic oxygen (O,) reduction
as an example, the performance of the SPECS was optimized
and demonstrated. The power management in the SPECS does
not depend on the input frequency, thus it is universal for all
kinds of TENGs. In cooperation with the reaction
optimization, H,0, generation was realized by harvesting
vibrational energy of 1 Hz. Compared with the conventional
self-powered electrochemical (C-SPEC) process with inert
activity, the current efficiency reaches about 24.6%, demon-
strating the superiority of the constructed SPECS.

To discuss the detailed TENG-powered electrochemical
process, a C-SPEC process by combining a rectified CS-TENG
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Figure 1. Characterization of the C-SPEC process. Schematic diagram of (a) the C-SPEC system and (b) its equivalent circuit. (c) Diagram
showing the EDL at the electrode—solution interface and the potential change along the distance at steady state. (d) Isc, (e) an extracted Igc peak,
and (f) Qsc waveform generated by the CS-TENG. (g) Instantaneous peak current and power-resistance relationships of the CS-TENG. (h)
Current and (i) voltage supplied to the electrolyzer by the rectified CS-TENG at an operation frequency of 1 Hz.

device and H,0, electrocatalytic generation was constructed,
which is schematically shown in Figure la. The CS-TENG can
be simplified into a hybrid of voltage source and capacitor,
while the equivalent circuit of the electrolyzer is more
complicated (Figure 1b). The bulk solution is treated as a
resistor (R,) for its function of ionic conductivity. An electric
double layer (EDL) capacitor (C,) exists for the electrode—
solution interface, which is contributed from the compact
(Helmholtz) and diffuse layers in series (Figure 1c).!
Although EDL has been known for decades, recently studies
found that electron transfer is an initial contributor to its
formation.'”**** Due to the intermittent input of the CS-
TENG and the frequency dependence of the simulated
equivalent circuit, the chemical reaction at the electrode
surface is equivalent to a nonlinear Faraday element (Z;).**
Figure lc shows the remarkable potential change along the
distance distribution in the stable state. Different from the
direct-current (DC)-powered condition, the current waveform
in the C-SPEC process is pulsed with an extraordinarily narrow
bandwidth. Thus, the potential distribution varies with respect
to time and operation frequency.

A CS-TENG with an effective contact area of 100 cm® was
fabricated as the power source, whose energy conversion
mechanism is illustrated in Figure S1. Since CS-TENG exhibits
a dominant advantage at low-frequency operation (lower than
several Hz), the fabricated device was externally triggered at a
fixed frequency of 1 Hz. The peak short-circuit current (Igc,
Figure 1d) before or after rectification was recorded to be 158
uA, and the open-circuit voltage (Voc, Figure S2) was
estimated to be >1770 V. On the basis of the time (t)

integration of the measured current (I) (eq 1, Figure le) or
the direct measured result (Figure 1f), about 1.34 C of charge
(Qsc) was transferred to the separating—contacting process
under the short-circuit condition.

T/2
Q= [ 1 (1)

However, the flow of these electrons takes place within only
tens of milliseconds, resulting in a noticeable peak with a time
span of 14.1 ms (Figure le). When loading a resistance of
lower than 0.3 MQ (Figure 1g), the output current exhibits
negligible attenuation in intensity relative to Isc, which
suggests that CS-TENG is a stable current source under this
condition. An instantaneous peak power of 7.2 mW is achieved
at the matched resistance of 0.5 MC, indicating the giant
internal impedance of the CS-TENG.

Modified graphite felt (Figure S3) with qualities of making
full use of the dissolved O, and high stability and activity was
applied as the cathode for H,O, generation. The electro-
chemical reaction for H,0, generation can be described as a
mixed route of a two-electron reduction of O, (eq 2) and a
subsequent protonation process (eq 3).7‘35

O, +2¢” + H,0 - HO,” + OH™ ()

HO,” + H" — H,0, (3)

A series of Na,SO, aqueous solutions with 5 orders of
magnitude of molar concentration were prepared for the C-
SPEC performance evaluation. The apparent resistances of the
above solutions with the sequence from high to low
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Figure 2. H,0, generation simulation in an electrolyzer with a 0.5 M Na,SO, electrolyte solution by charging—discharging a supercapacitor. (a)
Voltage on the electrolyzer and (b) current flowing through the electrolyzer by discharging a 22 mF supercapacitor from different initial voltages.
(c¢) H,0, generation and corresponding Faraday efficiency for different discharge times. All processes were conducted for 25 charge—discharge
cycles from 2.0 V. (d) H,0, accumulation and Faraday efficiency over different charge—discharge cycles. (e) The effect of initial voltage on the
electrochemical product. A discharge time of S s was conducted for each cycle. For the cases of discharging from 1, 2, and 3 V, 50, 25, and 14
charge—discharge cycles were performed, respectively. (f) A Faraday efficiency distribution mapping the experimental results in space of the

discharge voltage and supercapacitor capacitance.

