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A B S T R A C T   

Triboelectricity usually occurs between two different materials and can be understood as electron transfer in the 
framework of the electron-cloud model. Recently, experiments have shown that charge transfer also can happen 
between chemically identical materials but different surface curvatures. To understand the driving mechanism 
for this case, we carry out, for the first time, first-principles density functional theory (DFT) investigations of 
charge transfer due to flexoelectricity and piezoelectricity in two-dimensional materials. Case studies of piezo-
electric molybdenum telluride (2H–MoTe2) and non-piezoelectric graphene are analyzed in detail. It is found that 
a large corrugation of the contacting materials, whether identical or not, causes a nonlinear increase in the 
charge transfer, leading to electron depletion near concave surfaces and electron accumulation near convex 
surfaces. The maximum charge transfer is found to occur around an equilibrium separation distance of the 
contacting materials. In the case of graphene, and different from 2H–MoTe2, both piezoelectric and flexoelectric 
coefficients are found to increase as the corrugation increases and is followed by a bandgap opening. We stipulate 
that the present ab initio findings provide new insight toward understanding the origins of triboelectricity.   

1. Introduction 

In the past decade, triboelectric nanogenerators have received huge 
interest in science and technology [1–3]. When two materials are forced 
to contact, or rubbed against each other, charge transfer can happen 
whereby an electrostatic potential difference is established across the 
interfaces [4,5]. The electron-cloud model provides a simple picture to 
explain electron transfer as electron wavefunction overlap between 
states of coupled potential wells [6–8]. 

Experiments have shown that contact between two identical in-
sulators produces static charges where convex and concave surfaces are 
prone to be negatively and positively charged, respectively [9,10]. 
Further, in some materials such as sand and grains, smaller and larger 
particles tend to be negatively and positively charged, respectively [11, 
12]. Flexoelectricity [13–16], the linear coupling between the electric 
polarization and strain gradient, has been proposed by Mizzi et al. [17] 
as the main reason that drives charge transfer. They demonstrated that 
the surface potential difference generated by flexoelectricity acts as a 

driver for triboelectric charge separation using approximative Hertzian 
and Johnson-Kendall-Roberts (JKR) models. Persson [18] developed 
these theories and studied the electric potential produced by flexoelec-
tricity for elastic solids with a random surface roughness. 

First-principles calculations have been carried out for quantitative 
studies. As for triboelectricity, Wu et al. [19,20] studied the contribu-
tions of different molecular groups in metal and amorphous polymers to 
contact electrification. They revealed that the contributions made by the 
same atomic species in different molecular groups are different. Li et al. 
[21] found that the hydrogen bonds of water molecules are the main 
electron donors at metal-polymer interfaces in a humid environment. As 
for flexoelectricity, Dreyer et al. [22] developed a first-principles 
method based on density-functional perturbation theory to obtain the 
clamped-ion flexoelectric tensors. Shi et al. [23] calculated flexoelec-
tricity in wrinkled transition metal dichalcogenide monolayers and the 
contribution to the out-of-plane polarization. To our knowledge, no 
studies have hitherto investigated the combined influence of piezo-
electricity and flexoelectricity for charge transfer which is essential to 
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quantify their individual importance for triboelectricity. 
In this work, we study two important two-dimensional (2D) mate-

rials and determine quantitatively the contributions of flexoelectricity 
and piezoelectricity to triboelectricity. The highly flexible feature makes 
2D materials ideal for electromechanical applications especially due to 
the strongly scale-dependent flexoelectric effect. Here we choose a 2D 
transition metal dichalcogenide MoTe2 (TMD) and graphene as repre-
sentative piezoelectric and non-piezoelectric materials, respectively. 
Different from graphene, monolayer TMDs have three atoms along the 
out-of-plane direction, thus generating larger polarization when 
deformed. Among all the 2H-TMDs monolayers, MoTe2 is found to have 
the largest piezoelectric coefficient exxx [24]. The influence of flex-
oelectricity and piezoelectricity for charge transfer in both 2H–MoTe2 
and graphene are studied using first-principles theory and we assess the 
importance of corrugation and separation distance for charge transfer. 

2. Computational methods 

All calculations are carried out using Density-Functional Theory 
(DFT) with the plane wave-based Vienna Ab initio Simulation Package 
(VASP) [25,26]. We use the projector-augmented wave method [27,28]. 
The generalized gradient approximation is employed for the exchan-
ge− correlation functional [29]. We use an energy cutoff for the plane 
wave of 550 eV and 2 × 5 × 1 Gamma centered k-point meshes during 
geometry optimization and 4 × 8 × 1 k-point meshes for the electronic 
properties calculations. The calculations are converged in energy to 
10− 6 eV/cell and the structures are allowed to relax until the forces are 
less than 2 × 10− 2 eV/Å. A vacuum layer of 60 Å is inserted perpen-
dicular to the 2D materials to avoid spurious interlayer interactions. 

