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Self-powered electrocatalytic ammonia synthesis
directly from air as driven by dual triboelectric
hanogeneratorst

Kai Han,?® Jianjun Luo,?® Yawei Feng,®® Liang Xu,?°¢ Wei Tang***“ and
Zhong Lin Wang () 29

Electrocatalytic reduction at room temperature and atmospheric pressure is a promising low-power-
consumption and eco-friendly pathway for replacing the traditional ammonia synthesis method, which is
one of the largest chemical processes in terms of energy consumption and greenhouse gas emissions.
In this work, we utilize triboelectric nanogenerators (TENGs) to construct an electrocatalytic ammonia
synthesis system with air as the nitrogen source, which is self-powered, eco-friendly, low-cost, scalable and
allows facile fabrication. The nitrogen fixation and electrocatalytic reduction can proceed simultaneously
by introducing a high-output dual-TENG configuration. A needle-plate structure was utilized to achieve
air discharge and thus obtain NOy for further aqueous electrolyte formation. In addition, an
electrochemical cell with TiO, as the catalyst was used to synthesize ammonia. Driven by the simulated
waste gas at a flow rate of 3.5 m® min~! the ammonia yield per hour of the self-powered
electrocatalytic system reached 2.4 ug h™.

The high demand for ammonia, as one of the largest inorganic productions in the world, has led to huge consumption of energy and plenty of relevant
environmental pollution problems, which cause great pressure on our society. It is urgent to develop energy-saving and eco-friendly methods for ammonia
synthesis. By introducing a high-output dual triboelectric nanogenerator (TENG) configuration, a self-powered electrocatalytic ammonia synthesis system was
constructed to achieve this. In this system, the whole synthetic process can proceed under ambient conditions. Instead of the high purity N, requirement in
other methods, air can be directly used as a nitrogen source by simple discharging caused by one TENG. The fixation product is then utilized to form the
electrolyte solution for the synchronous electrocatalytic synthesis of ammonia driven by the other TENG, involving a non-noble-metal catalyst. Furthermore,
with the help of a turbocharger, it is feasible to reuse the residual kinetic energy of the exhaust gas from factories to drive the ammonia synthesis system.
Compared with traditional synthetic methods, this system possesses the advantages of being self-powered, eco-friendly, low-cost, and scalable, with facile-
fabrication, showing great potential for ammonia synthesis.

Introduction

of other chemicals.! Correspondingly, ammonia synthesis consumes
huge quantities of fossil fuels. Besides, represented by the

As one of the largest inorganic productions in the world, ammonia Haber-Bosch process, traditional synthetic methods require
has played an important role in fertilizer-making and the production harsh conditions such as high temperature and high pressure,
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which increase the demand for energy and cause harm to
the environment.” Therefore, the search for low-power-
consumption and eco-friendly methods is urgent and electro-
chemical reduction at room temperature and atmospheric
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pathway for achieving this.>*

¢ Center on Nanoenergy Research, School of Physical Science and Technology, Since it is a great challenge to break the stable nitrogen-
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nitrogen triple bond due to its high bond energy (940.95 k] mol %)
under ambient conditions,” current studies focus more on

