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In this research, an eco-friendly triboelectric nanogenerator (TENG) with high output performance based on poly
(caprolactone) (PCL)/graphene oxide (GO) and cellulose paper was developed. PCL/GO fibrous layers consisting
of various concentrations of GO nanosheets (0, 0.5, 1, 2, 4 and 8 wt%) were fabricated using a cost-effective and
simple electrospinning approach. Moreover, the role of GO concentration as well as the topography, thickness,
and size of friction layers on the triboelectric performance was investigated. We realized that PCL/4 wt% GOcellulose paper produced an open circuit voltage, current density and maximum power density up to 120 V,
2.5 mA/m2 and 72.5 mW/m2, respectively. Results demonstrated that this open circuit voltage was 33% greater
than that of flat PCL/4 wt% GO layer, confirming the role of the fibrous structure to promote charge density
accumulation. Moreover, a 98% increase in the open circuit voltage was calculated for the TENG containing PCL4 wt% GO with the dimension of 4 × 4 cm2. The output of triboelectric nanogenerator, driven by human hand
tapping, was enough to light up at least 21 blue-light-emitting diodes (LEDs) continuously. This higher performance was attributed to the formation of nanopores and strengthened negative charges on PCL from the
fibrous structure and oxygen functional groups of GO, respectively. We believed that the suggested triboelectric
nanogenerator with high performance, low-cost and easy fabrication process, as well as biocompatibility, has the
potential to be applied for eco-friendly power sources to resolve the electronic waste issue and for self-powered
biomedical devices.

1. Introduction
Recent advancement towards widespread applications in implantable devices and portable smart electronics have led to the increasing needs to a safe and small-scale source of energy to operate and
actuate [1–3]. Nanogenerator is a small-scale energy harvesting technology from the wasted energy, ambient environment or human motion
which converts them to electricity for various applications [4]. Due to
higher output and efficiency, a wide range of material selection and a
broad spectrum in fabrication processes, triboelectric nanogenerators
(TENGs) are preferred for portable electronic applications [3–6]. TENGs
could harvest the greatly plentiful mechanical energy which is frequently missed or ignored in daily life, and then convert them into
electricity. Despite the rapid advancement in output performance, the
efficiency and output power of the current TENGs are still not satisfied.
Therefore, the progress efforts are based improvement in the working
parameters such as geometry design and surface morphology [7,8],
dielectric constant, contact area [9], stretch-ability and mechanical
stability [10] of two friction layers as well as the triboelectric potential
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difference between them [5,9,11,12]. In this regard, incorporation of
nanoparticles in the friction layers has been proposed to improve the
output of TENGs [12,13]. During the last decade, thanks to the unique
properties such as excellent mechanical properties, and high surface
area, graphene, and its derivatives have attracted much attention in
different fields such as electronics, energy storage and supercapacitors
[14,15]. In addition, owing to the decorated oxygen functional groups
on the carbon network basal planes and edges, graphene oxide (GO)
could carry net negative charge making it appropriate for the friction
layers of a TENG [13,16]. In addition, other properties of GO consisting
of high elastic modulus, excellent flexibility, low-cost, higher surface
area and capacitance make it a suitable reinforcement for the polymeric
based friction layers of the TENG [13,17]. Employment of GO nanosheets in friction layers could not only modulate the surface electrification and permittivity of the constituents, consequently, they can
be more efficient at electrostatic induction to improve the performance
of the TENG, but also increase the choice of the triboelectric materials,
which could afford additional ways to increase the performance of the
TENG [13]. The primary study on TENG based on GO film revealed a
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current PCL based TENGs are not satisfied with a small energy harvesting system.
As stated above, one of the most effective parameters to promote the
output of TENG, is the morphology of the substrates [5]. However, most
of the techniques which have been applied for the fabrication of TENG
layers face various issues consisting of expensive and hi-tech equipment, time-consuming and complex techniques [34]. To make morphology with favorite nano-roughness, electrospinning as a simple and
economical approach could develop nanofibrous structures with high
surface area, high-level roughness and good flexibility [8,35–38]. The
electrospun nanofibrous structures could effectively generate triboelectric charges on their surfaces without any additional complex or
high-cost processes to adapt microstructure. Additionally, the applied
parameters of the electrospinning could effectively control the TENG's
conversion efficiency [12,35,39,40].
The aim of this study was to develop a lightweight, flexible, simple,
cost-effective and eco-friendly TENG based on PCL and cellulose paper
and improvement of the power output by using incorporation of graphene oxide nanosheets via electrospinning approach. It is expected
that incorporation of GO nanosheets in the PCL fibrous layer could
promote the surface electrification of the triboelectric materials and
promote the output performance of the TENG, without any additional
and complex stage of modification. This TENG could be applied as a
small energy harvesting, for powering electronics and even self-powered smart packaging. Furthermore, it could be proposed in biomedical
applications due to the biocompatibility of all materials used in this
TENG.