The Bader analysis is a well-established analysis tool for studying the 
topology of the charge density [30]. Within this formalism, each basin 
belonging to a particular atom is defined using a zero-flux surface in the 
charge density. The total charge assigned to this atom is obtained by 
integrating the charge density over the whole basin. Then, the atomic 
charge is equal to the difference between the nuclear charge and the 
total charge. 

To figure out the reason behind charge transfer between two iden-
tical layers with corrugations, we study their polarization perpendicular 
to the surface. Born effective charge tensors are used in DFT-VASP [31] 
to calculate the dipole moment. 

The dipole moment of each atom is calculated by 

∂di = Z*
ij∂rj, (1)  

where Z*
ij is the Born effective charge tensors and ∂rj is the displacement. 

In our case, the displacement is defined corresponding to the flat 
configuration. Dipole moment along z direction is induced because of 
curvature, which can be calculated using Eq. (1), that is 

∂d3 = Z*
31∂r1 + Z*

32∂r2 + Z*
33∂r3. (2) 

Out-of-plane polarization along z direction is calculated using 

P3 =

∑

i
∂d3

V
,

(3)  

where V is the volume of all the involved atoms. 
The charge density difference is calculated by Δρ = ρafter − ρbefore 

[20,21], where ρafter is the total charge density after contact, and ρbefore 
is the charge density before contact. ρbefore is calculated as ρbefore = ρleft +

ρright, where ρleft and ρright are charge densities of the left and right 
layers, respectively. 

3. Piezoelectric 2D materials 

Firstly, we build a similar model containing 2D 2H–MoTe2, shown in 
Fig. 1a. There are 16 Mo atoms (gray colored) and 32 Te atoms (pink 
colored). To maintain the corrugated structure during relaxation, Mo 
atoms are clamped and only the Te atoms are allowed to be fully relaxed. 
The model is divided into four parts to analyze the charge transfer for 
different corrugations and different separation distances. Evidently, 
Regions I and IV (II and III) are concave (convex) surfaces. 
Corrugation C, is defined as C = A/λ, where A and λ refer to the height 
and length of the wave, respectively. 

3.1. Charge transfer between two identical layers with different 
corrugations 

Different corrugations from 0% to 8% are chosen to study the effect 
of curvature on charge transfer at the same separation distance 7 Å, 
which is shown in Fig. 1b. Here the separation distance is defined as the 
distance between the same atoms in two layers. According to our cal-
culations and symmetry, value of charge transfer between Regions I and 
III is the same as between Regions II and IV for two identical layers. 
Hence, in the following we use one number to represent the charge 
transfer between Regions I and III or, likewise, between Regions II and 
IV. Here we can see that charge transfer increases as the corrugation 
getting larger. A large corrugation leads to large polarization changes 
which act as a driving mechanism for contact electrification. For two flat 
identical materials, there is no charge transfer irrespective of the sepa-
ration distance. 

Since the two 2H–MoTe2 layers are identical, we calculate the po-
larization along the z axis of the left layer in Fig. 1a. Fig. 2a shows the 
fitting curve of one 2H–MoTe2 layer with corrugation of 3%. The asso-
ciated calculated strain εxz and strain gradient ∂εxz

∂x curves are shown in 
Fig. 2b and c. The calculated polarization at the same positions along the 
z direction is represented by yellow circles in Fig. 2d, while the black 
curve is the fitting curve. Fig. 2e–h and Fig. 2i-l are for corrugations of 
5% and 8%, respectively. The corresponding equations are shown in 
supplementary material, Table S1. 

Fig. 1. (a) Diagram of the two curved 2H–MoTe2 layers. (b) Charge transfer of different corrugations at a separation distance 7.0 Å.  
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From these analyses, we can see that the polarization along z axis are 
basically contributed from flexoelectric effect. The corresponding 
flexoelectric coefficient is 

μzxzx =
Pz

∂εxz

∂x

≈ 0.0066 nC /m. (4) 

These calculations verify that large polarization changes originate 
from large corrugations. Thus we can conclude that the flexoelectric 
effect is the main reason that drives charge transfer and the piezoelectric 
coefficient ezxz is negligible for all corrugations of MoTe2. 