t Electronic supplementary information (ESI) available. See DOI: 10.1039/ eleCtrocataly sts for the reduction of N, to ammonia. Recently ’
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various materials such as noble metals (Pd, Au, etc.), normal
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metals and metallic compounds (Cu, TiO,, Mo0S,, etc.) and non-
metallic materials (black phosphorus, COF, etc.) have been
utilized and show good electrocatalytic performance under a
constant electric drive (Table S1, ESIt). Zhang et al.® used black
phosphorus nanosheets as an efficient non-metallic catalyst,
which achieved a high NH; yield of 31.37 pg h™' mg.,. " at
—0.7 V vs. the reversible hydrogen electrode (RHE). By using
defect-rich MoS,, Li et al” also showed outstanding perfor-
mance with a yield of 29.28 g h™" mg.,. " at —0.40 V vs. RHE.
However, for a new catalyst, there are varied sources of potential
experimental artefacts that need to be dealt with for reliable
proof, such as interferences from labile nitrogen-containing
compounds and even the catalyst itself in the system.*° To
avoid the influence of oxygen and increase the amount of
nitrogen in the electrolyte, the requirement for a high purity
nitrogen source is another issue.'"'* Although some researchers
have tried using air or wet air for the ammonia synthesis,
additional heating is usually needed in these systems, even over
400 °C (Table S1, ESIt). Apart from electrocatalytic N, reduction,
other nitrogen-rich compounds such as nitrates and nitrites are
reduced to ammonia for wastewater treatment.'*'* Nevertheless,
because of the complex composition of wastewater, there will be
a series of intractable problems, from the selective catalysis to
the later extraction. Thus, it is significant to seek other ways to
realize bond breaking and ammonia synthesis from the perspec-
tive of energy, catalytic reduction and process controllability.
Originating from Maxwell’s displacement current, the tribo-
electric nanogenerator (TENG) is a developing technology
in energy harvesting with huge practical value.””™® Based
on a series of advantages such as a wide range of material
sources and simple fabrication, various TENGs have been
utilized to convert multiform mechanical energy into electrical
energy for different applications,"®>* including self-powered
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electrochemical reactions.>* ¢

Besides, due to the high voltage
property of TENG, it can easily build a strong electric field to
realize chemical bond breaking, including nitrogen fixation.>”*®
Furthermore, since billions of tons of flue gas are exhausted into
the air every year,” the residual gas kinetic energy can be used
for self-powered synthesis before emission.

In this work, taking advantage of the high-voltage of the
TENG, nitrogen fixation is simply realized by directly using air
as the source, which is distinguished from electrocatalytic N,
reduction. In addition, the self-powered characteristics of the
TENG lead to non-noble-metal electrocatalytic reduction, in
which no extra electrolyte addition and no power are needed.
In particular, by using air discharge induced by the high voltage
from the TENG, nitrogen and oxygen are ionized and fixed into
NOy. The gas flow with NOy is washed by water and directly
forms an electrolyte containing NO;~ and NO,  for further
reaction. Additionally, driven by the other simultaneously
working TENG, electrocatalytic reduction is carried out to
synthesize ammonia in an electrochemical cell. All of these
can be simply achieved by the power of simulated waste gas at
room temperature and atmospheric pressure.

Results and discussion

Fig. 1a shows a structure diagram of the dual-TENG device for
self-powered ammonia synthesis. Two disk-structure TENGs in
non-contact-sliding freestanding mode were assembled verti-
cally with a common drive shaft. The stator was a PCB circuit
board with 6 pairs of Cu electrodes in parallel connection fixed
on an aluminum plate. The rotor was composed of 6 separate
Kapton films on a substrate of epoxy glass cloth board (FR-4).
To reduce rotational inertia for less energy consumption and

i iy I ]|

Electrocatalytic ¢
reduction

— NH,
NO, + 6H,0 + 8e"—> NH, + 90H"
NO, + H,0 + 2e"— NO, + 20H-
NO, + 5H,0 + 6e"—> NH, + 7OH"

Fig. 1 Schematic diagram. (a) Construction of the dual-TENG device. (b) Working principle of the TENG. (c) Ammonia synthesis devices, main reaction

processes and mechanisms.
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sufficient mechanical strength, a thickness of 0.3 mm of FR-4
was selected. Before the device was assembled, the Kapton film
was initially negatively charged by rubbing with the Cu film.
There was a small gap between the rotor and the stator to
reduce the friction resistance for high-speed rotation. The
power generation principle of the non-contact-sliding free-
standing mode TENG in the short-circuit state is shown in
Fig. 1b. Two pairs of electrodes were drawn to help describe the
mechanism. Since the Kapton film was negatively precharged,
positive charges were induced in the electrode right below. In
the first half cycle of electricity generation, as the rotor slides,
the positive charges will flow from the first electrode to the next
in the circuit until the Kapton reaches the overlapping position
of the next electrode. As the sliding continues, the induced
positive charges will keep flowing to the next electrode in the
same way. Since the electrodes are connected in parallel, the
current direction reverses in the circuit. When the first Kapton
film is on the overlapping position of the first electrode in the
second pair, a whole cycle of the electricity generation process
is complete. The devices and corresponding main reaction
processes and mechanisms are illustrated in Fig. 1c. To break
the strong nitrogen-nitrogen bond, a typical discharge device
with a needle-plate structure was employed. Besides, a ten-stage
voltage multiplier circuit was connected to TENG-1 to achieve
a higher voltage. As TENG-1 works, a strong electric field is
generated and can excite and ionize nitrogen and oxygen
molecules in the space between the needle and plate. The
discharge process is an important step in fixing nitrogen and
producing NOy.**?" The air was continuously flowed through
the device and then into a gas-washing bottle containing water,
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thus producing an electrolyte containing NO;~ and NO, .
Meanwhile, with circuit management by a transformer
and a rectifier, TENG-2 can be simply viewed as a pulsed DC
power to drive the subsequent electrocatalytic reduction for
ammonia synthesis. As for the cathode region, NO;~ can be
reduced to NH; directly or first to NO, ; the newly produced
and pre-existing NO, ™ can be further reduced to NH;. As for the
anode region, oxygen is the main product of the oxidation
of water.

