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  1.     Introduction 

 Water pollution and energy scarcity pose 
great challenges to human and become 
two of the most pressing global issues. 
However, tackling these problems is 
still very tough even with likely improve-
ments in effi ciency and environmental 
conservation. [ 1 ]  The horrendous work, the 
complexity of pollutants, and the superior 
diffi culty of treating refractory pollutants 
make wastewater treatment rather dif-
fi cult and energy intensive. Thus, devel-
oping green and cost-effective wastewater 
treatment method is very important for 
balancing the tradeoff between electricity 
supply from fossil fuels and long-term 
preservation of natural resources. [ 2 ]  

 Nowadays, techniques for wastewater 
treatment include advanced oxidation pro-
cesses (AOPs), [ 3 ]  biological treatment, [ 4,5 ]  
physico-chemical methods, [ 6 ]  enzymatic 
decomposition, [ 7 ]  and electrochemical 
methods. [ 8 ]  Among these techniques, 
electrochemical technologies have gained 

increased interest for its versatility, environmental compat-
ibility, potential cost, and higher effectiveness even for refrac-
tory  pollutants such as dyes and metals. [ 9 ]  However, its practical 
industrial applications are still restricted by the very high energy 
consumption, and so it is with another electrochemical industry, 
electroplating. The latter consumes electric power to reduce 
dissolved metal cations and form a coherent metal coating on 
an electrode. [ 10 ]  

 To solve these problems of high energy consumption during 
electrochemical wastewater treatment and make it a sustainable 
process, only microbial fuel cell (MFC) [ 4,11 ]  has been proposed 
as far as we know. However, the fl owing kinetic energy of waste-
water which harbors great energy, [ 12 ]  has rarely been harvested 
for sustainable and self-driven wastewater treatment. Recently, 
we fi rst proposed a self-powered electrical process using the 
energy directly harvested from the environment for splitting 
water, [ 12 ]  desalinating seawater, [ 13 ]  and cleaning air pollutants. [ 14 ]  

 Herein, we fabricated a self-powered multi-functional system, 
which not only electrochemically removes rhodamine B (RhB) 
and copper ions in wastewater but also simultaneously accom-
plishes metal electrodeposition by using the energy harvested 
from the fl owing kinetic energy of wastewater through an 
R-TENG. [ 15 ]  When the R-TENG rotates at a speed of 600 rpm, the 
system could remove almost 100% of the RhB just within 15 min 

 By harvesting the fl owing kinetic energy of water using a rotating 
triboelectric nanogenerator (R-TENG), this study demonstrates a self- powered 
wastewater treatment system that simultaneously removes rhodamine 
B (RhB) and copper ions through an advanced electrochemical unit. With 
the electricity generated by R-TENG, the removal effi ciency (RE) of RhB can 
reach the vicinity of 100% within just 15 min when the initial concentration 
of RhB is around 100 ppm at optimized conditions. The removal effi ciency of 
copper ions can reach 97.3% after 3 h within an initial concentration of 150 
ppm at an optimized condition. Importantly, a better performance and higher 
treating effi ciency are found by using the pulsed output of R-TENG than 
those using direct current (DC) supply for pollutant removal when consuming 
equal amount of energy. The recovered copper layer on the cathode through 
R-TENG is much denser, more uniform, and with smaller grain size ( d  = 20 nm) 
than those produced by DC process, which also hints at very promising appli-
cations of the R-TENG in electroplating industry. In light of the merits such as 
easy portability, low cost, and effectiveness, this R-TENG-based self-powered 
electrochemical system holds great potential in wastewater treatment and 
electroplating industry. 
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(under initial concentration below 100 ppm) and 97.3% of the 
Cu 2+  for 3 h (under initial Cu 2+  concentration about 150 ppm). 
What is noteworthy is RhB can hardly be detected after treat-
ment, which is much better than those driven by direct current 
(DC) supply, indicating its high effi ciency of the system driven by 
R-TENG for treating organic pollutants with low concentrations. 
Besides treating wastewater, we also found that the recovered 
copper crystals on the cathode through R-TENG is much denser, 
more uniform and with smaller grain size than those produced 
by DC process. Such a high-quality deposition process makes the 
R-TENG-based system also very promising for electroplating. 
With a collection of compelling features, such as high removal 
effi ciency for RhB and copper ions, feasibility for organic pollut-
ants with low concentration, extremely low cost, simplicity, and 
reusability, the presented work not only provides a new and effi -
cient pathway for sustainable wastewater treatment, but also pro-
vides access to other self-powered electrochemical processes with 
very low power consumption and pollution.  

