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ABSTRACT 

Mechanisms of Contact Electrification at 

Aluminum-Polytetrafluoroethylene and Polypropylene-Water 

Interfaces 

Jamilya Nauruzbayeva 

Contact electrification refers to the transfer of electrical charges between two surfaces, 

similar and dissimilar, as they are brought into contact and separated; this phenomenon is 

also known as static electrification or triboelectrification.1 For example, everyone has 

experienced weak electrical shocks from metal doorknobs, wool and synthetic clothing on 

dry days. While contact electrification might appear insignificant, it plays a key role in 

numerous natural and industrial processes, including atmospheric lightning,2 accumulation 

of dust on solar panels,3 charging of liquids during pipetting4 and flow in the tubes,5 and 

fire hazards in granular media.6  

Contact electrification at metal-metal interfaces is well understood in terms of transfer of 

electrons, but a comprehensive understanding of contact electrification at interfaces of 

electrical insulators, such as air, water, polytetrafluoroethylene (PTFE), polypropylene 

remains incomplete. In fact, a variety of mechanisms responsible for transfer of electrical 

charges during mechanical rubbing, slipping, sliding, or flow at interfaces have been 

proposed via: electrons,7,8 ions,9 protons,10 hydroxide ions from water,4,5, specific 

orientation of dipoles,11 mechanoradicals,12 cryptoelectrons,13 and transfer of material.14 

We have noticed that the extent of contact electrification of solids in water is influenced 

by surface free energies, mobile ions, surface roughness, duration of contact, sliding 

speeds, and relative humidity. Herein, we present results of our experimental investigation 
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of contact electrification at the following interfaces: (i) PTFE-aluminum in air and (ii) 

polypropylene-water interfaces. To identify the underlying mechanism, we started with 

various hypotheses and exploited a variety of experimental techniques to falsify most of 

them until we got an answer; our techniques included high-voltage power supply (0-10,000 

V), Faraday cages, Kelvin probe force microscopy, electrodeposition, X-ray photoelectron 

spectroscopy, energy-dispersive spectroscopy, optical microscopy, a contact angle cell, 

and high-speed imaging. We concluded that contact electrification at the PTFE-aluminum 

interface was driven by electrons transferred from aluminum to PTFE. In contrast, contact 

electrification at the polypropylene-water interface was driven by the specific adsorption 

of OH- ions onto polypropylene. These insights should be helpful in designing applications 

of polymers where electrical charging could have influence,4 or applications that could be 

based on electrical charging at such interfaces, such as triboelectric generator.1 
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Chapter 1: INTRODUCTION 

 
Contact electrification, which is also known as tribocharging or static electricity, refers to 

the transfer of charge between two surfaces (of same or different composition) when 

brought into a physical contact followed by separation.15,16 The said physical contact could 

entail rubbing, sliding, touching, flowing or pressing. The oldest documentation of contact 

electrification dates back to ancient Greece.9 In fact, the word “electricity” originates from 

the Greek word ελεκτρον, meaning amber, which was found to become negatively charged 

after rubbing against animal fur.9 Such empirical classification led to the development of 

“triboelectric series” – non-quantitative lists of common materials – comprising metals, 

insulators, and semiconductors – according to their tendency to accumulate negative or 

positive charge after physical contact with other surfaces (Figure 1). While triboelectric 

series is non-quantitative, it is useful for engineering applications. A careful analysis also 

shows that polar surfaces, e.g. mica, that have high surface energies tend to be positively 

charged, whereas non-polar surfaces with low surface energies, e.g. 

polytetrafluoroethylene (PTFE and commercially known as Teflon) and polypropylene, 

tend to acquire negative charge. In this thesis, we set to probe the nature of these charges 

and their dependence on humidity.  

 
Figure 1. A representative triboelectric series listing common insulators, metals and semiconductors based 

on the work of several researchers9,17. Interestingly, as the polar component of the surface free energy of 

materials decreases, so does their tendency to acquire positive charge. For instance, the surface energy of 

PTFE has almost zero polar component and it has the highest tendency to acquire negative charge. 
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It turns out that a variety of charging mechanisms have been proposed and intensely 

debated on, including electrons,7,8 ions,9 protons,10 hydroxide ions,4,5 dipole moment,11 

mechanoradicals,12 cryptoelectrons,13 or material transfer.14 Next, we briefly discuss some 

mechanisms of charge transfer during contact electrification, and highlight gaps in 

knowledge that served as the motivation behind this work. 

1.1 Electron transfer 

The simplified picture of electron transfer between two materials is presented in Figure 2. 

When two surfaces come into contact, electrons could migrate from one to another. 

However, mechanisms underlying electron transfer are different for metals and insulators. 

 
Figure 2. A schematic for electron- transfer between two materials - two surfaces come into contact and 

electrons from one surface migrate to another. Adapted from Whitesides and McCarty.9 

 

1.1.1 Electron transfer at metal-metal interface 

 
Harper demonstrated that electrons flow from one metal to another until the Fermi levels 

of these two metals achieve thermal equilibrium; the argument is akin to two reservoirs of 

water with different heights connected via a pipe (Figure 3).15 The contact potential 

difference, 𝑉c, is a difference between the surface potentials of two metals and is dependent 

on the work functions of these materials, ΦA and ΦB:  

𝑉c = (ΦA − ΦB)/�̅�             [1], 

 

where �̅� is the charge of an electron. 

+

Contact and electron transfer Separation of charge

1 2 3
Two materials 

e- -
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Figure 3. Mechanism of electron transfer between two metals: electrons flow from one side to the other 

until the two Fermi-energy levels reach a thermodynamic equilibrium.15 

 

1.1.2 Electron transfer at metal-insulator and insulator-insulator interfaces 

 

Unfortunately, mechanisms underlying electrical charging at metal-insulator and insulator-

insulator interfaces are not as straightforward or clearly understood. To begin with, there 

are large energy barriers between the valence and conduction bands in insulators that would 

prevent electrons to migrate (Figure 4). In fact, Harper concluded that “the charge carriers 

are never electrons – when the material being charged is strictly an insulator”.15 In contrast, 

Lowell and co-workers18,19 demonstrated the existence of surface-bound energy states that 

could trap electrons in insulators, which can participate in contact electrification. They 

went to create a theory based on tunneling and back-tunneling of electrons at metal-

polymer interfaces. More recently, this theory was used by Zheng and co-workers to 

explain the role of adlayers of water in contact electrification at the interface of sand 

grains.20 
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Figure 4. A proposed mechanism of electron transfer insulator-insulator interface through electrons trapped 

into surface-bound energy states. Contact electrification can happen due to trapped electrons.18 

 

Interestingly, Bard and co-workers demonstrated that insulators could have different 

electronic states, the so called “impurity states” or “defect sites”; their report on the 

(electrostatic) electrochemistry at charged polytetrafluoroethylene (PTFE) surface after 

rubbing against polymethylmethacrylate (PMMA) confirmed the contribution of electrons 

at insulator-insulator interface.21,22 The charged PTFE samples were dipped into 0.1 mM 

HCl solution, which caused a reduction process: 2H+
(aq) + 2�̅�(aq) → H2(g)

. The formation 

of H2 gas could not happen in the case of transfer of mechanoradicals from PMMA to PTFE 

as contested by Grzybowsky and co-workers (described in Section 1.6 below).21 In a follow 

up report, Bard estimated surface density of electrons at pristine PMMA surfaces to be, 

𝜎 = 5 × 1013𝑐𝑚−2 , and demonstrated that these electrons could spontaneously drive 

reduction of Ag+, Cu2+, Pd2+ and Fe(CN)6
3-.13 The origin of these electrons was unclear and 

they were referred to as cryptoelectons.13 

 

1.2 Mobile ion transfer  

Contact electrification can take place via transfer of mobile ions at the interface of ionic 

polymers, such as sodium salts of polystyrene sulfonate and quaternary ammonium 
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chloride ion-exchange resins. As shown in Figure 5, electrostatically bound negative 

counterions could leave the material after its contact with another surface, and the original 

surface is left net positively charged.23 

           

(A)         (B) 
Figure 5. (A) Mechanism of mobile ion transfer: electrostatically bound counterions are transferred to 

another surface after the contact. Adapted from Whitesides and McCarty.9 (B) A representative chemical 

structure of partially sulfonated polystyrene sodium salt; Na+  is a mobile ion. 

