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Contact electrification (CE) involves a complex interplay of physical interactions in realistic material systems. For this reason,
scientific consensus on the qualitative and quantitative importance of different physical mechanisms on CE remains a
formidable task. The CE mechanism at a water/polymer interface is a crucial challenge owing to the poor understanding of
charge transfer at the atomic level. First-principle density functional theory (DFT), used in the present work, proposes a new
paradigm to address CE. Our results indicate that CE follows the same trend as the gap between the highest occupied and
lowest unoccupied molecular orbitals (HOMO and LUMO) of polymers. Electron transfer occurs at the outmost atomic layer
of the water/polymer interface and is closely linked to the functional groups and atom locations. When the polymer chains are
parallel to the water layer, most electrons are transferred; conversely, if they are perpendicular to each other, the transfer of
charges can be ignored. We demonstrate that a decrease in the interface distance between water and the polymer chains leads
to CE in quantitative agreement with the electron cloud overlap model. We finally use DFT calculations to predict the

properties of CE materials and their potential for triboelectric nanogenerator energy harvesting devices.

1. Introduction

Contact electrification (CE) is a well-known phenomenon
describing how tribocharges are generated and distributed
on contacting surfaces which is naturally present across all
phases [1-3]. In spite of the long historical record, a detailed
fundamental understanding of CE mechanisms, both extrin-
sic and intrinsic, remains indecisive [4-6]. As of today, two
representative theoretical models have been established to
obtain deeper insight into the charge transport: ion transfer
and electron transfer between the contact interfaces [7-13].
Although absorbed ions (such as OH") are important for
surface-charge transfer, typical results indicate that they
are not strictly necessary [14, 15]. An electron cloud model
was proposed by Wang’s group (also called a Wang transi-
tion) [3, 6, 16, 17] where the overlap of electron clouds

between two atoms determines the strength of electron
transfer between them. The electron transition model has a
possible universal range of applicability yet its accuracy
and reliability need further validation.

Since the complex interplay of interactions usually refers
to a diverse range of effects in real materials, CE can nor-
mally be placed in three categories: CE of metal-metal,
metal-insulator, and insulator-insulator interfaces [1-3, 6].
Previous studies suggest that CE for metal-polymer inter-
faces is susceptible not only to the values of the material
energy gaps but also heavily affected by the interface dis-
tance, driving force, and contact stress at the contact region
[18-21]; hence, it is still arduous to determine how electrons
are transferred between polymers and other materials. Some
research works argue that the electron acceptor orbital could
be the lowest unoccupied molecular orbital (LUMO) on the
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polymer surface [19, 20]. However, we still have scarce
knowledge of the CE mechanisms at water/polymer inter-
faces despite the fact that such phenomena are abundant in
nature and technology. CE results in a complex behavior
ranging from the microscopic level to the macroscopic level,
and only advanced computational studies can provide an
accurate understanding [22-24]. DFT is the most successful
method to simulate ground-state properties of materials,
which, meanwhile, provides a well description on molecular
orbitals and energy of polymers [25-32]. We use DFT to
determine the HOMO-LUMO gap, electron affinity, etc., so
as to clarify the CE mechanism of water/polymer interfaces.
In this work, some representative polymers containing
different functional groups and repeat units are selected
(Figure 1) to investigate CE in contact with water [3]. The
dependence of charge transfer on water layer, length of the
molecular chain, contact modes, and electrostatic potential,
as well as WF before and after CE, are systematically dis-
cussed. Our findings indicate that when water comes in con-
tact with different polymers, electron transfer occurs almost
exclusively at the water/polymer interface, and only the out-
most layer of water contributes. The surface HOMO-LUMO
gap states are shown to be electron acceptors; in particular, a
large HOMO-LUMO gap is highly beneficial for electron
transfer. In this work, we aim to comprehensively discuss
CE at water/polymer interfaces subject to ideal atomic order
conditions leaving out ion concentration and geometry
effects (such as contact angle), as we do not expect the latter
assumptions to alter the general conclusions [1, 21].

