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Ion transport in graphene nanofluidic channels†
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Carbon nanofluidic structures made of carbon nanotubes or

graphene/graphene oxide have shown great promise in energy and

environment applications due to the newly discovered fast and

selective mass transport. However, they have yet to be utilized in

nanofluidic devices for lab-on-a-chip applications because of

great challenges in their fabrication and integration. Herein we

report the fabrication of two-dimensional planar graphene nano-

channel devices and the study of ion transport inside a graphene

nanochannel array. A MEMS fabrication process that includes con-

trolled nanochannel etching, graphene wet transfer, and vacuum

anodic bonding is developed to fabricate graphene nanochannels

where graphene conformally coats the channel surfaces. We

observe higher ionic conductance inside the graphene nanochan-

nels compared with silica nanochannels with the same geometries

at low electrolyte concentrations (10−6 M–10−2 M). Enhanced elec-

troosmotic flow due to the boundary slip at graphene surfaces is

attributed to the measured higher conductance in the graphene

nanochannels. Our results also suggest that the surface charge on

the graphene surface, originating from the dissociation of oxygen-

containing functional groups, is crucial to the enhanced electro-

osmotic flow inside the nanochannels.

Introduction

Carbon nanofluidics is an emerging field studying fluid behav-
ior and manipulation inside nanoscale conduits made of sp2

carbon (graphitic) materials including carbon nanotubes and
graphene/graphene oxide.1–3 This new sub-area of nanofluidics
has attracted great attention over the last decade because
of various unique transport phenomena such as fast water

transport,4–7 ultrahigh gas permeability and selectivity4,8,9 as
well as precise and ultrafast ion sieving.10,11 These transport
phenomena arise from the atomically-smooth hydrophobic
graphitic surface and the nanoscale confinements and have
led to potential applications of carbon nanofluidic structures
in a variety of technological areas including water purification/
desalination,12–15 carbon sequestration,8,16 oil extraction/
separation,17 and energy storage/conversion.18–20

Despite these promising large-scale applications in energy
and clean technologies, carbon nanofluidic structures and the
newly discovered transport phenomena have seldom been har-
nessed in nanofluidic devices which provide important func-
tions in lab-on-a-chip (LOC) systems including pumping,
sensing, separation and energy harvesting. However, these
nanofluidic devices can also significantly benefit from the
unique transport in carbon nanofluidics and achieve much
better performance. Taking power-generation by pressure-
driven ion transport in nanofluidic channels as an example,
the energy conversion efficiency could be improved by more
than one order of magnitude (from less than 3% to 40%)
when replacing no-slip nanochannel walls with slippery
graphitic walls.21,22

The major challenge that prevents the utilization of carbon
nanofluidic structures in LOC systems is device fabrication
and/or integration. Currently, vertically aligned carbon
nanotube (CNT) membranes4,5,23 and graphene oxide (GO)
membranes6–8,10,11,24 are the most-studied carbon nanofluidic
structures. Although these two structures are relatively easy to
fabricate, it is very difficult to integrate them into existing
planar micro/nanofluidic platforms. On the other hand, hori-
zontally aligned CNTs, which are amenable to integration with
other micro/nanofluidic components, have been employed to
create the first and the only available carbon nanofluidic struc-
tures for the LOC platform. While the resulting CNT-based
carbon nanofluidic devices enable quantitative investigation of
the structure–property correlations25–29 and also show great
promise for single molecule sensing, their applications on
LOC systems are still limited because of insufficient control
during device fabrication. It is a great challenge to control the
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number and/or the diameter of the horizontally aligned CNTs
in such CNT-based nanofluidic devices, and different devices
usually show different transport properties.26,28

