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ABSTRACT

We report the spontaneous adsorption of ions on graphene at the interface with electrolytes through an investigation based on the
electrolyte-gated field effect transistor configuration. It is found that the gate voltage at which the minimum conductivity occurs in these
devices is highly sensitive to the type of ions and their concentrations in the electrolytes; yet the experimental results exhibit non-trivial devi-
ations from the predictions based on the Gouy–Chapman–Stern (GCS) model, which only takes account of the electrostatic interactions
among the charges in the system. By incorporating a Langmuir-type adsorption term into the GCS model, we achieve quantitative alignment
with the experiments, thus demonstrating that these deviations originate from the spontaneous adsorption of ions onto graphene. Analysis
of the transport characteristics in these devices indeed confirms the existence of the adsorbed ions.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0023191

The interface between solid and liquid is a topic of great scientific
and technological importance.1 In the specific case of graphene and
aqueous medium, for instance, it plays a critical role in many emerging
applications of graphene, e.g., analytical chemistry,2 energy storage
and conversion,3 water filtration,4 and biosensing.5 Unraveling the
behavior at the interface is especially important for graphene because,
being a one-atom-layer material, its physical properties are highly sen-
sitive to the surrounding environment.6–9 In addition, the unique
atomic structure of graphene with highly delocalized p-orbitals could
give rise to various interfacial behaviors, for instance, doping-tunable
wettability10 and frictionless water transport.11 Past studies revealed
varying effects at the electrolyte–graphene interface, and such effects
were shown to be strongly dependent on the type of ions and their
concentrations, which points to the importance of the presence of
mobile ions in the electrolytes.12–17

In this context, relevant studies have been performed through an
electrolyte-gated field effect transistor (EGFET) configuration, from
which the carrier transport properties of graphene and the interfacial
capacitance can be obtained.13,14,16–18 Mathematical models were also
proposed for the electrolytically gated graphene, from which the

sensitivity of the doping level in graphene to the salt concentration
was demonstrated.18–20 However, in these studies only the electrostatic
interactions between the charges in the system were considered; while
other mechanisms, such as adsorption of ions on graphene, were
neglected.18,19 This is in contrast to recent first-principles calculations
and molecular dynamics simulations pointing out that even the most
common ions, such as H3O

þ, OH�, Kþ, and Cl�, can exhibit strong
affinity toward the graphene surface.21–26 Such ion-adsorption behav-
ior is attributed to a variety of mechanisms, including the loss of the
ions’ solvation shells,22,23 donor–acceptor interaction,21 induced
dipole–dipole interaction,23 surface-induced water structure,22 etc.
Experimental evidence indicating the accumulation of ions on
graphene via in situ Raman spectroscopy,17 deep UV second harmonic
generation measurements,27 or atomic force microscopy,28 was also
reported. The ions adsorbed on graphene may alter graphene’s surface
potential and affect its carrier transport; yet in currently existing
studies based on the EGFET configuration, the adsorption of ions on
graphene has not been unveiled.

In this paper, we report the observation of spontaneous ion
adsorption on graphene in the EGFET by measuring its electrical
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characteristics upon exposure to electrolytes with different types of
ions and concentrations. Figure 1(a) shows a representative device in
which a polydimethylsiloxane (PDMS) well is applied as the container
for the electrolytes, and a standard Ag/AgCl reference electrode is
employed as the gate electrode. An enlarged view of the graphene
channel is displayed in Fig. 1(b) with the metal electrodes (source and
drain) being passivated by a photoresist layer. The single-layer nature
and the structural integrity of the graphene channel are verified by the
characteristic Raman spectrum as shown in Fig. 1(c). We measured
the electrical responses of the devices loaded with different electrolytes,
KCl, NaCl, or HCl, at varying concentrations. These electrolytes were
chosen because they are commonly found in physiological and water
environments. The details about device fabrication, Raman spectros-
copy, and electrical measurements are given in the supplementary
material.

Figures 2(a)–2(c) display the Id � Vg curves of a typical EGFET
device that was loaded with NaCl, KCl, and HCl solutions at varying
concentrations, respectively. As is shown, all Id � Vg curves exhibit
ambipolar behavior, which is attributed to the semimetal band struc-
ture of graphene with the conduction band and the valence band
meeting at the Dirac point with linear dispersion. The minimum
conductivity occurs at the charge neutrality point (CNP), and the
corresponding gate voltage is defined as VCNP . Our devices consis-
tently show p-type behavior, which could be due to the negatively
charged impurities on the substrates,29 p-doping effect of water mole-
cules30 as well as adventitious contaminations, or a combination of
those effects. The most prominent impact of the electrolytes on the
EGFET is the horizontal shift of the Id � Vg curves as the electrolytes’
concentration changes. As reported in Figs. 2(a) and 2(b), the Id � Vg

curves shift toward negative gate voltage as the concentrations of NaCl
and KCl increase; however, such a shift reverses its direction in HCl at
the concentration of �0.05 M [Fig. 2(c)]. The extracted VCNP values
from the Id � Vg curves are plotted in Fig. 2(d), in which the non-
monotonous shift of VCNP in HCl is clearly illustrated.

