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A B S T R A C T

If polytetrafluoroethylene (PTFE), commonly known as Teflon, is put into contact and rubbed against another
material, almost surely it will be more effective than its counterpart in collecting negative charges. This simple,
basic property is captured by the so called triboelectric series, where PTFE ranks extremely high, and that
qualitatively orders materials in terms of their ability to electrostatically charge upon contact and rubbing.
However, while classifying materials, the series does not provide an explanation of their triboelectric strength,
besides a loose correlation with the workfunction. Indeed, despite being an extremely familiar process, known
from centuries, tribocharging is still elusive and not fully understood.

In this work we employ density functional theory to look for the origin of PTFE tribocharging strength. We
study how charge transfers when pristine or defective PTFE is put in contact with different clean and oxidized
metals. Our results show the important role played by defects in enhancing charge transfer. Interestingly and
unexpectedly our results show that negatively charged chains are more stable than neutral ones, if slightly
bent. Indeed deformations can be easily promoted in polymers as PTFE, especially in tribological contacts.
These results suggest that, in designing materials in view of their triboelectric properties, the characteristics
of their defects could be a performance determining factor.
1. Introduction

Tribocharging, the electrostatic charging of two materials upon
contact and rubbing, is the basic phenomenon by which most of us
have been introduced to the study of electricity. It is an ordinary
process present in our daily life, sometimes with unpleasant results as
we touch our car’s door handle! Though familiar and well known from
centuries, the triboelectric effect is subtle and still not fully understood:
for instance the fundamental and possibly distinct roles of contact and
rubbing are still to be clarified: it is not clear even if electrons, ions
or bulk material are transferred, and predictions on the direction and
amount of charge flow are made on the basis of an empirical tribo-
electric series, ranking materials according to their aptness at losing or
gaining electrons [1]. Only recently, and for a specific set of polymers
and non-metallic materials, is this series being coherently quantified
with measures of triboelectric charge density under controlled and stan-
dardized conditions [2,3]. Controlling and engineering the triboelectric
effect would be important, not only to avoid hazardous static charging
but also for the development of triboelectric nanogenerators (TENGs),
novel devices that harvest mechanical energy, that would otherwise be
lost by converting it into electricity [4,5].
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Polytetrafluoroethylene (PTFE), a synthetic fluoropolymer, com-
monly known with its commercial name Teflon, ranks extremely high
in the tribolectric series. Notably, in Ref. [3], PTFE has been chosen
as a reference material. Despite the widespread use of this polymer,
it is actually very difficult to link the triboelectric strength of PTFE
to an intrinsic property of the material itself. The remarkable electron
attraction towards PTFE is indeed unexpected as this strongly insulating
material is exposing negatively charged fluorine atoms at the exterior of
the carbon chains. On the contrary, polyethylene (PE), the hydrocarbon
analogue of PTFE, while still ranking very high in the tribolectric
series, is less effective than PTFE in tribocharging despite its partially
positively charged hydrogen terminations and despite the presence
of surface trap states, absent in the band structure of PTFE high-
pressure phase surfaces [6,7]. Unveiling what makes PTFE so effective
in collecting electrons even with its apparent unfavourable properties
could allow the implementation of alike mechanisms and conditions to
reduce or enhance tribocharging also in other systems.

A common feature between PTFE and PE is the possibility of easily
presenting structural defects: PTFE (and PE) chains are typically bent,
and within tribological contact processes their structures can further
deform or break. Indeed in Ref. [7], we showed that fluorine vacancies
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Fig. 1. Cartoon of the PTFE/Au system and of the tribocharging process. The PTFE
chains, in the high pressure phase, are set parallel to the metal surface. Pictorially
represented as the red arrows, electrons are transferred towards the PTFE chains upon
contact and rubbing. PTFE is one of the most efficient material in acquiring electrons
through tribocharging.

in PTFE high-pressure phase surfaces were able to generate trap states
in the band structure of the material. Here we go beyond this work
using density functional theory (DFT) calculations to directly and fully
simulate how electrons transfer when pristine or defective PTFE is put
in contact with different metals or metal oxides. Our study reveals
the importance of defects in enhancing the process of tribocharging:
indeed, regardless of the material in contact with PTFE, charge transfer
strongly increases in the presence of defective chains. We ascribe such
charge transfer enhancement to the defective PTFE property of becom-
ing more stable by negative charging. Interestingly, and unexpectedly,
we found that defects originating from chain deformations are more
stable, upon negatively charging, than those involving bond breaking.

These results suggest a general mechanism: while the direction
and amount of charge transfer upon friction-less, ideal static contact
between pristine materials is mainly dictated by band structure and
relative electronic energy level distribution [3], in the presence of
realistic contact pressures and/or rubbing it is also influenced by the
defects that may be created, which, if of the proper kind, further
contribute to the material charging.

