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                     Introduction 
 In this article, I refl ect on 20 years of my research in the fi eld 
of carbon nanomaterials and provide my vision of this excit-
ing and quickly growing fi eld. Graphene is the latest example 
and is now the most widely researched carbon structure, but 
other carbons deserve attention as well. I fi rst describe carbon 
nanomaterials in general, to present an overview of the world 
of carbon nanostructures and to highlight their most promis-
ing applications. Then, I use the example of supercapacitor 
electrodes to show how to select different materials, design 
the required structures from carbon, and match them to spe-
cifi c electrolytes to achieve target properties. Structural and 
energy-related applications of carbon nanotubes and graphene 
are described in more detail in the sidebars. At the end, I briefl y 
introduce a new family of carbon-based materials, namely, 
two-dimensional (2D) transition-metal carbides (MXenes), 
which have a planar 2D structure similar to that of graphene, 
MoS 2 , or clay and show great potential for energy storage and 
a variety of other applications.   

 The large family of nanostructured carbons 
 About three years ago, I wrote a commentary titled “Not 
Just Graphene.”  1   This title was chosen because we scientists 
behave like children when we have new toys. Whenever 
there is a new material, we get excited, and we start playing 
with it. First were fullerenes  2   and carbon nanotubes;  3   today, 
everyone works on graphene.  4   However, what is exciting 
about the world of carbon is that it is so rich; there are 
so many different materials available (  Figure 1  ). Whereas 
graphene is currently “hot,” this article discusses a great 
variety of carbons. The special electronic structure of the 
carbon atom allows it to adopt  sp ,  sp2 , and  sp 3   hybridizations, 
resulting in the ability to form a diversity of nanostructures.  5 

Carbon is unique in this sense. We could build a world made 
entirely of carbon-based structures if we knew how to design 
with carbon, and a few examples are shown here. But it is 
exactly this variety, this richness of the carbon nanoworld, 
that also makes it very diffi cult for engineers to select the right 
material for a specifi c application.     
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 Carbon, with its variety of allotropes and forms, is the most versatile material, and 

virtually any combination of mechanical, optical, electrical, and chemical properties can 

be achieved with carbon by controlling its structure and surface chemistry. The goal 

of this article is to help readers appreciate the variety of carbon nanomaterials and to 

describe some engineering applications of the most important of these. Many different 

materials are needed to meet a variety of performance requirements, but they can all be 

built of carbon. Considering the example of supercapacitor electrodes, zero- and one-

dimensional nanoparticles, such as carbon onions and nanotubes, respectively, deliver 

very high power because of fast ion sorption/desorption on their outer surfaces. Two-

dimensional (2D) graphene offers higher charge/discharge rates than porous carbons and 

a high volumetric energy density. Three-dimensional porous activated, carbide-derived, 

and templated carbon networks, with high surface areas and porosities in the angstrom 

or nanometer range, can provide high energy densities if the pore size is matched with 

the electrolyte ion size. Finally, carbon-based nanostructures further expand the range of 

available nanomaterials: Recently discovered 2D transition-metal carbides (MXenes) have 

already grown into a family with close to 20 members in about four years and challenge 

graphene in some applications.     
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 So, how does one answer the question: “Which carbon mate-
rial is the best for use in a specifi c component or a device?” 
Although  sp -bonded carbon materials, carbynes, exist, we still 
do not know how to produce them in large quantities, not just 
a few atoms in a chain. Linear carbon chains 
have been seen inside carbon nanotubes but 
not in bulk quantities.  6   Such carbons do not yet 
have any engineering applications. 

 This article primarily focuses on  sp2 -bonded 
carbons because of the included case study on 
supercapacitors, an application that requires 
high conductivity.  7   The  π -electrons in  sp2 -bonded 
carbon materials such as graphene and nano-
tubes make these materials electrically conduc-
tive, and this is a very important property for 
many applications of carbons. But even if we 
consider just  sp2  carbon, the variety of carbon 
forms is astounding: graphene, nanotubes, fuller-
enes, onion-like carbon (multishell fullerenes), 
nanohorns, nanocones, rings—and this list goes 
on.  8 

 The most common  sp2 -bonded carbon mate-
rials used commercially are graphite, activated 
carbon (activated charcoal), carbon black, and 
carbon fi bers. These materials are abundant and 
readily available; their use in the electrodes of 
batteries and supercapacitors make our com-
puters and cell phones work. But what do we 
really need for a specifi c application? 

 Graphene can be considered to be a basic 
element, from which a graphite crystal can be 

built. By introducing pentagonal defects, one 
can produce fullerenes (closed carbon shells), or 
a graphene sheet can be rolled into a seamless 
cylinder to make a carbon nanotube. Yet, within 
every family, there is again an enormous rich-
ness of structures. A large variety of fullerene 
shells can be formed starting from C 20  and 
going to a much larger number of carbon atoms 
in each shell, with C 60  being the most stable.  9 

Figure 2   shows various carbon nanotube 
forms. There are single-wall tubes ( Figure 2b ) 
with 1-nm or even smaller diameters, but even 
these can be metallic or semiconducting; arm-
chair, zigzag, or chiral ( Figure 2a ).  11   There are 
double-wall, triple-wall, and multiwall nano-
tubes ( Figure 2c–g ), with a scroll or seamless 
cylinder structure. They can contain catalyst 
particles ( Figure 2e and j ) or be metal-free; they 
can be cylindrical, polygonal ( Figure 2g ), or 
even conical ( Figure 2h ).  10 , 12   When they grow to 
larger diameters, there is a smooth transition to 
carbon nanofi bers ( Figure 2i–k ), with diameters 
of hundreds of nanometers to micrometers 
or even larger, but there is no distinct border 

between carbon nanofi bers built of coaxial or scrolled shells 
and carbon nanotubes.     