The downward shift of VCNP as the electrolyte concentration
increases has been observed in previous studies,13,16,17 and it is nor-
mally attributed to the increased gate capacitance in electrolytes at
higher concentrations.13,16,17,19,20 Mi�sković et al.18–20 derived a series

of models for the electrolytically gated graphene in the framework of
the Gouy–Chapman–Stern (GCS) theory using the Poisson–
Boltzmann (PB) equation. In these models, the electrolyte–graphene
interface is defined as an electrical double layer (EDL) with a diffuse
layer that is separated from graphene by a charge-free Stern layer.18–20

For the sake of brevity, in the following equations, b � 1
kBTð Þ ; with kB

being the Boltzmann constant and T being the temperature (assumed
to be 300K). The charge distribution across the interface satisfies the
charge neutrality condition:19,20

rimp þ rgr þ rdl ¼ 0; (1)

where rimp is the effective impurity charge density on SiO2, rgr is the
net charge carrier density in graphene, and rdl is the charge density in
the diffuse layer due to the redistribution of ions driven by the applied
gate voltage. rdl is a function of the potential drop across the diffuse
layer (Vdl),

1,31

rdl ¼ 4zec0kDsinh
zebVdl

2

� �
; (2)

for a symmetric z: z electrolyte of concentration c0, with e being the
charge of a proton. In Eq. (2), kD is the Debye screening length given
by1,31

kD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ewe0

2z2e2c0b

r
; (3)

with ew being the dielectric constant of water and e0 being the vacuum
permittivity. By using the low-energy approximation of the density

of states for graphene’s p-electron band, D �ð Þ ¼ 2 �j j
p �hvFð Þ2, where

vF � 106 m/s is the Fermi velocity of graphene, and letting
V0 � �F � �Dð Þ=e be the average electrostatic potential in graphene,
the charge carrier density in graphene can be calculated as32

rgr V0ð Þ ¼ 2e
p

1
�hvFb

� �2

dilog 1þ eebV0ð Þ � dilog 1þ e�ebV0ð Þ
� �

;

(4)

with dilog being the standard dilogarithm function. The Stern layer
can be considered as a plate capacitor with thickness h and the poten-
tial drop across it (Vstern) can be estimated as19,20

Vstern ¼
4phrdl
eswe0

; (5)

in which esw is the reduced dielectric constant of water due to the
dielectric saturation in a high electrical field.33 Combining Eqs.
(1)–(5), we can derive the potential distribution in the system with an
applied gate voltage Vg being

18–20

Vg ¼ V0 þ Vstern þ Vdl þ Vfb; (6)

in which Vdl is the potential drop across the diffuse layer; Vfb is the
flatband voltage that compensates the different work functions of each
component in the system, which would give a constant offset of the
measured VCNP .

At Vg ¼ VCNP , the gate-induced charge carrier density in gra-
phene vanishes, i.e., rgr ¼ 0. By solving Eqs. (1)–(6), we can calculate
the VCNP of the system with a charge impurity density rimp at different

FIG. 1. (a) Photo showing a typical EGFET device; (b) enlarged view of the gra-
phene channel (scale bar: 100 lm); and (c) typical Raman spectrum collected from
the graphene channel.
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ion concentrations. The standard set of parameters are h¼ 0.3 nm,
z¼ 1, ew ¼ 80, and esw ¼ 10.18–20,33 The calculated VCNP values as a
function of the electrolytes’ concentration are plotted as the dashed
lines in Fig. 3(a), along with the experimental data that are amended
with the liquid junction potential.34 As shown in the figure, for KCl
and NaCl, the calculated results show an overall downward trend of
VCNP as c0 increases, similar to the experimental results; yet some dif-
ferences can be clearly observed. On the other hand, the calculated
results fail to replicate the non-monotonous behavior of VCNP for HCl.
Such discrepancies between theory and experiment suggest that addi-
tional mechanisms, other than the electrostatic effect described by the
PB equation, should be considered when describing the electrolyte/
graphene interface.

