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ABSTRACT: Contact electriﬁcation (CE) at interfaces is sensitive to the functional groups on the solid surface, but
its mechanism is poorly understood, especially for the liquid−solid cases. A core controversy is the identity of the
charge carriers (electrons or/and ions) in the CE between liquids and solids. Here, the CE between SiO2 surfaces
with diﬀerent functional groups and diﬀerent liquids, including DI water and organic solutions, is systematically
studied, and the contribution of electron transfer is distinguished from that of ion transfer according to the charge
decay behavior at surfaces at speciﬁc temperature, because electron release follows the thermionic emission theory.
It is revealed that electron transfer plays an important role in the CE between liquids and functional group modiﬁed
SiO2. Moreover, the electron transfer between the DI water and the SiO2 is found highly related to the electron
aﬃnity of the functional groups on the SiO2 surfaces, while the electron transfer between organic solutions and the
SiO2 is independent of the functional groups, due to the limited ability of organic solutions to donate or gain
electrons. An energy band model for the electron transfer between liquids and solids is further proposed, in which
the eﬀects of functional groups are considered. The discoveries in this work support the “two-step” model about the
formation of an electric double-layer (Wang model), in which the electron transfer occurs ﬁrst when the liquids
contact the solids for the very ﬁrst time.
KEYWORDS: contact electriﬁcation, functional groups, electron transfer, thermionic emission, liquid−solid
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on the solid surfaces. However, the mechanism of the chemical

ontact electriﬁcation (CE) is a common phenomenon
and can occur at almost any interface, including
solid−solid interfaces and liquid−solid interfaces, and
its mechanism remains poorly understood. Since that the CE
may lead to discharge and explosion, it was always considered
as a negative eﬀect, until the invention of triboelectric
nanogenerators (TENGs) to convert mechanical energy into
electricity.1−3 Owing to the invention of TENGs, the interest
in CE is rekindled. Various methods were proposed to increase
the surface charge transfer between two contact materials,4,5
and the mechanism of CE was widely discussed.6−10 It was
demonstrated that the CE highly depends on the functional
groups on the material surfaces,11,12 and the output performance of both solid−solid TENGs13−16 and liquid−solid
TENGs17−24 can be optimized by modifying functional groups
© XXXX American Chemical Society

functional group contributions on the CE is still under debate,
especially for the liquid−solid cases. A core controversy is the
identity of the charge carriers in the CE (ion25,26 or/and
electron27−29 transfer) between liquids and the functional
group modiﬁed solid surfaces.
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Figure 1. Schematic illustration of the chemical functional group modiﬁed surface. (a) Hydrolyzation of the silane coupling agents and the
functional groups’ self-assembly on the SiO2 surfaces. (b) Contact electriﬁcation between liquid and the modiﬁed SiO2 surface. (c) Setup of
the AFM platform for the thermionic emission experiments and the measurements of the surface charge density.

measured by using Kelvin probe force microscopy
(KPFM).39−41 The decay of CE charges on the modiﬁed
SiO2 surfaces at a temperature of 413 K is investigated.
According to the thermionic emission theory, the contribution
of electron transfer is distinguished from that of ion transfer in
the CE. Particularly, we focused on the contributions of
diﬀerent functional groups to the contact electriﬁcation
between liquid and solid. An energy band model for electron
transfer is further proposed for the CE between liquids and
functional group modiﬁed solid surfaces. It is suggested that
the output performance of the triboelectric nanogenerators can
be optimized by modifying diﬀerent functional groups on solid
surfaces. The ﬁndings in this work may have great implications
in the applications based on the CE between liquid and solid.

From the point of view of ion transfer, the CE is caused by
the movement of mobile counterions in the functional
groups.26 When a liquid (such as aqueous solution) is
involved, the adsorption of the ions on the functional groups
and the ionization or dissociation of the functional groups in
the liquid should also be considered.30,31 But an opposing
opinion suggests that the CE between two diﬀerent functional
groups is highly dependent on the electron aﬃnity of the
elements in the groups,11 so that the ﬂuorine-containing
groups (−F) always act as an electron acceptor and receive
negative charges in the CE, while the amine groups (−NH2)
are always positively charged.32 It was revealed that the
electron transfer may be dominant in the CE between aqueous
solutions and solids, as a consequence of the electron cloud
overlap between the two atoms belonging to the aqueous
solutions and solid surfaces.33,34 Hence, the charge carriers in
the CE between functional group modiﬁed solid surfaces and
liquids have to be further identiﬁed. Fortunately, previous
studies provide a method to quantify electron transfer and ion
transfer between liquid and solid, in which the electrons are
demonstrated to be easily emitted from the solid surfaces
induced by thermionic emission.35,36 For the ions on the solid
surface, such as OH− and H+ on the SiO2 surface, the energy
threshold for removing the OH− from the SiO2 surface is about
8.5 eV,37 and it is about 20 eV for removing the H+.38
Therefore, the ions (OH− and H+) are rather hard to be
removed from the surfaces when the temperature is not too
high.
In this paper, the CE between diﬀerent liquids and the SiO2
surfaces modiﬁed with diﬀerent chemical functional groups is
studied, and the surface charge density on SiO2 surfaces is