  2.     Results and Discussion 

 The system is composed of an R-TENG and an electrochemical 
unit for wastewater treatment. The R-TENG holds a multilay-
ered structure, which consists of mainly two parts: a rotator 
and a stator with two acrylic sheets as supporting substrates, 

as shown in  Figure    1  a. The core parts of the rotator and stator 
are both print circuit boards (PCBs) covered by arrayed copper 
sectors with a central angle and length of 1° and 60 mm on sub-
strate of underlying epoxy glass cloth laminate sheet (FR4). The 
different thing is that the pattern for radially arrayed sectors on 
rotator-PCB (top PCB) is identical, while the patterns for arrayed 
sectors on stator PCB (bottom PCB) are two complementary 
structures. The two kinds of complementary arrayed sectors 
are disconnected by fi ne trenches in between and each kind of 
sectors is mutually connected at one end. On the supporting 
substrate of the rotator, the top PCB was adhered acting as a 
contact-triboelectrifi cation layer. On the supporting substrate of 
the stator, a foam layer, a bottom PCB layer, and a Kapton tribo-
electrifi cation layer were pasted together sequentially from top 
to bottom. The Kapton layer (50 µm) works as another triboelec-
trifi cation surface. The bottom PCB layer, also named copper 
grating electrodes layer, is mainly working as output electrodes. 
The foam layer that ensures intimate contact between two tri-
boelectrifi cation layers acts as a buffer. Since the miniaturizing 
and integrating of electrodes, the TENG takes the advantage of 
a relatively high current. As presented in Figure  1 b,c, under 
450 revolutions per minute (rpm), the short-circuit current ( I  sc ) 
has an average amplitude of 1.5 mA (Figure  1 b), and the open-
circuit voltage ( V  oc ) holds a peak value around 150 V (Figure  1 c). 
What’s more, as can be seen through Figure  1 b,c, the contin-
uous AC output oscillates at an approximate frequency of 1600. 
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 Figure 1.    Structural design and characterizations of the R-TENG. a) Illustrations of the R- TENG. (i) the optical image and (ii) the schematic exploded 
view of the R-TENG which consists of a rotator and a stator. (iii) PCB patterns of the rotator and stator; inserts are the sectional optical images of PCBs. 
b) The short-circuit current and c) the open-circuit voltage of the as-fabricated R-TENG when rotating speed is about 450 rpm.



FU
LL P

A
P
ER

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (3 of 9) 1501778wileyonlinelibrary.com

A detailed description of its generation mechanism is presented 
in the following working principle section.  

 Simply speaking, the power generation principle of a TENG 
is based on the collaboration of triboelectrifi cation and electro-
static induction. During the rotation process, the Kapton fi lm 
layer and the top PCB triboelectrifi cation layer are confi gured to 
match for a full contact and good tribioelectrifi cation. Because 
of different triboelectric polarities of the two triboelectric sur-
faces, positive and negative electric charges are created on the 
copper surface and Kapton surface respectively after a little 
while of friction, as illustrated in the longitudinal cross-sectional 
view defi ned by an arbitrary intersection in  Figure    2  a. When two 

 electrodes in bottom are connected, free charges can redistribute 
between electrodes through the cyclic departure and approach 
of two micro-triboelectric unit, resulting in electric potential dif-
ference and current. The initial state (Figure  2 a-i) corresponds 
to the maximum  V  oc  for the biggest the electric potential dif-
ference. When the rotator spins to the state of Figure  2 a-ii, the 
voltage diminishes to zero. In the fi nal state (Figure  2 a-iii), the 
voltage reaches the maximum  V  oc  in reverse. Further rotation 
beyond the fi nal state,  V  oc  changes in a reversed way.  