 

Contact electrification at interfaces of non-ionic and ionic (or ionic-ionic) polymers could 

be mediated via “water bridges” (Figure 6) as suggested by Diaz and co-workers.24 As two 

materials come into a close contact, the thin water layers adsorbed on their surfaces due to 

their exposure to the atmosphere merge and make a “bridge” for mobile ions to travel. Diaz 

and co-workers discovered that for [P]-PhSO3-Na+ (partially sulfonated polystyrene 

sodium salt) and [P]-PhSO3-H
+ (partially sulfonated polystyrene) polymer systems, there 

was no contact electrification at 0% relative humidity as surfaces of the polymers were 

brought into contact with steel beads and separated.24 Contact electrification peaked at 20-

40% relative humidity25 and the decreased as relative humidity was increased. Molecular 

mechanisms behind these observations remain unclear.  
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Figure 6. A schematic of the ion transfer mechanism via “water bridges” formed due to presence of adlayers 

of water at the interface. (Figure adapted from Whitesides and McCarty9) 

 

 

Guardiola and co-workers also investigated contact electrification glass beads as a function 

of relative humidity and confirmed Diaz’s findings.26 In another report, they implemented 

Kelvin force microscopy to study the effect of relative humidity on surfaces with acidic 

and basic groups by measuring the electrostatic potential. Though the contact 

electrification was not involved, it is an illustrative example of OH- adsorption (explained 

in 1.3) as the overall sample potential becomes more negative with the increasing 

humidity.27,28 Nevertheless, more various experimental approaches are necessary in order 

to evaluate the role of hydroxide ions in tribocharging accurately. 

 

1.3 Specific hydroxide adsorption 

In the recent years, contact electrification at interfaces of water with conventional 

hydrophobic electrical insulators, such as air, 29-31 oils,32 polypropylene,4 and PTFE,33 has 

been a subject of intense debate. For instance, Galembeck and co-workers studied the flow 
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of water (50 mL) in the tubes made of different materials, such as PTFE, silicone, 

polystyrene, copper stainless steel, aluminum and glass; the diameter of the tubes varied 

from 0.8 mm to 1.6 mm.5 They have noticed that water coming out of polymer tubes carried 

an excess positive charge that was correlated with triboelectric series - the highest values 

were detected after the flow through PTFE tube and lowest for glass. They concluded that 

charging was driven by specific adsorption of hydroxyl ions at the PTFE-water interface 

(Figure 7).5,33 In a similar study conducted by Choi et al., the water volumes were much 

smaller than in Galembeck’s work – up to 10 μL. The droplets were still carrying net 

positive charge after micropipetting, which depended on the material the tip was covered 

with. 

            

                       (A)        (B) 

Figure 7. (A) Proposed mechanism of charge separation between water and a non-ionic hydrophobic polymer 

due to specific adsorption of hydroxides at the polymer’s surface. (B) Chemical structures of common non-

ionic polymers: polytetrafluoroethylene and polypropylene. 

 

They have also suggested that the electrification of water was caused by the ionization of 

the pipette tip’s chemical groups (though, they did not disclose surface chemistry of the 

micropipettes).4 Apart from the experimental deduction in favor of adsorption of the 

hydroxide ions, there are molecular dynamic simulations that support this mechanism at 

Non-ionic 

polymer 

OH-

OH-

OH-

Layer of 

adsorbed OH- 

H+

H+

H+

Mobile H+ 
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water-hydrophobic interface. Zangi et al. claimed that the water molecules are 

preferentially arranged in the first two layers away from the hydrophobic surfaces, which 

causes the adsorption.34 Another work by Zimmerman and co-workers partially 

corroborates with this hypothesis – they conducted experiments and molecular dynamics 

simulations for gas-water, oil-water, and solid-water interfaces and concluded that 

independent of the nature of interfaces involved, there was a preferential adsorption of 

hydroxide ions at neutral and alkaline pH, however, they noticed the enhanced hydronium 

ion concentration in the acidic pH range.35 Taking into consideration all these evidence of 

charging due to ion adsorption the role of dipole moment11 does not appear to play the 

major role, though can be possible for other interfaces, e.g. glass-water. We have conducted 

preliminary experiments with water to confirm these observations; our experiments on 

repeating similar experiments with simple alcohols, like methanol and ethanol, did not 

revel positively charged droplets, which indicated that there might be a special connection 

between water and contact electrification of hydrophobic interface that involves only 

surface-trapped electrons. More on this topic in the next chapters. 

 

1.4 Material transfer 

 
Another possible mechanism of charge separation during triboelectrification is material 

transfer (Figure 8). It means that during contact, e.g. rubbing/sliding/pressing, “patches” 

(nm range) of one material are being transferred to the surface of the second material. The 

chemical bonds break during the interaction of the material; thus these patches might carry 

the charges contributing to the electrification.23  
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Figure 8. Proposed mechanism of material transfer. Contact electrification is the result of a nanoscale 

material transfer between A and B, which can occur either in one direction or in both directions. Adapted 

from Lacks.23 

Several works were dedicated to the analysis of the surfaces after the contact using X-ray 

photoelectron spectroscopy and Raman spectroscopy that claimed to confirm material 

transfer.14,36 However, this mechanism might not be a primary cause for contact 

electrification – Lowell and Rose-Innes in their review paper highlighted: “it seems to us 

that contact electrification is in general too reproducible and systematic to be attributed to 

so capricious a process as material transfer”.7 

 

1.5 Mechanoradical transfer 

 
As previously mentioned, the surface of a material may undergo some transformations after 

physical contact with another surface. It is clear that the material can experience a larger 

stress after vigorous rubbing but the damage can be done even during gentle contact 

because of the cohesive forces between the surfaces that can break the bonds (Figure 9). 

If the bond scission is homogeneous, it can result into a pair of radicals, otherwise a pair 

of positive and negative ions will be produced.23 These radicals are detected on the surfaces 

of mechanically stressed polymers and are called mechanoradicals.  

Material A Contact  Material transfer

1 2 3

Material B 
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Figure 9. Proposed mechanism of mechanoradical transfer between two polymers. The surfaces of the 

materials undergo transformation after vigorous physical contact due to the break of chemical bonds, 

resulting into the transfer of radicals. After the contact, one polymer carries net positive charge and the second 

one – net negative. 