2. Results

2.1. Effect of the Amount of Water and the Polymer Length on
Charge Transfer. We first explore the effect of water layer on
charge transfer. The water thickness is varied (from one
layer to four layers) while the polymer length, specified by
the number of carbon atoms, is maintained constant
(Figure 2). In addition, the distance between the polymer
and water surfaces is fixed to rule out the distance factor
for the charge transfer (Figure 2(a)). The distance between
the water layer and PTFE is controlled by constraining the
C atoms after full structure optimization. As shown in
Figure 2(b), the difference in charge transfer with increased
number of water layers for the same PTFE chain is ignor-
able. Moreover, charge density difference (CDD) is only
observed at the outmost layer between water and PTFE
(Figure 2(c)).

After that, two types, for the polymer chain parallel and
vertical to the water surface, respectively, are analyzed to
study the length effect of the PTFE chain on CE [33]. The
length of a water layer, the number of water layers, and the
distance between the water surface and the PTFE chain are
all fixed. Figure 2(d) shows a PTFE chain, from two C atoms
to ten C atoms’ length, arranged parallel to the water layer.
Similar to the case with CE for parallel alignment,
Figure 2(e) displays the change of PTFE length for vertical
positioning of the PTFE chain with respect to the water
layers. Charge transfer for a water layer and a PTFE chain
(both parallel and vertical ordering) for different lengths
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are depicted in Figure 2(f). Evidently, the charge transfer is
proportional to the contact area.

2.2. Effect of Saturation on Charge Transfer. We next con-
sider the influence of saturation on CE, i.e., the difference
in CE between saturated PTFE (that is, C;F,,) and unsatu-
rated PTFE (C4F,;) in contact with water. Except for chains
with different lengths, saturation in a polymer material is
also diverse, which may have an influence on charge trans-
fer. Here, for each aforementioned polymer/water type, we
investigate the influence of saturation on charge transfer.
The length of the PTFE chain, the amount of water, and
the average distance between PTFE and water remain
unchanged. For parallel ordering, charge transfer of
saturated PTFE is equal to that of unsaturated PTFE
(Figures 3(a) and 3(b)). However, the CDDs at the same
location behave slightly different. Specifically, the CDD of
water close to the end of unsaturated PTFE (C atom termi-
nated side) lose more electrons than that of saturated PTFE.
For vertical ordering, the amount of charge transfers of
saturated PTFE CE (Figure 3(c)) is larger than that of unsat-
urated PTFE (Figure 3(d)). Meanwhile, the CDD of unsatu-
rated PTFE (Figure 3(c)) shows a significant difference
compared to the CDD of saturated PTFE (Figure 3(d))
where the C atom tends to obtain more electrons. For both
saturated and unsaturated PTFE, CDDs are only found in
the surface region between PTFE. Notably, for different
PTFE chains of the same length, charge transfer for parallel
ordering of water and PTFE layers shows larger values than
for vertical ordering regardless of whether PTEFE is saturated
or unsaturated.

Our results reveal that charge transfer for parallel order-
ing of water and the polymer chain is the same whether the
polymers are saturated or unsaturated. To demonstrate this,
we calculate the charge transfer for each atom type in PTFE.
As for parallel ordering (Figure 3(e)), the charge difference
of F atoms is close to the total charge difference; thus, F
atoms contribute the most to charge transfer. C atoms in sat-
urated PTFE accept electrons while C atoms in unsaturated
PTFE lose electrons. The absence of a F atom at the end of
the PTFE chain creates a dangling bond on the C atom,
whereby electrons accumulate more around this C atom
than the C atom in the same position of saturated PTFE.
As a result, the ability of the C atom to accept electrons is
decreased. In addition, electrons on C atoms shift towards
the nearby F atoms, leading to charge rearrangement in
PTFE. This conclusion is also applicable to vertical ordering.
The calculated amount of charge densities suggests that the
electron density changes mostly near the C atoms for vertical
ordering (Figure 3(f)). Because of the dangling bond in
unsaturated PTFE, the C atom at the end cannot accept as
many electrons as the C atom in saturated PTFE does, which
causes a decrease in the total charge transfer for unsaturated
PTFE in vertical ordering. We can summarize that the F
atom is dominant for parallel ordering of water and PTFE
while the C atom is dominant for vertical ordering, and
the domination of F atoms induces more charge transfer.
This provides evidence that the transferred charges increase
with the increase of the PTFE length for parallel ordering of
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FiGure 1: Sketch of seven polymers. Polytetrafluoroethylene (PTFE), polypropylene (PP), polyvinylidene difluoride (PVDE),
polydimethylsiloxane (PDMS), Nylon 66, polyimide (Kapton), polyethylene terephthalate (PET), and water. The dashed areas depict

their monomers.

