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Abstract
Carbon materials have been playing a significant role in the development of alternative clean
and sustainable energy technologies. This review article summarizes the recent research
progress on the synthesis of nanostructured carbon and its application in energy storage and
conversion. In particular, we will systematically discuss the synthesis and applications of
nanoporous carbon as electrodes for supercapacitors and electrodes in lithium-ion batteries,
and the development of nanoporous media for methane gas storage, coherent nanocomposites
for hydrogen storage, electrocatalysts and catalyst supports for fuel cells, new porous carbon
for lithium–sulfur batteries, and porous carbon for lithium–oxygen batteries. The common
challenges in developing simple, scalable, and environmentally friendly synthetic and
manufacturing processes, in controlling the nanoscale and high level structures and functions,
and in integrating such materials with suitable device architectures are reviewed. Possible new
directions to overcome the current limitations on the performance are discussed.
& 2011 Elsevier Ltd. All rights reserved.
Elsevier Ltd. All rights reserved.
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Introduction

Carbon is one of the most abundant elements on the Earth,
and plays a critical role in the bio- and ecosystems as we
know them today. For thousands of years, carbon has also
been a source of energy, and human history is closely
associated with the struggle to extract and utilize power
from carbon materials. The technologies that have enabled
our modern society such as automobiles, airplanes, compu-
ters, lasers, and portable electronics, just to name a few,
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rely on the development of carbon-based materials and on
the continued supply of energy. This energy is either in the
form of gasoline or electricity, and is generated mainly from
fossil fuels such as coal and oil.

Over the past several decades, significant progress has
been made in developing alternative technologies to harvest
and use clean, sustainable energy including solar energy,
wind power, biofuels, and hydrogen, as well as clean energy
technologies, such as fuel cells and lithium-ion batteries.
Although these types of energy sources have played a
marginal role in the past, new technology is progressing
impressively to make alternative energy more practical and
often price competitive with fossil fuels. It is expected that
the coming decades will usher in a long expected transition
away from coal and oil as our primary fuel.

Carbon materials have been playing a significant role in
the development of alternative clean and sustainable energy
technologies. For example, fullerene-containing p-type
semiconducting polymers are one of the key foundations in
rapidly advancing organic photovoltaics [1–4]. Additionally,
carbon nanotubes and graphenes are emerging as classes of
new carbon materials, and have been investigated as critical
additives for the next generation of optically transparent
electronically conductive films for solar cells [5–7]. Carbon
nanotubes and graphenes are also studied for the develop-
ment of batteries, supercapacitors, and fuel cells [8–15].

Carbon assumes an array of structural forms, such as
diamond, graphite, graphene, fullerenes, carbon nanotubes,
and amorphous carbon [16,17]. The latter can be further
divided into soft carbon (carbon that can be easily graphi-
tized), hard carbon (carbon that cannot be easily graphitized),
or diamond-like carbon and graphitic carbon, depending on
where these materials are used. The diamond-like carbon has
sp3 hybridization, while graphitic carbon has sp2 hybridization.
Both diamond and diamond-like carbon possess excellent
mechanical properties, optical properties, and thermal con-
ductivity. This is largely due to the small size and close
packing of carbon atoms, as well as short and strong chemical
bonds between these atoms. Graphite and graphitic carbons,
on the other hand, are excellent electrical conductors.
Graphene, carbon nanotubes, and fullerenes are all deriva-
tives of graphite and have attracted significant attention
lately in the research community, partly due to their unique
and technically important physical properties.

Highly porous carbon has been widely used as catalyst
supports, filters, sorbents, scaffolds, and matrices in many
technically important fields. Examples include water purifica-
tion [18–20], artificial livers or kidneys [21–24], and catalyst
support [25–28], among others. Highly porous carbon can be
divided into two groups: (1) derived from naturally occurring
carbonaceous precursors such as coal, wood, coconut shells,
fruit stones, and other agricultural byproducts [29–33] and
(2) synthetic porous carbon [34–36]. There are a number of
ways to synthesize porous carbon, examples of which include
sol–gel processing [37–39], etching of metal carbides [40–42],
and templated carbon [43–46].

This review article summarizes the recent research progress
on the synthetic porous carbon for energy storage and
conversion applications: (a) electrodes for supercapacitors,
(b) electrodes in lithium-ion batteries, (c) porous media for
methane gas storage, (d) coherent nanocomposites for
hydrogen storage, (e) electrocatalysts for fuel cells,
(f) mesoporous carbon (MC) for lithium–sulfur batteries, and
(g) porous carbon for lithium–oxygen batteries.
Highly porous carbon for supercapacitors

The most efficient hybrid vehicles lack power and the
models that accelerate quickly do so with the assistance of
large internal combustion engines. This significantly de-
grades their fuel efficiency, barely making the extra cost
worthwhile in terms of fuel efficiency [47]. While batteries
in these vehicles are capable of storing large quantities of
energy, they cannot be charged or discharged quickly. This
lack of power density requires the battery packs to be
oversized, resulting in increased vehicle weight and reduced
efficiency. As with the poor discharge rate, battery charging
is limited by the same kinetics, thus reducing efficiency
gains through full regenerative braking. Additionally, the
peak power demands that are placed on the battery packs
degrade the life of the battery, reducing the overall
longevity of the vehicle [48]. An ideal electrical energy
storage device will have high cycle life as well as high energy
and power density when measured in terms of weight,
volume, and cost.

According to the charge storage mechanism, there are
two types of electrochemical capacitors (ECs). One is the
electrochemical double layer capacitors (EDLCs) based on
activated carbons with capacitance proportional to the
electrode surface area (the related mechanism illustration
in Fig. 1b). The other, known as pseudo-capacitors or redox
supercapacitors, uses transition metal oxides or electrical
conducting polymers as electrode materials, with the charge
storage depending on the fast Faradaic redox reactions. As
for the EDLCs, the capacitance at one electrode interface is
given by C=eA/4pt (where e is the dielectric constant of the
electrical double-layer region, A the surface-area of the
electrode, and t the thickness of the electrical double
layer). Obviously, the combination of high surface area and
small charge separation is necessary for an extremely high
capacitance.