 

Baytekin, Baytekin and Grzybowski12 have recently drawn attention to this hypothesis and 

opposed Bard’s cryptoelectron theory.21 They investigated the polymer-polymer contact 

by testing a wide range of different materials, including PTFE, polystyrene, PMMA, 

polycarbonate etc. The formation of mechanoradicals was suggested to take part, as the 

dye sensitive to the radicals, DPPH (2.2-diphenyl-1-picrylhydrazyl), was bleached after 

reaction with the charged polymer. 

 
To sum up, all the aforementioned mechanisms for contact electrification are summarized in  

 

Table 1 below in accordance with the type of interfacial interaction; some examples were 

experimentally proven to play a role in electrification, while others need to be further 

tested. Although there is evidence for the existence of certain mechanisms, it does not mean 

that those charge separation processes are the only ones that occur at that particular 

interface.  

 

 

Polymer A Mechanical pressing/Rubbing  
Ions or electrons are released 

by the radicals

1 2 3

Polymer B 

(+) (-)
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Table 1. Summary of contact electrification mechanisms, adapted from Williams.37 Examples of interface 

are given in parentheses.  

Interface 
Possible mechanisms for contact 

electrification 

Metal-Metal 

e.g. Copper-steel interface 

 Electron transfer 

Metal-Non-Ionic Insulator 

e.g. Aluminum-PTFE) 

 Electron transfer 

 Material transfer 

Metal-Ionic Insulator 

e.g. Aluminum-ion exchange resin 

interface 

 Mobile ion transfer 

 Electron transfer 

 Material transfer 

Insulator-Insulator, 

at least one is ionic 

e.g. Bare silica-functionalized silica 

interface 

 Mobile ion transfer 

 Material transfer 

 Mechanoradical transfer 

 Electron transfer 

Insulator-Insulator, 

both are non-ionic 

e.g. Polypropylene-water interface 

 Electron transfer 

 Ion transfer via water bridge 

 Material transfer 

 Mechanoradical transfer 
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Chapter 2: OBJECTIVES AND HYPOTHESES 

 

 

The objective of this thesis is to investigate physical and chemical processes involved in 

charge separation at solid-solid and liquid-solid interfaces. We decided to focus on 

aluminum-PTFE and polypropylene-water interface because of their ease of availability, 

common usage, and wide applications in electronics, manufacturing, coatings, and 

chemical laboratories. As discussed in the previous chapter, several mechanisms could lead 

to contact electrification mechanisms simultaneously, one more than the other. Thus, 

instead of focusing on a specific mechanism, we conducted complementary experiments 

to confirm or falsify mechanisms (Table 2). 

Table 2. Possible mechanisms of contact electrification at aluminum-PTFE and polypropylene-water 

interfaces and our strategy to test them. 

Interface Charging mechanism Testing strategy 

Aluminum-

PTFE 

 Electron transfer  Electrochemical reactions 

 Specific OH- adsorption  Repeat charging at 0% 

relative humidity 

 Material transfer  X-ray photoelectron 

spectroscopy 

Polypropylene-

water 

 Specific OH- adsorption  Quantifying the charge of 

water and pH solutions; 

 Study the behavior of water in 

a uniform electric field 

 Electric dipole moment 

 Electron transfer 
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Chapter 3: EXPERIMENTAL TECHNIQUES TO 

CHARACTERIZE CONTACT ELECTRIFICATION 
 

In this chapter, we describe various experimental set-ups and techniques that we have 

exploited to investigate contact electrification at the following:  

 Contact electrification at the aluminum-PTFE interface, and  

 Contact electrification at the polypropylene-water interface. 

 

3.1 Aluminum-Polytetrafluoroethylene Contact Electrification 

3.1.1 Deflection of pendant droplets of liquids in proximity of charged surfaces 

We carried out contact electrification by gentle mechanical rubbing of 

polytetrafluoroethylene (PTFE) disks against aluminum foils. Since PTFE is an insulator, 

direct quantification of the carried charge is difficult, so we employed an indirect method 

to detect the presence of the charge after the contact. These experiments exploited a contact 

angle cell (Droplet Shape Analyzer, DSA100 from Krüss GmbH, Hamburg, Germany) 

because it can dispense droplets of controlled volumes and observe their movements with 

an optical camera. We brought a (MiliQ) water droplet (electrical resistivity: 18 MΩ·cm) 

suspended from a stainless steel needle, 0.5 mm in diameter, towards an electrically 

charged PTFE surface via a motorized stage. As water is a polar liquid in a non-uniform 

electric field (generated by electrically charged PTFE disk), the droplet was attracted and 

tilted towards the disk and when the plate accosted sufficiently, the drop finally jumps to 

the charged surface. The tilting and jump of the droplet were captured via a high-speed 

camera (Figure 10) and separation distances were measured simultaneously. This 

observation unambiguously demonstrated electrical charging of the PTFE surface by 

aluminum foil.                                                     
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Figure 10. Optical images of the movement of a pendant water droplet as an electrically charged PTFE disk, 

charged by rubbing against an aluminum foil. (1) The needle with the pendant water droplet is at distance D0 

from charged PTFE disk, the influence of the electric field is not observed. (2) The needle and the droplet 

are slowly approaching the disk, tilting of the droplet starts at Dtilting. (3) The droplet eventually jumps on the 

charged PTFE disk at distance a Djump. (Scale:  diameter of the needle, d, is equal to 0.5 mm.) 

 
Method: 

Prior to electrical charging, PTFE samples were washed with deionized water followed by 

an acetone rinse and dried with nitrogen gas. When uncharged PTFE disks approached 

pendant water droplets, we did not observe any tilting. This observation confirmed that the 

charged state of a clean PTFE disk in air was too low to be detected by this technique. Next 

we charged PTFE disks by gently rubbing against aluminum foil manually and brought 

them in proximity of pendant water droplets via a motorized stage. Based on the image 

analysis of videos of deflection of water droplets, especially the distance at which they 

jump towards the PTFE disk. We propose that the deflection of pendant water droplet in a 

non-uniform electric field generated by charged PTFE can be driven by (i) polar nature of 

water and dipole moment (Figure 11A), or (ii) charge separation when water drop comes 

out of the needle (Figure 11B). We attempted to use the experimental data to quantify the 

forces acting on the water droplet, and to identify which mechanism plays a key role. 

However, we came to the conclusion that current data is not enough and further work, 

including computer simulations, are needed. 

C
h

ar
g
ed

 P
T

F
E

 d
is

k
Needle

Water droplet

D
0

D
tilting D

jump

d

1 2 3

Approach



 

 

27 

 

(A)     (B) 

Figure 11. Proposed mechanism of pendant water droplet in non-uniform electric field generated by charged 

PTFE disk: (A) polar nature of water and dipole moment, and (B) charge separation when water drop comes 

out of the needle 

 

3.1.2 Faraday cup method for quantifying the charge  

We designed a Faraday cage to prevent electric fields inside a space of interest. Our device 

consisted of two Aluminum cubes: a smaller one is placed inside a larger cube and 

separated by an insulator (air), the top part of the cube was left open to insert the sample 

(Figure 12).  