 Clearly, carbon nanotubes alone represent a large family of 
materials. Multiwall nanotubes are already used in composites 

  

 Figure 1.      The most common carbon materials classifi ed based on their bonding 

(hybridization of orbitals of carbon atoms) and dimensionality (i.e., the number of 

dimensions not confi ned to the nanoscale). Whereas graphite, carbon fi bers, glassy 

carbon, activated carbons, carbon black, and diamond are already widely used in 

industry, fullerenes and fullerides, carbon onions (multishell fullerenes), nanotubes, 

whiskers, nanofi bers, cones, nanohorns, nanorings, nanodiamonds, and other nanoscale 

carbons are being explored for future technologies. Note: 0D, zero-dimensional; 

1D, one-dimensional; 2D, two-dimensional; 3D, three-dimensional. Courtesy of V. Presser.    

  

 Figure 2.      A few representative examples of a large family of 1D carbon structures with 

diameters ranging from 1 nm to hundreds of nanometers. (a) Schematic showing 

armchair, zigzag, and chiral single-wall nanotubes (from left to right), (b) single-wall carbon 

nanotube, (c–d) multiwall carbon nanotube (MWCNT) with no catalyst, (e) MWCNT with a 

catalyst particle, (f) large cylindrical MWCNT, (g) 1D graphite crystal with a nonagonal cross 

section, (h) carbon cone, (i) graphite polyhedral crystal with multiple tips (arrow shows a tip 

formed by fi ve faces, probably due to a pentagonal defect), (j) large hydrothermally grown 

microtube with a nickel catalyst particle in the tip, and (k) thin MWCNT in the core of a 

larger nanofi lament. (b–e and h) are transmission electron microscope images; others are 

scanning electron microscope images. Reproduced with permission from Reference 10. 

© 2003 Maney Publishing.    
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or as conductive additives to battery electrodes. Carbon rings 
can be produced by bending nanotubes.  13   There are also many 
conical carbon structures (  Figure 3  ). Sumio Iijima, who is cred-
ited with spurring scientifi c interest in nanotubes, also report-
ed nanohorns ( Figure 3a and d ).  14   Nanocones ( Figure 3b ) and 
microscopic cones with different apex angles can be produced 
by introducing pentagons in the tip ( Figure 3e ) or disclinations 
( Figure 3f    ) in carbon sheets.  15 

sp 3   carbon (diamond) also comes in very small dimensions, 
such as  ∼ 5-nm particles that can be produced in large quantities 
at a moderate price by simply placing an oxygen-lean explo-
sive in a closed chamber and detonating it.  16   Nanodiamonds 
mixed with graphitic soot can then be scraped off the walls of 
the chamber. Nanodiamonds have already found applications 
in lubricants and nanocomposites, and their use in biomedi-
cal imaging and drug delivery is also being 
explored.  16   Annealing at high temperatures can 
transform diamond nanoparticles into multishell 
fullerenes, called “carbon onions” ( Figure 3c 
and g ),  17   which have been explored for applica-
tions in electrical energy storage and conducting 
carbon inks. 

 Although a variety of additional carbon 
nanostructures could be described, it is impor-
tant to mention that widely used inexpensive 
conventional carbon materials, such as the acti-
vated carbon used for fi ltering water, also have 
nanoscale features: pores with diameters of a 
couple nanometers and less-than-nanometer-
thick pore walls. These materials also come 
in a variety of structures. However, when a 

natural precursor is used to make carbon, it is 
very diffi cult to control the structure and prop-
erties such as porosity. When a synthetic inor-
ganic precursor, such as a carbide, is used, the 
number of carbon atoms per unit of volume of 
this crystalline structure is known exactly, and 
extracting the metal at elevated temperatures 
produces a carbon with well-controlled pore 
size by the following reactions:  18 

  SiC + 4H 2 O = C + Si(OH) 4  + 2H 2     (1)  
  TiC + 2Cl 2  = C + TiCl 4 .    (2)  

  Recently, a new method for producing such 
carbide-derived carbons (CDCs) was reported 
that involves electrochemical etching of car-
bides at room temperature, rather than the high 
temperatures required for hydrothermal or 
halogenation syntheses.  19 

 It is possible to control the structure, pore 
size, and density of CDCs by taking a specifi c 
carbide structure with desired properties and 
further tuning these properties by changing 
the synthesis parameters, such as temperature. 