2. Methods

All calculations were performed employing DFT as implemented in
the Quantum ESPRESSO package [8]. Ultrasoft pseudopotentials, the
PBE [9] exchange–correlation functional and semiempirical Grimme’s
DFT-D2 Van der Waals correction [10] were employed throughout the
calculations. Atomic position were relaxed until all force components
were smaller than 0.001 a.u.

As commonly performed in plane-wave DFT calculations, impos-
ing periodic boundary conditions to the system, the metal(metal ox-
ides)/PTFE interfaces are modelled by creating supercells that, looking
along the 𝑧-direction (perpendicular to the surfaces), comprise a PTFE-
covered metal(metal oxides) slab and a vacuum layer, deep enough
to avoid spurious interactions between the replica. In the xy plane,
the PTFE chains develop along the 𝑦 direction and the metal (metal
oxide) unit cell is repeated to accommodate the periodicity of the
PTFE monolayer. Slab thicknesses were converged with respect to
surface energy. All relevant computational parameters are summarized
in Table 1.

The partial charges are calculated by means of Bader analysis, and
the charge transfer is calculated as 𝛥𝑞 = 𝑞𝑃𝑇𝐹𝐸−𝑞𝑃𝑇𝐹𝐸,𝑚𝑒𝑡, where 𝑞𝑃𝑇𝐹𝐸
is the charge of the PTFE chain before contact, and 𝑞𝑃𝑇𝐹𝐸,𝑚𝑒𝑡 is the
charge of the PTFE chain in contact with the metal.
2

Table 1
Relevant computational parameters. 𝐸𝑐𝑢𝑡 is the kinetic energy cutoff for the plane wave
expansion of the density. N𝑙 , N𝑎𝑡, and N𝑃𝑇𝐹𝐸 are the number of atomic layers that make
up the metal (metal oxide) slab, the number of atoms within each atomic layer, and
the number of PTFE monomer in each simulation unit cell. For the Fe(110):O surface
the number in parenthesis represents the number of oxygen adatoms adsorbed on the
iron surface.

Surface 𝐸𝑐𝑢𝑡 N𝑙 N𝑎𝑡 N𝑃𝑇𝐹𝐸 Vacuum K-point
(Ry) (Å) mesh

Fe(110) 240 4 24 12 22 4 × 2 × 1
Cu(111) 240 4 16 8 27 1 × 1 × 1
Au(111) 280 6 16 8 16 3 × 3 × 1
Fe(110):O 280 4 36 (9) 12 27 1 × 1 × 1
Cu2O(111) 280 5 24 16 12 3 × 3 × 1

Table 2
Surface energies and work function of the clean surfaces. Adhesion energies and are
computed with respect to pristine PTFE. FeO surface energy is not present because no
bulk reference value is available since oxidation is simulated through the presence of
O adatoms.

Surface Surface energy Work function Adhesion
(J/m2) (eV) (J/m2)

Fe(110) 2.5 4.9 −0.53
Cu(111) 1.3 5.2 −0.16
Au(111) 0.7 5.1 −0.14
FeO(110) 5.4 −0.18
Cu2O(111) 0.8 [15] 4.8 −0.53

The work function is calculated as 𝜙 = 𝐸𝑉 − 𝐸𝐹 , where 𝐸𝑉 is the
vacuum level and 𝐸𝐹 is the Fermi level, as calculated by the DFT code.
The work function change induced by PTFE adsorption on the metal
or metal oxide surfaces is calculated as 𝛥𝜙 = 𝜙 − 𝜙0, where 𝜙 is the
work function of the slab-PTFE system, and 𝜙0 the work function of
the pristine slab. The interfacial barrier is calculated as 𝜙𝐵 = 𝐸𝑏 − 𝐸𝐹 ,
where 𝐸𝑏 is the peak value of the electrostatic potential at the interface.

To obtain the bent chain geometry we compressed the simulation
cell, by 5% and 7.5%, in the direction along the chains and allowed
the system to relax to reach its most stable bending.

3. Results and discussion

We studied the charge transfer between PTFE and representative
metals (Au, Cu, Fe) and oxidized metal (Cu2O, Fe:O) substrates. PTFE
chains in form III, i.e. the stable phase in compressed conditions, as
those present in tribological contacts [11], are positioned parallel to
the metal substrates. In this way a more stable interface is formed with
respect to the case of perpendicular chains, and the periodicity of the
chain is preserved [12]. As an example, in Fig. 1, the geometry of PTFE
deposited on the Au surface is pictorially shown.

As shown in Table 2, PTFE binds significantly stronger to iron
with respect to copper and gold, due the different reactivity of the
three surfaces. The presence of oxygen, passivating the surface, reduces
drastically the adhesion strength of PTFE from −0.53 J/m2 to −0.18
J/m2. At the same time the workfunction of the oxygenated surface
increases, in line with Ref. [13]. On the contrary, the presence of
under-coordinated copper atoms in the case of copper oxide strongly
favours PTFE adhesion, similarly to what found concerning graphene
adsorption in Ref. [14].

