Nano Energy 48 (2018) 456-463

Contents lists available at ScienceDirect

Nano Energy

journal homepage: www.elsevier.com/locate/nanoen

Full paper

Study on friction-electrification coupling in sliding-mode triboelectric M
nanogenerator

updates

a,b

Weigiang Zhang™", Dongfeng Diao”", Kun Sun™", Xue Fan", Pengfei Wang"*

@ Key Laboratory of Education Ministry for Modern Design and Rotor-Bearing System, School of Mechanical and Engineering, Xi’an Jiaotong University, Xi’an 710049,
China

® Institute of Nanosurface Science and Engineering (INSE), Guangdong Provincial Key Laboratory of Micro/Nano Optomechatronics Engineering, Shenzhen University,
Shenzhen 518060, China

ARTICLE INFO ABSTRACT

Keywords: Triboelectric nanogenerator (TENG) is regarded as a revolutionary technology for harvesting clean and sus-
Triboelectric nanogenerator tainable energy with low cost. Here, sliding-mode TENGs based on both graphene sheets embedded carbon
Sliding-mode (GSEC) and amorphous carbon (a-C) films were designed and their friction-electrification coupling properties

Friction-electrification were studied. The GSEC and a-C films were fabricated by electron irradiation assisted physical vapor deposition

in an electron cyclotron resonance (ECR) plasma system. A novel testing platform that can simultaneously
measure friction force, output voltage and output current was designed and assembled for studying the friction-
electrification coupling of sliding-mode TENG. In the case of GSEC and a-C films slid against
Polytetrafluoroethylene (PTFE) film, the open-circuit output voltage, the short-circuit output current density, the
peak power density and the maximum instantaneous energy conversion efficiency were 13.5V, 0.35 pA/cm?,
0.63 mW/cm? and 8.61% for the GSEC film based TENG, and 8.5V, 0.24 pA/cm?, 0.5 mW/cm? and 7.71% for
the a-C film based TENG, respectively. The results implied that the GSEC film exhibited a higher electric output
performance compared with the a-C film. The origin of high electric output performance of the GSEC film based
TENG was ascribed to the edge and channel effects of graphene sheets. These findings shed light on the ap-
plication of carbon films in friction-induced nanoenergy field.

Carbon films
Edge and channel effects

1. Introduction

With the rapid development of portable electronics, smart wearable
devices and sensor networks, harvesting energy from ambient en-
vironment to reduce the use of batteries has attracted worldwide at-
tentions. Researchers have devoted great efforts to find alternative
forms of energy such as thermoelectricity [1,2], piezoelectricity [3,4],
pyroelectricity [5], biofuels [6] and nanogenerator to power the
wearable electronics [7]. Recently, triboelectric nanogenerator (TENG)
receives widespread attentions due to its high energy conversion effi-
ciency, high output voltage and low cost [8-12]. In the four funda-
mental working modes of TENG, sliding-mode TENG is an important
one [13], which is triggered by relative sliding between triboelectric
layers [14-16]. Especially, some researchers have found that frictional
behavior at the contact interface has an influence on the energy con-
version efficiency, output current, output voltage and power of TENG
[17,18]. However, to the author's knowledge, little research has been
devoted to investigate the frictional behavior at the sliding interface of
TENG. Moreover, the relationship between frictional behavior and
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electrification performance is vague. Clarifying the relationship be-
tween friction behavior and electrification performance could promote
the practical application progress of sliding-mode TENG.

It is well known that sliding-mode TENG requires two triboelectric
layers with opposite charges to establish a potential difference. In the aim of
achieving the high output voltage, output current and output power, both
polymer films and metallic films have been used as the triboelectric layers
[19-22]. However, the corrosion of metal in water or humid environment is
a common problem for supplying stable nanoenergy, and new materials for
harvesting nanoenergy need to be developed. Carbon is environmental
friendly and abundant on earth. Graphene is a rapidly rising star material
[23], as a two-dimensional “aromatic” monolayer of carbon atoms with sp2
atomic configuration, the graphene exhibits exceptionally physical proper-
ties [24-26]. Some studies have demonstrated that graphene can store
electric charge for a period of time, which add its suitability for electronics
and TENG [17,27-32]. Lately, our group has proposed a new method to
fabricate graphene sheets embedded carbon (GSEC) film in electron cyclo-
tron resonance (ECR) plasma with low energy electron irradiation [33]. In
the process of depositing GSEC film, excess electrons may be stored in
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graphene sheets. This is similar to electron n-type doping in epitaxial gra-
phene [34]. Theoretical calculation and experimental results have demon-
strated that the edge-quantum wells of graphene sheets in GSEC film can
capture excess electrons from plasma beam [35,36]. Due to under-co-
ordination, the length of C-C bond at edge will contract significantly com-
pared with that at center to lower the total energy. The potential well to the
neighbor electrons will be deepened at the edge site with a consequence of
localized densification of charge, energy and mass. In the growing process of
GSEC film under low energy electron irradiation, excess electrons tend to be
captured by the edge-quantum wells of graphene [35]. Based on the above
studies it was anticipated that GSEC film has excellent electric property
similar to graphene and may be suitable for TENG. Therefore, it was
worthwhile to investigate the friction-electrification performances of GSEC
film.

