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ABSTRACT: Contact electrification is an interfacial process in which two surfaces exchange electrical charges when they are in
contact with one another. Consequently, the surfaces may gain opposite polarity, inducing an electrostatic attraction. Therefore, this
principle can be exploited to generate electricity, which has been precisely done in triboelectric nanogenerators (TENGs) over the
last decades. The details of the underlying mechanisms are still ill-understood, especially the influence of relative humidity (RH).
Using the colloidal probe technique, we convincingly show that water plays an important role in the charge exchange process when
two distinct insulators with different wettability are contacted and separated in <1 s at ambient conditions. The charging process is
faster, and more charge is acquired with increasing relative humidity, also beyond RH = 40% (at which TENGs have their maximum
power generation), due to the geometrical asymmetry (curved colloid surface vs planar substrate) introduced in the system. In
addition, the charging time constant is determined, which is found to decrease with increasing relative humidity. Altogether, the
current study adds to our understanding of how humidity levels affect the charging process between two solid surfaces, which is even
enhanced up to RH = 90% as long as the curved surface is hydrophilic, paving the way for designing novel and more eflicient
TENGsS, eco-energy harvesting devices which utilize water and solid charge interaction mechanism, self-powered sensors, and
tribotronics.
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1. INTRODUCTION (TENGs), introduced by the Wang group in 2012,”'% which
received great attention as a new energy harvesting application,
such as mechanical energy harvesting, self-powered sensing,
and tribotronics. Since TENG-based portable and wearable
electronic devices will usually operate in varying environmental
conditions across the globe, relative humidity is one of the
most studied factors that affect tribocharging."'~'* The power
output is enhanced with increasing RH until reaching a
material-dependent optimum that typically lies around 40%
RH.>'*'> Above this optimum, the electric output decreases

Contact electrification (CE) or triboelectric charging is the
process of exchanging electrostatic charges when two surfaces
are in contact. However, the exact mechanism at the heart of
this phenomenon is still under debate. For insulators, even the
nature of the charge carrier associated with contact charging
has not been settled.”*® Basically, three kinds of charge transfer
mechanisms are proposed: (i) electron transfer, (i) ion
transfer,’ and (iii) transfer of material.” The reason that a
unifying mechanism explaining the tribocharging is missing can
be ascribed to the fact that the electrostatic interactions
between surfaces are highly complex as they hinge on Received:  April 21, 2023
material,”* size, electrical properties, surface properties,” and Accepted:  June 20, 2023
relative humidity (RH) as well.”*

Understanding the contact electrification mechanism at the
micro- and nanoscale is pivotal, as it is currently leveraged in
many energy applications, e.g., in triboelectric nanogenerators
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Figure 1. (a) Schematic representation of the colloidal probe method. An AFM cantilever with a colloidal probe is approached and retracted from
the substrate resulting in a force—distance (F(D)) curve. (b) Typical force—distance (F(D)) curve between a silica colloidal probe and a glass
substrate. The blue bars represent the relevant type of interaction force when the colloidal probe has been released at a distance D from the flat
substrate, while the red bar signifies the range where all interactions vanish.

with increasing RH, which can be ascribed to water present at
the interface. As the RH changes, water molecules adsorb on
the surface, transforming the contact configuration from a
single solid—solid interface to a double solid—liquid inter-
face."'#'°7** Consequently, the charge transfer mechanism
also changes; from electron transfer (at solid—solid inter-
actions) to a combination of both electron and ion transfer (at
solid—liquid interfaces).'”** Given that water has the ability to
charge solid surfaces upon contact, it is thriving as a promising
strategy for the massive development of solid—liquid TENGs,
droplet-based TENGs, moisture-enabled electric nanogener-
ators,”* and generation of hydrogen peroxide,” to harvest
green and renewable electricity from the abundantly present
water on Earth.

A key obstacle when studying solid—liquid—solid interacting
configurations is that surfaces tend to stick to one another
when only hydrophilic surfaces are involved at high humidity
levels. Consequently, surfaces can not be released, and the
electrostatic charging process at high humidity levels is
challenging, if not impossible. To overcome this limitation,
we utilize the colloidal probe technique for the first time to
investigate the electrostatic interaction induced by CE by
immediately measuring (<1 s) the contact electrification
voltage between a hydrophilic silica or hydrophobic poly-
styrene colloidal probe and various hydrophilic uncoated or
hydrophobic fluorocarbon-coated substrates as a function of
the relative humidity up to 90%. In most material
combinations, a clear increasing dependence is observed
between the contact electrification voltage and increasing
RH. In contrast to previous studies”®'*'“*® also above the
typical optimum of 40—50% RH, an increase in contact charge
is observed in this study when the spherical probe is
hydrophilic as opposed to when a flat surface in the form of
a plateau tip is used. From a fundamental perspective, this is a
valuable result as it is indicative of a mechanism in which
patches on surfaces contribute to contact electrification,*”**
as plausibly wet and dry patches are present on the curved
colloidal probe leading to an enhancement of the electrostatic
interaction between hydrophilic colloidal probes and flat
substrates. On the application side, our results are obtained
in a similar fashion as contact-separation (CS) operating
TENG devices, CS-TENGs, are in agreement with other
studies that show that the performance of TENG devices can