For example, SiC having a diamond cubic lattice and a ter-
nary metal carbide with a layered structure (MAX phase, with 
the general formula M  n +1 AX  n  , where M is an early transition 
metal, X is carbon or nitrogen, and A is an A-group element 
such as Si or Al) have different pore-size distributions.  18 

At the same chlorination temperature, a very narrow distribu-
tion with an average pore size close to 8 Å is observed in the 
former case, whereas a multimodal distribution with larger, 
nanometer-scale slit pores occurs in the latter case (Ti 2 AlC or 
Ti 3 SiC 2 ).  18 

 The carbon obtained by extracting metal atoms from car-
bides will not necessarily stay in an ordered structure. Usually, 
amorphous networks are produced. CDCs can stay disordered 
even at a synthesis temperature of 1200°C (  Figure 4  ), unless 
one uses carbides of metals having catalytic properties, such 

 

 Figure 3.      Carbon nanohorns, cones, and onions. (a) Transmission electron microscope 

(TEM) image of nanohorns, (b) scanning electron microscope image of a natural conical 

graphite crystal, (c) TEM image of carbon onions, (d) model of a cluster of nanohorns, 

(e) model explaining the formation of conical structures by incorporation of one or 

more pentagons in a graphene sheet, (f) model describing conical growth as a result of 

disclination in a graphene sheet, and (g) model of a carbon onion. (a and d) Reproduced 

with permission from Reference 14. © 1999 Elsevier. (b, e, and f) Reproduced with permission 

from Reference 15. © 2003 Elsevier. (c) Courtesy of G. Yushin (Georgia Institute of 

Technology, Atlanta, Ga.).    

  

 Figure 4.      Quenched molecular dynamics snapshots (4 × 4 × 2 nm 3 ) representing 

TiC carbide-derived carbon structures produced at different temperatures. (a) Fast 

quenching, 600°C; (b) medium quenching, 800°C; and (c) slow quenching, 1200°C. 

Surface termination was not taken into account. Reproduced with permission from 

Reference 20. © 2010 Elsevier.    
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as Fe 3 C,  21   which leads to the formation of graphene sheets. 
No fringes could be found in transmission electron microscopy 
(TEM) images of samples synthesized at lower temperatures 
(down to 200°C),  22   and there was more ordering in the three-
dimensional (3D) network at higher temperatures ( Figure 4c ), 
as the long-range order increased.     

 Highly ordered carbon structures, including graphite, graph-
ene, and nanotubes,  23   can be produced by vacuum extraction 
of Si from SiC at temperatures above 1200°C by the reactions:

  SiC = Si + C    (3)  

or

  2SiC + O 2  = 2SiO + 2C.    (4)  

  Thus, selective extraction alone  24   can generate a large variety 
of carbons, ranging from amorphous porous CDCs to gra-
phene and nanotubes,  18   but numerous methods for making 

carbon materials are available today that can produce almost 
any structure needed.   

 Carbon electrodes for capacitive energy storage 
 This section explores the need for many different carbons 
with different structures and properties using the example of 
electrochemical energy storage, specifi cally supercapacitor 
electrodes. Supercapacitors, which are also known as elec-
trical double-layer capacitors, ultracapacitors, or electro-
chemical capacitors, are somewhat like batteries: they come 
in similar shapes and sizes and are also used to store electri-
cal energy.  25   Unlike in batteries, however, energy storage in 
supercapacitors occurs by fast adsorption (electrosorption) 
of ions on high-surface-area conducting electrodes. When 
the electrode is charged, oppositely charged ions are attracted 
to the surface. 

 These devices are called supercapacitors because, unlike 
electrolytic or solid-state capacitors, which are usually rated for 
micro- or millifarads, they can have capacitances of hundreds or 

     The ability to manufacture carbon nanotubes in large quan-
tities has already enabled advances in products and appli-
cations. Multiwall carbon nanotubes are now produced 
in metric tons, but toxicity concerns 
and regulatory practices have limited 
the manufacturing and use of nano-
tubes in the United States and Europe, 
largely shifting their manufacturing 
and product development to China 
and other Asian countries. 

 Applications are based on prop-
erties and cost. The high mechani-
cal strength and Young’s modulus 
of multiwall carbon nanotubes led to 
their use in composites (  Figure S1  ) for 
making tennis rackets, bike frames, and 
other sporting goods. The high electri-
cal conductivity of multiwall carbon 
nanotubes and somewhat larger carbon 
nanofi bers justifi es their use as addi-
tives in various polymer matrixes for 
removing static charge and improv-
ing mechanical properties at the same 
time. Field emission from carbon 
nanotubes is used in television displays 
and small-size x-ray tubes for medical 
and other applications. In many cases, 
inexpensive nanotubes replace carbon 
black, offering better performance at a 

moderate increase in price. Also, a much smaller amount of 
nanotubes than carbon black is needed to achieve the same 
conductivity of a composite.     

  

 Figure S1.      Nanotube composites and macrostructures. (a) Micrograph showing the cross 

section of a carbon-fi ber laminate with carbon nanotubes (CNTs) dispersed in the epoxy 

resin and photograph of a lightweight CNT–fi ber composite boat hull for maritime security 

boats. (b) Micrographs of CNT sheet and yarn, and photographs of their use in lightweight 

data cables and electromagnetic (EM) shielding material. Reproduced with permission from 

Reference 1. © 2013 American Association for the Advancement of Science.    

