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Fast water transport in graphene
nanofluidic channels

Quan Xie®', Mohammad Amin Alibakhshi', Shuping Jiao? Zhiping Xu?, Marek Hempel?, Jing Kong?3,
Hyung Gyu Park®* and Chuanhua Duan®™

Superfast water transport discovered in graphitic nanoconduits, including carbon nanotubes and graphene nanochannels,
implicates crucial applications in separation processes and energy conversion. Yet lack of complete understanding at the
single-conduit level limits development of new carbon nanofluidic structures and devices with desired transport properties for
practical applications. Here, we show that the hydraulic resistance and slippage of single graphene nanochannels can be accu-
rately determined using capillary flow and a novel hybrid nanochannel design without estimating the capillary pressure. Our
results reveal that the slip length of graphene in the graphene nanochannels is around 16 nm, albeit with a large variation from
0 to 200 nm regardless of the channel height. We corroborate this finding with molecular dynamics simulation results, which
indicate thatthis wide distribution of the slip length is due to the surface charge of graphene as well as the interaction between

graphene and its silica substrate.

nanoconduits'” (for example, carbon nanotubes (CNTs) and
graphene nanochannels) and their membrane forms® (for
example, CNT membranes and graphene oxide membranes) and
has inspired great interest for applications in water desalination®”,
nanofiltration'"?, energy harvesting'>'* and lab-on-a-chip'>'.
Further development and application of these carbon nanoflu-
idic structures rely on accurate measurement and understanding
of water flow enhancement and surface slippage as a function of
confinement, curvature and surface properties down to the level
of single conduits. Although great progress has been made explor-
ing water transport and diameter-dependent slippage in single
CNTs'”", water transport in single graphene nanochannels, which
is ideal for lab-on-a-chip applications'® and is the basic unit of gra-
phene oxide membranes™'*-*!, has yet to be unambiguously studied.
There are a number of challenges for water transport study in
single graphene nanochannels, which to some extent are more
difficult to overcome than those in single CN'Ts"*. First, single gra-
phene nanochannels with well-controlled dimensions and atomi-
cally smooth graphene surfaces need to be fabricated on the target
substrate using facile fabrication methods. Second, ultra-low flow
rate due to nanoconfinement and the corresponding pressure dif-
ference across the single graphene nanochannel need to be pre-
cisely measured without using any theoretical estimation. So far,
there have been only limited efforts to resolve these two challenges.
Graphene nanochannels down to 0.7 nm were created using multi-
layer graphene as the spacer layer and water transport across these
was studied by measuring liquid-transport-limited evaporation
at the nanochannel entrances’. However, the fabrication method
lacked precise control over the channel length and the driving pres-
sure of water flow was estimated by molecular dynamics (MD)
simulation, whose accuracy has yet to be validated. Recently, we
developed a new method to construct graphene nanochannels with
well-controlled geometries to investigate enhanced ion transport®.

E ; uperfast water transport has been discovered in graphitic

In this work, we employ the same method to fabricate graphene
nanochannels with three-side graphene coverage to overcome the
first challenge. For the second challenge, we use capillary flow to
optically measure the flow rate in individual graphene nanochan-
nels while employing a hybrid nanochannel design to avoid inac-
curate estimation of the driving pressure®.

Hybrid nanochannel design

As shown in Fig. 1a,b, the hybrid nanochannel consists of a gra-
phene nanochannel connected with a silica nanochannel that has
the same height and width. The graphene nanochannel is the chan-
nel to be investigated, and the silica nanochannel serves as the ref-
erence nanochannel whose hydraulic resistance (permeability) is
known*. Both ends of the hybrid nanochannel (the graphene end
and the silica end) are open to allow water introduction for capillary
filling. In a typical experiment, two capillary flow measurements are
conducted in the hybrid channel, one starting from the graphene
side and the other starting from the silica side. The meniscus posi-
tions in the graphene channel, X,(f) and X,(¢), for these two capil-
lary measurements are expected to follow the two equations below
(see Supplementary Section 1):

X, (t)* =24t (1

X,(t)* +2BLX,(t) = 2At )