be enhanced in high humid conditions (RH = 90%) when
hydrophobic sliding friction layers in DC TENGs are used,”
or cellulose-based surfaces.’® In addition, the influence of the
contact time on the charging behavior between the two
materials is investigated, showing that not only the charge
relaxation time constant is dropping with RH but also the time
constant of charging. In contrast to room-temperature
experiments, measurements performed at elevated temper-
atures close to the water’s boiling point showed that the
charging is constant and lower than that at room temperature.
The work presented here explores the contact electrification of
a dynamically changing solid—liquid—solid interface and
addresses the pressing matter of the influence of surface
water on the charging process of DC TENGs, very recently
posed by Lyu and Ciampi,”' and other energy harvesting
applications exploiting the water—solid electrification mecha-
nism.

2. EXPERIMENTAL SECTION

Force spectroscopy (FS) was performed with a dimension icon
atomic force microscopy (AFM, Bruker) to obtain force—distance
curves (F(D)). In this mode, the colloidal probe performs an
approach and a retraction cycle at each point on a user-defined grid
(see Figure la, in most cases 12 X 12). It enables precise control over
the applied loading force (FL), the approach velocity (v, which is
equal to retraction velocity and cannot be varied independently), and
the dwell time (t;), where the latter two determine the total contact
time (t.) between the colloidal probe and the surface. The
measurements were performed with silica and polystyrene colloids
with a diameter of 10 gm (NCH-silicon-SPM-sensor with colloidal
particle, type: CP-NCH-SiO-D, NanoAndMore). For the parallel
plate geometry, a plateau tip with a diameter of 1.8 ym is used (PL2-
NCLR, Nanosensors). The substrates used in this study are
hydrophilic SiO, and glass (borosilicate glass or Mempax) and
hydrophobic CF,, (2 < x < 3, fluorocarbon) coating of 50—75 nm.’
The relative humidity was tuned by an in-house-built control setup
(Figure S2). The temperature and humidity were measured using a
humidity sensor (SENSIRION EK-H4 SHTXX, Humidity Sensors,
Eval Kit, SENSIRION, Switzerland), with an accuracy of 1.8%
between 10 and 90% RH. Prior to every measurement cycle, the
sample was heated at 100 °C in a N, environment to ensure that all
water is removed from the surface. Subsequently, the RH was adjusted
in the chamber, and we waited for 2—3 h before the experiments were
performed. If not indicated within the text, the measurements were
performed at room temperature (20 = 1 °C). The acquired data was
processed using a Matlab script, with extracted values for the adhesion
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Figure 2. (a) Force—distance (F(D)) spectroscopy curves of a silica (SiO,) colloidal probe on the CF,-coated (blue) and uncoated glass (red)
substrate, respectively. The spectra are acquired at room temperature and 30 % RH. (b) Similar to (a) but here performed with a polystyrene
colloidal probe. The dashed (solid) line is the approach (retraction) curve.

force (F,), snap-out distance (D,,), distance to zero-force (D),
indentation (6), and the contact electrification voltage (V). Two
modes were used to measure the tribocharging process with the
colloidal probe: the aforementioned force spectroscopy and single-
contact charging. In the latter mode, the tip is repeatedly brought into
contact at the same location.

More information on materials used in this study and experimental
and data analysis routines are included in the Supporting Information.

3. RELEVANT INTERACTION FORCES

Figure 1b depicts a representative force—distance (F(D)) curve
recorded during the approach and retraction phase of an
experiment performed with a silica colloidal probe and a glass
substrate. When approaching, the probe jumps into contact
with the substrate because the force gradient (mostly the van
der Waals force) is larger than the effective elastic constant of
the cantilever.>** During the retraction phase, when the
colloidal probe is released from the substrate, the colloid
particle experiences different adhesion-type forces, as indicated
by the blue bars in Figure 1b. The total adhesion force F,4
consists mainly of (i) the van der Waals force (F,qy), (ii) the
contact mechanics force (F.c), (iili) the capillary force
(Fep), and (iv) the electrostatic force (F,). An animated video
is available for a more elaborate explanation of the Supporting
Information.

