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Electrochemical techniques have been extensively applied to treat heavy metal pollution in our daily life.
Traditional electrochemistry is always driven by continuous DC (CDC), but the energy harvested in environment
from water using nanogenerator is always a pulsed DC (PDC). The question is if the CDC has a better performance than PDC? Here, we systematically investigated the electrochemical performance of hexavalent chromium (Cr(VI)) removal from wasted as powered by pulsed output of triboelectric nanogenerator (TENG) using
the energy harvested from environment. By optimizing the frequency and on-oﬀ ratio of PDC, the removal
eﬃciency of Cr(VI) can be maximally enhanced by 53.5% compared to that driven by a CDC under equal amount
of electric charges, which is further conﬁrmed by electrochemical experiments driven by layered TENG. The
reason is the more production of Fe2+, the better utilization of Fe2+, and the higher ion diﬀusion rate during the
process driven by PDC, where the electrode passivation caused by concentration polarization of the anode region
and over potential is reduced. Besides, a self-powered system is designed for removing contaminant from
wastewater by harvesting energy from the ﬂowing water through rotary-TENG, where heavy metal pollutant
such as Cr(VI) can be suﬃciently and continuously removed. This study demonstrate the feasibility and eﬀectiveness of self-powered electrochemical for cleaning environment pollution using the harvested energy.

1. Introduction
The growth in water pollution due to the increasing civilization and
industrial activities has caused serious environmental problem on a
global scale [1]. Toxic heavy metals have been a primary threat to
human health and environmental security hazard around the world
because they are high toxic, not biodegradable, and tend to accumulate
in living tissues throughout the food chain [2]. As one of a typical toxic
heavy metal, chromium usually presents in its oxyanion state with high
degree of toxicity [3,4]. Peculiarly, hexavalent chromium [Cr(VI)] is
extremely toxic and carcinogenic due to its strong oxidizing properties
and always causes health problems such as liver damage, pulmonary
congestions, vomiting, and severe diarrhea [5], whereas trivalent

chromium [Cr(III)] is a natural form in the earth's crust with a low
toxicity even in a high dosage and can be readily precipitated out of
solution in the form of Cr(OH)3 [6]. Therefore, removal of Cr(VI) or
conversion it into Cr(III) prior to discharge into the ecological system is
the key to long-term environmental sustainability.
A variety of technologies for heavy mental removal have been demonstrated such as adsorption [7], ion exchange [8], membrane separation [9], which often require excessive co-reagents or sophisticated
processes, and can suﬀer secondary pollution. Over the last decades, as
one of the electrochemical technology, electrocoagulation (EC) has
been successfully used for removing heavy metals with the features of
operation simplicity, rapid kinetics, low operation cost, and environmental compatibility [10,11]. However, electrode passivation induced
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Fig. 1. The electrochemical reactions of Cr(VI) removal during EC process. a Self-powered system for Cr(VI) removal driven by rectiﬁed TENG, insert shows
enlarged illustration of the reactions occurring at the surface of the electrode pair during the process of electrochemical. b With current in the on state, Cr(VI) is
reduced by Fe2+ and the cathode. c With current in the oﬀ state, reduction of Cr(VI) to Cr(III) by Fe2+ in the solution occurs. d Extra charge consumption during
removal of Cr(VI) under diﬀerent conditions, where the red and black curve are the relationship of removing eﬃciency of Cr(VI) and the charge consumption driven
by PDC and CDC, respectively, and the right part of the image represents the same high removal eﬃciency can be obtained by a self-powered system without extra
electrical supply.