 

Figure 12. Experimental setup for quantifying the charge: Faraday cage made of aluminum connected to 

Keithley 6517B electrometer. 

r ∆r

-

-

-

-

-

-

-

-

-

-

-

-

L

C
h
ar

g
ed

 P
T

F
E

 d
is

k
Stainless steel 

needle

Water drop

O

O

O

O

O

O

O

O
O

Electric field (E)

Aligned water dipole

r ∆r

-

-

-

-

-

-

-

-

-

-

-

-

L

C
h
ar

g
ed

 P
T

F
E

 d
is

k

Stainless steel 

needle

Water drop

Electric field (E)
Separation of ions

H+

H+

H+

H+

OH-

OH-

OH-

OH-



 

 

28 

We attached the wires to the both cubes and connected them to a Keithley 6517B 

Electrometer that can record the charges in the range from 10-6 nC to 2.1 μC,38 which fully 

covers the scope of the preliminary results. The PTFE sample was cleaned and bombarded 

with a Milty Pro ZeroStat 3, which contains two piezoelectric crystals and produces a huge 

charge of +1.5 nC, when the trigger is squeezed, and –1.5 nC, when it is released.39 After 

shooting the PTFE disk from both sides for several times and producing powerful streams 

of positive and negative ions, we placed the sample into the Faraday cup to ensure that the 

method is good for neutralizing the surface charge. Subsequently, the discharged sample 

was rubbed with aluminum foil using the same technique as before, and the results recorded 

by the electrometer were compared to the theoretically calculated surface charges. 

3.1.3 Surface potential illustration 

The Kelvin Probe Force Microscopy, KPFM, also known as surface potential microscopy, 

is a non-contact variant of the Atomic Force Microscopy. A conductive tip allows 

measuring the potential offset between the probe and the sample’s surface. KPFM is a 

widely used tool for nano-scale characterization of electrical properties of metallic and 

semiconductor surfaces. It can also be used for examining organic materials and biological 

materials.36,40 

For the analysis of the samples, we used a NT MDT Atomic Force Microscope,41 which 

was able to employ a scanning Kelvin probe mode. The tip used was coated with TiN 

(Titanium nitride). The PTFE surfaces were analyzed before and after rubbing, and the 

surface potential imaging was compared afterwards. We also scanned the same area of the 

sample over time. 
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3.1.4 Electrostatic electrochemistry  

Finally, inspired by Bard’s experiments in “Electrostatic electrochemistry at insulators”21 

we decided to investigate how electrically charged PTFE disks, after rubbing with 

aluminum, might influence the change the pH of water. Prior to the experiments, the PTFE 

disks (manufactured in the machine shop at KAUST) were cleaned with water, acetone, 

and ethanol, and electrostatically neutralized by Milty Pro ZeroStat. Mechanical rubbing 

of PTFE disks with aluminum foils was performed gently on both sides for 20 seconds. A 

pH-meter probe was immersed into a beaker containing 25 mL of water and charged disks 

were dipped for 10 seconds one by one. The pH values were recorded after every fifth disk. 

This allowed us to observe change in pH as a function of increasing PTFE surface area to 

estimate their average surface charge density. The second electrochemical experiment was 

to perform electrodeposition of copper onto electrically charged PTFE in a 1mM CuCl2 

solution. Subsequently, PTFE disks were washed with water several times and dried before 

analyzing the surface composition with energy dispersive X-ray spectroscopy (EDS).  
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3.2 Polypropylene-Water Contact Electrification 

3.2.1 Micropipetting 

As we have already mentioned, current theories the mechanisms of contact electrification 

at interfaces of water with conventional hydrophobic electrical insulators are controversial. 

We have decided to focus on the interfacial charging of water-polypropylene due to 

commercial availability of the product. For micropipetting experiments we used 

Fisherbrand™ Elite Adjustable Volume Pipettes (5-50 μL) and Fisherbrand™ SureOne™ 

Micropoint Pipette Tips made of polypropylene (Figure 13A). As an alternative to the 

plastic tip we used glass capillary tubes (Figure 13B) to make droplets of 10 μL and 20 

μL but it was hard to detect the change in the charge with the electrometer: 1) as it was 

expected, the glass does not charge water as much as polypropylene (roughly -0.003 nC), 

and 2) it was hard to dispense the droplets and we noticed that there was residual water 

present inside the tube after pipetting. Therefore, the glass experiments were postponed 

until the new accessories arrive. 

 

(A)     (B) 

Figure 13. Micropipetting equipment: (A) Adjustable Volume Pipette and Polypropylene tips, (B) Glass 

capillary with rubber bulb. 
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We accurately dispensed water droplets of different volumes inside the Faraday cup 

connected to a Keithley 6517B Electrometer (Figure 14) – the same principle as explained 

in section 3.1.2 and measured charges of water droplets after contact with polypropylene. 

In addition, we dispensed a series of droplets of 10 μL instead of one droplet of 20, 30, 40 

or 50 μL, in order to probe the dependence of accumulated charge on the surface area. 

 

Figure 14. Schematic of measuring the charge of the droplet by dispensing it into a Faraday cup connected 

to the Electrometer. 

 

In an exactly similar manner, we investigated contact electrification of sodium chloride 

droplets (1M, 0.1M, 0.01M and 0.001M) dispensed from polypropylene micropipettes.  We 

also investigated contact electrification of pH-adjusted water droplets dispensed from 

polypropylene micropipettes in the pH range, 1-13. 
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3.2.2 Deflections of droplets in electric fields 

Polypropylene tips, as representative hydrophobic surfaces, were placed inside a parallel 

plate capacitor made of 5×5 cm2 aluminum plates. The capacitor plates were connected to 

a Keithley’s 2290-10 high voltage source (range 0-10 kV) (Figure 15). A syringe pump 

pushed water through the tubing; in some cases air was also pushed to dispense a tiny 

aliquot of water, disconnected from the column of water, from the tip. Once the droplet 

was formed at the edge of the micropipette, we turned on the high-voltage source. An 

optical camera recorded the deflection of the water droplet under applied voltage ramp, 

eventually leading to a jump onto one of the capacitor plates. 

  

 

Figure 15. The experimental set-up for the study of droplet behavior in the electric field. The droplet is 

formed by pushing the water from polypropylene tip (placed between the plates of the capacitor) with the 

syringe pump. The capacitor is connected to the HV source. Once the droplet is formed we start applying the 

voltage and systematically increase it until the droplet leaves the tip. Everything is recorded by the camera 

for subsequent image analysis.  

 
We analyzed the recorded images of the droplets to estimate their surface charge density 

(Figure 16).  
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Figure 16. A free-body diagram of the water droplet representing various forces acting on in during our 

experiments. We considered only the effect of electrostatics and weight. 

 
Force balance allows us to estimate the charge carried by the droplet (q) from, as we are 

capturing the moment when it detaches the tubing, reading the corresponding applied 

voltage (V) and measuring the tilting angle (α): 

𝐹𝐺𝑥
= 𝑚𝑔 tan 𝛼                   [4] 

𝐹𝐸 = 𝐸𝑞 =
𝑉

𝐿
𝑞        [5], 

 

where E is the electric field, and L is a distance between the plates of the capacitor. 

Therefore, the charge of the drop (q) can be calculated [6]: 

 

𝑞 =
𝐿𝑚𝑔 tan 𝛼

𝑉
      [6] 
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Chapter 4: RESULTS AND DISCUSSION 
 

In this chapter, we describe our experimental results on mechanisms underlying contact 

electrification at:  

 the aluminum-PTFE interface, and  

 the polypropylene-water interface. 

