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Bimodal behaviour of charge 
carriers in graphene induced by 
electric double layer
Sing-Jyun Tsai & Ruey-Jen Yang

A theoretical investigation is performed into the electronic properties of graphene in the presence of 
liquid as a function of the contact area ratio. It is shown that the electric double layer (EDL) formed at 
the interface of the graphene and the liquid causes an overlap of the conduction bands and valance 
bands and increases the density of state (DOS) at the Fermi energy (EF). In other words, a greater 
number of charge carriers are induced for transport and the graphene changes from a semiconductor 
to a semimetal. In addition, it is shown that the dependence of the DOS at EF on the contact area ratio 
has a bimodal distribution which responses to the experimental observation, a pinnacle curve. The 
maximum number of induced carriers is expected to occur at contact area ratios of 40% and 60%. In 
general, the present results indicate that modulating the EDL provides an effective means of tuning the 
electronic properties of graphene in the presence of liquid.

The generation of electric energy by a liquid flowing over a carbon nanotube (CNT) was first reported by Kral 
and Shapiro in 20011. According to their theoretical model, energy generation occurs as the result of momentum 
transfer induced by the flowing liquid, which produces a phonon wind and drags the free charge carriers in the 
nanotube. The electric generation effect has been confirmed by several experimental studies2–5. However, the gen-
erated energy typically has a value of less than 10 mV. Moreover, ion transport in CNTs is complicated by various 
factors6,7, including the entrance effect, interface effect, and nanotube type (e.g., metal/semiconductor/multilayer, 
and so on). Consequently, the problem of identifying more suitable materials for the generation of electricity via 
fluid flows has attracted significant interest in recent years. Of the various new materials which have emerged over 
the past decade or so, graphene (a carbon-related material) has attracted particular attention due to its superior 
transport properties8–13 and high sensitivity to external fields14–17. Thus, the potential for utilizing graphene as a 
medium for energy conversion has received extensive attention in the recent literature.

Various experimental studies have confirmed the feasibility for generating electric energy by flowing liquid 
over a graphene surface18–24. It has been reported that the induced voltage is proportional to the number of 
droplets passing over the surface23. Furthermore, for the case where the graphene is plunged into a NaCl aqueous 
solution, the variation of the induced voltage with the exposed area has the form of a pinnacle curve24. However, 
when the graphene is totally immersed in the solution, and therefore has no liquid-gas boundary, the voltage 
reduces sharply to zero. In a previous investigation into water flow over a graphene surface, it was found that 
while an induced voltage was initially detected, it gradually reduced over time20. Notably, such a phenomenon is 
not observed in water flows over a CNT and cannot be explained by any of the mechanisms previously proposed 
for nanotubes1–5. Thus, it has been suggested that the reduction in the induced voltage in graphene systems may 
be a result of such factors as a net drift velocity of the adsorbed ions (ion drag), phonon drag, or a moving bound-
ary of the electric double layer18–24. However, these factors do not easily explain the observed relation between the 
induced voltage and the contact area. As a result, the exact origin of the induced voltage in graphene is unclear 
and requires further investigation, both theoretically and experimentally.

For many substances, an EDL is formed at the interface of the substrate surface when placed in contact with 
a liquid (e.g., water, aqueous solution, and so on)25–27. The EDL consists of two layers. The first layer results 
from the adsorbed charges (ions) on the substance surface (via chemical interactions), while the second layer is 
formed by the counter ions attracted from the solution by the surface charges (via Coulomb force). The charge 
distribution of the EDL is complicated. However, it has been shown that the electric potential can be described as 
an exponential function decay from the interface to the bulk solution27. In general, the potential may vary from 
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10 mV to as much as 50 mV within a distance of several hundreds of nanometers from the surface. As a result, 
the EDL plays a key role in many microfluidic transport phenomena28, including electroosmosis, electrophoresis, 
and the streaming potential. Many microfluidic devices have been proposed for performing energy conversion by 
manipulating the EDL29–33. For example, Krupenkin and Taylor29 used the reverse electro-wetting effect induced 
by a moving array of liquid droplets to generate electric power with an intensity proportional to the number of 
moving droplets. Moon et al.31 investigated the electrical power generated by liquid flows over an ITO surface, 
and showed that the voltage exhibited a quadratic dependence on the contact area.

