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ABSTRACT: The sliding-mode triboelectric nanogenerator
(S-TENG) with grated structure has important applications
in energy harvest and active sensors; however its concavoconvex structure leads to large frictional resistance and
abrasion. Here, we developed a S-TENG with a chemical
group grated structure (S-TENG-CGG), in which the
triboelectric layer’s triboelectric potential has a positive−
negative alternating charged structure. The triboelectric
layer of the S-TENG-CGG was fabricated through a reactive
ion etching process with a metal shadow mask with grated
structure. In the etched region, the nylon ﬁlm, originally
positively charged as in friction with stainless steel, gained
opposite triboelectric potential and became negatively charged because of the change of surface functional groups. The
output signals of the S-TENG-CGG are alternating and the frequency is determined by both the segment numbers and the
moving speed. The applications of the S-TENG-CGG in the charging capacitor and driving calculator are demonstrated. In
the S-TENG-CGG, since there is no concavo-convex structure, the frictional resistance and abrasion are largely reduced,
which enhances its performances in better stability and longer working time.
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A

TENG) that combines with a grated structure can harvest (2N
− 1) times the energy of tribo-charges for N segments device in
one cycle.25 Hence, S-TENGs with a grated structure have
advantages in harvesting energy. Also, S-TENGs with a grated
structure are usually used for sensors, such as motion sensors,
speed sensors, acceleration sensors, and so forth.26−29
However, there are drawbacks for S-TENGs with a grated
structure. For example, since there are many segments in the
triboelectric layer, the concavo-convex structure leads to large
frictional resistance and abrasion, hence the grated structure is
easily torn or worn out.
To mitigate the drawbacks, we herein report a S-TENG with
a chemical group grated structure (S-TENG-CGG) that is
based on a nylon triboelectric layer with positive−negative

shortage of energy and environmental issues are two
major problems of human survival and development
that have impelled extensive research in renewable
energies. The triboelectric nanogenerator (TENG), based on
the conjunction of contact electriﬁcation and an electrostatic
induction eﬀect,1−3 has drawn much attention recently. TENG
is a clean and sustainable power provider that can harvest
energies often ignored by us from the environment such as
human walking energy,4−9 wind ﬂowing energy,10−12 water/
ocean wave energy,13−17 and so forth. TENGs have signiﬁcant
advantages of high eﬃciency, low cost, reliable robustness, and
being environmental friendly.18,19 TENGs have four working
modes: vertical contact-separation mode,20 lateral sliding
mode,21 single electrode mode22 and freestanding triboelectric-layer mode.23
Among the four modes, the lateral sliding mode is a
promising mode to harvest energies from the relative sliding
between objects and has clear analytical formulas.24 It has been
reported that a sliding mode triboelectric nanogenerator (S© XXXX American Chemical Society
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Figure 1. (a) Schematic image of the reactive ion etching processes (i−ii) and the fabrication processes of the S-TENG-CGG (iii−iv). (b)
Cross section view of the reactive ion etching process and the as-prepared nylon ﬁlm. (c) Diagram of working mechanism of the S-TENGCGG.

device mainly consists of two groups of components: a nylon
triboelectric layer with chemical group grated structure and a
metal electrode with grated structure. To enable an alternating
triboelectric potential during sliding, polyamide (nylon) and
stainless steel were chosen as the materials for the triboelectric
layer and metal electrode. Generally, nylon is positively charged
when in friction with a stainless steel electrode, according to the
triboelectric series;30 however, it can change to be negatively
charged when in friction with a stainless steel electrode after
RIE treatment, which will be discussed below. In the fabrication
of the triboelectric layer part, commercial nylon ﬁlm was
cleaned and a layer of copper (Cu) was deposited on it through
magnetron sputtering. Then the ﬁlm was cut and put under the
stainless steel mask with a grated structure, as shown in Figure
1a. At last, the RIE process was made in a RIE machine, as
shown in Figure 1a,ii. More details can be found in the