Tested by an electrometer and a multimeter with high-
voltage attenuation, the basic performance of the dual-TENG
device is shown in Fig. 2. A high-speed motor with a controller
was used as the simulated driving force. As shown in Fig. 2a-f,
both TENG-1 and TENG-2 demonstrated high output perfor-
mance with no significant difference. With the increase in the
motor speed, the transferred charge and short-circuit current
gradually became larger and reached about 1 pC and 0.55 mA
at a speed of 5000 r min ™", respectively. Meanwhile, the open-
circuit voltage of both TENGs remained relatively stable in the
range of 630-720 V. It is worth noting that there should be no
speed dependency for the transferred charge based on the
fundamental theory of sliding freestanding TENG."” Since the
ratio of the thickness to the diameter of the FR-4 substrate was
0.15%, it was hard to keep it horizontal all the time. Thus, there
was unwanted friction with Cu electrodes, especially at a low
rotation speed. The positive charge generated on the FR-4
weakened the induced electric field and reduced the transferred
charge. As the speed increased, the negative effect was reduced
with less friction. The maximum peak power was examined as
well and is shown in Fig. S1 (ESIY).
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Fig. 2
Open-circuit voltage of TENG-1. (f) Open-circuit voltage of TENG-2.
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Fig. 3 (a) Voltage variation of TENG-1 using ten-stage voltage multiplier circuits with different capacitors. (b) Pictures of the air discharge device.
Concentrations of NOx using the needle (c) as the positive electrode and (d) as the negative electrode after 5 min discharge in a sealed box. (e) Typical
pictures of spark discharge under different conditions. Concentrations of NOs~ and NO,~ using the needle (f) as the positive electrode and (g) as the
negative electrode after air was discharged and passed through 20 mL of pure water for 6 h. (h) Comparison of the total water soluble ions containing

nitrogen in mole yield per hour.

Although the TENGs have shown good high-voltage charac-
teristics, a ten-stage voltage multiplier circuit containing capa-
citors and diodes was utilized to obtain higher voltage for better
air discharge performance.*>* The basic working principle of
this circuit is shown in Fig. S2, and more detailed information
is described in the ESI.{ Four kinds of high-voltage resistive
capacitors with the same diodes were assembled and tested
with TENG-1, respectively. As shown in Fig. 3a, a 50 nF capacity
was better to help boost the voltage to an expected value of
about 7 kV. It was inferred that a low capacity would not be able
to store too much charge, which could lead to electric leakage
and reduce the boost effect. A typical discharge structure
was utilized (Fig. 3b), which contained a steel needle and a
tantalum sheet as electrodes. Tantalum is a corrosion-resistant
metal with non-noble properties, which is a good choice for the
acid-gas environment containing NOy. Since the multiplier
circuit has the AC to DC conversion capability, the needle was
used as the positive or negative electrode to explore which condi-
tion was better for NOy production. According to Paschen’s law,

Energy Environ. Sci.

