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Triboelectric nanogenerators (TENGs) have been invented as a new technology for harvesting mechanical
energy, with enormous advantages. One of the major themes in their development is the improvement of
the power output, which is fundamentally determined by the triboelectric charge density. Besides the
demonstrated physical surface engineering methods to enhance this density, chemical surface
functionalization to modify the surface potential could be a more effective and direct approach. In this
paper, we introduced the method of using self-assembled monolayers (SAMs) to functionalize surfaces
for the enhancement of TENGs' output. By using thiol molecules with different head groups to
functionalize Au surfaces, the influence of head groups on both the surface potential and the
triboelectric charge density was systematically studied, which reveals their direct correlation. With amine
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Introduction

As a huge energy reservoir in the environment that can be
potentially utilized by human beings, mechanical energy is
taking a more and more important role in satisfying the world's
energy consumption.'™ Besides the traditional technologies for
harvesting mechanical energy on the basis of electromag-
netics,>® electrostatics”® and piezoelectricity,”* triboelectric
nanogenerators (TENGs)>*>** based on the conjunction of
contact-electrification*** and electrostatic induction were
invented and have been rapidly developed to be an extremely
effective energy conversion technology, with the advantages of
high power output and energy-conversion efficiency, low cost,
abundant choice of materials, and wide range of applications.
Similar to other energy conversion technologies such as
photovoltaics*”** and thermoelectrics,**® the improvement of
the output power and the energy conversion efficiency is one of
the major themes in the development of TENGs, which has been
effectively achieved by new working mode establishment'®**>*
and rational structural designs.'*'**>** Besides, materials opti-
mization is the other important route for this purpose. From the
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improving TENGs' output through materials optimization.

materials’ aspect, it has been shown that the performance
figure-of-merit of TENGs is proportional to the square of the
triboelectric charge density, which is the most important
parameter to determine the power output.®* A previous research
study has revealed that there is still huge room for improving
the triboelectric charge density as well as output performances
of TENGs under the structurally determined maximum charge
density.*” Besides the physical surface engineering approaches
for improving the triboelectric charge density,**** chemical
surface functionalization would be a more direct and effective
way, because the driving force for the contact electrification is
closely related to the chemical potential difference between two
surfaces.* Since the chemical potential of an organic material is
mainly determined by its functional group,***” the surface
potential could be effectively tuned by changing the functional
groups exposed on the surface without changing the bulk
material and its bulk properties.

According to the electronegativities of these functional
groups, fluoro (-F) has the highest tendency to attract elec-
trons, while amine (-NH,) has the lowest tendency.*®* Since
there do exist perfluorinated materials (such as Teflon-series)
that are all covered with the fluoro group to be the most tri-
boelectrically negative choices, we only need to use chemical
surface engineering approaches to make certain polymers
terminated by amine for the best enhancement of triboelectric
charge density. Among different surface engineering
approaches, self-assembled monolayers (SAMs), which are the
ordered molecular assemblies formed by the chemical

This journal is © The Royal Society of Chemistry 2016
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adsorption of an active surfactant on a solid surface, are
important ones that are easily manufacturable and widely
applicable to different surfaces.* Therefore, they can poten-
tially serve as an effective chemical approach for improving the
output performance of TENGs.

Here, we have utilized two types of self-assembled mono-
layers—thiols and silanes—to modify the surfaces of conductive
and insulating materials, respectively. As a result, the tribo-
electric charges generated by the contact-electrification with
a perfluorinated material—fluorinated ethylene propylene
(FEP)— were improved effectively. By using different thiol
molecules, the influence of head groups on the surface poten-
tial was systematically studied using scanning Kelvin probe
microscopy (SKPM),***> which is in accordance with the influ-
ence on the surface charge density obtained from TENGs'
output. It can be found that amine (-NH,) is the most tribo-
electrically positive functional group that brings the largest
enhancement to the generated charge density, while halogens
(such as -Cl) are the most triboelectrically negative ones. The
amine-functionalized surface is shown to be chemically stable
during both a long period of time (over 90 days) and a large
number of continuous operating cycles (over 100 000) to
generate a similar triboelectric charge density. As a demonstra-
tion of the dielectric materials, the silica (SiO,) surface was
functionalized to be a lot more triboelectrically positive by using
a silane molecule with amine as the head group. From this
work, a clear surface engineering route is provided for the future
research on the enhancement of TENGs' output performance
from the materials' aspect.

