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Abstract

Polytetrafluoroetyhlene (PTFE) is one of the most efficient polymers for green
energy-harvesting devices like triboelectric nanogenerators because of its high capabil-
ity of acquiring and retaining negative charge. Despite its extensive use, the relation
between PTFE triboelectric behavior and its electronic properties has never been ana-
lyzed. To shed light on this important feature we have studied the electronic properties
of PTFE low-index surfaces in the high pressure phase by means of density functional
theory. We start by showing that adding either a positive or a negative charge on
pristine surfaces is energetically unfavorable. We then demonstrate the role played
by surface defects. When a surface fluorine vacancy is introduced the analysis of the
band structure reveals that the defect generates a trap state that enables the surface

to acquire and retain negative charge.


giulio.fatti@unimore.it

Introduction

Polytetrafluoroethylene (PTFE) is one of the most used insulating polymers for many tech-
nological applications that require specific frictional, electrical, and chemical properties. In
particular, PTFE is widely used for technologies based on triboelectrification, such as the tri-
boelectric nanogenerators (TENGs)!™. These are green energy-harvesting devices that can
convert mechanical energy into electricity at zero emissions by coupling triboelectrification
and electrostatic induction.

Triboelectrification refers to the contact-induced electrification effect that occurs when
a material is put in contact and/or rubbed against a different material. Despite being one
of the most known and long studied physical phenomena, triboelectrification is still poorly
understood®® and the mechanism behind it is still under debate especially for insulator-

insulator contact. Several theories have suggested that the electrification is due to the
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transfer of electrons '3, ions or microscopic fragments of material ** 2! that act as charge
carriers, however, no consensus has been yet achieved.

This lack of fundamental understanding of triboelectrification hinders the development
and the improvement of effective TENGs. So far, a triboelectric series has been used to
determine the relative tribopolarity between two materials. The order indicates the direction
of charge transfer when two different materials are rubbed against each other; the material
high in the series charges positively when paired with a material at lower position and wice
versa.?*?3

It has been known for nearly a decade that the net charging corresponds to a little
imbalance between the charges, both negative and positive, transferred between the surfaces
in both directions, resulting in a mosaic charge pattern.?®?* Despite this fact, PTFE is
characterized by a high capability of acquiring and retaining a net negative charge, reason
why it is one of the most used materials for TENGs technologies. In fact, the mosaic pattern

and the positive charges found on PTFE surfaces have been attributed to material transfer

from the other material in contact across the interface.? PTFE can be found indeed at the



lowest position in many triboelectric series.?%3

Despite the fact that several experimental?2Y and theoretical®*? studies on the elec-
tronic properties of PTFE have been conducted, no one of them analyzed the relation be-
tween its triboelectric behavior and electronic properties, specifically in the high pressure
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phase. This phase is known to be stable over 0.65 GPa and it is the most occurring

in tribological conditions, in fact the pressure at the microscopic scale can easily exceed 5
GPa?’",

Previous theoretical studies on polyethylene (PE), located as well at the bottom of the
triboelectric series, discovered that the presence of PE surfaces can lead to the formation of
surface states inside the band gap, independently of the surface orientation.® These states,
located under the conduction band, act as deep traps for electrons, making PE a suitable
electron attractor. This is particularly interesting because PE is just above PTFE in the
triboelectric series and it has the same lattice structure as PTFE, thus a similar behavior is
expected.

Here we present, for the first time, insights into the relation between the triboelectric
behavior of PTFE low-index surfaces in the high pressure phase and their electronic prop-
erties, by employing an ab-initio approach. To start with, we studied the structural and
electronic properties of low-index surfaces, PTFE(100), PTFE(010) and PTFE(110). Then,
in order to verify the formation of electron trap states on the surface we introduced, alter-
natively, a positive and a negative charge and we evaluated their localization. Finally, we
investigated the influence of a surface fluorine vacancy on the electronic properties and we
demonstrated that the presence of defects is key for the PTFE capability of acquiring and

retaining negative charge.