water and PTFE while charge transfer is independent of the
PTFE length in for vertical ordering (Figure 2(f)). Our
numerical calculations show a different mechanism com-
pared to CE of polymer-metal interfaces where in the latter
case, vertical ordering contributes more to CE than parallel
ordering and the unsaturated chain is the main factor for
CE owing to the dangling bond [33].

2.3. Electron Transfer Behaviors of Other Polymers. We fur-
ther calculate the charge transfer of each element and
CDD for the other 6 polymers which are polypropylene
(PP), polyvinylidene difluoride (PVDEF), polydimethylsilox-
ane (PDMS), Nylon 66, polyimide (Kapton), and polyethyl-
ene terephthalate (PET), respectively (Figures 4(a)-4(f)). In
addition, the optimized water layer remains constant so as
to observe CDD most clearly and evaluate the charge differ-
ence of each atom in polymers before and after contacting
with water. The distance between the water layer and the
relaxed polymer is determined by the energy minimal state
according to geometry optimization. For PP (Figure 4(a)),
the electronic structure is rearranged after contact with
water to reach a new state of charge stability. As a result,
the charge differences of C atoms and H atoms are much
larger than total charge transfer. Besides electrons trans-
ferred from water, some electrons in C atoms move to H
atoms, leading to the increase of electrons of H atoms even
some of the atoms are far from the water layer
(Figure 4(h)). Differently, in the PTFE model, F atoms that
contact water directly obtain electrons while lost electrons
for F atoms on the other side (Figure 4(g)). However, F
and H atoms in PVDF all obtain electrons (Figures 4(f)
and 4(i)). The results illustrate charge transfer depends

intensively on the bonding styles in polymers; the same ele-
ment bonding with different atoms induces different charge
distributions.

Electronic structure rearrangements are also found in
PDMS, Nylon 66, and Kapton. At the same time, the charge dis-
tribution in water will also reach a new state according to the
CDDs. In PDMS structure, O atoms lost electrons while their
neighbors, Si and H atoms, obtain electrons (Figure 4(c) and
Figure Sla) as a result of charge rearrangement after contact
with water. As expected, the same elements in different
polymers have different contributions. To be more specific, N
atoms lost electrons in Nylon 66 (Figure 4(d) and Figure S1b)
while obtaining electrons in Kapton (Figure 4(e) and
Figure Slc). Inversely, O atoms obtain electrons in Nylon 66
but lost electrons in Kapton. Though all the elements obtain
electrons in PET, the bonding effect on charge transfer is
adaptable. The selected C atom bonding with H atom obtains
more electrons than that of C bonding with the identical
atom. We notice that the total transferred charge is the sum
of charges obtained by each element; this is because of the
planer structure of PET and the alignment of monomer
comparing with other polymers. In addition, the O atom in
PET closes to water shows a more complicated CDD than O
that is relatively far from water, and the calculated charge
differences denote the same element in different positions
obtains different charges (Figure S1d), which could be a
reasonable demonstration for the inhomogeneous charge
distribution in actual applications. Besides, we confirm that
the increased total electrons in polymers are totally obtained
from water, which indicates the charge conservation in our
system (Table S1). Our results reveal that the charge transfer
of atoms in polymers during CE is dramatically influenced by
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FIGURE 2: The effect of the number of water layers and the length of the chain on charge transfer. (a) The side view of a PTFE with four C
atoms after CE with four layers of water. The distance between two water layers is 3.2 A while the distance between a water layer and the
PTFE is 2.5 A. (b) Sketches of a PTFE chain with four C atoms in contact with different number of water layers and the corresponding
transferred charges. (c) The CDD of CE between a PTFE chain with four C atoms and water with four layers. (d) Configurations of
different length of PTFE in contact with one water layer in parallel and (e) vertical ordering. (f) The relationship between the charge
transfer and different length of PTFE in contact with water at forms of parallel and vertical ordering, respectively.

bonding style, functional group, and position. The electronic
structures and charge distributions of polymers will be
influenced by the induced electrons.

