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ABSTRACT: Contact electriﬁcation (CE) has been known for more
than 2600 years, but its mechanism remains ambiguous, especially for
liquid−solid cases. In previous studies on liquid−solid CE, the charges
on a dielectric surface in a liquid environment have not been discussed
due to the lack of proper measurement techniques, which may be
responsible for the poor understanding on the liquid−solid CE. Here,
the CE between dielectrics and diﬀerent liquids, including deionized
(DI) water, benzene, and cyclohexane (CYH), is performed by using
dual harmonic Kelvin probe force microscopy (DH-KPFM). We focus
on the transferred charges on the dielectric surface when it keeps in
contact with a liquid. It is observed that the CE surface charges are
screened in DI water, but not in organic solutions, suggesting that the
electric double layer (EDL) is responsible for the screening of the surface charges. Moreover, it is revealed that the charge transfer in
liquid−solid CE occurs not only in the contact but also during the separation process. Based on the observations, a model is
proposed to describe the whole process of liquid−solid CE, in which the electron transfer plays a dominant role, and the adsorption
of counterions in the EDL on the dielectric surface during separation is considered.

■

INTRODUCTION
Contact electriﬁcation (CE) is one of the most common
physical phenomena, but its mechanism is still under debate,
especially for liquid−solid cases. Most of the previous studies
have focused on solid−solid CE; the identity of charge carriers
has been wieldy discussed.1 It is also revealed that the CE can
occur at liquid−liquid interfaces.2 In recent years, liquid−solid
CE has attracted more and more attention because of the
invention of the liquid−solid triboelectric nanogenerator (L-S
TENG) for energy harvesting.3−9 A regular liquid−solid CE
consists of two steps. The liquid ﬁrst contacts the solid surface
and then separates with the solid surface, generating the
surface static charges. Previous studies about liquid−solid CE
focused on the transferred charges left on the solid surface after
the contact with a liquid,10−13 while the amount of charges on
the solid surface when it is in contact with the liquid was rarely
measured. The lack of a suﬃcient understanding of the ﬁrst
step in liquid−solid CE (liquid and solid in contact) may be a
main reason the mechanism of liquid−solid CE is ambiguous.
Moreover, in some energy conversion techniques based on
charge transfer at the liquid−solid interface, such as the
streaming current generator,14,15 electrokinetic energy device,16 ﬁber-shaped ﬂuidic nanogenerator (FFNG),17 carbon−
water device,18 and so on, the liquid keeps in contact with the
© XXXX American Chemical Society

solid surface. Therefore, it is of both scientiﬁc and technical
implications to measure the surface charges of a solid when it is
in contact with a liquid.
The lack of proper techniques for measuring the surface
charges in liquid environment may be responsible for the poor
understanding of the charge transfer when the liquid and solid
are in contact. Kelvin probe force microscopy (KPFM) was
proven to be a powerful tool for measuring the charge density
on a solid surface in air conditions.19−21 But unfortunately, it
cannot be used in a liquid environment directly, especially in
polar liquids and conductive liquids, since that direct (DC)
voltage bias needs to be applied to compensate for the
potential diﬀerence between the tip and the sample, which may
lead to the electric double-layer (EDL) charging, migration of
the ions in liquid, and even decomposition of the liquid
molecules. To overcome this problem, recently dual-harmonic
Kelvin probe force microscopy (DH-KPFM) was designed to
Received: April 18, 2021
Revised: May 18, 2021