Here, t=0 is the time at which the meniscus enters the graphene
channel, A is the capillary flow constant of the graphene channel,
which entails the mass flow resistance and the capillary pressure
terms, L represents the length of the silica nanochannel, and ﬂ=;¥z
is the ratio of the mass flow resistance per unit length between silica

nanochannel (R,) and graphene nanochannel (R;).
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Fig. 1| Hybrid nanochannel design for water transport measurement in single graphene nanochannels. a,b, Schematic of the hybrid nanochannel

design. The graphene nanochannel to be studied is connected to a silica nanochannel with the same height and a known permeability. The capping

layer of the nanochannel is not shown for clearer visualization. Water fills the graphene nanochannel from the graphene side and the capillary flow
constant A is calculated based on the meniscus movement (a). Next, water fills the same graphene nanochannel from the silica side (b). The preceding
silica nanochannel is filled before the meniscus arrives at the graphene nanochannel. The mass flow resistance ratio, , between silica nanochannel and
graphene nanochannel is calculated based on the meniscus movement in the graphene nanochannel and the capillary flow constant A extracted from the
previous filling experiment. ¢,d, Microscope images of a fabricated hybrid nanochannel after anodic bonding. 30 nanochannels, which are 100 um apart,
bridge two microchannels (c). A close view of ¢ is shown in d. e, AFM characterization of a hybrid nanochannel before anodic bonding. The channel height
for both the graphene nanochannel and silica nanochannel is 49 nm. The roughness for the silica/graphene nanochannel area is 0.47/0.98 nm.

Using this hybrid channel design, the capillary flow constant
A can be determined by fitting the experimental data X,(f) with
equation (1). With A known, the mass flow resistance ratio  can be
calculated by fitting the experimental data X,(¢) with equation (2).
The flow resistance of the graphene nanochannel, R; can be
consequently calculated, since the flow resistance of the silica
nanochannel, Ry, is known (see error analysis in Supplementary
Section 2 and ref. *?). In contrast with previous capillary-filling
measurements where the driving pressure is estimated either
by the Young-Laplace equation or MD simulations, which may
lead to significant inaccuracies™”***, our hybrid channel design
enables accurate flow-resistance measurement without any theo-
retical estimations, which thus can unveil the true water slippage
in graphene nanochannels.

Figure 1c shows a microscope image of one of the graphene-
silica hybrid nanochannel devices used in this work. All the devices
were fabricated using the aforementioned fabrication method,
which involves nanochannel fabrication, graphene transfer and pat-
terning as well as anodic bonding'. Each of these devices includes
30 nanochannels bridging two microchannels (Fig. 1c) and around
10 nanochannels will become hybrid graphene-silica nanochannels
after graphene patterning. Clear optical contrast of the microscope
image (Fig. 1d) allows for the lengths of graphene and silica nano-
channels to be accurately measured.

The graphene nanochannels and the silica nanochannels have
the same height and similar roughness (for example, in Fig. le,
h=49nm and R,,,=0.47/0.98nm for the silica/graphene nano-
channel). Overall, 24 devices with a wide range of channel heights,
from 24 to 124 nm, have been fabricated and tested. Capillary-filling
measurements were conducted in these devices using de-ionized
water (resistivity: 18 MQ-cm, pH =6.2-6.4 due to CO, adsorption),
and the menisci locations were tracked by a monochromatic high-
speed camera (PHOTRON FASTCAM Mini UX50) mounted on an
optical microscope (OLYMPUS BH2).

The menisci locations as a function of time during the two
capillary-filling experiments were analysed with a MATLAB
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image-processing code. Two typical results, one from a 105-nm
channel and the other from a 25-nm channel are shown in Fig. 2a,b
and Fig. 2¢,d, respectively. Each capillary-filling process was plot-
ted in two different colourmaps to better show the meniscus
position and the corresponding fitting curve simultaneously. For
both nanochannels, the first capillary-filling experiment started
from the graphene side and the meniscus location X,(t) inside the
graphene nanochannel followed the Washburn’s equation (equa-
tion (1)) and showed a clear parabolic trend (blue dotted lines in
Fig. 2a,c) as a function of time.

