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Abstract: Contact electrification exists everywhere and between every phase of matter. However, its
mechanism still remains to be studied. The recent triboelectric nanogenerator serves as a probe and
provides some new clues about the mechanism present in solid-solid, solid-liquid, and liquid-liquid
contact electrification. The gas—solid model still remains to be exploited. Here, we investigated the
contact electrification between gases and solids based on the single-electrode triboelectric nanogenera-
tor. Our work shows that the amount of transferred charges between gas and solid particles increases
with surface area, movement distance, and initial charges of particle increase. Furthermore, we find
that the initial charges on the particle surface can attract more polar molecules and enhance gas
collisions. Since ions in gas—solid contact are rare, we speculate that gas—solid contact electrification
is mainly based on electron transfer. Further, we propose a theoretical model of gas—solid contact
electrification involving the gas collision model and initial charges of the particle. Our study may
have great significance to the gas—solid interface chemistry.
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1. Introduction

Contact electrification (CE) is universal and has been known for over 2600 years.
However, its mechanism still remains debated. Many researchers have focused on the
solid—solid CE. Several mechanisms are proposed [1-3], such as the emergence of a tri-
boelectric nanogenerator [4-6], with new clues being discovered [7-9]. Subsequently,
liquid-solid and liquid-liquid CE models are also investigated [10-14], which shed some
light on fundamental insights into the CE mechanism. However, as another phase, gas
exists everywhere, but gas—solid CE is rarely reported. So far, sensing systems involving
gas have been researched based on TENG [15-19]. It is worth noting that the gas—solid
interacted power generation is proposed by exploiting the gas—solid interface to harness
triboelectricity [20]. In addition, it has been recently proved that gases (such as Oy, Ny,
O3, Hy, and so forth) have a significant effect on the solid—solid contact electrification
and solid-liquid contact electrification [21-25]. However, compared to solid-solid contact
electrification and solid-liquid contact electrification, the mechanism of gas—solid contact
electrification has not yet been researched systematically.

Here, we investigate the mechanism of the electrification between gases and solids.
Charge transferring is probed based on the single-electrode TENG. The influence of surface
area, movement distance, and the initial charges of solid on gas—solid CE are examined.
Moreover, we analyze the contribution of the initial charges of the solid to the gas adsorption
law. Finally, a model of the gas—solid contact electrification and gas collision model
involving the initial charges of the solid is proposed, providing a distinct mechanism
from the general understanding of classical gas—solid interface chemistry.
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2. Materials and Methods

Electrical Measurement: The measuring device was designed based on the single-
electrode TENG. The induction electrode, made of copper foil (35 um thick), was designed
to be hollow cylinders. To completely measure the charge on the surface of the polymer,
the diameter and height of the induction electrode were 8 cm and 10 cm, respectively.
All charges on the induction electrode derived from the charged solid were measured by
connecting the electrode with a Keithley 6517b electrometer. All tests in the experiment
were repeated more than 20 times, and the mean value was used for the results in the figure.

Simulation method: The fluid dynamics simulation between the polymer (PTFE) and
gas was completed by FLUENT. The simulation is carried out under ideal gas conditions.
The turbulent model is SST k-omega. The pressure of the inlet and outlet was set to
101.325 kPa. The density of PTFE was set to 2.2 g/cm?. PTFE was in free fall during the
simulation, and the fall time was set to 200 ms. The pressure and velocity of the flow field
were detected during the free fall of PTFE.