A

https://doi.org/10.1021/acs.jpcc.1c03483
J. Phys. Chem. C XXXX, XXX, XXX−XXX

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Article

Figure 1. Schematic illustration of the sample preparation and liquid−solid CE experiments. (a) Fabrication process of the samples. (b)
Measurement of the sample surface potential in diﬀerent steps of liquid−solid CE (before contact, in contact, and after contact). Results of the
surface potential measurement in diﬀerent steps of CE (c) between aminopropyl modiﬁed SiO2 and DI water (d) and that between
chloropropyltrimethoxy modiﬁed SiO2 and DI water.
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measure the surface potential of the solid in a liquid
environment.22,23 As with the conventional KPFM, the
vibration of the cantilever is also excited by the alternating
(AC) voltage bias applied between the tip and the sample in
DH-KPFM. But the diﬀerence is that the amplitudes of the
cantilever at the resonant frequency (ω) and twice the
resonant frequency (2ω) are both recorded for further
calculating the surface potential of the solid, and the DC
bias is not required in DH-KPFM. Though the AC bias may
also lead to the EDL charging, it was demonstrated that it can
be avoided by increasing the frequency of the AC bias, which
makes the mobile ions in quasi-static equilibrium24 so that the
DH-KPFM can be successfully operated under a liquid.
In this paper, the CE between diﬀerent solid samples and
liquids, including deionized (DI) water, benzene, and cyclohexane (CYH), was performed. The surface potential of the
samples before contact, in contact, and after contact with the
liquids was measured by using DH-KPFM. The EDL at the
liquid−solid interface was detected by using the force curve
method. It was found that the charge transfer occurs when the
liquid contacts the solid surface, and the surface charges will be
screened by the EDL at the interface. It was suggested that the
counterions in the EDL may attach on the solid surface during
separation and reduce the net static charges left on the surface.
Moreover, the thermionic emission experiments implied that
the charge transfer between liquid and solid may be mainly
caused by electron transfer.

METHODS

The sample preparation process is shown in Figure 1a. The Au
ﬁlm and photoresist ﬁlm were deposited on a polished silicon
surface (i). Then, a circular region with a diameter of 10 μm
on the photoresist was removed (ii). In the ﬁnal step, a 50 nm
thin insulator ﬁlm, such as SiO2 ﬁlm, was further deposited on
the sample; a circular insulator ﬁlm sample was obtained (iii),
and its topography is shown in Figure S1. The experiments of
CE between the sample and liquid are shown in Figure 1b. The
initial surface potential of the sample was ﬁrst measured by
using the DH-KPFM with a conductive tip (i). Then, the tip
and the sample were both immersed into liquid, and the
surface potential of the solid was measured in a liquid
environment (ii). In the third step, the liquid was removed
from the solid surface, and the surface potential of the solid
was measured in air conditions again (iii). We noticed that the
change of the surface potential of the Au was limited before
and after contact with DI water so that the surface potential of
the Au can be treated as a background potential, and the
change in the surface potential of the circular insulator ﬁlm
relative to the background potential is caused by the
triboelectric charges on the insulator ﬁlm surface. The details
of the experiments are given below.
Sample Preparations. The Au and photoresist layer were
deposited on a highly doped silicon wafer by electron beam
evaporation and spin-coating, respectively. The dielectric ﬁlms,
including SiO2, Si3N4, and Al2O3, were deposited by
magnetron sputtering.
KPFM Measurements. The experiments were performed
on a commercial atomic force microscope (Dimension Icon,
B
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Figure 2. Contact electriﬁcation between DI water and diﬀerent dielectrics. (a) Measurement the sample surface potential in diﬀerent steps of
liquid−solid CE (before contact, in contact, and after contact) and thermionic emission experiment (at 433 K for 10 min). Results of thermionic
emission experiments and CE between (b) SiO2, (c) Si3N4, and (d) Al2O3 and DI water.