Results and discussion

Among different classes of SAMs, the most extensively studied
one is the absorption of alkanethiols (HS(CH,),X) on the noble
metals (such as gold, silver, copper, and palladium) with high
affinities.*®> Due to the strong interaction with the sulfhydryl
(-SH) group and the high quality of the film, gold is the most
widely used substrate for the alkanethiol SAMs.***** Because the
head group (-X) in alkanethiol molecules can be almost any
functional groups, we can use this SAM chemistry to modify the
Au surface with different desired functional groups to give
different surface potentials, and thus differently enhanced
triboelectric charge density from contact-electrification. The
fabrication of such SAM-modified surfaces starts from the
deposition of Au thin films (with a thickness of 100 nm) on
Kapton substrates (Fig. 1a(I and II)), which are flexible and light
in weight. Then, these substrates were immersed in different
thiol solutions all with a concentration of 10 mM, for 12 hours
(Fig. 1a(III)). Next, these Kapton-based films were utilized to
fabricate contact-separation mode TENGs, in which the func-
tionalized Au surface serves as both the triboelectric surface and
the electrode on one side. On the other side, a fluorinated
ethylene propylene (FEP) film with a thickness of 50 pm is
purposely chosen as the counter triboelectric surface due to its
most negative triboelectric polarity. A layer of a Cu thin film was
deposited at the back as the corresponding electrode. Both the
triboelectric films were laminated on acrylic plates to ensure flat
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Fig. 1 (a) Fabrication process of TENGs from the thiol-SAM func-
tionalized Au films. (b) Molecular structures of the thiols and corre-
sponding XPS characterization of the functionalized surfaces.

surfaces. A pair of bent Kapton strips were utilized to connect
and support the two plates, which bring them into the separa-
tion state when external pressing force is withdrawn.

From this thiol-based SAM functionalization process, four
different functional groups are brought onto the Au surface:
hydroxyl (-OH), ester (-COOCH;), amine (-NH,) and chloro
(-Cl), among which amine should be the one to give the most
significant enhancement to the triboelectric charge density
from the contact-electrification with FEP. The molecules
utilized to form SAMs with these functional groups are shown in
Fig. 1b(2)-(6), in which the functionalization of amine is real-
ized by two different molecules: 4-aminothiophenol (4) and
cysteamine hydrochloride (5). In the following part in this
paper, these numbers are used to represent these molecules,
while #1 represents the pristine Au surface. The formation of
these SAMs on the Au surfaces was characterized by X-ray
photoelectron spectroscopy (XPS), together with the pristine Au
surface as a comparison. As shown in Fig. 1b, the S-2p peak
appears in all the five thiol-functionalized surfaces but is not
observed in the pristine Au surface. This clearly shows the
successful assembly of the thiol molecules on these surfaces
after the functionalization step. Since the enhancement of the
triboelectric charge density is expected to be realized by the
amine group that is introduced by thiol molecules #4 & #5, we
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Fig. 2 SKPM characterization of the thiol-modified Au surfaces. (a)
Experimental setup of the SKPM. (b) Working mechanism of the SKPM.
(c) Measurement results of using SKPM to characterize the chemical
potentials of the functionalized Au.
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Fig. 3 Working mechanism of the TENG, including (a) the full contact
status, (b) the status of being separated, (c) full separation status, and
(d) the status of being in contact.

also monitored the appearance of the N-1s peak around 400 eV.
As can be seen from Fig. 1b, the existence of the amine group
only on the surfaces of #4 & #5 is verified.