R-TENG. The presented work not only establishes an optimization
methodology for electrochemical removal of pollutants from wastewater, but also conﬁrmed the promising application of the self-powered
system based on TENG for the simultaneous energy saving and environmental governance.

the decline of removal eﬃciency and the demand of extra external
power supply are the key limiting factors that need to be solved for
widespread usage of EC. To reduce or even eliminate the electrode
passivation, alternating DC have been used to remove heavy metal
pollutants instead of common constant direct current (CDC) and the
electrochemical performance can be substantial improved by decreasing the concentration polarization and the over voltage of the
electrodes [12,13]. However, a lower removal performance of heavy
metal pollutants was obtained in this process. Additionally, a selfpowered electrical process based on triboelectric nanogenerator
(TENG) has been proposed to directly harvest the ambient environment
energy for pollutants removal [14-18]. With the improvement of output
performance of TENG [19-23], the self-powered system provides a
promising technology for solving the extra electric energy supply
during electrochemical wastewater treatment and making it a sustainable process.
To maximize the removal eﬃciency of Cr(VI) and solve the extra
power supply during electrochemical treatment, a self-powered system
with a PDC output is used to remove Cr(VI) by harvesting energy from
the ﬂowing water through rotary-TENG (R-TENG). We ﬁrstly investigate the electrochemical removal performance of Cr(VI) driven by
PDC compared with CDC. Through optimizing the frequency and on-oﬀ
ratio, only 0.072C of charge is required to completely remove Cr(VI)
(initial concentration of 1 mg L-1) driven by PDC, whereas 0.12C of
charge is needed driven by CDC, indicating a substantial improvement
of electrochemical performance through using PDC. With a speciﬁc
pulsed signal for TENG, a PDC output based alternate layered TENG
(AL-TENG) is fabricated though designing pulsed current waveforms for
Cr(VI) removing, and the results also exhibit that electrochemical reaction powered by TENG exhibits a higher removal eﬃciency than that
of CDC. Besides, a self-powered system is fabricated to remove Cr(VI)
from wastewater by harvesting energy from the ﬂowing water through

2. Results and discussion
2.1. The electrochemical reactions of Cr(VI) removal during EC
Because it only requires minimum chemical regents during the reaction processes compared with other electrochemical technologies
[24,25], EC has become a promising technology for removing toxic
heavy metals from wastewater. During a typical reaction processes of
EC, metallic ions in-situ generate by electrochemical dissolution/corrosion from sacriﬁcial anode materials as activated intermediates
[26,27], whereas the production of hydrogen bubbles typically occurs
at cathode. In the case of removing Cr(VI) using EC system, when a
potential diﬀerence is applied to the electrodes, the following electrochemical reactions can occur [28]:
In the anode, if iron is applied as material, the electrochemical
oxidation generates Fe2+ ions:
Fe → Fe2+ + 2e-

(1)

Once the over voltage produced on anode, secondary reactions may
take place at the Fe surface, which will induce electrode passivation:
2H2O → 4H+ + O2 + 4e−

(2)

2Cl− → Cl2 + 2e−

(3)

In the cathode, water and Cr(VI), in the form of dichromate, are
simultaneously reducted according to following reactions:
2
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Fig. 2. The performance of Cr(VI) removal with CDC and PDC supply at a current of 200 μA a The performance of Cr(VI) removal with CDC or PDC at diﬀerent
frequency (2 Hz, 5 Hz, and 10 Hz), respectively (initial concentration Cr(VI) is 10 mg L-1). b The performance of Cr(VI) removal with PDC in 5 Hz with diﬀerent on-oﬀ
ratio, respectively (initial concentration Cr(VI) is 10 mg L-1). c-e The eﬀect of initial concentration of Cr(VI) (1 mg L-1, 5 mg L-1, and 10 mg L-1), gas atmospheres, and
concentration of NaCl on Cr(VI) removal, respectively. f The color change of the solution before and after removing Cr(VI) with initial concentration of 10 mg L-1.