alternating triboelectric potential, which was fabricated by a
reactive ion etching (RIE) process by using a stainless steel
shadow mask with grated structure. After the RIE process, the
nylon ﬁlm, originally positively charged as in friction with
stainless steel, gained an opposite triboelectric potential with
the grated structure and became negatively charged because of
the change of surface functional groups. The output signals of
the S-TENG-CGG are alternating and the frequency is
determined by both the segment numbers and the moving
speed. In the S-TENG-CGG, there is no concavo-convex
structure and the frictional resistance and abrasion are smaller,
which makes the S-TENG-CGG gain a longer working life.

RESULTS AND DISCUSSION
Schematics of the fabrication process of the S-TENG-CGG by
an RIE process are shown in Figure 1. The S-TENG-CGG
B
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Figure 2. Transferred charge (ΔσSC) of the RIE etched (a) and nonetched (b) TENG working in contact-separation mode. The open circuit
voltage of the RIE etched (c) and nonetched (d) TENG working in contact-separation mode.

Experimental Section. After the RIE etching process, the asprepared nylon ﬁlms were used to assemble the S-TENGs. As
for the metal electrode part, a new stainless steel mask with the
same grated structure was used as both the triboelectric layer
and the electrode. The width of the ﬁngers and the gap
between two adjacent ﬁngers of the mask are the same, and
three sizes of 700, 500, and 300 μm are used in our
experiments, respectively. For the S-TENGs with diﬀerent
gap and ﬁnger width, we maintained the total eﬀective length
and width of the triboelectric layer with the same value, 2.5 and
2 cm, respectively, which ensures that these devices have the
same total eﬀective area (5 cm2). Thus, the smaller width of
each grated unit brings a larger segment number.
Cross-section schematic image of the RIE process is shown
in Figure 1b. As discussed in detail in our group’s previous
report, the RIE process will lead to the ﬂuorination reactions on
the surface of nylon ﬁlm, which changes its triboelectric
potential.31 Because of plasma discharging, CF4 gas is
decomposed into free radicals such as ·CF3 and :CF2 as
illustrated by the following reaction equations.
CF4 → ·CF3 + F·

(1)

·CF3 → : CF2 + F·

(2)

The existence of free radicals enables chemical reaction with
nylon macromolecules. There are two possible reaction routes.
The ﬁrst is “implantation,” in which free radicals containing
ﬂuorine enable substitution or addition. They can replace
hydrogen or add to pi bonds of the aromatic rings to form
reactive saturated intermediates.33−35 The second is grafting, in
which :CF2 radials form successive chains.35,36 Hence, in the
etched zone by RIE the surface chemical groups and
triboelectric potential are changed.
The operation principle of the S-TENG-CGG can be
explained as the in-plane-sliding induced charge transfer, as
shown in Figure 1c. After several cycles of sliding motion of
stainless steel electrode, the triboelectric charges are generated
in the nylon layer and reach equilibrium, where the regions in
the nylon layer with and without RIE etching are negatively and
positively charged, respectively. For demonstrating the current
ﬂow induced by the electrode motion, we set the position
shown in Figure 1c,I as the initial stage, in which the positivelycharged region in the nylon layer without etching is fully
overlapping with the ﬁngers of the steel electrode. In this case,
the positive and negative tribo-charges in the nylon ﬁlm are
screened by the negative charges in the steel electrode and
positive charges in the bottom Cu electrode, respectively. When
the steel mask starts to slide rightward, the mask gradually
moves from the overlapping position of original nylon to the
RIE etched zone, (Figure 1c,ii). In this case, for reaching new
electrical equilibrium, some positive charges in the Cu electrode
ﬂow into the steel electrode, and some negative charges in the
steel electrode ﬂow into the Cu electrode, which produces a
transient current in the external load. Once the steel mask
electrode reaches the fully overlapping position with the RIE
etched zone (Figure 1c,iii), all of the positive charges in the Cu
electrode are transferred into the steel electrode, all of the