the distance between the tip of the needle and the bottom plate
electrode was set as a control variable at atmospheric pressure.
The concentration variation of NOy is illustrated in Fig. 3c
and d, which was recorded after 5 min of discharge. The
distances of 3 mm and 2 mm are the respective optimal
parameters for the positive and negative conditions. When
the distance is larger than the optimal value, the concentration
decreases, which is attributed to the weaker electric field and
subsequent lower ionization in the corona discharge. As for the
shorter distance, the production of NOy is much less. It was
inferred that the obvious hard light from the impulse spark
discharge (Fig. 3e), which consumes a lot of energy, may be an
important reason. The distance conditions of pictures (i) and
(ii) correspond well to the results in the pink dotted box of
Fig. 3¢, and the distance conditions of picture (iii) correspond
well to the results in the blue dotted box of Fig. 3d. In addition,
it was observed that more NOy products were detected when the
needle was used as the negative electrode. It was inferred that
strong electric fields in different directions caused different

This journal is © The Royal Society of Chemistry 2020
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ionizations.*® Since an electrolyte is needed for the ammonia
synthesis, the concentration in solution is more meaningful.
The discharge device with a needle-plate distance of 2 mm was
sealed in another smaller box with an air inlet and outlet.
Airflow through the device took the generated NOy into a gas-
washing bottle with 20 mL pure water. After 6 h of discharge,
the concentrations of NO;~ and NO,~ were determined (Fig. 3f
and g) according to their standard curves (Fig. S3, ESIT). When
in a positive electrode state, NO;~ and NO,~ were at the same
concentration level of less than 1 mg L™". As for the negative
electrode state, the concentration of NO;~ was much higher
and achieved 7.4 mg L™, while the concentration of NO,~ was
less than 0.02 mg L. Since the airflow will take some water
molecules away, the residual volume was also measured after
each discharge (Fig. S4, ESIt). The yield per hour data are
shown in Fig. 3h for comparison. Based on the results above,
the condition of using the needle as a negative electrode with a
needle-plate distance of 2 mm was selected.

As an effective, cheap and low-toxicity catalyst, TiO, is widely
used in photocatalytic and electrocatalytic reactions, in which

View Article Online
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reductions of nitrate and nitrite are also involved.**™*° Herein,
a commercial nano-TiO, (P25) is introduced into the electro-
catalytic system for ammonia synthesis. In a single cell, a
carbon cloth covered by TiO, nanoparticles was used as the
working electrode, a graphite electrode was used as the counter
electrode. As a comparison, naked carbon cloth was also used
for the electrochemical reduction. Fig. 4a and b show the SEM
images of the carbon cloth and TiO,/carbon cloth under
different magnifications. Since the main electrolyte forms in
solution were NO;~ and NO,~ from air discharge, KNO; and
KNO, were chosen as the simulation reactants separately to
verify the feasibility for ammonia synthesis. The cyclic voltam-
metry (CV) curve was measured in 20 mL of 100 mg L™ " NO; ™~ or
NO, ™ solution with the reference being the saturated calomel
electrode (SCE) (Fig. S5, ESIt). There were distinguishable
differences when TiO, was added. Using NO;~ solution as the
primary electrolyte, the electrocatalytic reduction results driven
by DC power at —3 V for 6 h are shown in Fig. 4c and Fig. S6
(ESIT). According to the standard curve (Fig. S7, ESI), the
concentration of target product NH; was higher when using

c 0.8 [ Before reaction Electrolyte: 20 mL 2.24 Electrolyte: 20 mL 53 Electrolyte: 20 mL
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Fig. 4 (a) SEM images of carbon cloth. (b) SEM images of TiO,/carbon cloth. Concentration variations of NHz using 100 mg L™ NO3 ™~ as the electrolyte
in a single cell with (c) a DC power (-3 V) drive, (d) rectified TENG-2 drive and (e) voltage step-down (350 : 12) and rectified TENG-2 drive. (f) Construction
of the dual-compartment electrocatalytic cell with a fuel cell structure. (g) Concentration and mass yield per hour of NHs in a dual-compartment
electrochemical cell with voltage step-down (350 :4) and rectified TENG-2 drive.
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TiO,. Besides, as an intermediate product or by-product of
reduction, the concentration of NO,~ was much lower in the
presence of TiO,, which indicates better catalytic selectivity and
efficiency. When directly using NO, ™~ solution as the electrolyte,
the results also showed a better reduction for ammonia (Fig. S8,
ESIT). Another verification test using NO; electrolyte at a
constant current condition with —0.25 mA by an electrochemi-
cal workstation was also conducted, for which the same trend
and catalytic performance were observed (Fig. S9, ESIt). The
electrocatalytic system with TiO, was applied in the following
experiments. At a rotation speed of 5000 r min~', it was clear
that ammonia was synthesized, successfully driven by TENG-2
after rectification for 6 h (Fig. 4d). The concentrations of NO;~
and NO,~ were also determined and are shown in Fig. S10
(ESIt). To obtain more ammonia production, an electromag-
netic transformer was introduced to get a higher current output
for a better reduction.*® Thus, the voltage and the current