2H2O + 2e− → H2 + 2OH−
Cr2O72−

+ 14H

+

+ 6e

−

→ 2Cr

eﬃciency of Cr(VI) is obtained using PDC. The detail removal performance and mechnism are dscribed in the following parts.
Generally, the charge is entirely used for pollutant removal without
passivation in the Fe-EC process. However, once passivation takes
place, a part of the charge will be wasted to produce O2 as a consequence of passive ﬁlm formed on the surface of electrode [30].
Therefore, the charge cosumption during Cr(VI) treatment can be used
as an index to reﬂect the removal performance and the extent of passivation. The charge cosumption of electrochemical removing Cr(VI)
driven by diﬀerent power is described in Fig. 1d. Through optimizing
the frequency (5 Hz) and on-oﬀ ratio (Ton/Toﬀ = 1:4), only 0.072C of
charge is required to completely remove Cr(VI) (initial concentration of
1 mg L-1) driven by PDC, whereas 0.12C of charge is needed driven by
CDC. Besides, under equal amount of electric charges (0.048C), the
removal eﬃciencies of Cr(VI) powered by a CDC and PDC are 60% and
92% respectively, demonstrating that the removal eﬃciency can be
maximally enhanced by 53.5% powered by PDC compared to that
driven by a CDC. These results indicate that the removal eﬃciency and
electrode passivation are substantial improved through using PDC.
With a speciﬁc pulsed signal for TENG, a self-powered system based on
TENG is fabricated to remove Cr(VI) with high eﬃciency from wastewater by harvesting energy from the ﬂowing water, where ﬂowing
water energy is instead of extra power source to driven electrochemical
reaction, greatly lowering the power consumption.

(4)
3+

+ 7H2O

(5)
2+

Besides these electrochemical reactions mentioned above, Fe ions
produced in the Fe surface, can directly reduce Cr(VI) to Cr(III) as the
following reaction:
Cr2O72− + 14H+ + 6Fe2+ → 2Cr3+ + 6Fe3+ + 7H2O

(6)

3+

spontaneously
Depending on the solution pH, the produced Fe
form various metal hydroxides complexes [29]. As a gelatinous suspension, these compounds still exist in the solution, which can remove
the Cr(VI) or Cr(III) from wastewater through complexation, electrostatic attraction, followed by coagulation. The schematic illustrations of
the mechanism for Cr(VI) removal are displayed in the insert of
Fig. 1a.
During the EC system for heavy metals removal, external power is
required to supply and removal performance will gradually decline
induced by electrode passivation. To solve these problems, a selfpowered system of electrochemical unit with PDC output performance
is used to remove Cr(VI) by harvesting energy from the ﬂowing water
through R-TENG in this work. The system mainly consists of three parts
including a R-TENG as power resource, 10% (w/v) NaCl solution as
electrolyte, and electrodes (Fig. 1a). Herein, iron plate and graphite rod
are selected as anode and cathode respectively, where they are parallel
with each other at an inner electrode distance of 2.5 cm. To drive the
electrochemical reactions for removing Cr(VI), the above R-TENG
connect with a rectiﬁer for transforming the alternating current output
into a PDC signal.
The reactions of Cr(VI) removal driven by PDC with the period of
turn on (Ton) and turn oﬀ (Toﬀ) show signiﬁcant diﬀerences. With the
period of Ton, Cr(VI) can be reduced through electrons moved from
anode to cathode and Fe2+ ions produced in the Fe surface during the
process of electrochemical reaction (Fig. 1b). With the period of Toﬀ,
reduction of Cr(VI) to Cr(III) can also occur by Fe2+ present in the
solution (Fig. 1c). In this way, a maximum utilization of Fe2+ produced
in anode can be achieved for removing Cr(VI), thus a higer removal