 To investigate the infl uence of the rotating speed on the per-
formance of R-TENG, we changed the rotating speed of R-TENG 
from 150 to 650 rpm. As demonstrated in Figure  2 b, when the 
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 Figure 2.    Working mechanism of the R-TENG and the infl uence of rotating speed on the output of R-TENG. a) The working mechanism of R-TENG. 
b) Short-circuit current of R-TENG at different rotation rates. c) Open-circuit voltage of the TENG at different rotation rates. d) The working circuit of 
R-TENG charging a capacitor. e) Charging time of a 1000 µF capacitor to 16 V when charged by the R-TENG.
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rotating speed was 150 rpm, the current was about 0.8 mA. With 
the speed rising to 650 rpm, the current increased up to 2.85 mA. 
However, the voltage remained at a peak value of 180 V (Figure  2 c). 
The current is increasingly proportional to the rotating speed, 
while the voltage output is not affected by it. We also tested its 
capacity for charging a 1000 µF capacitor. Its working circuit is 
shown in Figure  2 d, that is, the output of R-TENG must be tuned 
into unidirectional current by rectifying bridge before charging a 
capacitor. From Figure  2 e, we can see that the higher the rotation 
speed of R-TENG, the shorter is the charging time of capacitor. 
This result is very accordant with Figure  2 b. 

 After looking into the R-TENG performance infl uence, a fur-
ther step was taken to evaluate the performance of the self-pow-
ered wastewater treatment system for RhB and copper removal. 
Prior to the measurement of its performance, we fi rstly intro-
duced the self-powered wastewater treatment system and its 
treating mechanism. The system is mainly an electrochemical 
unit, which includes three parts: power resource, electrodes and 
electrolyte, as shown in  Figure    3  a,b. Because of its inertia, low-
cost, and effectiveness, commercially available graphite rod was 
selected as anode. Considering the high capacity for recovering 
copper, iron plate was selected as cathode. Electrodes were kept 
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 Figure 3.    Experimental setup for removing Cu 2+  and RhB. a) Schematic diagram of the Cu 2+  and RhB removing powered by transformed and rectifi ed 
TENG (R&T TENG). b) Optical image of the electrochemical unit for Cu 2+  and RhB removal. c) The electric circuit diagram of the wastewater treatment 
system. d) The short-circuit current after transformation. e) The proposed degradation process of RhB.
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vertically and parallel to each other at an inner electrode distance 
of 3 cm. 20% (w/v) NaCl solution was chosen as electrolyte to 
improve the ionic strength of solution and the RhB removal. To 
drive the reactions on electrodes for removing RhB and Cu 2+ , the 
above R-TENG is transformed and rectifi ed (corresponding trans-
forming and rectifying circuit is shown in Figure  3 c) as a power 
source, for the reason that the conventional transformer could 
boost the output current and reduce the output voltage, [ 12,16 ]  and 
that the rectifi er could change the continuous AC output into an 
unidirectional pulse signal. When rotation rate is about 450 rpm, 
after transformation, the current of 1.8 mA was enhanced up to 
12.5 mA (Figure  3 d), while the voltage of 150 V was reduced to 
about 13 V (Figure  1 , Supporting Information). Then the trans-
formed and rectifi ed R-TENG (R&T R-TENG) is connected with 
the sewage treatment system as a power source. The dynamic 
current and voltage for wastewater treatment can be found in 
Movie S1 in the Supporting Information.  