Applications of carbon nanotubes
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even thousands of farads because of the large surface areas of 
the electrodes (typically exceeding 1000 m 2 /g). When a battery 
in a computer or cell phone is discharged, it maintains the same 
voltage, and the voltage drops quickly at the end of discharge. 
When a supercapacitor is discharged or charged at a constant 
current density, there is a linear change in potential with time. 
The cyclic voltammograms also look different, being rectangu-
lar for the supercapacitor (  Figure 5  b) but having clearly pro-
nounced and separated peaks in the case of batteries.     

 Supercapacitors bridge the gap between electrolytic 
capacitors and batteries. They have higher power densities than 
batteries and can be charged or discharged within seconds. 
On the other hand, they have lower total energy densities than 
batteries. So they can provide high power, but it is also im-
portant to remember that, within a short time, they are able to 
store or harvest more energy than any battery. Supercapacitors 
can also be made of carbon-based materials and safely dis-
carded (incinerated).  27   Safe disposal is becoming increasingly 
important as more and more electrical energy-storage devices 
are going into the trash after the end of their lifetime or the 
lifetime of the systems they power. 

 The principles of operation and use of supercapacitors 
were recently described in two articles in  MRS Bulletin. 28 , 29 

For example, the use of supercapacitors in regenerative break-
ing on trains and trams saves about 30% of the energy. In the 
case of gantry cranes, the energy consumption from diesel 
generators can be decreased by 40% by implementing super-
capacitors for energy recovery. Supercapacitor-powered buses 
can be seen on Shanghai streets. Instead of having a very large 
battery that would last for 8 h but would then have to be 
removed for recharging, these buses have a supercapacitor 
module on the roof. Although the supercapacitor can power 
the bus for only a few-kilometer ride, it can be fully charged at 
every bus stop during the short time when people get on and 
off the bus. 

 It is important to think outside the box when developing 
new storage solutions utilizing supercapacitors. Another 
example is the fully autonomous bus stops installed in remote 
areas of Japan. The roof is made of solar panels, two light-
emitting diodes provide illumination, and there is a superca-
pacitor module under the bench. Why not a lead-acid or a 
lithium-ion battery? The answer is simple: Supercapacitors 

 The key application of carbon nanotubes is in lithium-
ion batteries, where nanotube addition improves the 
conductivity and mechanical integrity of battery cath-
odes and anodes (  Figure S2  ). Energy-related applications 

have been exploited by companies such as Zyvex, which 
offer less expensive multiwall nanotubes to a variety of 
customers. However, applications in electronics or super-
strong aerospace structures require single-wall nanotubes. 

Nanotubes with inner diameters close 
to 1 nm are also needed for desali-
nation membranes. Small-diameter 
few-wall or single-wall nanotubes 
are used in transparent conducting 
coatings on glass for the touch-
screens of smart phones. Nanotube 
yarns and sheets show promising per-
formance for applications, including 
high-rate supercapacitor electrodes, 
electrochemical actuators, and elec-
tromagnetic shielding. The recently 
developed ability to sort nanotubes 
by diameters (e.g., NanoIntegris uses 
separation technology developed 
by Mark Hersam) and techniques 
for growing homogeneous nanotubes 
keep alive hopes of using nanotubes 
in carbon electronics that might one 
day compete with silicon technology. 
More detailed information about 
applications of nanotubes can be found 
in Reference 1.     

  

 Figure S2.      Energy-related applications of nanotubes. (a) Mixture of multiwall carbon 

nanotubes (MWCNTs) and electrochemically active powder for a battery electrode. 

(b) Concept for supercapacitors based on CNT forests. (c) Solar cell using a single-wall-

carbon-nanotube-based transparent conductor (TC) fi lm. (d) Prototype portable water fi lter 

using a functionalized tangled CNT mesh in the latest stage of development. Reproduced with 

permission from Reference 1. © 2013 American Association for the Advancement of Science.    

 Reference 
  1.       M.F.L.     De Volder  ,   S.H.     Tawfi ck  ,   R.H.     Baughman  , 
  A.J.     Hart  ,  Science 339 ,  535  ( 2013 ).   
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have lifetimes of up to a million cycles due to electrostatic ener-
gy storage, enabling the entire system to be maintenance-free 
for 10 years. Supercapacitors can also be made small and wear-
able; be embedded into textiles and fl exible devices to power 

radio-frequency identifi cation tags, sensors, and electronics; 
and be used in many other applications. 