The Hamaker model is used to calculate the van der Waals
force through34’35

AyR*

2
6z,

F. =_
vdW (1)
where Ay is the Hamaker constant, z, & 0.3 nm is the
equilibrium separation distance between two smooth bodies,
and R* is the reduced radius expressed as (1/R* = 1/R, + 1/
R,), with R;, the undeformed radius of bodies 1 and 2,
respectively. For the system consisting) of a colloidal probe and
a flat substrate studied here, R* = R.>®

The contact mechanics force finds its origin in the
deformation of two solid bodies at their contact area when
brought in contact. The adhesion force (Fyyee) Of a smooth
particle with radius R in contact with another surface is
expressed as

E

contact — 2 Wath

2)

where w4, is the energy change when separating two bodies in
contact.

When two hydrophilic surfaces are in close contact, the
inevitable water layer at the interface forms a meniscus
between the two bodies, even at a low relative humidity.”’

Consequently, the adhesion force is enhanced and can be
described as a capillary force (F,),

E

C

p = 27 R(cos 6, + cos 6,) 3)
where y, is the surface tension of water, and 6, and 0, are the
contact angles of the liquid bridge on the two bodies.

All of the distinct forces between two bodies in air are
attractive in nature, except the Coulomb force (F, or
electrostatic force), which can lead to either attractive or
repulsive interactions. For the specific contact geometry used
in this experiment (cantilever and colloid on a flat surface), the
electrostatic force is given by*®

R
= sk @
with R the radius of the colloidal particle, €, the vacuum
permittivity, and Vg the contact electrification voltage, which
is the voltage present between the colloid and the surface as a
result of the charge accumulation at both surfaces. The
configuration geometry can be approximated by the flat plate
capacitor model (more information can be found in Section SS
in the Supporting Information). For a more elaborate
discussion of these forces, the reader is kindly referred to
refs 34—36.

As shown in Figure 1b, F,qy and F,, ., are forces that play
an important role in force spectroscopy at small distances < 2
nm. Together with the capillary force, these forces mainly
determine the maximum adhesion force. For larger separation
distances, the capillary and electrostatic forces are important.
The moment the capillary bridge snaps D =& 10 nm in Figure
1b, F,, vanishes, and the total force acting on the AFM
cantilever only consists of the electrostatic force. Note here
that the van der Waals force is also a long-range force still
acting on the cantilever, but is of a much smaller magnitude
compared to the electrostatic force and can therefore be
neglected.33

4. RH DEPENDENCE ON THE ADHESION AND
ELECTROSTATIC INTERACTION

Figure 2a shows two typical F(D) curves for a hydrophilic silica
colloid on a hydrophilic glass and hydrophobic CF,, surface. It
can be noticed that the two approach curves obtained on the
two different substrates are similar. In both cases, the probe
jumps onto the surface. F 4y is approximately equal for both
surfaces, and therefore the approach curves are almost identical
(see Table S2).** Clear differences are observed between the
retraction curves obtained on the two distinct surfaces. First of
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Figure 3. Dependence of the adhesion force (F,4) on the relative humidity (RH) for a silica (SiO,) and polystyrene (PS) colloidal probe on (a) a
CF,-coated SiO, or glass substrate and on (b) a pristine SiO, or glass substrate. The dashed lines connect the data points for clarity. The data

including error bars is represented in Figure S9.
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Figure 4. (a) Contact electrification voltage (Vi) vs the RH between the CF,-coated SiO, and glass surface and a silica and polystyrene probe,
respectively. (b) Vg vs the RH between the pristine surface (SiO, or glass) and a silica and polystyrene probe, respectively. The data including

error bars are presented in Figure S10.

all, the capillary bridge formed between the hydrophilic silica
colloid and the glass surface accounts for the higher adhesion
measured on the hydrophilic surface. The thin layer of water
vapor adsorbed on both surfaces induces the formation of a
liquid meniscus that hinders tip detachment from the surface
due to the high surface energy. The linear regime (D < 10 nm)
marks the rupture of the capillary bridge in the retraction
curve. This regime is missing in the measurement on the
hydrophobic CF, surface as a capillary bridge is absent
between the hydrophobic surface and the hydrophilic colloidal
probe, reducing the adhesion force. Second, a long-range,
noncontact interaction is present, which decreases for larger D,
independent of the surface property. This behavior signifies the
presence of a Coulomb force acting between the two surfaces
that is induced by the contact electrification mechanism (eq
4). However, as discussed later, the magnitude of the
electrostatic interaction is different for glass and CF,.