In the second capillary-filling experiment, when water is intro-
duced from the silica side, water flows through the silica nano-
channel before entering the graphene nanochannel. Although the
meniscus x—t curve in the silica nanochannels can still be fitted
using a parabolic curve (red dotted lines in Fig. 2b,d), it begins
to deviate from the fitted parabola upon the meniscus reach-
ing the graphene edge (the black dashed line) because the silica
nanochannel and graphene nanochannel have different mass
flow resistances and capillary driving pressures. The meniscus
movement inside the graphene nanochannel (black dotted lines)
could be either faster (Fig. 2b) or slower (Fig. 2d) than those in
the silica nanochannels (red dotted lines). In certain cases (for
example, Fig. 2d), a linear relation between the meniscus position
and time is observed, indicating that the flow resistance mostly
originates from the preceding silica channel and a large  should
be expected. By fitting the different meniscus x—¢ curves in the
graphene nanochannel with equation (2) and using the capillary
flow constant A extracted from the first filling experiment, # can
be determined as 1.6 and 4.0 for the 105- and 25-nm nanochan-
nels, respectively.

We performed similar experiments and analyses for all
graphene-silica hybrid nanochannels of all 24 devices where
the moving menisci can be clearly determined (Supplementary
Section 3). The extracted mass flow resistance ratio, /3, is obtained
as a function of the channel height for each device and plotted in
Fig. 3a. Each column represents one device and each data point
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Fig. 2 | Capillary-filling measurement in hybrid graphene-silica nanochannels. a,b, Capillary-filling results of a 105-nm hybrid nanochannel. The bottom
figures are replotted from the top figures with another colourmap for better visualization, as the meniscus is very difficult to trace in shallow channels.
Meniscus location as a function of time in the first capillary-filling experiment of the 105-nm nanochannel which starts from the graphene side, X,(t),
follows a parabolic trend (the blue dotted line). The capillary flow constant, A, can be extracted from the best fit (a). Meniscus location as a function

of time in the second experiment of the 105-nm nanochannel which starts from the silica side (b). The red dotted line corresponds to the meniscus
movement in the preceding silica nanochannel, and the black dotted line corresponds to the meniscus movement after entering the graphene nanochannel,
X,(), which deviates from the red dotted line. The mass flow resistance ratio, f, can be determined from the capillary flow constant, A, and the best fit
(the black dotted line). The black dashed line in b represents the edge of graphene inside the nanochannel. ¢,d, Meniscus location as a function of time for
a 25-nm hybrid nanochannel in the first (¢) and second (d) capillary-filling experiment.

represents one hybrid nanochannel. Our results show that § var-
ies between 0.5 and 4.0 for our graphene nanochannels and there
is no clear correlation between the flow resistance ratio and the
channel height. In fact, § can drastically change even for the same
channel height.

Such variation in the mass flow resistance ratio f§ is not expected.
If we assume that the quality and coverage of graphene inside the
channel is perfect for all our measured hybrid nanochannel devices,
the observed flow enhancement should be attributed to the slippage
inside our graphene nanochannels. Based on the Navier-Stokes
equation (Supplementary Section 4), the mass flow resistance ratio
in the hybrid nanochannel can be derived as:

4LgipG
3 _opG
ﬁ=&=ﬁﬂ_c&[h_c T he )
" Rg g ps ws | hs 1+L;"L'G

G

Where 7 is the water viscosity and L, is the water slip length at
the graphene surface. All variables with subscript G correspond to
the properties in the graphene nanochannel, whereas the variables
with subscript S represent the properties in the silica nanochan-
nel. If the average fluid properties (density and viscosity) are the
same in both graphene and silica nanochannels’>*~?, the mass
flow resistance ratio is only related to the nanochannel geometry
and the water slip length, Ly, ;. Consequently, it is expected that
the mass flow resistance ratio would slightly increase with decreas-
ing channel height for a constant graphene slip length (see grey
bar plot in Fig. 3a) and have a minimum value of 1 in the case
of Lg;,=0. The fact that some of our measured mass flow resis-
tance ratios () are less than one thus suggests that the graphene
quality and coverage are not perfect in the graphene nanochannels
investigated in this study and the measured mass flow resistance
ratios (f) may not correspond to those graphene nanochannels
with full coverage of three-side graphene”. This indicates that our
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fabrication method may not guarantee perfect graphene coverage
and quality inside the graphene nanochannels especially for those
deep channels although 25-nm graphene nanochannels prepared
by this method have shown good coverage and quality”. In fact,
incomplete coverage, scratch/crumpled graphene, and left-over
polymer residues can be observed under the microscope in some
of the graphene nanochannels deeper than 30 nm (Supplementary
Section 5) although most areas within the channel appear to be
uniform. We hypothesize that these coverage/quality issues are
mainly associated with fatigue cracks during the graphene nano-
channel fabrication”® and deeper nanochannels are more prone
to have such fatigue-crack related issues as the greater height-to-
width ratios of these nanochannels would lead to higher stress at
the structure edges during the drying/baking process of graphene
transfer. This hypothesis has been confirmed by Raman spectros-
copy mapping of our graphene nanochannels (see Supplementary
Section 6). Furthermore, the Raman spectroscopy mapping
demonstrates that channels with poor graphene coverage/qual-
ity are always associated with low mass flow resistance ratios
(< 1) (Supplementary Sections 6 and 7), suggesting that the flow
impediment is contributed by the coverage/quality issues in our
graphene nanochannels.

Capillary pressure inside the graphene nanochannels

Since such bad coverage and quality of graphene should directly
affect the graphene surface energy and change the capillary driving
pressure of the graphene nanochannel, we extracted the capillary
pressure AP of all graphene nanochannels based on equation (2)
and correlated them with the mass flow resistance ratio in Fig. 3b.
The capillary pressure is normalized with a pressure based on the
Young-Laplace equation (AP,=2y/h). According to our data, the
shallower channels tend to have smaller AP; and greater § while
deeper channels show greater AP; and smaller . This resonates
well with our previous hypothesis of graphene quality/coverage in
graphene nanochannels.
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Fig. 3 | Experimental mass flow resistance ratio in hybrid nanochannels with heights varying from 24 to 124 nm. a, The extracted mass flow resistance
ratio, B, for each individual hybrid nanochannel. Heights of the nanochannels are marked on the top. The grey bar plot shows the ratio calculated from
equation (3) by assuming a constant slip length of 10 nm at the graphene surface. b, The normalized extracted capillary pressure AP versus 5. Each
symbol represents channels with a certain range of heights, for example the ‘30 nm' data marked with blue squares include data from 34- and 37-nm
hybrid nanochannels shown in a. ¢, The extracted f§ versus graphene coverage calculated from equation (5). d, Extracted 3, considering partial graphene

coverage for individual hybrid nanochannels with > 1.

Theoretically, from the viewpoint of surface energy”, the capil-
lary pressure in our graphene nanochannel can be expressed as:

cA PGraphene +(1-0)A PSiO2 + APSiOZ
2

AP;= (4)

Here c represents the effective coverage of graphene on the channel
floor (0<c<1), APg,phene is the effective capillary pressure inside
the fully graphene-covered channel (both the ceiling and the floor of
the nanochannel are covered with high quality graphene), and AP
is the capillary pressure inside the silica channel (Supplementary

NATURE NANOTECHNOLOGY | VOL 13 | MARCH 2018 | 238-245 | www.nature.com/naturenanotechnology

Section 8). Based on this equation, we can estimate the effective
graphene coverage using the measured capillary pressure. This cap-
illary-pressure-based coverage analysis is time efficient and closely
associated with the capillary flow inside the nanochannel, and its
validity is confirmed by a good agreement with Raman spectros-
copy mapping (Supplementary Section 9).