concentration are 0.9, 1.7, 3.1, 7.9, and 39 kQ, respectively,
according to the measured results using a Keithley 6514 system
electrometer. Evidently, the impedances of the solutions are
much lower than the internal impedance of the CS-TENG.
When the rectified CS-TENG is connected with an electrolyzer
(Figure 1a,h,i), the input current is equivalent to the Igc from
the CS-TENG, which has a weak relationship with the Na,SO,
concentration. However, the voltage supplied to the electro-
lyzer exhibits a significant difference. The voltage amplitude
varies from tens of millivolts to tens of volts according to the
electrolyte concentration. Note that the supplied voltages are
insufficient to initiate the reaction (Figure S3f) in the case of
high electrolyte concentration, while the potential drop (Figure
1c) would gradually concentrate on the bulk electrolyte with
decreasing electrolyte concentration, which provides a small
benefit to the interfacial electrochemical reaction. Besides, the
charges from the CS-TENG are quite limited. Only 115.8 mC
of electrons was transferred by operating the harvester over 12
h. For the comprehensive factors, no target product was
obtained after the mentioned operation time.

The above discussions indicate the infeasibility of the C-
SPEC scheme by a low-frequency-operating CS-TENG. It is
out of balance in the intermittent supplied intensity at

hundreds of microamperes and a reaction requirement beyond
milliamperes. Thus, power management of the CS-TENG
outputs and process optimization for chemical reactions are
required. A supercapacitor (22 mF) with no obvious self-
discharging phenomenon (Figure S4) was employed as the
energy storage unit to intermittently improve the input power
to the electrolyzer (0.5 M Na,SO, was used as the electrolyte).
As shown in Figures 2ab and S5, the voltage on the
supercapacitor dropped dramatically within 40 ms after
conducting the mechanical switch. Unlike the constant current
supplied by a DC power source, the supercapacitor voltage
change generates a strong current within this period. Taking
the case of discharging from 0.5 V as an example, a peak
current of 7.8 mA was induced, far exceeding the value (0.13
mA) for the case of being powered by a 0.5 V DC power
source. Note that the electrons flowing by the integration of
current (Figure 2b, eq 1) are 5—8% smaller than the results
calculated with

Q=C(v, - W) (4)

where C is the capacitance of the supercapacitor, V, is the
capacitor voltage after 5 s of discharging, and V| is the initial
capacitor voltage. This difference may result from the different
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Figure 3. Performance of the power-managed TENG array. (a) Schematic diagram showing the power management principle for the CS-TENG
array. (b) Current waveform from channel 2 of the CEC without loaded resistance. (c) Enlarged view of an individual I, peak and the
corresponding transferred charges for this period. (d) Instantaneous peak current and power-resistance relationships of the managed CS-TENG
array. (e) Voltage and current supplied to the electrolyzer, (f) charging performance, and (g) charging efficiency for different capacitances by the

CS-TENG array integrated with the CEC.

measurement principles of the electrometer (for voltage
profile) and electrochemical workstation (for the current
profile).

The intensive discharge mainly occurs in the initial stage,
followed by a slow-release process. Meanwhile, it takes some
time for H,0O, generation (eqs 2 and 3) and diffusion from the
electrode—solution interface to the bulk solution. Hence, the
discharging time was first optimized (Figure 2c). At 2 V of
initial discharge voltage, the yield increases with the increasing
discharge time, which means that more electrons are involved
in the reaction. The Faraday efficiency (FE) of H,0, evolution
was calculated by

nFCV
MQ )

where n is the transferred electron number for O, reduction to
H,0, (n = 2), F is the Faraday constant (96 486 C/mol), C is
the H,0, concentration (only in eq 5, g L™!), V'is the solution
volume (L), M is the molar mass of H,0, (34.01 g mol™"), and
Q is the input electron amount calculated by eq 4. Excessive
discharge leads to electron waste and a lower FE. Thus, an
appropriate discharge span (S s) was selected for the
subsequent experiments. The H,0, molecules are accumulated

FE =

almost linearly as the function of charge—discharge cycles
(0.31 mg (L cycle)™") with the Faraday efficiency of 20.1%
(Figure 2d). This efficiency is much smaller than for the DC-
powered case (65% FE) under the same reaction conditions,”
which may result from the faster voltage decrease and electron
loss at the lower voltage.