3. Results and Discussion

Figure 1a(i) shows a dynamic testing process of gas—solid contact electrification. The
number of transferred charges (AQ) was measured based on the single-electrode triboelec-
tric nanogenerator, with the induction electrodes installed in a Faraday Cage, which shields
the interference of the external electric field. The induction electrode is made of copper
foil (35 um thick and 10 cm width), with a size larger than solid particles. As illustrated in
Figure 1a(ii), when the charged solid passes through the induction electrode, electrons are
exchanged between the electrode and the ground due to electrostatic induction. During the
experiments, the solid free falls from the top to the bottom of the Faraday cage, successively
passing through the top and bottom induction electrodes, as shown in Figure S1. The charge
on the solid surface is measured through the charging and discharging of the capacitance
inside the electrometer. When the solid enters the top electrode, the capacitance of the
top electrometer begins to charge. As the solid continues to fall, the solid passes through
the top electrode and enters the bottom electrode. At this time, the discharge of the top
electrometer capacitor is not finished, while the bottom electrometer capacitor begins to
charge. Therefore, the two charge curves partially overlap. Corresponding charge testing
curves are plotted in Figure 1b. The time interval of the two peaks was about 0.13 s, which
correlated well with the particle’s practical movement. The measured transfer charges of
the top electrode were defined as Qop, and that of the bottom electrode was defined as
Qpottom- Therefore, the number of transferred charges (AQ) between gas and solid during
the free fall can be obtained by the formula AQ = Qpottom — Qtop-

Figure 1c shows the fluid dynamics simulation. It indicates that the bottom surface of
the solid is in a compression state, which means that collisions with gas molecules mainly
occur in this area. Figure 52 shows that as the speed increases, the pressure increases,
suggesting that more collisions happen. Subsequently, we examined the gas molecule
distribution under different surface areas and speeds, as shown in Figure 1d. The arrows in
Figure 1d indicate the velocity direction of the airflow around the fall path. PTFE ball colors
in Figure 1d represent the surface pressure between the solid and gas. We found that gas
molecules around the solid take part in solid—gas collisions due to the compressed region
generated at the bottom of the solid. We also carried out aerodynamic simulation analysis
for the case of other surface areas, as shown in Figure S3a,b, and the results were consistent
with Figure 1c,d. Figure S3c shows the change of gas pressure around the solid during
movement. The negative pressure around the bottom of the solid is created due to the
motion of the solid, while the gas pressure around the solid is not affected. In consequence,
the pressure difference is formed around the solid and drives more molecules to collide
with the solid. Consequently, we speculate that the AQ of gas—solid contact electrification
is affected by the surface area and speed of the solid.
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Figure 1. Experimental principle and fluid dynamics simulation. (a) The testing principle of gas—solid
contact electrification. The device is designed based on single-electrode TENG. The solid is thrown
from the top of the container in free fall, passing through the top and bottom induction electrodes,
respectively. (b) The testing result of the top and bottom electrodes. (c) The change of the pressure
around the solid. (d) The effect of surface area and speed on the distribution of gas molecules.

Afterward, we systematically examined gas-solid contact electrification. Five kinds of
polymer particles of polycarbonate (PC), polyamide (PA), polytetrafluoroethylene (PTFE),
polyoxymethylene (POM), polypropylene (PP) with different diameters, ranging from
20 to 50 mm were selected. The gas pressure during the test was set to 101.325 kPa. They
free fall from the same height above the top induction electrode, as shown in Figure 2a.
Figure 2b shows the testing results of PC particles. It indicates that the AQ increases as the
diameter increases, meaning that the larger surface area of the particle will induce more
transferred charge. This corresponds well with the above simulations in Figure 1c. As
the diameter increases, the collision probability and times between the particles and gas
molecules increase. Subsequently, other materials were tested under the same conditions,
and the results are plotted in Figure 2c—f. Those results lead to the same conclusion. It is
worth noting that the gas—solid contact electrification is related to the electron-withdrawing
ability of the solid. Meanwhile, the electron-withdrawing ability depends on the surface
functional groups of the polymer. Therefore, the gas—solid contact electrification properties
can be influenced by the physical and chemical properties of the solid materials.
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Figure 2. Effects of surface area on gas—solid contact electrification. (a) The testing principle of
gas—solid contact electrification under different contact areas. (b—f) The relationship between the
transferred charge and the contact area in the process of gas—-PC, gas—POM, gas—PP, gas—-PTFE, and
gas—PA contact electrification.