EDLCs, also known as supercapacitors, operate by
adsorbing/desorbing charged ions from an electrolyte onto
their highly porous high surface area electrodes. While
traditional capacitors rely on a dielectric material to store a
charge, EDLCs rely on the charge of the adsorbed double
layer. The capacitance of traditional dielectric capacitors is
limited by the thickness of the dielectric material, which
separates the charge. The thinnest dielectric materials are
2–5 mm in thickness [49]. However, in the case of EDLCs,
charging is achieved by dissociation of ions in the electrolyte
salts, resulting in charge separation distances on the order
of 1 nm. This arrangement occurs inside the pores of high
surface area carbon materials. When the electrode is
biased, a double layer structure is developed with the
opposite charge accumulated near the electrode surface.
The double layer thickness is related to the Debye screening
length in the modified Gouy–Chapman model. The double
layer capacitance (C) is related to the surface area,
the effective dielectric constant (e), and the double layer
thickness (d) by an inverse linear relationship (C=eA/d). A
typical smooth surface will have a double layer capacitance
of about 10–20 mF/cm2, but if a high surface area electrode



Figure 1 (a) Specific power against specific energy for various electrical energy storage devices [54]. (b) Illustration of an
electrochemical double layer capacitor with simplified electric circuit.
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surface is used, the capacitance can be increased to 100 F/g
for conducting materials that have a specific surface area of
1000 m2/g [50]. A wide range of high surface area carbon
materials have been investigated, including activated
carbon and multi- and single-walled carbon nanotubes.
The capacitance typically ranges from 40 to 140 F/g for
activated carbon [51] and from 15 to 135 F/g for carbon
nanotubes [52,53]. Currently, the best available result from
commercial products is about 130 F/g from Maxwell’s Boost-
Cap. Compared with other electrical energy storage devices
(Fig. 1), ECs can be fully charged or discharged in seconds.
Although their energy density (�5 Wh/kg) is lower than that of
batteries, they have high power density (10 kW/kg) about 10
times larger than in secondary batteries [54,55].
High surface area carbon for supercapacitors

Current EDLCs in the market are produced by pyrolyzing and
activating wood, plant matter, petroleum sources, and
phenolic resins (including aerogels and cryogels), among
others [56,57]. Naturally derived electrodes contain great
amounts of impurities or ash, which can compromise the
EDLC performance [58] due to unwanted Faradaic reactions
that can degrade the electrolyte. In addition, the pore size
is limited by what nature provides and may vary from source
to source. Sol–gel derived carbon cryogels and carbon
aerogels, on the other hand, have good conductivity, high
surface area, controlled bulk and surface chemistry, and
tunable porous structure, rendering them excellent candi-
dates as electrodes for supercapacitors with high energy
density and long cyclic stability [59–62]. Carbon nanotubes
and graphenes have also been used in the manufacturing of
batteries and supercapacitors because of their high con-
ductivity [57,63].

Carbon materials based supercapacitors have been the
subject of several excellent reviews [51]. There are several
approaches to improve charge storage in carbon super-
capacitors. A higher capacitance can be achieved by careful
thermal, chemical, or electrochemical treatment to in-
crease the accessible surface area and surface functional
groups, or by extending the operating voltage range beyond
the limit of an aqueous electrolyte solution. Several critical
factors contribute to a high capacitance. First, increasing
the surface area is quite important, but significant effort has
already been made to maximize the surface area of carbon.
The room for further improvement from pure surface area is
limited. For many high surface area materials, the correla-
tion between the surface area and the specific capacitance
cannot be strictly established. Second, inducing pseudoca-
pacitance can increase the capacitance. This involves
voltage dependent Faradaic reactions between the elec-
trode and the electrolyte, either in the form of surface
adsorption/desoprtion of ions, redox reactions with the
electrolyte, or doping/undoping of the electrode materials.
Surface functionalization proves to be effective in increas-
ing the pseudocapacitance arising from oxidation/reduction
of surface quindoidal functional groups generated during the
sample treatment [64,65].

Another widely investigated method to enhance the
performance is to coat the carbon materials with conducting
polymers such as polyaniline and polypyrrole or redox
active metal oxides such as manganese oxides [66–68]. For
example, polypyrrole coated carbon nanotubes can attain a
capacitance of 170 F/g [69]. While doped conducting
polymers can have high capacitance, the stability of the
organic materials has so far limited their applications. The
best example of redox pseudocapacitance is hydrous RuO2,
which shows a continuous redox activity over a wide voltage
range and very high capacitance, independent of surface
area. However, RuO2 is very expensive due to limited supply.
Much work has been focused on replacing RuO2 with other
metal oxides and nitrides. For example, the self-limiting
reaction of aqueous permanganate (MnO4

�) with carbon
nanofoams produces conformal, nanoscopic deposits of
birnessite ribbons and amorphous MnO2 throughout the
ultraporous carbon structure. The MnO2 coating contributes
additional capacitance to the carbon nanofoam while
maintaining the favorable high-rate electrochemical perfor-
mance inherent to the ultraporous carbon structure of the
nanofoam. Such a three-dimensional design exploits the
benefits of a nanoscopic MnO2–carbon interface to produce an
exceptionally high area-normalized capacitance (1.5 F/cm2),
as well as high volumetric capacitance (90 F/cm3) [70].



Figure 2 (a)–(d) Microstructure effect of chemically treated carbon cryogels. SEM images of (a) CC and (b) BNCC with high
magnification images inserted in top right corners. Comparison of (c) pore size distribution and (d) C–V curves of CC and BNCC
samples. (e) Capacitance of samples vs. 1/On. The constant behavior of CC is characteristic of mesopores or larger pore structures
that are not affected by the electrolyte penetration [77]. On the other hand, pseudocapacitance increases the charge storage
capabilities of carbon in the BNCC sample [74].
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Additionally, MnO2 coated carbon nanotubes can attain a
capacitance of 140 F/g [71–73], but like conducting polymers,
these composite materials still do not resolve the fundamental
limitations of MnO2, with limited stability and operating
voltage range.