In this study, we introduced a novel testing platform to study the
friction-electrification performances of GSEC and a-C films slid against
PTFE film. The friction coefficients of GSEC and a-C films against PTFE
film were measured. Besides, the electric output performance including
output voltage and output current at sliding interface were simulta-
neously measured. Finally, the relationship between friction coefficient
and electric output performances was discussed.

2. Experimental section
2.1. Deposition of carbon films

An electron irradiation assisted physical vapor deposition in ECR
plasma processing system was used for fabricating GSEC and a-C films.
In the ECR system, 2.45 GHz microwave with a power of 500 W was
introduced to the plasma chamber through a rectangular waveguide
and a quartz window. Two sets of magnetic coils were arranged around
the chamber to achieve a microwave ECR condition (magnetic flux
density, 875G). Mirror confinement electron cyclotron resonance
(MCECR) plasma was generated when DC power was supplied to both
of the magnetic coils. A cylindric carbon target was located in the
middle of the two magnetic coils as solid carbon source for films de-
position. The detailed information about the system had been reported
in our previous works [36-38]. The GSEC and a-C films with thickness
of 100nm were deposited on p-type Si (100) wafers (resistivity: <
0.0015 Q cm, thickness: 525 um) with the size of 2.5cm X 2.5 cm. The
Si wafers were cleaned with ethyl alcohol and deionized water bath
successively by ultrasonic wave. Thereafter, the Si wafers were dried
naturally and mounted on the sample holder. The background pressure
of the vacuum chamber was pumped down to 7 X 10~ > Pa, and the
working gas of argon was introduced to keep the chamber pressure to
be 4 x 10~ 2 Pa. The GSEC film was fabricated under an electron ir-
radiation energy of 50 eV and an irradiation density of 65 mA/cm?. The
a-C film was produced under an electron irradiation energy of 5 eV and
an irradiation density of 15 mA/cm?>.

2.2. Nanostructures characterization

The nanostructures of GSEC and a-C films were observed by using a
transmission electron microscope (TEM, JEM-3200, JEOL) with elec-
tron acceleration voltage of 300 kV. The bonding structures of the GSEC
and a-C films were characterized by using laser confocal Raman spec-
troscopy (LabRAM HR Evolution, Horiba) with a 532nm laser. The
surface morphologies of GSEC and a-C films were measured by using an
atomic force microscope (Dimension Edge, Bruker) with a scanning
range of 5pum X 5um. The measurements were repeated three times
and an average value was obtained.

2.3. Fabrication of TENG

Generally, a TENG mainly consists of an up-part and a down-part. In
this work, PTFE film was selected as the up triboelectric layer, Si wafer,
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Fig. 1. Schematic illustration of the fabrication processes of GSEC film based
TENG. A piece of PTFE film was cleaned and a top copper electrode was at-
tached on the upper surface. GSEC film was deposited on the polished surface of
Si and a bottom copper electrode was attached on the unpolished surface of Si.
When the two parts were integrated with a load circuit, a GSEC film based
TENG was fabricated.
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Fig. 2. Schematic diagram of the novel testing platform for evaluating friction-
electrification coupling of sliding-mode TENG. Two parts of TENG were
mounted on the up and down holder. The adjusting screw rod and balancing
weight were used to control the contact level status of the two parts. The linear
motor drove the down-part reciprocating moving, thus the two parts periodical
overlap and separation. The strain gauges were pasted on the cantilever for
detecting the friction force. An electrometer was used to measure the output
voltage, and a low noise current preamplifier was used to measure the output
current. An electrostatic shielding box was designed to improve the anti-in-
terference property and all apparatus were well grounded.

