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N A N O F L U I D I C S

Nanofluidics: field of physics studying the fluid behavior at the nanoscale

Challenges and benefices from the nano scales :

✓breakdown of bulk transport properties:  Navier-Stokes, thermal transport, … 

✓surface to volume effects: enhanced role of surface phenomena

✓fluctuations of transport properties 

✓new functionalities from fluid behavior at smallest scale

What is new and why now?

✓ability to build new and controlled nm channel!
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Ion transport in complex layered graphene-based
membranes with tuneable interlayer spacing
Chi Cheng,1* Gengping Jiang,1* Christopher J. Garvey,2 Yuanyuan Wang,1 George P. Simon,1,3

Jefferson Z. Liu,3,4† Dan Li1,3†

Investigation of the transport properties of ions confined in nanoporous carbon is generally difficult because of the
stochastic nature and distribution of multiscale complex and imperfect pore structures within the bulk material. We
demonstrate a combined approach of experiment and simulation to describe the structure of complex layered
graphene-based membranes, which allows their use as a unique porous platform to gain unprecedented insights
into nanoconfined transport phenomena across the entire sub–10-nm scales. By correlation of experimental results
with simulation of concentration-driven ion diffusion through the cascading layered graphene structure with sub–
10-nm tuneable interlayer spacing, we are able to construct a robust, representative structural model that allows
the establishment of a quantitative relationship among the nanoconfined ion transport properties in relation to the
complex nanoporous structure of the layered membrane. This correlation reveals the remarkable effect of the struc-
tural imperfections of the membranes on ion transport and particularly the scaling behaviors of both diffusive and
electrokinetic ion transport in graphene-based cascading nanochannels as a function of channel size from 10 nm
down to subnanometer. Our analysis shows that the range of ion transport effects previously observed in simple
one-dimensional nanofluidic systems will translate themselves into bulk, complex nanoslit porous systems in a very
different manner, and the complex cascading porous circuities can enable new transport phenomena that are
unattainable in simple fluidic systems.

INTRODUCTION
The transport of ionic species in bulk porous solids, such as porous
carbon, is a fundamental physicochemical process that is widely in-
volved in many real-world applications such as molecular adsorption/
separation, water purification, electrochemical capacitive energy stor-
age, and catalyst and fuel cells (1–8). The behavior of ion transport
confined in nanopores and nanochannels can be very different from
that in bulk (9–12). A myriad of unexpected and exciting nanoscale
transport phenomena have been reported, with some of the most
striking being (but not limited to) ultrafast and highly selective ion per-
meation and an anomalous increase in capacitance in subnanometer
pores (13–15). Fundamental understandings of such nanoconfined trans-
port phenomena are traditionally based on simple, well-defined fluidic
systems because it is relatively straightforward to establish robust
structure-property relationships in these circumstances (11). However,
in practical technologies, it is important to be able to establish a quan-
titative relationship of bulk materials properties with respect to nano-
porous materials structures. This is difficult and inadequately explored
because of the often complex, random pore characteristics and
stochastic emergence of structural defects, which inevitably occur dur-
ing materials assembly and processing. Direct measurement of the ion
transport in porous carbon, usually in a powder form on the macro-
scopic level, is difficult. The complex transport path through these
materials, even for recently synthesized, highly ordered porous carbon
(16), depends not only on the pore structure inside a particle but also on
the interparticle gaps and voids, which are often randomly distributed

and far from well-defined. Interpretation of experiment results based
on an oversimplified theoretical model may lead to unpredictable and
sometimes inconsistent structure-property relationships, particularly for
bulk, porous material systems. The discrepancies of ion transport be-
havior in carbon nanotubes, for instance, the slip condition of their
inner surfaces, and the enhancement of electrophoretic ion mobilities
measured through a single carbon nanotube versus that through a car-
bon nanotube membrane (effectively an assembly of multiple vertical-
ly aligned, substrate-supported nanotubes) remain unresolved (17–19).
Structural imperfections such as defects, alignment, and random dis-
tribution of pore sizes are usually found in most bulk porous carbon
materials used in practice and add to the complexity of describing their
structures. This has severely complicated the quantitative bridging of
transport phenomena observed at nanoscale with corresponding mac-
roscopic material properties.

