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Abstract 

The phenomenon of contact charging is known since antiquity, and currently it has widespread 

technological applications, such as enabling the transfer of ink in copiers and laser printers. 

Yet, its fundamental understanding, for instance whether the charge carries are electrons, small 

ions or large charged fragments of a polymer, remains poor. Recent works that have focused 

on the chemical (theoretical and experimental) aspects of static charging have helped in 

advancing our understanding of this phenomenon, which was up to recent times a strictly 

physics-dominated discipline. Research dealing with electrochemistry, surface chemistry, and 

mechano-chemistry aspects of contact electrification has cleared out several details on the 

charging part of the problem. This recent research has opened up the possibility of using static 

charges to drive redox chemical changes – electrochemistry on insulators – which is the broad 

context of this thesis. The study of redox reactivity on insulators is in its infancy, but it is 

arguably a blossoming field of chemical research.  

This thesis explores how surface charges, generated by contact electrification on the surface of 

insulators, can be used to trigger electrochemical reactions. The thesis defines how this 

knowledge can be translated to applied electrochemistry, such as in single-electrode 

experiments, electroluminescence and mask-free redox lithography. In exploring 

electrochemistry based on charged insulators, special attention is given to the chemical, 

electronic and mechanical factors influencing triboelectrochemical reactions. The thesis reveals 

the importance of accounting for asymmetry in the material transfer between two contacting 

surfaces, with for instance one surface gaining an excess of anions, and the other gaining an 

excess of cations. When these charged insulators are brought in contact with a redox-active 

solution, surface ionic fragments discharge and trigger a range of electrochemical events. This 

thesis defines how to predict and maximise surface charges on insulators, so to harness them 

to drive heterogeneous redox reactions on non-conductors.  

The first part of this thesis deals with the contact charging of engineering relevant materials, 

such as solid CO2 and engineering-grade polyethylene terephthalate (PET). Using Faraday pail 

measurements we show that non-conductive polymers gain a net static charge when brought in 

and out of contact with dry ice (solid CO2) and PET. Importantly, measurements of charge 

signs and magnitudes help placing, for the first time, solid CO2 and engineering-grade 

formulations of PET in a triboelectric series. These findings have immediate implications in 

the choice of the material used in engineering moving plastic parts subject to friction. They 
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also help addressing ongoing fundamental questions over the nature of the charge carriers that 

lead to static electricity. The thesis contact electrification phenomenon on identical insulators. 

It has revealed for the first time that when rubbing two identical dielectrics, charge densities 

increase initially in proportion to the duration of the friction stimulus, they then peak, and 

surprisingly beyond this peak point more rubbing leads to a progressive charge drop. A 

mechanism is proposed, linking the simultaneous role of adsorbed water, material transfer, 

dielectric breakdown and the electrostatic segregation of charged polymer fragments in 

defining surface charges gained upon contact of chemically identical materials. 

The second part of the thesis focuses on the application of contact charging in single-electrode 

electrochemistry. It describes the first experimental quantitative study of redox growth of metal 

nanoparticles on electrostatically charged polymers. The coefficient of proportionality between 

metal ions being discharged on the surface and charging magnitude, is discovered to be a 

material’s specific property, governed primarily by the stability of anionic fragments (electron 

affinity of the unimeric oligomers).  

The third part of the thesis investigates the application of contact charging toward a new form 

of mask-free redox lithography on photoconductors. This is achieved by quantifying the 

magnitude of redox energy delivered by intrinsic amorphous silicon surfaces that are 

electrostatically charged against PVC samples. Using established Si‒C monolayer chemistries 

we have varied the surface hardness and adhesion of silicon surfaces. By means of Faraday 

pail, atomic force microscopy (AFM), scanning electron microscope (SEM) and x-ray 

photoelectron spectroscopy (XPS) measurements we have then quantified the growth of 

metallic particles on the tribocharged photoconductor, and observed that particles grow 

preferentially over surfaces that are relatively soft (low Derjaguin-Muller-Toporov (DMT) 

modulus) and at the same time highly adhesive. 
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Chapter 1: Introduction and Overview 

1.1 Introduction 

This thesis explores the mechanism and application of electrochemistry based on contact 

electrification of insulators. Contact charging is now significantly better understood than it was 

two decades ago. Nonetheless, controversy over its fundamental aspects, such as the nature of 

the charge carries (ions, electrons or both?) and what really drives the charge transfer process 

(difference in work function, ion adsorption or material transfer?) is not settled. It is widely 

accepted by scientists working on contact electrification of insulators that the phenomenon is 

extremely complicated, not only regarding the debated question the charge carries nature, but 

also in terms of the broad range of mechanical and environmental factors affecting it. Research 

aimed at harnessing this type of friction-to-electricity conversion has received increasing 

attention from chemists, electrochemists, nanotechnologists and material scientists. Available 

proof-of-principle applications range now from the nano- to the macro-scale; from single-

electrode electrochemistry, to electroluminescence, heterogeneous catalysis and mask-free 

lithography. In this thesis, electrochemical reactions on charged insulators are used to explore 

the basic foundation of contact electrification, providing proof-of-principle examples and 

outlining their current and possible future applications to different fields.  