Computational Methods

We studied the structural and electronic properties of the high-pressure PTFE low-index sur-
faces by means of density functional theory (DFT) calculations as implemented in the Quan-
tum ESPRESSO (QE) package®®. The exchange-correlation functional is described by the
general gradient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE) parametriza-
tion? corrected by a dispersion term (PBE-D) to model the long-range inter-chain van der
Waals (vdW) interactions. The dispersion term was introduced using the semi-empirical
Grimme method*!. The scaling parameter of the Grimme correction was tuned to a value of
0.42 to reproduce a cohesive energy density consistent with the experimental values.*? The
ionic species are described by ultrasoft pseudopotentials (PP’s). A kinetic energy cutoff of
40 Ry (320 Ry) was chosen to truncate the expansion of the wave functions (charge density).
The chosen lattice parameters a = 8.70 A, b = 5.97 A, with a setting angle @ = 37/38°,
were obtained in our previous study on the bulk properties of PTFE“?, and they are in good
agreement with the experimental values aeyp = 8.73 A%, by, = 5.69 A% and ar,, = 35°%.

To model the low-index PTFE(100) and PTFE(010) surfaces a (2x2) supercell (Fig. 1a,b)
were considered and a vacuum region of 25 A were added to separate the periodic replicas.
The PTFE(110) surface is modeled by a (1 x 2) orthorhombic supercell with the vacuum
region of the same thickness of PTFE(100) and PTFE(010) surfaces. In this way the three
modelled surfaces all have the same number of atoms, 192, distributed in 4 layers. A 2x2x 1
Monkhorst-Pack grid*® was used to sample the Brillouin zone of the supercells.

The defective surface was realized by removing one fluorine atom from one of the PTFE
chains at the surface. Spin polarized DFT was used to describe correctly the uncoupled
electron caused by the removal of a C-F bond and a Gaussian broadening was used for the

calculation of fractional occupancies, with a smearing width of 0.005 Ry.

The planar averaged charge density was calculated as:

plz) = / dadyp?(z,y, 2) 1)
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Figure 1: a) front view of the orthorhombic PTFE lattice. A (2 x 2) supercell is represented,
and the directions of the (100), (010) and (110) planes are highlighted. b) lateral view of the

zig-zag chain conformation. In transparency the periodic replicas are shown. ¢) PTFE(100),
d) PTFE(010), e) PTFE(110) surfaces.



The same formula was used to calculate the planar average of the square modulus of the

wave functions.

Results and discussion

We started by optimizing the structures of PTFE(100), PTFE(010) PTFE(110) surfaces and
the outcome showed that the structure of the three surfaces do not differ much from their

bulk structure, as reported in Table 1.

Table 1: Calculated structural properties of PTFE chains in bulk and low-index surfaces.
Bulk data were first reported in Ref.2

C-C-C (deg) F-C-F (deg) C-C (A) C-F (A)

PTFE bulk 113.8 109.1 1.58 1.36
PTFE(100) 114.0 109.1 1.58 1.36
PTFE(010) 113.9/114.0 109.1 1.58 1.36
PTFE(110) 114.0 109.1/109.2  1.58 1.36

Then, we analyzed the band structure of the three surfaces to observe if surface states
were formed. The results are shown in Figure 2.a. It can be seen that the band structures
of the three surfaces are almost identical and extremely similar to the band structure of the
bulk (see Figure 2 in Ref.*?), also, the value of the band gap remains unaltered: AE,,, =
5eV. The calculated gap value is lower when compared to previous Hartree-Fock studies
(AFE,q, ~ 8¢eV)? and experimental measurements (AE,,, ~ 10eV).* This underestimation
of the band gap by DFT was expected because it is a well-known problem of GGA in the
calculation of the insulating band gap®. Furthermore, no surface states can be found inside
the gap. These results indicate that generating a surface, which implies removing layers of
material that influence vdW inter-chain interaction, does not induce any significant variation
in the bands dispersion. This means that the band structure is mainly determined by the
C-C and the C-F chemical bonds inside the chains. Therefore, cleaving a surface without

breaking any chemical bond cannot generate any surface state, contrarily to the PE study,



where surface states were found independently of the exposed surface.®® In addition, these
outcomes show that the electronic properties of the surfaces do not depend on the surface

orientation, so we decided to carry on the study only on the PTFE(100) surface.

a) b) Valence ©) 1.5 [ Conduction
_ T3] ‘ PTFE(100) & [ H I PTFE(100)
S o i | o rw
v 4 — i — 1. I
Y — prreaoo) | L 5] ' < | v A
5§ 2 — PTFE(010) | O H K I P
[ —— PTFE(110) | |4 . N | e
wi — ! { “f | ,! — i ik
I 01 =14 ol = AN \
w M““,} | 4‘}}4»' ) ARIR v
-2 ol u Lﬂ[U\‘ L}UL\)“L\’IU‘\ VaCLiUm i . / L iy | /R vacuum
0.0 0.5 1.0 1.5 0 5 10 15 20 15 20

k z (A) z (A)

Figure 2: a) Bands structure of PTFE(100) (black), PTFE(010) (magenta) and PTFE(110)
(cyan) surfaces. For comparison, band levels are referred to the highest valence band. Plane
average of the PTFE(100) b) three highest valence states; ¢) three lowest conduction states.
The surface z position is represented by the vertical line.