The change of the surface potential by these SAMs with
different functional groups was characterized using a scanning
Kelvin probe microscope (SKPM).*** As shown in Fig. 2a, the tip
of the microscope approaches the functionalized Au surface
with a distance of 100 nm during the measurement. The Au
surface is grounded. A voltage is applied to nullify the potential
difference existing between the Fermi levels of the tip and the
functionalized Au. Therefore, this voltage is taken as the contact
potential difference (Vcpp). According to this working principle
of SKPM, if the Fermi level of the functionalized Au surface
(Er-auf) is higher than the Fermi level of the tip (Eg.p), a negative
Vepp Needs to be applied onto the tip to match the two Fermi
levels (Fig. 2b). Thus, a more negative value of Vgpp, given by the
SKPM represents a higher Fermi level of the detected surface,
and vice versa. The Vepp values obtained from all these surfaces
of #1 to #6 are plotted in Fig. 2c. For all these surfaces, the
results from the scanned areas have standard deviations
smaller than 5 mV, which shows the uniform functionalization
across the surfaces. Compared to the pristine Au surface #1, the
functional groups of hydroxyl (#2), ester (#3) and amine (#4) &
(#5) all increase the surface potential, with the largest increase
brought by amine and the smallest increase by hydroxyl, which
shows that these functional groups should all give the surface
a higher tendency in generating positive triboelectric charges
through the contact electrification. Between these two amine-
ended thiol molecules #4 & #5, molecule #5 leads to a larger
increase in the surface chemical potential. The difference may
come from the relatively higher electronegativity of the phe-
nylene (-C¢H,4-) group than that of the ethylene (-CH,) group.*
Therefore, the functionalization of these three functional
groups should make the surface more triboelectrically positive.
In contrast, the higher Vepp value measured from the surface #6
indicates that the chloro group serves to lower the surface

3730 | J Mater. Chem. A, 2016, 4, 3728-3734

View Article Online

Paper

potential, giving it a stronger attraction to electrons. These
results clearly show that the functionalization of the surface can
effectively alter the surface potential, which is in accordance
with the expectation of the electronegativities of these func-
tional groups.

Because of the basic working principle of the contact-sepa-
ration mode TENG, a higher triboelectric surface charge density
will generate a higher amount of charges transferring through
the external load in each operation cycle. The schemes of its
operation principle are shown in Fig. 3. When the two tribo-
electric surfaces (i.e. functionalized Au and FEP) get into contact
under external mechanical agitation, opposite triboelectric
charges will be generated on the two surfaces with the same
density: positive charges on the functionalized Au surface and
negative charges on FEP. Upon releasing, the two oppositely
charged surfaces start to get separated from each other,
inducing a potential difference between the two electrodes (i.e.
Cu and functionalized Au). This potential difference will drive
electrons to flow from the Cu electrode to the functionalized Au
(Fig. 3b). When the separation between the two layers reaches
the maximum, almost all the positive triboelectric charges on
the functionalized Au will be neutralized, so that the density of
positive charges on the Cu electrode equals to that on the Au
electrode for the electrostatic equilibrium (Fig. 3c). Subse-
quently, when the two layers are pressed to approach each other
again, the reversed potential difference between the two elec-
trodes will build, which leads to the back flow of all the trans-
ferred electrons from the functionalized Au to the Cu electrode
(Fig. 3d). From the previous fundamental study on the contact-
separation mode TENG, a higher triboelectric surface charge
density will produce not only an equally higher amount of
transferred charges in the external circuit (and thus a higher
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Fig. 4 Output performance of the TENGs with pristine (#1) and
functionalized Au (#2-6) surfaces. (a—c) and (d—f) show the measured
transferred charge density (Ag), the open-circuit voltage (Voc) and
short-circuit current density (Jsc) of the #1 and #5 TENGs, respec-
tively. (g—i) show the comparisons of the transferred charge density,
open-circuit voltage and short-circuit current density of all the 6
TENGs.
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short-circuit current density), but also a larger open-circuit
voltage.