As with many other materials, graphene forms an EDL when brought into contact with liquids34–37 and pro-
vides the ability to generate energy by modulating the EDL18–24. In general, charged particles of liquid or gas are 
easily adsorbed on graphene and form a layer of surface charges38–40. The adsorption energy depends mainly on 
the ions species of solution in contact with the graphene surface and can be evaluated using density functional 
theory41 and experiment42. For example, the adsorption energy of the hydrated Na+ ion within a NaCl aqueous 
solution is around 0.1 eV43. These surface adsorbates induce a doping effect to modulate the π-electronic struc-
tures of the graphene44,45, and therefore also impacts the transport properties (e.g., the conductance and the 
mobility). Moreover, the transport properties of graphene are highly sensitive to changes in the external field8, 
and hence the induced voltage is expected to show a similar sensitivity. However, the effect of liquid on the elec-
tronic properties of graphene still requires fundamental theoretical viewpoints. Moreover, the relation between 
the induced voltage and the exposed area of the graphene surface to liquid remains unclear. Thus, to fully under-
stand the behavior of the charge carriers in graphene-liquid systems, it is imperative to further investigate the 
effect of the EDL on the π-electronic structures of graphene.

Accordingly, this study performs a theoretical investigation into the electronic properties of graphene in the 
presence of liquid for various values of the contact area ratio. To more easily manipulate the contact area ratio, 
and to increase the total exposure area so as to enhance the generated power, the investigation considers the sys-
tem shown in Fig. 1(a), in which a monolayer graphene is placed in contact with a microfludic chip composed of 

Figure 1.  (a) Schematic illustration of graphene monolayer in contact with periodic array of microchannels 
filled with liquid. (b) Enlarged primitive unit cell (green rectangular zone) in effective-modulated electric field 
caused by EDL. Note that blue (pink) region shows graphene in presence (absence) of EDL. (c) The effective-
modulated electric potential profile caused by EDL.
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a periodic array of microchannels (arranged along the armchair direction) filled with liquid. The period length 
and channel width are set as L and w, respectively. Thus, the ratio of the exposure area in a fixed period can be 
tuned by the contact ratio w/L. The EDL formed at the interface between the graphene monolayer and the liquid 
prompts the formation of an effective electric field (Fig. 1(c)) in a direction perpendicular to the graphene sur-
face. To investigate the resulting behavior of the charge carriers in the graphene, a tight-binding model17 is used 
to calculate the low-energy dispersions and density of states (DOS) near the Fermi level. The dependence of the 
energy band and density of state on the contact area ratio is systematically explored. The theoretical results pro-
vide a useful insight into the optimal value of w/L, i.e., the value of w/L at which the maximum number of charge 
carriers are prospectively induced for transport.

Results
Due to the period of the effective electric potential, the primitive unit cell of the combined graphene-liquid sys-
tem is larger than that of pristine graphene. To compare the results for the energy bands in the absence and 
presence of liquid, respectively, the unit cell of pristine graphene in this paper is rearranged as an enlarged one 
like other cases under electric field (Fig. 1(b)). Due to the zone folding method, the energy bands in the hexago-
nal Brillouin zone (BZ) are folded into a reduced rectangular BZ. Notably, the folded energy bands retain all the 
characteristics of the original band structure. Moreover, the corresponding DOS also remains unchanged. For 
period lengths greater than 80 nm, the low-energy dispersion depends strongly on ky, but varies only weakly with 
kx

17. Thus, the present study focuses specifically on the ky-dependent energy spectrum. For pristine graphene, the 
conduction bands and valance bands are symmetric and meet at the Fermi level. In other words, the graphene 
acts as a zero-gap semiconductor (Fig. 2(a)). The lowest conduction band and highest valance band have a linear 
dispersion relation around the Dirac points. Moreover, the low-frequency DOS is linearly related to the frequency 
ω and has a value close to zero at the Fermi level (Fig. 2(d)). Thus, the charge carriers in the graphene are sensitive 
to the external field and can be transported rapidly, while no free carriers exist at the Fermi energy.