 According to the electrochemical principles of electrolysis, 
the working mechanism of the advanced electrochemical treat-
ment of RhB and Cu 2+  are proposed as follows 

 At anode 

     
2H O 2OH 2H 2e2

*→ + + −
  (1)  

     
Cl H O ClO 2H 2e2+ → + +− − + −

  (2)  

     
*OH RhB CO N H O2 2 2+ → ↑ + ↑ +   (3)  

     H ClO RhB CO N Cl H O2 2 2+ + → ↑ + ↑ + ++ − −
  (4)   

 At cathode 

     Cu 2e Cu2 + →+ −
  (5)   

 Other reactions 

     Fe Cu Fe Cu2 2+ = ++ +
  (6)  

     
2H 2Fe ClO 2Fe Cl H O2 3

2+ + = + ++ + − + −
  (7)  

     Fe e Fe3 2+ =+ − +
  (8)  

     Fe 2e Fe2 + =+ −
  (9)   

 Firstly, H 2 O and Cl −  were transferred to graphite electrode 
(anode) for the discharge reaction of anode, resulting in the forma-
tion of super-oxidative hydroxyl radical OH* and ClO −  (Equations 
 ( 1)   and  ( 2)  ). Then the oxidative species degrade RhB completely 
into small molecules like CO 2 , H 2 O, N 2 , etc. (Equations  ( 3)   
and  ( 4)  ) when oxidative species are excessive. If RhB is at a very 
high concentration, RhB may be incompletely degraded into 
smaller molecules without enough oxidative species. The proposed 
complete degrading process of RhB is illustrated in Figure  3 e 
through series of parallel and consecutive reactions. To prove the 
reliability of this degradation process, we tested the Fourier trans-
form infrared spectrum (FTIR), liquid chromatography (LC) and 

mass spectroscopy (MS) of the sample before and after degrada-
tion (more details are shown in Figure  2  in the Supporting Infor-
mation). As shown in Figure  2 a in the Supporting Information, 
before degradation, there are peaks at 1692, 1643, 1583, 1548, 
1469, 1336, 1174, 1122, and 1072 cm −1 . The 1692 cm −1  peak cor-
responds to C = O stretch of carboxyl group and 1643 cm −1  peak 
is caused by –C = C– stretch. Peaks at 1583, 1548, and 1469 cm −1  
are the characteristic infrared (IR) absorption of aromatic ring. 
The absorbance at 1336 and 1122 cm −1  is caused by stretching 
vibration of Ar N and C N, and the absorbance at 1174, 
1072 cm −1  belongs to C O C. After an hour of degradation, 
many absorption peaks have vanished and a very wide absorp-
tion peak in the range of 1600–1700 cm −1  appears, depicting the 
breakage of the RhB structure and the generation of carboxylic 
acids. At the cathode, copper ions seized electrons and turned 
into deposited copper (Equation  ( 5)  ). Because of the high activity 
of iron cathode, copper ions also could be reduced into elemen-
tary copper directly, resulting in the generation of ferrous ions 
(Equation  ( 6)  ). Through a series of electrochemical reactions 
(Equations  ( 7)  – ( 9)  ), the ferrous ions are reduced into iron again at 
the cathode, realizing the cyclic utilization of the iron. Here, the 
ferrous ions act as catalyst for the reduction of copper ions, which 
will be discussed at length later. The advanced electrochemical 
wastewater treatment is very similar to electro-Fenton method 
with electro-generated H 2 O 2  and Fe 2+ , but no oxygen is bubbled. 

 For the sake of simplicity and controllability, the performance 
of the wastewater treatment system was preliminarily evaluated 
through a motor driven R-TENG at a fi xed rotating speed of 
600 rpm. After transforming and rectifying the output of 
R-TENG, the current in the circuit could high up to 13 mA and 
takes on a feature of cyclical punctuation, as shown in  Figure    4  a. 
The voltage across the electrochemical unit also fl uctuates around 
3 V in a pulse-mode (Figure  4 b). The concentration of RhB and 
Cu(II) was evaluated by ultraviolet absorption spectroscopy 
method for several advantages such as cost-effectiveness, easy 
operation, and high sensitivity. On one hand, RhB solution and 
Cu(II)-Neocuproine (Cu 2+ -NCP) complexes have different max-
imum absorbance at 454 [ 17 ]  and 552 nm [ 18 ]  respectively; On the 
other hand, the co-existence of Cu 2+  or Cu(II)-NCP or RhB has 
no effect on the detection of each other, as shown in Figure  3  in 
the Supporting Information. Thus RhB and Cu(II) concentration 
could be determined simultaneously. The detailed characteriza-
tion of Cu 2+  concentration is demonstrated in experimental part.  