 Carbon is uniquely suited for supercapacitor electrodes 
because it can form highly conductive porous solids with high 

   Graphene attracted the attention of researchers and engineers 
about a decade ago, much later than fullerenes and nano-
tubes. However, the wide interest, large investments, and 
availability of large supplies of natural and synthetic graphite 
have already led to several hundred companies involved 
in the development and manufacturing of graphene and 
graphene-based products. Just as in the case of nanotubes, 
it is important to remember that graphene comes in many 
fl avors, from single-crystal single-layer fl akes to double-
layer and multilayer fi lms and fl akes, as well as numerous 
graphene derivatives, such as graphene oxide and graphane.  1   

 Whereas multilayer graphene is currently being used in 
products (see   Figure  ), the very expensive single-layer gra-
phene is not. The fi rst consumer graphene product in the 
United Kingdom is a light bulb from Graphene Lighting. 
(Recall that Edison’s light bulb used a carbon fi lament, 
but the graphene fi lament is expected to be more effi cient 
and last much longer.) Of course, this application might 
not seem revolutionary. Many other current applications 
of graphene conductive additives, such as reinforcements 

for composites and active materials or conductive additives 
in supercapacitor and battery electrodes, resemble those of 
nanotubes. In some applications, nanotubes replace carbon 
black or carbon fi bers, whereas graphene displaces nano-
tubes. This is a normal evolutionary development that 
occurs as new materials appear on the market.     

 However, everyone is still looking for a “killer” 
application of graphene. Fullerenes have not yet found 
one, 30 years after their discovery, whereas diamond-like 
carbon found one that hardly anyone expected when the 
material was discovered: as coatings for computer hard 
disks. If graphene-based water desalination membranes 
could provide affordable drinking water to millions of 
people, this would have a transformative global impact. 
The dimensionality and electronic properties of graphene 
also make it promising for fl exible electronics. In the case 
of graphene, the market might be created not by one very 
important application, but by numerous applications rang-
ing from energy storage and composites to fl exible elec-
tronics, biosensors, and membranes for water desalination. 

There are many forecasts, such as 
in a recently created roadmap,  2   but 
it might take years to fi nd out which of 
all possible applications of 2D carbon, 
if any, will make a major impact on 
our lives. 

 Applications of graphene 

  

 Figure.      Graphene applications. Note: EMI, electromagnetic interference; LED, light-

emitting diode; RFIC, radio-frequency integrated circuit; TCO, transparent conducting 

oxide. Reproduced with permission from Reference 2. © 2015 Royal Society of Chemistry.    
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surface areas for ion adsorption and atomically thin pore walls.  7 

The performance of a supercapacitor electrode depends on 
its conductivity and surface area. Moreover, depending on 
the carbon morphology, different dependencies of capacitance 
on structural feature size are observed (  Figure 6  ). For spherical 
(onions) or tubular (nanotubes) particles, there is an increase in 
capacity with decreasing size.  30   Micro- and mesoporous carbons 
exhibit opposite dependencies of capacitance on pore size.     

 In addition to a carbon electrode, it is necessary to select an 
electrolyte. Whereas numerous carbon materials are available 
for the electrode, there are thousands of electrolytes that may 
be matched to the carbons.  7   They include safe and inexpensive 
aqueous solutions of acids, bases, and salts, as well as organic 
electrolytes. Organic electrolytes, such as tetraethylammonium 

tetrafl uoroborate in acetonitrile or propylene carbonate, are used 
to increase the voltage window because of the relationship 
between energy stored,  E ; capacitance,  C ; and voltage,  V :  25 

E  =  1 / 2CV2 .  (5)  

  Water splitting limits the voltage window for symmetric 
aqueous-electrolyte devices to less than 1.2 V, whereas organic 
electrolytes can operate at 2.5–2.7 V. Organic salts that are 
liquid at room temperature (i.e., room-temperature ionic liq-
uids [RTILs]) can be stable above 3 V, further increasing the 
energy density at the same capacitance. So the question arises: 
How does one match a specifi c carbon to a specifi c electrolyte? 
This cannot be done by randomly selecting a “good” high-

surface-area carbon and a “good” conducting 
electrolyte. 

 To match the carbon pore size to the elec-
trolyte ion size, our group produced a number 
of CDCs with narrow pore-size distributions, 
ranging from less than 7 Å to about 11 Å, all 
of which had maximum pore sizes smaller than 
the solvated ion size of the organic electro-
lyte.  31   It is well-known that ions are solvated 
in solution, and conventional wisdom suggests 
that ions surrounded by a solvation shell need 
to line up within pores to provide electrostatic 
energy storage in a supercapacitor, thus requir-
ing pores of several nanometers in size. 

 The results that we obtained were very sur-
prising.  31   We expected capacitance to drop to 
nearly zero for pore sizes below around 1 nm 
(i.e., 10 Å), in contrast to the larger pores stud-
ied earlier, because this pore size was smaller 
than the solvated ion size. Instead, capacitance 
increased dramatically with decreasing pore size. 
A natural and very simple explanation is that 
the ions enter the pores without their solva-
tion shells, having been completely or at least 

  

 Figure 6.      (a) Effects of particle and pore size on the capacitance of carbons normalized by 

the surface area. The inset shows microporous carbon with a pore size smaller than solvated-

ion size. (b–c) Schematics of solvated ions adsorbed (b) on the outer surface of a carbon 

onion or nanotube (CNT) and (c) inside a mesopore (pore larger than 2 nm in diameter). 

When the particle or pore size is large, all curves asymptotically approach the horizontal 

line representing a parallel-plate capacitor, which might be the case for pillared graphene or 

MXene. Reproduced with permission from Reference 30. © 2010 Cambridge University Press.    