 

4.1 Aluminum-Polytetrafluoroethylene Contact Electrification 

The pendant drop experiments in the Drop Shape Analyzer were carried out at laboratory 

conditions: 20oC and 50% relative humidity. The volume of the droplet was controlled at 

2 μL. Originally we planned to test both granular solid particles (sand) and metal 

(aluminum foil). The charging of PTFE was done either by impacting 50 grams of sand 

onto its surface in 25 seconds, or rubbing the disk with aluminum foil for 20 seconds. We 

recorded the distance at which the droplet jumps on PTFE surface (Djump), as was described 

in section 3.1.1, and presented the effect of two different charging mechanisms on the 

pendant droplet in Figure 17. The sand showed much less ability to charge PTFE since the 

droplet had to come much closer to the surface to be able to tilt and then jump, probably 

because aluminum has more free electrons to give away compared to sand. 
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Figure 17. Variation of pendant water droplet’s jumping distance on the PTFE disk charged by rubbing 

with aluminum foil (red) or introducing the sand (black). 

 
The results for experiments with sand could have been affected by the interaction of silica 

particles because contact electrification occurs between similar materials in the same way 

as it is observed between dissimilar materials. Various sand dust studies claim that granular 

systems tribocharging is related to particle sizes: smaller grains typically tend to charge 

negatively and bigger ones positively.42,43 In addition, introducing the sand to the surface 

was quite challenging, and the procedure was not as consistent as rubbing with aluminum 

foil. Thus we decided to focus on PTFE-Aluminum interfacial charging in this section, and, 

as it was noticed, the metal’s impact on the polymer is much stronger, as the tilting of the 

droplet can already start at the distance of 15 mm from the disk’s surface (Figure 18).  
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Figure 18. Variation of pendant water droplet’s tilting and jumping distance as it is brought closer to the 

PTFE surface rubbed against aluminum foil. 

 

4.1.1 Why does material transfer not play a role? 

Although the aluminum-PTFE rubbing procedure was consistently repeated, there is a 

considerable fluctuation of tilt and jump distances.  The human factor plays a certain role 

in the experiment but we assume that the variability of attraction forces acting on the water 

droplet mainly indicates spatial heterogeneity of PTFE charge distribution, like the 

“mosaic” presented by Grzybowski36 on dielectrics, which we confirmed later by 

measuring the surface potential by Kelvin Probe Force Microscopy (Figure 19B). We have 

observed that initially, PTFE carried some negative charge, but the surface potential was 

under -1 V and the image was relatively homogeneous, while the rubbed PTFE had areas 

(dark colored) of surface potential up to -2 V and some bright patches with the potential of 

around 0 V.  
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(A)                        (B) 

Figure 19. Kelvin Probe Force Microscopy imaging of surface potential of (A) uncharged and (B) charged 

PTFE disk. Charging was done by rubbing the surface with Aluminum foil. Scanned area is 10×10 μm for 

both images. Color scales of surface potential from -2000 mV to 200 mV (light). 

 

The dissipation of PTFE’s surface charge over time is presented in the graph below (Figure 

20) and surface potential images can be found in Appendices A and B. We have analyzed 

the same spot of PTFE after one hour, three hours and one night after rubbing with 

aluminum foil by selecting the same line on the sample and plotting the curve of surface 

potential versus the coordinate on sample. The charge dissipated with time as the surface 

potential tends to become more homogeneous but it is still quite noticeable on the next day 

after charging as the minimum surface potential was around -2 V. 

 
Figure 20. The surface potential readings of the same region of PTFE disk taken 1hour, 3 hours and one 

night after rubbing with aluminum foil. Measurements were done with Kelvin Probe Force Microscopy. 
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We used X-ray photoelectron spectroscopy (XPS) analysis was carried out in order to 

ascertain whether material transfer takes place during the rubbing of PTFE by the 

aluminum foil. XPS spectra is obtained by irradiating the sample with a beam of X-rays 

that emits the electrons from the top 1-10 nm, and the composition of the surface can be 

determined as every element emits electron at a particular characteristic energy.44 The 

PTFE disks were analyzed before and after contact with the foil, and the results were 

compared. As presented in Figure 21 both samples show the same composition: fluorine, 

carbon, and F KLL, which is a confirmatory signal for when fluorine is in high 

concentrations. We were expecting to see aluminum in the range 73-76 eV (Table 3) but 

the spectrum of the rubbed PTFE clearly shows no peak in that area. 

Table 3. The binding energy of different elements, adapted from Thermo Fisher Scientific.45 

Element Binding energy (eV) 

F KLL 840 

F 685 

C 284 

Al metal 72.6 

Al oxide on Al foil 75.6 
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           (A)      (B) 

Figure 21. X-ray photoelectron spectroscopy analysis of (A) uncharged and (B) charged PTFE disks. 

Charging was done by rubbing the surface with Aluminum foil. The results show no material transfer between 

PTFE and aluminum. 

      

The size of the XPS beam was around 1 mm in diameter, which means that the spot scanned 

was much larger than that measured by KPFM. XPS did not show any aluminum present 

on the PTFE disk after rubbing, proving that the KPFM readings show the “mosaic” surface 

potential of PTFE only. We have also found the spectra for clean aluminum foil and after 

rubbing the PTFE (Appendix C); the peaks do not show polymer transfer on the foil. 

Therefore, we excluded monolayer type material transfer as a from PTFE-aluminum 

interfacial charging. However, if there were any discrete particles of aluminum transferred 

onto PTFE, XPS might have missed it; we revisit this issue via Energy-dispersive X-ray 

spectroscopy (EDS) in section 4.1.3. 

 

4.1.2 Why does specific hydroxide adsorption not play a role? 

Receding and advancing contact angles of water on electrically neutral (non-smooth) PTFE 

range from θreceding = 99° to θadvancing = 138°, but after charging with Aluminum foil the range 

changed θreceding = 100° to θadvancing = 127° (Figure 22). After discharging PTFE discs, 
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contact angle range changed again. The reduction in contact angles after contact 

electrification indicates enhancement in the polarity of the surface, for example, by 

electrons, or hydroxides. 

             
(A)              (B) 

 

Figure 22. The static contact angle of water droplet on PTFE surface (A) before and (B) after rubbing with 

aluminum foil. The contact electrification made PTFE surfaces less hydrophobic because the accumulated 

negative charge attracts H+ ions in water. 

 

Previously all PTFE-Aluminum rubbing experiments were done at the ambient at the 

laboratory conditions, where relative humidity (RH) was about 60%. We decided to test 

how the absence of water molecules on the surfaces of the material will affect the charging, 

and repeated the experiment in the glove box (H2O level < 1ppm, which is about roughly 

0% RH). The average surface charges of the same PTFE disk (diameter 25mm) at 0% and 

60% RH (Figure 23) were 12.75 and 14.33 nC respectively. As the difference between 

charges is less than 2 nC, we concluded that the role of specific hydroxide adsorption is 

very small, if any. Previously, Lowell and co-workers have reported that tunneling of 

electron transfers at the metal-insulator interface are the reasons for contact 

electrification.46 However, we performed more experiments to be sure. 
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Figure 23. The average surface charge of PTFE disk (25 mm diameter) after being rubbed by aluminum 

foil in a glove box (0% RH) and at the laboratory conditions (60% RH). The charges were measured by 

Faraday cup method. 

 

4.1.3 Electron transfer as the mechanism of contact electrification 

Electrically charged PTFE disks were immersed into CuCl2 solutions and analyzed by 

energy dispersive spectroscopy and X-ray photoelectron spectroscopy. We considered that 

in the presence of surface bound electrons, the following reaction would take place 

Cu2+
(aq) + 2e̅(aq) → Cu(s). 

