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Irreproducibility in the triboelectric charging of insulators:
evidence of a non-monotonic charge versus contact time
relationship

Jinyang Zhang,? Chao Su,” Fergus J. M. Rogers,® Nadim Darwish,® Michelle L. Coote,*¢ and Simone
Ciampi*?

Here, we investigate the development and relaxation of static charges on the surface of plastic materials that are first
brought in contact, and then macroscopically separated. Experimentalists dealing with the static electrification of insulators
are aware of difficulties predictably attaining, and precisely reproducing, a given charging magnitude. Here we have
observed for the first time that in homo-systems (e.g. PTFE rubbed against PTFE) charge densities reach the maximum value
after a material-specific contact time. Attempts to charge a sample beyond its peak value leads to a progressive drop in
charge. We propose this drop to result both from the electrostatically driven segregation of polymer ionic fragments, as well
as from the discharge of unstable fragments by dielectric breakdown when a sufficiently high surface charge density is
reached. We therefore highlight the general existence of two branches in the charging versus charging time curve: the
assumption of a monotonous charging slope holds only left or right of the charging maxima and to achieve a specific charge
density care has to be taken to remain within one branch. Differences between materials in the tribocharging peak time are
shown to reflect difference in material transfer rates and water adsorption, rather than differences in electronic factors such

as the relative stability of cationic and anionic fragments.

Introduction

Triboelectricity is the phenomena by which dielectric materials
gain a net electric charge upon contact and separation with
other insulators,’* semiconductors® or metals.®8 The study of
triboelectricity has strong roots in the 1970s physics-dominated
research on xerography, but there are several more recent
examples of processes harnessing the electrification of
insulators, such as electrostatic separation of biomass,® glass
panel cleaning in solar farms,10 and the recovery of alternating
current from the dissipation of friction in triboelectric
nanogenerators (TENGs).1'77 Through Kelvin probe force
microscopy (KPFM)18-20 and Faraday pail measurements,?! static
charges present on a surface can be accurately mapped and
measured. A number of studies have used these types of
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measurements to highlight the complexity of the
triboelectrification process — ionization energy, electron
affinity,22 23 moisture,?* 25> adhesion,> hardness,> 26 contact
force,’® gas dissolution,?’” as well as the exact surface
chemistry?3 — all play a role in it. A correct and complete
understanding of the process is still lacking. A significant
amount of material is transferred upon contact,> 18 and it thus
follows that the study of contact charging on insulators will be
more easily studied in a single-material model system.
Surprisingly, the study of contact electrification has so far
mainly focused on dynamic contacts between different
materials,?8-3% and reports on the contact and charging between
identical materials are far less frequent.26

Herein, by studying through Faraday pail and atomic force
microscopy (AFM) the contact electrification of systems
comprising of a single material, we reveal that the build-up of
electrical charges does not increase monotonically with the
duration of the charging step: charging magnitude peaks at
intermediate times and then drops. There is limited published
data on prolonged tribocharging procedures, but our findings
are in contrast with a monotonic charge growth reported for
stainless steel spheres rolled over polystyrene.3! An explanation
based on the simultaneous role of adsorbed water, material
transfer and electrostatic-driven segregation of charged
polymer fragments is proposed. The use of a single-material
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Fig. 1. Triboelectrification of non-ionic plastics: evolution of charge density with contact time. For all of the polymers explored here
(acetal, PTFE, PVC, PDMS, nylon), charging magnitude initially increased, reached a maximum value, and then dropped. Error bars
are the 95% confidence limit of the mean charge value,32 and are obtained from the analysis of three independently prepared and

analysed samples.

system removes complexity introduced by factors such as
differences in surface adhesion, hardness and work function.>