Chemical modification of carbon cryogels is used as an
efficient approach for altering both their porous structure
and surface chemistry, which has been shown to result in
much improved electrochemical properties (Fig. 2) [74]. The
experiments involve the transportation of ammonia borane
(NH3BH3), dissolved in anhydrous THF solvent, to the pores
of resorcinol–formaldehyde hydrogels during post-gelation
solvent exchange. After being soaked in the NH3BH3

solution, the modified hydrogels underwent the same
freeze-drying and pyrolysis processes as unmodified hydro-
gels. The resultant modified carbon cryogels are referred to
as BNCC, indicating the samples were being boron and
nitrogen co-doped, whereas the unmodified carbon cryogels
are referred to as CC samples. Fig. 2a and b compares the
typical SEM images of CC (a) and BNCC (b) samples. The
inserts on the top-right corners are the high-magnification
SEM images, revealing the highly nanoporous nature in both
samples; however, the relatively low-magnification SEM
images differ greatly. From the SEM images, it is evident
that the BNCC sample possesses a rather uniform macro-
porous structure, whereas the CC sample possesses negli-
gible macroporous features under low magnification. Such a
difference in porous structure is verified by the pore size
distributions derived from the nitrogen sorption isotherms,
as shown in Fig. 2c. It is evident that BNCC possesses much
larger pores (45 nm), which results in an increase in pore
volume, meanwhile maintaining a similar number of smaller
pores (o5 nm) as CC samples. Also included in Fig. 2d are the
C–V curves of BNCC and CC samples, indicating improved
electrochemical properties when the carbon cryogels are co-
doped with boron and nitrogen. Fig. 2e compares the
capacitances per unit specific surface area as a function of
reciprocal square-root of voltage rate, 1/On, for the BNCC and
CC samples. The carbon co-doped with B and N possessed 30%
higher specific capacitance than that of the CC at higher
frequencies. This increase in the specific capacitance is
Faradaic in nature, either from the dopants or B2O3. This
improved capacitive behavior has been observed in these
carbon materials due to the presence of active species, which
contribute to the total specific capacitance by the pseudoca-
pacitive effect. At the same time, large specific surface area
and porosity are also essential for high current density and
charge storage [58,75,76]. These improvements in electrical
and electrochemical properties are expected to significantly
enhance the efficient energy storage in both supercapacitors
and hybrid batteries.

A new family of porous carbon called carbide-derived
carbon (CDC) has been developed recently through selective
removal of non-carbon atoms from carbides upon high-
temperature treatment (e.g., chlorination) [40,79]. The
porous structure, including average pore size, pore size
distribution, pore volume, and specific surface area of CDC
can be tailored through selection of the precursor (e.g.,
composition and structure of carbides) and the chlorination
conditions. CDC with specific surface area 43100 m2/g and
pores of �0.3–10 nm [80] makes a promising material
supercapacitor electrode [41,78,81].

Most recently, Presser et al. [82] reported nano-fibrous
felts (nano-felts) of carbide-derived carbon developed from
electrospun titanium carbide (TiC) nanofelts as the pre-
cursor. Conformal transformation of TiC into CDC conserves
the main features of the precursor, including the high
interconnectivity and structural integrity; the developed
TiC-CDC nano-felts are mechanically flexible/resilient, and
can be used as an electrode material for supercapacitor
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applications without the addition of any binder. After
synthesis through chlorination of the precursor at 600 1C,
the TiC-CDC nano-felts show an average pore size of �1 nm
and a high specific surface area of 1390 m2/g, and the nano-
fibers have graphitic carbon ribbons embedded in a highly
disordered carbon matrix. Graphitic carbon is preserved
from the precursor nano-fibers where a few graphene layers
surround TiC nanocrystallites. Electrochemical measure-
ments show a high gravimetric capacitance of 110 F/g in
aqueous electrolyte and 65 F/g in organic electrolyte.
Because of the unique microstructure of TiC-CDC nano-
felts, a reduction in the capacitance of merely 50% at a high
scan rate of 5 V/s is observed. A reduction of just 15% is
observed for nano-felt film electrodes tested in 1 M H2SO4 at
1 V/s, resulting in a high gravimetric capacitance of 94 F/g.
Such a high rate performance is known only for graphene or
carbon-onion based supercapacitors, in which binders have
to be used for the fabrication of those supercapacitors.

Interconnected mesoscale porosity plays an important role in
ensuring that charged ions can freely access all the surfaces
(2–50 nm). As a result, many groups investigated surfactant
templated mesoporous carbon that has controllable pore sizes
[83,84]. However, recently, a new study reported the effect of
pore sizes on the charge storage properties and provided new
information on the relative role of the mesoscale and
microscale porosity (Fig. 3) [78]. In Fig. 3a, the charge storage
in carbide derived carbon by high temperature chlorination is
reported. This material has precise control of the pore sizes
down to less than 1 nm. Three regions are observed. In Region I
where the mesopore dominates, the capacitance increases
with the pore sizes due to better pore accessibility and less
overlapping of the double layer structure. However, as the pore
size becomes smaller in Region II, the capacitance begins to
increase. In Region II, the capacitance increases sharply with
decreasing pore sizes. The effect of the ultra-small pore on the
capacitance is attributed to the distortion of the double layers
in the small pores and decrease in the double layer thickness.
Figure 3 Effect of pore sizes on charge storage in carbide derived
pore sizes. (b)–(d) Ion transport in different pore regimes.
Carbon nanotubes (CNTs) for supercapacitors

CNTs with large surface areas have been extensively studied in
supercapacitors, with specific capacitances of 4–180 F/g in a
solution of H2SO4 or KOH [53,64,85–88], and may have
advantages over traditional carbon (Fig. 4). The specific
surface area and the pore size of the CNTs remarkably affect
the capacitance [89]. For example, Niu et al. prepared MWNT
ECs with specific surface area of �430 m2/g, showing a specific
capacitance of 113 F/g using a solution of 38 wt% H2SO4 as the
electrolyte [85]. An et al. obtained a maximum specific
capacitance of 180 F/g with a large power density of 20 kW/kg
by heating CNTs to enhance their specific surface and pore
distribution [88]. However, the specific surface area of CNTs is
unsatisfying for excellent ECs compared with other activated
carbon electrodes (specific surface area up to 3000 m2/g) or
mesoporous carbons (up to 1730 m2/g) [90,91]. Researchers
also tried to treat the surfaces of CNTs with ammonia, aqueous
NaOH/KOH solution, or nitric acid to introduce oxygen
functional groups (carboxyl, phenolic, lactone, aldehyde,
ether groups, etc.), and thus improve the electrochemical
properties of the electrodes [92–94]. Yoon et al. increased the
capacitance of the CNT electrode from 38.7 to 207.3 F/g
through surface treatment using ammonia plasma [92].
However, some scientists think that the oxygen groups will
lead to capacitor instability with an increased resistance and
deterioration of capacitance [95,96]. In addition, the intro-
duction of surface oxygen groups to the CNT electrode would
not work with organic electrolyte.

