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           Introduction 
 Carbon is a “go-to” material for applications in the fi elds of 

molecular separations via adsorption, as electrode materials 

in batteries, and for strong composite materials. From a fun-

damental point of view, carbon can form different types of 

hybridized bonds (sp, sp 2 , and sp 3 ), which underpin the for-

mation of a wide variety of allotropes, including diamond, 

graphite, fullerenes, and nanotubes. Graphene, an individual 

carbon layer of monoatomic thickness, has also been isolated 

and its properties evaluated. 

 While wide-ranging experimental and theoretical work 

has been undertaken on the electronic, electrochemical, and 

mechanical properties of carbon allotropes, understanding and 

exploiting the molecular- and fl uid-transport properties within 

the confi nes of the nanoscale afforded by the one-dimensional 

(1D) structure of carbon nanotubes (CNTs) and the two-

dimensional (2D) planar structure of graphene is a new frontier. 

Carbon is special from the fl uidic perspective, and the dis-

covery of new nanofl uidic behavior associated with graphitic 

materials has triggered explosive growth in this fi eld. Much, 

however, remains to be discovered and understood. There is 

potential in these discoveries to lead to disruptive new technolo-

gies for water purifi cation, desalination, and energy generation 

and storage. In this article, we focus primarily on experimental 

studies of carbon nanostructures. Other articles in this issue 

review the theoretical studies undertaken in this fi eld.   

 One-dimensional carbon channels 
 Molecular simulations have played a key role in the devel-

opment of this fi eld. In 2001, Hummer et al. investigated 

the water-conduction properties of single-walled CNTs and 

reported extraordinary water speeds in CNTs of around 

90 cm s –1  under moderate pressure drops, comparable to 

aquaporin protein channels, an extremely performing bio-

logical water fi lter.  1   Around the same time, Johnson et al., 

using molecular dynamics (MD) simulations, reported orders 

of magnitude larger transport diffusivities of gases inside the 

smooth interiors of CNTs, compared to what was expected 

by classical hydrodynamics.  2   It was interesting to observe 

that two different states of matter—liquids and gases—with 

different molecular densities, showed similar behavior during 

fl ow through CNTs. 

 Several years later, experimental studies were undertaken 

when methods were developed to fabricate membranes 

composed of a large ensemble of vertically aligned CNTs. 

Carbon nanotubes were grown in a vertical array and the space 

between these tubes were fi lled with a polymer  3   or ceramic.  4 

This consolidated fi lm was released from the substrate to 
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yield freestanding membranes. These studies demonstrated 

the ultrahigh permeability of CNT membranes, four to fi ve 

orders of magnitude larger than standard continuum predictions 

for liquids and gases.  4   –   6   However, there was some debate 

surrounding the origin of the superfast fl ows as well as the 

magnitude of the enhancements, because these measurements 

were averaged over a large number of nanotubes.  7   

 Theoretical efforts for understanding the origins of enhanced 

fl ow in nanotubes confi rmed a low wall-fl uid friction coef-

fi cient at the water–nanotube surface as compared to other sur-

faces. Even more striking was that surface friction decreased 

with the radius of the CNT—smaller tubes lead to faster 

fl ows.  8 , 9   As shown in   Figure 1  , surface friction of liquids is 

usually quantifi ed in terms of a slip length,  b , which accounts 

for the breakdown of the no-slip boundary condition at the 

CNT surface (a large slip length being associated with small 

friction).  10   In the presence of surface slippage, the nanotube 

permeability,  k  NT , defi ned in terms of the ratio between the 

averaged water velocity,  v  w , and applied pressure drop,  Δ  P , 

is accordingly enhanced as: 

 NT
w ;Δ=  × 

η
k P

v
L

 (1) 

  

2

NT
41 ,

8
= R b

k
R  

 where  R  is the channel radius,  L  is the channel length, and  η  

is the water viscosity.     

 Simulations report large slip in the hundreds of nanome-

ters range, which increases when the CNT radius decreases.  8 , 9   

Values of slippage observed in CNTs are remarkable and exceed 

almost two orders of magnitude of that observed in any other 

material.  10   This nanoscale behavior can be theoretically ratio-

nalized in terms of an increasing incommensurability of water 

with a crystalline CNT surface for smaller tubes.  9   

 It has slowly and steadily emerged from the theoretical stud-

ies that CNTs are special for water conduction. To resolve this 

scientifi c question of enhanced fl uid fl ow, increased experi-

mental activity for single-pore measurements in CNTs has been 

reported. This has raised challenges in instrumentation, both in 

building well-defi ned individual nanofl uidic channels amenable 

for a systematic fundamental understanding of their properties, 

as well as in measurements of minute ionic currents and water 

fl ows traversing these nanoscale pipes. 