relatively low power output [18]. Huang et al. [13] applied GO-incorporated polyvinylidene fluoride (PVDF) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) fibrous membranes as the
negative and positive friction layers, respectively, for a book-shaped
TENG in order to enhance the output performance. In another study,
polydimethylsiloxance (PDMS)/GO nanocomposite layer was developed as a friction layer of a TENG via a multi-step process [19].
Despite the significant advancement, the fabrication process of the
proposed TENGs often consisted of several and complex steps.
Moreover, both of these TENGs based on GO nanosheets were not degradable and cost-effective. Nowadays, the rapid advancement of
electrical devices has carried a crucial issue which is the electronic
waste. Theses remained components could lead to pollution to the environment and waste of money [20]. Consequently, TENGs and other
energy sources fabricated with biodegradable and eco-friendly materials have get increasing attention [21,22]. In the last decade, among
various components, cellulose paper as an available, cost-effective,
biodegradable and lightweight material with excellent mechanical
properties, high flexibility, and environmentally friendly nature, has
attracted intensive attention for developing paper-based devices such as
sensors, super capacitances and even in TENGs [23–25]. Moreover, the
application of materials originated from the nature such as cellulose,
which is nontoxic with renewability and biodegradability, could decrease the enlargement of persistent e-waste when developed as TENGs,
compatible with the human body and benefiting our living environment
[26]. Moreover, according to the triboelectric series, cellulose papers
could create a network with positive charges [27]. Therefore, the application of cellulose paper could be helpful for development of lowcost, eco-friendly, mechanically flexible, and functional TENGs. On the
other hand, poly(caprolactone) (PCL) is well-known as one of the synthetic, biocompatible and biodegradable polymers, which has been
widely used in biomedical and packaging applications [28–31]. According to the research by Żenkiewicz et al. [32], PCL is able to create
negative charges, which makes it an attractive candidate as the negative and biodegradable triboelectric layer. Zheng et al. [33] applied
different biodegradable polymers such as PCL, polyvinyl alcohol (PVA),
poly(hydroxybutyrate-valerate) (PHB/V) and poly(lactic-co-glycolic
acid) (PLGA) films as triboelectric layers of TENGs and found that the
outputs increased when the PCL layer was placed against the PLGA
layer due to appropriate distance from each other in triboelectric series.
They applied pure PCL film and in order to enhance its triboelectric
performance, they chemically etched the PCL film. However, compared
to other conventional non-degradable polymers applied for TENG, such
as PVDF, electron affinity of PCL is not significant. The fluorine functional groups of PVDF provide a large electron affinity, which increases
the charges-accepting features. In addition, PVDF with a strong piezoelectric response and greater dielectric constant could be more powerful for nanogenerator applications. Consequently, the outputs of the

2. Experimental section
2.1. Materials
PCL (Mw=80,000) was purchased from Sigma–Aldrich (St. Louis,
MO). Dimethylformamide (DMF) and dichloromethane (DCM) were
also supplied from Merck. Graphene oxide was bought from Iran
Nanotechnology (Mashhad, Iran).
2.2. Fabrication of electrospun PCL/GO membranes
Before the electrospinning approach, PCL/GO suspensions consisting of various amounts of GO nanosheets were prepared. Primarily,
8 wt% GO stock suspension in DMF: DCM with a volume ratio of 1:1
was prepared and, stirred for 3 h. The suspension was ultra-sonicated
for 2 h (VCX 400, 80 W, 5 s on, 2 s off) at room temperature to provide a
homogenous dispersion of GO. It needs to mention that this solvent
mixture was selected based on its ability to provide long-term stable
PCL/GO solution [41]. On the other hand, 14 wt% PCL solution in a
mixture of DMF: DCM with a volume ratio of 1:1 was prepared,