RESULTS AND DISCUSSION
The liquid contact pair used in most of previous studies about
liquid−solid CE is water, and ions are suspected as the charge
carriers because of the existence of H+ and OH− in water.
Here, besides the deionized water (DI water), the organic
solutions (including dichloromethane, DCM, and cyclohexane,
CYH) were used as the liquid contact pairs to avoid ion
transfer and conﬁrm electron transfer in liquid−solid CE. As
shown in Figure 1a, the silane coupling agents with diﬀerent
functional groups were used to modify the SiO2 surfaces, and
four typical chemical functional groups (perﬂuorododecyl,
oxypropyl, dodecyl, and aminopropyl) containing F, O, C, and
N elements, respectively, were used in the experiments. The
silane coupling agents were ﬁrst dissolved in ethanol, and the
SiO2 samples were immersed in the solutions. In this process,
the silane coupling agents will hydrolyze and self-assemble on
B
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Figure 2. XPS characterizations of the modiﬁed SiO2 surfaces and the contact electriﬁcation between the SiO2 surfaces and diﬀerent liquids.
The XPS spectra of the SiO2 surfaces modiﬁed with (a) perﬂuorododecyl, (b) oxypropyl, (c) dodecyl, and (d) aminopropyl. Transferred
charge density on the diﬀerent functional groups modiﬁed SiO2 surfaces after contact with (e) DI water, (f) cyclohexane, and (g)
dichloromethane.

C−N peaks can be extracted from the spectra of the
perﬂuorododecyl-, oxypropyl-, and aminopropyl-modiﬁed
SiO2, respectively, and the F and N were detected on the
perﬂuorododecyl- and aminopropyl-modiﬁed SiO2 sample
surfaces, respectively, as shown in Figure S1. For all of the
SiO2 samples, the C−C peaks were observed, but the elemental
ratio of C to Si of the dodecyl-modiﬁed sample (0.39) is higher
than that of the unmodiﬁed SiO2 sample (0.27). (The carbon
on the unmodiﬁed SiO2 surface comes from the carbon-related
contamination, which is hard to avoid once the SiO2 sample is
exposed to air.) These results suggest that all of the functional
groups were successfully modiﬁed to the SiO2 surfaces.
The transferred charge density on the modiﬁed SiO2
surfaces after the contact with DI water is given in Figure
2e. The perﬂuorododecyl-, oxypropyl-, and dodecyl-modiﬁed

the SiO2 surfaces. The virgin modiﬁed SiO2 surfaces were then
contacted by the liquids, such as DI water, as shown in Figure
1b. The ions or electrons will transfer from the liquid to the
solid surfaces in the contact. Then, the transferred charge
density on the modiﬁed SiO2 surfaces was measured by using
KPFM, as shown in Figure 1c. The working principle of the
KPFM was described elsewhere.39 In order to distinguish
electron transfer from ion transfer, the charged SiO2 samples
were heated by a sample heater to 413 K, and the decay of the
surface charge density was recorded in situ. In our previous
studies, the electrons were demonstrated to emit from solid
surfaces at 413 K because of the thermionic emission, while the
ions will stay on the surfaces at 413 K.33
The X-ray photoelectron spectra of the modiﬁed SiO2
surfaces are shown in Figure 2a−d. The C−F, C−O, and
C
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Figure 3. Temperature eﬀect on the CE between DI water and the modiﬁed SiO2 surfaces. Decay of the CE charges (induced by contacting
with the DI water at room temperature) on the (a) perﬂuorododecyl-, (b) oxypropyl-, (c) dodecyl-, and (d) aminopropyl-modiﬁed SiO2
surfaces at 413 K. Both physical adsorption (a, d) and chemical adsorption (b, c) of ions have been found at the interfaces.