The specific power of supercapacitors is Pmax=V
2/4R, where

V is the working voltage and R the equivalent series resistance.
The resistance is comprised of the electronic resistance of the
electrode material, the interfacial resistance between the
electrode and the current-collector, the diffusion resistance of
ions moving in small pores of the electrode material, or other
resistances [95,98]. That is, the characteristics of the electrode
materials and the type of fabricated electrode become the key
carbon materials [78]. (a) Normalized capacity as a function of



Figure 4 Comparison of activated carbon and oriented carbon nanotubes. (a) Fluid drying to form dense solid carbon from long
single wall carbon nanotubes (SWCNTs). (b) TEM image of the nanotube solid. (c) Capacitance per volume for dried (red) and as
prepared (black) SWCNTs. (d) Ion diffusion in activated carbon and oriented CNTs. (e) Specific capacitance as a function of current
density. Results from CNTs are in red, and activated carbon is in blue. (f) Potential drop as a function of current density [97].
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factors for excellent performance, such as the density of CNT
arrays [99]. There are several routes to enhance the super-
capacitors’ energy storage properties:
(1)
 Growing or depositing CNTs directly on the current
collector (Ni, Al, alloy, or other metals) as electrodes,
reducing the contact resistance [85,88,92,100–102].
Forming this binder-free CNT film electrode would
enhance its electrochemical performance as it has less
impurities introduced by the polymer binders. Some
groups even designed lightweight electrodes using dense
CNT networks as both the current collector and the
active electrode material for ECs [103].
(2)
 Combining CNTs with transition metal oxides (RuO2, NiO,
MnO2, In2O3, etc.) or conducting polymers such as
polyaniline (PANI), polypyrrole (Ppy), or other polymers
[106–111]. The hybrid composites are promising since
they can combine two hybrid materials together to gain
the largest capacitance by dual storage mechanisms
(EDLC and pseudocapacitance) [112]. In a hybrid system,
conducting polymers or some metal oxides have a very
large specific capacitance (e.g. 775 F/g for PANI, 480 F/g
for PPy, theoretical value of MnO2 �1100 F/g) [113–115],
contributing to the overall capacitance, while CNTs play
the role of a perfect backbone and a good conductor for
the composite during long cycling. Typical results from a
hybrid composite electrode are shown in Fig. 5a. Au-
segmented MnO2/CNTs hybrid coaxial electrodes were
fabricated for high-power supercapacitors [104]. The CNTs
improve electronic conductivity and the Au tips between
the MnO2/CNTs arrays and the collector lower the contact
resistance. Interestingly, the designed CNTs-based compo-
site supercapacitor device (in Fig. 5b), with room
temperature ionic liquid (RTIL) as an additive, increases
the operating temperature range (195–423 K, commer-
cially available at 233–358 K) [105].
(3)
 Integrating both the advantages of ECs and Li-ion
batteries to fabricate a new hybrid EC. For example,
the Li group developed the hybrid EC, using the synergistic
effects of a CNT cathode and a TiO2-B nanowire anode,
showing an energy density of 12.5 Wh/kg, which is twice
as high as a CNT–CNT supercapacitor (6.1 Wh/kg) [116].
Graphene based supercapacitors

Graphene-based supercapacitors are attracting a lot of
research attention and demonstrated a specific capacitance
a little over 100 F/g [117–119]. It is necessary to modify or
dope graphene to enhance its electrochemical properties.
One way is to prevent single or few layered graphene sheets
from agglomeration, so as to obtain higher effective surface
area. Wang et al. used a gas–solid reduction process to avoid
aggregation and achieved a maximum specific capacitance
of 205 F/g at 1.0 V in aqueous electrolyte with an energy
density of 28.5 Wh/kg [120], which is better than CNT-based



Figure 5 (a) Specific capacitance plots show the stable EC with Au-MnO2/CNT electrodes (the inset shows its fabrication and the
related SEM image) is better than that with MnO2/CNT electrode [104]. (b) Fabrication of nanocomposite EC (the corresponding SEM
image is shown on the right) with additive RTIL. The right bottom picture reveals the flexibility of the composite paper [105].
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supercapacitors [53,64,85–88]. Liu et al. fabricated super-
capacitors with curved graphene and obtained the highest
energy density (85.6 Wh/kg at 1 A/g at room temperature or
136 Wh/kg at 80 1C) reported so far [121].

Another way to enhance the storage capacity is to combine
graphene with other nanomaterials and fabricate hybrid
composite electrodes [122–133]. Various hybrid composites
were synthesized, such as graphene (or grapheme oxide)–
polyaniline composites [122–126], graphene nanosheet–CNTs–
PANI composites [127], graphene–CNTs composites [128],
graphene–metal oxide composites [129,130,134], graphene–
metal hydroxide composites [131,132], and graphene–Sn3S4
composites [133]. For example, the composite electrode of
PANI nanowire arrays aligned vertically on graphene oxide
nanosheets showed a synergistic effect of PANI and graphene
oxide, with higher electrochemical capacitance and better
stability than each individual component [122].

Graphene nanosheets have also awakened research
interests in other fields, such as photocatalysis [135], direct
methanol fuel cells [136], electrochemical cells [137],
electrochemical biosensing [138–142], and even providing
platforms for sensing TNT [143], studying charge transport
[144], and analyzing small molecules by matrix-assisted
laser desorption/ionization time-of-flight mass spectrome-
try [145].
Li-ion batteries

Graphite and high surface area carbon

Lithium-ion batteries have replaced a great deal of older
battery systems, such as nickel metal hydride, particularly
in high-tech devices like laptops and cell phones. This is
mainly due to their high energy density and long cycle life
[146–148]. However, lithium-ion batteries still cannot satisfy
the needs for high specific power and energy storage
applications, such as power tools, electric vehicles, and
efficient use of renewable energies [149].