Results and discussion

Surface mechanical properties are known to affect material
transfer,> 26 and hence the charge exchange between two
polymers. Further, material-specific ion stabilities?2 contribute
to define the mosaic pattern of positive and negative domains
that sum up to give a tribocharged sample its net (measurable)
charge. Faraday pail charge measurements of identical
materials are arguably the simplest laboratory model for the
kinetic analysis of charge build-up. Acetal,
polytetrafluoroethylene (PTFE), polyvinyl chloride (PVC),
polydimethylsiloxane (PDMS) and nylon samples were
tribocharged against surfaces of the same material while the
contact time for different experiments was systematically
increased (Fig. 1). To a first approximation, based on empirical
data from readily available triboelectric series,33 34 contact
between identical materials should result in zero charge
density. A given material is characterised by a unique
macroscopic work function, hence the lack of an “electronic”
driving force makes it reasonable to expect a nil charge

developing between identical polymers. This has been reported
not to be the case,3>37 and is further validated by the data
shown in Fig. 1. Pressing two identical polymers together,
followed by separation, causes transfer of charged material.18
20, 22 A small and unavoidable asymmetry in the applied
mechanical force, and/or a small difference in hardness and
adhesion (Fig. S1, ESIt),> leads to triboelectrification even of
identical materials.3® The charge measured on each sample is
the arithmetic sum of positive and negative charges carried by
atoms or molecules being transferred, and very surprisingly for
all the non-ionic dielectrics studied here (acetal, PTFE, PVC,
PDMS, and nylon) this value reaches a maximum after a finite,
and relatively short, charging time. Taking for example the case
of PTFE, at its charge peak point one sample bears a net positive
charge (2.9 nC/cm?, Fig. 1) while the other sample is negative
(-3.2 nC/cm2). In the discussion that follows we specifically
focus on the negatively charged sample, as this is expected to
mediate the reduction of larger amounts of reducible species3?
and find potential applications in electrochemistry and
catalysis.?2 30 Charge versus time curves for the positive sample
arein Fig. S2, ESIT. Most importantly, for all the plastic materials
in Fig. 1, charge densities decrease after having reached a peak
value.
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Fig. 2. Faraday pail data showing charge density versus contact
time for the negatively charge sample of a PTFE-PTFE dynamic
contact. Experiments were performed either inside a glove box
(red trace) or in air (black trace). Error bars are the 95%
confidence limit of the mean of three independent
experiments.

One first possible explanation for the charge dropping past a
peak point is the consumption of adsorbed water. One of the
proposed mechanisms — but not yet unambiguously validated3°
— by which a non-ionic polymer gains static charges upon
contact is the asymmetric movement of hydroxide ions.3% 40 A
thin water layer4! should therefore facilitate charging of a
dynamic polymer contact. It is then possible that when water is
depleted, further charging is impeded. To test this hypothesis
we carried out contact charging experiment inside a glove box
with only ppm levels of water. Data in Fig. 2 show static charging
of PTFE samples reaching maximum value at shorter charging
times inside a glove box compared to data in ambient air.
Therefore, consumption of adsorbed water (possibly via a
limited availability of hydroxide ions*°) is probably a factor
impeding further tribocharging. In fact, the surface of nylon is
significantly more hydrophilic?2 than that of PTFE,* and the onset
of the charge peak in nylon is the slowest we have observed (Fig. 1).
Water tendency to strongly adsorb on thermoplastics materials
is well-known.25 For instance, water adsorption accounts for
lengthy drying procedures during the processing of
thermoplastics. Surface water is also known to play a crucial
role in the electrification of dielectrics,** suggesting that our
experiments may be affected by a supply of water trapped by
the polymer. Control experiments performed by pre-heating
PTFE samples at 110 °C inside a glove box led to tribocharging
versus time curves comparable to those recorded under inert
atmosphere at room temperature (Fig. S3, ESIT). This finding
suggests that a DCM wash of the sample is an adequate
procedure in terms of removing strongly adsorbed water from
hydrophobic surfaces.? However we note that water
adsorption alone cannot explain trends in charging magnitude:
hydrophilic nylon charges very little. We also considered the
possibility of glass transition affecting material transfer hence
electrification.> It is possible for the glass transition
temperature to be reached at localised spots, hence triggering
a change in the charging slope in response to changes to the
mechanical properties of plastics, which could affect material