2.4. Effect of Work Function and Interdistance. The average
electrostatic potential of PVDF and PVDF with water along
the z-direction is further calculated. The interface potential
of PVDF increases slightly (at the location of 15 A) after con-
tacting with water (Figure 5(a)). In addition, the vacuum
level difference comes from the change of the electrostatic
potential in the vacuum area (0-10A and 20-30A). The
changes of vacuum level and Fermi level show the charge
transfer behavior after contacting with water, and the
increase of Fermi level suggests the enlarged barrier for elec-
trons (Figure 5(b)). The enlarged barrier suggests polymer
with transferred electrons reached a stable state, hinders
generated charge via CE flow back to the water, which agrees
well with the experimental result that charge generated by
CE retained [16]. In addition, we discuss the work function
difference before and after CE. The work functions of poly-

mers are all increased, and the increased work function
means polymers play a role to accept electrons during CE,
indicating the tendency that electrons transferred from water
to the polymer and trapping near the surface of the polymer
(Figure 5(c)). The inset displays the electrostatic potential
mapping of PVDEF; the positive potential of H atoms means
they are more attractive to the electrons, which is consistent
with the above results (Figure 4(b)). However, the work func-
tion difference cannot explain the discrepancy in the amount
of charge transfer by different polymers, nor can it explain
the relationship between charge transfer and the interface dis-
tance (Figure 5(d)). As is shown in Figure 5(d), the total
energy of the system decreases at first because of the weaken-
ing of repulsive energy between atoms with the increase of
interface distance to the equilibrium state (2.5 A, the position
at the green dashed line). As the interface distance increases
continuously, the attractive effect is dominant and the system
energy increases at first then tends to be stable. Nevertheless,
the transferred charge decreases along with the increase of
contact distance. The results can be well explained by the



Research

+0.058 ¢ +0.058 e
(a) (b)
0.07
Parallel ordering
3 0.05 4
i)
oo
=
<
9]
=1 0.03 -
I
=
k-
=
s 0.01 4
|l
-0.01 T T T
C F Tot
Atom type
. C6 14
. CG 13

@ C6F13
+0.014¢
o
0
0=9=0
o
o

(0 (d)

O

0.03

Vertical ordering

0.02 -

0.01 -

Transferred charge (e)

0.00 -
C F Tot
Atom type
. C6F14
. C6F13
®

FIGURE 3: The effect of saturation on charge transfer. The charge transfer between PTFE and water in parallel ordering when the PTFE is (a)
saturated and (b) unsaturated. The charge transfer between PTFE and water in vertical ordering when the PTFE is (c) saturated and (d)
unsaturated. The corresponding total charge transfer for atoms of C and F (e) in parallel ordering and (f) vertical ordering, respectively.

electron cloud overlap model [3, 16, 34]. Once the polymer
and water are brought to contact with each other, their elec-
trons clouds start to overlap, and electrons are hopping from
water to the polymer to reach a steady electronic system.
Decreasing with the interface distance, the overlapped part
of electrons is enlarged, resulting in more charge transfer from
water to the polymer. Other polymers also show the same ten-
dency for the energy and charge transfer change with the con-
tact distance (Figure S2a-c). These common phenomena are
compatible with the experimental results that the current
that water contacts the polymer is much higher than the
current that water leaves the polymer [35], inspiring that
increasing the effective pressure to shorten the distance
between atoms is a promising strategy to enhance polymer-
water CE.