Carbon plays a particularly important role in the devel-
opment of Li-ion batteries. Prior to the discovery of graphite
anode materials, Li metal had been the main candidate for
Li-ion batteries, but it had a serious problem of dendrite
formation, which caused a short circuit and presented a
safety issue. The use of graphite in rechargeable batteries
has been proposed a long time ago [150] and later as the
anode material for intercalating Li ions [151]. Till date
graphite is still the main anode material for commercial
Li-ion batteries and the topic has been extensively reviewed
in the literature [152]. Graphite is attractive because of its
high in-plane electron conductivity due to the p-bond and
weak interaction with Li ions, giving rise to high Li ion
storage capacity and fast Li ion diffusion (Fig. 6a).

Unfortunately, the intercalation capacity of Li ions in
graphite is still limited (372 mAh/g, LiC6). Great efforts have
been made to increase this capacity by altering the carbon
structures, increasing lattice disordering, creating pore
spaces, and increasing surfaces areas. The excessive Li ion
storage capacity could be derived from excessive bulk storage
due to the formation of different species, such as the
proposed formation of Li2 molecules in polymer derived
carbon with a large interlayer spacing of 0.4 nm. The
excessive capacity could also result from storage in micro-
cavities or nanopores (Fig. 6b) [153]. Another important
mechanism is Li storage on the surfaces and interfaces of
microcrystalline or nanocrystalline graphite or stacked
graphene sheets (the house-of-cards model) (Fig. 6c)
[154–157]. On the surfaces and interfaces the Li storage
capacity can be much larger than 372 mAh/g. The key to
achieving the high capacity is to control the starting materials
and the processing conditions (temperature for example).
CNTs for Li-ion batteries

As one kind of porous carbon materials, carbon nanotubes
(CNTs) have been extensively investigated as anode materi-
als for Li-ion batteries due to their mesoporous character
(higher electrode/electrolyte contact area leading to higher
charge/discharge rates), high chemical stability, low resistance
(short path lengths for electronic and Li+ transport), strong
mechanical strength, and high activated surfaces (better
accommodation of the strain of Li+ insertion/removal,
improving cycle life) [158–161].

In comparison to the theoretical maximum capacity
of graphite at 372 mAh g�1 (LiC), the electrochemical



Figure 6 Li ion storage mechanisms in graphite [152]. (a) Li ion intercalation in graphite. (b) Li ion storage in micro- or
nanocavities. (c) Li ion storage on surfaces or at the interfaces of graphite micro- or nanocrystals (house-of-cards model).
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intercalation of lithium in multi-wall and single-wall carbon
nanotubes (MWNTs, SWNTs) and typically synthesized SWNTs
(Fig. 7) have been studied with higher capacities in recent
years [158–166]. MWNTs exhibited reversible capacities of
80–640 mAh g�1 (Li0.2C6–Li1.7C6), while the capacity of the
SWNTs was 450–600 mAh g�1 (Li1.2C6–Li1.6C6), which could
increase to 790 and 1000 mAh g�1 (Li2.1C6 and Li2.7C6) by
either mechanical ballmilling or chemical etching [159–166].
However, the nature of carbon materials restricts their
capacity, although some scientists fabricate particular micro-
structures to improve the electrochemical properties of CNTs.
For example, 1D highly aligned CNT arrays were prepared by
the chemical-vapor-deposition (CVD) method [167,168]. No-
ticeably, the Fisher group fabricated a tube-in-tube structure
(CNTs �20 nm in diameter within the template-synthesized
CNTs �250 nm in diameter, Fig. 7a) with Li+ intercalation
capacity two times higher than that of the template-
synthesized CNTs, as the inner tubules provided more
electrochemical active sites for intercalation of Li ions [169].

Obviously, the most direct way to improve the capacity of
the CNT anodes is to fabricate composite electrodes of CNTs
with other materials. In such hybrid systems, the CNTs
function as an effective confining buffer of mechanical
stress induced by volume changes in charging and dischar-
ging reactions, while the other nanomaterials provide a
high capacity. By developing different systems such as metal
(Sn, Sb, Bi, etc.)–C, metal oxide (SnO, SnO2, MnO2, Fe2O3,
Fe3O4, CuO, etc.)–C, Si–C, and alloy (SnSb, SnCo, SnMn,
SnFe, AgFeSn, etc.)–C, many researchers have demonstrated
that these electrodes showed high charge capacities and
good durability [136,170–184]. For example, the reversible
capacities of CNT–56 wt % SnSb0.5 composites were as high as
518 mAh g�1 with a decreasing rate of only 1.1% per cycle
within 30 cycles [170]. The Si–C nanocomposites have
attracted considerable attention because of their specific
capacity as high as 4200 mAh g–1 (Li22Si5), the maximum
Li-containing alloy phase in the Li–Si system. It was
demonstrated that the hybrid Si–CNTs exhibited high
reversible capacity of �2000 mAh g�1 with a very little fade
in capacity of �0.15% per cycle over 25 cycles [171].

Even in the composite anode nanomaterials based on
CNTs, the microstructure is still the focus for high-
performance Li-ion batteries. For example, Reddy et al.
synthesized tubular coaxial MnO2/CNT array electrodes with
a unique combination of high porosity and low internal
resistance (Fig. 7c) [185]. The Li group fabricated coaxial
CNTs/MoS2 nanomaterials; electrochemical measurements
revealed that the MoS2 sheath improved the lithium
storage/release properties at the nanoscale through a
unique synergy [187]. Smarter, smaller, lighter, and greater
energy density would be the demands for portable battery
technology in the near future. The flexibility, porosity, and
conductivity of CNT membranes gave scientists an insight on
fabricating ‘‘paper electrodes’’ [186,188–190]. SWNTs were
used to fabricate free-standing electrode without polymer
binder or a metal substrate, but the capacity was unsatis-
factory [187]. CNT networks and aligned CNTs/conducting
polymer were then exploited for paper electrodes, and
the capacity of the latter was 50% higher than that of
SWNT paper electrode [189,190]. In particular, the Cui group
developed CNTs/Si film free-standing electrodes with high
specific charge storage capacity �2000 mAh g�1 and good
cycling performance (Fig. 7d) [186]. Later, vertically aligned
Si/CNT arrays prepared by the Kumta group also had a
capacity of 2000 mAh g�1 [191]. Hybrid paper electrodes
exhibit a promising research prospect.