1.2 Thesis outline 

The introductory chapter (Chapter 1) provides the reader with a broad theoretical background 

on contact electrification and triboelectrochemistry. It attempts to review the status quo over 

the settled aspects of the triboelectrification mechanism, and stresses where there are still 

contrasting views. The chapter defines new platforms for single-electrode electrochemistry, 

electrochemiluminescence and mask-free lithography on insulators and semiconductors. The 

chapter also explores mechanical and ambient factors affecting tribocharging and 

triboelectrochemical rates. Chapter 1 is a comprehensive, and up-to-date, literature review of 

the field. 

The following chapters (Chapters 2–4) are concerned with the experimental work undertaken 

in this thesis. Chapter 2, in the form of Papers 1‒3, describes the contact electrification 

phenomenon of dynamic contacts between identical materials and for engineering-relevant 

materials, such as solid CO2 and engineering-grade polyethylene terephthalate (PET). Chapter 

3, in the form of Paper 4, focuses on proof-of-principle experiments for single‒electrode 

electrochemistry on charged insulators. Chapter 4, in the form of Paper 5, presents research 



 
 

2 
 

towards realising mask-free lithography on a statically charged photoconductor. The proof-of-

concept examples shown in Chapters 2–4 highlight applications of contact electrification across 

the fields of electrochemistry, material sciences and physics. The conclusions and the 

immediate future prospects of the field drawn from this thesis are summarised in Chapter 5 and 

Chapter 6.  

1.3 Literature review  

1.3.1 Introduction 

The contact charging phenomenon, that is, two insulators first brought into contact and then 

macroscopically separated develop static charges (Arridge, R. 1967; Baytekin, H. et al.  2011) 

is arguably a familiar phenomenon. Examples of contact charging, or contact electrification, 

include the electric shock we can perceive when touching a door handle (Britton, L.G. 2010), 

and the means by which inks move in laser printers and copiers (Childress, C.O. and Kabell, 

L.J. 1963). Its origin is an old scientific puzzle, with reports on its early observations tracing 

back to 600 B.C. (Iversen, P. and Lacks, D.J. 2012). Contemporary research on contact 

charging has been largely limited only to harnessing its engineering potential. Only relatively 

recently, chemists have started using tribocharged plastics with sufficiently large charge 

densities to guide electrochemical work on the surface of statically charged insulators (Liu, C.-

Y. and Bard, A.J. 2008; Zhang, J. et al. 2019 (J. Am. Chem. Soc.)). These experiments have 

opened a new perspective to explore the origin of contact charging (Baytekin, B. et al. 2012). 

In 2008, Liu and Bard (Liu, C.-Y. et al. 2008), were the first to use the tribocharged plastics, 

such as PTFE (polytetrafluoroethylene) and PMMA (polymethylmethacrylate), to drive 

electrochemical reactions. They proposed the charge carriers and reducing equivalent to be free 

electrons. However, the electron transfer hypothesis is not accepted unanimously (Diaz, A. et 

al. 1991; McCarty, L.S. et al. 2007; McCarty, L.S. and Whitesides, G.M. 2008). 

 

 
 

Figure 1. The “mosaic” charge mode: after contact charging, each contact-electrified piece develops a net charge 
of either positive or negative (Baytekin, H. et al.  2011). 
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In 2011, H. T. Baytekin and co-workers proposed a “mosaic” charging model (Figure 1), which 

suggests that after contact and separation, each statically charged surface develops a random  

mosaic-like pattern of oppositely charged regions of nanoscopic dimensions. This mosaic 

model of contact charging reinforces that the static charge reading of a Faraday pail is just net 

sample’s charge, and the amount of positive and negative charges is likely to be much larger 

than previously thought (mC/cm2). The authors also proposed that although charges developed 

by contact electrification cannot be directly converted into chemical energy, the 

mechanoradicals generated by mechanical contact and deformations of contact charging 

between polymers could drive chemical reactions (Baytekin, B. et al. 2012).  

1.3.2 Charge and potential measurement on insulators 

Charge and potential can be measured with great accuracy by Faraday pail and Kelvin probe 

force microscopy (KPFM) techniques. The latter is based on the principles of atomic force 

microscopy (AFM). The Faraday pail is the most widely used instrument for charge 

measurement (Zhang, J. and Ciampi, S. 2019 (Aust. J. Chem.)). A simple version of Faraday 

pail consists of two metal containers isolated from each other; one is an inner cup connected to 

an electrometer and housing the sample, while the other is an outer grounded cup. A Faraday 

pail has the advantage of ease of use, low-cost, wide applicability (works on both solid and 

liquid samples). However, as remarked above, it can only measure the sum of the surface 

charges (sum of  

 
 
Figure 2. Kelvin probe force measurement (KPFM) to generate surface potential maps of PDMS, PDMS 
surfaces contacted with PDMS and PC samples (Baytekin, H. et al. 2011). 



 
 

4 
 

positive and negative domains), and not individual contributions. Another fundamental tool 

towards charge measurement is KPFM, which makes it possible to scan electrostatic potential  

and obtain potential maps of the surface of insulators and metals (Burgo, T.A. et al. 2012; Li, 

S. et al. 2016) (Figure 2). KPFM is an essential tool for measuring potential on insulating solids 

and liquids. The emergence of KPFM has had a significant impact on the understanding of the 

origin of contact electrification.  