From the measurements executed with a hydrophobic
polystyrene colloidal probe shown in Figure 2b, it can be
inferred that a similar behavior is observed as for the
hydrophilic silica colloid on a CF, surface. Again the long-
range Coulomb force is present after the surfaces make
contact, whereas the linear regime is absent from the retraction
curves, signifying that no capillary force is present on any
substrate due to the hydrophobic nature of at least the
polystyrene colloidal probe. The lower adhesion values are
explained by the lower Hamaker constant of polystyrene

compared to silica (2 X 107*' J and 65 X 107" J,
respectively35’39), leading to a lower F gy

As reported in earlier studies,*>**™* the adhesion force
increased under more humid conditions for the combination of
a hydrophilic surface in contact with a hydrophilic probe.
However, F,q is independent of the RH for hydrophobic
surfaces and hydrophobic probes, or any other combination
between a hydrophobic and hydrophilic material. From Figure
3, it is inferred that similar trends can be observed in this study.
Only for the combination of a hydrophilic silica colloidal probe
on a hydrophilic substrate (SiO, or glass) an increase in F,q
with RH is found, which can be ascribed to the formation of
capillary bridges. The curvature of the meniscus is related to
the relative humidity (p/py,),"" therefore both the capillary
force and the snap-out distance of the probe from the substrate
(D,, increase, see Figure S6). As soon as one of the materials at
the interface is hydrophobic, the bridge formation is
suppressed, and the dependence is thus no longer observed.

As already inferred from Figure 2, a long-range electrostatic
component induced by tribocharging is present regardless of
the wetting properties of the probe or substrate. To quantify
the electrostatic interaction between the colloidal probe and
the flat substrate, the contact electrification voltage (Vg) is
extracted from the respective F(D) curves as elaborately
described in Section SS in the Supporting Information. In
Figure 4, the contact electrification voltage (Vp) between the
colloidal probe and the respective substrate measured within a
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time frame of <1 s is plotted as a function of the RH. The
largest contact electrification voltage is observed on substrates
carrying the CF, layer (note the different Vg scale in Figure
4), which is in agreement with previous observations where a
strong char§e accumulation was observed due to triboelectric
charging.”*® The CF, layer is characterized in the literature as
the most negatively charged polymer in the triboseries, thus
enhancing the electrification process.”> As a result, the CF,
layer acquires a large negative charge while the silica colloid
acquires a large positive charge. A similar mechanism applies to
the hydrophobic polystyrene colloid, but the interaction’s
magnitude is smaller than the hydrophilic silica colloid,
signifying that water possibly has an effect on the electrostatic
charging in these two distinct configurations.

The observation that electrostatic charge is exchanged
between either type of insulator colloidal probe and the
fluorocarbon layer is supported by our previous studies in
which Kelvin probe force microscopy (KPFM) measurements
performed with a conductive tip show that after rubbing,” or
agitation,36 the silica or polystyrene microspheres gained a
positive charge, while the CF, layer charged more negatively.
However, in contrast to the colloidal probe measurements
performed here, no charge exchange, i.e., electrostatic
interaction, between the microspheres and the hydrophilic
silicon and glass substrate was previously measured using the
KPFM technique. This can be explained by the fact that the
colloidal probe technique allows for immediate detection of
the electrostatic interaction, whereas the KPFM measurements
were performed 10 min after the experiment. Thus, it is
implied that the charge dissipates faster on the bare hydrophilic
substrates compared to the fluorocarbon-coated substrates.
The interested reader is kindly referred to our previous studies
where the surface potential maps obtained of the microspheres
and flat substrates using KPFM measurements are pre-
sented 364647

Although the empirically established triboelectric series can
potentially explain the direction of charge transfer, often
deviations are observed,”*® the series fails to explain the
dependence on the humidity observed in Figure 4. Note that
the relative positions of materials in the triboelectric ladder do
not reflect the total amount of charge that can be exchanged at
any humidity level.* The electrostatic interaction is enhanced
with increasing RH for a hydrophilic silica colloid interacting
with a hydrophobic CF, layer. A similar trend, albeit weaker
charging, is observed if the conditions are inverted (hydro-
phobic PS colloid interacting with a hydrophilic substrate).
However, when contacting two hydrophobic surfaces, no
significant change in charging is observed with increasing RH.
For two hydrophilic surfaces, on the other hand, an increasing
trend in Vg is also observed with RH, similar to, but weaker
than the hydrophilic—hydrophobic material combinations. The
dependence of Vi on RH evidently implies that water plays a
significant role in the electrostatic interaction between two
materials, confirmed in other studies.”®'¥'®21497=5! Eyrther-
more, the data presented in Figure 4 elucidate that the
triboseries should be merely treated as a guideline as the lowest
contact electrification voltage is measured between the
polystyrene probe and hydrophilic substrates, despite their
relative position on the ladder compared to the silica probe
and the hydrophilic substrates. Thus, water layers seemingly
contain charge carriers that drive the onset of electrostatic
attractions, which is plausibly affected by the wettability and

curvature of the substrate, i.e., the water layers’ structure on the
surface.