2.2. The performance of Cr(VI) removal driven by CDC and PDC
We compared the electrochemical removal performances of Cr(VI)
driven by CDC and PDC respectively. Frequency is a key parameter of
the PDC as power supply. In order to quantify the inﬂuence of conducting frequency on EC performance, experiments are performed with
the frequency ranging from 2 to 10 Hz, where a ﬁxed current condition
with 200 μA was utilized. At the same condition, when total charge
consumption is 1.8C, the removal eﬃciencies of Cr(VI) are 85.3%,
81.6%, 95.4%, and 87.7% with CDC and PDC in 2, 5, 10 Hz supply
respectively (Fig. 2a), indicating that the removal eﬃciency driven by
3
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precipitation of Cr(III) and Fe(III) takes place in this pH range, which is
beneﬁcial to the concentration and collection of the pollutants [33].
In addition, the total concentrations of Cr and Fe ions after removing Cr(VI) with CDC or PDC supply are investigated. As shown in
Fig. 3b, after removing, the total Cr ions in the system with PDC supply
is 0.0073 mg L-1, which is far lower than that of CDC supply
(0.184 mg L-1), indicating the more exhaustive reaction in the process
driven by PDC. In addition, the total Fe ions in the system with PDC
supply (0.046 mg L-1) is far higher than that of CDC supply
(0.0057 mg L-1), further demonstrating the more Fe produces in the
former system, which accords well with the previous results.
The formed precipitation in the reaction process were analyzed
using XPS. As shown in Fig. 3c, a signiﬁcant peak at 576 eV attributing
to Cr(III) is observed in the Cr2p spectrum [34], demonstrating the
reduction of Cr(VI) to Cr(III) in the electrochemical reactions. In addition, the mainly peak at 711 eV in Fe2p spectrum is assigned to the
binding energy of 2p3/2 of Fe(III) (Fig. 3d), conﬁrming the reduction of
Cr(VI) by Fe2+ ions [35].

PDC at 5 Hz is higher than that with CDC supply. This is probably because that it is more diﬃcult for the passive ﬁlm generating on the
electrode surface under PDC supply at 5 Hz, and thus resulting in a
decreasing of charge quantity. In addition, a higher frequency at 5 Hz is
beneﬁcial to the production of Fe2+, and thereby leading to a higher
charge eﬃciency, which will be veriﬁed by the next part of experimental results.
On/oﬀ ratio is another factor of PDC that aﬀects the electrochemical
removal performance. Herein, three on-oﬀ time ratios are performed to
determine the optimal electrode combinations for Cr(VI) treatment
with a range from 1:1 to 1:9, where other PDC parameters are ﬁxed at
200 μA, 5 Hz. As shown in Fig. 2b, the highest removal eﬃciency
(98.2%) is obtained at Ton/Toﬀ of 1:4 with the equal charge consumption of 1.8C. The increasing of turn-oﬀ time at 5 Hz could lead to better
utilization of Fe2+ produced in the anode surface, and thereby decrease
the concentration polarization of the Fe electrode surface. At the same
time, the intermittent reaction can rises the ion diﬀuse rate, and the
decline of over potential can reduces the electrode passivation [31].
However, continue prolonged Toﬀ time would lead to ineﬀective mass
transfer during the electrochemical reaction process, resulting a lower
removal eﬃciency of Cr(VI) with Ton/Toﬀ of 1:9. Therefore, an appropriate parameter of frequency and on/oﬀ ratio based on the results is
identiﬁed as 5 Hz and 1:4, and the following tests were performed
under this condition.
A systematic investigation of factors including the atmosphere, initial concentration of Cr(VI), and concentration of electrolytes were
carried out to comprehensively estimate the performances of Cr(VI)
removal based on CDC and PDC. As shown in Fig. 2c, the removal efﬁcienies of Cr(VI) with PDC supply are higher compared with those of
CDC supply, which is consistent with the previous results. Besides, for
the reaction in atmosphere condition, both of remval eﬃciencie based
on CDC and PDC exhibite a slightly higher than those reaction in the N2
condition, which is because that a small amount of Cr(VI) is reducted by
Fe2+ ions produced in the Fe surface who is exposed to the air (Fig. S1).
Addtionally, the higher removal eﬃciency with PDC supply than CDC
supply, occurs in diﬀerent initail concentration of Cr(VI), and the increase rate enhances with the initail concentration increasing from
1 mg L-1 to 10 mg L-1 (Fig. 2d). As shown Fig. 2e, the existence of Cl−
can enhance the removal eﬃciency of Cr(VI) based on both of the PDC
and CC supply, which is because the addition of Cl− can increase the
conductivity of the solution and slows down the anode passivation, as
Cl− ions catalyze the dissolution of the electrode by pitting corrosion
23
. As shown in Fig. 2f from I to III, some ﬂocculated particles generate
during the electrochemical reaction, which is beneﬁcial to Cr(VI) removal by attaching pollutants to ﬂocculated particles, thereby the
pollutants can be conveniently concentrated, collected, and ﬁnally removed.