on the electron aﬃnity of the elements in the functional
groups, since that the ﬂuorine-containing groups are negatively
charged and amine groups are positively charged? Is there only
electron transfer in the CE between the organic solutions and
the modiﬁed SiO2? The DCM and CYH are both organic
solutions, why are they so diﬀerent in the CE? In order to
answer these questions, the contribution of electron transfer on
the liquid−solid CE is distinguished from that of ion transfer
according to the thermionic emission model, and the electron
transfer and ion transfer are both discussed.
The decay of transferred charge density on the modiﬁed
SiO2 surfaces (generated by contacting with DI water) at 413
K is shown in Figure 3, and the decay of charge density on the
unmodiﬁed SiO2 surfaces was also performed as a control
group, as shown in Figure S2. It is noticed that the charge
density decayed exponentially for all of the samples, which
follows the electron thermionic emission model in CE,35,36 and
some charges (about −70 μC/m2 on the perﬂuorododecylmodiﬁed SiO2 surfaces) cannot be removed at 413 K, which
can be called “sticky” charges. In previous studies, the
removable charges are identiﬁed as electrons and the “sticky”
charges are ions.33 It can be seen that the unmodiﬁed SiO2
samples received both electrons (−170 μC/m2) and negative
ions (−100 μC/m2) in the CE (Figure S2). When the
perﬂuorododecyl was added on the surfaces, the total negative
transferred charge density increased from −270 μC/m2 to
−370 μC/m2, as shown in Figure 3a. The electron transfer is
found to dominate in the CE between the perﬂuorododecylmodiﬁed samples and DI water (−300 μC/m2), while the ion

SiO2 samples received negative charge in the contact, while the
aminopropyl-modiﬁed SiO2 sample received positive charge.
The transferred negative charge density on the perﬂuorododecyl-modiﬁed sample surface (about −370 μC/m2) was
much larger than that on the oxypropyl (about −110 μC/m2)
and dodecyl (−10 μC/m2) modiﬁed sample surfaces. This is
consistent with previous studies, in which the ﬂuorinecontaining groups are more likely to receive negative charge,
while the amine groups are likely to be positively charged.32
When the liquid contact pair was CYH, all the modiﬁed
samples were positively charged, even the ﬂuorine-containing
sample, as shown in Figure 2f. It is noticed that there are no
ions in the CYH, and ionization reaction is unlikely to occur
between CYH and the functional group modiﬁed SiO2
surfaces. Therefore, the charge carriers in the CE between
CYH and modiﬁed SiO2 samples seem to be electrons, since
the adsorption of ions and ionization reaction are excluded.
The electron transfer is mainly dependent on the CYH, instead
of functional groups on the SiO2 surfaces, because the amounts
of transferred positive charges on diﬀerent sample surfaces
were almost the same (about 90 μC/m2). Figure 2g gives the
transferred charge density between modiﬁed SiO2 samples and
DCM. Similar to the CE between CYH and modiﬁed SiO2
samples, all of the SiO2 samples received positive charges in
contact with DCM. The diﬀerence was that the amount of
transferred charges on the SiO2 surfaces varied from 60 μC/m2
(oxypropyl-modiﬁed SiO2) to 230 μC/m2 (dodecyl-modiﬁed
SiO2). These results raise some questions. Does it mean that
the CE between DI water and the modiﬁed SiO2 only depends
D
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Figure 4. Temperature eﬀect on the CE between the cyclohexane and the modiﬁed SiO2 surfaces. The decay of the CE charges (induced by
contacting with the cyclohexane at room temperature) on the (a) perﬂuorododecyl-, (b) oxypropyl-, (c) dodecyl-, and (d) aminopropylmodiﬁed SiO2 surfaces at 413 K. Both physical adsorption (a, c) and chemical adsorption (b, d) of ions have been found at the interfaces.