Fig. 1. The schematic diagram of the fabrication of PCL/GO-cellulose paper based TENG: Fabrication of PCL/GO fibrous layer and thin film using electrospinning and
casting methods, respectively (Step-1). Assembling the mulita-layers based on contact-separation mode TENG(Step-2).
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separately.
To obtain various concentrations of GO in PCL (0.5, 1, 2, 4 and 8 wt
%.), a desired amount of stock GO suspension was added to PCL solution and stirred to prepare a homogenous solution. Consequently, PCL/
GO fibrous membranes were developed using electrospinning approach
(Fig. 1-Step 1). Typically, after filling a 1 ml plastic syringe, supplemented with a stainless steel 23-gauge needle, with PCL/GO suspension, the electrospinning process was performed with a set of constant
and variable parameters. The applied flow rate and voltage, the distance between needle and collector, and ambient temperature were
considered 10 ml/h, 18 kV, 14 cm and 27 °C, respectively. After collecting the PCL/GO fibrous membranes on the aluminum foil (the collector), they were rinsed in plenty of water and dried in a vacuum
desiccator for at least 24 h at room temperature to dissipate the remaining solvent prior to characterization. According to the GO concentrations (0, 0.5, 1, 2, 4 and 8 wt%), the samples were named as PCL,
PCL/GO 0.5%, PCL/GO 1%, PCL/GO 2%, PCL/GO 4% and PCL/GO 8%,
respectively. In order to evaluate the role of fibrous architecture on the
triboelectric properties, PCL/GO flat film with a desired GO content was
prepared via casting the suspension in a petri-dish and dried in the free
air for 24 h.

2.4. Characterization of triboelectric layers
The mechanical properties of the PCL/GO specimens with a dimension of 10 × 40 mm2 were evaluated (n = 5) using a tensile tester
(Hounsfield H25KS). The conformational changes of the PCL/GO layers
with different concentrations of GO nanosheets were studied by X-ray
diffraction (XRD, X′Pert Pro X-ray diffractometer, Phillips,
Netherlands), with CuKa radiation (λ = 0.154 nm) at the voltage of
40 kV and current of 40 mA. Furthermore, Attenuated Total
Reflectance-Fourier transform infrared spectroscopy (ATR-FTIR, Bruker
tensor) was performed over a range of 600–3700 cm−1 and the resolution of 2 cm−1. Moreover, the morphology of fibrous membranes
was examined using scanning electron microscopy (SEM, Philips,
XL30). Before imaging, the samples were coated with a thin layer of
gold. Moreover, ImageJ software was applied to estimate the fiber size.
2.5. Characterization of TENG setup
The vertical contact-separation mode was selected to characterize
the output parameters of the TENG setup. After evaluation of the open
circuit voltage (VOC ) and short circuit current (ISC ) , the output power of
the TENG was determined under different values of load resistance. The
voltage and current were measured using a digital oscilloscope
MEGATEK-DSO5070 and the I-measuring amplifier (LEYBOLD DIDACTIC GMBH-53200- Germany), respectively. Furthermore, a diode
bridge was used to convert AC to DC current and turn on light-emitting
diodes (LEDs) to monitor the operation of the TENG. In all measurements, the electrode attached to PCL/GO layer was connected to the
positive terminal of the oscilloscope and amplifier, while the electrode
attached to the cellulose paper was connected to the negative (ground)
rail of a device.

2.3. Fabrication of TENG setup
In order to develop TENG setup, different triboelectric layers were
assembled in accordance with the basic structure of triboelectric nanogenerators like a book-shape TENG. According to the schematic
presented in Fig. 1-Step 2, both paper and PCL/GO triboelectric layers
were cut in 2 × 4 cm2 dimensions. While the thickness of the cellulose
paper was estimated at 83.1 ± 0.5 µm, various thicknesses of PCL/GO
fibrous layer (50, 100, 150 and 200 µm) were selected. Consequently, in
order to prepare the electrode layers, one side of each layer was sputtercoated with a thin layer of gold (about 100 nm) using an SCD 005
Sputter Coater with a current of 19 mA. To connect the device, two
copper wires were attached to both electrodes and, then, a kind of
sticky paper with the dimension of 2.2 × 4.2 cm2 and the thickness of
130 ± 0.01 µm was applied to both sides of the layers as protective
layers of the device in a book-shape structure.

2.6. Statistical analysis
Statistical analyses were performed via one-way ANOVA and to
establish a statistically significant difference between groups, Tukey's
post-hoc test using GraphPad Prism Software (V.6) with a p-value <
0.05 was applied.

Fig. 2. The physical properties of the triboelectric layers: SEM images of PCL/GO fibrous layers consisting of different GO concentrations.
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Fig. 3. Mechanical characteristics of PCL/GO layers: (a) The stress-strain curves of PCL/GO consisting of different concentrations of GO nanosheets (0, 0.5, 1, 2, 4 and
8 wt%). (b) The tensile strength, (c) tensile modulus and (d) resilience of for PCL/GO layers as a function of GO content (*: P < 0.05).