To better understand the charge transfer behavior, we
calculate DOS at different contact distances (Figure 5(e)).
At the mostly closed contacting distance, surface states are
observed near both HOMO and LUMO levels, suggesting
electrons are transferred to the HOMO-LUMO gap
especially near frontier molecular orbitals (FMOs). With
the interface distance increases up to the equilibrium state,
surface states are found only near LUMO, while it is not
distinct near HOMO. Gradually, surface states vanish with

the contact distance increases to infinite, which means
polymer and water are brought to separate with each other.
The change of HOMO and LUMO levels with contact
distance is evaluated (Figure 5(f)); the levels of both
HOMO and LUMO are increased because of inducing the
electrons, which also proves that the electronic structure
will be affected by the induced electrons, explaining for
electronic configuration rearrangement and charge redistri-
bution. Larger transferred electrons correspond to higher
increases of HOMO and LUMO levels. Surface states are
observed in PP and PDMS as well (Figure S2d-e);
meanwhile, the HOMO and LUMO levels are increased
by the transferred electrons (Figure S2g-h). Though
surface state cannot be observed in Kapton at any
contacting distance with water (Figure S2f), its HOMO
and LUMO levels are greatly affected (Figure S2i). This is
because, compared with other polymers, Kapton has a
small HOMO-LUMO gap; the introduced electrons
degenerate to HOMO and LUMO levels, leading to more
increase of FMO levels. We can conclude that, for the
polymer-water CE, electrons are transferred from water to
the surface state in the HOMO-LUMO gap of polymer,
and the electronic structures are influenced as well as the
FMO levels are increased.
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respectively.

2.5. Determining Factor on Charge Transfer in Polymer/
Water CE. We then construct amorphous structures for each
polymer (Figure S3) to evaluate the abilities that polymers
obtain electrons from water; meanwhile, the amount of
water keeps constant, and the atomic configurations of both
top views and side views are displayed in Figure S3. The
average distance between the water layer and the topmost
atoms of the polymers is kept constant (Figure 6(a) and
Figure S4). As shown in Figure 6(b), the order of obtaining
electrons from the water has the same tendency as the
HOMO-LUMO gap of polymer, illustrating a compact
relationship between the capability of polymers to capture
charges and the HOMO-LUMO gap. Notably, the order we
calculated agrees well with the experimental result [36],
proving the accuracy of our conclusion. Furthermore, the
HOMO and LUMO levels of polymers are compared
(Figure 6(c)). However, both HOMO and LUMO levels are
irrelevant to the order that polymers obtain electrons shown

in Figure 6(b). Indicating charge transfer in polymer-water CE
depends strongly on the width of the HOMO-LUMO gap
while independent of the HOMO and LUMO levels of polymer.

At last, we propose a theoretical model to reveal the under-
lying mechanisms of polymer-water CE (Figures 6(d)-6(f)). As
polymers and water are separated from each other
(Figure 6(d)), there is no charge transfer because the interface
distance is too large, and the electron clouds of polymer and
water have no overlapping areas. When the water is brought
to contact with the polymer (Figure 6(e)), electron clouds on
their surface start to overlap, leading to electrons hopping to
the surface state of the polymer. Electrons are transferred to
the HOMO-LUMO gap of polymers whereby they move
towards the vicinity of HOMO and LUMO. After CE
(Figure 6(f)), the induced electrons are retained at the surface
states of the polymer by the enlarged barrier. Besides, the main-
tained electrons induce the distribution of electronic structure
at the interface and the augment of HOMO and LUMO levels
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contacting distance. (f) The variations in HOMO and LUMO levels as function of the contacting distance.

to reach a stable state. As a result, polymer is receiving electrons
to become negative, while water is losing electrons to become
positive. A wider HOMO-LUMO gap provides more surface
states for accepting electrons from water, which explains the
polymer order of the ability to obtain electrons as shown in
Figure 6(b). Admittedly, the amount of transferred charge Q
has the expression of Q = 0A, where A represents the effective
contacting area between polymer and water and o is the surface
charge density. Contacting areas of seven structures in the pres-
ent study are constructed to be constant; thus, the charge trans-
fer is dictated by o. According to the expression of surface
charge density [37], o in this study can be derived as

J

where D, which can be detected in experimental, suggests
the uniform distance of surface states per unit area per electron-
volt; & is the permittivity; d is the contact distance; Eg,,, and