When the graphene is exposed to the liquid in the microchannels with a contact ratio of w/L =​ 0.2 (Fig. 2(b)), 
the conduction bands and valence bands overlap at EF, and some Fermi-momentum states are induced. Moreover, 
the low-energy bands exhibit oscillations, which result in new band-edge states. The changes in the energy bands 
will directly reflect on the density of states. For example, the DOS at the Fermi level is raised to a finite value due 
to the produced Fermi-momentum states, and a large number of prominent peaks are generated as a result of the 
induced band-edge states (Fig. 2(e)). Moreover, the number of induced electron states exceeds the number of 
hole states. The increased DOS(EF) implies that charge carriers are generated by the EDL and further contribute 
to the voltage induced by the external field. For a larger contact area ratio of w/L =​ 0.4, the energy dispersions 
become more oscillatory, and hence more band-edge states are produced (Fig. 2(c)). Furthermore, more minor 

Figure 2.  ky-dependent low-energy bands near Dirac point: (a) in absence of liquid (w/L =​ 0) with enlarged 
unit cell for RE =​ 300, and in presence of liquid with RE =​ 300 and V0 =​ 0.1 γ0 (~0.25 eV) at: (b) w/L =​ 0.2 and  
(c) w/L =​ 0.4. (d–f) corresponding DOS for cases (a~c).
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peaks are induced in the DOS, and the value of the DOS at the Fermi level is increased (Fig. 2(f)). Consequently, 
the number of charge carriers generated for transport is also increased, i.e., the graphene becomes more metallic. 
In general, the results presented in Fig. 2 confirm the feasibility for tuning the carrier density of graphene through 
an appropriate manipulation of the EDL.

Due to the symmetry of the graphene lattice, the band structure returns to symmetric about the Fermi level 
at a contact ratio of w/L =​ 0.5 (not shown). In other words, the number of induced electron states is equal to the 
number of generated hole states. For contact ratios away from w/L =​ 0.5, the energy dispersions exhibit an inver-
sion symmetry distribution. For example, given a contact ratio of w/L =​ 0.6, the energy bands are inverted with 
respect to those of w/L =​ 0.4 about the Fermi level (Figs 2(c) and 3(a)). This is coming from that the unit cells 
of w/L =​ 0.4 and w/L =​ 0.6 under effective electric potential exhibit an inversion symmetry as well. As a result, 
the corresponding DOS is also inverted (Figs 2(f) and 3(d)) and has the same value at the Fermi level. However, 
the number of induced hole states (induced electron states) at w/L =​ 0.6 is greater (less) than that at w/L =​ 0.4. 
As w/L further increases to 0.8 (Fig. 3(b)), the energy dispersions become the inversion of those at w/L =​ 0.2 
through the Fermi level. Furthermore, the valence bands are more condensed than the conduction bands. In 
addition, the number of induced hole states is greater than the number of electron states (Fig. 3(e)). That is to say 
the majority-carrier type can be tuned by contact area ratio. As the w/L <​ 0.5, the majority carriers are electrons, 
while they are holes for w/L >​ 0.5. For w/L =​ 1, the energy bands are restored to those of pristine graphene, and 
the DOS distribution is identical to that in the absence of liquid. In other words, when the graphene is completely 
covered with solution, the DOS at EF reverses to zero. As a result, no free carriers exist for transport, and hence 
the induced voltage reduces to zero24.