As mentioned previously, one of the possible mechanisms that
have been neglected so far but could play an important role is the spe-
cific adsorption of ions on graphene.21–26 To include such an effect, we
introduce an adsorbed charged density rads as described by the
Langmuir adsorption isotherm,1

rads ¼ sgn radsð Þ � e � nsatads
c0

c0 þ KD
; (7)

with sgn radsð Þ and nsatads being the sign and the saturation density of the
dominating adsorbed ions on graphene, respectively, andKD the recipro-
cal of the Langmuir constant. Here, we choose the Langmuir adsorption
isotherm instead of others because it applies to the conditions of ion
adsorption on graphene, such as monolayer adsorption, finite number of
adsorption sites, and no significant positive/negative cooperative effect
between different sites.1 With the adsorption term, the new charge neu-
trality condition in the system can now be described as

rdl þ rgr þ rimp þ rads ¼ 0: (8)

Combining Eqs. (2)–(8), we recalculated the VCNP of the system
as a function of c0. The calculated VCNP , with nsatads ¼ 5� 1013 cm�2,
which is estimated with an ion–ion separation of the Bjerrum length
considering the dielectric saturation of water at the interface,31 and
KD ¼ 0.05 M are plotted as the blue dashed line in Fig. 3(b). The calcu-
lation of nsatads can be found in the supplementary material. The other
factor, sgn radsð Þ, is determined by how the experimental results devi-
ate from the predictions of the PB equation in Fig. 3(a). For example,
for KCl and NaCl, the experimental plots exhibit a smaller slope than
the theoretical predictions, suggesting that negatively charged ions are
added to the negative charged impurities on the substrates, and

FIG. 2. Id � Vg curves measured from a typical EGFET device loaded with (a) NaCl, (b) KCl, and (c) HCl at different concentrations; (d) VCNP as a function of the electrolyte
concentration extracted from the Id � Vg curves in (a) to (c).
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thus sgn radsð Þ is negative. For HCl, the opposite applies. As shown in
Fig. 3(b), accounting for a reasonable charge impurity density
nimp ¼ 5� 1012 cm�2 and an accumulated Vfb of 0.06V, with a posi-
tive sgn radsð Þ, the calculated results reproduce nicely the experimental
data for HCl, strongly suggesting the specific adsorption of H3O

þ on
graphene to be the origin of the observed reversion of the VCNP shift
for HCl. In other words, when the adsorbed H3O

þ overwhelms the
negatively charged impurities on SiO2, the overall “impurity” charge
density on graphene becomes positive and VCNP shifts upwards upon
further increasing the electrolyte concentration. By changing sgn radsð Þ
to be negative, with the same nimp and KD ¼ 0.004 M, our model can
also well replicate the experimental results for KCl [see the red dashed
line in Fig. 3(b)]. Furthermore, a quantitatively accurate prediction of

the results for NaCl can also be achieved when Vfb is slightly increased
by�0.02V [black dashed line in Fig. 3(b)]. The good alignment of the
above results indicates that Cl� adsorbs on graphene in KCl and NaCl,
which adds to the negatively charged impurities on SiO2 and leads to
the up-lifted VCNP relative to the theoretically calculated trend without
taking account of ion adsorption [green dotted line in Fig. 3(b)].

The main parameters in the calculations above are summarized
in Table I. A critical parameter is KD, which is related to the adsorp-
tion energy that can be estimated by the Gibbs free energy change as
DGad ¼ RTlnKD, with R being the gas constant.1 For KD ¼ 0.004 M
in NaCl and KCl, DGad ��14 kJ/mol, which is close to the value
(�20 kJ/mol) of the adsorption energy of Cl� on electron-depleted
(p-type) graphene calculated using the density function theory
(DFT).21 Such strong adsorption of these halide anions on electron-
depleted graphene is attributed to the effective donor–acceptor interac-
tion between them.21 The higher DGad value obtained by the DFT
calculation could be because the DFT calculation is performed in a
vacuum condition, which normally gives a higher adsorption
energy.21,23 In addition, the DFT calculations are limited by the finite
size of the graphene sheet, which could deviate from the behavior of
an “infinite” sheet due to the formation of the quadrupole moment in
close proximity to ions.35,36 For the case of HCl, as discussed above,
our result suggests that H3O

þ exhibits a stronger adsorption on gra-
phene than Cl�, which is in agreement with the higher adsorption
energy of H3O

þ on graphene as obtained from DFT calculations.37

Our results are also consistent with a recent molecular dynamics simu-
lation of the ion density profile at the electrolyte–graphene interface,
which shows that (1) in NaCl, only Cl� shows strong adsorption and
(2) in HCl, both H3O