3.2. Charge transfer between two identical layers with different 
separation distance 

Fig. 3 shows the charge transfer of different separation distance 

where the corrugation is 8%. We choose a large distance of 15 Å to 
represent the situation that the two layers do not interact any longer, 
thus the charge redistribution is generated by corrugation only. In that 
view, all charge transfer results are determined by subtracting charge at 
large distance 15 Å to avoid local charging due to bonding effect. Be-
sides, the total number of electrons stays the same at every separation 
distance. Here we can see that as the separation distance increases, the 
charge transfer increases at first, reaches its maximum value at a dis-
tance 7.0 Å, and for distances above decreases to zero. 

The inset of Fig. 3 shows that the force between the two layers is 
repulsive (attractive) when the separation distance is smaller (larger) 
than 7 Å. A separation of 7 Å therefore corresponds to the equilibrium 
distance and smaller separations is only possible if an external force is 
applied to push the two layers closer. This qualitative dependence has 
been seen (Ref. [32]), where the absolute squared momentum overlap 
integral reaches a maximum value and then decreases to zero as the 
separation distance getting larger. Thus it can be concluded that the 
maximum charge transfer happens around the equilibrium separation in 
accordance with the overlapped electron-cloud theory [7,8]. 

3.3. Charge transfer between two layers with different shapes 

In the above calculations, two identical 2H–MoTe2 layers are placed 
with the same corrugation phase as shown in Fig. 4a. Since the charge 
transfers of different regions (shown in Fig. 1a) are the same, one 
number is sufficient to represent the charge transfer between regions. 
However, this ideal situation hardly exists in reality. To explore this 
further, we choose three models, shown in Fig. 4b–d, where b and c 
represent two layers with relative corrugation phases π/2 and π, 
respectively. Fig. 4d shows a model with one corrugated layer and one 
flat layer. All the four models correspond to the same corrugation level 
8% and the same average separation distance 10 Å. 

For each model we calculate the charge density difference to show 
the charge distribution. As shown in Fig. 4a–d, the yellow (blue) region 
shows regions of electron gain (loss). 2D projections of charge density 
differences are plotted to gain further insight into the charge distribu-
tions of the four different situation models, shown in Fig. 4e–h. 
Combining Fig. 4a and e, we can see that for two identically corrugated 
layers, electrons are depleted from concave surfaces and accumulated 
around convex surfaces, resulting in the former (latter) being positively 
(negatively) charged in good agreement with experimental results [9]. 
Fig. 4b and f shows the charge density difference of two 2H–MoTe2 
layers with a relative corrugation phase π/2. We can see that charge 
transfer mainly happens around the part where the separation distance 
is smallest, which is also seen in Fig. 4c and g when the two layers have a 
relative corrugation phase π. Fig. 4d and h shows the charge density 
difference of one corrugated layer and one flat layer. For the left 
corrugated layer, the convex surface is the main electron acceptor and 
the concave surface is the main electron donor, resulting in electron 
rearrangement around the flat layer, a situation which will not happen 
for two flat layers. In general, the charge density difference value of two 
identically corrugated layers is the smallest and the most uniformly 
distributed of all four model situations. For real interfaces, the local 
contacting models would be stochastically distributed in terms of 
corrugation. 

4. Non-piezoelectric 2D materials 

Similar models are built for graphene, which also has a honeycomb 
structure similar to the 2D transition metal-dichalcogenides in the 2H 
phase, but flat graphene is a non-piezoelectric material due to its cen-
trosymmetry. As seen in Fig. 5a, there are 32C atoms in total. To 
maintain the corrugated structure, half of the carbon atoms are clamped 
along the z direction in an alternate manner. 

Fig. 2. Analysis of contribution to polarization Pz(x) of 2H–MoTe2 at different 
corrugations 3%, 5%, 8%. (a, e, i) Fitting curve. (b, f, j) Strain εxz. (c, g, k) Strain 
gradient ∂εxz

∂x . (d, h, l) Fitting curve of the polarization component along the 
z axis. 
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4.1. Charge transfer between two identical layers with different 
corrugations 

Charge transfer between two identical graphene layers are calculated 
at different corrugations from 0% to 8%, as shown in Fig. 5b, where the 
separation distance is 3.0 Å. As mentioned above and different from 
2H–MoTe2, corrugated graphene becomes piezoelectric while flat gra-
phene (corrugation 0%) is non-piezoelectric. A large corrugation causes 

a nonlinear increase in the charge transfer similar to what we found for 
2H–MoTe2. Our results show, however, that the values of charge transfer 
between curved graphene layers are nearly 5 times smaller than those of 
2H–MoTe2 layers. We note that the electron affinity of graphene is 
4.248 eV [33] while the electron affinity of 2H–MoTe2 is 3.65 eV [34]. 
The lower the electron affinity is the lower the energy to remove an 
electron from the surface is, i.e., it is easier for electrons to escape a layer 
of 2H–MoTe2 than graphene. Furthermore, the number of total electrons 

Fig. 3. Charge transfer of 2H–MoTe2 at different separation distance where the corrugation is 8%. Inset: Corresponding force along z axis between two layers.  