To systematically characterize the influence of the assem-
bled functional groups on the triboelectric charge density and
the output performances of TENGs, the short-circuit transferred
charge density (Ag), the open-circuit voltage (Voc), and the
short-circuit current density (Jsc) were measured for the TENGs
fabricated from all the 6 differently functionalized Au surfaces
(#1 - #6). As shown in Fig. 4a and b, the TENG fabricated from
the pristine Au (#1) gives a Ac of ~68 pC m ™2 (under the peri-
odical pressing by human hand), and a V¢ of ~270 V (under
the triggering by a linear motor). This Ag should represent the
triboelectric charge density generated by the pristine Au
surface. Under agitation from a mechanical shaker with
a frequency of ~2.5 Hz, the TENG generates a Jsc of ~9 mA m2.
After being functionalized by the thiol molecules, the best
enhancement of TENG's output comes from the surface #5,
which is covered with the SAM of cysteamine hydrochloride
with amine as the head group. The Ac (i.e. the triboelectric
charge density) was increased to ~140 pC m™> (Fig. 4d). The Vo
and the Js¢ reached ~560 V (Fig. 4e) and ~18.5 mA m ™2 (Fig. 4f),
respectively. This is a significant enhancement to the TENG's
output by the functionalization of the amine group. The groups
of hydroxyl (#2), ester (#3), and amine from 4-aminothiophenol
(#4) all give an enhancement to the TENG's output with rela-
tively smaller extents (Fig. 4g-i), which comes from the
enhancement of the triboelectric charge density. The
enhancement from these functional group ranks from high to
low as: amine from 4-aminothiophenol (#4), ester (#3) and
hydroxyl (#2). This is in line with the increase of the surface
potential by these function groups shown in Fig. 2c as directly
measured by the SKPM. Differently, the functionalization of the
chloro functional group (#6) leads to a slight decrease of the
TENG's output compared to the pristine Au, which should result
from the smaller triboelectric charge density because of the
decrease of the surface potential. The change of the triboelectric
charge density by these functional groups is in accordance with
the change of the surface chemical potentials through the self-
assembly of these functional groups.

For the long-term applications of the enhanced triboelectric
charge density by the SAM functionalization, both the time-
dependent and the operation-dependent stabilities have been
studied. For the time-dependent stability, the amine-
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Fig. 5 Stability of the enhanced TENG output from the amine-group
functionalized Au surface. (a) Time-dependent stability. (b) Operation-
dependent stability.

This journal is © The Royal Society of Chemistry 2016

View Article Online

Journal of Materials Chemistry A

functionalized surface was kept in air for over 90 days, and the
charge transfer produced by the TENG was measured every 30
days to monitor the change of the triboelectric charge density.
As shown in Fig. 5a, the triboelectric charge density only
decreased from ~140 pC m2 to ~130 uC m 2 in the time
period of 90 days. This slight decrease should come from the
oxidation of the thiol molecules during the exposure to air.****
Besides, the TENG is also tested under continuous operation
cycles to reflect the stability of the SAM under repeated
mechanical contact/friction. As can be seen from Fig. 5b, the
triboelectric charge density remained at the level around ~140
uC m~? during the 100 000 operation cycles. This group of
stability tests has confirmed the practicability of using the SAM
to enhance the TENGs' output for long-term applications.
Besides the functionalization of a conductive surface (Au) as
one triboelectric layer, we further used SiO, to demonstrate the
applicability of this method for insulating triboelectric surfaces.
As shown in Fig. 6a, a layer of SiO, was deposited by plasma-
enhanced chemical vapor deposition (PECVD) on top of a glass
slide as the substrate, with a Ti film in between serving as both
the adhesion layer and the electrode on this side. Then, a silane
molecule—(3-aminopropyl)triethoxysilane (APTES)— that has
amine as the head group was used to form a SAM based on 3
Si-O bonds for each molecule.”” The XPS results (Fig. S17) of the
N-1s peak from the SiO, samples before and after the func-
tionalization clearly show that the amine group has been intro-
duced onto the surface. The amine group is expected to increase
the surface chemical potential of the SiO, and thus to promote
its tendency to generate positive triboelectric charges. Subse-
quently, a TENG was fabricated from it, with a Cu-deposited FEP
film on a glass slide as the counter layer. In this structure, two
acrylic sheets work with four springs to ensure the separation
between the two layers without external pressing force. With
a pristine SiO, surface in the TENG, the Ag, the Vi, and the Jsc
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Fig. 6 SAM surface functionalization of SiO, as the triboelectric layer
in TENGs to enhance the output performance. (a) Fabrication process
and (b—g) output performances of the TENGs with pristine and func-
tionalized silica (10% APTES in volume ratio). (b—d) and (e—g) show the
measured charge density, the open-circuit voltage and the short-
circuit current density of TENGs with the pristine and functionalized
silica, respectively.
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are only ~34 pC m 2, ~150 V and ~0.7 mA m™ 2, respectively.
After the functionalization in APTES solution of 10% concen-
tration, the chemical potential of the SiO, gets higher and thus
could generate more triboelectric charges through the contact-
electrification with FEP. As a result, the Ag, the V¢, and the Jsc
produced by the TENG were increased to ~51 pC m™2, ~240 V
and ~1.75 mA m™ 2, respectively. Through comparing with the
TENG fabricated from the film functionalized by APTES of 1%
concentration (Fig. S21), we can find that a higher concentra-
tion of APTES gives a better improvement in the triboelectric
charge density.