Moreover, the additional experiment was performed in a clean room, and testing
results are illustrated in Figure 3a. The particle concentrations inside the clean room were
class 10,000 and outside the clean room were class 1,000,000. The charge transferring during
gas—solid electrification in the clean room was close to that in normal circumstances. The
effect of floating particles in the air is small, which might be attributed to the number of
collisions with floating particles being much less than with gas molecules.
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Figure 3. Effects of floating particles in the air and falling distance on gas—solid contact electrification.
(a) The result of gas—solid electrification inside and outside the clean room. (b) The testing principle
of different falling distances. (c) The output of the electrometer under different falling distances.
(d) The relationship between the transferred charge and the falling distance.

Additionally, we investigated the effect of falling distance (0.25 m, 0.5 m, 0.75 m)
on the gas—solid contact electrification, as shown in Figure 3b. Figure 3c—d show that as
the falling distance increases, the transferred charges increase linearly. Accordingly, we
speculate that the transferred charges are proportional to the collisions between the particle
and gas molecules, which are determined by the gas molecule quantity.

Considering that the density of gas molecules is #, falling distance is /1, diameter of
the particle is D, and assuming that the solid particle collides with all gas molecules in its
falling pathway, the derivation is modeled based on the mean free path of gas molecules.
When the number density of the gas molecules is 1, the number of collisions during the
particle falling can be expressed as (detailed formula derivation can be found in supporting
information Note 1):

N = inhnDz (1)

There is a charge-transferring coefficient of # caused by contact electrification. There-
fore, the AQ can be expressed by:

AQ = iiynhnDz (2)
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In addition, we can obtain the # from the diameter and falling height test, which is
about 2.3 x 1072% nC. Subsequently, the 7 of other materials were calculated, and results
are listed in Supplementary Materials Table S1. Divided by the charge amount of one single
electron, we obtain another coefficient of 1.44 x 10713, implying the electron transferring
probability during one collision.

Additionally, it is worth noting that in the experiments, the AQ will be influenced
by the initial charges on the polymer surface. Testing results on PC particles are shown
in Figure 4a. It can be seen that AQ increases as the initial charges increase. The same
results for other materials can be seen in Figure 4b—e. It shows that the initial charges on
the polymer surface act as an “amplifier” in the process of gas—solid contact electrification,
which can effectively improve the solid’s electrification performance. It is found that
the explored range of initial charge density varies with different materials. Due to the
different electron-withdrawing abilities of materials, it is difficult to get some materials
highly initially charged, thus, leading to differences in the range of initial charge densities.
We speculate that the initial charges attract more gas molecules around. Therefore, we
make a modification to Equation (2) as follows:

AQ = %Liyn(l + aq)hntD? 3)

where ag represents the modification in the gas number density caused by the charges.
Additionally, we obtain a differential equation:

_ ynnD?

dg 1

(14 waq)dh 4)

After replacing yn7tD? /4 with A, it can be expressed as:

dq
7 A+ Angq 5)
Therefore, q can be solved as:
1 Aah 1 }
= 1+ — | — — 6
7 %K rwo) aqo ©
Furthermore, AQ can be calculated as:
_ 1N\ Aan
AQ = g0 (1 + a%) (e 1) @)

It is worth noting that if we assume a small modification in the gas number density
caused by the charges, i.e., ag and agq are small, Equation (7) can be turned into:

AQ = Ah (8)

which corresponds well with Equation (1).

Furthermore, we compare the effect of positive and negative initial charges on gas—
solid contact electrification, as shown in Figure 4f. No obvious difference was found.

To further verify our above hypothesis, we repeated the gas—solid contact electrification
under a non-polar-gas-rich and polar-gas-rich atmosphere. Pure nitrogen (N3) and oxygen
(Oy) were chosen as the non-polar gas sources and continuously injected into the container,
respectively, during the experiment. Testing results in O;-rich and Nj-rich conditions are
plotted in Figure 5a—f, showing that the AQ increases more significantly in the air than in
those two conditions as the initial density increases.
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Figure 4. Effects of initial charge on polymer surface at gas—solid contact electrification. (a—e) The
relationship between the transferred charge and initial charge of the polymer surface in the process
of gas-PC, gas-PTFE, gas—PA, gas—POM, and gas—PP contact electrification. (f) The effect of initial
charge polarity on electron transfer.