 In order to validate the decrease of RhB and Cu 2+ -NCP 
absorption peak intensity is attributed to the electrochemical 
degradation, a control experiment was conducted without tribo-
electrifi cation or external power sources. The UV–visible curve 
of the RhB and Cu 2+ -NCP remained unchanged as the time 
passed by (Figure  4 , Supporting Information), indicating elec-
tricity is a must for the electrochemical degradation. Without 
electricity, RhB and Cu 2+  cannot decrease on its own over time. 
After electrolysis of 3 h, the removal effi ciency of RhB and Cu 2+  
could reach 100% and 97.3% (Figure  4 c) respectively with initial 
concentration about 300 and 150 ppm respectively, indicating 
the effectiveness of the wastewater treatment system using 
R-TENG. The quicker color change of the wastewater with a low 
concentration of RhB can be seen through Movies S2 and S3 
in the Supporting Information. From Figure  4 c, we also could 
see that Cu 2+  is more refractory compared with RhB, as may 
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be explained by the reason that the super-oxidative active spe-
cies is relatively more stable than Fe 2+ and prompt the degrada-
tion of RhB, while the Fe 2+  is quickly oxidized to Fe 3+  and soon 
loses its catalysis ability for Cu 2+ . It is also worth noting that the 
removal effi ciencies of RhB and Cu 2+  change rapidly at fi rst and 
then gradually become slower. Furthermore, the relationship 
between concentration and time approximately accords with 
pseudo-fi rst-order kinetics equation 

 
( ) = − = × −C
C

k t C Ca t
k tln or et

0
0 a

   

 where  k  a  represents the apparent fi rst order rate constant,  C  0  is 
the initial concentration of substrate,  C t   is concentration after 
given time  t . 

 We also compared the performances of the system driven 
by DC supply and R-TENG. At the same condition, when total 
energy consumption is 12.7 J, the removal effi ciencies of RhB 
and Cu 2+  with R-TENG supply are a little bit higher than those 
with DC supply, as shown in Figure  4 d. This is due to the elec-
trolysis (10 min) with R-TENG is longer than those (7.6 min) 
with DC supply when consuming equal energy, which contrib-
utes to better coagulation and adsorption. Moreover, the current 
peak valley of the R-TENG output provides suffi cient time for 
substance migration, also promoting the reactions. For testing 
the capability of the system for electroplating, we changed the 
cathode into silver wire. Through the morphology comparison 
of the deposited copper on silver (Figure  4 e,f), we could see that 
the copper deposited on the cathode through R-TENG is much 
denser, more uniform, and with smaller grain size ( d  = 20 nm) 
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 Figure 4.    a) Current in the circuit of the wastewater treatment system. Inset: enlarged view of the current feature. b) Voltage across the electrochemical 
unit before and after the motor is turned on. Inset: enlarged view of the voltage feature. c) RE of RhB and Cu 2+  after 3 h. d) Comparison of performances 
of the system when driven by DC supply and R-TENG with the same energy consumption. The morphology of the deposited copper on silver wire 
surface when the system is driven by e) DC supply and f) R-TENG.
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than those produced by DC process, which is very promising in 
electroplating industry. 

 A systematic investigation of factors, particularly electrodes, 
electrolytes, concentration of electrolytes and the initial concen-
tration of pollutants, were made to comprehensively evaluate the 
performances of RhB and Cu 2+  removal based on R-TENG with 
speeding rate of 600 rpm, electrode working distance of 4 cm, 
and electrode area of 5 cm 2 . From  Figure    5  a, we could learn 
that the removal effi ciency of RhB and Cu 2+  with iron cathode 
is higher than those with stainless steel and copper plate. The 
reason for bad performance of copper plate is the dissolution 
reactions of copper in chloride solution. [ 19 ]  While the better 

 performance of iron plate than stainless steel is due to the gen-
eration of ferrous ions, which is verifi ed by Figure  5  in the Sup-
porting Information, showing the addition of ferrous ions is 
good for the removal of copper ions. In order to access the role 
of different electrolytes in the sewage treatment system, experi-
ments were also performed in different solutions, including 
16% (w/v) NaCl, 16% (w/v) Na 2 SO 4 , and deionized water. The 
result is shown in Figure  5 b, depicting the addition of electro-
lytes is good for waste removal, particularly NaCl. Moreover the 
higher the mass concentration of NaCl is (Figure  5 c), the better 
removal effi ciency is, which is due to the higher electric con-
ductivity and lower resistance. Figure  5 c shows the lower pH 