The difference between the surfaces of clean PTFE and PTFE after copper deposition is 

clearly represented in SEM images, as we can notice the glowing charged islands on the 

second sample (Figure 24). We have checked various spots of the second sample and 

found an area fully covered with copper patches of different sizes, and the mapping clearly 

showed a high concentration of Cu.  
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       (A)          (B) 

Figure 24. Scanning Electron Microscopy (SEM) imaging of the PTFE surface: (A) the disk was clean and 

uncharged, (B) the disk was charged by rubbing with aluminum foil, immersed in 1mM CuCl2 solution and 

washed with water. The surface composition and roughness significantly changed after the deposition of 

copper on PTFE. 

The EDS spectrum for PTFE disks after electrodeposition showed an unambiguous peak 

for elemental copper (Figure 25) that was absent in the case of clean PTFE disks immersed 

in 1mM CuCl2 solution (Appendix F). The peak of iridium appeared because samples were 

covered with a 3 nm thick iridium layer as a conductive layer for scanning electron 

microscopy. This time we have selected the spot that was fully covered with Cu (SEM 

image can be found in Appendix E). The uneven distribution of Cu may be correlated with 

the “mosaic” distribution of charges. Since the surface charge is not homogeneous we have 

the areas higher copper density in the places where there were more electrons, and the areas 

with almost no copper as the charge of PTFE was probably lower. 

In addition, we calculated the composition of the elements on the PTFE surface (Table 4) 

from XPS data, and though the percentage of Cu is relatively small, it was still well 

detected, while Al concentration could not be calculated, as XPS did not detect any 

aluminum on the surface. The wide XPS spectrum of this sample is given in Appendix G. 

 



 

 

43 

 
Figure 25. Energy-dispersive X-ray spectroscopy: EDS spectrum of PTFE with electrochemically deposited 

copper. PTFE was rubbed against aluminum foil, and then immersed into 1mM CuCl2 solution, causing the 

reaction Cu2+
(aq) + 2e̅(aq) → Cu(s). We have selected the spot that was fully covered with Cu (SEM image 

can be found in Appendix E). The uneven distribution of Cu may be correlated with the “mosaic” distribution 

of charges. Inset: the map of Cu distribution is presented in green. 
 

 

Table 4. Chemical composition of PTFE surface after faradaic metal electrodeposition of copper calculated 

from XPS data. 

Element Atomic weight % 

C 54.83 

O 3.04 

F 42 

Cu 0.13 

Al - 

 

Despite the fact that XPS showed no aluminum present on the rubbed PTFE, we found 

5×10 μm patch of aluminum of PTFE sample by analyzing the sample with EDS (Figure 

26). Apparently, aluminum had excess electrons that attracted Cu2+ and that is why we 

detected the areas of deposited Cu (Figure 26B), which can be seen more clearly from the 
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EDS mapping. Interestingly, the piece of aluminum is found on the diagonal line, which 

can be a deformation of the PTFE surface due to mechanical contact, and it can be stuck in 

this area depending on the force applied during rubbing. Nevertheless, this large aluminum 

patch is not an example of material transfer at uniform monolayers type that plays a role in 

the contact electrification between soft polymers, which would be indicated by XPS 

measurements. 

 

 
          (A)           (B) 

Figure 26.  Scanning Electron Microscope (SEM) images. (A) A thin patch of aluminum stuck on PTFE 

surface. (B) The glowing areas of copper deposited on the top of the same aluminum patch can be observed 

after focusing. 

 

 

The copper was deposited on the aluminum patch: the dark areas on the blue map 

(Figure 27A) of aluminum are the patches of copper, referring to the bright green 

islands from the map of copper distribution (Figure 27B). 
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         (A)               (B) 

Figure 27. Energy-dispersive X-ray spectroscopy (EDS) mapping of (A) aluminum – in blue; and (B) copper 

– in green. This confirms the presence of a transfer of discrete aluminum patches onto PTFE after the 

mechanical rubbing. However, it is not an example of uniform aluminum coating on PTFE. Thus material 

transfer mechanism does not take place, which is also confirmed by X-ray photoelectron spectroscopy 

(Figure 21). 

 
 
The second set of electrochemical experiments was the immersion of charger PTFE disks 

(rubbed with aluminum foil on both sides) into a beaker with water and measuring the pH. 

We have recorded the charge in pH from 5.37 to 5.61, which means that this probably 

happens due to the reduction of H+
(aq) by the charge on PTFE surface. In fact, Bard22 

detected the hydrogen gas by ultra high vacuum mass spectrometry, which means that the 

charge carriers on PTFE should be electrons, otherwise the gas would not be generated. 

From the detected pH change, we calculated the number of moles of H+ reduced. Then 

multiplied that number by Faraday constant = 96 885 C/mol, which is the magnitude of 

electric charge per mole, and estimated the PTFE surface charge density after contact with 

aluminum to be equal to 5.02×1013 e/cm2, or 0.5 e/nm2. 

5 µm

Aluminum

5 µm

Copper
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Figure 28. The increase in the pH of deionized water as charged PTFE disks are being briefly introduced to 

the beaker. The pH readings were recorded after every five immersions. 

 
Surface charge density of PTFE disk after aluminum-PTFE contact electrification 

estimated from physical model of deflection of water droplet, Faraday cup method, and the 

change in pH are summarized in Table 5. The surface charge density by directly putting 

charged PTFE in the Faraday cage is 104 times smaller than the one calculated by Bard, 

probably because he assumed 100% efficiency of reduction by PTFE for their 

calculations.23 Finally, the value of surface charge density of PTFE rubbed with aluminum 

is only 10 times less than Bard’s. Though we used the same way of calculation, the charging 

method was different since Bard and co-workers were using PMMA to rub PTFE, probably 

the intensity and time of rubbing was different from ours, and they a higher ratio between 

the volume of water in the beaker and the surface area of the PTFE.  
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Table 5. The PTFE surface charge density after rubbing against aluminum foil estimated by different 

methods. 

 

Calculated from the 

charge measured by 

Faraday Cup 

Calculated 

from the 

change in pH 

of water 

Calculated by 

Bard22 

Surface Charge 

density (e/nm2) 
1.82×10-4 0.5 8 

 
To sum up, the experiments performed on contact electrification of aluminum-PTFE either 

supported or contradicted the proposed charging mechanisms. First of all, the study at low 

relative humidity showed the role of moisture may not play a role at the electrification at 

the metal-insulator interface. Moreover, the negative charge accumulated on PTFE after 

rubbing with aluminum can reduce copper from 0.1mM solution of CuCl2. Our 

observations are supported by previous works of Lowell7,18,19,46 and Bard13,21,22. Finally, 

we have proposed that the deflection of pendant water droplet in a non-uniform electric 

field generated by charged PTFE can be driven by (i) polar nature of water and dipole 

moment, or (ii) charge separation when water drop comes out of the needle. 
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4.2 Polypropylene-Water Contact Electrification 

In this chapter we are going to discuss the results of the experiments performed at the 

interface of polypropylene-water. We have used two different approaches to quantify the 

surface charge density of water after it’s contact with polypropylene micropipettes: (i) by 

directly dispensing water drops in Faraday cup and (ii) by analyzing the behavior of water 

drops in uniform electric field. 

4.2.1 Faraday cup method to measure the charge of the drop 

The polypropylene tip originally carries a negative charge; thus we decided to test whether 

it could affect the experiment. We used Milty Pro ZeroStat 3 to discharge it before contact 

with water. Then we used Faraday cup to measure the charge of the dispensed water 

droplet. The same procedure was repeated for the tip without bombarding with the gun. 