GSEC and a-C films were selected as the down triboelectric layer. Fig. 1
shows the fabrication processes of GSEC film based TENG. Up-part: a
PTFE film with dimensions of 2.5cm X 2.5cm X 0.01 cm was cleaned
in the ethyl alcohol and deionized water bath successively by ultrasonic
wave. Then, a conductive copper tape was attached on one side of the
PTFE film as the top electrode. Down-part: firstly, the surface of GSEC
film was blown clean. Then, a layer of conductive copper tape was
attached on the unpolished surface of Si wafer as the bottom electrode.
When the two parts were integrated with a load circuit, a GSEC film
based TENG was fabricated. The fabrication processes of a-C film and Si
based TENG were identical to that of GSEC film based TENG.

2.4. The novel testing platform

A novel testing platform which can simultaneously measure the
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Fig. 3. The nanostructures of the GSEC and a-C films. (a) and (d) The plan view TEM images of GSEC and a-C films. It can be clearly observed in (a) that graphene
sheets embedded in the amorphous carbon matrix. (b) and (e) The Raman spectra of the GSEC and a-C films. The Raman spectra of GSEC film contained separate D
and G bands around 1340 cm ~ %, 1580 cm ~*. A 2D band was also can be detected around 2700 cm ~ ! in (b). (¢) and (f) The surface morphologies of the GSEC and a-C

films, and the surface roughness were 7.7 nm and 3.9 nm, respectively.

friction force, output voltage and output current was designed and as-
sembled for studying the friction-electrification coupling performance
of TENG. As demonstrated in Fig. 2, the platform mainly consisted of a
personal computer (PC), a linear motor, an electrometer (and low noise
current preamplifier), a cantilever, two strain gauges, two holders, and
an electrostatic shielding box. The up-part was mounted on the up
holder and the down-part was fixed on the down holder. The strain
gauges were used for detecting the friction force. The output voltage
and output current were measured by using an electrometer (6517B,
Keithley) and a low noise current preamplifier (SR570, Stanford Re-
search System), respectively. The sampling frequency for the output
voltage and output current data was 1000 Hz. An electrostatic shielding
box was designed to improve the anti-interference property and all
apparatus were well grounded. When the down-part slid, the electric
output and friction force were simultaneously measured by the electric
apparatus and strain gauges, respectively. In this work, two parts of
TENG were not fully separated and the relative displacement was 1 cm,

which was two fifth of the length of the TENG. All the experiments were
conducted under the condition with the temperature of 25 + 1.5°C,
and the relative humidity of 65 *= 10%. The normal load was 3N and
the average velocity was 1.92 cm/s. The electric output and friction
coefficient of the steady sliding period were used to evaluate the fric-
tion-electrification performances.

3. Results and discussion

The nanostructures of the two films are shown in Fig. 3. Fig. 3(a)
shows the plan view TEM image of GSEC film, and it can be clearly
observed that the graphene sheets embedded in the amorphous carbon
matrix. The FFT filtering was performed on region 1# and the result
was shown in the inset of Fig. 3(a). Two white light spots were ob-
viously found, which implied the existence of graphene nanosheets. The
inset picture of Fig. 3(a) also gives the electron diffraction (ED) pattern
of the GSEC film, which shows diffraction rings in response to the
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Fig. 4. The schematic illustration of the friction-electrification coupling at sliding interface of GSEC film based TENG. At stage 1, GSEC film and PTFE film full
overlap and no a friction, output voltage or output current was generated. At stage 2, the GSEC film slid towards right side, and the friction force, output voltage and
output current were detected. At stage 3, the GSEC film reached the predefined displacement and kept static for a while. At stage 4, the GSEC film slid towards left

side, and the friction force, output voltage and output current were detected.

graphene nanosheets. Fig. 3(d) shows the plan view TEM image of a-C
film, and graphene sheets can hardly be found in the film. For the a-C
film, the region that performed FFT filtering was marked with 2#, and
the result is shown in the inset of Fig. 3(d). There was no white light
spot observed in the FFT filtering result. The inset picture of Fig. 3(d)
also gives the ED pattern of the a-C film, which shows no diffraction
ring. As shown in Fig. 3(b), the Raman spectra of GSEC film contains
separate D and G bands around 1340 cm ™', 1580cm ™' and the 2D
band also can be detected around 2700 cm ™. The 2D band suggested
the existence of graphene layers since it arises from the two-phonon
involved double resonance Raman process, which typically occurs in-
side the graphene layer [39]. For the a-C film, 2D band was barely seen
in the Raman spectra, as shown in Fig. 3(e). Thus, the structural dif-
ferences between the GSEC and a-C films were well supported by the
above results. Fig. 3(c) and (f) show the surface morphologies of the
two films, respectively. The mean surface roughness (Ra) of GSEC film
was 7.7 nm, and that of a-C film was 3.9 nm, suggesting that the a-C
film is smoother than GSEC film. The increasing of surface roughness is
induced by the formation of graphene sheets, which was corroborated
by the previous reports that the formation of sp? clusters led to surface
roughening [40,41].