Confirming the high ranking of PTFE in the triboelectric series,
all substrates transfer between 0.01 and 0.02 electrons per monomer
to pristine PTFE, shown in brighter colours in Fig. 2. The direction
of charge transfer is justified by the relative alignment of the work
function: PTFE workfunction (between 5.7 eV and 5.8 eV [16,17])
is larger than the work function of all chosen substrates. Despite the
small numbers involved, we can recognize that in the case of the clean
metal surfaces larger adhesion energies correspond to larger charge
transfers. Indeed it has been shown that adhesion energy has a strong
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Fig. 2. Electron transfer per PTFE monomer. Lighter colours refer to pristine chains,
darker colour to defective, 12.5% defluorinated chains.

Fig. 3. Work function change between clean and covered surface. Bottom bars refer
to the pristine chain, top bars refer to defluorinated chains.

correlation with charge accumulation at the interface [18,19] The Cu2O
surface does not seem to follow this general trend, most probably due
to the local interactions, connected to the presence of undercoordinated
oxygen atoms, that play a major role in this system.

Interestingly, despite the overall negative charge flow towards the
adsorbate, the work function difference, 𝛥𝜙 = 𝜙−𝜙0, is negative for all
the substrates. Here 𝜙 and 𝜙0 are the covered and clean surface’s work
functions respectively. This finding is only apparently counter intuitive
as a direct proportionality between the overall charge transfer and work
functions is found only in the most simple cases, such as adsorption of
selected atomic species [20,21]. In general situations, work function
changes are the result of the complex charge redistribution over the
entire surface region and can be negative also in the presence of a net
electron flow from the substrate to the adsorbate [13,22].

At the nanoscale, in tribological conditions, material experience
extremely high mechanical forces and thermal vibrations [23]. In the
case of metal/PTFE friction, such high contact stresses and hot spots are
able to provide enough energy to drive complex tribochemical reactions
and even break PTFE chains [24,25]. Chain defluorination is one of the
possible processes induced by frictional contact: indeed the presence of
metal fluorides is often detected in tribological experiments concerning
metal/PTFE interfaces and moreover chain defluorination has been
theoretically found as one of the first process happening upon sliding
contact [24,26–33]. This is important because chain defluorination
has strong impact both on the global and on the local electronic
properties of PTFE affecting the work function but also leading to the
formation of localized surface states within the fundamental gap [7].
Such surface states, that act as deep traps for electrons, would be
otherwise absent in the case of pristine chain, and are instead found
in pristine polyethylene, another extremely high ranking material in
the tribological series [6].

Defluorinated chains were thus put in contact with our substrates.
The charge transfer towards 12.5% defluorinated chains, compared to
the pristine chain cases, is shown in Fig. 2. For all substrates we report
an increase in charge transfer, which in the case of pure copper is more
3

than tenfold. At the same time, as shown in Fig. 3, the workfunction
change upon defective chain adsorption turns positive for all cases as a
consequence of the increased magnitude of electron transfer towards
the adlayer. The enhancement of charge transfer due to defects is
much stronger for clean than oxidized metals, as shown in Fig. 2. As a
consequence, as shown in Fig. 3, the change in work function is larger
in clean metals than in oxidized ones. The weaker response of oxidized
metals might be explained by the fact that oxygen prevents charge
from freely moving towards the defect states. The amount of charge
transfer on clean metals compares well to what previously reported in
Ref. [12], for PTFE on an Al substrate despite differences concerning
substrates (Al vs. (Au, Cu, Fe)), chain lengths (15-monomer vs. infinite
chains) and orientation (perpendicular vs. parallel to the substrate). In
our case, the charge transfer enhancement in the presence of defective
chains is associated with the lowering of the interface potential barrier
that electrons must overcome in order to reach the adsorbate. As an
example, in Fig. 4 the iron/PTFE electrostatic potential planar averages,
featuring the lowering of interface barrier, are shown.

By increasing the density of defects, the amount of charge transfer
increases more than linearly, as can be observed in the left panel of
Fig. 5 for the case of Au, meaning that the interaction between defects
even further favours electron transfer. The work function difference
closely follows the trend of charge transfer, as shown in the right panel
of Fig. 5.

The great tendency to acquire electrons of defluorinated chains is
strictly connected to the fact that the defective, negatively charged
chains are more energetically stable than neutral ones [7]. This, on the
contrary, does not happen in the case of pristine chains.