it contacts with DI water, the decreasing of the surface
potential when it was immersed into DI water can only be due
to the screening eﬀect of the EDL on the surface positive
charges. The results of the CE between chloropropyltrimethoxy modiﬁed SiO2 and DI water are given in Figure
1d. Note that the surface potential of the sample changed from
100 to −110 mV when it was immersed into DI water, which
suggests that the chloropropyltrimethoxy modiﬁed SiO2
received negative charges in the contact with DI water. It is
easy to understand this result since the chloropropyltrimethoxy
has a high electron aﬃnity and is more likely to receive
electrons in the CE.13 When the DI water was removed, the
surface potential of the sample became more negative, which
implies the screening eﬀect of the EDL on the surface charges.
These two experiments successfully demonstrated that the
DH-KPFM can be used to measure the surface potential of
solid in liquid environments, and the screening eﬀect of the
EDL on the surface charges was observed.
Diﬀerent dielectric ﬁlms, including unmodiﬁed SiO2, Si3N4,
and Al2O3, were used to contact the DI water in the CE
experiments. The identity of the charge carriers was always of
concern in the CE, so that the thermionic emission
experiments were performed after the DI water was removed
to distinguish the electron transfer and ion transfer in the
CE,10 as shown in Figure 2a. Figure 2b gives the surface
potential of the unmodiﬁed SiO2 in diﬀerent steps of CE
(before contact, in contact, and after contact) and after the
thermionic emission experiment. The initial surface potential
of the SiO2 sample was about −200 mV, and it decreased to
−120 mV when the SiO2 was immersed in DI water. When the
DI water was removed, the SiO2 surface potential increased to
−400 mV, which means it received negative charges in the CE.

Bruker, USA). A SCM-PIT (Bruker, USA; Pt coated; spring
constant: 2.8 N/m; resonant frequency in air: 55 kHz;
resonant frequency in DI water: 23 kHz) was used as the
conductive tip in the DH-KPFM measurement. In the DHKPFM measurement, an AC bias was applied between the tip
and the sample to excite the cantilever vibration at its resonant
frequency. The amplitudes of the cantilever at resonant
frequency (ω) as well as twice the resonant frequency (2ω)
and the phase of vibration were all recorded, and the surface
potential was further calculated according to previous
studies.22 In the DH-KPFM scanning, the scan size was 20
μm, and the lift height was set to 100 nm. In air conditions, the
amplitude of the AC drive bias was set to 5 V. When the HDKPFM was operated in a liquid environment, the amplitude of
the AC drive bias was set to 500 mV.

■

RESULTS AND DISCUSSION
The CE between the functional group modiﬁed SiO2 and DI
water was ﬁrst investigated to test the experimental method,
and the results are shown in Figure 1c,d. The initial surface
potential of the aminopropyl modiﬁed SiO2 was about 60 mV.
When it was immersed into DI water, the surface potential of
the aminopropyl modiﬁed SiO2 decreased to about 25 mV.
The surface potential increased to 200 mV when the DI water
was removed from the sample surface. The change of the
sample surface potential before and after the contact with DI
water was positive in the experiments, which implies that the
aminopropyl modiﬁed SiO2 received positive charges in the
contact with DI water. This is because that the electron aﬃnity
of the aminopropyl is low, and it prefers to donate electrons in
the CE, which is consistent with previous studies.13 Because
the aminopropyl modiﬁed SiO2 received positive charges when
C
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Figure 3. Contact electriﬁcation between diﬀerent organic solutions and diﬀerent dielectrics. Results of the surface potential measurement in
diﬀerent steps of CE between (a) SiO2, (b) Si3N4, and (c) Al2O3 and benzene and that between (d) SiO2, (e) Si3N4, and (f) Al2O3 and cyclohexane
(CYH).

Al2O3 samples were all negatively charged in the contact with
benzene (Figure 3a−c). Because there are not any ions in
benzene, the triboelectric charges on the sample surfaces
should be electrons. Moreover, the electrons may come from
the delocalized π bond of the benzene. When the benzene was
removed, the surface potential of the sample was not
signiﬁcantly changed compared to that when the liquid was
DI water (Figure 2). This means that the charges on the
dielectric surfaces were not screened in the benzene environment. In the CE between the dielectrics and the CYH, the
dielectrics were found to be slightly positively charged, which
is consistent with previous studies, and the screening of the
surface charges by EDL was also not observed.
These results provide a strategy for TENG encapsulation.
The TENG package can be ﬁlled with organic solutions to
keep water out and avoid the screening of the triboelectric
charges on the solid surface. To further verify this strategy, a
biased conductive tip was used to scan the SiO2 sample in
diﬀerent liquid environments for generating the triboelectric
charges on the surface, and the surface potential was measured
under liquid; the results are shown in Figure S2. It is shown
that no charges were detected when the SiO2 was in DI water
and benzene. The triboelectric charges in the DI water were
screened, and that in the benzene may escape from the surface
through the delocalized π bond in benzene. The results
indicate that the CYH is a suitable organic liquid to protect the
TENG from the eﬀect of charge screening. The injected
charges were trapped well on the SiO2 surface in the CYH
environment.
The screening of the solid surface charges in the DI water by
the EDL is not surprising. However, we noticed that the
charges left on the solid surface when the water was removed
did not simply depend on the surface potential of the solid
under DI water (in contact). For example, the surface
potentials of the SiO2 and Si3N4 were both about −400 mV
after the water was removed, but the surface potential of the
SiO2 was signiﬁcantly higher than that of the Si3N4 under water
(Figure 2). This may be caused by the diﬀerent screening