1.3.3 Redox species 

Although contact charging is a relatively familiar phenomenon, and occurs regularly under 

different circumstances, what really drives charge transfer between insulators, and therefore 

what accounts for redox reactions over tribocharged surfaces, is still relatively unknown and 

debated (Liu, C.-Y. and Bard, A.J. 2008; Baytekin, B. et al. 2012). Many experimental works 

have tried to define what key property of polymers has the largest effect on contact charging 

magnitudes and signs (Liu, C.-Y. and Bard, A.J. 2009; Harper, W.R. 1967; Lowell, J. 1977). 

The obvious ones are work function, electron affinity, ionization energy, surface roughness and 

hardness. Although a complete and correct description of contact charging (so to gain 

predictive power) is incomplete, there is a rapidly improving understanding on the nature of 

the charge carries. The early reports on the reduction of Pd2+ and Cu2+ ions on tribocharged 

poly(methyl methacrylate) (PMMA) (Liu, C.-Y. and Bard, A.J. 2009) were extremely 

insightful. These initial “single electrode electrochemistry” experiments by Liu and Bard 

demonstrated that inducing negative parts obtained after plastics contact and separated with 

each other, act as electron sources and drive electrochemical reactions, for example the 

reduction of metal ions (CuSO4, Figure 3a) and metal complexes (Fe(CN)6
3-, Figure 3b), 

hydrogen production, or electrochemiluminescence (Teflon(-)/Ru(bpy)3
2+ /S2O8

2-, Figure 3c)  

 
 
 
Figure 3. a. Copper reduced on statically charged PMMA surfaces. b. Cyclic voltammetry was performed with 
a Pt ultramicroelectrode before and after a solution containing a redox probe (0.2 mM Fe(CN)6

3- and 0.1 M 
KCl) was passed through a PMMA tube. c. Statically charged PMMA generates electrochemiluminescence. 
Relative emission intensity, as a function of time, when 0.15 g PMMA powder was added into 2 mL water 
solution containing 1 mM Ru(bpy)3

2+ and 18 mM Na2S2O8 (Liu, C.-Y. and Bard, A.J. 2009). 
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in aqueous solutions (Liu, C.-Y. and Bard, A.J. 2008; Liu, C.-Y. and Bard, A.J. 2009; Liu, C.-

Y. and Bard, A.J. 2010). These studies appear to support the concept that free electrons trapped 

and release by surface states may be the charge carrier behind triboelectrochemistry. However, 

some subsequent works have openly challenged the notion of free electron transferring between 

insulators. It is puzzling for instance that positively charged nylon can also induce metal ions 

reduction on its surface (Zhang, J. et al. 2019 (J. Am. Chem. Soc.)). Now it is generally 

accepted that anionic and cationic polymer fragments – rather than free electrons – are the 

redox species. In support of this model there is, among other, KPFM evidence of the charge 

distribution on a metal after contact with a plastic not to be uniform. After contact and 

separation with a PDMS pattern sample, only a fixed charge potential point exists on the 

contact area of the gold surface (Yun, C. et al. 2018). Therefore, electron transfer, at least,  

 

Figure 4. Relationship between a plastic’s net negative charge and the amount of Ag nanoparticles reduced on 
it. A coefficient of proportionality between redox work and surface charges linked electrochemical work delivered 
by an insulator to the balance of its electron affinity and ionization energy. a. Schematic depiction of electron 
transfer reaction for the Ag+ reduced by anion fragments on tribocharged PTFE. b. XPS-determined amount of 
metallic silver that is deposited on plastic samples that are charged to a specific value of charge-to-area ratio 
by contact electrification against a glass surface. The samples were prepared by tribocharged PDMS, PTFE 
and PVC samples with various charge density were immersed into 50 Mm AgNO3 solution. c. Computed 
ionization energies (IE) and electron affinities (EA) for nylon, PTFE, PVC and PDMS samples as a function of 
the chain length n (Zhang, J. et al. 2019 (J. Am. Chem. Soc.)).  
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cannot explain the whole picture of contact charging, especially for contact charging between 

insulator-insulator phases. Moreover, the contact between identical materials can also generate 

static charges (Zhang, J. et al. 2020; Apodaca, M.M. et al. 2010; Pham, R. et al. 2011), these 

findings challenge the electron transfer mechanism and provides strong evidence of material 

transfer causing contact charging. It follows that research aimed at harvesting tribocharges in 

electrochemistry redox should pay close attention to the nature and redox reactivity of polymer 

fragments.  

The mechanism of ion transfer between the materials with mobile ions was first proposed 

several decades ago (Diaz, A. et al. 1991). For materials without mobile ions it has been 

proposed that ions from adsorbed water, namely as H+ and OH− are an important player. 