By looking at the planar average spatial distribution of the three highest valence states
and of the three lowest conduction states' it is confirmed that no state is localized on a
surface or on specific plane or chain, in fact, they are distributed along the entire slab height
(Figure 2b,c).

The absence of surface states inside the band gap means that there is no available state
below the conduction band that may act as a deep trap for electrons, thus electron trapping
is unlikely. To further understand this conclusion we investigated the surface behavior by
either adding or removing one electron.

In the first place, in order to verify the fact that a charge, either negative or positive,
added to the slab does not localize on the surface, we calculated the charge density of both

the neutral and the charged systems and we computed the planar average by equation 1, to

1Tt should be noted that for ultrasoft PP’s the squared modulus of the wavefunction is not normalized to
1 by QE.



obtain p(z). Then we calculated

Apneg(z) - pnegative(z) - pneutral(z) (2)

Appos(Z) - prwutral(z) - ppOSitive(z>a (3)

where Ap,e, and Ap,,s are the charge density difference between the negatively charged
slab (electron added) and the neutral slab and the charge density difference between the
neutral slab and the positively charged slab (electron removed), respectively. In this way
we can observe the z-dependence of the additional or removed charge and observe where it
is localized (or delocalized) within the slab. The calculated charge differences are shown in
Figure 3. It can be seen that in both cases the charge difference between the neutral and the
charged slabs is distributed along the entire slab height and does not localize on the surface.

In the second place, we studied the relative stability of the charged systems in relation to
the neutral slab by calculating the energy differences caused by the addition or the removal
of an electron. We considered the ionization potential, £y = Eny_; — Ey, and the electron
affinity, K4 = Ex— En11, where N is the number of electrons in the neutral slab. Ejy refers to
the energy required to remove an electron from the system and it is always positive because
removing an electron from a bound state always costs energy. FE4 estimates the energy
to bind an electron to the system and it can be either positive, if trapping an electron is
energetically favorable, or negative, if it is unfavorable. Coherently with the absence of trap
states, we found that either when positively or negatively charged the surface becomes less
stable: £ =5.33¢eV and E4 = —0.48¢eV. A large ionization potential is to be expected for
a large gap insulator like PTFE, while finding a negative electron affinity is more interesting
because it indicates that a free electron loses stability when binding to PTFE. This peculiar
behavior can be expected by considering that C-F bonds have a strong ionic character due
to fluorine high electronegativity and that fluorine atoms have a strong negative charge and

they are external in PTFE chains, so it is unlikely for additional electrons to bind to PTFE



chains. It is clear, then, that pristine PTFE surfaces do not offer proper conditions to acquire

neither negative nor positive charge.
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Figure 3: Charge difference between neutral PTFE(100) surface and the same surface with
one more electron (cyan line), and with one fewer electron (magenta line).

It follows that some chemical bond cleavage is necessary to modify the electronic prop-
erties in order for the surface to be charged. We decided to study the simplest possible
defect: we removed one surface fluorine and studied how this removal modifies the struc-
tural and electronic properties. The optimized structure is shown in Figure 4. The energy
required for the formation of a fluorine vacancy was calculated using the following relation:
Eaef = Esurfaer + Er — Esyrg, Where Egy 5405 is the energy of the defluorinated surface,
Er is the energy of an isolated F and FEg,, s is the energy of the pristine surface. The va-
cancy formation was found to be energetically costly, around Ey.; ~ 6eV. However, it has
been experimentally demonstrated that in tribological contact high stresses and temperature
flashes provide enough energy to break PTFE chains. 6% There is evidence as well that ma-

terial transfer can drive tribocharging of PTFE.? Moreover Molecular Dynamics simulations



have specifically shown that defluorination occurs during sliding contact?. Therefore, it is

reasonable to assume that such a defect would occur on the surface.
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Figure 4: a) Front view and b) lateral view of a defective PTFE(100) surface.