 Figure 5.    Factors affecting Cu 2+  and RhB removal. The infl uence of a) different cathode, b) different electrolyte, c) different electrolyte concentration, 
d) different pH, and d) different initial concentration of e) RhB and f) Cu 2+  on the removal of RhB and Cu 2+ . R-TENG rotation rate, 600 rpm; electrode 
distance, about 3 cm; effective anode and cathode area are about 2 and 5 cm 2  respectively. For (a–d), initial concentrations of Cu 2+  and RhB are 300 
and 150 ppm respectively, and electrolysis time is 20 min. For (e,f), the pH is 0.6 without adding any acid or base, and the electrolyte concentration 
of NaCl is 20%.
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benefi ts RhB and Cu 2+  removal. When the initial concentration 
of RhB and Cu 2+  changed, the degrading time and removal effi -
ciency also changed (Figure  5 e,f). For RhB under 100 ppm, the 
time of complete degradation is just for 15 min. For Cu 2+  under 
300 ppm, after 3 h, the residual concentration could down to 
4.6%, which means 95.4% of copper ions are removed.  

 From the experiments above, we could see that the system 
shows good performance for treating RhB and Cu 2+ . In order to 
make the wastewater treatment system work in a self-powered 
manner without using an external power source, we also inves-
tigated the performance of the wastewater treatment system 
using the electricity harvested from water itself under labora-
tory conditions. To drive the R-TENG rotates, a water-wheel 
is coaxially connected, as illustrated in Figure  6 , Supporting 
Information. The water velocity impacting the R-TENG is 
about 1.6 m·s −1  and provided by a pumper (volume fl ow rate is 
3 m 3 ·h −1 ). At this condition, the current in the circuit is about 
0.4 mA ( Figure    6  a). With the proceeding of the electrolysis, the 
absorption peak intensity of RhB and Cu 2+  goes down gradually 
and the color gets dimer and dimer, as shown in Figure  6 b,c 
respectively. After 6 h of electrolysis, the absorbance of RhB and 
Cu 2+  with diluted multiples of 25 reduces from 1.13 to 0.08, and 
from 1.14 to 0.07 respectively, corresponding removal effi ciency 
high up to 98.8% and 93.4% respectively. Figure  6 d shows the 
iron cathode after deposition of copper for 3 h. Thus, the sus-
tainable wastewater treatment system shows good performance 
in laboratory conditions, and the performance is expected to be 
much better under real strong water fl ow.   

  3.     Conclusion 

 In conclusion, by harvesting the fl owing kinetic energy of 
water using an R-TENG, we demonstrated a self-powered 
wastewater treatment system that simultaneously removes 
RhB and copper ions through an advanced electrochemical 
unit. With the electricity generated by R-TENG, the system has 
a very good removal capacity of RhB with removal effi ciency 
approximately of 100% just within 15 min when the initial 
concentration of RhB is around 100 pp at an optimized condi-
tion. Though the copper removal is a little diffi cult and slower, 
the effi ciency also could high up to 97.3% after 3 h within 
an initial concentration of 150 ppm at an optimized condi-
tion. Importantly, the system exhibited better performance for 
waste removing using the pulsed output of R-TENG than those 
using DC supply when consuming equal amount of energy. 
The copper layer deposited on silver cathode through R-TENG 
are much denser, more uniform and with smaller grain size 
( d  = 20 nm) than those produced by DC supply, which also 
hints very promising applications of the R-TENG in electro-
plating industry. With a collection of compelling features, such 
as high removal effi ciency for RhB and copper ions, feasibility 
on organic pollutants with low contamination, extremely low 
cost, simplicity, and reusability, the presented work not only 
provides a new and effi cient pathway for sustainable waste-
water treatment, but also provides access to other self-powered 
electrochemical processes with very low power consumption 
and pollution.  