Clearly, new carbon nanofluidic devices with well-controlled
device geometry and transport properties are desired to
expand the applications of carbon nanofluidics in LOC
systems. One possible solution is to create planar 2-D graphene
nanochannel (GNC) based carbon nanofluidic devices. Sharing
similar surface properties and nanoscale confinements,
graphene nanochannels are expected to exhibit a similar influ-
ence on fluidic transport compared to their 1-D counterpart
CNTs. This hypothesis has been partially verified by densely-
packed graphene nanochannels of ∼1 nm in height in GO
membranes, since they exhibit similar transport phenomena
to those in CNT membranes.7,24,30 Graphene nanochannels
with larger heights may also show different transport phenom-
ena from existing hydrophilic nanochannels because of the
large slip length at graphitic surfaces31–34 and special surface-
ion interactions.10 In addition, the nature of the 2-D planar
structure allows for the fabrication of the graphene nano-
channels that are well defined in geometry and compatible
with other micro/nanofluidic components. Consequently,
GNC-based carbon nanofluidic devices, once facile fabrication
methods are established and transport properties are well
characterized, would really pave the way for extending the
knowledge of carbon nanofluidics into LOC systems.

Device fabrication and
characterization

Herein, we report a method of fabrication of GNC-based
carbon nanofluidic devices and the results of ion transport
characterization using 20 nm-high graphene nanochannels.
The reported fabrication method is a MEMS-based process
combining graphene transfer with classical etching and
bonding techniques.35–37 Briefly, 2-D nanochannels are first
patterned and etched on a silicon substrate using photolitho-
graphy and controlled reactive ion etching. A thermal oxidiza-
tion step is then used to form a 280 nm-thick silicon dioxide
layer on the substrate, which serves as both the electrical insu-
lation layer and graphene visualization layer.38 Afterwards,
monolayer graphene prepared by chemical vapor deposition
(CVD) is transferred from a copper foil to the substrate via a
PMMA-assisted wet transfer method (see the ESI†). Because of
the small height to width ratio and giant capillary force during
the wet transfer process, the transferred graphene can confor-
mally coat the silica channel surfaces. This transfer step is fol-
lowed by patterning graphene into strips, which can reduce
possible fabrication failure in the later bonding step.
Patterned graphene open nanochannels are then bonded to a
glass substrate containing access microchannels and reservoirs
(details of the corresponding fabrication process of the glass
substrate are described elsewhere39,40) via vacuum anodic
bonding under a voltage of 800 V at 450 °C. It is worth noting
that CVD graphene can also be transferred and patterned onto

the glass substrate and the resulting nanofluidic channels
(after an aligned bonding) have graphene covering all channel
walls. However, in this work we focus on the fabrication and
characterization of nanofluidic channels where graphene only
covers the bottom and the side surfaces. Our results show that
such nanofluidic devices have already exhibited different trans-
port properties compared with pure silica nanochannels due
to the presence of large slip lengths and surface charges on
the graphene surfaces.

Fig. 1a and b present the schematics of a GNC nanofluidic
device before and after anodic bonding, respectively. In this
device, ten parallel open graphene nanochannels (1000 µm
long × 3 µm wide × 20 nm deep) are defined on the silicon sub-
strate which will bridge the two access microchannels on the
glass substrate after bonding. The cross section schematics of
the bonded device along and across the nanochannels are
shown in Fig. 1b, illustrating how the nanochannels on the
silicon substrate align with each other and how they bridge the
two access microchannels on the glass substrate. The gap
between the two microchannels determines the actual channel
length of the graphene nanofluidic channel, which is 100 µm
for all devices used in this study. Each microchannel is con-
nected with two reservoirs located at both ends of the micro-
channel, which hold electrolyte solutions and also provide
access to Ag/AgCl electrodes for electrical measurements.

Fig. 1c shows a microscopy image of enclosed graphene
channels bridging two microchannels and the corresponding
zoom-in microscopy image for an individual graphene nano-
channel is presented in Fig. 1d. Both figures reveal that
bonding is successful based on a uniform color in the area
between microchannels because the unbonded area can show
different contrasts under an optical microscope. Besides,
nanochannels survived from huge electrostatic force during
bonding that may cause collapsing. We can also tell that
graphene survived in areas outside the nanochannels accord-
ing to the optical contrast, which will be proved by Raman
spectroscopy later. In contrast, for the area inside the nano-
channel, only a uniform color is observed under an optical
microscope and it is not clear whether graphene survived
based on the microscopy images after bonding.