The unstable free radicals (·CF3 and :CF2) tend to recombine
into stable CF4 gas. However, the presence of oxygen in the
discharged region can eﬀectively prevent such recombination,32
producing more ·F free radicals, as shown by the reaction
equations below.
:CF2 + O2 → ·CFO + F·+O:

(3)

·COF + : O → CO2 + F·

(4)
C
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Figure 3. Electrical measurement results of the S-TENG-CGG with diﬀerent grated structures. (a) The transferred charge (ΔσSC) of the STENG-CGG. (b) Accumulated transferred charges (ΔσSC‑Rec). (c) The open-circuit voltage (VOC).

the left part (not enlarged) corresponding to a one-way sliding
and the right one representing the backward process. As can be
seen that there are 18, 24, 28 cycles of the tribo-charges
transferred for the 700, 500, and 300 μm S-TENG-CGGs,
respectively. As the gap decreases from 700 to 300 μm, the
maximum ΔσSC decreases a little (from 12.1 to 11.1 μC/m2).
By connecting the S-TENG-CGG with a bridge rectiﬁer, almost
all of the transferred charges can be accumulatively collected,
for example, in an energy storage device. As shown in Figure
3b, the amount of accumulated charges (ΔσSC‑Rec) is slightly
enhanced by the increasing segment numbers because of
multiplied charge transfer cycles (from 18 to 28 cycles).
According to a previous report, the total transferred charge for
a grated structure with N segments is N times as much as that
of a ﬂat S-TENG with the same eﬀective area.37 We think there
are two reasons why the ΔσSC‑Rec values measured in
experiments does not linearly increase with segment number:
ﬁrst, the maximum ΔσSC decreased a little for the device with a
larger segment number, so the ΔσSC‑Rec will be smaller; second,
as can be seen, there are many peaks lower than the maximum
ΔσSC, as shown in the enlarged part of Figure 3a, which will
decrease the ΔσSC‑Rec. The measured open-circuit voltage
(VOC) curves are shown in Figure 3c which shows both positive
and negative VOC peaks. In the VOC curves of general TENG,
there is only either positive or negative VOC peaks, because
there is only either positive or negative triboelectric charges in
the triboelectric layer. In the previous report about a rotating
TENG with a grated structure, there are alternating positive
and negative triboelectric charges in the triboelectric layer,
where both positive and negative VOC peaks are generated in

negative charges in steel electrode are transferred into the Cu
electrode, and as a result, another electrostatic equilibrium is
achieved. This is one unit step of sliding. When the steel mask
continues to slide rightward as shown in Figure 1c,iv, the
charges are transferred between steel and Cu electrodes with
opposite direction, and the current with opposite direction is
generated. As the steel electrode continues to move, similar
cycles are repeated and an alternating current is generated.
First, it is experimentally veriﬁed that the positive charged
nylon ﬁlm becomes negatively charged after the RIE treatment.
Two contact-separation mode TENGs are made. The nylon
ﬁlm of the ﬁrst TENG is treated with RIE and the other TENG
is made of a nylon ﬁlm without RIE treatment for comparison.
The transferred charge (ΔσSC) and open circuit voltage of the
two TENGs are shown in Figure 2, which shows opposite
polarizations. The nylon ﬁlms with and without RIE treatment
have negative and positive triboelectric charges, respectively,
which is the reason for their opposite polarizations in
transferred charge and open circuit voltage. These results
directly demonstrate that the nylon ﬁlm gains opposite
triboelectric potential and triboelectric charges after the RIE
process, which is caused by the changing of surface chemical
groups during the RIE process.
To experimentally study the inﬂuence of the gap width on
the output performance, three devices with diﬀerent gap width
(300, 500, and 700 μm) but the same eﬀective area were
fabricated, and their electrical characteristics were measured.
Figure 3a shows the transferred charge density (ΔσSC) of the STENG-CGG and the inset shows the enlarged proﬁles of a half
sliding cycle. A full sliding cycle is composed of two parts with
D

DOI: 10.1021/acsnano.7b02866
ACS Nano XXXX, XXX, XXX−XXX

Article

ACS Nano

Figure 4. Current densities (JSC) of the S-TENG-CGG with diﬀerent grated structures at diﬀerent speeds.