Fig. 4. Charge density differences of different 2H–MoTe2 models: (a) two identical corrugated layers, (b) two layers with relative corrugation phase π/2, (c) two 
layers with relative corrugation phase π, (d) one corrugated layer and one flat layer (yellow region represents electron gain and blue region represents electron loss). 
(e–h) Corresponding 2D projections of charge density differences (in units of 10− 4 e/Å3). 

Fig. 5. (a) Diagram of the two curved graphene layers. (b) Charge transfer of different corrugations at a separation distance 3.0 Å.  
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of graphene is much smaller compared to 2H–MoTe2 for the same 
dimensions. 

Fig. 6a shows the fitting curve of the left graphene layer with 
corrugation of 3%. The calculated strain εxz and strain gradient ∂εxz

∂x 
curves are shown in Fig. 6b and c, respectively. The calculated polari-
zation along the z direction is represented by red circles in Fig. 6d, while 
the black curve is the corresponding fitting curve. Fig. 6e–h and i-l 
correspond to corrugations of 5% and 8%, respectively. All the curve 
equations are shown in supplementary material, Table S2. 

Unlike 2H–MoTe2, both piezoelectricity and flexoelectricity 
contribute to the out-of-plane polarization of graphene, which can be 
expressed as Pz(x) = ezxzεxz + μzxzx

∂εxz
∂x . Our calculated results reveal that 

the contribution from flexoelectricity is the main reason as it is 
approximately ten times larger than that from piezoelectricity. Another 
interesting observation is that both the piezoelectric coefficient ezxz and 
the flexoelectric coefficient μzxzx depend on the corrugation, as Fig. 7a 

shows. They both increase as the corrugation increases. The flexoelectric 
coefficient μzxzx at a corrugation of 8% turns out to be larger than the one 
calculated for 2H–MoTe2. Fig. 7b shows the Born effective charge Z*

33 of 
the top carbon atom in the left graphene layer, which also increases 
when the corrugation gets larger. Similar results were found in Ref. [35], 
namely that the piezoelectric coefficient and the Born effective charge 
attain giant values in gapped graphene independent of the 
symmetry-breaking mechanism (as soon as a finite bandgap opens). This 
phenomenon is not found in 2H–MoTe2. The Born effective charges of 
2H–MoTe2 stay the same for different corrugations and the induced 
flexoelectric coefficient μzxzx is also a constant. As a semiconductor, 
monolayer 2H–MoTe2 has a direct bandgap of ~1.1 eV which is nearly 
unchanged for different corrugations. Flat graphene has a zero bandgap. 
As its symmetry is broken, the bandgap is opened up from 0 eV to 0.5 eV 
and the polarization changes as well. 

4.2. Charge transfer between two identical layers with different 
separation distance 

Fig. 7c shows the charge transfer between two curved graphene 
layers at different separation distances for the case where the corruga-
tion is 8%. We choose a large distance 10 Å to represent the situation 
that two layers do not interact, i.e., the charge redistribution is gener-
ated by the corrugation only. Here we can see that as the separation 
distance increases, the charge transfer increases at first, reaches the 
maximum value at distance 3 Å, and then decreases to zero. The Inset 
shows the corresponding force along the z axis between two layers. Its 
value is positive when the separation distance is smaller than 3 Å and 
changes to negative when it’s larger than 3 Å. This finding suggests that 
the maximum charge transfer occurs around an equilibrium separation 
distance, a result which agrees with the above studied 2H–MoTe2. 

5. Conclusion 

Triboelectric driving mechanisms between identical materials were 
studied using first-principles density functional theory calculations. We 
chose 2D piezoelectric material (2H–MoTe2) and non-piezoelectric 
material (graphene) with different corrugations to determine quantita-
tively the contributions from flexoelectricity and piezoelectricity. It was 
demonstrated that flexoelectricity is the main driving mechanism for 
charge transfer. Unlike 2H–MoTe2, both flexoelectric and piezoelectric 
coefficients of graphene increase as the corrugation increases. The 
change in symmetry of corrugated graphene vs. flat graphene makes the 
former piezoelectric and leads to the opening of a bandgap. Study of 
charge density differences showed that concave (convex) surfaces tend 
to be positively (negatively) charged which is in good agreement with 
experimental results. Our results also confirm that the maximum charge 
transfer occurs around an equilibrium separation distance. 
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gradient ∂εxz

∂x . (d, h, l) Fitting curve of polarization along z axis. 
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