To confirm graphene survival inside the nanochannel after
anodic bonding, a Raman spectroscopy mapping was per-
formed over the channel area shown in Fig. 1d. Fig. 1e shows
the silicon band (∼520 cm−1) intensity map over the channel
area. The intensity contrast can be used to locate the channel
area. Two dark vertical strips are associated with the graphene-
covered area outside the nanochannel. It is worth noting that
the dark strips in the intensity map do not indicate the
absence of a silicon peak in that area. The false color image is
only used to locate the channel. There is still a clear silicon
peak in the Raman spectra in these areas. The intensity in
these areas is only weaker than other exposed bonded silicon
oxide surfaces because of the blockage by covered graphene.
The center vertical strip with high intensity refers to the nano-
channel area. This high density could probably be explained
by the interference at the air/oxide interface due to the
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presence of air gaps between the floors and ceilings of the
nanochannel. Fig. 1f and g present the intensity maps of the
G band (∼1580 cm−1) and the 2D band (∼2700 cm−1) of the
same area. In both maps, no noticeable intensity difference is
observed between the areas inside and outside the channel,
suggesting similar graphene qualities in these two areas.
Accordingly, graphene not only survives in the area outside the
nanochannel, but also survives inside the nanochannel during
the vacuum anodic bonding. The survival of graphene inside
the nanochannels apparently benefits from the vacuum anodic
bonding process. When atmospheric anodic bonding was used
to seal the graphene nanochannel instead of vacuum anodic
bonding, no detectable G band and 2D band intensities would
be observed inside the graphene nanochannel, although gra-
phene outside the channels, which was in direct contact with
the glass substrate would survive. We hypothesize that atmos-
pheric anodic bonding performed in an O2-rich environment
could remove transferred graphene inside the nanochannel
due to voltage induced oxidation reactions. Nevertheless, the
microscopy and Raman mapping images shown above prove
that the GNC-based nanofluidic device is successfully fabri-
cated using wet graphene transfer and the vacuum anodic
bonding technique.

Measurement results and discussion

To understand ion transport in the resulting graphene nano-
channels, we measure the ionic conductance of the nano-

channels with three electrolyte solutions (KCl, NaCl and HCl)
at various concentrations using a high-resolution sourcemeter
(Keithley 6430). Two different types of devices are tested and
their schematics are shown in Fig. 2a:

Type I: Plain silica nanochannel device. No graphene is
transferred onto the nanochannel. A silica nanochannel chip
is directly bonded to a glass reservoir chip.

Type II: Graphene nanochannel device. Graphene is trans-
ferred onto a silica chip and patterned into strips covering the
nanochannel area before bonding.

Type I devices, having the same geometries as Type II
devices, serve as our experimental control for graphene nano-
channel devices. Fig. 2b shows the typical I–V (current–voltage)
results from our DC measurement and the ionic conductance
is calculated by G = ΔI/ΔV. The data were collected from both
types of devices with 10−5 M KCl solutions. Clearly, graphene
channels showed a slightly higher conductance (∼400 pS) than
silica channels (∼300 pS). The measured ionic conductance
values of the nanochannel devices filled with KCl and HCl
solutions at different concentrations are shown in Fig. 2c and
d, respectively. All the conductance data collected are averaged
from the measurements of at least three different devices.

It is clear from these two figures, for both KCl and HCl
solutions, the ionic conductance of the silica nanochannels
(Type I) and graphene nanochannels (Type II) approaches a
bulk behavior, i.e., the nanochannel ionic conductance is
proportional to the bulk concentration, when the electrolyte
concentration is high (0.01 M–1 M). This could be explained
by the negligible electrostatic ion screening effect at high

Fig. 1 Graphene nanochannel device made by graphene wet transfer and etching & bonding techniques. (a) Schematic of the nanofluidic device in
an isometric view. (b) Cross sectional views of the bonded graphene nanochannel device along two orthogonal directions. (c) Microscopy images of
the graphene nanochannel device. (d) Zoom-in microscopy image of the individual graphene nanochannel. (e), (f ) and (g) Intensity maps of different
Raman bands over the same graphene nanochannel region as (d). (e) Silicon band, 520 cm−1 (f ) G band, 1580 cm−1 (g) 2D band, 2700 cm−1.
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concentrations. Furthermore, the measured conductance of
both Type I and Type II nanochannels in 1 M solutions is
exactly the same as the theoretical prediction based on the
bulk ionic concentration and mobility. At low concentrations
(10−6 M to 10−4 M), the ionic conductance exhibits saturation
for both silica and graphene nanochannel devices – the nano-
channel ionic conductance is nearly constant and independent
of the bulk concentration. This result agrees well with the pre-
viously reported surface-charge-governed ion transport inside
nanofluidic channels.41 At the transition between the low and
high concentration regime (10−4 M to 0.01 M), the ionic con-
ductance for graphene channels shows a slight increase as the
concentration increases. This scaling behavior exhibited here
can be expressed in the form of G ∼ Cα