Figure 5. Capacitor charging curves of the S-TENGs under diﬀerent speeds. (a) S-TENG with 700 μm grated structure. (b) S-TENG with 500
μm grated structure. (c) S-TENG with 300 μm grated structure.

the VOC curves.9 There is a similar case in our measured VOC
curve in Figure 3c, which conﬁrms that the regions with and
without RIE etching have opposite triboelectric charges. As
shown in Figure 3c, the VOC decreases from about 18.5 to 10.1
V when the gap decreased to 300 μm. It is reported that for the
conductor-to-dielectric S-TENG, the VOC is given by38
VOC =

d2
σx
ε0(l − x) εr 2

As for the current density (JSC), when the sliding movement
has a larger speed, the magnitude of JSC increases, as shown in
Figure 4. As the moving speed increased from 0.05 to 0.3 m/s,
the peak values of JSC increased from 0.78 to 1.76 mA/m2, 0.45
to 2.32 mA/m2, and 0.49 to 3.37 mA/m2 for the 300 μm, 500
μm, and 700 μm gap S-TENG-CGG, respectively. The
enhanced performance can be explained by the following
equation:38

(5)

JSC =

where l is the length of the dielectric layer (here is the length of
the nylon ﬁlm), d2 is the thickness of the dielectric layer (the
nylon ﬁlm), ε0 and εr2 is the dielectric permittivity of vacuum
and the dielectric layer, and x is the lateral separation distance.
In our S-TENG-CGG, d2 is 200 μm. Hence, as the gap (x)
decreases from 700 to 300 μm, the VOC decreases much more,
as shown in Figure 3c.

dΔσsc
dt

(6)

where t is the time. Since the length and the time for each unit
step will be shorter as the ﬁnger number increases, tribocharges can be transferred faster and hence the higher
amplitude and frequency are achieved for the current.
Therefore, introducing more ﬁngers in the structure will be
E
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Figure 6. (a) The dependence of the output voltage, current density, and (b) power density on the resistance of the external load. (c) Current
density curves of the same S-TENG-CGG measured before and after 8 months. (d) A calculator driven by the S-TENG-CGG. (e) The
electrical output curves of S-TENG-CGG during the continuous operation up to 120 000 cycles. Insets are FESEM images of the nylon
triboelectric layer before (i) and after (iv) 120 000 operation cycles. Images ii and iii are the enlarged images of the regions with and without
RIE treatment, respectively.

resistances, while the voltage across the load exhibits a reversed
tendency. Accordingly, the power density provided by the STENG-CGG ﬁrst rises at low resistance region and then
declines at high resistance, showing a maximum value of 9.8
mW/m2 at the load resistance of 10 MΩ, as shown in Figure
6b. To experimentally test the stability of the S-TENG-CGG,
the current curves of a same device were measured before and
after 8 months, the results of which are shown in Figure 6c.
This ﬁgure shows good stability of the device, which is an eﬀect
of the inert and stable chemical groups containing F in the RIE
etched nylon ﬁlm. As shown in Figure 6d, as the output voltage
is rectiﬁed through a rectiﬁer bridge, the S-TENG-CGG can
directly keep up driving a calculator. As shown in Figure 6e, the
as-prepared S-TENG-CGG has slight concavo-convex structures due to the reduced height in the RIE treated region, as
shown in Figure 6e,i. After 120 000 cycles operation at a speed
of 0.3 m/s, the concavo-convex structure completely disappears
(Figure 6e,iv) however the output current of the S-TENGCGG is not signiﬁcantly reduced. These results clearly indicate
that the working principle of the S-TENG-CGG is dependent
on the chemical group grated structure, but not dependent on