Furthermore, triboelectrochemistry study by our group recently has reported the first 

experimental quantitative study of redox growth of metal nanoparticles on electrostatically 

charged polymers. Work discussed in this thesis has revealed a relationship between the net 

negative charge of plastic and the magnitude of redox work and we also uncovered the extent 

of redox work is not depend on the charge density, but mainly determined by the stability of  

 

Figure 5.  (a) Schematics of metal ions being reduced on peeled-off adhesive tapes. Charged tapes were 
immersed into an aqueous solution of 2 mg/mL HAuCl4, PdCl2, Cu(acac)2, or AgNO3. (b) SEM images for metal 
nanoparticles and UV−vis absorption spectra of the tapes after 2 days of immersion (Red curves). The spectrum 
has characteristic SPR bands that do not exist in the salt spectrum (the yellow curve of HAuCl4). (c) XPS 
spectrum before (left) and after (right) immersion indicating the Au 4f peak at 84 eV characteristic of Au NPs 
after immersion. (d) Schematic of the free radical mechanism by which nanoparticles are formed on the peeled-
off tapes. (e) Optical images of the radical scavenger 2,2-diphenyl-1-picrylhydrazyl (DPPH) solution (4 mg/L, 
CH3CN) before and after tape immersion for 24 h. (f) Visible spectrum of a peeled-off tape first immersed into a 
4 mg/L DPPH solution for 2 h and then immersed into 2 mg/mL HAuCl4 for 24 h (yellow line). The red line was 
directly immersed into HAuCl4 solution without DPPH solution (Baytekin, H.T. et al.  2015).  
 



 
 

7 
 

the anionic fragments (the electron affinity of polymers). This work has pointed out that 

triboelectrochemistry is governed by the stability of surface charges rather than charging 

magnitude (Zhang, J. et al. 2019 (J. Am. Chem. Soc.)) (Figure 4). For example, in some of 

these experiments, polyvinyl chloride (PVC) with a relatively low charge density delivered 

large amounts of higher redox work (reducing more Ag+), compared with PTFE. This 

experiment, and several others discussed in this thesis, provide a strong evidence for fragments 

(ion) transfer upon contact charging. Another redox path proposed by other authors involves 

 

Figure 6. Polarity reversal of tribocharged plastics is linked to the material hardness. a. The histogram of static 
charges generated on 50 plastic beads at different charging time with Polystyrene (PS), which is the hardest 
plastic in this experiment. Red dashed lines correspond to zero charge. b. XPS spectra of PS against with 
different plastic beads at different charging times. c. The DMT moduli of the contacting plastics. From XPS and 
DMT moduli data, the softer materials, such as PTFE and PVC beads, would transfer fragments to hard PS 
surface and both change polarity during charging. While for hard materials, such as PMMA and cellulose 
acetate, they would not transfer fragments to hardest PS and therefore do not change polarity during contact 

charging (Baytekin, H.T. et al. 2012). 
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mechanoradicals generated by rubbing. One of such examples is the mechanical pulling of 

adhesive tape creates radicals on the tape’s surface and these radicals are species can reduce 

metal salts to metal nanoparticles (Baytekin, H.T. et al.  2015), such as Au, Ag, Pd, or Cu 

(Figure 5a-5c). The mechanism the author proposed is the homolytic cleavage of bonds when 

peeling off the tape (Figure 5d) and the generated free radicals can then reduce metal ions to 

metallic nanoparticles. The presence of free radicals can be confirmed by chemical tests as 

following: after peeling, the tape was immersed into a solution of 4 mg/L radical scavenger 

2,2-diphenyl-1-pyridohydrazino (DPPH, λmax = 517 nm) in CH3CN and then the color fades 

(Figure 5e), indicating that the DPPH reacts with free radicals. Also, when the peeled-off tape 

first immersed to DPPH solution, the redox work will be minimized (Figure 5f, yellow line). 

1.3.4 Influence factor on contact charging 

1.3.4.1 Mechanical properties 

Material transfer can lead to the exchange of ions between two contacting polymers (Zhang, J. 

et al. 2019 (ACS Appl. Nano Mater.); Diaz, A. et al. 2004; McCarty, L.S. and Whitesides, G.M. 

2008) and the rate of material transfer, and therefore the amount of surface charging attained, 

are related to mechanical properties of the contacting insulators, such as softness and adhesion 

(Zhang, J. et al. 2019 (ACS Appl. Nano Mater.)). Early results on this aspect were by Bartosz 

A. Grzybowski and co-workers, who demonstrated that contact charging is affected by spatially 

inhomogeneous material transfer (Figure 6, Baytekin, H.T. et al. 2012). In their experiments, 

evidence of polarity reversal on tribocharged plastics was linked to material softness. From 

XPS and DMT moduli data, soft materials such as PTFE and PVC beads, would transfer 

fragments to hard polystyrene (PS) surface and both changed polarity during charging. While 

on the contrary, hard materials such as PMMA and cellulose acetate, would not transfer 

fragments to hardest PS and therefore did not change polarity upon prolonged contact. 

1.3.4.2 Surface water 

As briefly mentioned above, surface water is likely to play a role in the triboelectrification of 

insulators. Water provides one mechanism to reach a charge excess, being an important 

reservoir for charged species such as H+ and OH−. For example, increasing the temperature 

leads to a decrease of magnitude of charge generated on insulators (Figure 7, Harris, I.A. et al. 

2019), indicating that ionization of adsorbed surface water may play a role in the charge 

generation process. Other studies have shown that contact charging in a water-free environment, 

under paraffin oil, still occurs. Water is not necessary to achieve static charge generation, but  
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the generated charge is smaller in paraffin oil compared than it is in air (Baytekin, H.T. et al. 