  

 Figure 5.      Carbon-based electrodes for supercapacitors. (a) Schematic showing the use of a multiwall carbon nanotube (MWCNT) forest 

with a mixed room-temperature ionic liquid (RTIL) electrolyte for capacitive energy storage in a very broad temperature range. (b–c) Cyclic 

voltammograms of MWCNT arrays grown on aluminum foils and tested in a 1:1 eutectic mixture of  N -methyl- N -propylpiperidinium 

bis(fl uorosulfonyl)imide (PIP 13 FSI) and  N -butyl- N -methylpyrrolidinium bis(fl uorosulfonyl)imide (PYR 14 FSI) RTILs as the electrolyte (b) at –20°C, 

20°C, and 100°C at 100 mV/s and (c) at –40°C and –50°C at 5 mV/s. Note the wider voltage window at low temperatures. Adapted with 

permission from Reference 26. © 2011 American Chemical Society.    
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partially desolvated.  32   As a result, more ions can be packed 
onto the same surface area, and the distance between the 
charges becomes smaller, leading to a larger capacitance. This 
seemingly simple result led to a dramatic change in the capac-
itive energy-storage fi eld, attracting the attention of electro-
chemists and materials scientists and moving computational 
scientists into this fi eld. Modeling very quickly showed that 
ion desolvation is expected for small pore sizes.  33 

 A tremendous amount of atomistic modeling has been done 
over the past few years since that work to understand the absorp-
tion and confi nement of ions at surfaces and in pores.  34   –   37   The 
next step was to move from solvated electrolytes to ionic liq-
uids, which are solvent-free and nonfl ammable and have very 
low vapor pressures. Potentially, they could be excellent elec-
trolytes, but they are viscous and require high-temperature 
operation. They also provide a good model system to study 
what happens when ions do not have a solvation shell. 

 We found that the maximum capacitance for a CDC–ionic 
liquid system was obtained when the pore size matched the 
ion size. It is very important to mention that a 1-Å change 
in pore size was found to lead to about a 50% change in 
capacitance.  38   When pores are too small, ions simply cannot 
go into the pores. When pores are too large, no more than 
one ion can fi t into a 1-nm pore if the ion size is 6–7 Å. Thus, 
a very narrow pore-size distribution is required to achieve the 
maximum capacitance, and materials must be controlled with 
subangstrom accuracy to achieve the maximum performance. 

 Modeling using molecular dynamics (MD) and  ab initio

approaches quickly confi rmed that there are 
oscillations of capacitance as a function of pore 
size, with the largest capacitance at the pore size 
corresponding to the ion size.  36 , 39 , 40   Second and 
third peaks appear because two and three ions 
can fi t into a pore. However, most computational 
studies have been done on idealized cylindrical 
pores as are found in carbon nanotubes or on slit 
pores as appear in graphene or graphite, where-
as real activated or carbide-derived carbons do 
not have straight slit pores ( Figure 4a–c ). They 
do not have cylindrical pores either: They are 
3D amorphous networks. Gubbins’s group pro-
duced models of carbide-derived ( Figure 4a–c ) 
and activated carbons,  20   and Salanne’s group 
performed MD simulations showing how ions 
enter the pores of disordered carbons.  41   In the 
case of ionic liquids, the simulations showed 
that negative ions drag positive ions along and 
vice versa (  Figure 7  ), so that there are always 
counterions penetrating into pores. Thus, the 
very empirical fi eld of capacitive energy storage, 
where devices were made by trial and error by 
mixing activated and other carbons with elec-
trolytes, transitioned into science-driven selec-
tion and design of carbon electrode–electrolyte 
combinations within just a few years.     

 At a certain point, we were satisfi ed with our fi ndings and 
naively assumed that we knew how to make the best superca-
pacitor electrodes. We produced and tested CDC fi lms ranging 
from microns to 200  μ m in thickness with micropores tuned to 
the size of ions and with no meso- or macroporosity,  42   and we 
expected them to provide higher gravimetric and volumetric 
capacitances than conventional powder electrodes. Indeed, we 
obtained a value of 180 F cm –3 , which is three times that of a 
commercial supercapacitor electrode, but for just 1- μ m fi lms. 
As the fi lm’s thickness increased, the capacitance decreased, 
actually going below the level of activated carbon. The reason 
for this is simple: In a 100- μ m-thick fi lm with 1-nm pores, an ion 
must jump through 100,000 pores to reach the current collector. 
Apparently, diffusion limitations do not allow all of the pores 
to be fi lled to fully charge the electrode. 

 To make a device that can be charged very quickly, one must 
use carbon materials that do not have internal porosity, such 
as carbon nanotubes, onions, and nanohorns ( Figures 2  and  3 ), 
where the accessible area is on the outer surface of the particles 
( Figure 6b ). A device made using carbon onions can be charged 
at up to 100 V s –1 .  43   A microsupercapacitor device operated at 
2.7 V can be charged in milliseconds. By using a carbon-onion 
microsupercapacitor, a specifi c energy comparable to that of 
thin-fi lm batteries can be achieved, but with a specifi c power 
in the range of those obtained with electrolytic capacitors. By 
increasing the power and charge/discharge rate, it is possible to 
use supercapacitors in electronic applications and AC–DC con-
version, where electrolytic capacitors are currently used. 