5. CHARGING MECHANISM OF HYDROPHILIC AND
HYDROPHOBIC SURFACES WHEN WATER IS
PRESENT

During the contact-separation event of the colloidal probe on
the substrate, the interface between them dynamically
transitions from solid—liquid—solid (approach phase) to
solid—solid (in contact) and again to a double solid—liquid
interface (retract phase), signifying the complexity of the
contact electrification mechanisms at work in our experiments.
When a water layer is in contact with another surface, it has
been proposed that, in general, two transfer mechanisms play
an important role at the solid—liquid interface: (i) ion
adsorption”” and (ii) electron transfer.”> The electron transfer
process is explained by a so-called “two-step process”.”” In the
first step, molecules and ions present in the liquid impact the
solid such that electrons from the water molecules are
transferred due to the overlap of the electron clouds of the
solid atoms and the molecules.” This ionization reaction at
the solid—liquid interface generates both electrons and ions on
the solid surface, while ions from the liquid can also be
adsorbed on the surface, leading to a charged solid surface.’” In
the second step, the mobile cations in the liquid and the freely
migrating ions pushed from the solid surface will be attracted
to migrate toward the charged surface by the electrostatic
interactions, forming an electric double layer.

Note that the electron transfer and ion adsorption processes
simultaneously occur at the solid surface and depend on the
amount of water present on it. Which of these processes will
dominate depends on the electron-capture and adsorption
capabilities of the respective surfaces. Typically, polymers with
fluorine groups (in this case CF,) can directly receive electrons
from the impacting water molecules and adsorb anions from
the liquid. Consequently, when separating the probe from the
surface, the most hydrophobic surface remains negatively
charged, which is in line with our previous KPFM studies,>>%*°
while the freely migrating cations remain in the water layer due
to the higher mobility. Thus, given that we measure an
electrostatic attraction between the colloidal probe and the
solid surfaces, it can be safely concluded that due to
asymmetric surface properties, one surface with the most
affinity for electron-capturing charges negatively, while the
other surface remains with water layers charges positively.

When two hydrophobic surfaces are brought into contact,
the net charge transfer is determined by the asymmetric
coverage of water islands between the two contacting surfaces,
the likelihood for an ionization reaction and the affinities for
adsorbing anions for different materials.'®**** As the water
layer thickness on the hydrophobic materials is independent of
the RH (also supported by the constant adhesion vs RH in
Figure 3a), and both transfer processes rely on the presence of
water, no change is expected in the charge distribution on both
surfaces. Therefore, no charging dependence is expected and
observed with RH between two hydrophobic materials, the PS
probe and fluorocarbon layer, studied here (cf. Figure 4a). In a
recent study by Lin et al, it was concluded that electron
transfer is the more dominant charge transfer method between
two hydrophobic surfaces, ie., on a solid—solid interface.””
However, because the charge is measured just after the contact
electrification process, no distinction can be made between the
two processes.
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Figure S. (a) Contact electrification voltage (V¢g) vs the RH between the CF,-coated SiO, surface and a silica colloidal probe when the surface is
kept at a temperature of 20 and 100 °C. The black line is the same data set as depicted in Figure 4. A clear difference is observed when the
temperature is raised near the boiling point of water, removing the water component from the system. (b) Vg vs RH between the CF,-coated SiO,
surface and a silica probe with a spherical (10 #m colloidal probe) and a flat (1.8 ym plateau tip) geometry. No dependence is observed between
the contact electrification voltage and RH when a plateau tip is used. Inset: Characteristic F(D) curve for a plateau tip on CF, surface.

The situation immediately alters when the hydrophilicity of
one of the surfaces is changed. The amount of water on the
hydrophilic surface is much higher compared to the hydro-
phobic ones. When contacted, a liquid bridge is formed
between the two surfaces, and the interfaces of both surfaces
are fully wetted.”* When the two surfaces are again separated,
the hydrophobic surface has a higher affinity for negatively
charged carriers, while the cations remain in the water layer
present on the hydrophilic surface. As the water layer thickness
on a hydrophilic surface heavily depends on the RH, the
number of mobile charges within the system varies. Therefore,
changing the relative humidity significantly affects the contact
potential between a hydrophilic and hydrophobic surface. The
charging observed for the silica colloid interacting with a CF,
surface as a function of RH (Figure 4a) is stronger compared
to charging between a polystyrene colloidal probe and a SiO,
or glass substrate (Figure 4b), although both material
combinations are described as a hydrophobic—hydrophilic
system. This is explained by the higher hydrophobicity'® of the
CF, layer in comparison with polystyrene. As a consequence,
more negatively charged ions are attracted toward the CF,
layer, increasing the amount of charge and thus a more
considerable contact electrification voltage. The difference in
electrostatic interaction measured between a polystyrene
colloidal probe and the SiO, and glass substrate can be
ascribed to the difference between the substrate contact angles
in contact with water (36 vs 10°, respectively).