Open-circuit

=h

2.0

» ‘ " =4
T
Gas flow rate: m d

Rotation speed: ~2000 r min-'
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variations with different concentrations of NO;~ and different
transformer ratios were tested. In general, once the voltage can
satisfy the condition to drive the reaction, a larger current is
better for synthesis. As shown in Fig. S11 (ESIt), the optimal
transformer ratio has a migration trend from small to large
with the increase in NO;~ concentration. A transformer ratio of
350:12 was selected to verify its effect. Fig. 4e shows that more
ammonia was synthesized with the help of a transformer.
A simple comparison of ammonia yield by different powers is
shown in Fig. S12 (ESIf). With the drive of the TENG, a
comparable yield to DC power can be obtained. Besides, the
yield was 20.8 pg h™"' with the transformer, which was about
3.5 times that without. A comparison of the Faraday efficiencies
is shown in Fig. S13 (ESIt). More information about the calcula-
tion is illustrated in the ESL{ The efficiency by TENG-2 was
13.9%, which is about half the value by DC power. However,
it was still comparable, showing good application potential.
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Fig. 5 (a) Schematic diagram of the self-powered dual-TENG device. (b) Picture of the self-powered dual-TENG device with a blower as the simulated
exhaust gas source. (c) Open-circuit voltage and ten-stage multiplied voltage of TENG-1. (d) Open-circuit voltage of TENG-2 and voltage of the dual-
compartment electrocatalytic cell with voltage step-down (350 :5) and rectified TENG-2 drive. (e) Short-circuit current of TENG-2 and current of the
dual-compartment electrocatalytic cell with voltage step-down (350:5) and rectified TENG-2 drive. (f) Concentration of NHz in the cathode
compartment by self-powered synthesis for 10 h. (g) Residual solution volume in the cathode compartment and production per hour of NHs by self-
powered synthesis for 10 h.
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Here, it is significant to note that there was severe anodic
corrosion with the current being up to the milliampere level
(Fig. S14a, ESIt) when using a transformer. Such corrosion will
cause electrolyte pollution and strong interference in the detec-
tion and further purification. After dilution, there was much less
influence on the determination of NO,  and NH;. However, the
strong interference of absorption in the ultraviolet region still
existed (Fig. S14b, ESIt). Therefore, a dual-compartment electro-
chemical cell with a fuel cell structure was introduced (Fig. 4f).
The cell was assembled using a graphite bipolar plate, silicone
seal, Nafion membrane (NRE-211) and TiO,/carbon cloth.
Pictures of the main components are shown in Fig. S15 (ESIT).
The dual-compartment electrocatalytic cell is driven by the
rectified TENG-2 at a rotation speed of 5000 r min~*. Pure water
(20 mL) and 20 mL of 100 mg L~ * NO; ™ solution were recycled in
the anode region and cathode region, separately, for 1 h reaction
by two peristaltic pumps both at a rate of 1 mL min~". Before the
sustained reaction, the selection process for a suitable transfor-
mer was conducted as well (Fig. S16, ESIT) and a ratio of 350:4
was used. The determination results of the anode and cathode
compartments after 1 h of reaction are shown in Fig. 4g. The
ammonia yield per hour in the cathode area was 27.5 pg h™?,
which is a little higher than the reaction in a single cell. Besides,
a continuous reaction for 6 h with determination every hour was
tested and the result is clearly shown in Fig. S17 (ESIf).
Taking advantage of TENG, it is feasible to reuse the residual
kinetic energy of billions of tons of exhaust gas from factories
to supply mechanical energy, and meanwhile carry out in situ
ammonia synthesis for factories, which is energy-saving and
eco-friendly. As shown in Fig. 5a, with the help of a turbochar-
ger, the gas flow will rotate the turbofan and shaft to make the
TENG produce electric energy and be recollected for emission.
Based on the above, a dual-compartment electrochemical cell
with TiO, as the catalyst and a previously mentioned discharge
device were utilized to construct a self-powered system with
TENGs. The gas-washing bottle was directly connected to the
cathode compartment to supply the electrolyte. To avoid the
determination interference from ammonia in the air, two gas
filters both with 30 mL of 0.05 M H,SO, were set ahead of the
discharge device. A blower was used as the simulated exhaust
gas source and combined with the dual-TENG and a commer-
cial turbocharger to drive the system for ammonia synthesis
(Fig. 5b). The whole system was set at a work condition of a gas
flow rate of 3.5 m® min~". The basic performance of the dual-
TENG and other relevant information of the system at the
initial stage of the reaction were tested. After calculation, the
rotation speed was about 2000 r min~*. Also, the best transfor-
mer ratio was chosen as 350:5 (Fig. S18, ESIT). Fig. 5¢ shows
the open-circuit voltage and a ten-stage multiplied voltage of
TENG-1. The open-circuit voltage and short-circuit current of
TENG-2 are illustrated in Fig. 5d and e. After voltage step-down
and rectification, TENG-2 outputs voltage and current for
the dual-compartment electrocatalytic cell around 3.1 V and
8.9 mA, respectively. After 10 h of reaction, NH; was success-
fully synthesized by the self-powered system. The determina-
tion results are shown in Fig. 5f. By measuring the solution
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volume involved in the cathode reaction, the self-powered
ammonia yield per hour achieved 2.4 ug h™' (Fig. 5g). The
concentrations of NO;~ and NO, ™ were also determined, which
are shown in Fig. S19 (ESIt).