This journal is © The Royal Society of Chemistry 20xx

transfer between the two surfaces. However, partially against
this hypothesis is the fact that the glass transition temperature
for nylon, the material with the slowest time to reach a
maximum charge value, is as low as 40-50 °C,%> for instance is
significantly lower than that of PTFE (127 °C).46

The change in the sign of the charging slope around a specific
point is associated with a change in surface morphology. AFM
data in Fig. 3 show that the surface roughness of PTFE is at its
lowest at the charge density peak. Surface roughness increases
again past this point. In more detail, two PTFE samples, labelled
as PTFE 1 and PTFE 2, were washed with water, ethanol and
DCM to remove charges,?? and then tribocharged (i.e., PTFE 1
was rubbed against PTFE 2). One sample gains a net-positive
charge, while the other gains a net-negative charge of similar
magnitude (within 91%). AFM topography images in Fig. 3a
show both PTFE samples becoming significantly smoother at a
contact time of 50 s, which is roughly equivalent to the time
required for tribocharges to reach their maximum value
(Faraday pail data, Fig. 1), and then roughen again past this
point. Despite both samples becoming initially smoother, one
consistently appears to be rougher than the other, and in the
case of PTFE, the sample showing the largest initial change in
surface topography is PTFE 1 (the sample with a net-positive
charge), while the surface with the least topographical change
gains a net-negative charge (Fig. 3a). To reconcile the observed
topography changes (Fig. 3a and 3b) with the non-monotonic
change in surface charging in Fig. 1, we tentatively propose a
material transfer mechanism depicted in Fig. 4. The
electrification of identical materials involves the movement of
ionic polymer fragments,” 22 and the partition of these
fragments between the two PTFE surfaces is clearly asymmetric

(@)

PTFE 1

PTFE 2

(b)

PDMS 1

L-’-'

Rl = 239 nm | Rq = 98.5 ndllRq = 107 nm

Fig. 3. AFM topography images of PTFE and PDMS samples
involved in sliding PTFE-PTFE and PDMS—PDMS contacts. The
charge contact time is 0, 50 and 100 s for PTFE (a), and 0, 20 and
30 s for PDMS (b). Values of surface roughness (reported as root
mean square surface roughness, Rq) and of charge density
(Faraday pail) are indicated in figure. Imaged areas are 10 x 10
um for all samples.
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Fig. 4. Schematic depiction of the charge evolution on PTFE samples continuously rubbed against each other (see the time-resolved charge
and topography data in Fig. 3). Upon contact and separation, one PTFE sample becomes positive and the other negative. The charge density
of both surfaces reaches a maximum value at the certain time (ca. 50 s for PTFE, a situation depicted after the “separation” step) and then
decreases upon further tribocharging. The cause of this charge drop is tentatively ascribed to either surface discharge by dielectric breakdown
at sufficiently large surface charge densities (hence fields), or to migration and asymmetric segregation of charged polymer fragments.
Optimized geometries as Gaussian Archive entries, and 3D chemical structures of the ionic fragments depicted here simply as plus and minus
symbols, are found in the ESIt. For clarity only one migration direction (cations towards anions) is depicted in figure.

(based on charge and topography differences, Fig. 3). In order
to appear macroscopically positive, one surface (here PTFE 1)
must have gathered an excess of unstable cationic fragments,
many of whom probably drop to neutral rapidly, and is thus
smoother. The other surface, PTFE 2, need only to gain a small
excess of relatively stable anionic fragments to reach a net-
negative charge, and appears to be rougher (central block in Fig.
4).

A similar trend was found for PDMS samples, which unlike PTFE
generate stable cations and unstable anions (see computed IE
and EA values in Fig. 5). AFM topography images in Fig. 3b show
that both PDMS surfaces become smoother after a
tribocharging time of 20 s (the charge peak time for PDMS, Fig.
1). A net-negative charge on PDMS is measured for the sample
with the greater topography change (PDMS 1). In other words,
as for PDMS, the smoother surface is the one bearing a large
number of unstable fragments (in the case of PDMS anionic
fragments). To clarify further on the links between charging and
roughness, we performed contact charging experiments on
PTFE samples of different initial roughness (Fig. S4, ESIt). The
charge density peak magnitude is smaller on smooth PTFE than
it is on rougher samples (12 % smaller). The time required to
reach this peak is also longer on smooth samples (ca. 40 %
longer). We postulate a major factor behind these differences is

that a rough surface is more likely to transfer material upon
friction.