  

 Figure 7.      Supercapacitor simulation using the 1200°C carbide-derived carbon model 

shown in  Figure 4c . (a) The simulation cell consists of a 1- n -butyl-3-methylimidazolium 

hexafl uorophosphate (BMI-PF 6 ) room-temperature ionic liquid electrolyte surrounded by 

two porous carbons held at constant electrical potentials (blue, C atoms; red, three 

sites of BMI +  ions; and green, PF 6  
–  ions). (b) Structure of the electrode for various voltages 

( ψ ). For each value, the same snapshot is shown twice: (left) ionic distribution and (right) 

degree of charging of the electrode atoms, where the carbon atoms are colored according 

to the charge  q  that they carry (green,  q  < 0; red,  q  > 0; and yellow,  q  = 0). Reproduced 

with permission from Reference 41. © 2012 Nature Publishing Group.    
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 By correctly selecting the carbon material, it is possible 
to overcome other challenges. For example, activated and other 
microporous carbons work only at elevated temperatures, 
and no porous carbons can operate at temperatures below room 
temperature with RTIL electrolytes. However, when open struc-
tures, such as carbon onions, nanotubes, or graphene, are used, 
diffusion limitations can be eliminated. Specifi cally, we con-
structed a supercapacitor using multiwall carbon nanotube elec-
trodes with a eutectic mixture of RTILs that remains liquid 
down to –80°C ( Figure 5a ). Even though the RTIL mixture 
has a lower conductivity and higher viscosity than organic 
electrolytes, we could charge this supercapacitor at 100°C and 
at an extremely high rate of up to 20 V s –1 ,  26   which is remark-
able for an RTIL electrolyte. At –50°C, the device showed 
the same nice rectangular cyclic voltammogram that dem-
onstrates good capacitive performance, albeit at lower rates. 

 Thus, by designing carbons and understanding how to 
match carbon electrode materials and electrolytes, we were 
able to expand supercapacitor operation to the temperature 
range from –50°C to 100°C.  26   Such a device would be able 
to start a car in an Alaskan or Siberian winter and also operate 
safely on a summer day in Arizona or the Sahara, because 
RTILs are nonfl ammable and have a very low vapor pressure. 
However, although the temperature range can be extended, 
the specifi c surface areas of the activated carbons used currently 
are about 1000–2000 m 2  g –1 , whereas those of carbon nanotubes 
and onions are just 300–500 m 2  g –1 , naturally giving lower spe-
cifi c capacitance values. At the same time, graphene has a theo-
retical specifi c surface area of  ∼ 2600 m 2  g –1  for a single sheet. 

 In 2011, Ruoff’s group reported the synthesis of activated 
microwave-exfoliated graphene oxide (a-MEGO) with nano-
meter pores and a high specifi c surface area.  44   We produced 
supercapacitors using a-MEGO with the same RTIL mixture 
as was used with carbon nanotubes; in this device, the ions do 
not have to diffuse through a network of pores—they jump 
into holes in layers of graphene. As a result, we were able to 
achieve a capacitance of about 170 F g –1 , which is at the level 
of the best organic electrolyte supercapacitors, and the device 
could operate at 3.7 V,  45   which signifi cantly increased the 
energy stored by the device (Equation 5). Moreover, this device 
works well at high temperatures, but still exhibits a capaci-
tance in excess of 100 F g –1  at –40°C. So again, by designing 
the carbon electrode and matching it to the electrolyte, it was 
possible not only to improve the capacitance, but also to expand 
the voltage window and temperature range of operation.   

 Going beyond pure carbon: Two-dimensional 
carbides of transition metals (MXenes) 
 If one is seeking properties that cannot be achieved in current-
ly available carbon materials, such as high and tunable redox 
ability, it is possible to go beyond pure carbon. One way to 
do this is to dope it with other elements, such as nitrogen,  46 

or otherwise modify its surface chemistry.  47   This approach 
is applicable to all kinds of carbons and can be particularly 
used to introduce additional redox capacitance, also known 

as pseudocapacitance, through surface redox reactions and to 
increase the total capacitance and energy density of carbon 
electrodes. Readers are referred to Reference 46 for a detailed 
review of this topic. 

 There is a new and lesser-known family of carbon-containing 
materials, namely, 2D carbides of transition metals. Whereas 
graphene is the best-studied 2D material,  48   metal oxides, 
hydroxides, and clays are the most widely used 2D materials.  49 

Metal dichalcogenides and other 2D structures are also under 
study.  50   However, no transition-metal carbide in the 2D state 
had been made until the discovery by our team of an entirely 
new family of 2D materials based on metal carbides.  51   We call 
these materials MXenes because they are built of M (early 
transition metal) and X (carbon or nitrogen) atoms and are pro-
duced by selective etching of a monoatomic layer of A-group 
metal (e.g., aluminum) from MAX phases (MAX to MXene).  24 

The as-produced fl aky MXenes resemble thermally expanded 
graphite or some clays. 