Surprisingly, when two hydrophilic materials are brought
into contact, a dependence on the RH is also found (see Figure
4b). Based on the contact angles of water on the materials, a
small amount of electrification on the surfaces is expected.”’
However, similar to the silica colloid and fluorocarbon-coated
substrate case, the electrostatic interaction is enhanced by a
geometrical asymmetry of the two surfaces in contact: a planar
substrate and a spherical colloid. Previous experiments showed
that water films on particle surfaces are not continuous even
for very hydrophilic curved surfaces.'”>® This leads to a similar
scenario that describes the interaction between a hydrophobic
probe and a hydrophilic surface. Dry patches are present on
the colloid, and more ions are available on the planar surface.
This result supports the notion among scientists that a surface
locally contains acceptor/donor patches that contribute to the
contact electrification mechanism.”

As there is solid evidence that material transfer can drive
contact electrification,”®>” we cannot exclude that material

transfer contributes to the charge transfer, albeit little, when
the probe and substrate are in contact, i.e., during the solid—
solid interactions. The latter will particularly apply to the case
of the PS probe in contact with fluorocarbon surfaces. Despite
this evidence, we want to emphasize that the electrification
enhancement observed here with increasing RH can primarily
be ascribed to the presence of increasing water content
between contacting surfaces.

5.1. Influence of Temperature and Geometry. To
corroborate that the presence of water indeed influences the
triboelectric charging process, the experiment performed using
a silica colloid on a CF, surface is repeated at elevated
temperatures. In Figure Sa, the dependence between the
contact electrification voltage as a function of RH is shown for
different temperatures. In this particular case, it is previously
shown that the Vg value increases when the humidity level in
the chamber rises (cf. Figure 4a) at room temperature.
However, when the temperature of the substrate is raised to
100 °C, Vg, and thus the electrostatic interaction remain
constant while the RH is varied. Thus, this confirms that the
presence of a water layer has a strong effect on the triboelectric
charging process. At 100 °C, the majority of the absorbed
water is removed from the substrate and therefore cannot
contribute any longer to the ion exchange process.

Not only the dependence on the RH but also the absolute
value of Vg is altered with temperature, implying that water
contributes to a stronger electrostatic attraction between the
probe and substrate. Previous studies have already observed a
drop in the charge transfer rate with temperature.”*® This
observation is well explained by the electron cloud-potential
well model.>® Prior to the contact between the probe and the
surface, the electron clouds of both surfaces remain separated
without overlap. The potential well prevents the electrons from
freely escaping the material, which is the case for non-
conducting materials. When the two materials are in contact,
the two potential wells merge into an asymmetric double-
potential well in which electrons can transfer from one material
to the other. Note that at these elevated temperatures, the
configuration corresponds to a solid—solid interface as the
surfaces touch at a dry contact.

It is key that TENG devices can perform superior under the
high level of environmental humidity;“"59 however, most
studies find that chal;ging, and thus their performance drop
beyond RH < 40%.”%'*° However, a few strategies are
currently investigated to keep a normal and steady function of
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Figure 6. (a) Contact electrification voltage (V) vs contact time (¢.) for different relative humidities at a retraction velocity of v, = 1600 nm/s for
a silica colloid in contact with the CF, layer. The solid line is the model described by eq 5. Standard deviations are based on the averages of at least
five independent experiments. (b) Extracted charging time constant (z4) for different retraction velocities as a function of relative humidity.

TENG devices for high-RH conditions by preventing water in
the device using encapsulating technology’” or even more
hydrophobic friction layer in a sliding mode operating
TENGs.""*” Another strategy that has proven to successfully
enhance the charge induced by CE is the use of cellulose or
starch films in which water molecules can form hydrogen
bonds with hydroxyl-rich biomaterials.’”*® Similar to those
studies, we found an enhancement of the contact electrification
process with increasing relative humidity found in Figure 4
after contacting and separating a colloidal probe from the
substrate, even for the hydrophilic—hydrophilic combination
(silica—silicon).