2011).  

1.3.4.3 Contact Force 

The contact force between the surfaces of insulators affect the effective contact area, the 

material transfer, and therefore the tribocharging. For example, by using KPFM, the effect of 

the contact force on tribocharging was investigated systematically when rubbing without an 

applied bias. A series of KPFM measurements taken after having rubbed a TiN tip, under 

different tip loads, against the surface of calcite single crystals, indicated that charging 

increased with increasing contact force (Mirkowska, M. et al. 2014). 

 1.3.4.4 Chain length, density and crystallinity of the polymer 

The chain length (as number of repeating units), as in Figure 4c, were also hypothesized to 

have an effect on triboelectrochemistry, as increasing the chain length will significantly 

increase the anion stability, thus will possibly reduce its propensity to act as an electron donor. 

The density for nylon and PVC are 1.41 g/cm3 and 1.38 g/cm3, while for PTFE is 2.18–2.21 

g/cm3. Therefore, it seems likely that a higher polymer density will lead to higher static 

charging. Some results to support this hypothesis are in Figure 8. in terms of crystallinity, PTFE 

has a high degree of crystallinity, in the range of 89 to 98 %, and similar to Acetal (80 %), but 

in fact, they have clearly different static charging in Figure 8. 

 

Figure 7. The relationship between temperature and static charge q (Harris, I.A. et al. 2019). 
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Figure 8. Triboelectrification of non-ionic plastics: evolution of charge density with contact time. For several 

polymers (acetal, PTFE, PVC, PDMS, nylon), charging magnitude initially increased, reached a maximum value, 

and then dropped (Zhang, J. et al. 2020). 

 

1.3.5 Conclusions and outlook  

It is now widely accepted by chemists, physicists and engineers that the process of contact 

charging between insulators is complex. Furthermore, available charge and potential 

measurements, such as Faraday pail and Kelvin probe force microscopy, have limitations. The 

study of electrochemistry on insulators has the potential to answer fundamental questions on 

tribocharging. Recent experiments, such as those discussed in this thesis, can contribute to 

unveil the links between the chemical, electronic and mechanical factors influencing both the 

tribocharging of insulators as well as the electrochemical reactions guided by static charges. 

These experiments, and their findings, are an attempt at creating new bridges between the 

disciplines of electrochemistry, surface science, lithography, sensing and chemical catalysis. 

For example, charges generated by electrification can help to detect the existence of a vacuum 

layer at the interface between water and a hydrophobic solid, hence addressing questions 

regarding hydrophobic effects and water structure. This particular examples has ramification 

towards the development of “electrostatic electrochemiluminescence”, as discussed in the 

outlook chapter of this thesis.   
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Chapter 2: Contact charging phenomenon of insulators – Papers 1–3 

The appearance of static charges on insulating surfaces that have been first brought into contact 

and then separated, a phenomenon known as contact electrification, poses serious hazards in 

industrial settings. Minor accidents associated with the discharge of statics, occurs routinely, 

with familiar examples being the electronic shock we sense when walking across a nylon carpet 

or a static car zip. Similar events can occur with non-conductive fluids, for example when 

gasoline, which is a poor conductor of electricity, flows across glass filters. In industrial 

settings accidents associated to the discharge of static electricity can be severe. Therefore, to 

minimise the static hazard associated with engineering relevant materials, subject to friction, 

force and wear, it is useful to have several common dielectrics ordered in triboelectric series. 

A triboelectric series is an empirical ordered list where different insulating materials are ranked 

based on their propensity to gain statics: when two different materials are contacted against 

with each other, the material higher in the series tends to charge positively, while the material 

lower in the series is likely to gain a negative charge. 

Chapter 2, in the form of Papers 1–3, describes the contact electrification phenomenon of 

insulators, with focus on engineering relevant materials, such as dry ice (solid CO2) and 

engineering-grade polyethylene terephthalate (PET). Using Faraday pail measurements, we 

have measured the charge sign and magnitude of solid CO2 and PET upon contact with other 

polymers (of known position in the triboelectric series), in order to help placing for the first 

time solid CO2 and PET in the triboelectric series. Defining the position of these two materials 

in the triboelectric series will help to minimise and manage the static hazard associated with 

moving parts, such as charged dry ice from fire extinguisher and fire ignition from PET bushes 

and bearings. The chapter also explores the development and relaxation of static charges 

between identical materials that are brought in contact, and then separated. This is realised in 

Paper 3, which originates from the observation that many reported industrial accidents 

associated to statics have involved contact between identical materials. Paper 3 reports for the 

first time that when rubbing two identical dielectrics, charge densities increase initially in 

proportion to the duration of the friction stimulus, they then saturate, and surprisingly beyond 

this saturation point more rubbing leads to a progressive charge drop.  