þ and Cl� are adsorbed, with H3O
þ adsorbing

closer to graphene surface and at a higher concentration than Cl�.22

The strong adsorption of H3O
þ on graphene is most likely due to the

amphiphilic nature of H3O
þ and the favorable interactions between

the surface-induced electrical potential gradient and the permanent
and induced dipoles of the ions.22 In the Langmuir model, the stronger
adsorption of H3O

þ implies a smaller KD for H3O
þ, which seems to

be in contradiction with the higher value of KD used for HCl (0.05 M),
compared with that used for NaCl and KCl (0.004 M). Nevertheless,
this apparent contradiction is due to the fact that the Langmuir model
only considers one species adsorbing on a surface, while in HCl, as
described above, we have a more complicated system, with two ions
interacting and adsorbing on graphene. In this sense, the KD in our
model is, in fact, an effective parameter that takes into account the
adsorption of both cations and anions in the electrolytes as well as the
interactions between them. By including the spontaneous adsorption
of ions on graphene, our model can well support the experimental
results, which strongly indicates the occurrence of such specific ion
adsorption at the electrolyte–graphene interface.

FIG. 3. (a) The measured VCNP as a function of the electrolyte concentration (solid
dots) and the predictions based on the PB equation with different charged impurity
densities nimp on SiO2 (dashed lines). (b) The measured VCNP as a function of the
electrolyte concentration (solid dots) and the predictions based on the PB equation
incorporated with the Langmuir adsorption isotherm (dashed lines). For comparison,
the prediction based on the PB equation without taking account of ion adsorption is
plotted as the green dotted line in (b).

TABLE I. Summary of the parameters for the calculation of VCNP in NaCl, KCl, and
HCl.

Electrolyte nimp (cm
�2) sgn radsð Þ nsatads (cm

�2) KD (M) Vfb (V)

NaCl 5� 1012 � 5� 1013 0.004 0.08
KCl 5� 1012 � 5� 1013 0.004 0.06
HCl 5� 1012 þ 5� 1013 0.05 0.06
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We further analyze the impact of the electrolytes on the charge
carrier transport in graphene. When Vg is driven away from VCNP,
electrons/holes are injected into graphene, which would be compen-
sated by the gain/loss of the ions at the interface according to the
charge neutrality condition, i.e., Drdl ¼ �Drgr .

18–20 By solving Eqs.
(2) and (4), the carrier density n as a function of Vg can be derived,
allowing us to extract the dependence of the conductivity j on n from
the Id � Vg curves in Fig. 2. Figures 4(a) and 4(b) show the results
measured for KCl. The curves exhibit an increasing sublinearity as n
increases, and such a transition is enhanced as the concentration of
the electrolytes increases. According to the self-consistent the-
ory,29,38–40 the carrier scattering in graphene on SiO2 is dominated by
the charged impurities on SiO2, and such sublinearity is attributed to
the spatial correlation effect between them. The enhancement of the
sublinearity as the electrolyte concentration increases suggests a higher
charge impurity density and/or an increased level of correlation
among them. Since the charge impurities on SiO2 were protected by
the graphene film, their density and spatial distribution are unchanged
for all the measurements. Therefore, the origin of the increased
charged impurities should be the adsorption of ions on the graphene
surface, which would exhibit an intrinsically high correlation due to
the electrostatic interaction between the ions.41 Furthermore, as shown
in Figs. 4(a) and 4(b), no further enhancement of sublinearity can be
observed for c0 higher than 0.05 M, which suggests a saturation of ion
species adsorbed on graphene at this concentration. According to the
Langmuir adsorption isotherm [Eq. (7)], the density of the absorbed
ions approaches saturation when the concentration reaches a few
times the values of KD. In this sense, the saturation of the sublinearity
transition at c� 0.05 M is in agreement with the previously assumed
KD of 0.004 M for Cl� adsorption on graphene. Figure 4(c) shows the
extracted carrier mobility in graphene at n¼ 2� 1012 cm�2 as a func-
tion of the electrolyte concentration. It is clear that the carrier mobility
decreases as the concentration of the electrolytes increases, and such a
decrease also approaches saturation for c0 > KD. The decrease in the
carrier mobility indicates that extra scattering sources are introduced
in the system, thus corroborating our hypothesis of adsorbed ions on
the graphene surface.