The main difference between the current study and standard
TENGs is the geometrical asymmetry present comprising a
planar substrate and a spherical colloid. To justify this
hypothesis, a similar experiment to that in Figure 4 is
performed, however, with another probe geometry. Figure Sb
shows the result obtained using a 1.8 ym silica plateau tip (cf.
Figure Slc,d), which mimics the conventional parallel plate
configuration used for TENGs. While an increasing contact
electrification voltage with RH is observed for the colloidal
probe geometry, V¢ is independent of RH for a plateau tip.
Water films on curved surfaces are never continuous, even for
very hydrophilic surfaces, which reduces conductivity and the
charge to be transferred to the external environment."
Moreover, as a full monolayer of water is present on the
plateau tip’s surface (which is the case for flat surfaces), no wet
and dry patches are present anymore, reducing the charge
exchange within the system (see Figure S9). Therefore
hydrophilic curved surfaces are much more affected by the
RH conditions as the number of wet and dry patches increases.
Based on this observation, producing TENGs with an
asymmetric geometry may be a promising avenue to develop
devices that also work in humid environments. Additionally,
the enhancement of interface charging up to RH = 90% in a
solid—liquid—solid asymmetric system may appeal to those
working in the area of liquid—solid and droplet-based TENGs
in which energy is harnessed by the propensity of water to
charge surfaces.”" %

For the flat plate geometry, no RH dependence is observed,
although other studies show an enhancement of the power
output with a maximum around RH = 40%.”%'*'®*® This
discrepancy is most likely caused by the active contact area of
the system and the roughness of both surfaces. Due to the
microscopic dimensions of the experiment and the nanoscopic
roughness of both the plateau tip (Figure S2c¢,d) and the

surface (Figure S4), the influence of roughness on the
experiment is mostly suppressed. In macroscopic designed
TENGS, roughness plays a major role in the tribocharging
process because more water bridges can form in the gaps which
enhances the charge transfer.” Another study found a
continuous decrease of the transferred charge with increasing
humidity."" In that study, the contact geometry consists of two
pyramidal patterned surfaces, again stressing the importance of
the contact geometry and roughness of the surfaces on the RH-
dependent charging behavior.

5.2. Single-Contact Charging. The absence of charge
effects in the approach curves indicates that triboelectric
charging and discharging occur on a shorter time scale. In
order to investigate the time scale with which charging and
discharging occurs, additional measurements have been
performed with different approach and retraction velocities
(v,) as well as varying dwell times (t;) (see Section S3 in the
Supporting Information for more information). Both param-
eters influence the contact time (t_), which is the total time the
colloidal probe and the surface can exchange charge across
their interface in contact. Therefore, the contact time mainly
depends on t; and is only influenced by v, at low velocities.
Note that in the employed experimental strategy, the contact
electrification voltage is measured only after a certain
separation (D 20 nm) between the silica probe and
substrate is reached, implying that the probe has already
discharged some of its gained charge to the surroundings,
particularly at low retraction velocities.

In Figure 6a, the contact electrification voltage is determined
as a function of contact time for different relative humidities
between a silica colloidal probe and the CF,. A clear trend is
observed in which Vg increases for longer contact times in
contrast to the adhesion force.”* For the other material
combinations, the charging process is too fast (pristine SiO,)
or weak (polystyrene probe) to observe the same trends. The
charging process as a function of time is described by®®

~
~

Q= CV(1 — ™) (s)
with Q the contact charge, C the electrical capacity, t. the
contact time, 74 the time constant of charging, and V, the
potential when in contact. As Vg o Q/C, hence, eq S can be
applied to the experimental data depicted in Figure 6a. An
excellent agreement is obtained between the data and the
model described in eq S.

In addition, the charging process depends on the relative
humidity, as larger contact electrification voltages are observed
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for increasing RH. From the fit, the time constant of charging
can be extracted. 74 is plotted for different retraction velocities
as a function of RH in Figure 6b. Again a declining trend is
observed, where the charge time constant decreases with
increasing RH, indicating that triboelectric charging is faster in
higher humid conditions as a result of the high mobility of the
ions present in water. This observation is similar to other
studies where the discharging process occurs faster at higher
RH due to a higher surface conductivity.éé_68 At low RH, small
patches of water are present on the hydrophilic colloidal probe,
while there is barely water on the hydrophobic substrate,
leading to minimal charge diffusion. The water patches become
larger and more connected with increasing RH, leading to a
larger covered area which enhances the surface conductivity.
Consequently, a lower charging constant is obtained. A caveat
here is that the time constants obtained at the lower retraction
velocities should be interpreted with caution, as the time
constant entails a discharging part that is dominant when
retraction velocities are low (see Section S8 in the Supporting
Information). On the other hand, when the retraction velocity
is increased, i.e., the measurement is performed faster, a higher
contact electrification voltage is measured, as shown in Figure
S11 in Section S8 in the Supporting Information. Thus, if the
electrostatic interaction was measured at later timescales, no
charge transfer would possibly be measured at higher relative
humidity levels, as is the case in other reports. This observation
underscores the advantage of the colloidal probe technique to
measure the charge transfer due to contact electrification
rapidly.