The results in Figure 2e,f and Table S1 indicate that the
optimization condition under the neutral condition is to
discharge a 22 mF supercapacitor over S s at the initial voltage
of 0.5 V. As for the traditional electrochemistry, —0.5 V of
constant potential vs the Pt electrode is impossible to drive the
O, reduction reaction. However, when powered by a
discharging supercapacitor, the flowing current can reach 7.8
mA, far exceeding the steady-state intensity of 0.13 mA, which
should be responsible for the reaction possibility. Under the
optimized discharge conditions, about 0.142 mg L™" of H,0,
was generated per cycle, and the highest FE of 38.7% was
achieved.

The power management of CS-TENG was referenced to our
previous work,®® and its working principle is demonstrated in
Figure 3a. This power management module is a voltage-
multiplying-based charge excitation circuit (CEC, Figure
S6a,b). The main part of the CEC is a capacitor set composed
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with acetylacetone.

of two identical capacitors C; and C, (both 10 yF). Two N-
type metal oxide—semiconductor field-effect transistors
(MOSFETs, M; and M; in Figure S6b) and one P-type
MOSFET (M, in Figure S6b) were applied to realize the
automatic switch function of the two capacitors from parallel
to series connection. The normal work of the CEC is not
dependent on the TENG mode and its operation frequency,
thus it is a universal management strategy. The CS-TENG
discussed in Figure 1 easily breaks down the MOSFETs, thus
an array composed of nine smaller CS-TENG units (3 cm X 3
cm, Figure S7) was fabricated to reduce the overall input
voltage. In order to realize a complete loop, an external
capacitor C; of 1 mF was introduced. When the CEC is
connected, the alternating current output from the TENG
array can not only be directly converted to the DC without a
rectifier bridge but also can be increased by several times
(Figure S6c). The measured peak value of I, (Figure 3b) is
significantly enhanced over the original output from the CS-
TENG array (Figure S7c), which is as high as 21.9 mA. On the
basis of the integral calculation (Figure 3c), 69.1 uC of charge
is transferred per operation cycle, which is 24.7 times the Qg¢
from the rectified array. The peak power-resistance profile in
Figure 3d indicates the optimal matched resistance of 50 €,
which is significantly shrunken compared to the 0.5 MQ
unmanaged CE-TENG, accompanied by 1.6 times (11.4 mW)
the instantaneous peak power output in Figure 1g.

Managed by this CEC, the voltage and current supplied to
the electrolyzer are greatly improved. As depicted in Figure 3e,
the voltage and current input into the electrolyzer are both
pulsed waveforms. The pulsed voltage has a baseline of 1.1 V
with a peak value of 1.6 V, and the peak current changes range
from 8.8 to 10.6 mA. Note that it needs about 20 s to form the
stable voltage waveform (Figure S9) when powered by the
managed CS-TENG array, which may be associated with the
EDL formation on the electrode—solution interface (Figure
1c). However, due to the fast switching of the capacitor set, the
apparent time input into the electrolyzer is several milliseconds
(Figure S10), which is even shorter than the pulse span of I,
regardless of the square-wave voltage signal U,,, (Figure S8)
on the open-state output channel. According to the previous
report, the pulsed current with such a short time in the
electrolyzer is not beneficial to the electrocatalytic production
of H,0,.%’

Therefore, the strategy for charging and discharging a
capacitor is adopted. Since the maximum potential difference
on the output channel is no more than 3 V (Figure S8), the
charging speed of the 1 mF capacitor decreases rapidly with
the increasing capacitor voltage (Figure S11). To charge the
capacitors to the optimum value (0.5 V), 14, 27, 45, 66, 113,
and 210 s are needed for capacitors of 1.0, 1.8, 3.3, 4.7, 10, and
22 mF, respectively. The charging efficiency (CE) from the
CEC to the capacitor is described by
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CE = X

Q, (6)

where Q, is the stored charges at a capacitor voltage of 0.5 V,
which can be obtained by eq 4, and Q; is the total charge
transferred from the CEC. Figure 3g shows a constant
efficiency of about 50% to charge the electrolytic capacitors
(1.0, 1.8, 3.3, and 4.7 mF) and the highest efficiency of about
75% for the 22 mF supercapacitor.