2.4. Removing Cr(VI) by a AL-TENG
Based on the above analyses, with the same total charge consumption/transfer, PDC can enhance the removal eﬃciency of Cr(VI) compared to CDC. Interesting, the electrical output performance of TENG
exhibits a speciﬁc pulsed signal, proving a promising method for electrochemical removing heavy metal ions with high eﬃciency. According
to a higher transfer charge density than symmetrical layered structure
[36], AL-TENG is fabricated and various PDC waveforms with diﬀerent
frequencies and on/oﬀ ratios are designed for Cr(VI) removing. The
photograph of the AL-TENG is shown in Fig. S2, and the corresponding
working mechanism is shown in Fig. S3 and Note S1. As for Cr(VI)
removal driven by AL-TENG (Fig. 4a), the output performances of the
AL-TENG are shown in Fig. 4b–f. With the frequency increase, the
charge generated by AL-TENG increases fast with an electric quantity of
5.24, 9.82, and 21.4 μC s-1 at mechanical triggering frequency of 1, 2,
and 5 Hz, respectively (Fig. 4b). The output short-circuit current of the
AL-TENG, shown a speciﬁc pulsed signals, increases from 97.35 μA to
236.46 μA with the increase of frequency range from 1 Hz to 5 Hz
(Fig. 4c), where the maximum current is close to the value (200 μA)
used in the test of CDC and PDC power supply for removing Cr(VI). It
can be observed that the open-circuit voltage decreases from 513.52 V
to 483.17 V, with the frequency from 1 Hz to 5 Hz (Fig. 4d). These results demonstrate that the charge and short-circuit current increase
with the frequency increasing, while the voltage output displays a slight
decline. The maximal output power reaches 6.2 mW when connected
the matched load of 10 MΩ at frenquency of 1 Hz (Fig. S4). By the half
peak width of turn on time, we can estimate that the Ton/Toﬀ ratios are
1:4.3, 1:2.5, and 1:2 at frequency of 1, 2, and 5 Hz, respectively
(Fig. 4e). All of the values are close to the appropriate parameter of Ton/
Toﬀ ratio as 1:4. The stability of the AL-TENG is also investigated with a
frequency of 1 Hz. As shown in Fig. 4f, a total of 6800 cycles of data is
recorded and the peak current of per 200 cycles is demonstrated. The
inset of Fig. 4f shows the original data for several cycles. After 6800
cycles, the peak current almost keep the same value, indicating the high
stability and durability of the AL-TENG, which can be used as power
supply to drive electrochemical reaction.
The performance of the AL-TENG for Cr(VI) removal is investigated
to compare with that of CDC. As shown in Fig. 4g, under the electric
charges such as 0.01897C, the removal eﬃciencies of Cr(VI) driven by
AL-TENG are much higher than that of CDC (below 45%), and the
highest removal eﬃciency is obtained using AL-TENG at the frequency
of 5 Hz (98.55%). Besides, the removal performance of Cr(VI) using ALTENG displays a faster removal rate than that of CDC (Fig. 4h). The
above analyses indicate that TENG with a typical pulsed signal can
improve the removal eﬃciency of Cr(VI), thereby provide a promising
method to improve the performance of electrochemical removal of