3. Results and discussion

smallest diameter of fibers and acceptable smooth and regular morphology rather than others. According to the results of previous researches [13], the smaller fiber diameter could promote the output of
TENGs duo to promoted specific surface area. The SEM image of the
paper (Supplementary Fig. S2) also revealed the presence of cellulose
fibers with an average diameter of 6 ± 1 µm, a rough surface and porous
network with high surface area [25]. This morphology can be beneficial
for easier electron trapping and more creating electrostatic charges on
the surface.
In order to confirm the presence of GO nanosheets in the fibrous
layer, XRD (Supplementary Fig. S3a) and ATR-FTIR (Supplementary
Fig. S3b) techniques were applied. XRD pattern of PCL fibrous layer
consisted of the characteristic peaks at 2θ = 21.3 and 23.8 ̊ related to
(110) and (002) plains. The incorporation of various amounts of GO
nanosheets in electrospun fibers did not result in the formation of any
new peak in the XRD patterns which might be attributed to the relatively low contents of GO in fibers [43]. However, the intensity of the
characteristic peaks of PCL enhanced with increasing of GO contents
which could be due to improved crystallization of PCL. In another
word, GO nanosheets could act as the nucleating agents to facile the
crystallization of PCL from solution. This behavior was similarly reported in previous researches [43,44]. However, ATR-FTIR spectra of
GO, pure PCL and PCL/GO 0.5% (Supplementary Fig. S3b) confirmed
the presence of GO in the fibrous layer. The spectrum of GO nanosheets
consisted of the main characteristic peaks at 3412, 1727, 1631,1110
and 1045 cm−1, related to O-H stretching, C˭O carbonyl stretching, C˭C
stretching and C-O functional groups in bond stretching C-O-C and COH, respectively [42,45]. These peaks confirmed the presence of all
functional groups usually detected on the surface of GO sheets. These
functional groups could provide the specific potential of strong π–π
interactions with a polymeric matrix. On the other hand, FTIR spectrum
of pure PCL consisted of three important peaks at 1725, 1240 and
1176 cm−1, respectively related to C˭O and C-O functional groups in

3.1. Characterization of electrospun PCL/GO layers
In this research, PCL/GO fibrous layers were developed in order to
promote the output potential of the triboelectric nanogenerator.
However, in order to significantly enhance the output of the TENG,
PCL/GO layer should be physically and mechanically optimized.
Therefore, the role of GO nanosheets on the morphology of PCL/GO
fibrous membranes was investigated using SEM technique. Primarily,
the SEM images of PCL/GO fibrous layers consisting of various amounts
of GO nanosheets were investigated. According to Fig. 2, all layers
clearly consisted of randomly oriented smooth fibers, without any
beads and defects. However, the morphology of fibers, as well as fiber
size and distribution (Supplementary Fig. S1a) were modulated as a
function of GO content. The fiber surfaces were turned coarser and fiber
size became smaller with increasing GO content. While PCL revealed
the largest diameter with more prolonged fiber size distribution, incorporation of GO nanosheets upon 4 wt% dramatically reduced fiber
diameter (about three times) from 1046 ± 205 nm to 365 ± 9 nm
(P < 0.05). It could be due to the enhanced solution conductivity with
increasing GO nanosheets in the suspension. According to
Supplementary Fig. S1b, the conductivity of solvent mixture intensified
from 0.05 to 55 µs/cm, when the concentration of GO nanosheets enhanced from 0 to 8 wt%. Consequently, it could support better electrospinning process by creating a strong electrostatic repulsion and
Coulomb force on solution jets [13,30,42]. However, incorporation of
GO nanosheets upon 8 wt% in PCL solution caused to reach a saturation
point of viscosity for electrospinning and resulted in significantly enhanced fiber size and its distribution (626 ± 12 nm) (P < 0.05). According to the SEM images, it might be due to the agglomeration of GO
nanosheets which was detected using a red circle at the SEM image.
Therefore, the PCL/GO layer consisting of 4 wt% GO displayed the
415
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the ester. Furthermore, two peaks at 2935 cm−1 and 2856 cm−1 were
attributed to H-C-H asymmetric and symmetric bonds, respectively
[42,46]. FTIR spectrum of the PCL/GO 0.5% layer revealed all characteristic peaks of PCL with a little change in the intensity of some
peaks. Furthermore, the C˭C stretching band of GO at 1631 cm−1 was
disappeared in the spectrum of PCL/GO 0.5 wt%. These mentioned
changes confirmed the formation of hydrogen bonding between GO and
PCL chains, as similarly reported in previous researches [42].
Durability and stability of TENGs are other parameters that should
be considered due to the continuous connection and friction between
the two layers of the TENGs. Accordingly, the tensile test was performed for all PCL/GO fibrous layers (Fig. 3). The stress–strain curves of
fibrous PCL and nanocomposite layers (Fig. 3a) revealed similar trends.
All curves exhibited linear proportionality between stress and strain
values in the initial section of the curves followed by plastic behavior.
However, the transitional patterns were different, depending on the GO
content. Consequently, PCL/GO layers revealed different tensile
strength, modulus, and resilience. After depicting the stress-strain
curves obtained from each sample (n = 5), the crucial mechanical
characteristics such as tensile strength (Fig. 3b), tensile modulus
(Fig. 3c) and resilience (Fig. 3d) were obtained. These parameters were