The charges of the droplets in both cases were very similar (Table 6). Therefore we 

concluded that the original static charge of the tip does not play a role in the polypropylene-

water interfacial charging, and all the following experiments were done without 

preliminary discharging of the tip.  

Table 6. The charges of the water droplets dispensed from the polypropylene tip with and without discharging 

the tip by Milty Pro ZeroStat 3 before taking in the water. 

Volume 

of water 

(μL) 

Average water droplet charge 

dispensed from polypropylene tip 

bombarded by ZeroStat (nC) 

Average water droplet charge 

dispensed from polypropylene 

tip (nC) 

 

10 

 

0.20±0.01 

 

 

0.25±0.02 

 

 

20 

 

0.37±0.02 

 

 

0.41±0.03 

 

 

To begin with, we observed that water droplet charging depends on the surface area rather 
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than on the volume of the water dispensed (Figure 29). The area of the surface of the tip 

that is with contact with water was calculated for the corresponding volumes. Two 

dispensing methods are used: either making a single 20 μL droplet or making two droplets 

of 10 μL (the same approach for 30 μL, 40 μL, and 50 μL). 

 
Figure 29. The correlation between the charge (bar chart) carried by water droplet exiting polypropylene 

tip and the contact area between water and tip’s surface (linear graph). Two dispensing methods are used: 

either making a single 20 μL droplet or making two droplets of 10 μL. The data for multiple droplets 

method is shown in blue, and the data for single droplet dispensing – in green. The charges were measured 

by Faraday cup method. 

 

We have repeated the same pipetting experiments but salt solutions and pH solutions, and 

came to the conclusion that the rate of charge is inversely proportional to the electrolyte 

concentration (Figure 30, Figure 31) as it was also observed by Choi.4 
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Figure 30. The dependence of charge carried by the droplet exiting polypropylene tip on NaCl concentration. 

The charges were measured by Faraday cup method. 

 
Figure 31. The dependence of charge carried by the droplet exiting polypropylene tip on pH of the solutions. 

The charges were measured by Faraday cup method. 

 
The observed trends can be explained by the variations of the Debye length (𝜅−1) in the 

electrolyte solutions [7], which is the measure of how far the electrostatic effects of the 

charge carriers in the solution persist.47 

 

𝜅−1 = √
𝜀𝑟𝜀0𝑘𝐵𝑇

2𝑁𝐴𝑒2𝐼
                     [7], 
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where I is the ionic strength of the electrolyte (directly proportional to the concentration), 

𝜀0  – vacuum permittivity, 𝜀𝑟  – dielectric constant, 𝑘𝐵  – the Boltzmann constant, 𝑇  – 

temperature of the solution, 𝑁𝐴 – the Avogadro number, and  e –the charge of the electron.  

The charges of the droplets were positive in all experiments, as we were expecting, and 

correlated to the hypothesis that the hydroxides are adsorbed on the hydrophobic surface 

(polypropylene tip), therefore the droplet carries a net positive charge after dispensing 

(Figure 32). The charges were less positive at pH 2 and pH 3, which can mean that 

hydronium concentration was playing role in the acidic pH range, as noticed by 

Zimmermann.35 

 

Figure 32.  The water droplet dispensed from polypropylene micropipette tip was positively charged in all 

experiments. We propose that it happens due to the specific adsorption of hydroxides on the walls of the 

hydrophobic surface (polypropylene), which leaves the droplet with the net positive charge after dispensing. 

 
In addition to the previous experiments we have done the micropipetting of water by 

portions: we have filled the micropipette tip with 20 μL or 30 μL of water, and then adjusted 

the volume of the micropipette to 10 μL to dispense the water by smaller portions, not 20 

μL or 30 μL at once as we did previously. Thus we decided to check whether the effect of 

+

+

+
+

+
+

+
+

Polypropylene tip

Water drop

-

-

-

-
-

-

-

-
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adsorption of protons and hydroxides at the air-water interface, once the droplet was 

formed, could change the final charge of the droplet measured by Faraday cup. The results 

are presented in Table 7: the average charges of the single droplet and the water droplets 

dispensed in portions are in the same range. Although the standard deviation for dispensing 

the water in portions is higher, as there could be an additional interaction between water 

and the walls of the tip while we did intermediate dispensing steps. Nevertheless, we came 

to the conclusion that the air-water interaction is not as considerable as the effect as 

polypropylene-water interaction in contact electrification of water droplets. 

Table 7. The comparison of the charges of water droplets after dispensing from polypropylene tip either 

discharged at once or dispensed in smaller portions. 

Volume of water (μL) 

Charge of the water 

droplet dispensed at once 

(nC) 

Charge of the water 

dispensed in portions 

(nC) 

20 0.30±0.01 0.32±0.13 

30 0.43±0.02 0.47±0.15 

 
 

4.2.2 Drop in the uniform electric field 

In order to investigate the behavior of the dispensed droplet, we placed the same 

polypropylene tip that we used for micropipetting between the plates of the capacitor 

connected to the high-voltage source. We loaded the pipette tip with water by applying 

negative pressure in the syringe pump and then changed the mode to push the water from 

the tip analogous to the steps of micropipetting. As presented in Figure 33 the droplet 

starts tilting towards the grounded plate of the capacitors, in other words, it is repelling 

from the positive plate as the dispensed droplet is supposed to carry the net positive charge. 

We kept increasing the applied voltage until the droplet jumped on the plate at the critical 
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voltage (1300 V). The image analysis of the last stage was done in AutoCAD software to 

measure the surface area of the droplet and the tilting angle for the estimation of the 

droplet’s surface charge density. 

 
Figure 33. The behavior of water droplet pending from polypropylene tip in the electric field. When the 

capacitor is not charged the droplet is symmetric, but the shape changes as we start applying the voltage (500 

V) and the droplet tilts towards the grounded plate. The droplet jumps on the plate at 1300 V. 

 
The surface charge density of the water droplet after dispensing from polypropylene tip 

was measured by two methods: 1) by dispensing the droplet into the Faraday cup connected 

to the electrometer and 2) by placing the droplet in the uniform field and measuring the 

critical voltage (the point at which the droplet leaves a tip and jumps on the plate of the 

capacitor). The average calculated surface charge densities were in the same order of 

magnitude: 1.04×10-4 #/nm2 for the capacitor experiments and 4.35×10-5 #/nm2 for Faraday 

cup method (# is elementary charge), which means that both approaches are reasonable, 

though the results measured by electrometer are more consistent and show a smaller error. 
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Figure 34. The average surface charge density of water droplets calculated by two methods: 1. Force balance 

on the pendant droplet between the charged capacitor; 2. Dispensing water droplets into a Faraday cup 

connected to the electrometer. 

 
 
We also tried to dispense the water from the polypropylene tip by filling up the syringe and 

the tubing with water and pushing it with the syringe pump. Interestingly, in this case the 

water droplet had a tendency to jump on the positive plate (Figure 35) unlike in the 

previous experiments. Probably it happened due to the interaction of the droplet with the 

bulk water, as the positive charges could be pushed back inside the tip by the positive plate, 

on the contrary, the negative charges were attracted to the plate, therefore the droplet was 

tilting toward the positive plate of the capacitor and eventually reached it. However, this 

example cannot be compared to the micropipetting experiments, as the method of 

dispensing is completely different. 
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(A) (B) 

 
Figure 35. Schematics of pendant water droplet movement in the electric field.  (A) When the air is pushing 

the water from the tip, the droplet jumps on the grounded plate. (B) If the whole system is filled with water, 

the droplet jumps on the positive plate. 
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Chapter 5: CONCLUSIONS AND FUTURE WORK 
 

We summarize below the results of our experiments to identify mechanisms underlying 

contact electrification at aluminum-PTFE and polypropylene-water interfaces. 