 A number of groups have developed methods to isolate 

and embed single nanotubes into microscale chambers.  11   –   13   

Another approach consists of embedding CNTs directly into 

lipid bilayers and cell membranes, allowing the systematic 

study of ion and DNA translocation through such “CNT 

porins.”  14 , 15   Siria et al. used nano-manipulation tools to insert 

a single nanotube into a pierced membrane, leading to a trans-

membrane geometry that allows the exploration of ionic trans-

port not only under electric fi elds, but also pressure drops and 

osmotic gradients.  16   –   18   In most of these experiments, transport 

has been driven by electric fi elds, and the measured quantity is 

the ionic current traversing the individual channels, typically 

in the range of nanoamperes to picoamperes. 

 These studies demonstrate that ionic trans-

port in CNTs is peculiar; for example, conduc-

tance scales sublinearly as a function of salt 

concentration.  18 , 19   This can be rationalized in 

terms of ion adsorption at the carbon surface.  18   

Siria et al.  16   also demonstrated giant, osmoti-

cally induced ionic currents in boron nitride 

nanotubes (BNNTs), the crystallographic cousin 

of CNTs. This property has been further 

confi rmed in an alternative MoS 2  single-layer 

system;  20   it is now the object of technological 

transfer for the development of new mem-

branes for the conversion of the energy com-

ing from the mixing of solutions with different 

salinity, the so-called blue energy. We should 

also note that some of these experiments in 

CNTs have yielded results that are diffi cult to 

explain using standard theories of ionic trans-

port, like the observation of blocking currents 

in single nanotubes.  11   

 Going from ionic to mass fl ow measurements 

is a further challenge in individual nanotubes. 

Secchi et al. were recently able to quantify the 

water fl ow across a single nanotube by harvesting 

the hydrodynamic peculiarity of nanojet fl ows.  17   

These experiments, the fi rst to measure fl ow in 

  

 Figure 1.      (a) Defi nition of the slip length,  b , at a surface;  v  t  is the fl uid velocity transversal 

to the liquid–solid interface. (b) Molecular dynamics results for the slip length in carbon 

nanotubes (CNTs) versus the tube radius;  9   qualitatively similar results were found by 

Thomas and McGaughey.  8   (c) Experimental results for the slip length measured in 

individual carbon (green-CNT) and boron nitride (blue-BNNT) nanotubes. Typical results 

for the slip length reported in the literature (labeled Mattia et al. and Whitby et al.) with 

large-scale membranes are provided for comparison. Reprinted with permission from 

Reference  17 . © 2016 Macmillan Publishers Ltd.    
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single nanotubes, have shown that considerable fl ow slippage 

occurs in CNTs and that the effect is enhanced in smaller diameter 

nanotubes (see  Figure 1 ). Interestingly, these measurements raise 

new mysteries, as the slip increase is much larger than predicted 

by theory. The BNNTs exhibited no slip at all. It is worth noting 

that these two materials, which have the same crystallographic 

characteristics, but different electronic properties—boron nitride 

being strongly insulating in contrast to semimetallic carbon—

exhibit different hydrodynamic behaviors. Recent explorations 

using  ab initio  simulation tools have shown that electronic 

degrees of freedom can strongly affect the physical chemistry 

and lead to considerable difference in transport properties.  21 , 22   

 To a large extent, the prediction of enhanced fl ow in nanotubes 

by simulations and experiments in both large-scale ensembles of 

CNTs and single-tube fl ow measurements should alleviate any 

doubt about the occurrence of superfast fl ows in CNTs. Despite 

this scientifi c assurance, vertically oriented CNT membranes are 

diffi cult to scale up, and after a decade of research, no product is 

currently available. It also remains to be seen if the fast fl uid fl ow 

properties will lead to lower energy requirements for desalina-

tion, given that fast fl uid fl ow would mean that the concentration 

polarization layers that would oppose the applied pressure would 

also increase rapidly.  23   Still, nanotubes remain a fascinating 

fundamental object, full of surprises.   