On the contrary, we chose water gas molecules (H;O) to create a polar-gas-rich envi-
ronment. The experiment was operated at the humidity of 20%, 30%, 40%, and 60%. Testing
results are illustrated in Figure 5g—i. Apparently, the AQ increases as the initial charge
increases, and the enhancement is promoted when the humidity gets larger. That verified
our hypothesis that the initial charges on the particle will attract polar gas molecules and
thus enhance the gas—solid collisions and charge transferring. However, as the humidity
continues to increase to 60%, the AQ decreases, which means that higher humidity can re-
duce the charge transfer during gas and solid contact electrification. It is worth noting that
the previous research obtained the same result [26]. We speculate that contact electrification
mainly occurred between gas and solid under low humidity conditions, while contact
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electrification between gas and solid would be suppressed at high humidity. Additionally,
we tried another polar gas molecule, i.e., ethanol. The testing result is plotted in Figure 6a.
An apparent enhancement was found with ethanol filled in, consistent with our results
obtained in the HyO-rich condition. Therefore, we demonstrated that gas—solid contact
electrification can be enhanced during polar-gas-molecule conditions.
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Figure 5. The difference between gas—polymer contact electrification in the non-polar-gas-rich
atmosphere and polar-gas-rich atmosphere. (a-c) The effect of the non-polar-gas-rich atmosphere
(Oy) on gas-PC, gas—PA, and gas—-POM contact electrification. (d—f) The effect of the non-polar-gas-
rich atmosphere (N) on gas-PC, gas-PA, and gas-POM contact electrification. (g—i) The effect of
the polar-gas-rich atmosphere (H;O) on gas-PC, gas-PA, and gas—-POM contact electrification. The
concentration is 20%, 30%, 40%, 60%.

In addition, owing to bare ions existing in gas/solid contact, we can speculate that
the solid/ gas contact electrification is mainly dominated by electron transfer. The specific
theory model is shown in Figure 6b. When the state of initial charges on the polymer
surface is neutral (Figure 6b (i)), the gas collision of the polymer follows the traditional gas
collision law. The number of molecules colliding with the solid is 71, and the amount of
transferred charges between the gas and solid is AQ;. When the initial charges exist on the
polymer surface, the solid begins to attract more polar molecules toward the surface in a
targeted manner (Figure 6b (ii)). The amount of molecules (117) colliding with the solid thus
increases. The amount of transferred charges between gas and polymer is AQ,. Figure 6b
(iii) shows that the initial charges on the polymer surface continue to increase, which means
that the polymer can attract polar molecules from farther away. The amount of molecules
(n3) colliding with polymers continues to increase. The amount of transferred charges
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4. Conclusions

In this work, we designed a non-contact measurement approach based on the single-
electrode triboelectric nanogenerator for studying gas—solid CE, which can obtain direct
and reliable results. We found that the gas-solid CE will be determined by the solid surface
area, movement distance, initial charge density, and gas conditions. As the solid area
and movement distance become larger, the gas—solid CE will be enhanced. Moreover, the
initial charge density of the solid can also enhance the gas—solid CE due to the surface
charges attracting polar gas molecules, leading to more colliding between the solid and
gas molecules. The hypothesis was verified by the experiments performed under polar
and non-polar gas conditions. Furthermore, theory models of gas—solid CE based on the
ideal gas approximation are discussed. Our work may have a great impact on the further
investigation of gas—solid and gas-liquid contact electrification. Furthermore, this work
shows the possibility of adjusting the interfacial charge between the gas and solid, showing
potential applications in the gas—solid interface chemistry.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /nanoenergyadv3010001/s1; Note 1: Formula derivation for the
transferred charge amount during a solid particle falling. Table S1: The 11 of other materials. Figure S1:
The movement process of the polymer. (a) The correspondence between output of electrometer and
motion of polymer. (b) Snapshots showing the motion of the polymer. Figure S2: The relationship
between pressure and velocity. Figure S3: Fluid dynamics simulation between gas and polymers.
(a) The pressure between the gas and polymer surface changes with the contact area. (b) The influence
of contact area and velocity on the distribution of gas molecules. (c) The changes of gas pressure
around the polymer and the motion trends of gas molecules.
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