2.3. Process analysis of Cr(VI) removed by CDC or PDC
To compare the process of Cr(VI) removal with CDC and PDC
supply, the conductivity and pH change after Cr(VI) removal driven by
diﬀerent power sources are investigated. As shown in Fig. 3a, the initial
conductivity of solution is 71.02 μS cm-1. After reaction driven by CDC
and PDC, the conductivities increase to 136.25 μS cm-1 and 473.5 μS cm1
, respectively. The increase of conductivity after reaction attributes to
the Fe2+ generated in the anode surface during the electrochemical
process. Besides, the higher conductivity of the system with PDC supply
than that of CDC supply demonstrates that more Fe2+ produces in the
system driven by PDC, indicating that PDC can facilitate the production
of Fe2+, and thereby resulting in a higher charge eﬃciency. Besides, an
increase of pH change is also observed. With progress driven by CDC
and PDC, the solution pH increases from initial value of 6.0 to ﬁnal
values of 6.8 and 7.3 respectively, which is mainly because of the
consumption of H+, even though polymeric metal hydroxides increases
during EC process [32]. Besides, as ﬂocculated particles, the co4
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Fig. 3. Process analysis of Cr(VI) removal
by electrochemistry method. a The conductivity and pH change after Cr(VI) removal with CDC or PDC supply (The initial
solution only includes 10 mg L-1 of Cr(VI)).
b The total concentration of Cr and Fe after
removing Cr(VI) with CDC or PDC supply.
c-d XPS spectra (Cr2p and Fe2p) of precipitate.

Fig. 4. Output performance of AL-TENG and its application in removing Cr(VI). a Schematic diagram of removing Cr(VI) driven by AL-TENG. b-d Charges,
short-circuit current, and open-circuit voltage of AL-TENG under diﬀerent frequency. e The Ton/Toﬀ ratios of pulsed current based on AL-TENG at diﬀerent frequency.
f The long-term output current of the AL-TENG under diﬀerent cycles. g The performance of Cr(VI) removal using constant current driven by electrochemical
workstation, and pulse current of AL-TENG at diﬀerent frequency. h The removal performance of Cr(VI) with time increasing using constant current and AL-TENG at
5 Hz.
5
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Fig. 5. Demonstration of the self-powered Cr(VI) treatment system through R-TENG. a Structural design of R-TENG, insert shown the photograph of a stator and
a rotator (scale bar, 5 cm). b Output charge at a rotation rate of 100 r min-1. c Short-circuit current at a rotation rate of 100 r min-1. d The long-term output current of
the R-TENG under 6000 s e The removal eﬃciency of Cr(VI) driven by R-TENG. f Harvesting energy from water ﬂow at a ﬂow rate of 6 L min-1 by R-TENG for
removing Cr(VI) with initial concentration of 1 mg L-1 (scale bar, 5cm). Insets: planform of the water turbine (scale bar, 5 cm); tap water is directed into a water
turbine through a water gun (scale bar, 1 cm). g Output charge of self-powered R-TENG driven by water ﬂow. h UV–visible absorption spectra of the Cr(VI) samples
with chromogenic reagent for the diﬀerent working times driven by self-powered system. i Corresponding color change of the sample solution for diﬀerent working
times. j Corresponding removal eﬃciency of Cr(VI) for diﬀerent working times.