Paper 1 explores the static charging of dry ice (solid CO2). It is the first attempt to tentatively 

place CO2 in the triboelectric series. This is important, since this can guide the choice and 

design of materials, such to either maximise, or minimise, their static charging upon contact 

with solid CO2. For instance, the process of releasing liquid CO2 from a fire extinguisher is 
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accompanied by a strong static charging of the plastic material making up the extinguisher 

discharge horn. Firefighters are often reporting an electric shock when operating CO2 

extinguishers, but the origin of this electrostatic hazard remains largely unknown. The work 

described in paper 1 studies the contact electrification between CO2 and polymers, it defines to 

what degree it is material-dependent, and succeed for the first time to put CO2 in triboelectric 

series, specifically between poly(methyl methacrylate) and polyvinyl chloride.  

Paper 2 explores the contact electrification behaviour on engineering-grade polyethylene 

terephthalate (PET). There is an emerging trend to replace moving metallic parts, such as 

bearings or bushes, with polymer-based components. The electrostatic hazard associated with 

the surface of plastics that are subject to mechanical friction, wear and deformation is well 

documented, but the magnitude and the physical-chemical origin of this phenomenon remains 

debated. Research discussed in paper 2 studied the triboelectrification, against the surface of 

common polymers and metals, of Ertalyte®, a widely used bearing-grade formulation of PET. 

By means of Faraday pail, AFM, SEM, XPS experiments and quantum computations, the paper 

characterise dynamic contacts made between this model of a low-wear plastic (Ertalyte®) and 

other polymers and metals. The paper describes for the first time the correct position of 

engineering-grade PET in the triboelectric series and clarifies on the origin and mechanism – 

electrons versus ions – of the charge transfer process responsible for the electrification under 

friction of a dynamic insulator–insulator contact. The findings reported in paper 2 help 

addressing fundamental questions over the nature of triboelectrity and define molecular-level 

and engineering aspects, namely the balance between electron affinity, ionization energy and 

surface hardness, that can guide further the design of engineering-grade plastics with minimal 

electrostatic hazard. 

Paper 3 explores the development and relaxation of static charges generated when identical 

materials are brought in contact, and then separated. This phenomenon is well documented, 

and is for instance the basis of green energy technologies converting friction into electricity 

(e.g. TENGs, triboelectric generators), but remains poorly understood. The work in paper 3 

highlights for the first time that when rubbing two identical dielectrics (e.g. PTFE tribocharged 

against PTFE), charge densities increase initially in proportion to the duration of the friction 

stimulus, they then saturate, and surprisingly beyond this saturation point more rubbing leads 

to a progressive charge drop. By means of Faraday pail, AFM, XPS, ICP-AES, electrochemical 

measurements, and quantum computations, the work explores the chemical and mechanical 

aspects leading to this non-monotonic and material-specific change in contact charge. The 
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paper proposes a charge-generation mechanism based on the simultaneous role of adsorbed 

water, material transfer, dielectric breakdown and the electrostatic segregation of charged 

polymer fragments. This paper shows that the kinetics of the triboelectric charging is 

surprisingly not linked to material properties, such as ionization energy and electron affinity. 

This finding implies that attempts to maximise (or minimise) the static charging of two 

identical materials should not necessarily focus on tuning the electronic aspects of the materials. 

After having gained predictive power, and means to impart specific magnitudes of electrical 

charges to insulators, the paper then moves on to measure rate constants for 

triboelectrochemical reactions, showing that charged dielectrics can serve as electrode material 

in single-electrode electrochemical experiments. Notably, while chemical electronic factors 

appears to have little impact on the tribocharging velocity, on the other hand the rate constants 

for redox reactions assisted by static charges are strongly material-dependent: faster kinetic is 

observed over charged dielectrics that can yield relatively stable cationic fragments (smaller 

ionization energy) but tend to give unstable anionic fragments (higher negative electron 

affinity). 
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Chapter 3: Contact charging on single electrode electrochemistry – Paper 4 

Chapter 3, in the form of Paper 4, reports the first quantitative experimental study of the redox 

growth of metal nanoparticles on electrostatically charged polymers. Electrically insulating 

objects gain a net electrical charge when brought in and out of contact. This event involves the 

flow of charged species, but to conclusively establish their nature has proven extremely 

difficult. The findings in this paper clarify the chemical nature of static charges by describing, 

for the first time, a material-specific relationship between the tribocharging magnitude and the 

extent of redox work that can be harvested from tribocharged polymers. By means of Faraday 

pail, AFM, TEM, and quantum computations, this work highlight a large discrepancy between 

the net charging of a sample and the extent of electrochemical work the sample can mediate. 

For insulators of high dielectric constant there is a linear relationship between the plastic’s net 

negative charge and the extent of reductive redox work (amount of solution metal ions 

discharged to metallic nanoparticles). The coefficient of proportionality between metal ions 

being discharged on the surface and charging magnitude is shown to be a material’s specific 

property, governed primarily by the stability of anionic fragments (electron affinity of the 

unimeric oligomers). The maximum magnitude of redox work is also material-dependent, with 

metallic particles growing preferably over charged dielectrics that having smaller ionisation 

energy yield more stable cationic fragments. On the contrary, dielectric materials with stable 

anions – less negative electron affinity – and large ionization energy (e.g. PTFE) will probably 

be of greater importance when attempting to deliver a small redox change, with high precision. 