calculated from the ultimate strength before the failure, slope of the
curve in linear region, and the area under the curve in the elastic region
of the stress-strain curves, respectively. Our results revealed that mechanical properties of PCL fibrous layer enhanced when 0.5 wt% GO
was incorporated in it (PCL/GO 0.5% sample). The tensile strength,
modulus, and resilience of PCL layer were 3.01 ± 0.2 MPa,
16.84 ± 1.9 MPa, and 0.03 ± 0.01 MPa, respectively, which noticeably
enhanced
to
4 ± 0.2 MPa,
23.2 ± 1.2 MPa
and
0.04 ± 0.01 MPa, respectively (P < 0.05). It could be due to good
dispersion of GO in the PCL matrix, during electrospinning process [47]
or interaction between molecular chains of PCL and GO nanosheets
[48]. Incorporation of GO nanosheets at a crucial value could provide
an extra energy-dissipating mechanism, as similarly reported in previous researches [49]. However, higher incorporation of GO nanosheets
resulted in reduced mechanical characteristics, which might be due to
the agglomeration of GO nanosheets and their heterogeneity of the final
fibrous structure [42,50].
3.2. Performance output of PCL/GO based TENG
According to Fig. 1-Step 2, the TENG setup, designed in this

Fig. 4. Performance of PCL/GO-cellulose paper based TENGs: (a) The schematic for working mechanism of the PCL/GO-cellulose paper based TENG. (b) Open circuit
voltage and (c) short circuit current of book-shaped TENGs based on PCL/GO consisting of various amounts of GO content. (d) Effect of addition of GO nanosheets on
the maximum power transfer (nW). The role of (e) friction layer architecture and (f) the size of friction layers (2 × 4 and 4 × 4 cm−2) on the open circuit voltage of
TENGs.
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Fig. 5. Effect of different applied parameters consisting of (a) different thicknesses, (b) different applied different forces and (c) frequency on the voltage output of
TENG. (d) Durability of a book-shaped TENG containing PCL/GO 4 wt% GO fibrous layer over 500 cycles.

research, was based on two layers of PCL/GO and cellulose paper.
According to the triboelectric series, the paper and PCL/GO could
create positive and negative charges, respectively. According to
Fig. 4(a), the electricity-creating process was based on the vertical
contact separation between two friction layers. In the initial step
(natural mode), the two friction layers were not in contact and no
charge transfer happened. By applying a vertical force to the layers, the
positive and negative charges accumulated on the paper and PCL/GO
layers, respectively, due to the different tendencies of layers in the
charge creating, according to the triboelectric series. After removing the
force from the substrates, the layers were returned to the first state
because of the flexibility and elasticity of TENG. After separation, the
dipole moment between the layers increased and a great electric potential difference was created on the substrates. To reach the equilibrium, electrons moved from the negative potential to the positive
potential and generated the positive current from the electrodes.
Afterward, by applying again the pressure, the dipole moment and the
electric potential difference were reduced. Consequently, the negative
current was generated due to the movement of electrons from the positive to the negative layer. Our results demonstrated that the output of
PCL/GO based TENGs was dramatically depended on the various physical and mechanical properties of the friction layers.
To investigate the effect of GO concentration on the output of the
TENGs, the open circuit voltage and short circuit current for PCL/GO
layers consisting of various amounts of GO were measured. In this
section, the applied force and impact frequency were kept constant at
8 N and 2 Hz, respectively. Moreover, the surface area and thickness of
all TENG layers were selected about 2 × 4 cm−2 and 120 µm, respectively. According to Fig. 4b and c, increasing amounts of GO content
upon 4 wt% resulted in significantly enhanced open circuit voltage and
short circuit current from 0.473 V and 4 nA to 22.73 V and 165 nA,
respectively. However, incorporation of more GO content up to 8 wt%
reduced the voltage and current to 1.51 V and 8 nA, respectively. It
might be due to the aggregation of GO nanosheets or the increased fiber
size of the PCL/GO 8% membrane. The role of GO concentration to
modulate voltage and the current was similarly reported in previous