The AFM results from PTFE and PDMS dynamic contacts provide
indirect evidence that ionic fragments transfer upon contact
charging between identical materials and also outline a possible
path to help predicting surface charge polarities from
topographical changes.#” In order to remove the variation of the
surface properties as a function of radius from the centre of
rotation, only the centre of each sample is measured by AFM.
For explanation for the observed drop in charge density after
the peak point (right portion of Fig. 4) we put forward two
mechanisms. Firstly, it is possible to envision the
electrostatically driven migration of anionic and cationic
fragments. For instance in the PTFE system, cationic fragments
from PTFE 1 will migrate towards PTFE 2 (or vice versa, PTFE 2
anions in the opposite direction; the net charging effect
remaining the same). Secondly, since the charge drop begins
only beyond a certain charge magnitude (the peak point), it is
possible that unstable surface ions will begin to discharge by
dielectric breakdown but only when a certain surface excess of
unstable ions is reached (the large charge density on the
surface, leads to a large electric filed outside it). This will result
in the rate of surface charging beginning to drop behind the rate
of material transfer, hence explaining the further increase in
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roughness when the charge starts dropping beyond peak point
(Fig. 3).

Unfortunately we do not have a model that could help
predicting, simply based on materials electron affinities and
ionization energies, when in relative terms a material reaches
its charge maxima. There appears to be no correlation between
the stability of charged polymer ions and tribocharging peak
time. For example, both nylon and PTFE are slow in reaching the
curve maxima, but the two materials share little similarities
when it comes to ionization energies (IE) and electron affinities
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Fig. 5. (a) Computed gas-phase 298 K ionization energies (IE)
and (b) electron affinities (EA) for oligomers of acetal, PTFE,
PVC, nylon and PDMS as a function of the number (no.) of
backbone atoms including end-groups (Table S1). Values for
Acetal are computed in this work; all others taken from Ref 13.
For all structures, see Fig. S5, ESITt.

(EA) (Fig. 5). Also, the short peaking times measured for acetal,
PVC and PDMS, again are hard to reconcile with similarities in
EA and IE computed values. Further studies on this are required,
but we believe that differences in material transfer rates and
water adsorption, rather than the relative stability of cationic
and anionic fragments, govern the onset of the charge peak
point. Mechanochemistry aspects of the tribocharging process
have been discussed extensively elsewhere.48-51

Experimental

Materials. Redistilled solvents and Milli-Q™ water (>18 MQ cm)
were used for substrate cleaning and to prepare electrolytic
solutions. Samples of acetal (polyoxymethylene, 514-338, RS
Components Australia®), PTFE (polytetrafluoroethylene, 680-
640, RS Components Australia®), PDMS (polydimethylsiloxane,
molecular weight of 500 kDa, 840-5541, RS Components

This journal is © The Royal Society of Chemistry 20xx

Australia®) and PVC (polyvinyl chloride, 321-2105, RS
Components Australia®) were 1 x 1 cm in size and
approximately 0.3 cm in thickness. Samples of nylon (nylon-66,
514-607, RS Components Australia®) were disks of 1 cm radius
and of a thickness of approximately 0.3 cm.