bulk, where the exponent
term α ≈ 1/3. Similar power law behavior has been observed
for ion transport in carbon nanotubes.26,29 Secchi et al. have
proposed that the adsorption and/or covalent bonding of

hydroxyl groups onto carbon nanotube surfaces could explain
this scaling behavior.29 Similarly, the oxygen containing func-
tional groups on graphene surfaces can be the origin of the
power law behavior in our graphene channel devices.

It should be noted that for KCl solutions, the conductance
of graphene nanochannels appears consistently higher than
that of silica nanochannels in the surface-charge-governed
regime (i.e., low and intermediate concentrations), although
the difference diminishes at high concentrations. The negli-
gible conductance difference between Type I and Type II
devices and good agreement between the measurements and
theoretical predictions at high concentrations indicate no
additional fluidic pathway available other than silica and gra-
phene nanochannels. Accordingly, no electrokinetic flow will
occur outside the nanochannels, ruling out the possibility of
parasitic conductance in graphene nanochannels caused by
incidental leakage formed in the bonding process. In addition,

Fig. 2 Ionic conductance measurement results for nanofluidic devices. (a) Schematics of two types of devices. (b) Typical conductance measure-
ment results obtained from the silica channel and graphene channel with an identical geometry in 10−5 M KCl solutions. (c) and (d) Measured ionic
conductance for two types of devices at different KCl (c) and HCl (d) concentrations.
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the conductance induced by the electrochemical reaction
between the graphene strips and electrolyte solution (KCl) can
be neglected compared to the conductance from the electro-
kinetic flow (see the ESI†). Therefore, the higher ionic conduc-
tance measured in graphene nanochannels at low concen-
trations must result from the enhanced electrokinetic trans-
port inside graphene nanochannels. However, higher ionic
conductance from graphene channels is not observed in HCl
solutions, where protons are the only available cations. It is
well known that protons are directly involved in surface-dis-
sociation reactions (e.g., R–OH ⇌ [R–O]− + [H]+) as well as the
electrochemical reaction occurring at the graphene/solution
interfaces (2H2O ⇌ 4H+ + 4e− (graphene) + O2 (aq)).

42,43 These
two types of reactions in HCl-filled graphene nanochannels
are expected to be significantly different from those in KCl-
filled graphene nanochannels. Since the former reaction
creates surface charges and affects the electrokinetic flow
while the latter reaction has a direct influence on the electro-
chemical reaction induced conductance, the different trends
of ionic conductance between the HCl and KCl solutions most
likely result from different degrees of surface-dissociation and
electrochemical reactions in these two solutions.

To understand what causes enhanced electrokinetic trans-
port in KCl-filled graphene nanochannels, one needs to
dissect the measured conductance and quantify all possible
contributions. It is well known that electrokinetic flow
includes electrophoretic flow (EPF) and electroosmotic flow
(EOF). For most previous nanofluidic investigations using
silicon-based devices, EOF is ignored compared with EPF
based on the assumption of low surface charge density and
no-slip boundary conditions.44 However, in nanochannels with
graphene coverage, EOF may significantly increase as a result
of slip flow over charged graphene surfaces. In the meantime,
EPF may also increase in graphene nanochannels due to
increasing ionic concentrations if graphene surfaces exhibit
higher surface charge densities than silica surfaces (Fig. 3a).
Since it is very difficult to experimentally decouple these two
components (EPF and EOF) from each other, we build a
Poisson–Nernst–Planck (PNP) model to distinguish their separ-
ate contributions and to quantify their dependence on trans-
port properties including surface charge density and/or slip
length. Without the loss of generality, we first assume that the
surface charge densities for silica and graphene surfaces are
the same. The ionic concentration distribution and velocity
profile inside the nanochannel are solved using COMSOL
Multiphysics and EPF/EOF conductances are calculated
accordingly (see the ESI†). Fig. 3b plots the calculated EPF con-
ductance (black solid line) and EOF conductance (red solid
line) as a function of surface charge density σ (σ varying from
3 to 6.5 mC m−2) for Type I devices filled with 10−5 M KCl solu-
tion. In these devices (silica channels with no-slip boundary
conditions), the EPF conductance is around one order of mag-
nitude higher than the EOF conductance and thus is respon-
sible for the experimentally measured conductance. Different
from Type I devices, nanochannels in Type II devices have one
of the two major walls covered by graphene (Fig. 2a and 3a).