researches. For instance, Harnchana et al. [51] developed PDMS-GO
thin layers consisting of various amounts of GO nanosheets and found
that incorporation of 4 mg/ml GO in PDMS matrix resulted in reduced
TENG performance. The maximum power transfer of TENG was predicted and determined according to the following equation (Eq. (1))
[52]:

Pmax =

Vs2
4Ri

(1)

Where Vs is the source voltage (open circuit voltage) and Ri is internal
resistance of device calculated by short circuit current. Therefore, the
curve of a maximum power of each layer as a function of various GO
contents was depicted (Fig. 4d). Results showed that the incorporation
of GO nanosheets up to 4 wt% resulted in enhanced maximum power of
TENG upon 99.9%, from 0.473 nW to 938 nW, while it was reduced
sharply when GO content was 8 wt%.
In order to evaluate the role of the fibrous structure of PCL/GO layer
on the triboelectric properties, we compared the voltage of PCL/GO 4%
fibrous layer with the flat one (Fig. 4e). Significantly, the voltage of the
fibrous layer was approximately 33% more than the flat layer confirming the role of promoted surface area on the output of TENG. Yu
et al. [37] also found the crucial role of the fibrous structure of the
friction layers to promote the output voltage. To promote the performance of the TENG, the function of the layer thickness and dimensions,
operation load, and contact–separation frequency on the performance
of TENG was examined. According to Fig. 4f, with increasing the size of
the TENG nanogenerator from 4 × 2 cm2 to 4 × 4 cm2 the voltage
significantly enhanced from 30.4 to 63.2 V. Moreover, to study the role
of layer thickness on the efficiency and power output of TENG, the
voltage of TENG consisting of PCL/GO 4% layer with different thicknesses of 50, 100, 150 and 200 µm was recorded in a constant force,
frequency and dimensions of friction layers of 8 N, 2 Hz and 4 × 4 cm2,
respectively. According to the following Eqs. (2) and (3), the triboelectric charge density (σ) is related to the relative dielectric constant
(εr), capacitance (C) of the TENG as well as the surface area (S) and
thickness of the dielectric film (d) [51]:
417
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=

C=

C V
S
0 rS

d

Yu et al. [37] similarly developed fibrous membrane based on PVDF
and PHBV and found that increasing the applied pressure resulted in
enhanced voltages of the setup. Finally, the frequency dependency of
TENG consisted of PCL/GO 4% layer was also investigated at different
frequencies of 1, 2, 3, 4 and 5 Hz with considering another optimized
parameter. According to Fig. 5c, the greatest voltage (120 V) and current (4 µA) were applied in the frequency of 3 Hz. The relation between
the applied frequency and output performance of TENG corresponded
to the collection of surface charges on the surface of the friction layer
which could not be totally neutralized at an elevated frequency. However, at higher frequencies of 4 and 5 Hz, the functioning noticeably
declined which might be attributed to the tremendously high number of
accumulated surface charges produced a strong electric field leading to
the air breakdown. As a subsequence, the surface charge density could

(2)
(3)

Therefore, it is expected that the reduced thickness of the friction
layer promotes the output charge density. However, according to
Fig. 5a, PCL/GO 4% friction layer with the thickness of 100 µm revealed
the greatest voltage of 79 V. The thinner PCL/GO layer (50 µm) reduced
the voltage (38 V) due to less entrapped charges on the surface. In the
next step, the voltages of TENG consisted of PCL/GO 4% layer was
investigated under various applied loads of 3, 5, 8 and 13 N at a constant frequency of 2 Hz. Based on the voltage presented in Fig. 5b, the
highest voltage of 91 V was assigned when the applied force was 13 N.