Figure 7 CNTs with various morphologies as anode materials: (a) CNTs with tube-in-tube structure [169]; (b) ultrathin SMNTs [159];
(c) coaxial MnO2/CNT array [185]. (d) Charge, discharge and Coulombic efficiency versus cycle number for a half cell using free-
standing CNT-Si films as the working electrode [186].
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In summary, CNTs as one kind of classical porous carbon
materials with a mature studied history will play a
significant role in the battery market of the near future,
but how to combine hybrid materials together to obtain
safe, stable, and high-capacity electrodes has always been
the radical problem that many researchers are trying to
solve.
Graphene (including graphene oxide, GO) for Li-ion
batteries

Recently, graphene, composed of monolayers of carbon
atoms arranged in a honeycombed network, has emerged
explosively and attracted much attention in the fields of
materials science and condensed-matter physics [192–194].
As the thinnest carbon materials, graphene and graphene-
based materials have promising application in energy-
related electrochemical devices, such as Li-ion batteries,
ECs, fuel cells, and solar cells [195–197]. In particular, these
materials have superior electrical conductivities to graphitic
carbon, higher surface area of over 2600 m2/g than CNTs,
and a broad electrochemical window that would be more
advantageous in energy storage. Thus, a series of research
work on Li-ion batteries and ECs based on graphene or
graphene oxide were performed intensively with the similar
routes to the CNTs-based electrode materials for Li-ion
batteries.
Some scientists used graphene sheets directly as an anode
material for lithium-ion batteries and found that they had
improved electrochemical properties. For example, the first
reversible specific capacity of the prepared graphene sheets
with specific surface area of 492.5 m2/g was as high as
1264 mAh g�1 at a current density of 100 mA/g. After 40
cycles, the reversible capacity was still kept at 848 mAh g�1

at the current density of 100 mA/g, higher than general
values of CNT electrodes [198]. Although graphene nanos-
tructures were thought to have significant disorder and
defects, which might lower their electrical conductivity,
some reports verified highly disordered graphene nano-
sheets as electrodes with high reversible capacities (794–
1054 mAh g�1) and good cyclic stability [199]. The surface
oxidation of carbon materials could improve their electro-
chemical properties [200], and Bhardwaj et al. confirmed
that oxidized graphene nanoribbons (ox-GNRs) outperformed
MWNTs and GNRs, presenting a first charge capacity of
�1400 mAh g�1 and a reversible capacity of �800 mAh g�1

[201].
However, the increase was not satisfying for application in

energy technologies. As described in CNT-based electrodes,
an efficient way to improve the Li-ion insertion properties is
to introduce hybrid nanostructured electrodes that inter-
connect nanostructured electrode materials with conduc-
tive additive nanophases. Regarding the graphene (graphene
oxide)-based electrode materials, various hybrid nanocom-
posites have been synthesized, such as the nanocomposites



Figure 8 (a) Illustration for the preparation of the honeycomb structured film based on graphene oxide. (b) SEM images and
photograph for the honeycomb structures. (c) Charge and discharge cycle curves of the honeycomb-patterned film as anodes in Li-ion
battery at a current density of 50 mA/g (top), capacity versus cycle number for the honeycomb film (bottom) [202].
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of metal oxide (TiO2, CuO, CeO2, SnO2, Mn3O4, Fe3O4, Fe2O3,
Co3O4, etc.) and graphene [203–210], metal hydroxide and
graphene [180], nanosized Si and graphene [211], and other
hybrid composites [212,213]. In particular, three-dimen-
sional (3D) graphene-based hybrid structures were fabri-
cated to improve the storage capacity of Li-ion batteries by
increased specific surface area and more suitable layer
spacing of graphene sheets. Some metal oxides, CNTs,
fullerenes (C60), carbon nanofibers, and even organic agents
could be introduced to fabricate 3D-structured graphene
[202,214–216]. For example, Yin et al. created honeycomb-
like electrode materials with hierarchical graphene na-
noarchitectures modified by the organic agent dimethyl-
dioctadecylammonium (DODA) with electrostatic interaction.
This novel structure simultaneously optimized ion transport and
capacity, leading to a high performance of reversible capacity
(up to 1600 mAh g�1), and 1150 mAh g�1 after 50 cycles [202]
(Fig. 8).
Hydrogen and gas storage

Highly porous carbon for hydrogen and methane gas
storage

One area of highly porous carbon in energy application that has
attracted a lot of attention is as sorbents for hydrogen and
methane storage through physisorption [217–222]. Physisorption
is a principle where the forces involved are weak intermole-
cular forces; therefore it is generally associated with fast
kinetics and reversibility. But the challenge with the physisorp-
tion of hydrogen also results from these weak forces. H2 is the
smallest molecule and only has two electrons; hence it is hard
to polarize and in the absence of relatively strong polarizing
centers, interaction between the adsorbent and the non-polar
hydrogen molecules relies on the weak dispersion forces. These
are created by temporarily induced dipoles and are typically of
the order of 3–6 kJ/mol [223]. Thus, significant hydrogen
adsorption often takes place only at a cryogenic temperature.
Nanostructured materials may offer advantages for molecular
hydrogen storage by providing high surface areas, or by
encapsulating or trapping hydrogen in microporous media.
Using porous nanostructured materials, in general, can reduce
the gravimetric and the volumetric storage densities. Addition-
ally, the increased surface area and porosity in nanostructures
will offer additional binding sites on the surface and in the
pores that could increase storage mainly through physisorption.
The possibility of storing a significant amount of hydrogen on
high surface area materials has been a key driver in the
investigation of hydrogen sorption properties of nanotubes,
graphite sheets, metal organic frameworks, and template
ordered porous carbons. Nanostructured carbons, zeolites,
metal-organic frameworks, clathrates, and polymers with
intrinsic microporosity are examples of the investigated
physisorption materials.