The values found for 74 are much higher compared to the
charge transfer rate (by means of electrons) occurring durin%
tribocharging between metals (seconds vs microseconds).®
This observation can be directly ascribed to the presence of a
water layer. When the probe and the substrate are in contact,
the anions and cations have to diffuse and migrate through the
water bridge in order to rearrange themselves. As already
discussed, these ions have a higher mobility than the water
molecules.'”” Thus, the mobility of ions across the interface
affects the charging rate.

In contrast to other studies,” no additional charging is
observed between multiple contacts (see Figure S10). The
measured contact electrification voltage remains constant
regardless of the number of contact events, similar to the
observation that the approach curve shows no sign of charging
(see Figure 2). This is explained by the low charging constant.
The time between successive measurements is approximately 1
s, providing ample time for the charge to diffuse away. Only
when the approach and retraction speed is increased
significantly (v, > 8000 nm/s), an electrostatic interaction
between the probe and the surface is also observed in the
approach curve (see Figure S12). However, an additional
increase in the contact electrification voltage as a function of
the number of touches remains absent.

The colloidal probe configuration exploited here is a
straightforward, fast, and direct way to control and monitor
humidity effects, allowing for examining the contact
electrification at higher humidity. In addition, the colloidal
probe technique allows distinguishing between the different
forces involved in the CE process; see Figures 3 and 4. When
performed in a liquid environment, the capillary force vanishes
even further, enhancing the contribution of the electrostatic
and van der Waals forces. Also, the charging process itself is
accessible (see Figure 6) in contrast to other experimental

methods where only the final amount of charge can be
detected, such as in a Faraday cup, a parallel plate setup, or
Kelvin probe force microscopy.””****%*7'=73 On the other
hand, the transient process until the saturation charge is
acquired and its polarity remains unknown or difficult to
quantify within the colloidal probe measurements.

Furthermore, it has been recently reported that the green
energy source hydrogen” or hydrogen peroxide® can be
directly produced from moisture present in air already at low
relative humidities. As shown in this work, the colloidal probe
method is a suitable platform to study the effects of humidity
and may be included in an electrochemical setup to study the
effect of mechanical forces on harvesting hydrogen from air.
The same holds for moisture-enabled electric nanogenerators,
where charge exchange occurs between the humid environ-
ment and different surfaces to harvest the generated energy.”*
From the results obtained in this report, we can infer that the
colloidal probe technique can be an excellent candidate for
studying the charging process in moisture-enabled electric
nanogenerators.

6. CONCLUSIONS

We have shown that distinct interactions exist between
different combinations of colloidal probes and substrates,
namely, (i) hydrophilic—hydrophilic, (ii) hydrophobic—hydro-
philic, (iii) hydrophilic—hydrophobic, and (iv) hydrophobic—
hydrophobic, as a function of relative humidity. As expected,
the capillary force dominates the adhesion between a
hydrophilic silica probe and a hydrophilic substrate, whereas
the adhesion remains approximately constant as a function of
the relative humidity as soon as a hydrophobic material is
involved. As the RH increases, in three of the four cases
(situations i, ii, and iii) a clear increasing dependence is
observed in the contact electrification voltage. These findings
confirm the influence of humidity, and especially the presence
of anions and cations in water, on the charging process
between two materials, specifically nonionic insulators. Our
results confirm that electron transfer is the primary mechanism
for contact electrification for the hydrophobic—hydrophobic
combination, as no change in contact electrification voltage is
measured with varying humidity levels.

The colloidal probe configuration enables examining the
contact electrification in <1 s at a higher relative humidity (RH
> 40%) because of the controlled retraction mechanism, which
reduces the influence of capillary forces. This allows studying
the charging process itself, revealing that the charging time
constant is strongly decreasing with increasing relative
humidity, similar to the charge relaxation time constant. In
addition, we show for the first time that the curved surface (of
the colloidal probe) enhances the charging process between
the surfaces because wet and dry patches are present on curved
surfaces (even at high relative humidity), which drives the ion
exchange. We envision that the colloidal probe technique can
serve as a promising platform in studying the charging process
and the concomitant development of more efficient mini-
aturized energy harvesters, e.g., various adaptations of TENGs,
needed in our collective effort to transition towards a green
industry.
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