To further explore the dependence of the induced charge carriers on the contact ratio, Fig. 4 plots the vari-
ation of the DOS at the Fermi level with the contact ratio w/L as a function of the field strength (V0). It is noted 
that the DOS curves are symmetric about w/L =​ 0.5 for all values of the field strength due to the inversion sym-
metry of the energy spectrum. For V0 =​ 0.05 γ0, the DOS increases rapidly to a maximum value at w/L =​ 0.1, 
and then decreases slightly and oscillates as the contact ratio approaches w/L =​ 0.5. For contact ratios greater 
than w/L =​ 0.9, the DOS falls rapidly to a value close to zero. The maximum value of the DOS(ω =​ 0) indicates 
the presence of the maximum number of induced charge carriers at the corresponding contact ratio. For a field 
strength of V0 =​ 0.075 γ0, the maximum DOS(ω =​ 0) occurs at a contact ratio of w/L =​ 0.3~0.4. Furthermore, for a 
field strength of V0 =​ 0.1 γ0, the dependence of DOS(ω =​ 0) on w/L shows a bimodal distribution with maximum 
values located at w/L =​ 0.4 and w/L =​ 0.6, respectively. For the highest considered field strength of V0 =​ 0.15 γ0, 
the bimodal curve has an even more pronounced characteristic, with strong peaks once again located at w/L =​ 0.4 
and w/L =​ 0.6, respectively. In general, the results show that under a higher field strength, the induced charge 
carriers are more abundant and more densely concentrated at specific contact area ratios. In addition, owing to 
the asymmetry between electron and hole conductivities46–48 (hole conductivity is higher than electron one), 

Figure 3.  ky-dependent low-energy bands near Dirac point in presence of liquid with RE =​ 300 and V0 =​ 0.1 γ0 
(~0.25 eV) at: (a) w/L =​ 0.6, (b) w/L =​ 0.8, and (c) w/L =​ 1. (d–f) corresponding DOS for cases (a~c).
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it is predicted that the induced voltage exhibits an asymmetrically bimodal dependence on contact ratio. The 
asymmetric-bimodal behaviour is consistent with that reported experimentally for graphene immersed in ionic 
solution24. Due to the charge ions, the field strength of ionic liquid is stronger than that of DI water. Therefore, the 
variation of the induced voltage with the exposure area has the form of a pinnacle curve, and is thus consistent 
with the DOS(ω =​ 0) tendency. Moreover, no induced voltage is detected when the graphene is totally isolated 
and plunged into water. Furthermore, Lee et al. found that the detected voltage along the flow direction is higher 
than that along the normal direction to the flow20,21. According to a previous study17,49, the group velocity per-
pendicular to the modulation direction is reduced. As a result, the liquid distributed on graphene surface along 
a particular direction provides an effective modulation of the electric field, and therefore provides the means to 
tune the energy dispersion of graphene. On the other hand, multilayer graphene (such as bi-layer and tri-layer) 
owns distinct band structure from that of monolayer one owing to different crystallographic stacking sequences 
and interlayer interactions50–52. Therefore, multilayer systems are expected to display different dependence on 
graphene-liquid contact ratio.

Discussion
This study has utilized a tight-binding model to investigate the electronic properties of graphene in the presence 
of fluid for various values of the graphene-fluid contact area ratio. Results have been presented for both the 
low-energy bands and the density of states near the Fermi level. It has been shown that pristine graphene is a 
zero-gap semiconductor, and has no charge carriers at the Fermi level. In addition, the results have shown that 
the electric double layer formed at the interface between the graphene surface and the fluid results in an effective 
electric potential. The electric field causes the conduction bands and valence bands to overlap, and consequently 
increases the DOS at EF from zero to a finite value. In other words, the EDL induces some free carriers, which con-
tribute to the voltage produced by the external electrical field. As the contact area increases, the DOS(EF) does not 
increase monotonically, but exhibits a bimodal distribution. In other words, the charge carriers do not increase 
proportionally with the exposure area, but are enriched initially and then decrease as w/L continues to rise.