Early reports [224,225] on hydrogen storage in carbon
nanotubes and graphitic nanofibers proposed high storage
capacities (to 67 wt%) and started an extensive worldwide
surge of research. Since then many succeeding experiments
were carried out with different methods, but such high
values have not yet been reproduced by other groups [226].
Furthermore, no hypothesis could support the unusually high
storage capacities and, therefore, the high storage capacity
results were thought to be more related to the faults of
experiment [227,228]. Nevertheless, hydrogen adsorption
on carbon materials is still an attractive and improving field.
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The result of several investigations proposes that the
amount of adsorbed hydrogen is proportional to the specific
surface area of the carbon material [229,230]. In the case of
activated carbons and activated carbon fibers, the hydrogen
absorption of 5 wt% is obtained at low temperature (77 K)
and high pressure (30–60 bar) [231]. For graphite nanofibers
(GNF), single walled nanotubes (SWNT), and multi-walled
nanotubes (MWNT), the reversible hydrogen uptake of
1.5 wt% per 1000 m2/g under ambient conditions is reported
[232]. Hydrogen capacity of 7 wt% is observed for ordered
porous carbon with surface area of 3200 m2/g, prepared by
template at 77 K and 20 bar [220]. Recent studies on carbon
aerogels (CAs), another class of amorphous porous carbon
structures with high surface area, show 5 wt% of hydrogen
adsorption for surface area of 3200 m2/g at 77 K and
pressure 20–30 bar (Fig. 9) [233].

Recent research on hydrogen physisorption on carbon
nanostructures involves efforts to increase the surface area
of carbon to provide more binding sites, and incorporating
functional groups (dopants) in carbon to increase the
binding energy between hydrogen and carbon surface [234].

In comparison with hydrogen, storage of natural gas
receives much less attention, in spite the fact that natural
gas is already in relatively widespread use as a transporta-
tion fuel [235]. A natural gas powered vehicle produces 70%
less carbon monoxide, 87% less NOx, and 20% less CO2 as
compared to gasoline powered vehicles [236]. The conven-
tional approaches available today, compressed natural gas
(CNG) and liquid natural gas (LNG), have significant draw-
backs, including (a) relatively high cost, (b) low storage
efficiency, and (c) safety concerns. The favored alternative
to these two storage methods is natural gas adsorbed on a
microporous medium such as highly porous carbon.

Natural gas contains portions of ethane, propane, and
butane, but the main component is methane. As such,
research has focused on finding a porous material that can
store adsorbed methane. Theoretical studies have shown
that an optimal material engineered to enhance capillary
condensation and gas adsorption would possess pores
1.5–2.5 nm in diameter and a pore volume in this range of
greater than 1 cc/g [237]. Activated carbon is the dominant
material in this field because of its ease of processing and
Figure 9 Adsorption isotherms at 77 K for the carbon aerogels
show the linear dependency of hydrogen adsorption on the
surface area [233].
controllable pore structure. Other types of porous materials
could be used, such as metal organic framework (MOF)
materials. These also contain tunable micropores (defined
by IUPAC as pores o2 nm in diameter), but most work has
been focused on activated carbons [238]. The bulk of the
literature focuses on pyrolysis (or carbonization) and
activation treatments on existing organic materials such as
pitch, coconut fibers [239], pistachio nut shells [240–243],
carbon fibers [244], and even tire rubber [245].

Fig. 10 shows the typical methane adsorption curves of a
resorcinol–formaldehyde carbon cryogel at room tempera-
ture [222], with volumetric and gravimetric storage as a
function of pressure measured using a Sievert’s apparatus
[246]. Volumetric storage capacity is not a material property
as it largely depends on sample compaction, but the
gravimetric storage capacity is indicative of the microporous
structure of the sample in question. The methane sorption
curves in these carbon cryogels are similar to that of
activated carbon widely reported in literature [247–249].

Fig. 11 shows that the gravimetric storage capacity varies
as a function of R/C (precursor resorcinol to catalyst sodium
carbonate) ratio. For example, increasing the R/C value
from 10 to 25 resulted in a drastic increase in methane
storage capacity (�4 times), which reaches its maximum of
13 mmol/g at R/C=50, and then decreases significantly as
the R/C ratio increases further to 75. Total pore volume and
surface area are also plotted in Fig. 11, showing a close
correlation between all three metrics. This can be easily
understood when considering the fact that methane storage
in carbon cryogels occurs in two mechanisms: surface
adsorption (both monolayer and multilayer adsorption) and
capillary condensation in micropores.

An R/C value either too high or too low is not beneficial
for the storage performance of the material. Pekala [250]
has shown by small angle X-ray scattering (SAXS) analysis
that in the RF system, the length scale of the solid and
solvent phases in the gelling RF polymer network are equal
and dependant on R/C. At low R/C ratios, the width of both
the pores and solid phases are very small whereas high
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Figure 11 Gravimetric (mmol/g) methane storage perfor-
mance, surface area (m2/g), and total pore volume (10� cm3/g)
as a function of R/C for carbon cryogels and activation levels
from 67% to 75% [222].
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R/C ratio results in an open structure with large pores and
correspondingly large solid portions. Hence, a high R/C
carbon cryogel exhibits poor methane storage capacity
because the material consists of large solid chords of carbon
separated by pores of an equal size, larger than that is
beneficial. Poor performance in low R/C cryogels may be
explained by drying or pyrolysis induced collapse of the very
small pores that result from the highest catalyst concentra-
tions. Related behavior such as reduced micropore volume
and surface area at high or low R/C ratio has been noted in
the literature [251].

This study appears to be the first attempt to use carbon
cryogels (or aerogels) for pressurized gas storage. The initial
results are promising, but there is still considerable room for
extensions of this work. Relatively few publications have
reported on the properties of activated carbon aerogels
[248,252]. Further understanding of this system, and
possibly utilizing alternate activation temperatures, would
enable better control over the final material properties.
Figure 12 Thermogravimetric analysis of LiBH4 dehydrogena-
tion shows that the reaction temperatures decrease with the
decreasing scaffold pore size [260].
Carbon-based nanocomposites for hydrogen storage

It is well recognized that hydrogen generated from renew-
able power represents a very attractive energy solution.
Hydrogen powered fuel cells are more efficient than internal
combustion engines and have only water as an emission.
Unfortunately, hydrogen storage systems suitable for
automotive and other small-scale industrial or residential
applications remain elusive. Using ultra-high pressure
(860 bar) or ultra-low temperatures (30 K) continue to be
the only methods for achieving sufficient and commercially
practical storage densities [253,254]. This significant con-
straint is a well-known, yet persistent, obstacle to wide-
spread implementation of a hydrogen economy. Currently, a
variety of solid state hydrogen storage materials are the
subject of intensive investigation and research. However, no
material has yet to meet simultaneously all of the following
criteria [255]: relatively high storage density of 3 kWh/kg at
9 wt% and 2.7 kWh/L, moderate decomposition tempera-
tures of 60–120 1C, good reversibility, low manufacturing
cost that can support $2/kWh end-use pricing, and fast
kinetics of the hydrogen absorption and desorption process.