The boundary slip at the graphene/solution interface can
provide a non-zero flow at the graphene surface (Fig. 3a) and
thus can increase the EOF conductance in these devices com-
pared to the Type I devices. Fig. 3b also plots the calculated
EOF conductance (dashed lines) as a function of surface
charge density for Type II devices filled with 10−5 M KCl

Fig. 3 Electrokinetic conductance calculated based on the PNP model.
(a) Physics involved in electrokinetic conductance for two types of
devices. (b) Electrophoretic and electroosmotic conductance with
no-slip/slip boundary at different surface charge densities (10−5 M KCl
solutions). (c) Electroosmotic conductance with slip boundary at
different slip lengths (10−5 M KCl solutions).
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solutions. Each of the dashed lines corresponds to a different
slip length at the graphene surface. According to our modeling
results, although the EPF conductance is still higher than the
EOF conductance in this range of surface charge density, the
enhanced EOF conductance due to the boundary slip at the
graphene surface can be three times that in Type I devices
(silica nanochannels with no-slip boundary) and can no longer
be ignored even when the surface charge density is as low as
3 mC m−2. Our modeling results also indicate that high EOF
conductance can be induced by increasing the surface charge
density and/or slip length. Among these two factors, the EOF
conductance is more sensitive to the surface charge density
than to the slip length. The stronger dependence of the EOF
conductance on the surface charge density is better seen when
replotting the EOF conductance as a function of slip length at
different surface charge densities (Fig. 3c). The EOF conduc-
tance increases mildly as the slip length increases from 20 nm
to 100 nm and saturates as the slip length continues to
increase to 500 nm. Meanwhile, a slight increase of the surface

charge density from 3 mC m−2 to 5 mC m−2 can induce a
threefold increase in EOF conductance.

Since the surface charge density is crucial to both EPF and
EOF conductances in graphene nanochannels, we extract the
effective surface charge densities on silica and graphene sur-
faces by comparing our experimental results with theoretical
predictions. Fig. 4a shows a typical surface charge density
extraction process from Type I devices for a KCl concentration
of 10−5 M. The EPF conductance at different given surface
charge densities is shown as a black solid line with a diamond
symbol. Modeling conductance for Type I devices, which is the
sum of EPF conductance and EOF conductance with no-slip
boundary conditions, is shown as a red solid line with a
hollow circle symbol. For reference, the horizontal dotted line
shows the measured conductance of Type I devices. According
to the intersection of modeling conductance and experiment
conductance, the effective surface charge density for Type I
devices (silica surface) at 10−5 M KCl concentration reads
4.4 mC m−2.

Fig. 4 Effective surface charge density extraction for silica and graphene based on experimental results. (a) Comparison of ionic conductance
between the experimental value and theoretical modeling (10−5 M KCl solutions). (b) Extracted effective surface charge density for Type I and Type II
devices at different KCl concentrations. (c) Extracted effective surface charge density for Type I and Type II devices at different HCl concentrations.
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For Type I devices, both the ceiling and floor of the channel
are silica rendering an identical charge density for both sur-
faces. For Type II devices, while the channel ceiling is silica,
the floor is covered by graphene. Assuming that the surface
charge density for the channel ceiling is the same as Type I
devices at the particular ion concentration, modeling conduc-
tance is calculated by parametrically sweeping the surface
charge densities and slip lengths of graphene. A typical gra-
phene surface charge density extraction process from Type II
devices at 10−5 M KCl concentration is shown in Fig. 4b. The
EPF conductance is still shown as a black solid line. Modeling
conductance for Type II devices is the sum of EPF conductance
and EOF conductance with slip boundary conditions at the
graphene surface. Modeling conductance is shown as blue
solid lines, and each symbol represents a corresponding slip
length (square: Ls = 20 nm; upward-pointing triangle: Ls =
40 nm; downward-pointing triangle: Ls = 100 nm). Accordingly,
the effective surface charge density for the graphene surface at
10−5 M KCl concentration reads 4.7–5.5 mC m−2 when the slip
length is between 20 nm and 100 nm.