The decay of CE charges between modiﬁed SiO2 and CYH
is given in Figure 4. The decay curves were also exponential in
this case, and almost all of the transferred charges were
removed from modiﬁed SiO2 surfaces at 413 K, which means
that the CE between modiﬁed SiO2 and CYH is electron
transfer dominated. This is expected since that there are no
ions in the CYH. Diﬀerent from the CE between the modiﬁed
SiO2 and DI water, the electron transfer between the modiﬁed
SiO2 and the CYH was not signiﬁcantly aﬀected by the
electron aﬃnity of functional groups, and all of the transferred
electron densities were about 90 μC/m2. For the CE between
diﬀerent functional groups modiﬁed SiO2 and the DCM
(Figure 5), the electron transfer density also remained almost
unchanged. The diﬀerence is that the positive ion transfer was
observed when the modiﬁed functional group was perﬂuorododecyl or dodecyl. The ion transfer may be caused by the
DCM molecules being much more polar than the CYH
molecules. The DCM molecules will form a hydrogen bond
with water molecules in the atmosphere, while the number of
water molecules adsorbed on the CYH surface will be very
limited.42,43 Hence, it is diﬃcult to avoid the presence of water
molecules in DCM and introducing ion transfer between the
modiﬁed SiO2 and the water molecules in DCM solutions.
The results show that electron transfer always exists in the
liquid−solid CE and even plays a dominant role, whether the
liquid is DI water or an organic solution. The electron transfer
between DI water and solids is sensitive to the chemical
functional groups on the solid surfaces, while the electron
transfer between organic solutions and solids is not. Here, an

transfer was not signiﬁcantly changed compared to that
between the unmodiﬁed SiO2 and DI water. For the oxypropyl
(Figure 3b) and dodecyl (Figure 3c) modiﬁed SiO2, the total
negative charge density decreased to below −100 μC/m2, and
the polarity of electron transfer generated on the surfaces
reversed to be positive (hole generated on the surfaces), while
the ions generated on the surfaces remained negative. When
the aminopropyl was added on the SiO2 surface, the total
transferred charges reversed to be positive, and both the holes
and positive ions transferred from the DI water to the surface.
These results reveal that both electron transfer and ion
transfer occur in the CE between the DI water and the
modiﬁed SiO2 (the ratios of ion transfer to electron transfer are
shown in Figure S3), and the electron transfer is more sensitive
to the surface functional groups than ion transfer. For the ion
transfer, the aminopropyl tends to adsorb positive ions and
makes the SiO2 surface positively charged. But other functional
groups in the experiments cannot signiﬁcantly aﬀect the ion
transfer between the DI water and the SiO2. For the electron
transfer, perﬂuorododecyl acts as an electron acceptor and
results in more electrons generated on the SiO2 surfaces. Other
groups act as electron donors and reverse the polarity of
electron transfer. The electron aﬃnity of the functional groups
in the CE between DI water and the modiﬁed SiO2 follows the
order perﬂuorododecyl > oxypropyl ≈ dodecyl > aminopropyl.
This is consistent with the CE between the Au-coated tip and
modiﬁed SiO2, in which the perﬂuorododecyl-modiﬁed SiO2
received the most electrons and the transferred charges on
other sample surfaces are more positive, as shown in Figure S4.
E
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Figure 5. Temperature eﬀect on the CE between the dichloromethane and the modiﬁed SiO2 surfaces. The decay of the CE charges (induced
by contacting with the dichloromethane at room temperature) on the (a) perﬂuorododecyl-, (b) oxypropyl-, (c) dodecyl-, and (d)
aminopropyl-modiﬁed SiO2 surfaces at 413 K. Both physical adsorption (a, b, c) and chemical adsorption (d) of ions have been found at the
interfaces.

energy band model for the electron transfer between liquids
and solids is proposed to explain the results in the experiments.
Figure 6a gives the energy band diagram for the electron
transfer between the unmodiﬁed SiO2 and the DI water. (The
energy scale in the diagram is based on previous studies,44,45 in
which the band gap of the SiO2 is about 8.9 eV and the band
gap of DI water is about 6.9 eV.) It is widely accepted that the
surface states exist in the forbidden band of insulators, due to
the surface defects and dangling bonds.46−50 The electronic
states of the liquid water was demonstrated to be similar to
that of the amorphous semiconductors,45 and the band gap of
the liquid water is smaller than that of SiO2.51,52 In liquid
water, the water molecules interact with each other by
hydrogen bonding, resulting in many native impurities, such
as clusters, H+, and OH−,45 and the external impurities induced
by the dissolution of oxygen and carbon dioxide also exist in
liquid water, which may account for the very limited
conductivity of DI water. The impurities may introduce
additional electron energy levels in the forbidden band of the
liquid water, which can be called “impurity states” of the liquid
water, which are indicated in the ﬁgure. Hence, when the
unmodiﬁed SiO2 contacts the DI water, the electrons will
transfer from the impurity states of the DI water to the surface
states of the SiO2 (the highest occupied energy level in the
impurity states of DI water is higher than that in the surface
states of SiO2, since the SiO2 received electrons in the
experiments). The electron aﬃnity has been demonstrated to
aﬀect electron transfer in contact electriﬁcation;53,54 when the