The surface potential was found to recover to its original value
(−200 mV) after the sample was heated at 473 K for 10 min
(the electrons will be removed in this process).10 This means
that the transferred negative charges from the DI water to the
SiO2 surface in the CE were mainly electrons. For the CE
between Si3N4, Al2O3, and DI water (Figure 2c,d), the surface
potential of the solid samples reversed from positive to
negative when they were immersed into DI water, and the
negative surface potential further increased when the DI water
was removed. It means that Si3N4 and Al2O3 both receive
negative charges in the contact with the DI water, which is
consistent with previous studies in which the DI water was
demonstrated to occupy a very positive position in the
triboelectric series.25 When the samples were heated at 473 K
for 10 min, the surface potential of Al2O3 returned to its initial
value and that of the Si3N4 became more positive, but it
remained on negative. This suggests that the charge transfer
between Al2O3 and DI water is mainly caused by electron
transfer, and both electron transfer and ion transfer occurred in
the CE between the Si3N4 sample and the DI water. It should
be noticed that the ratio of the electron transfer and ion
transfer in the CE here is diﬀerent than that in previous
studies; this is because that the sample history in these two
works was diﬀerent, which can aﬀect the CE signiﬁcantly.26
The CE between DI water and diﬀerent dielectrics shows that
the electron transfer plays a dominant role in the liquid−solid
CE. The transferred electrons on the solid surface will be
screened by the EDL when the solid is immersed in DI water.
The screening of the triboelectric charges on the solid
surface is usually a problem that needs to be avoided in the
TENGs, especially for TENGs for harvesting water wave
energy. It is well accepted that the surface charges are screened
by the counterions in the EDL at the liquid side. This implies
that if the organic solutions, which do not contain ions, are
used as the liquid contact pair, the triboelectric charges on the
solid surface will not be screened. Here, the benzene and CYH
were used as the liquid in the CE experiments, and the results
are shown in Figure 3. It can be seen that the SiO2, Si3N4, and
D
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Figure 4. Detecting the electric double layer at the liquid−solid interface. The deﬂection−separation relation when the Si3N4 tip approaches (a)
aminopropyl modiﬁed and chloropropyltrimethoxy modiﬁed SiO2 surfaces in DI water. The deﬂection−separation relation when the Si3N4 tip
approaches (b) SiO2, Si3N4, and Al2O3 surfaces in DI water. Schematic of the electric double layer at the liquid−solid interface (c) in contact and
(d) during separation.

liquid−solid CE according to the observations. As shown in
Figure 4c, when the aqueous solution contacts a dielectric
surface, the electrons will transfer at the interface due to the
overlap of the electron clouds of the atoms.28−30 As a result of
the electrostatic interaction, the counterions are attracted to
the surface, forming an EDL, which has been described in
Wang’s hybrid layer model.31 When the solution separates
from the solid surface, some counterions in the EDL may
attach to the solid surfaces, especially the counterions in the
Stern layer, which are very close to the surface (Figure 4d).
The attachment of the counterions will reduce the net
transferred triboelectric charges on the solid surface. This
model provides an explanation for the small amount of charge
transfer on hydrophilic surface in liquid−solid CE32 because
the liquid is diﬃcult to be completely removed from a
hydrophilic surface and the adsorption of counterions on the
charged surface is diﬃcult to avoid.
In recent years, the mechanism of the liquid−solid CE has
been discussed intensively around the identity of charges
carriers, electron transfer, or ion transfer.31 More and more
experimental evidence supports that both the electron transfer
and ion transfer occur in the liquid−solid CE, and electron
transfer plays a dominant role in some cases.10,11 Based on the
electron transfer at the liquid−solid interface, the formation of
EDL was revisited, and Wang’s hybrid model was proposed,31
in which the electron transfer is considered as the ﬁrst step in
the formation of the EDL. The discovery in this work
completes the current theory for liquid−solid CE, in which the
charge transfer during the liquid−solid separation was not
considered. It was demonstrated that the electron transfer in
liquid−solid CE is due to the overlap of the electron
clouds,28−30 and the ion transfer is caused by the ionization