TENG. The R-TENG is mainly composed of a stator and a rotatord
(Fig. 5a). As for the stator, it consists of a layer of kapton as a triboelectric layer and a layer of electrodes (insert of Fig. 5a). The rotator is
fabricated by a disc-shaped acrylic as another triboelectric layer (insert
of Fig. 5a). The working mechanism for R-TENG is elaborated in Fig. S5
and Note S2. The output performance is investigated ﬁrstly driven by a
rotation motor to control the rotation. The generated charge and open-

pollutants instead of CDC supply.
2.5. Self-powered electrochemical removal of Cr(VI) through a R-TENG
For electrochemical removal of pollutants from wastewater without
using an external power source, a self-powered system is fabricated to
remove Cr(VI) by harvesting energy from the ﬂowing water through R6
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circuit voltage of R-TENG are 0.7 μC (Figs. 5b) and 440 V (Fig. S6a),
respectively. At the above rotation rate, the peak output power reaches
8 mW when connected to the matched load of 5 MΩ (Fig. S6b). Additionally, the short-circuit current with a continuous alternating pulse
signals is 197.2 μA at the rotation rate of 100 r min-1(Fig. 5c), and
comes to 583.6 μA with the rotating rate increasing to 300 r min-1 (Fig.
S7a). Whereas the transferred charge and open-circuit voltage remain
nearly constant value of 0.7 μC and 440 V respectively (Figs. S7b and
S7c), indicating the large enhancement of short-current with rotating
rate increasing. We further investigated the stability of the R-TENG. The
charge produced by R-TENG is measured and compared before and
after 6000 s with continuous operation. As displayed in Fig. 5d, output
displayed a minor increase, demonstrating the good durability of the RTENG. Additionally, the removal eﬃciency of Cr(VI) driven by R-TENG
is surveyed at a rotation rate of 100 r min-1. After 15 min of treatment,
the removal eﬃciency reaches to 98.3% (Fig. 5e). With the features of
good output performance and operability, R-TENG driven by ﬂowing
water is applied to fabricate a self-powered system for electrochemical
removing Cr(VI). With water ﬂow rate of 6 L min-1 (Fig. 5f), the R-TENG
can be driven to rotates steady, which can serve as a power source to
directly drive electrochemical reaction (Video S1). As shown in Fig. 5g
and Figs. S8a–b, the output charge, short circuit current, and open
circuit voltage of self-powered system reach about 130 nC, 25.7 μA, and
224 V, respectively. As the reaction progress, the UV absorbancy of Cr
(VI) declines and the color become light gradually, as shown in Fig. 5h
and i. After 100 min of removing, the removal eﬃciency reaches to
91.5%, indicating that heavy metal pollutant such as Cr(VI) can be
suﬃciently and continuously removed with only the electrical energy
extracted from water ﬂow by the TENG.
Supplementary data related to this article can be found at https://
doi.org/10.1016/j.nanoen.2019.103915.

metal pollutant such as Cr(VI) can be suﬃciently and continuously
removed. Our ﬁndings not only establish optimization methodologies
for electrochemical removing Cr (VI), but also provide a promising
application of the self-powered system based on TENG for the simultaneous energy saving and environmental governance.

4. Experimental section
4.1. Fabrication of the AL-TENG
To serve as the substrate, kapton ﬁlm with 130 μm was folded into
zigzag with 14 layers. Rectangle copper ﬁlm with an area of 5 × 5 cm2
was attached to both sides of Kapton ﬁlm. Then ﬂuorinated ethylene
propylene (FEP) ﬁlm with 30 μm was stuck on same side of Cu layer in
alternate structure.

4.2. Fabrication of R-TENG
Rotor: (1) As the triboelectric layer, acrylic with a thickness of 5 mm
was cut to a disc-shaped with diameter of 20 cm by a laser cutter. The
obtained acrylic arrayed radially with a central angle of 3.75° (2) For
better installation, a through-hole was drilled at the center of the acrylic sheet. Stator: (1) To obtain a substrate, acrylic with a thickness of
5 mm was cut to a disc-shaped with diameter of 20 cm by a laser cutter.
(2) Stick a prepared commercialized PCB on the substrate. Two sets of
complementary radial-arrayed electrodes were designed on the PCB
plate (a central angle of 3.75°). (4) Due to electrical measurement or
driven electrochemical reaction, the electrodes were connected to two
lead wires, respectively. (5) A thin layer of kapton with 30 μm was stuck
onto the electrode layer.