Figure 3c shows the correlation between the estimated graphene
coverage (c) and the measured mass flow resistance ratio (f) for
all our graphene nanochannels. Most of the graphene nanochan-
nels with f less than 1 have graphene coverage less than 60%.
This further strengthens our earlier observation that the measured
flow impediment (< 1) comes from the bad quality and coverage

24

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://www.nature.com/naturenanotechnology

a Nanochannel height (nm) Probability
24 25 25 25 34 37 47 47 48 49 56 57 70 72 78 82 92 105 M9 119 121 122 123 124 0.30 0.20 0.10 0
o © 8 == Upper limit
100 = 3 100
. I o oo S 5 .
fe)
E oftaf-8 Okl 2 Bsioes o o \g
£ 10 0. ° o o % S 10 =<
50 o o3 DY 8 o o B0
§ (o} o 8 Glass substrate E,
o o o © o
A Graphene Silica 5
1 nanochannel  nanochannel 1
o Graphene S
01 1 1 1 1 1 I 1 1 1 1 I 1 1 I 1 1 1 I I I I I I ] 01
b Nanochannel height (nm) Probability
24 25 25 25 34 37 47 47 48 49 56 57 70 72 78 82 92 105 M9 M9 121 122 123 124 030 0.20 0.10 0
o
100 100
o
-~ a -~
= 10 o o °o g8 ©° ) o 10 <
& o [CTHEPS ] o 5 g 5 (o} § )
ks o o o o <
o 5 © 5 @ o
bal o @
1 ° 5 1
0
01 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 01

Fig. 4 | The extracted slip length (L, ) based on equation (3) for each individual hybrid nanochannel with g, greater than 1. a, The extracted slip length

(L, 6) considering graphene coverage/quality in the nanochannel. Height of

the nanochannels are marked on the top. The histogram on the right shows

that the extracted slip length follows a lognormal distribution with the statistical median of 16 nm. This analysis may overestimate the actual slip length

and thus is labelled as ‘upper limit'". b, The extracted slip length (L, c) witho
graphene coverage is assumed for all the tested channels. Histogram on the

ut considering graphene coverage/quality in the nanochannel. The complete
right shows the lognormal distribution of extracted slip length with the

statistical median of 7 nm. This analysis underestimates the actual slip length and will give us a ‘lower limit' of the actual slip length.

of graphene inside the channels. Consequently, these data cannot
reflect the true water slippage of the graphene surface and thus we
only focus on results from the graphene nanochannels with mass
flow resistance ratios greater than 1.

Considering the partial coverage, the mass flow resistance ratio
B, for complete graphene coverage can be correlated with the mea-
sured flow resistance ratio § based on the relation of resistances in
series:

1/p=c/fy+1-c (©)

Figure 3d plots the experimentally extracted flow resistance ratio
B, for each graphene nanochannel, which still does not show spe-
cific height dependence and has values between 1 and 4.

Slip length of the graphene surface

Based on equations (3) and (5), the slip length of the graphene
surface for each individual nanochannel is calculated and results
are presented in Fig. 4a. The nanochannel heights are adjusted
according to the presence of the immobilized hydration layer on
silica surfaces”>****~* (inset of Fig. 4a). The extracted slip length
spans two orders of magnitude from 0 to 200nm and does not
show any obvious dependence on the channel height. In addition,
the extracted slip length seems to follow a lognormal distribution
(Lgip ~ lognormal(u,6”)) well and the statistical median is 16 nm.
Since we assume that the nanochannel surface is either plain sil-
ica or perfect-quality graphene in our coverage analysis, it is pos-
sible that our analysis underestimates the actual graphene coverage
because the graphene could be bad quality and have less capillary
driving pressure. As a result, the calculated slip length (shown in
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Fig. 4a) may overestimate the actual slip length of the graphene.
Therefore, to find the lower bound of the slip length, we repeated
the calculations this time based on the assumption of full graphene
coverage for all channels, which ignores all possible flow impedi-
ment induced by graphene imperfections. The results are presented
in Fig. 4b. The slip length calculated based on the assumption
of full coverage still shows a large variation of values, between
0 and 200 nm, with a statistical median of 7 nm. In addition to this
conservative approach, we also examined the slip length of nano-
channels with more than 90% graphene coverage (see Supplementary
Section 10) where the additional water flow impediment due to
incomplete coverage is negligible and observed a similar range of
variation. Therefore, we believe that the small, yet widely varying
values of the graphene slip length are true characteristics of water
slippage in the graphene nanochannels. The extracted statistical
median of the measured slip length (Lg;, ;=16 nm) is smaller than
what has been estimated in graphene capillaries made of pristine
multilayered graphene (Lg;, =60 nm)’, but is actually quite close to
the reported slip length of a single CNT with a diameter of 50nm
(Lgipc=17nm)*, where the curvature effect is relatively small. Since
there is a large difference between the reported surface charge den-
sity, o, in these two previous studies (6 & 0.05mC m™ in ref. ° and
o~ 5mC m™~ in refs. '%%), we hypothesize that the observed varia-
tion of the graphene slip length is due to the functional groups and
charges on the graphene surface. According to our ion transport
study in graphene nanochannels and several recent studies of gra-
phene electrochemistry from other groups, the graphene made from
the CVD process has certain surface charges'>**-*". The correspond-
ing surface charge density is found to be insensitive to the effective
ion concentration and pH at low salt concentrations”, suggesting
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Fig. 5 | MD simulations of water slippage in graphene nanochannels. a, Simulation snapshots that illustrate the molecular models of water confined
between graphene (with or without the silica substrate) and silica. b,c, The flow resistance ratio 8 (b) and slip length Ly, s (€) calculated from our MD
simulation results. For the oxidized graphene, we consider the relative surface density of carboxyl groups, that is, the ratio between the number of carboxyl
groups and that of carbon atoms in graphene, ccqoy=0.135% and 0.5%, respectively.