Conclusions

In this paper, we have demonstrated the methodology of
chemical surface functionalization for the enhancement of
TENGSs' output performance through achieving a higher tribo-
electric charge density. Here, the functionalization is achieved
by the self-assembled monolayers (SAMs)—thiol molecules for
conductive surfaces (Au) and silane molecules for dielectric
surfaces (Si0,). It is shown that the influence on the triboelec-
tric charge density is mainly determined by the type of head
group of the SAMs through altering the surface chemical
potential as revealed by the SKPM. Through using molecules
with amine as the head group, the performance of both the Au-
based TENG and SiO,-based TENG has been significantly
improved. The SAM-based methodology developed in this paper
is simple in operation, very effective, stable with time, and
widely applicable to different materials. In the future research,
a more significant enhancement could be achieved by using
molecules with head groups of lower electronegativity for the
positive side and higher electronegativity for the negative side,
and molecules with longer chains to further minimize the
influence from the substrate. By combining the chemical
approach with physical approaches (such as introducing
nanostructures) to modify surfaces, there could be a gigantic
enhancement of the TENGs' output performance. This research
provides an important direction for the future research on
improving TENGs' output through materials optimization.

Experimental

TENG fabrication and measurements

To fabricate the first type of TENG with Au surfaces, the 100 nm
Au films were first deposited on six 4.5 cm X 4.5 cm Kapton
substrates by using an e-beam evaporator. For #2-6 samples,
the Au surfaces were functionalized (see below). The 100 nm Cu
electrodes were deposited on six pieces of FEP film of the same
size. And then all the Kapton films with Au surfaces and the FEP
films with Cu electrodes were laminated on acrylic boards with
polydimethylsiloxane (PDMS) as the adhesive layer. The Au and
FEP surfaces were made to face each other to be triboelectric
pairs. Two Kapton strips were installed on the two sides of the
acrylic boards to let the TENG to be hold at the separation status
without any mechanical pressure.

To fabricate the second type of TENG with SiO, surfaces, the
100 nm Ti film was first deposited on three 5 cm x 7.5 cm glass
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slides by e-beam evaporation, and then the SiO, films were
deposited by a plasma-enhanced chemical vapor deposition
(PECVD) method. For two of the samples, the SiO, surfaces were
functionalized (see below). The 100 nm Cu electrodes were
deposited on three pieces of FEP film of the same size by
a physical vapor deposition method. And then all the glass
slides with Ti/SiO, surfaces and the FEP films with Cu elec-
trodes were laminated on acrylic boards with PDMS as the
binder. The SiO, and FEP surfaces were made to face each other
to be triboelectric pairs. Four springs were installed on the four
corners of the acrylic boards to let the TENG to be held at the
separation status without any mechanical pressure.

Surface functionalization

Before functionalization, all the Au films deposited on the
Kapton substrates and SiO,/Ti films deposited on the glass
slides were first ultrasonically cleaned with ethanol, isopropyl
alcohol and acetone, and then these substrates were cleaned
with O, plasma for 2 min. And then five of the Kapton
substrates were immersed in 10 mM different thiol solutions in
ethanol for 12 hours. The thiols used included 2-mercaptoe-
thanol (#2), methyl thioglycolate (#3), 4-aminothiophenol (#4),
cysteamine hydrochloride (#5) and 3-chloro-1-propanethiol
(#6). Two of the glass slides were immersed in 1% and 10%
(both in volume ratio) APTES solutions in ethanol for 12 hours,
respectively.

XPS and SKPM characterization

To prepare samples for XPS and SKPM, the Au or Ti/SiO, films
were first deposited on Si substrates, and then the same func-
tionalization process was performed on these substrates. The
XPS spectra of these samples were collected through a Thermal
K-Alpha XPS system. The SKPM surface potentials were
collected by using tapping-mode scanning above the surfaces
with the same Si/Pt conductive probe and identical settings.
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