3. Conclusions
4.3. Experiment of Cr(VI) removal
In this work, the electrochemical performance of heavy metal removal driven by PDC or TENG with a speciﬁc pulse signal is systematically investigated. The electrochemical performance of Cr(VI) removal driven by PDC with optimized frequency and on-oﬀ ratio, can be
largely improved than that of CDC. This is because of the more production of Fe2+, the better utilization of Fe2+, and the higher ion diffusion rate during the process driven by PDC, where the electrode
passivation caused by concentration polarization of the anode region
and over potential is reduced. With a typical pulse output signal, the
removal eﬃciency of AL-TENG at the frequency of 5 Hz (98.55%) is
much higher than that of CDC (below 45%) with the same charge
consumption of 0.01897C, and the reaction driven by AL-TENG also
exhibits a faster removal rate than that of CDC at the same reaction
time. In this way, TENG with a speciﬁc pulse signals provides a promising method to enhance the electrochemical performance for removing heavy metal pollutants. Besides the high removal performance
driven by AL-TENG, a self-powered system based a R-TENG is designed
to harvest energy from ﬂowing water to electrochemically remove Cr
(VI) without supplying an external power. At a ﬂow rate of 6 L min-1
and initial Cr(VI) concentration of 1 mg L-1, 91.5% of Cr(VI) can be
removed from wastewater in 100 min using the generated power,
conﬁrmed the promising application of the self-powered system based
on TENG for the simultaneous energy saving and environmental governance.
In summary, our study demonstrates an eﬀective approach for enhancing the electrochemical performance of removing heavy ions by
using pulsed DC supply instead of the continuous DC due to the more
production of Fe2+, better utilization of Fe2+, higher ion diﬀusion rate,
and lower electrode passivation during the process driven by PDC,
which are further conﬁrmed by electrochemical experiments driven by
AL-TENG with a speciﬁc pulse signal. Additionally, with only the
electrical energy extracted from water ﬂow by the R-TENG, heavy

All the experiments for Cr(VI) treatment were carried out in a 50 mL
electrolytic cell with 30 mL of potassium dichromate (K2Cr2O7) including diﬀerent concentration of NaCl as electrolyte, where cylindrical
graphite with diameter of 0.6 cm was acted as cathode and iron with an
area of 2 cm2 was served as anode without adjusting pH. Before all the
experiments, electrodes were washed with distilled water and then
dried. During the process of the experiments, the applied electrodes
were kept parallel at a distance of ~2.5 cm. At set intervals, the concentration of Cr(VI) in the samples were gathered to detect. For Cr(VI)
removal driven by TENGs, a rectifying bridge was used to convert the
alternating current to direct pulse current signals. For self-powered
system, the central of R-TENG (diameter of 14 cm) and the fabricated
water turbine were join together. Normal water was injected into the
water turbine to drive electrochemical reaction through R-TENG. All
the experimental was conducted at ambient temperature.

4.4. Characterization
A linear motor was used to control the contact-separation process. A
commercial motor was applied to drive the rotary process. The short
circuit current and transferred charges of the TENG were measured
using a programmable electrometer (keithley model 6514). The open
circuit voltage of the TENG was test by a Mixed Domain Oscilloscope
(MDO3024). The chemical structures were measured through an X-ray
photoelectron spectroscope (XPS, Thermo Escalab 250XI, USA). The Cr
(VI) concentration was test using an ultraviolet–visible (UV–vis) spectrophotometer (UV 2600) at the maximum absorption wavelength of
540 nm with diphenylsemicarbazide serving as an indicator. The total
concentration of Cr and Fe ions were measured using an inductively
coupled plasma-optical emission spectrometer (ICAP7200).
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