Conclusions

In conclusion, a self-powered electrocatalytic system driven by a
high-output dual-TENG device was designed to synthesize
ammonia, which has special advantages in terms of reactants and
electrolyte as compared to the electrocatalytic N, reduction. Through
air discharge caused by a TENG device, nitrogen was fixed into NOx
directly, using air as the source for further electrolyte formation.
Meanwhile, driven by the other TENG, the electrocatalytic reduction
using TiO, as the catalyst was carried out to synthesize ammonia in
a dual-compartment electrocatalytic cell. Under the simulated waste
gas at a flow rate of 3.5 m® min_', the ammonia yield per hour of the
self-powered electrocatalytic system was 2.4 pg h™' under ambient
conditions. Compared with traditional synthetic methods, the
system possesses the advantages of being self-powered, eco-
friendly, low-cost, and scalable, with facile-fabrication, showing
great potential for ammonia synthesis.

Experimental section
Fabrication of the dual-TENG

The stator was a custom-made PCB circuit with 6 pairs of Cu
electrodes and fixed on an aluminum plate. A circular region
with a diameter of 40 mm was cut in the center of the PCB
board for the space of the drive shaft. The distance between
each electrode was 5 mm. A custom-made FR-4 board was used
as the substrate disc for the rotor. The diameter of the disc was
200 mm, and the thickness was 0.3 mm. The reserved hole on it
was used to connect with the shaft. For the electrode, the
Kapton film (60 pm) was cut into a fan shape with an area of
about 22 cm? and stuck on the disc with space. Then, two pairs
of stators and rotors were assembled in the vertical direction
with the help of PMMA baseboards to tune the height.

Measurements of the basic performance of the dual-TENG

Charge and current data at different rotation speeds were
measured by an electrometer (6514, Keithley Ltd) with a Lab-
VIEW program. Since the high voltage of the TENG exceeds the
range of the electrometer, a multimeter with high-voltage attenua-
tion (HVP-40, PINTEK Ltd) was utilized. The following experiments
were conducted under the condition of 5000 r min~", including air
discharge and electrocatalytic reduction sections.