GSEC film based TENG was selected to study the friction-

electrification coupling at sliding interface. As presented in Fig. 4, the
sliding friction process was considered as into four stages. At stage 1,
the GSEC film and the PTFE film were full overlap. According to the
triboelectric material series [13], the same amount of negative and
positive charges was induced on the surfaces of PTFE film and GSEC
film. There was no friction force, output voltage or output current. At
stage 2, GSEC film slid towards right side. A potential difference was
generated between the two electrodes, and electrons flowed from the
top electrode to the bottom electrode, thus an output current was
generated in the external circuit. Charges were gradually accumulated
and the output voltage increased. The friction force can be measured at
the same time. At stage 3, GSEC film reached the predefined displace-
ment and kept static state. At this stage, the output voltage kept a
constant value and almost no electrons flowed between the two elec-
trodes, and the output current was zero. The friction coefficient at stage
3 was not a real stable friction coefficient and it was induced by the
cantilever bending due to the relative displacement between the PTFE
film and GSEC film. At stage 4, the GSEC film slid towards left side,
GSEC film and PTFE film were gradually full overlapped. The electrons
flowed from the bottom electrode to the top electrode, and the direction
of the output voltage and output current was reversed. With the re-
ciprocating motion of linear motor, the GSEC film and PTFE film
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film, respectively. The average friction coeffi-
cients were calculated using the 100 cycles of
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periodical overlapped and separated, and the friction force, output
voltage and output current were continuously recorded.

The typical friction coefficient, open-circuit output voltage and
short-circuit output current of GSEC film, a-C film and Si against PTFE
film were presented in Fig. 5. Fig. 5(a-c) show the detailed friction
curves of the GSEC film, a-C film and Si. The average friction coefficient
was calculated using the 100 cycles of friction coefficient data at stages
2 and 4. The average friction coefficients of the GSEC film, a-C film and
Si were 0.35, 0.33 and 0.25, respectively. It can be found that with the
deposition of carbon film on the Si substrate, the friction coefficient
increased by about 35%, and the friction coefficient of the GSEC nearly
equal to that of a-C films. The output current and power of per unit
active area were defined as the output current density and output
power density. Fig. 5(d-f) show the maximum open-circuit output vol-
tage of the GSEC film, a-C film and Si based TENGs were 13.5V, 8.5V
and 5.5V, respectively. Compared with the Si, the maximum open-
circuit output voltage of GSEC and a-C films increased by 145% and
45%. Fig. 5(g-i) show the maximum short-circuit output current density
of the GSEC film, a-C film and Si based TENGs were 0.35 uA/cm?,
0.24 pA/cm? and 0.11 pA/cm?, respectively. Compared with the Si, the
maximum short-circuit output current density of the GSEC and a-C films
increased by 218% and 118%, respectively.

Similar to the TENGs in other researchers’ work [22,42,43], the
electric output of the TENGs in our investigation is also a function of the
load resistances, with which the output power density can be opti-
mized. Fig. 6(a) shows the resistance-dependent the output voltage and
output current density of GSEC film, a-C film and Si based TENGs when
the load resistances increased from 1 x 10° Qto 1 x 10° Q. The output
current density dropped with the increasing of load resistances owing to
the Ohmic loss, while the output voltage followed a reverse trend. The
instantaneous maximum power density can be formulated based on the
output current density and the output voltage under different load re-
sistances, whose equation is given by

Bnax = Upnax X Imax (@)

Unax and I, are the maximum output voltage and output current

460

82 84 86 88 90
Time (s)

under a certain load resistance, respectively. Fig. 6(b) shows the output
power density of GSEC film, a-C film and Si based TENGs, and all of
them firstly raised and then followed by a drop tendency. The in-
stantaneous maximum output power density of GSEC film based TENG
was achieved at a load resistance of about 1 x 108 Q, corresponding to
a maximum output power density of 0.63 mW/cm?. The instantaneous
maximum output power density of a-C film and Si based TENGs were
obtained at a load resistance of about 3 x 10® Q, corresponding to a
maximum output power density of 0.50 mW/cm? and 0.23 mW/cm?,
respectively. Fig. 6(c-e) show the friction force details of the GSEC film,
a-C film and Si slid against PTFE film under different load resistances,
respectively. It can be found that with the increasing of load resistance,
the friction force exhibited a slight increase tendency. These can be
explained by the Coulomb force. With the increasing of load resistances,
the flow of electrons at the sliding interface was impeded, thus more
electrons accumulated and the Coulomb force increased. For evaluating
the instantaneous energy conversion efficiency, 10 cycles of output
peak power were chosen to calculate the total output electric energy,
whose equation is given by