Fig. 6. Evaluation of the optimum output of TENG: (a) Current and (b) voltage at different optimized functional parameters. (c) Setup operation of TENG and
connecting circuit. (d) The schematic of a diode bridge. (e) Digital photograph of book-shape TENG. (f) Turning on the 21 LEDs using the TENG setup. (g) Changing
the output voltage and current and (h) optimum power output under different ranges of load resistance.
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not be retainable, completely leading to a reduced voltage and current
[53]. This trend was similarly reported in previous researches [51]. In
order to evaluate the stability and durability of TENG, a constant force
of 13 N with the frequency of 3 Hz in the contact-separation mode was
applied to TENG for 500 cycles. According to Fig. 5d, during this operation, the voltage was almost constant. In order to better evaluate the
role of optimized parameters on the voltage and current, frequency and
applied force were simultaneously modulated while the thickness and
size of samples were kept 100 µm and 4 × 4 cm2, respectively (Fig. 6a,
b). Our results demonstrated that the highest voltage and current
reached 120 V and 4 µA respectively, when the applied force and frequency were 13 N and 3 Hz, respectively. In order to evaluate the
practical application of the developed TENG as a self-power system, it
was necessary to convert the alternating current generated by the
system into a direct current and then store the energy. For this purpose,
four diodes and a capacitor with a capacity of 10 nF were applied
(Fig. 6c, d). Therefore, continuous hand contact-separation cyclic forces
were applied to the optimized shape-book TENG consisted of the PCL/
GO 4% layer (Fig. 6e). Afterwards, TENG was connected to the circuit
and several LEDs to verify the curacy and power of the device. Results
showed that this nanocomposite fiber-based TENG could be able to
drive by human hand tapping. The obtained power was enough to light
up at least 21 blue LEDs with a voltage of 3.3 V(Fig. 6f and the Video S1
in the Supporting information). In order to study the effective power
output of the system, we used various ranges of load resistors arranged
in a circuit and connected to the TENG consisted of PCL/GO 4%, at the
optimized working conditions of 13 N (applied force) and 3 Hz (impact
frequency). The results demonstrated that increasing loading resistance
resulted in enhanced output voltage up to a saturation point of about
113 V, while the output current dropped due to ohmic losses (Fig. 6g)
[38,54]. Furthermore, the effective power output of the TENG was es-

and 67.4% greater than the power density reported by Khan et al. [54]
and Zheng et al. [33], respectively. On the other hand, Li et al. [56]
fabricated implantable triboelectric nanogenerators for tissue repairing
consisting of PCL, polylactic acid (PLA) and polylactic-co-glycolic acid
(PLGA) as biodegradable polymers against Au-poly (1,8-octanediol-cocitric acid) (POC) hemispheres array. Their results demonstrated lower
charge density (about 76.7%) and voltage (about 60.8%) compared to
our TENG. These could be related to more capability of GO nanosheets
rather than Au in polymer matrix and effect of nanofibrous structure
rather than hemispheres-array. In addition, it should be considerate, the
thickness of layers were between 50 and 100 µm, that was near of our
optimized thickness for friction layers of the TENG. According to above
results, it is expected that this TENG could be usable for portable
electronics such as self-power system for electrical stimulation, cardiac
monitoring, kind of sensor like glucose, motion and pressure sensors
which all of them need power 10–100 µW. In addition, it can be predicted that by quadrupling the size of the TENG, the produced power
density can utilize for some portable devices such as activity band, Epaper or hearing aid.
Fig. 7a presents a schematic proposing a mechanism for the promoted output of the PCL/GO fibrous layer in the present TENG setup. In
the initial stage of applying an external load, the PCL/GO fibrous layer
of TENG consisted of numerous interspaces between fibers with interconnection (Supplementary Fig. S1a). Consequently, the charge exchange resulted in the dissipating the electric charge into the external
environment, between the inner paths of interspaces, leading to reduced surface potential of the overall TENG. The interspaces progressively vanished when the external load was applied. Consequently, the
porous structure of the membrane was changed to dense one leading to
a significant reduction of the inner paths developed by the interspaces
and consequently reduced charge dissipation. Instead, the charges were
deposited into the inner nanopores of membranes [37]. Accordingly,
the nanopores could provoke potential to be reserved on the surface of
membrane, similar to a charge trap. Therefore, the number of these
nanopores is crucial to promote surface charge of membranes. In this
regard, incorporation of GO nanosheets could significantly control the
number of these nanopores, in two different ways. At first, according to
the SEM images, incorporation of GO nanosheets changed the viscosity
and conductivity of the polymeric solution resulted in changing the
fiber size of PCL/GO. According to Supplementary Fig. S1a, incorporation of GO nanosheets upon 4 wt% resulted in significantly reduced fiber size of mats. Based on previous researches, the nanopores
between the fibers enhanced with decreasing fiber size. Therefore, it
was expected that PCL/GO 4% revealed the highest nanopores leading
to enhanced reserved potential in the membrane. According to the
output results, between various samples, PCL/GO 4% revealed the
greatest voltage and current confirming the proposed mechanism. In
addition, according to the schematic presented in Fig. 7b, GO nanosheets acted as perfect places to trap more electrons and subsequently, enhanced the efficiency of the system. Therefore, the electrical
charge could trap in both nanopores of the fibrous membrane and GO
position. Consequently, increasing amounts of GO nanosheets upon
4 wt% could simultaneously promote both positions leading to significantly enhance open circuit voltage and currents as described in
Fig. 4a, b. However, incorporation of GO nanosheets more than 4 wt%
led to the agglomeration of GO nanosheets and, hence, the formation of
electrical percolation of the GO network in the PCL matrix, as similarly
reported in previous researches [61,62]. Consonantly, the GO nanosheets could not sufficiently entrap electrical charges leading to the
dissipation of electrical charges and, hence, reduced TENG output
performance. In addition, enhanced fiber size of the PCL/GO 8% layer
could reduce nanopores developed during the compression leading to
weakening voltage. Furthermore, exposing the PCL/GO membranes to
the greater force led to the areas no longer being interconnected, the
extra nanopores happened through the whole membranes. Consequently, the TENG output performance was enriched owing to the