At the nanoscale, ion transport in porous carbon essentially involves
transport phenomena in graphene-enclosed nanopores or nanochan-
nels. Despite the simple two-dimensional (2D) structure and chemistry
of graphene, the difficulty in describing its assembled structure, espe-
cially the porous structure, still remains. This issue is widely encoun-
tered in recently emerging graphene-based bulk materials, even for
the simplest self-assembled membranes composed only of multiple
graphene-based nanosheets interlocked face-to-face in a self-similar,
layered porous architecture (20) (an example is shown in the upper inset
in Fig. 1A). The complexity arises from materials synthesis and
assembly and resides across multiple length scales. Current methods
for mass production of graphene by exfoliation of graphite allow little
control over the shape and the distribution of the lateral size of the
produced graphene (21). Such graphene materials have also proved to
have a microscopically corrugated molecular texture (22, 23), and there
is a considerable amount of defects/holes in the sheet plane that cannot
be restored (24, 25). Moreover, when assembled into a bulk membrane
material, individual nanosheets cannot be combined into a structure
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B R E A K D O W N  O F  N O - S L I P  B O U N D A R Y  
C O N D I T I O N S

Solid-liquid slippage at surfaces 

large slippage = low solid-liquid friction 
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Water slippage versus wettability
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N O W,  W AT E R - C N T  F R I C T I O N  ?  
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A LT O G E T H E R

 ✔ water superlubricity in CNT at nanoscales 

‣ A nanoscale effect 

‣ A key ingredient of CNT: perfect crystallographic structure 

‣ MD simulations: similar behavior for CNT and BNNT 

‣ Lacks of experimental systematic investigation (!!) 
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Bocquet-Charlaix Chem Com Rev (2010) 
Forniasero et al. Adv. Mat. (2015)



Fluidics in nanotubes and nanochannels

Ionic transport
Mass transport and 

interfacial properties
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T O W A R D S  S I N G L E  N A N O T U B E S

assess fundamentals of transport in single nanotubes

transport in nano-channels for a better fundamental understanding 
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N A N O  T O O L B O X

Open nanotube Drilled membrane

nanostructure building blocks

with Alessandro Siria since 2011 



Scanning Electron Microscope in situ manipulation



Scanning Electron Microscope in situ manipulation







T R A N S M E M B R A N E  N A N O T U B E

100 nm

BN nanotubes, from ~a few nm to 100 nm in diameter

Here nanotubes: 
multiwall Boron-Nitride nanotube  
and Carbon nanotubes

3222 dx.doi.org/10.1021/nl2014857 |Nano Lett. 2011, 11, 3221–3226

Nano Letters LETTER

was heated under a nitrogen atmosphere in a vertical induction
furnace to 1500 !C. Nitrogen carrier gas brought the powder into a
graphite vessel where it reacted with ammonia to form a white,
spongy material rich in BNNTs. BNNTs were taken as-synthe-
sized, placed into an ampule with excess freshly cut potassium
metal, evacuated to 10!6 Torr, and then heated at 300 !C for 72 h.

After removal from the ampule, thematerial was brought to 600 !C
in air for 30 min to remove any carbonaceous impurities. This
material was readily dispersed under mild sonication into isopro-
panol and dried onto lacey carbon TEM grids for analysis.

The synthesized BNNTs were of variable diameters rang-
ing from 6 to 70 nm (see Supporting Information Figure S1).