strength of DI water to the charges on diﬀerent dielectric
surfaces or that the charge transfer between the DI water and
the dielectric solids not only occurs when they come into
contact but also occurs during separation. The latter
explanation is more reasonable because the solid surface
charges are screened by the EDL, which depends on the liquid
side rather than the solid side at the interface. To verify this
statement, the EDL structures at the liquid and solid interface
were detected by using the force curve method here,27 and a
Si3N4 tip was used in the force curve experiments. The Si3N4
tip will be negatively charged when it is immersed into DI
water. If the negatively charged Si3N4 tip approaches a charged
solid surface, the tip will be subjected to an electrostatic force
and the cantilever will be deﬂected. Because of the screening
eﬀect of the EDL, the charged Si3N4 tip can only feel the
surface charges when it enters the diﬀuse layer of the EDL. As
shown in Figure 4a, a repulsive force was generated on the
Si3N4 tip when it approached the chloropropyltrimethoxy
modiﬁed SiO2 surface, and the separation between the tip and
the sample surface was <20 nm. This is because both the Si3N4
tip and the chloropropyltrimethoxy modiﬁed SiO2 surface were
negatively charged in DI water, and the thickness of the EDL
was 20 nm. When the Si3N4 tip approached the aminopropyl
modiﬁed SiO2 surface, which was positively charged in DI
water, an attractive force was generated on the tip, and the
threshold tip−sample separation was also 20 nm. As expected,
the EDLs on diﬀerent solid surfaces were 20 nm thick, as
shown in Figure 4b. A similar EDL structure should
correspond to the same screening strength.
Therefore, it is suggested that the charge transfer in liquid−
solid CE occurs during the separation of the liquid and solid.
Here, we propose a model to describe the whole process of
E
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reactions. Here, we ﬁnd that adsorption of the counterions in
the EDL is another pathway for ion transfer. The adsorption of
the counterions provides an explanation for the diﬀerent
polarity of the transferred electrons and transferred ions on a
solid surface in liquid−solid CE, which was reported in
previous studies.10

Notes

CONCLUSIONS
In conclusion, the liquid−solid CE was investigated by using
DH-KPFM at the microscale. A highlight of this work is that
the surface potential of the charged dielectrics was measured in
a liquid environment. By comparison of the surface potential of
the dielectrics in DI water and that after the DI water was
removed, it was revealed that the triboelectric charges on the
dielectric surface will be signiﬁcantly screened by the DI water.
When the organic liquids, including benzene and CYH, were
used as the liquid contact pairs, the screening of the
triboelectric charges was not observed. This result provides a
strategy for TENG encapsulation in that the TENG package
can be ﬁlled with organic solutions to avoid the screening of
the triboelectric charges in CE. Moreover, the data indicate
that the charge transfer can occur not only when the liquid
contacts the dielectric but also during the separation of the
liquid after contacting the dielectric, which was rarely
considered in previous studies on the liquid−solid CE.
Though electron transfer was demonstrated to play a dominant
role in liquid−solid CE by the thermionic emission experiments, the ion transfer in liquid−solid CE cannot be ignored.
The ﬁndings in this work suggest that ion transfer in liquid−
solid CE comes not only from the ionization reactions but also
from the adsorption of the counterions in the EDL.
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