On the basis of the above discussions, a SPECS was
constructed as illustrated in Figure 4a and Figure S12 and used
as a H,0, generator. In this system, the CS-TENG array
(Figure S7) with an operation frequency of 1 Hz is employed
as the energy harvester to convert mechanical vibration into
electrical energy; the sealed power management module
(Figure S6, the black box in Figure S12) is used to amplify
the output performance of the TENG array; a supercapacitor
(22 mF) is utilized to store the output energy from the CEC
with the function to improve the input density to the
electrolyzer under the assistance of a mechanical switch; and
the printed container with a cover to hold the electrodes serves
as the electrolyzer, with a hole reserved on the cover to
facilitate the natural diffusion of air. The electrolyzer including
the vessel and cover was treated with a hydrophobic coating to
restrain the water loss (Figure S13a).

Electrocatalytic H,O, generation by the SPECS was
intermittently performed. Although it takes 210 s for the 22
mF supercapacitor to be charged to 0.5 V from the completely
discharged stage (Figure 3f), discharging of S s from 0.5 V
causes the capacitor voltage to decrease to 0.37 V (Figure 2a).
Hence, discharge once releases about 3.0 mC of charge, and it
takes less than 70 s to realize a charge—discharge cycle. The
accumulated H,0, product dosage increases almost linearly
with the charge—discharge cycle number, which is plotted in
Figure 4b. Although the H,O, concentration reaches 25.4 mg
L™! after the SPECS operates for 180 cycles, it is insufficient to
carry out some valuable chemical reactions. Therefore, the
operation time was greatly extended, aiming at a dosage.
Owing to the excellent cathode stability, the concentration of
H,0, product reached 108 mg L™" after 15 h of operation. The
overall conversion efficiency of the SPECS should take the
harvesting efficiency of the CS-TENG, the management
efficiency of the power management module, and the Faraday
efficiency of electrochemical reactions into consideration.
However, the harvesting efficiency of mechanical energy is
difficult to quantify in the given case. Accordingly, the internal
current efficiency involving the number of electrons for H,O,
production in theory and the charge amount output from the
CEC is used to evaluate the merit of the SPECS, which is
calculated to be 24.6%. In contrast, 60 h of the C-SPEC
process by the CS-TENG array and 0.5 h of the 0.5 V DC-
source-powering process showed inert performance for H,O,
generation (Figure 4c).

The obtained aqueous product by the SPECS has the same
chemical property for reactions as that of the normal reagent.
For the well-known reaction of H,0O,, subsequent application
of the Fenton reaction was demonstrated. For the generation
of active species -OH via catalytic H,O, decomposition, Cu-
anchored carbon nitride (Cu—C;N,) was prepared (Figure
S14). The generation of active -OH and the circulation of the
Cu—C;N, catalyst are presented by

Cu* + H,0, » Cu”* + -OH + OH~ 7)

Cu** + H,0, —» Cu* + -HO,+H" (8)

The fluorescence emission spectra (Figure S15) show the rapid
production of free radicals (Figure 4d), which can also support
the degradation mechanism in subsequent organic removal.
The absorption spectra (Figures S16 and S17), substrate
removal efficiency (Figure 4e,g), and photographs of the
centrifuged solution (Figure 4fh) exhibit the variations in
organic compound concentration with respect to time.

In conclusion, an advanced self-powered electrochemical
system, including an energy harvester, a power management
module, an energy storage module, and an electrolyzer unit,
was designed. By power management and reaction optimiza-
tion, self-powered H,0, generation by electrocatalytic O,
reduction was achieved by harvesting low-frequency mechan-
ical vibration at 1 Hz using TENG. Besides the same function
of the obtained aqueous product by the SPECS analogy to
chemical reactions using normal reagents, an internal current
efficiency of 24.6% from the managed TENG to the
electrochemical product was attained, indicating the prepon-
derance of the SPECS in comparison with the inert
performance of the conventional self-powered process. The
management and optimization strategy of the SPECS
developed in this work does not depend on the frequency of
the input mechanical energy, so it is universal for both low-
and high-frequency energy conversion. The superiority of the
SPECS makes it easier to extend its application to electro-
chemistry, especially its potential application in remote areas
by converting environmental mechanical vibrational energy.
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