Charge Measurements. Plastic samples were washed with Milli-
Q™ water (>18 MQ cm), rinsed three times with both methanol
and DCM, dried under a nitrogen flow, then stored under
vacuum before being statically charged. One sample was fixed
at the lower end of a rapidly rotating mechanical shaft (ca. 90
rpm) and then pressed against a second sample (of the same
material) secured onto a stationary wood surface. Unless
otherwise specified, the charging experiments were performed
under ambient air with a relative humidity of 25%. To ensure
reproducible contact force during the charging procedure a
spring (spring constant of 4.8 N/m) was pressed against the
backside of the static sample. The duration of the charging
procedure was varied between 0 s and 350 s, after which the
sample net charge was immediately measured in a Faraday pail.
The Faraday pail was a JCI 140 static monitor coupled to a JCI
147 charge measurement units, purchased and calibrated by
DEKRA (Southampton Science Park, Southampton, UK) and
operating on the 10=° Coulomb scales, respectively. Charging
data are reported as charge density (charge-to-geometric area
ratios). Experiments and charge measurements under an argon
atmosphere were conducted in an Innovative Technology glove
box (PL-HE-2GB fitted with a PL-HE-GP1 inert gas purifier), with
water and oxygen levels below 1 ppm. The 95% confidence
interval of the Rg mean value (x) is reported as x * t,—; s/n%/2,60
where t,-; depends on the number of repeats and was 4.30, s is
the standard deviation, and n is the number of measurements
(here n was three).

Computational Procedures. All calculations were performed
using Gaussian 16 Rev C.0152 at the M06-2X/6-31+G(d) level of
theory>3 for consistency with our earlier study.?2 Where
available, DFT-computed ionization energies (IEs) and electron
affinities (EAs) were taken from our previous study.?? For the
polyacetal oligomers, calculations for each chain length n were
performed using a methyl and a hydroxyl as the two end-
groups. Calculations for larger nylon fragments are at this stage
computationally not feasible. Geometries, frequencies and
energies were obtained at MO06-2X/6-31+G(d). For the gas
phase IEs and EAs, thermal corrections were calculated at
298.15 K using the harmonic oscillator rigid rotor
approximation; frequencies were scaled. In continuation of our
previous study on tribocharging, our acetal systems have been
modelled with the MO06-2X/6-31+G(d) level of theory using the
quantum chemistry package Gaussian 16 Rev C.01.54 32 Thermal
corrections were calculated at 298.15 K with scaling assuming the
ideal gas molecular partition functions in conjunction with the rigid
rotor harmonic oscillator (RRHO) approximation, whilst solvent
effects in water were addressed with the SMD solvation model using
default settings.>> Anions and cations, all open-shell, were treated
with an unrestricted wavefunction. Assuming a methyl and a
hydroxyl end-group, geometries for chains of increasing monomer
count were constructed in the molecular visualisation package
IQmol. Full conformer searching was then performed up to the
polyacetal tetramer, with the directed tree search algorithm
employed to efficiently search the large conformational space of the
longest species considered here, the pentamer.56 All final structures
were characterised as local minima by way of vibrational analysis.
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The adiabatic electron affinity (EA) and ionisation potential (IP) at
298.15 K have been calculated as follows,

EA = —AHy(+e),
IP = AHy(—e),

where the subscript denotes kelvin. The reaction enthalpy (AH,) is
calculated from the heats of formation for the redox couple in the
gas phase, assuming the electron convention with Fermi-Dirac
statistics (EC-FD) for the electron, which specifies Hy(e) as 3.145 kJ
mol at 298.15 K. For compactness, these are given in electron volts.

Conclusions

In this work we have studied the evolution, with contact time,
of the electrification of two identical insulating materials
brought in and out of contact. We have shown for the first time
that even upon continuous charging the net charge magnitude
peaks after an initial increase, and then steadily drops. The
transfer of ionic fragments is the main cause of electrification,
but asymmetry in the material transfer, dielectric breakdown,
fragment migration and adsorbed water appear to be more
important than the stability of the surface charges in explaining
why charging magnitude versus contact time data do not follow
a monotonic curve. The existence of two branches in the
charging curve —implying two charging times can yield the same
output — is probably one of the reasons why it is generally
difficult to predictably obtain a precise charging magnitude. This
work extends our understanding and control over static
electricity with immediate implications in single-electrode
electrochemistry and in aiding the study of electrostatic forces
on chemical reactivity.> 30,57
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TOC. Contact electrification: Irreproducibility of
triboelectric charging magnitudes. Using Faraday pail
measurements we show that a monotonous charging
slope holds only left or right of a material-specific
charge-peak point.
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