Figure 1. (Left) One and two-dimensional carbon nanomaterials including a CNT, graphene, and a GNR. Carbon atoms are displayed in gray. (Right)
One and two-dimensional boron nitride structural analogues including a BNNT, single sheet h-BN, and a BNNR. Boron atoms are displayed in blue and
nitrogen atoms are displayed in yellow. Though local bonding configurations are nearly identical for the materials in each column, boundary conditions
of the selected overall geometries result in unique distinct edge states and unique characteristics. For nanotubes, the circumference defines a boundary
condition, whereas for a large nanosheet the circumferential boundary conditions are lifted and edge states have minimal affect. For nanoribbons, the
width defines new boundary conditions and edge states can significantly affect many material properties.

Figure 2. Schematic of the splitting process of a BNNT to form a BNNR. Boron atoms are in blue, nitrogen atoms are in yellow, and potassium atoms
are in pink. The pristine BNNT (left) begins to locally unzip owing to potassium intercalation induced pressure buildup (middle), which results in
further splitting of the nanotube in the longitudinal direction to form few layer nanoribbons (right).
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Now, back to fundamentals: 

are carbon materials specific to transport ?  

and why ? 

➡ superlubricity of carbon nanotubes ? 

requires some fundamentals insight into transport  
across carbon materials 
 
experimental challenge… 



F L O W  T H R O U G H  S I N G L E  N A N O T U B E

Challenge: flow through single nanotubes is too small to be measured 
using standard techniques  
 
   requires resolution below femto-L/s, presently at most pico-L/s 

Fast flows through single CNT vs BNNT ?

Question: permeability of single nanotubes ?
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R O U T E  T O  M E A S U R E  F L O W  

a water nano-jet emerging from a single nanotube 

the peculiarity of the flow allows for a dye free flow 
measurement, with unprecedented sensitivity

CNT inserted in a 
pipette 

�P
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F L O W  T H R O U G H  S I N G L E  N A N O T U B E

M E A S U R E  A  F O R C E ,  N O T  A  F L U X

Harvest the specificities of the Landau-Squire jet flow

Landau, Fluid dynamics

Flow generated from a semi-infinite pipe 
towards a reservoir

vflow ⇠ Fp

4⇡⌘
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N A N O J E T  F L O W S

Strategy: 

1. measure the flow induced in the reservoir 

2. deduce the mean velocity inside the nanotube



P R O B E  F L O W  T H R O U G H  A  S I N G L E  C N T

CNT 33nm
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S T R O N G LY  I N C R E A S E D  P E R M E A B I L I T Y  I N  
C N T S …  N O T  I N  B N N T S

Secchi, Marbach, Niguès, Stein, Siria, Bocquet, Nature 537 (7619), 210-213 (2016)
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R A D I U S  D E P E N D E N T  S L I P PA G E  I N  C N T S
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H U G E  D I F F E R E N C E  C N T / B N N T,  W H I L E  S A M E  C R Y S TA L L O G R A P H Y

Secchi, Marbach, Niguès, Stein, Siria, Bocquet, Nature 537 (7619), 210-213(2016)



C A R B O N  V S  B N  N A N O F L U I D I C S  

• radius dependent superlubricity of CNTs   
(qualitative but not quantitative agreement with theory)  
               

• subtle (sub-)molecular origin: BN vs C 

• couple hydrodynamics with the electronic nature of the confining  
material (semi-metallic carbon vs insulating BN) 

   cross-road between soft and hard condensed matter 

much to understand 

cf not predicted by classical MD 
but by ab initio simulations: Tocci, Joly, Michaelides, Nanoletters 2014

first mass flow measurements in single nanotubes



C A R B O N  V S  B N  N A N O F L U I D I C S  

• subtle (sub-)molecular origin: BN vs C 

• couple hydrodynamics with the electronic nature of the confining  
material (semi-metallic carbon vs insulating BN) 

• many-body like fluidic transport: analogy with electronic transport 

cross-road between soft and hard condensed matter 

much to understand 

gating, fluidic transistor, coulomb blockade
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Nanotubes under study

Arc discharge 
Carbon nanotubes

CVD Boron Nitride 
nanotubes