favorable for a greater accumulation of charges, larger current
density, and higher frequency.
The transferred charges can be accumulatively collected in
capacitors. As shown in Figure 5, the accumulated voltages of a
10 μF capacitor are higher when the S-TENG-CGG works at a
higher speed no matter the gap of the S-TENG-CGG.
However, the accumulated voltage of the capacitor is lower
when charged by the S-TENG-CGG with a 300 μm gap than
the one with a 700 μm gap at the same speed. This is because
the VOC of the S-TENG-CGG with the 300 μm gap is lower
than that with the 700 μm gap. Although the S-TENG-CGG
with the 300 μm gap can generate more transferred charges,
some charges cannot be collected by the capacitor as the
increase of the capacitor’s voltage, especially when the
capacitor’s voltage almost reaches the VOC of the S-TENGCGG.
As a power source in practical use, the S-TENG-CGG will be
connected with external loads. Therefore, the actual voltages
and current densities on varied load resistances were measured
and the results are summarized in Figure 6a. The current
density (at the speed of 0.3 m/s) drops at larger external
F
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the concavo-convex structure. After the operation of 120 000
cycles, the weight ratio of F in the nylon surface is reduced
from 1.16% to zero in the measured energy dispersive
spectrometer, which indicates that the F-group may inﬁltrate
into the nylon ﬁlm. In the initial stage, the existence of a
concavo-convex structure results in greater friction and wear
between the nylon ﬁlm and the stainless steel electrode, which
gradually reduces the concavo-convex structure until the nylon
ﬁlm becomes ﬂat and smooth. With the complete disappearance of the concavo-convex structure, the friction and wear are
greatly reduced, which makes the S-TENG-CGG maintain a
longer working life. Compared with the traditional grated
TENGs with mechanical concavo-convex structure reported
previously,21,25 the S-TENG-CGG has a ﬂat and smooth
triboelectric layer, which brings advantages in reducing wear
and enhancing its working lifetime.
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CONCLUSION
Here, we developed a S-TENG with chemical group grated
structure based on a triboelectric layer with triboelectric
potential positive−negative alternating structure. The triboelectric layer was fabricated through the RIE process with the
help of a metal mask with grated structure. After the RIE
etching process, the nylon ﬁlm, originally positively charged as
in friction with stainless steel, gained opposite triboelectric
potential with a grated structure on its surface because of the
change of surface functional groups. The output signals of the
S-TENG-CGG are alternating, and the frequency is determined
by both the segment numbers and the moving speed. In the STENG-CGG, there is no concavo-convex structure, and the
frictional resistance and abrasion are largely reduced, which
enhances its performances in better stability and longer
working life.
EXPERIMENTAL SECTION
Reactive Ion Etching Process. Before the reactive ion etching
process, the nylon ﬁlm was cleaned with deionized water and ethanol.
Then the ﬁlm was deposited a layer of copper (Cu) through
magnetron sputtering. Then the ﬁlm was cut and put under the metal
pattern mask. At last, the ﬂuorocarbon plasma treatment of the nylon
ﬁlm surface was conducted using a reactive ion etcher (ME-6A). The
RF power, argon ﬂow rate, oxygen ﬂow rate, and carbon tetraﬂuoride
ﬂow rate were set at 200 W, 100 sccm, 80 and 100 sccm, respectively.
The chamber pressure was 15 mTorr.
Characterization. For the electric output measurement of the STENG, a line motor (LinMot 1100) was applied to drive the S-TENG
sliding forward and backward, a programmable electrometer (Keithley
model 6514) was used to test the open circuit voltage and transferred
charge. A low noise current preampliﬁer (Stanford Research System
modelSR570) was adopted to test the short-circuit current.
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