Besides defluorination, the processes and defects that can be possi-
bly induced by contact and rubbing may be of many different kinds:
in particular chains may bend and C–C bonds may break [24,26,27].
If also these defects present an electronic behaviour similar to that
of fluorine vacancies, namely if they are also stabilized by negative
charging, this could link the triboelectric strength of PTFE to the
characteristics of its defects more than to some intrinsic property of its
pristine form. For this reason, we studied the electronic properties of
PTFE chains hosting either a C–C rupture, or a 5% and 7.5% bending,
the geometries of these systems are shown in the right panel of Fig. 6.

From the diagram in the left panel of Fig. 6, it is clearly seen
that pristine chains favour being neutral rather than negatively or
positively charged. At the same time, as neutral structure it is the most
stable, confirming its ground state nature. On the other hand, all the
defects that we considered here are stabilized by negative charging.
Interestingly, the negatively charged, 5% bent chain has a negative
formation energy with respect to the pristine neutral structure. Indeed,
for polymers, where deformation and bending can be easily expected
in particular upon frictional contact, the strong stabilization that the
mildly bent chains present is very significant in view of tribocharging.

From an electronic structure perspective, also for these defects, the
stabilization upon charging may be ascribed to the population of trap
states within the gap. Indeed, whereas in the case F vacancies a single
electronic state is present in the gap, C–C rupture provides two states
in the gap. Interestingly, chain deformations have also been linked to
an electronic structure more favourable for tribocharging [34], and an
interplay between the triboelectric and flexoelectric effects has been
shown [35].

4. Conclusions

The triboelectric effect, well known from centuries, has always
remained elusive and hard to understand and predict, if not for phe-
nomenological and qualitative series ranking materials with respect to
their ability of positively or negatively charging when put into contact.
Besides a loose relation with work function for metals [3], no intrinsic
property of materials has been clearly linked to triboelectric strength.
For instance in the tribolectric series polyethylene, the hydrocarbon
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Fig. 4. Planar average of the electrostatic potential of PTFE on Fe. Left panel: pristine chain. Right panel defective, 12.5% defluorinated chain. Energies are referred to the Fermi
level, the arrows indicate the interface potential barrier.

Fig. 5. Left panel: electron transfer per chain monomer for the PTFE/Au interface increasing the number of F vacancies in the chain. Right: workfunction variation between
PTFE/Au and clean gold surface upon increasing the number of F vacancies.

Fig. 6. Left panel: total energies of neutral and charged pristine and defective PTFE chains with respect to the total energy of the pristine neutral chain. Right panel: different
geometries of the investigated systems.
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counterpart of PTFE, ranks lower than PTFE. This happens despite
the presence of partially negatively charged fluorine atoms exposed by
PTFE.

In this work we have shown how, in addition to intrinsic properties
of pristine materials, also the characteristics of defects that frictional
contact may induce in them must be taken into account to fully quan-
tify its charge collection capability. Indeed at the nanoscale, during
frictional processes, high temperatures and stresses might be generated
driving the formation of a large variety of defects. Interestingly it
was found that the electrical output of PTFE-based TENG devices is
improved by plasma etching which, besides increasing the effective
surface area, induces chain scission and defluorination [36]. Moreover,
the detrimental effect of temperature on PTFE-based TENG devices
performance has been ascribed also to the saturation of defluorinated
sites [37], in both cases favourably linking the presence of defects
with device performance. We have shown how defluorinated chains
allow a substantial gain of electron transfer towards PTFE for all the
substrates under investigation. This property is linked to the energetic
stabilization of this type of defect upon negative charging. Also the
other defects that we investigated (C-C rupture and bending at various
degree) share the same feature, suggesting that the origin of the tribo-
electric strength of PTFE lies in the electronic properties of its defects.
Especially interesting is the case of mildly bent chains, whose formation
energy, in its charged form, is negative with respect to pristine neutral
chains, indicating that negatively charged chains are more stable than
the neutral ones, if slightly bent. And indeed, deformation and bending
can easily happen in tribological conditions of polymers such as PTFE.

In the present work charge transfer enhancement by PTFE structural
defects has been simulated employing DFT; nevertheless, if a PTFE
layer were deposited on a substrate, and its defect content varied in
a controlled way by increasingly rubbing it or exposing it to radi-
ation, the predicted charge transfer enhancement could be detected
by measuring the corresponding change in work function (exploiting
the relation between charge transfer and work function shown in the
right panel of Fig. 5). Finally, besides providing improved fundamental
understanding, these results suggest a general mechanism that could
be possibly exploited to enhance or reduce tribolectric charge trans-
fer by controlling the properties of materials defects, namely their
stabilization by charge transfer. This could be especially important
for TENGs that generate electricity by combining triboelectrification
and electrostatic induction [38]. The amount of charges transferred in
the contact electrification process is quadratically proportional to the
output power density of a TENG, therefore increasing the amount of
tribo-generated surface charge would directly enhance the performance
of TENGs [39].
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