This work shows that charged polymer fragments – previously tentatively described as 

“cryptoelectrons” (Liu, C.-Y. and Bard, A.J. 2008; Liu, C.-Y. and Bard, A.J. 2009) – are the 

electrochemical-work effector. There is a large difference between the net charging of the 

sample and the extent to which metallic deposits grow: the amount of work done by an 

electrified dielectric could largely exceed the Coulomb reading in the electrometer/Faraday 

pail. Unless electron affinities and ionization energies are accounted for, total Coulombs are a 

poor indicator on the heterogeneous electrochemical work that can be harvested from a 

tribocharged surface. This work also extends our understanding of static electricity and may 

find applications in single-electrode electrochemistry and in the study of electrostatic catalysis 

on chemical reactivity (Shaik, S. et al. 2016; Ciampi, S. et al. 2018; Li, Y. et al. 2017).  
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Chapter 4: Mask-free lithography based on contact electrification – Paper 5 

Chapter 4, in the form of Paper 5, explores the scope of electrochemical reactions based on 

contact electrification as a platform for a new form of lithography. Paper 5 quantifies the 

magnitude of redox energy delivered to a reducible species by intrinsic amorphous silicon 

surfaces that are electrostatically charged against PVC samples. In this work the surface 

hardness and adhesion of non-conductive surfaces was varied by using established Si‒C 

monolayer chemistries. By means of Faraday pail, AFM, SEM and XPS measurements, this 

work quantified the growth of metallic particles on the tribocharged silicon, and observed that 

particles grow preferentially over surfaces that are relatively soft (low DMT modulus) and 

highly adhesive. Firstly, these experiments reveal a link between surface adhesion and hardness, 

and the amount of static charges that builds up on a tribocharged insulator. Secondly, charged 

polymer fragments transferred between samples ‒ hence causing their electrification ‒ are used 

to mediate downstream heterogeneous redox reactions.  

This is the first report on a relationship between silicon surface’s adhesion and hardness, its 

propensity to build up static charges, and its ability to promote electrochemical reactions in the 

absence of an external bias. These findings extend understanding of the origin of static 

electricity, point to a surface-chemistry method to maximize tribocharges with immediate 

applications in single-electrode electrochemistry, and outline a new concept suitable for the 

mask-free and bias-free patterning of metal nanoparticles on insulators and photoconductors. 
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Chapter 5: Conclusions  

The work presented in this thesis has explored the links between contact electrification of 

insulators and electrochemistry on insulators. Statically charged dielectrics can be used as 

source of reducing equivalents to mediate electrochemical heterogeneous reactions. The thesis 

has defined fundamental and practical knowledge enabling single-electrode electrochemistry, 

mask-free lithography and electrochemiluminescence on plastic insulators and inorganic 

photoconductors. 

Chapter 1 explained the mechanism and application of electrochemistry based on contact 

electrification on insulators and provided a comprehensive literature review of the field. 

Chapter 2 has detailed the contact electrification phenomenon of insulators, dry ice (solid CO2) 

and engineering-grade polyethylene terephthalate (PET). Using Faraday pail we have put the 

solid CO2 and PET on the triboelectric series at the first time. We have also reported that when 

rubbing two identical dielectrics, charge densities increase first, then go to the peak, and beyond 

this peak point more rubbing leads to a charge drop. We propose this drop is due to the 

simultaneous role of adsorbed water, material transfer, dielectric breakdown and the 

electrostatic segregation of charged polymer fragments.  

Chapter 3 explored single-electrode electrochemistry on tribocharged insulators. Silver and 

gold nanoparticles were grown on statically charged dielectrics. Quantitative analysis of metal 

deposition on electrostatically charged insulator samples, charged to either net positive or net 

negative coulomb values, points towards anionic polymer fragments being the electron source. 

Analysis of the relationship between the net charge and the extent of the redox work mediated 

by charged dielectrics indicate that materials with a large negative electron affinity (EA) and a 

relatively low ionization energy (IE) – stable cations and unstable anions – can mediate redox 

work to a relatively large extent.  

Chapter 4 developed the concept of electrochemistry based on contact electrification in the 

context of surface lithography. It described a surface lithography technology that is mask-free 

and external potential-free. Silver nanoparticles with different size and density can be 

(predictably and reproducibly) on a dark, totally charged photoconductor, amorphous silicon. 

The particle density was revealed to be function of surface adhesion and hardness. This concept 

proves that the contact electrification of an insulator is caused by the transfer of large ionic 

fragments, not ions from water or free electrons 
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Chapter 6: Outlook  

This thesis explored the scope of statically charged insulators in redox chemistry, and its 

potential applications in single electrode electrochemistry, mask-free lithography and 

electrochemiluminescence. Triboelectric charging provides an attractive technology that can 

be used to convert mechanical energy to chemical energy. However, there is still much to be 

understood and explored, for instance, the electrochemical reactions induced by tribocharged 

dielectrics are mostly reduction reactions (e.g. metal deposition, reductive 

electrochemiluminescence and hydrogen generation), with only few reports on oxidation 

reactions on tribocharged dielectrics. There are clear evidence of reactive cationic fragments 

being present on the surface of charged insulators, which calls for the investigation for example 

of luminol anodic electrochemiluminescence on plastics. Further, kinetic for the charging of 

insulators, as well as the factors affecting reaction rates of the chemical reaction promoted by 

charged dielectrics are still not fully addressed.  