 More than 17 different MXenes have been reported so 
far.  52   Three different lattice structures are known, namely, M 2 X 
(e.g., Ti 2 C, Nb 2 C, and V 2 C), M 3 X 2  (e.g., Ti 3 C 2 ), and M 4 X 3
(e.g., Ta 4 C 3  or Nb 4 C 3 ), all of which have been synthesized, 
as well as solid solutions on the M side (mixed carbides) 
and on the X side (carbonitrides). By exfoliating as-produced 
MXenes, it is possible to obtain single layers with subnano-
meter thickness (  Figure 8  a–b) that behave similarly to other 
2D atomic crystals.     

 MXenes are transparent in nanometer thin fi lms. Atomic 
force microscopy and TEM have revealed 1-nm fl akes that 
correspond to a single-layer MXene structure, Ti 3 C 2  ( Figure 8b ). 
They maintain crystalline lattice ordering, as shown by high-
resolution TEM images and electron and x-ray diffraction. 
Vacuum-assisted fi ltration of a colloidal solution of single-
layer MXene leads to MXene paper, similar to graphene paper. 
Density functional theory calculations  54   and experimental 
measurements  55   indicated a metallic character of conductivity 
of Ti 3 C 2 , but surface termination (oxygen or fl uorine) is pre-
dicted to open the bandgap in some MXenes, making them 
semiconductors. It is thus possible to make very strong and 
thin conducting materials with hydrophilic surfaces. It is also 
important to mention the possibility of the intercalation of 
ions between MXene layers.  56   Potentiostatic measurements on 
these materials produced cyclic voltammograms without any 
pronounced redox peaks.  57   Galvanostatic charge/discharge 
plots were triangular, suggesting good capacitive behavior. 
Moreover, the plot in  Figure 8c  indicates a very high volumetric 
capacitance of up to 900 F cm –3  in sulfuric acid due to sur-
face redox reactions of titanium atoms in Ti 3 C 2 -based MXene 
in protic electrolyte, and stable capacitance for up to 10,000 
cycles was reported.  53 

 There is thus a new family of carbon-containing materi-
als offering high volumetric capacitance. Moreover, whereas 
porous carbon fi lms can reach capacitances of 180 F cm –3 ,  58 

MXenes exhibit capacitances reaching 900 F cm –3 , albeit 
in a narrow potential range, and there is potential for further 
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improvement. Very recently, we found that, by selective extrac-
tion of the M element (titanium) from Ti 2 SC, it is possible 
to produce carbon–sulfur nanolaminates.  59   There is clearly a 
need to study these new carbon-based materials to understand 
the mechanism of their intercalation capacitance and develop 
improved supercapacitor electrodes.   

 Concluding remarks 
 In summary, carbon is the most versatile of all materials, and 
it is possible to obtain almost any combination of properties 
by designing with carbon. The hardest material known is dia-
mond, whereas graphite is soft and is used as a solid lubricant. 
Carbons can be insulators (e.g., diamond) or wide-bandgap 

semiconductors (e.g., boron-doped diamond), have a tunable 
bandgap (e.g., single-wall carbon nanotubes or graphene rib-
bons), or offer better conductivity than copper (e.g., through 
ballistic conductivity in graphene and metallic nanotubes). 
If one knows how to design with carbon, it is possible to 
achieve virtually any combination of electrical, mechanical, 
and optical properties in a material, and nanoscale science and 
engineering provides the tools to do it. 

 It is even possible to go beyond pure carbon and make 
carbides and other carbon-containing compounds, as shown 
by the example of 2D transition-metal carbides, the MXenes. 
The availability and tunability of carbon nanostructures, such 
as graphene, nanotubes, fullerenes, and 2D carbides, could 
lead to numerous engineering applications. However, such 
applications should take advantage of the unique structures, 
properties, and dimensionality of carbon-based materials. 
Applications in tennis rackets and light bulbs are a nice start, 
but if new carbon nanomaterials are to fulfi ll their com-
mercial potential and justify the enormous investments 
already made, they will need to fi nd more important roles: 
creating new functionalities (e.g., self-healing, smart sens-
ing, and actuating structures); dramatically improving the 
performance of common systems of critical importance for 
humankind (energy generation and storage and water desali-
nation); or enabling fl exible, highly integrated, and inex-
pensive electronics beyond silicon. A shift from the use of 
existing materials to the nanoscale design of nanomaterials 
with the required combination of properties will change the 
way almost everything is manufactured and will enable tech-
nological breakthroughs that are impossible today because 
of material limitations.             
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 Figure 8.      2D titanium carbide (MXene). (a–b) Transmission 

electron microscope images of single sheets of Ti 3 C 2  MXene: 

(a) plane-view of a fl ake on a carbon fi lm and (b) fl ake edge 

confi rming the single-layer structure with a thickness of 

less than 1 nm. The inset shows Ti 3 C 2  MXene terminated by 

OH groups. (c) Cyclic voltammograms obtained at different 

scan rates for a 5-μm-thick MXene electrode in 1 M H 2 SO 4 . 

Reproduced with permission from Reference 53. © 2014 Nature 
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