As for the slip length of water at the graphene surface, a
wide range of theoretical and experimental values have been
reported. Maali et al.31 have experimentally measured the slip
length of 8 ± 2 nm for water on a graphite surface. Later on,
Thomas and McGaughey32 have reported the water/graphene
slip length as 30 nm based on their MD prediction. Kannam
et al.33 and Falk et al.34 have also calculated the slip length of
water on graphene surfaces separately, reporting 60 nm and
80 nm, respectively. These reported large slip lengths on
stress-free graphene surfaces have been attributed to their
hydrophobic and atomically smooth surfaces. According to
existing MD simulations, water molecules close to the gra-
phene surface actually do not like to interact with the gra-
phene surface, but form hydrogen bonds themselves. This
results in a small gap (∼2 Å) between the graphene surface and
the first layer of water molecules and water can move along the
graphene surface with very low friction, which in turn yields
large slip lengths for stress-free graphene.3,45 In addition to
these studies on stress-free graphene, Xiong et al. studied the
effect of strain on water transport in graphene nanochannels
and reported slip lengths of 26–173 nm when the strains
applied to graphene change from −10% to 10%.45 Despite the
variation among all the reported water slip lengths on the gra-
phene surfaces with and without strains, our modeling results
(Fig. 3c) show that the EOF conductance in our single-side-
graphene-covered channel is not sensitive to the slip length
within the range of 20–100 nm. Therefore, the influence of the
slip length on the EOF conductance in our single-side-
graphene-covered devices is limited due to the no-slip boundary
at the other surface. This is quite different from the existing
full-graphene-covered carbon nanofluidic structures including
CNTs, CNT membranes and graphene oxide membranes
where the EOF conductance is expected to change significantly
with both the slip length and the surface charge density of gra-
phene. Such dual dependence of EOF has made it impossible
to quantify the separate contributions of the surface charge

density (which affects both EPF and EOF) and slip length (which
affects EOF) to the observed enhanced ion transport in these
carbon nanofluidic structures despite extensive studies over the
last decade. In fact, a wide range of slip lengths and surface
charge densities have been proposed to explain the enhanced
conductivity of the existing nanofluidic structures.5,23,25–28

As our single-side-graphene-covered nanochannel limits the
dependence of EOF on the slip length, we are able to decouple
these two major factors and more insights could be obtained
into the surface charge of graphene for the first time.

Assuming that the water slip length at the graphene surface
is 40 nm, we extract the effective surface charge density, for
silica and graphene surfaces at various KCl concentrations in
the surface-charge-governed regime and the transition regime
(Fig. 4c). The effective surface charge densities thus reflect the
contribution of the charged surface to the enhanced nano-
channel conductance in these regimes. Similar to the surface
charge on silica formed by silanol deprotonation,46 the charge
on the graphene surface is known to originate from the dis-
sociation of oxygen-containing functional groups on gra-
phene47,48 in an aqueous environment (R–OH ⇌ [R–O]− +
[H]+). As is shown in Fig. 4c, the effective surface charge den-
sities for silica and graphene increase with the bulk concen-
tration. This result can be explained by the shift of the dis-
sociation reaction. As the bulk concentration increases, the
proton concentration inside the nanochannels decreases.
Therefore, the dissociation reaction would shift right to gen-
erate more surface charge. It can also be seen that the effective
surface charge densities for the graphene surface are close to
those for the silica surface in a wide range of KCl concen-
trations.49,50 Accordingly, the EPF conductances for both Type
I and Type II devices are close since they are governed by the
surface charge density within the range of KCl concentrations
(10−5 M–10−2 M). Therefore, the observed higher ionic conduc-
tance is majorly from the enhanced EOF conductance induced
by the boundary slip at the graphene surface.