E,.., are HOMO-LUMO gaps of polymers and water, respec-

Egapp B Egapw

o=e LHdD/) (1)

gapp
tively. It is important to keep in mind that E,,, in this study,
which varies with the status of water, is constant. The charge
transfer for a certain polymer is arguably increased correspond-

ing to the decreasing of d according to Equation (1), which
agrees exactly with simulation results (Figure 5(d)). As d is
restricted, charge transfer is rigorously steered by HOMO-
LUMO gap of the polymer (Figure 6(a)). Moreover, considering
the area factor [21], charge transfer should be expressed as

Q=eD Egapp - Egapw . 3V 213
(1 + e2dDyle,) 7 tan0/2(3/sin 0 — tan 6/2) )’

(2)

where V represents the volume of the water and 0 is the
contact angle.

3. Discussion

In this work, we have comprehensively studied the CE mech-
anism at water/polymer interfaces through density functional
theory. Different from the CE mechanism of metal-metal and
metal-insulator interfaces, the surface HUMO-LUMO gap
state is confirmed to be the electron acceptor at the water/
polymer interface. When water is in contact with a polymer,
only electrons located on the surface (outmost layer) of water
are transferred. In particular, if the polymer chains are parallel
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to the contact interface, the transferred electrons are directly
proportional to the chain length reflecting the proportionality
effect to the effective contact area. Electron transfer of satu-
rated and unsaturated polymer is clearly distinguishable for
vertical ordering while for parallel ordering, it is ignorable.
On the other hand, we note that electron transfer is strongly
associated with the functional groups and atom locations
rather than the electronegativity of the atom species contained
in the polymers.

Additionally, no single factor involved, such as work
function difference, HOMO, and LUMO levels, uniquely
determines the ability of polymers to accept electrons from
water. Our results show that electron transfer can lead to
rearrangement of the electronic structure and increased
HOMO and LUMO levels governed by the surface
HUMO-LUMO gap state. It should be noted that electron
transfer is sensitively related to the interface distance
between water and the outmost atomic layer of polymer that
maintains the energy system in dynamic equilibrium. This
result is in complete agreement with the electron cloud over-
lap model. A comprehensive study of the CE mechanism at
the water/polymer interface is essential for a better physical
understanding of electrification systems which eventually
provides better utilization of CE materials for energy har-
vesting devices involving interdisciplinary research between
physics, materials science, energy science, and engineering.

4. Materials and Methods

4.1. DFT Parameters. All calculations are performed using the
Vienna ab initio simulation package (VASP) [38]. Generalized
gradient approximation (GGA) with Perdew-Burke-
Ernzerhof (PBE) [39] is chosen to describe the exchange-
correlation energy. A 400eV cut-off energy is set for electric
wave functions, and the conjugate gradient algorithm is
applied for structure optimization with a convergence thresh-
old at 107 eV per atom for energy and 10*eV A™" per atom for
force. Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm
[40] is used to help the structure reach the state of minimized
energy. Additionally, DFT-D2 method of Grimme [41] is
implemented to account for the dispersive forces to give a cor-
rect description of van der Waals (vdW) interactions. Bader
charge analysis [42] is carried out to quantify the transferred
charge before and after CE. Several preprocessing and post-
processing tools are applied to fulfill this work [43, 44].

4.2. Dealing with Water and Polymer Model. We use crystal-
lized water in the simulations which previously was demon-
strated to have similar coordination numbers and electronic
structures with amorphous arranged water molecules [21].
As for the polymers with large repeating units, their mono-
mers are used to study charge transfer since electron distri-
butions in insulator monomers are localized [20]. To
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evaluate the relationship between distance and charge transfer,
water and polymer are first relaxed. Then, the distance
between water and monomer is changed, and the atoms in
the main chain are fixed while those in the branch are relaxed
to keep the distance constant when performing further relax-
ation. The amorphous structures of polymers are constructed
according to their real density (Table S2). In the calculation for
obtaining seven polymers’ ability to accept electrons, the same
amount of water is utilized and the average distance between
the water layer and the amorphous polymer is kept constant.
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