5.1 Aluminum-PTFE interface 

We concluded that transfer of electrons from aluminum to PTFE during mechanical 

rubbing was the primary mechanism of contact electrification. In particular, our 

observation of contact electrification of PTFE at 0% relative humidity demonstrated that 

the role of water, hence hydroxides, was not crucial (Figure 23). Our X-ray photoelectron 

spectroscopy measurements (Figure 21) confirmed that no material was transferred 

between PTFE and aluminum foil (the experiments were done for both PTFE and 

aluminum, before and after rubbing). Although, Energy-dispersive X-ray spectroscopy 

indicated the small path of aluminum on the rubbed PTFE (Figure 27), which was trapped 

due to the roughness of the sample’s surface but we have indicated only the presence of a 

single aluminum patch in μm range, which is not an example of uniform/conformal 

material transfer (nm range) on the whole surface of the polymer. Finally, we concluded 

that electrons transferred from aluminum to PTFE drove electrochemical reduction of 

copper in CuCl2 solution and enhancement of pH of water by reduction of protons (Figure 

25).  

5.2 Polypropylene-water interface 

Mechanisms of charge transfer at the polypropylene-water interface were more complex; 

we observed inconsistency in the study of the water droplet in a uniform electric field. On 

the other hand, the experiments with polypropylene micropipetting and employing Faraday 

cup method demonstrated that electrical charge of water drops was (i) always positive, (ii) 
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scaled with the surface area of water drops in contact with micropipettes (Figure 29), and 

(iii) scaled linearly with the pH of water with an isoelectric point at pH ≈ 3.5 (Figure 31), 

which can mean that hydronium adsorption was playing a role in the acidic pH range, as 

was also confirmed by literature.35 We ascribe these observations to the specific adsorption 

of hydroxide ions at water-hydrophobe interfaces (Figure 32). However, the 

electrochemical experiment with the immersion of uncharged PTFE into the beaker does 

not satisfy the current hypothesis as we observed the increase in pH that might be explained 

by preferential hydronium adsorption, though the pure deionized water was used. Probably 

the intensity of the contact and the ratio of liquid volume to the surface of the solid play a 

certain role.  

 

The following tasks will be pursued to gain further insights into our research objectives: 

 Estimation of surface charge density of PTFE discs from deflection of pendant 

drops requires a clear understanding of whether the deflection is caused by dipolar 

nature of water11 or separation of ions in water.48,49 This issue needs to be resolved 

carefully. 

 We will dispense simpler liquids in electric fields and pass from hydrophobic tubes 

to identify if electrification is universal or specific to water. 

 To repeat the faradaic electrodeposition of copper on charged PTFE to achieve a 

higher concentration of copper for the XPS analysis. If the new results show the 

presence of metal copper, we will be able to confidently conclude that PTFE-

aluminum contact electrification is caused by the transfer of free electrons. 



 

 

58 

 To further investigate the role of humidity at the solid-solid interfacial charging to 

detect whether there is a specific point at which we can achieve maximum charging.  

 To estimate the correlation between the time of contact at metal-polymer interface 

and the amount of transferred charge. 

 To employ glass micropipettes to study contact electrification at solid-liquid 

interfaces: using silanes to modify surfaces.  

 To continue the study of the droplets behavior in uniform electric fields and to start 

experiments in non-uniform electric fields with polar and non-polar liquids. 

 To employ computer simulations programs like COMSOL to examine the behavior 

of water droplets in the electric field. 
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APPENDICES 
 

 

Appendix A. Surface potential of charged PTFE disk by rubbing with Aluminum foil 

after various periods of time, measured using Kelvin Probe Force Microscopy 

(KPFM) 

           

After 1 hour. Surface potential 

range: from - 3.5V to 0.5V 

After 3 hours. Surface potential 

range: from - 3V to 0.3V 

After one night. Surface 

potential range: from - 2V to 0V 

 

 

Appendix B. Surface potential of PTFE disk charged by rubbing with Aluminum foil 

after various scanning areas of the same spot, measured using Kelvin Probe Force 

Microscopy (KPFM). One night after rubbing. 

   

Surface area: 2×2 μm 

 

Surface area: 3.5×3.5 μm 

 

Surface area: 10×10 μm 
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Appendix C. X-ray photoelectron spectroscopy analysis of aluminum foil (A) clean 

and (B) rubbed with PTFE. 

(A)      (B) 

   

 

Appendix D. EDS Spectra of a clean PTFE disk. Ir is present due to EDS pretreatment 

(3 nm coating was made to ensure the conductivity). 
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Appendix E. EDS imaging of copper deposition (light areas) on PTFE surface 

 

 

Appendix F. EDS Spectra of uncharged PTFE disk immersed into 1 mM CuCl2 

solution. Ir is present due to EDS pretreatment (3 nm coating was made to ensure the 

conductivity). 
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Appendix G. XPS: (A) The wide spectrum of PTFE after electrodeposition of Cu, 

and (B) high resolution fro Cu. 

(A)            (B) 

    

 

Appendix H. Unexpected behavior of liquid drops in a uniform electric field. Need to 

be tested again with an upgraded setup. 

The capacitor experiments were conducted not only with Polypropylene (PP) micropipette 

tip but also with a glass capillary. Unfortunately, the large number of experiments is not 

reproducible and can contradict one another. We include the list of unexpected observation 

that we could not explain but they arise questions that can be useful for our further research 

and should be reported as some of them occurred several times. 

 

When using PP tip: 

 The droplet was attracted to the positive plate in the beginning but suddenly change 

the direction at and jumped on the grounded plate. 

 The first water droplet tilted and jumped on the positive plate and the second – on 

the grounded plate. 
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When using glass capillary (The system filled with water): 

 Most of the times the water droplet goes to positive plate 

 The water droplet tilts towards the positive plate but then bounces on the grounded 

plate 

 The mineral oil droplet jumps on the positive plate. 

 The water droplet was discharging between the plates of the capacitor. 
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Appendix I. Uncharged PTFE caused increase in pH 

We noticed that the uncharged PTFE also has an effect on the pH of water. We repeated 

the similar procedure of dipping PTFE disks of the same size into the beaker with water 

but this time we made sure that the disks were electrically neutral: each disk was washed 

with water and acetone, and then brought into the Faraday cup, which showed an average 

charge of -0.003 nC. Clearly there were no mobile electrons on PTFE, or very little 

comparing to the PTFE rubbed with aluminum. 

The hydroxide adsorption mechanism does not make sense, as if OH- from water would be 

adsorbing on PTFE surface, the pH will be decreasing instead of increasing. The surface 

charge density of uncharged PTFE was calculated as 1.17×1014 e/cm2, while for charged 

PTFE it was 5.02×1013 e/cm2. 

 
Figure 36. The effect of uncharged and charged PTFE disks on the pH of DI water, as the disks were 

briefly dipped into the beaker with water. The pH readings were recorded after every five immersions. 
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