Fabrication of the discharge device and relevant measurements

The discharge device was simply fabricated using a common
steel needle and a tantalum sheet (2 cm x 2 cm x 0.1 mm) with
a PMMA frame. To reduce the effect of reflection on the
pictures, a layer of black sponge was covered on the surface
of the PMMA. The spark discharge pictures were taken by a
high-speed camera to show a clear phenomenon.
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The discharge device and a NOy detector (BH-90, Bosean
Ltd) were placed in a sealed PMMA box. The volume of the box
was about 1 L without the detector counted in. The box can be
reopened to tune the distance between the needle and the
bottom electrode. Besides, there were reserved inlets and out-
lets to help exhaust the residual gas in the box during the
repeated testing by a mini vacuum pump. The device was
connected to a ten-stage multiplied circuit using capacitors of
50 nF and TENG-1. Each air discharge time was 5 min, then the
NOy concentration value was recorded.

To have a better collection of discharging gas, the device was
placed in a small PMMA box (4 cm x 4 cm X 4 cm) that was
connected to a gas-washing bottle (25 mL) with 20 mL of
pure water. The distance between the needle and the bottom
electrode was set at 2 mm. A mini air pump was used to help
the supply gas source. After 6 h, the air discharge, volume of the
solution and concentration of NO;~ and NO,” were measured
in turn. The needle was used as the positive and negative
electrodes, respectively.

Preparation of TiO,/carbon cloth

The commercial carbon cloth (W0S1009, Cetech Co. Ltd) was
cut into different sizes (1 cm x 1 cm and 2.5 cm x 2.5 cm).
Typically, 10 mg commercial nano TiO, (P25) catalyst and 50 pL
of Nafion solution (5 wt%) were dispersed in 1 mL of absolute
ethyl alcohol by sonicating for 1 h to form a homogeneous ink.
Then, a certain volume of the ink was loaded onto a piece of
carbon cloth electrode (1 mg cm™?) and dried under ambient
conditions.

Electrocatalytic reduction in a single cell

A single electrochemical cell with 60 mL volume was used in
electrocatalytic verification experiments. The anode was gra-
phite electrode (1 cm x 1 cm x 3 mm), the cathode was naked
carbon cloth or TiO,/carbon cloth with the same size. The cyclic
voltammetry curve was measured in 20 mL of 100 mg L™ NO; ™~
or NO,™ solution with the reference electrode being the satu-
rated calomel electrode, using an electrochemical workstation
(CHI 660E, CHEN HUA Ltd) at a scan rate of 0.05 V s . 20 mL of
100 mg L™" NO;~ and 10 mg L™ NO,~ solutions were used as
electrolytes for the simulated electrocatalytic reactions. Driven by
a DC power at —3 V for 6 h, the concentrations of NO; ™, NO,™
and the target production of NH; were determined, respectively.
Since the concentration may exceed the range of the standard
curve, the solution may be diluted to make the determination
according to the specific circumstance. When using TENG-2 as
the power, a rectifier and a series of custom-made transformers
were used before driving the catalytic reaction. Besides, a normal
multimeter was utilized for quick tests of the voltage and current
of the electrocatalytic system.

Fabrication of the dual-compartment cell and relevant
electrocatalytic reduction

A piece of TiO,/carbon cloth (2.5 cm X 2.5 cm) was combined
with a piece of pre-activated Nafion membrane (NRE-211,
3 cm x 3 cm) by a hot press process at 140 °C for 0.5 h.
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The combination was assembled with two pieces of silicone
and custom-made graphite bipolar plates (4 cm x 4 cm) with
grooves to fabricate the dual-compartment cell. Next, 20 mL of
pure water and 20 mL of 100 mg L™' NO;~ solution were
recycled in the anode and cathode compartment with the help
of two peristaltic pumps, both at a rate of 1 mL min~', and then
both were determined after 1 h reaction driven by TENG-2.

Self-powered ammonia synthesis

A blower (STPT600-A9, STANLEY Ltd) was used as the simulated
gas source. The dual-TENG was transferred from the DC rotor
platform and connected to the blower by a simple turbocharger with
two turbofans. The discharge device and the dual-compartment
cell were assembled with TENGs to synthesize ammonia. At a
flow rate of 3.5 m® min~?, the solutions in the anode and
cathode region were separately determined after 10 h reaction.
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