 Two-dimensional carbon channels 
 In terms of fl uidics, driving forces scale with the inverse of the 

membrane thickness, so that molecularly thin membranes are 

associated with minimal fl ow resistance and maximal transport. 

Several research groups have used thin graphene layers grown 

by chemical vapor deposition, transferred it over a porous sub-

strate, and utilized nanofabrication tools such as focused ion 

beam or focused ion beam-assisted chemical etching to develop 

permeable pores. This allows fabrication of porosities with tun-

able subnanometric pores sizes and large pore densities, up to 

10 12  cm –2 ,  24   making such membranes good candidates for 

molecular sieving applications (e.g., for desalination).  25   If no 

defects or holes are pierced, atomically thin 2D membranes 

made of graphene have been proven to be impermeable to 

all atoms and molecules at ambient pressure, making them 

the perfect support for developing new fl uidics membranes. 

Interestingly, only protons seem to be able to permeate through 

defect-free graphene, with a slightly different result on h-BN.  26   

 As expected from their molecular thickness, such pierced 

membranes also demonstrated fast transport properties. Park 

et al.  27   verifi ed that fl ow resistance is, however, limited by the 

hydrodynamic entrance effect—the lateral size of the nanopore, 

 a , acts as a cutoff and the permeability in this case obeys the 

so-called Sampson Law, relating fl ux,  Q , to the pressure drop 

 Δ  P  (  Figure 2  ):

 
3

( ).
3
a

Q P= × −Δ
η

 (2)       

 Geim and co-workers recently fabricated nanofl uidic devices 

consisting of a few graphene layers as spacers between two 

graphite surfaces and measured evaporation fl ows of water 

induced by capillarity across these channels .   28   They discovered 

the possibility of stacking graphene with controlled subnano-

meter confi nement—this is the domain where “exotic” (non-

classical) transport (and breakdown of bulk hydrodynamics) 

is expected. Geim et al. highlight the role of molecular disjoin-

ing pressure effects on transport leading to counterintuitive 

consequences, such as a higher fl ux for smaller confi nements. 

In this regime, the Laplace expression for the capillary pres-

sure breaks down and it depends on the number of water layers 

confi ned in the channels.  29   The ability to fabricate such nano-

fl uidic systems allows for a new domain of fl uid transport with 

the possibility of systematic fundamental exploration of their 

properties. 

 Molecular confi nement can also be reached in larger-scale 

membranes, such as graphene oxide membranes composed 

of stacked carbon membranes, as in a layered French pastry 

called a “millefeuille” (see   Figure 3  ). Graphite oxide (GO) 

shows rich colloidal behavior, including phase transitions 

from isotropic to liquid crystalline phases.  30   –   32   Majumder and 

co-workers have recently developed methods to manufacture 

GO membranes in large scales compatible with roll-to-roll pro-

cessing utilizing the liquid crystalline phases of GO.  33       

 The transport properties of such membranes composed 

of stacked layers of graphene oxide have been explored in 

various studies.  34   –   38   In terms of fl ow, the characterization of 

the transport properties of these membranes has yielded con-

trasting results, with permeability results spanning orders of 

magnitude, so it is rather diffi cult to conclusively interpret the 

fl ow-enhancement mechanisms. There is a thus a need to 

develop consistent materials characterization and measure-

ment protocols.  39   However, due to its labyrinthine architec-

ture, the hydrodynamic resistance of this structure is expected 

to be much larger than that of molecularly thin graphene, and 

  

 Figure 2.      Experimental water permeability of nanoporous 

graphene sheets (red dots) and comparison with the Sampson 

prediction (dashed line). Scale bar in inset image is 10  μ m. 