Although still in its infancy, this field appears promising for the development of a host of 

applications and new areas of physical chemistry research. It has direct implications to sub-

fields of electrochemistry, including single-electrode electrochemical lithography, and 

electrochemiluminescence. Further, while it remains difficult to reach a complete and correct 

picture on the charging event, we envision that just has it has happened for heterogeneous redox 

reactivity at statically charged insulators, the same opportunities will arise for non-redox 

electrostatic catalysis on the surface of statically charged insulators. Using the static electric 

field on insulators to explore the catalytic reaction, such as Diels–Alder reaction (Aragonès, 

A.C. et al. 2016), is a promising field. Other applications are opening up for material science 

and green energy technologies, such as self-powered TENGs (triboelectric generators) that 

harvesting energy from motion and vibrations. 

Redox chemistry on insulators can also help addressing seemingly distant and unrelated 

scientific questions. For instance, it can help to establish a general method capable of detecting 

optically the existence of a vacuum layer at the interface between water and a hydrophobic 

solid. This question is of relevance to several disciplines, such as self-assembly and fluidics, 

where a correct and complete understanding of the hydrophobic effect is crucial. There is still 

controversy over the existence of a molecularly thin region of decreased electron density at the 

solid–water interface. Contrasting views are caused by the evidence in support of a 

hydrophobic water gap having mainly originated from one type of measurement alone: neutron  
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and x-ray reflectivity on crystalline substrates. Unambiguous reflectivity measurements in 

support of a few angstrom thin (1–7 Å) water-depleted layer, requires not only exceedingly flat 

substrates, but also an exact knowledge of the interfacial chemistry (Poynor, A. et al. 2006). A 

general method capable of detecting the presence, or absence, of the hydrophobic water gap on 

rough samples, on chemically inhomogeneous samples, on samples with surface impurities, or 

on samples of unknown surface chemistry, does not exist yet. Preliminary data, on which future 

research can build upon, show that surface static charges of plastics can initiate oxidative 

chemiluminescent reactions. The exited state light emitter was used to sense the presence of a 

near-surface vacuum gap. The light pathway is initiated near the water–hydrophobic interface, 

and the lack of a water solvation shell on the light emitter derived from luminol (3-

aminophthalate*) result in a ca. 100 nm red-shifted (from bulk water to vacuum, backed by 

QM/MM calculations) transient emission (Figure 8). When two insulators are contacted and 

separated from each other, they will be statically charged, and after an aqueous alkaline luminol 

(Lum) solution is covered on a statically charged plastic sample, containing an excess of 

hydrogen peroxide, the two emission spectra recorded. The band centered at 430 ± 3 is long-

lived, while the green 536 ± 4 nm light output is only a transient signal. The transient green 

 

Figure 8. Luminol oxidation induced by a statically charged electrical insulator. Once the tribocharged insulator 
is wetted by an aqueous solution of a chemiluminescent molecule (luminol), blue and green light is emitted. The 
spectral tuning of this model “electrostatic electroluminescent” reaction can yield information on the environment 
sensed by the excited state light emitters (such as solvation shell or absence of solvation at the 
water−hydrophobic interface). 
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signal can be induced by a redox path to superoxide and Lum•− by cationic fragments on plastic 

(Figure 9). This “electrostatic electroluminescent” method allows to probe the buried water–

hydrophobic interface without requiring strict sample preparation. The method is applicable to 

microscopically rough polymer surfaces, making it possible for the first time to link data on 

macroscopic water contact angles to the presence, or absence, of a nanoscopic water gap.  

These experiment, currently under review, will also be the first report on oxidative redox 

chemistry triggered by statically charged insulators, and it will be the first experimental report 

of spectral shifting due to the electric fields associated with the charged polymers, and 

supporting recent computational predictions (Blyth, M.T., et al. 2019). Similar future work will 

also help showing that the use of charged polymers may be a means of scaling electrostatic 

catalysis beyond single-molecule STM experiments (Aragonès, A.C. et al. 2016). 

As an additional forward-looking, the spectral-tuning experiments similar to those in the 

manuscript will help verifying the hypothesis of rapid fluctuations of the gap. This cannot be 

done by reflectometry, nor by any other available technique. Further, on opaque substrates 

these findings can be expanded to all light-emitting compounds that have an appreciable 

charge-transfer (CT) character, for example to test the spectral tuning by electrostatic forces of 

widespread, and biologically relevant luciferins (e.g. firefly luciferin). On transparent 

substrates the presence of a near-surface electrified gap at the solid−liquid interface would open 

similar possibilities both with biological CT vision pigments such retinal, as well as with 

technologically relevant smaller organics such as azulene.  

 

 

Figure 9. Schematic depiction of the luminol light path at the water gap between bulk water and solid plastic, 
induced by surface static charges on a hydrophobic statically charged insulator. 
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The details of Optimized Geometries as Gaussian Archive Entries can be found here: 

http://www.rsc.org/suppdata/d0/cp/d0cp01317j/d0cp01317j1.pdf  
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The details of Optimized Geometries as Gaussian Archive Entries can be found here: 

https://pubs.acs.org/doi/suppl/10.1021/jacs.9b00297/suppl_file/ja9b00297_si_001.pdf 
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