Effective surface charge densities for silica and graphene
surfaces in the presence of HCl are also extracted with the
assumption that both surfaces are negatively charged (Fig. 4d).
Apparently, the effective surface charge densities are smaller
than those for KCl solutions. This observation could be
explained by protonation of negatively charged functional
groups.51 Higher proton concentrations in an HCl solution can
suppress the dissociation reactions of surface hydroxyl groups,
resulting in a less surface charge density. However, this expla-
nation cannot explain the sudden dramatic increase of the
effective surface charge density for the silica surface from
10−4 M to 10−3 M and for the graphene surface from 10−3 M to
10−2 M. In fact, the surface charge induced by the dissociation
of the hydroxyl group should continuously decrease with the
increasing HCl concentration. We believe that such a sudden
increase of the effective surface charge density actually results
from the surface charge inversion of both surfaces. In parallel
with the dissociation reaction of the surface hydroxyl groups,
proton adsorption (e.g. R–OH + H+ ⇌ R–OH+

2) would also
simultaneously occur on the silica and graphene surfaces.
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Although this reaction is not prominent in nanochannels
filled with KCl solutions and low-strength HCl solutions
(because of the relatively low proton concentrations), the
higher proton concentrations in intermediate- and high-
strength HCl solutions would certainly facilitate it and thus
lead to protonated, positively charged surfaces. Different from
the negatively charged surface, these protonated surfaces will
have two separate contributions to the enhanced nanochannel
conductivities. On one hand, they will attract more anions
(Cl−) inside the nanochannels and the increase of anion (Cl−)
concentration will yield higher conductivities compared with
predictions based on the bulk concentrations. On the other
hand, the adsorbed protons on such protonated surfaces are
actually mobile as they can migrate along interfacial water or
hop between the surface functional groups, which can thus
further increase the nanochannel conductivities.52–57 As a con-
sequence of such dual contributions from protonated surfaces,
a sudden increase of the effective surface charge density would
occur after the surface charge inversion. The transition HCl
concentration for this surface charge inversion is believed to
be directly correlated with the isoelectric point (pI) of the
surface. pI is the pH at which surface charges from the dis-
sociation reaction and the proton adsorption reaction have an
equal amount and the surface statistically carries no net
charges. The different HCl transition concentrations for the
glass and graphene surfaces reflect different pIs of these two
surfaces, which is consistent with the previous studies (pI =
3.5 for silica and pI < 3.3 for graphene).49 Such different pIs
for these two surfaces suggest that there are different reaction
kinetics for the dissociation and proton adsorption on these
two surfaces.58 It is worth noting that, other than different
reaction kinetics of these two reactions, the charge on the
graphene surface is also related to the water molecule structure
and orientation, as well as the specific adsorption of the
hydroxyl group.59 The effect of these mechanisms can be mani-
fested particularly in HCl solutions because the proton is highly
involved in them and is the only available cation.

It is also worth noting that the graphene nanochannels
investigated in this study only showed limited ion transport
enhancement compared with silica nanochannels because of
the absence of graphene on the channel ceiling. However,
significant enhancement could be reached when the inner sur-
faces of the channel are all covered by graphene. Our simulation
results indicate that the EOF conductance of such an all
graphene nanochannel could be 20 times higher than the silica
nanochannel with the same height (∼20 nm) and that electro-
osmosis would be a dominant transport mechanism in com-
parison to electrophoresis. These ideal graphene nanochannel
devices can really harness the unique transport of carbon nano-
fluidics and deserve further investigation in the future work.

Conclusions

2-D planar graphene nanochannels have been successfully
fabricated using MEMS fabrication approaches. We experi-

mentally and theoretically studied ion transport in these
channels using different electrolytes at various concentrations
and compared our results with those in pure silica nano-
channels. Our results confirm the boundary slip of the gra-
phene surface and characterize the surface charge density on
graphene in an aqueous environment for the first time. The
knowledge gained from this study can thus guide the design
of new GNC-based nanofluidic devices for both fundamental
transport studies of carbon nanofluidics and practical appli-
cations in LOC systems.
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