Reprinted with permission from Reference  27 . © 2014 AAAS.    

https:/www.cambridge.org/core/terms. https://doi.org/10.1557/mrs.2017.62
Downloaded from https:/www.cambridge.org/core. Kainan University, on 13 Apr 2017 at 20:38:27, subject to the Cambridge Core terms of use, available at

https:/www.cambridge.org/core/terms
https://doi.org/10.1557/mrs.2017.62
https:/www.cambridge.org/core


 FLOWS IN ONE-DIMENSIONAL AND TWO-DIMENSIONAL CARBON NANOCHANNELS: FAST AND CURIOUS   

281 MRS BULLETIN     •     VOLUME 42     •     APRIL 2017     •     www.mrs.org/bulletin 

mainly controlled by (again) entrance effects between the var-

ious layers. This mechanism was rationalized theoretically in 

a recent report ( Figure 3 ), and yielded good agreement with 

experimental results for liquid fl ows (provided experiments 

did not involve capillary meniscii).  40   

 In terms of ionic transport, these stacked systems have 

demonstrated esoteric phenomena, such as ion-current recti-

fi cation behavior depending on the shape of the membrane.  41   

Interpreting such results remains to be understood on the 

theoretical side, but they have potential in the construction 

of components of iontronic circuits, the ionic counterpart of 

electronic circuits.  42   

 Beyond these aspects, such stacked membranes may 

be advantageous for separations. Recent simulations have 

shown that GO membranes may exhibit a subtle “self-

semipermeability” to water in the presence of ethanol, thereby 

opening the possibility of separating water from ethanol by 

a reverse osmosis-like process, which consumes considerably 

less energy than distillation processes.  43   GO membranes have 

been utilized for pervaporation, typically allowing water 

vapor to permeate through the membrane while retaining the 

organic components.  44   They have also demonstrated CO 2 /N 2  

selectivity depending upon the degree of interlocking of the 

GO sheets.  36   Importantly, both of these examples highlight 

molecular-scale separations. 

 Another practical example is the use of GO membranes as a 

protective and permselective membrane on the sulfur cathode 

of Li-S batteries, enabling the transport of Li ions, but limiting 

the transport of the physically larger polysulfi de species. The 

addition of the membrane in the battery architecture is found 

to dramatically increase the cyclability and transport kinet-

ics in Li-S battery cells.  45   These membranes have also been 

reported to have better fl ux and selectivity performance than 

typical commercial nanofi ltration polymeric membranes.  33   

Their specifi c architecture, which is intrinsically molecular, 

combined with their ease of fabrication, offer great opportu-

nities for membrane applications and a complex structure to 

model transport (see  Figure 3b ).  40     

 Future challenges to be addressed 
and conclusions 
 After more than a decade of intense investiga-

tions, both on the experimental and theoreti-

cal sides, the unique fl ow properties of carbon 

materials, which are far beyond expectations, 

have been confi rmed. This period has seen the 

considerable development of carbon nanofl u-

idics, which now offers the possibility of con-

ducting single nanotube and single molecular 

channel experiments. This is a milestone, and 

opens new opportunities for the systematic 

exploration of transport properties of these 

systems. 

 These experiments have raised further 

mysteries, such as the strong contrast of fl ow 

properties inside semimetallic carbon struc-

tures versus the insulating boron nitride. This suggests that 

the interaction of water with the confi ning materials to a large 

extent remains to be understood, and a proper model is still 

needed to account for such effects. It is interesting to note that 

hydrodynamic properties depend so strongly on the electronic 

degrees of freedom. This suggests that carbon nanofl uidics is 

an exciting fundamental playground where classical physics 

meets quantum physics, a research avenue that should be fur-

ther explored. 

 Beyond fundamental questions, the specifi c properties of 

carbon materials still raise considerable hope for more appli-

cations. On the one hand, the fabrication challenges of large-

scale CNT membranes has somewhat crushed the hope to use 

these 1D materials for separations and desalination applica-

tions at large scale. On the other hand, the development of 

2D graphene materials and their stacked forms as graphene 

oxides now raises great hopes, because these materials retain 

many of the key advantages of carbon with a less prohibitive 

technical cost in terms of fabrication. In the end, the prop-

erty to exploit may not be fl ow enhancement, but exploring 

their potential in a broader perspective for water transport and 

novel functionalities is defi nitely needed. 

 These new architectures have revived the hopes of 

harvesting carbon materials for industrial applications. This 

opens up new possibilities in membrane science. Industries 

need to invest and commercialize some of these novel fl uidic 

platforms, which is only possible if high-value, high-volume 

applications are demonstrated and commercial potential 

unearthed. 

 In summary, the nascent fi eld of carbon nanofl uidics is at a 

crucial juncture of impact and growth because all the parts are 

accessible. The materials are readily available, the problems 

are laid out, and the experimental and theoretical tools have 

been developed.    
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