V2

timated from the PL = RL formula [36], in which PL and VL are output
L
power and output voltage in the presence of load, respectively and RL is
load resistance. Accordingly, it could be concluded that the power
output was effectively dependent on the load resistance [55]. Based on
this equation, the effective power output of TENG reached 116 µW
(power density of 72.5 mW/m2 ) with increasing loading resistance up to
30 MΩ (Fig. 6h). However, at higher resistances, the power output
dropped related to the impedance of system [47].
Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2019.02.058.
In this study, we developed a TENG based on PCL/GO with open
circuit voltage and the current density of 120 V and 2.5 mA/m2 , respectively, which was greater than those of a number of previous researches (Table 1). Furthermore, the power density of our TENG
reached to a maximum value of 72.5 mW/m2 . This result was 84.3%

Table 1
Comparison of the output results of triboelectric nanogenerators in recent years
with our TENG.
TENG friction layers

Voltage(V)

Current

Power

Reference

Polytetrafluoroethylene/
Carbon nanofibers
PCL/PLGA
PVDF nanofibers/PDMS
P(VDF-TrFE) nanofibers/
PDMS-CNT
PTFE/Paper
PLA/Paper
PVDF nanofiber/ CNF-PEI
PET/Paper
PCL/PLGA/PLA
Teflon tape/Paper
PCL-GO/Paper

25

0.78

11.4

[54]

40
V(out) = 31
25

1.7
1.7
–

23.6
900
1.98

[33]
[36]
[57]

24
–
106.2
200
28
85
120

–
3.75
46
2
0.98
4.7
2.5

121
211
13,300
–
–
398
72.5

[24]
[58]
[59]
[23]
[56]
[60]
Our TENG

(mA/m2 )

(mW/m2 )

419

Nano Energy 59 (2019) 412–421

S. Parandeh, et al.

Fig. 7. The schematic of the presented TENG setup: (a) TENG setup consisting of various layers of cellulose paper and PCL/GO with fibrous structure. Inset is a TEM
image of GO nanosheets. (b) The role of encapsulated GO nanosheets to trap the electrical charges leading to promote output power of the TENG.

improved surface potential. However, these closed nanopores were
steadily damaged upon exposing the fibrous membranes to extra pressure (more than 13 N), leading to developing a solid thin film, instead of
a surface nanostructure. Consequently, the surface potential of the
TENG was reduced.

[5]
[6]
[7]

4. Conclusion

[8]

In summary, we successfully developed an eco-friendly TENG based
on two simple layers of PCL/GO and cellulose paper. We also studied
the role of various concentrations of GO encapsulated within the PCL
fibrous layer as well as the functional parameters of TENG setup consisting of the applied force and frequency and the thickness and dimensions of layers on the TENG output. The optimized TENG consisting
of PCL/GO 4% layer could produce a maximum open circuit voltage,
short circuit current, and load power of 120 V, 4 µA, and 116 µW, respectively. The performance of the TENG was promoted by 33% compared to that of the TENG containing a thin flat layer. The TENG could
also directly turn on at least 21 LEDs. The most important benefit of the
presented TENG is its environmentally friendly, simple fabrication and
low cost. In our future work, we plan to promote the performance of the
TENG via surface modification approaches. This TENG may have potential in biomedical applications with a little consideration and modification, thanks to the biocompatible materials applied in it.
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