that it may be only related to the graphene properties themselves
(Supplementary Section 11). The presence of such surface charges
could decrease the smoothness of a potential energy landscape
as well as the hydrophobic nature of the graphene surface, conse-
quently reducing the flow slippage. In addition to surface charges,
the underlying silica substrate may also contribute to the decrease
of the flow slippage, as the interaction between water molecules and
this polar hydrophilic substrate cannot be totally screened by the
single-layer graphene®’.

MD simulation of substrate and surface charge effects

To further confirm these two effects, we performed MD simulations
using typical parameters for water-water and water—carbon inter-
actions for graphene nanochannels (h=1.8nm) with four different
types of graphene surface (Methods and Supplementary Section 12):
(a) pristine graphene without silica substrate underneath; (b) pris-
tine graphene in intimate contact with the silica substrate under-
neath; (c) graphene oxide surface (graphene surface with 0.135%
randomly distributed carboxyl groups) in intimate contact with the
silica substrate underneath; and (d) graphene oxide surface (gra-
phene surface with 0.5% randomly distributed carboxyl groups) in
intimate contact with the silica substrate underneath (Fig. 5a). The
surface occupancy of carboxyl groups in (c) and (d) were chosen,
respectively, in accordance with the average surface charge density
(8mC m™) measured in our previous graphene nanochannel ion
transport study'® and the maximum surface charge density reported
in literature (32 mC m=2)*.

The flow resistance ratios in these four cases are 6.55, 6.52,
5.37 and 4.29 corresponding to graphene slip lengths of 90.0, 75.2,
10.8 and 3.3nm. The calculated flow resistance ratios are greater
than the maximum theoretical prediction of equation (3) perhaps
because the MD simulation results indicate that even a bare silica
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surface has a finite slip length of 0.4 nm, which is not consistent with
our previous experimental water transport study of silica nano-
channels”. Nevertheless, it is clear from the MD simulation that the
nanochannels with graphene surface (c) and (d) yield the smallest
flow enhancement and slip length, which are followed by the nano-
channel with graphene surface (b), and then the nanochannel with
graphene surface (a). Furthermore, higher coverage of functional
groups and thus higher surface charge densities tend to further
decrease the flow enhancement and slippage of graphene surface.
It is worth mentioning that slip length in case (c) (Lg;,c=10.8nm)
is actually in agreement with the statistical median of extracted slip
length, proving that the surface charge and underneath substrate
can indeed affect the slip length of graphene significantly.