Figure 6. Energy band diagram for the CE between the modiﬁed
SiO2 surfaces with diﬀerent liquids. (a) Electron transfer between
the unmodiﬁed SiO2 and DI water. The eﬀects of (b) high electron
aﬃnity (EA) functional groups and (c) low electron aﬃnity
functional groups on the CE between SiO2 and DI water. (d)
Electron transfer between the unmodiﬁed SiO2 and organic
solutions. Eﬀects of (b) high electron aﬃnity functional groups
and (c) low electron aﬃnity functional groups on the CE between
SiO2 and organic solutions. (Ec is the bottom of the conductive
band, Ev is the top of valence band, LUMO is the lowest
unoccupied molecular orbital of the organic molecules, and
HOMO is the highest occupied molecular orbital of the organic
molecules.)

F
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2 can be answered. The CE between the modiﬁed SiO2 and DI
water is the result of both electron transfer and ion transfer, in
which the electron transfer depends on the electron aﬃnity of
the functional groups. For the CE between the organic
solutions and the modiﬁed SiO2, the electron transfer plays a
dominant role, and the electron transfer cannot be signiﬁcantly
aﬀected by the functional groups. The diﬀerent transferred
charge density in the CE between DCM and diﬀerent
functional-modiﬁed SiO2 surfaces is caused by ion transfer,
which is introduced by the water molecules in the DCM.
These discoveries provide strong evidence for electron transfer
in CE between liquids and solids, especially for that between
organic solutions and solids. It implies that the electron
transfer is ubiquitous and occurs as long as the electron clouds
belonging to two atoms overlap.56 The results in this study
support the “two-step” model for the formation of an electric
double-layer proposed by Wang,57 in which the electron
transfer is considered to be the ﬁrst step to generate the
charged solid surface, and the opposite ions in the liquid
adsorb on the charged surface in the second step. Moreover,
the traditional triboelectric series can be divided into two series
based on this work: triboelectric electron series and triboelectric ion series. It is revealed that a material (oxypropyl- and
dodecyl-modiﬁed SiO2) can be located on the positive side in
the electron series and negative side in the ion series at the
same time. This ﬁnding provided a good idea to explain the
triboelectric series.

SiO2 sample is modiﬁed by the high electron aﬃnity chemical
functional groups, such as perﬂuorododecyl, the highest
occupied energy level in the surface states of SiO2 will go
down, because the high electron aﬃnity groups will introduce
unoccupied low-energy levels on the SiO2 surface. In this case,
more electrons will transfer from the impurity states of the DI
water to the SiO2 surface, as shown in Figure 6b. If the low
electron aﬃnity functional groups (such as aminopropyl) are
modiﬁed on the SiO2 surface, occupied high energy levels will
be introduced on the surface and raise the highest occupied
energy level in the surface states of SiO2. The electrons will
transfer from the SiO2 surface to the DI water side, as shown in
Figure 6c. It needs to be emphasized that when the DI water
donates or receives electrons, the holes or electrons are shared
by many water molecules in the liquid, instead of belonging to
one or two water molecules, since the water molecules will be
dissolved in a very short time if the electrons are donated.55
For the organic solutions (such as CYH and DCM), the
molecules interact with each other by van der Waals force
instead of hydrogen bonds, which means that the interaction
between the organic molecules is much weaker than that
between water molecules. Therefore, no native impurities or
additional energy levels exist in the organic solutions, and the
energy structure of the organic solutions can be described by
the molecular orbital. As shown in Figure 6d, when the
unmodiﬁed SiO2 contacts the organic solutions, the electrons
in the surface states of SiO2 will transfer to the LUMO (lowest
unoccupied molecular orbital) of the organic molecules, and
the SiO2 sample will be positively charged. It should be noticed
that the molecular orbital is separated and there are at most
two electrons in a molecular orbital. Hence, the ability of the
organic solutions to donate or receive electrons is limited.
Although the highest occupied energy level in the surface states
of SiO2 is much higher than the LUMO of the organic
molecules, at most two electrons will transfer from the SiO2
surface to the organic molecular. When the highest occupied
energy level in the surface states of SiO2 goes down due to the
high electron aﬃnity functional groups (Figure 6e), there are
still two electrons that are going to transfer to organic
solutions, as long as the highest occupied energy level of the
SiO2 is higher than the LUMO of the organic molecules.
Similarly, the number of transferred electrons from the SiO2
surface to the organic solution will not increase, although the
highest occupied energy level of the SiO2 goes up when the
low electron aﬃnity functional groups are modiﬁed on the
SiO2 surfaces. Hence, the density of electron transfer between
the organic solutions and the SiO2 samples was not sensitive to
the functional groups on the SiO2 surfaces in the experiments.
Diﬀerent from the electron transfer, the ion transfer between
the liquid and solid is not entirely dependent on the electron
aﬃnity of materials, since the holes (positive charges) and
negative ions can be generated on the SiO2 surface at the same
time in the liquid−solid CE (Figure 3c). We believe that more
data are required to reveal the mechanism of the ion transfer
between liquid and solid.
It needs to be clariﬁed that the charge decay experiments
were performed after the liquid−solid CE, which means that
the mechanism of the charge transfer at the liquid−solid
interface is independent of the thermionic emission in the
charge decay. The purpose of the charge decay experiments is
to distinguish the electron transfer and ion transfer during
liquid−solid CE. According to the thermionic emission
experiments and the analysis, the questions raised in Figure