T
Eoutput = j(: Unax X Inaxdt 2

The input mechanical energy was calculated, whose equation is
given by

S
Einput:./O‘ Eds 3)

In Eq. (3), S is the total slid distance of the down-part during 10
cycles and F, is the average friction force. The instantaneous energy
conversion efficiency was calculated by the ratio of output electric
energy to the input mechanical energy, whose equation is given by

T
_ Eoutpu[ _ /(; Upnax X Imaxdt

3 X 100%
Einput Jo Fds 4)

Fig. 6(f) gives the instantaneous energy conversion efficiency of
GSEC, a-C film and Si based TENGs under different load resistances, the
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Fig. 6. (a) The resistance-dependent output voltage and output current density of GSEC film, a-C film and Si based TENGs under the different load resistances. (b) The
maximum output power density of GSEC film, a-C film and Si based TENGs. All of them firstly raised and followed by a drop tendency. (c-e) The friction force of GSEC
film, a-C film and Si slid against PTFE film under the different load resistances. (f) The instantaneous energy conversion efficiency of GSEC film, a-C film and Si based

TENGs under the different load resistances.

maximum instantaneous energy conversion efficiency of them are
8.61%, 7.71%, 3.92%, with the load resistances of 1 x 10% Q, 3 x 10
Qand 1 x 10° Q, respectively.

Our study showed that the GSEC film slid against PTFE film ex-
hibited the highest friction coefficient, output voltage and output cur-
rent. The maximum open-circuit output voltage and short-circuit output
current density were 13.5V and 0.35 pA/cm?, which are close to those

of Cu foil-grown 1 L graphene-PET TENG [17]. The peak power density
and the maximum instantaneous energy conversion efficiency of GSEC
film were 0.63 mW/cm? and 8.61%, respectively. Here, we try to clarify
the high friction-electrification performances mechanism of the GSEC
film from the views of friction coefficient, edge and channel effects of
graphene sheets. It can be seen that the maximum output voltage and
output current density are corresponding to the maximum average
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provides a transfer aisle for electrons and enhanced electron mobility.

friction coefficient. It was suggested that under the identical normal
load and working condition, the high friction coefficient may be ben-
eficial to the increase of contact area which leads to high induced
charge density on the contact surface of GSEC film and PTFE film, and
thus results in the increase of output voltage and output current density.

The friction coefficient of GSEC film and a-C film was nearly the
same, the output voltage and output current density of GSEC film was
much higher than that of a-C film. Therefore, we proposed that the
graphene sheets embedded in pure carbon film play a very important
role. On one hand, the graphene sheets can capture electrons due to
edge effect during GSEC film fabrication with low energy electron ir-
radiation [35,44]. The excess electrons resulted in the increase of free
electrons in GSEC film, as is shown in Fig. 7(a). On the other hand, the
graphene sheets provided a transfer aisle for electron migration, which
enhanced the electron mobility, as shown in Fig. 7(b). During the
sliding friction process, the surface charge states of GSEC film and PTFE
film were changed, the combination of edge and channel effects re-
sulted in a higher charge density on the contact surfaces. When the
GSEC film based TENG was working, more electrons transferred in the
external circuit compared with the a-C film based TENG. The edge and
channel effects of graphene sheets contributed to the higher output
voltage and output current density of GSEC film based TENG.

4. Conclusions

In this work, a novel platform that can simultaneously measure the
friction force, output voltage and output current was designed and as-
sembled for evaluating the friction-electrification coupling perfor-
mances. The output voltage, output current density and friction coef-
ficient of GSEC film, a-C film and Si based TENGs were obtained. The
average friction coefficient was 0.35 for GSEC film, 0.33 for a-C film
and 0.25 for Si, respectively. Compared with a-C film and Si, GSEC film
exhibited the highest open-circuit output voltage, short-circuit output
current density, the peak power density and the maximum in-
stantaneous energy conversion efficiency, which were 13.5V, 0.35 A/
cm?, 0.63mW/cm? and 8.61%, respectively. The increase of the fric-
tion-electrification was explained in terms of friction coefficient, edge
and channel effects of graphene sheets. This study suggested that the
high friction coefficient is beneficial for improving the output electric
performance of TENG, and the GSEC film exhibits a potential in the
application of environmental friendly and high performance TENG.
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