The effects of graphene surface charge and the underlying silica
substrate can also explain the large variation of the extracted slip
length. We notice that surface charge densities of graphene can vary
from nearly 0 to 32mC m™ (corresponding to ~0.5% coverage of
carboxyl groups) according to several recent studies and our inves-
tigation of ion transport in graphene nanochannels'>**-*. We also
notice that not all the transferred graphene has perfect intimate
contacts with the underlying silica substrate—AFM images show
that in certain cases the apparent height difference between gra-
phene and the surrounding silica substrate could be as large as 5nm
(Supplementary Section 13) despite ~0.3 nm of the graphene thick-
ness. This varying gap size can alter the substrate interaction effect
and give rise to variations in the slip length. The observed ultra-
small slip length (for example, less than 5nm) likely corresponds
to a graphene surface with large surface charge density induced by
surface functional groups and intimate contact (a strong interac-
tion) with the silica surface (case d). In contrast, the observed large
slip length (for example, 200nm) would most likely correspond
to a graphene surface with negligible surface charge density and
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weak interaction with the silica substrate (case a). In other words,
it is conceivable that the slip length of pristine graphene could be
close to or even greater than 200 nm, which is still greater than the
measured slip length of graphite’' and most MD simulation predic-
tions*~** and thus is worthy of further investigation.

Conclusions

In conclusion, our hybrid-nanochannel-based capillary-filling
measurements allow us to unambiguously measure water trans-
port in single graphene nanochannels and extract the slip length of
planar graphene even in cases of imperfect graphene coverage and
quality. Our results advance understanding of water transport in
carbon nanofluidics and indicate that the graphene surface charge
and the substrate effect could significantly influence the slip length
of graphene. We expect this method will also enable investigation
of water transport in other graphitic conduits including single
CNTs and graphene nanopores as well as in single biological chan-
nels such as aquaporins if more sensitive approaches of tracing the
meniscus (for example, electrical methods) and precise fabrication
methods of connecting the target conduit with a reference conduit
are implemented.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41565-017-0031-9.
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Methods

Device fabrication. The silica nanochannels were first fabricated with optical
photolithography and controlled reactive ion etching (CF,) on a silicon substrate.
Subsequently, 280-nm-thick silicon oxide was thermally grown on the silicon
substrate to ensure the surface hydrophilicity, improve the optical contrast and
facilitate the anodic bonding. CVD graphene was then transferred from copper
foil to the substrate with patterned open nanochannels via a PMMA-assisted wet
transfer method. Due to small height-to-width ratio of the open nanochannels,
the transferred graphene covered the substrate conformally. Afterwards, the
graphene was patterned into different lengths (shorter than the nanochannel),
forming silica-graphene hybrid nanochannels on the substrate. After annealing the
device under an Ar/H, environment, the substrate was bonded with another glass
substrate containing access microchannels and reservoirs. The anodic bonding
process (800V, 450 °C) was performed under vacuum (~10~* Torr) to ensure the
survival of graphene inside the enclosed nanochannel.

Molecular dynamics simulations. Molecular dynamics (MD) simulations are
performed by using the large-scale atomic/molecular massively parallel simulation
(LAMMPS)*. The all-atom optimized potentials for liquid simulations (OPLS-AA)
force field is used to construct atomic models of graphene and graphene oxide*.
We constructed carboxyl-functionalized graphene (on both sides of the sheet) with
various concentrations. The SPC/E model***" is used for water with the SHAKE
algorithm, which predicts the density and viscosity of bulk water as 0.9913kg 1!
and 0.729 mPa s. The van der Waals interaction between water and graphene is
described following the Lennard-Jones 12-6 form, that is V=4¢[(o/r)'> — (o/1)°],
where r is the interatomic distance between oxygen and carbon atoms. Parameters
£=0.09365kcal mol™ and 6=0.3190 nm are chosen, yielding a water contact angle

of 95° on graphene™. The silica surfaces are created by cutting the cristobalite by its
(111) surface that consists of low-density (4.54 ~-OH nm-?) hydroxyl groups. The
CLAYFF force field is used for SiO,. The Lorentz-Berthelot mixing rules are used
for the van der Waals interactions between SiO, and water molecules described in
the Lennard-Jones 12-6 form. The van der Waals forces are truncated at 1.2nm
and long-range Columbic interactions are computed using the particle-particle
particle-mesh (PPPM) algorithm™. A time step of 1.0fs is used to integrate the
equations of motion. The total time of simulation is a few nanoseconds. Water
molecules are equilibrated at 300K using the Berendsen thermostat. More details
are provided in Supplementary Section 12.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon reasonable
request.
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