CONCLUSIONS
In conclusion, diﬀerent chemical functional groups were
modiﬁed on the SiO2 surfaces, and the CE between the
modiﬁed SiO2 surfaces and the liquids, including DI water and
organic solutions, was investigated by KPFM. The contributions of electron transfer in the CE were distinguished from
that of ion transfer by recording the decay curves of the
transferred charge density at 413 K. The results suggest that
there are both electron transfer and ion transfer in the CE
between the modiﬁed SiO2 and the DI water. It is found that
the perﬂuorododecyl is likely to receive electrons and the
aminopropyl tends to donate electrons, because of the diﬀerent
electron aﬃnities of the groups. When the organic solutions,
such as CYH and DCM, contact the modiﬁed SiO2, the
electron transfer plays a dominant role in the CE, since there
are no ions in the organic solutions. The electron transfer
between the organic solutions and the modiﬁed SiO2 was
independent of the functional groups on the SiO2 surfaces.
Based on the results, an energy band model for electron
transfer is proposed to explain the CE between liquids and
solids. The limited ability of the organic molecules to receive
or donate electrons is considered responsible for the
robustness of the electron transfer in the CE between the
organic solutions and the modiﬁed SiO2.
EXPERIMENTAL SECTION
Sample Preparations. The SiO2 sample layer of 100 nm
thickness was deposited on a heavily doped silicon wafer by thermal
oxidation. The silane coupling agents, 1H,1H,2H,2H-perﬂuorodecyltriethoxysilane (vol. 0.7%), glycidyloxypropyl triethoxysilane (vol.
5%), and dodecyltrimethoxysilane (vol. 5%), were dissolved in
absolute ethyl alcohol, and the SiO2 samples were immersed in the
solution for 4 h for the modiﬁcation of perﬂuorododecyl, oxypropyl,
and dodecyl, respectively. The unmodiﬁed SiO2 samples are
immersed in the absolute ethyl alcohol without silane coupling
G
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agents for 4 h, as the control group. The dimethoxymethylsilyl
aminopropyl (vol. 5%) was dissolved in 95% aqueous alcohol, and the
SiO2 samples were immersed in the solution for 8 min for the
modiﬁcation of aminopropyl. After the immersion, the samples were
placed in a nitrogen atmosphere for 24 h and were heated to 433 K
for 10 min. The water contact angles of the modiﬁed SiO2 samples are
given in Figure S5, and the DI water used in the experiments was
produced by a deionizer (HHitech, China) with a resistivity of 18.2
MΩ·cm.
KPFM Measurements. The commercial AFM equipment Multimode 8 (Bruker, USA) with a heating module was used in the
experiments. NSC 18 (MikroMash, USA; Au coated; tip radius: 25
nm; spring constant: 2.8 N/m) was used as the conductive tip. The
heating and potential measurements were performed in an Ar
atmosphere. In the KPFM measurement, the tapping amplitude was
set to 300 mV, the scan size was 5 μm, and the lift height was 50 nm.
Experimental Details of the CE. Before the CE, the initial
surface potential of the virgin sample surfaces was measured. Then,
the liquids slid across the solid surface at room temperature, and the
samples contacted by liquid were blown by N2 gas, to make sure the
liquid was all removed. Finally, the surface potential of the solid
samples, which was changed by the transferred charge remaining on
the surfaces, was measured again by using KPFM (in a dry argon
atmosphere), and the average time for mounting the charged sample
to the KPFM was about 1 min. The transferred charge density
between the liquids and samples was calculated according to the
change of the surface potential in CE.33
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