In summary, we report the spontaneous adsorption of ions on
graphene through an investigation of the electrolyte–graphene inter-
face in the EGFET configuration. By incorporating a Langmuir-type
adsorption term within the PB ionic theory, we show a quantitative
alignment between the theoretical predictions and the experimentally
measured with different electrolytes as a function of the ion concentra-
tions. The adsorption of ions on graphene is further supported by ana-
lyzing the transport characteristics of these devices, which show
enhanced sublinearity transition in the carrier density dependence of
the conductivity and decreased carrier mobility as the electrolyte con-
centration increases. Since an accurate understanding of the chemi-
co–physical interactions occurring at the electrolyte–graphene
interface is critical for many applications of graphene, e.g., analytical
chemistry, energy storage and conversion (e.g., fuels cells and batter-
ies), water filtration, and biosensing, we expect our results to have pro-
found implications in the field.

See the supplementary material for the details about the device
fabrication, Raman characterization, and electrical measurement.
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FIG. 4. The extracted conductivity j as a function of the charge carrier density n of graphene in KCl for (a) electrons and (b) holes. (c) The extracted carrier mobility l as a
function of the electrolyte concentration c0. The alternative result of the electron mobility in HCl in (c) is caused by the gate current leakage due to hydrogen reduction at high
Vg as can be observed in Fig. 2(c).
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DATA AVAILABILITY

The data that support the findings of this study are available
within this article.
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35M. Kocman, M. Pykal, and P. Jurečka, Phys. Chem. Chem. Phys. 16, 3144
(2014).

36J. D. Elliott, A. Troisi, and P. Carbone, J. Chem. Theory Comput. 16, 5253
(2020).

37L. Shi, A. Xu, G. Chen, and T. Zhao, J. Phys. Chem. Lett. 8, 4354 (2017).
38Q. Li, E. H. Hwang, E. Rossi, and S. D. Sarma, Phys. Rev. Lett. 107, 156601
(2011).

39J. Yan and M. S. Fuhrer, Phys. Rev. Lett. 107, 206601 (2011).
40P. Pedrinazzi, J. M. Caridad, D. M. A. Mackenzie, F. Pizzocchero, L.
Gammelgaard, B. S. Jessen, R. Sordan, T. J. Booth, and P. Bøggild, Appl. Phys.
Lett. 112, 033101 (2018).

41J. B. Allen and R. F. Larry, Electrochemical Methods: Fundamentals and
Applications, 2nd ed. (John Wiley & Sons, Inc., New York, NY, 2001).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 117, 203102 (2020); doi: 10.1063/5.0023191 117, 203102-6

Published under license by AIP Publishing

https://doi.org/10.1016/j.trac.2013.05.011
https://doi.org/10.1007/s41918-019-00042-6
https://doi.org/10.1038/s41545-018-0004-z
https://doi.org/10.1016/S1369-7021(11)70160-2
https://doi.org/10.1021/nl900725u
https://doi.org/10.1103/PhysRevLett.101.146805
https://doi.org/10.1038/ncomms1740
https://doi.org/10.1021/acs.nanolett.8b00797
https://doi.org/10.1021/acs.nanolett.6b02228
https://doi.org/10.1038/nature19363
https://doi.org/10.1021/nl103306a
https://doi.org/10.1021/nl803922m
https://doi.org/10.1038/nnano.2009.177
https://doi.org/10.1021/ja104850n
https://doi.org/10.1021/ja9041862
https://doi.org/10.1021/nn901111s
https://doi.org/10.1007/s11671-009-9515-3
https://doi.org/10.1103/PhysRevB.86.115437
https://doi.org/10.1063/1.4932179
https://doi.org/10.1002/jcc.22964
https://doi.org/10.1021/jz200765z
https://doi.org/10.1021/acs.jpclett.6b02783
https://doi.org/10.1002/cphc.201800428
https://doi.org/10.1038/srep03436
https://doi.org/10.1021/acs.jpcc.9b07487
https://doi.org/10.1073/pnas.1702760114
https://doi.org/10.1038/srep06793
https://doi.org/10.1038/srep06793
https://doi.org/10.1073/pnas.0704772104
https://doi.org/10.1073/pnas.0704772104
https://doi.org/10.1088/2053-1583/aa9ea9
https://doi.org/10.1103/PhysRevE.75.021502
https://doi.org/10.1103/RevModPhys.81.109
https://doi.org/10.1103/PhysRevB.90.125415
http://arxiv.org/abs/1403.3640
https://doi.org/10.1039/c3cp54701a
https://doi.org/10.1021/acs.jctc.0c00239
https://doi.org/10.1021/acs.jpclett.7b01999
https://doi.org/10.1103/PhysRevLett.107.156601
https://doi.org/10.1103/PhysRevLett.107.206601
https://doi.org/10.1063/1.5009168
https://doi.org/10.1063/1.5009168
https://scitation.org/journal/apl

	d1
	d2
	d3
	d4
	d5
	d6
	f1
	d7
	d8
	f2
	f3
	t1
	f4
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41