 Figure 6.    Demonstrations of wastewater treatment system driven by water-driven R-TENG. a) The current in the circuit of the wastewater treatment 
system. b) UV–visible absorption spectra of the Cu 2+ -NCP and RhB samples with diluted multiples of 25 for the different working times. Insert: cor-
responding removal effi ciency of Cu 2+  and RhB for different working times. c) Corresponding color change of the sample solution in (b). d) The optical 
image of the iron plate after deposition of copper. Water landing speed is 1.6 m·s −1 ; pH is 0.6; electrode distance, about 3 cm; NaCl electrolyte con-
centration, 20%. Effective anode and cathode area are about 2 and 5 cm 2  respectively.
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  4.     Experimental Section 
  Fabrication of R-TENG : Stator: (1) Cut a square-shaped acrylic sheet 

as a substrate with a dimension of 20 cm by 20 cm by 3 mm by using 
a laser cutter; (2) Drill holes on four corners of the substrate, then fi x 
the substrate on a fl at stage by screws; (3) Adhere a layer of foam on 
the substrate as a buffer; (4) Stick a prepared commercialized PCB 
above the foam. The PCB has complementary and separated gratings 
which act as electrodes; (5) Adhere a thin layer of Kapton (50 µm) 
onto the PCB. Rotator: (1) Cut a through-hole in the center of a disc-
shaped acrylic substrate (diameter, 15cm; thickness, 3mm) by using 
a laser cutter. (2) Stick another prepared commercialized PCB on the 
substrate. The PCB has a collection of radially arrayed sectors with a 
central angle of 1°. Lastly, for fabricating the R-TENG, the stator and 
rotator are put together with an axle bar and a bearing. 

  Experiment of Cu 2+  and RhB Removal : Without special illustration, all 
the experiments for treating Cu 2+  and RhB was performed in a 50 mL 
breaker containing 25 mL sample solution of CuSO 4  and RhB, cylindrical 
graphite cathode and iron anode at ambient temperature without 
adjusting pH. Before all the experiments, electrodes were washed 
neatly using distilled water. During the treatment, electrodes were kept 
vertically and parallel to each other. Electrode distance was about 3 cm; 
effective anode area was 2 cm 2 , effective cathode area was about 5 cm 2 , 
concentration of NaCl electrolyte was 20% (m/v). The output of R-TENG 
was transformed and rectifi ed to peak current about 13 mA with rotation 
rate around 600 rpm for waste removal. Samples were collected at 
regular interval to fi nd the residual concentration of RhB and Cu 2+ . The 
removal effi ciency was determined by following equation 

 

C C
C

Removal efficiency % 100%0 t

0
η( ) = − ×

   

 where  C  0  and  C t   are RhB or Cu 2+  concentrations at initial condition 
( t = 0 ) and after the specifi c time  t . 

  Determination of RhB and Cu 2+  Concentration:  The concentration of 
RhB and Cu 2+  was measured by UV–vis–NIR spectrophotometer (UV-
3600, Shimadzu, Japan). RhB could be monitored directly at the peak 
wavelength of 552 nm. For Cu(II) determination, 2,9-Dimethyl-1.10-
phenanthroline (“neocuproine”) solution (0.2% m/v, 500 mL) as a 
chromogenic reagent of Cu 2+  was fi rstly prepared. Then the collected 
sample (0.5 mL) was sequentially added with 1.5 mL hydroxylamine 
hydrochloride (10% m/v), 3 mL EDTA-Na 2 EDTA buffer (pH = 5.7), 3 mL 
sodium citrate (37.5% m/v), and 1.5 mL neocuproine (0.2% m/v). After 
that, the mixture was ultrasonically shaken for 2 min to ensure suffi cient 
complexation reaction, and then diluted to 25 mL water for UV–vis–NIR 
spectrophotometer, and the Cu-NCP has an absorbance peak at 454 nm.  
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