For a field strength greater than 0.25 eV, the maximum number of free carriers is induced at contact ratios 
of 40% and 60%, respectively, and gives rise to corresponding peaks in the induced voltage signal. Notably, the 
number of induced carriers varies not only with the contact area ratio, but also with the field strength of the 
EDL, which depends in turn on the type of liquid in contact with the graphene. In addition, the majority-carrier 
type is tunable by changing contact area ratio. The calculation results obtained in this study are consistent with 
the experimental observations20,21,23,24 and confirm the feasibility of graphene-based energy conversion devices. 
Moreover, the results show that modulating the EDL provides a flexible and effective approach for tuning the 
electronic properties of graphene.

Methods
The graphene monolayer shown in Fig. 1(b) comprises carbon atoms arranged in a honeycomb lattice. The prim-
itive cell consists of two carbon atoms (labeled as A and B, respectively), with each carbon atom owning four 
outer electrons. Three of these electrons are connected to neighboring carbon atoms via σ-bonds9, while the 
other electron (referred to as the π electron) is free for transport. As a result, the low-energy electronic properties 
are governed mainly by the 2Pz orbitals. The eigenstate of the system can be represented using two tight-binding 
Bloch functions, i.e.,

Figure 4.  DOS at Fermi level as function of contact ratio w/L given various values of V0 and constant RE = 300. 
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B  is the superposition of the 2Pz orbitals belonging to periodic A (B) atoms.
For the arrangement shown in Fig. 1(a), the interfaces between the liquid and the graphene form a sequence of 

EDLs (Fig. 1(b), blue zone), which result in a periodic electric field at the surface of the graphene. The electric field 
can be described as an effective electric potential modulated by the field strength V0, period length L, and contact 
ratio w/L (Fig. 1(c)). In previous studies17,49, the low-energy bands are not sensitive to the modulation direction 
(armchair or zigzag) of modulated electric potential. Thus, for convenience in defining the primitive unit cell, 
the period L is designed as 3bRE along the armchair direction, where b =​ 1.42 Å is the c-c bond length and RE is 
a positive-integer parameter used to adjust the period length. In addition, V0 is set about 0.1–0.4 eV respond-
ing to different adsorption potential strength, and scaled by γ0. Here, γ0 is the hopping integral between the 
nearest neighboring atoms A and B, the value (~2.59 eV) can be obtained from the Slonczewski-Weiss-McClure 
model53,54. It is generally utilized to set the energy scale for the system. In the present study, the characteristics of 
the charge carriers in the graphene are investigated by calculating the low-energy bands and DOS near the Fermi 
level as a function of both the contact area ratio and the electric field strength.

Due to the effective electric potential, the graphene primitive cell is enlarged and contains 4RE carbon atoms 
(A1, B1, A2, B2, …​, −A R2 1E

, −B R2 1E
, A R2 E

 and B R2 E
) (Fig. 1(b), green zone). The eigenfunction of such a system is 

composed of 4RE tight-binding Bloch functions (φk
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In the above basis, the Hamiltonian is expressed as a 4RE *​ 4RE Hermitian matrix. To enhance the computational 
efficiency17, the basis is rearranged as (A1, B R2 E

, B1, A R2 E
, …​, ARE

, +BR 1E
, BRE

 and +AR 1E
), such that the Hamiltonian 

can be rewritten as a band-like matrix17. By adopting this strategy, an enlarge unit cell consisting of approximately 
1200 atoms (the corresponding period length ~0.12 μm) can be considered simultaneously. The energy spectrum 
of the system can be solved by diagonalizing the band-like Hermitian matrix. In addition, the features of the elec-
tronic structures impact directly on the DOS, and hence the density of states can be calculated as

∫∑ω
π ω

=
Γ

− + Γσ ν=
D

dk dk

E k k
( )

4 [ ( , )]
,

(3)h c
stBZ

x y
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where Γ is the phenomenological broadening parameter owing to various de-excitation mechanisms, e.g., 
the electron–electron, electron–phonon, electron–impurity scattering. In this study, Γ is treated as a constant 
(Γ~ 1.3 meV). Note that in investigating the behavior of the charge carriers, the present study focuses specifically 
on the low-energy bands and the DOS near the Fermi level.
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