The fluorine vacancy induces structural modifications on the involved chain, observable
in Figure 4 and reported in Table 2. In particular the C-C-C angle around the defective site
is flattened, and consequently the surrounding C-C bonds are shortened from 1.58 A to 1.52

A. Also, the remaining C-F bond is rotated from its original position, for symmetry reasons.

Table 2: Calculated structural properties of the PTFE defective chain. In the first are
reported row the parameters relative to the chain site where the vacancy is introduced, in
the second raw the parameters relative to the nearest neighbor sites, and in the third raw
the other sites.

C-C-C (deg) F-C-F (deg) C-C (A) C-F (A)

defect 120.8 — 1.52 1.34
nn 114.7 107.1 1.58 1.37
others 116.1 109.1/109.3 1.59 1.36

The deformations induced by the defect also affect the band structure, comparing Fig-

ure 2.a with Figure 5, a little modification of the highest valence states dispersion and the

10



appearance of a defect state inside the band gap can be observed. This state, like the surface
states below the conduction band observed in previous study on PE3%, may act as an electron
trap because the C electron formerly involved in a C-F bond remains unpaired.

Because it is also possible that the unpaired electron is removed in the fluorine dissociation
process, due to F high electronegativity and the ionicity of the C-F bond, we studied the
defective slab, both negatively and positively charged.

We calculated again charge difference Ap(z) (Equation 3) to observe the charge rear-
rangement with the addition or the removal of an electron. The results are shown in Fig-
ure 5.b. When the system is positively charged, we can see that the charge density difference
is distributed along the slab but with a large and high concentration at the surface defect
location. This effect is much stronger when an electron is added, in fact, a significant charge
accumulation can be observed around the defect. The charge peaks and the depletion along
the slab can be interpreted as a consequence of the additional electron which forces a charge

rearrangement along the entire slab.
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Figure 5: a) Defective PTFE(100) band structure. Band levels are referred to the highest
valence band. b) Charge difference between neutral defective surface and the same surface
with one more electron (cyan line), and with one fewer electron (magenta line).

This charge rearrangement suggests that for an electron is more convenient to bind to a
defective PTFE chain. By calculating the energy difference, we find, indeed, that the system

negatively charged is more stable than the neutral: E,4 = 0.47eV. This means that the

11



defect affects the electronic properties and favors the acquisition of an additional electron.
Conversely, the surface is strongly destabilized by removing an electron: E; = 5.27€V, i.e.
the ionization potential is reduced by ~ 1% with respect to the pristine surface, which means

that a positively charged configuration is highly unfavorable also in presence of a defect.

Conclusions

In this work we employed an ab-initio DF'T approach to study for the first time the structural
and electronic properties of PTFE low-index surfaces in the high-pressure phase providing
insights into the PTFE capability of acquiring and retaining negative charge. We first show
that structural and electronic properties of PTFE(100), PTFE(010) and PTFE(110) are
similar to the bulk and no surface states or peculiar surface features arise.

Focusing on PTFE(100), we find that, coherently with the absence of surface states,
the pristine surface does not possess the suitable properties to acquire negative charge. In
fact, adding an electron reduces the system stability. A similar result is found when the
surface is positively charged by removing an electron, however, with a much larger energetic
destabilization. This demonstrates that, in the absence of any bond rupture and defects,
electron transfer is highly unfavorable and, therefore, that it should be preceded at least by
ionic transfer for triboelectrification to occur.

By introducing a fluorine vacancy on the surface, we prove that a defect induces the
suitable conditions to acquire and retain electronic charge on the surface. An additional
electron can stabilize the system by binding to the electron of the carbon atom left unpaired
by the defluorination. Contrariwise, a positive charging remains strongly unfavorable also
in the defective configuration. The explanation from first principles of the mosaic charge
pattern will thus require further investigation of more complex chemistry, involving the
rupture of larger polymer fragments and the severing of C-C bonds.

This study provides a first theoretical understanding of PTFE triboelectric behavior and

12



demonstrates how surface defects play a key role on the PTFE capability of acquiring and
retaining negative charge in tribological contact. We provide evidence that, on pristine
PTFE surfaces, tribocharging cannot be induced by electrons only. We show that ionic
transfer is necessary also for electron transfer and it is one of the processes driving PTFE
triboelectrification in its high-pressure phase, the most favorable in tribological conditions.
This understanding will prove important for the future development of efficient PTFE-based

triboelectric nanogenerators.
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