The concept of a dual phase coherent nanocomposite
hydrogen storage material has been developed and studied,
where the two phases consist of highly porous carbon and
hydride hydrogen storage material [249,256–259]. Porous
carbon with a high surface area and pore volume would
contribute significantly to a solid state hydride-based
hydrogen storage composite material by providing a struc-
tural support matrix, as well as size confinement for
hydrides and a percolated heat conduction network.

Incorporation of LiBH4 into carbon aerogels (CAs) has
shown to enhance the dehydrogenation kinetics and lower
the dehydrogenating temperature of LiBH4. Fig. 12 shows
the thermo-gravimetric analysis for hydrogen release from
LiBH4 confined in two aerogels with pore sizes of 13 and
26 nm, activated carbon with pore sizes of o2 nm, and a
non-porous graphite control sample [260]. This study shows
that incorporation of LiBH4 into the CA accelerates the
dehydrogenation, reduces the energy barrier to release
hydrogen, and decreases the hydrogen release temperature,
with lower dehydrogenation temperature observed for CA
with smaller pore size.

Fig. 13 is a schematic illustrating the coherent nanocom-
posite of ammonia borane (AB) within a carbon cryogel
network. AB was chosen as a hydride material for its high
gravimetric and volumetric hydrogen content, as well as its
already reasonable decomposition temperature. AB is also
easily coated onto the carbon cryogel by dissolving it in
solvent and soaking the cryogel, resulting in a coherent
nanocomposite, as illustrated in Fig. 13. The addition of
AB to the carbon cryogel resulted in hydrogen release at a
much lower temperature and the elimination of harmful
byproducts.

Carbon cryogel (CC)–ammonia borane (AB) nanocompo-
sites can be made by loading monolithic CCs with AB through
soaking them in AB/THF solution [261,262], The DSC
exotherms for CC–ABs and neat AB are given in Fig. 14a.
Thermal decomposition of neat AB happens through two-
step reactions, which were observed at approximately
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115 and 150 1C at the applied heating rate. These
temperatures are in good agreement with the literature
[263]. Similar results were reported in other nanocompo-
sites, including mesoporous silica–AB [264] and carbon
aerogel–LiBH4 [260]. For the CC–AB nanocomposites, dehy-
drogenation temperatures are much lower than that of neat
AB and hydrogen release happens through only one
exothermic event. For the CCs with pore sizes of 7, 9, and
16 nm, dehydrogenation temperatures are �98, 102, and
110 1C, respectively. Lower dehydrogenation temperatures
in CC–ABs provide evidence of faster kinetics. The dehy-
drogenation of nanocomposites is very reproducible and
results in the release of about 1.5 H2 equiv and suppression
of borazine. Also, the reaction exothermicity is significantly
more than that of neat AB [261]. 11B nuclear magnetic
resonance and FTIR studies showed the lower dehydrogena-
tion temperature and enhanced kinetics in the thermal
reaction of CC–AB is accompanied by the formation of a new
reaction product, which is attributed to the reaction of AB
with surface oxygen functional groups [265]. It should also
be noted that the dehydrogenation occurred at a much
narrower range of temperatures. Although the exact
mechanism for narrowed dehydrogenation peaks is still
under research, it is likely due to the better thermal
Figure 13 Illustration of the anticipated structure of a
coherent nanocomposite consisting of a carbon cryogel network
and hydride [261].
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Figure 14 (a) DSC exotherms for CC–AB nanocomposites at a heatin
for CC–AB nanocomposites for corresponding CC pore sizes. The da
similar heating rate [262].
conductivity of the nanocomposites and the consequent
rapid kinetics as compared to the neat AB. The peak
dehydrogenation of CC–ABs and their corresponding CC pore
size are compared in Fig. 14b, which reveals that the
dehydrogenation temperature decreases almost linearly
with the pore size.

Activation energies are calculated for non-isothermal DSC
runs using the Kissinger equation [266], given by

lnða=T2
p Þ ¼�Ea=RTpþC ð5Þ

where Tp is the peak temperature, a=dT/dt the heating
rate, Ea the activation energy, and C the intercept. The plot
of ln(a/Tp

2) versus 1/Tp is linear and the slope of the resulting
line corresponds to the values of the activation energy from
the Kissinger equation. Table 1 shows the peak temperatures
for heating rates of 2, 5, and 10 1C/min. The calculated
activation energy for neat AB is about 160 kJ/mol, which
is comparable to the value reported in literature using
the isothermal method [264]. The activation energies for
nanocomposites are lower than that of neat AB: about
150 kJ/mol AB and 120 kJ/mol AB for 16 nm-CC–AB, and
7 nm-CC–AB. Similar to the dehydrogenation temperatures,
the activation energies decrease with the decrease in pore
size. These results suggest that the barrier for hydrogen
release from CC–ABs is lower than that of the neat AB.

The dehydrogenation temperature and kinetics of ammo-
nia borane on pore size in amorphous nanoporous carbon–
ammonia borane nanocomposites vary appreciably with the
change in pore size of the CC scaffold. Confining nanocrys-
tallite AB inside the mesopores of the carbon matrix
decreases the dehydrogenation temperatures and activation
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Table 1 Peak temperatures for dehydrogenation of AB
and CC–AB [262].

Heating rate
(1C/min)

AB 16 nm CC–AB 7 nm CC–AB
Tp (1C) Tp (1C) Tp (1C)

10 124 115 109
5 118 109 101
2 112 103 94
Ea 160 kJ/mol 150 kJ/mol 120 kJ/mol
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energy. The carbon matrix reduces hydrogen diffusion
distances, increases the frequency of reaction, which
effectively accelerates the dehydrogenation process, and
serves as efficient pathways for heat transfer. Inside the
mesopores of the CC matrix, nanocrystallite AB possesses a
huge surface to volume ratio, resulting in significantly larger
surface energy. This destabilizes the hydrogen bonding
network of AB and lowers the barrier to hydrogen release.
Other possible factors, such as surface area and catalysts,
for dehydrogenation temperatures and the kinetics of
hydrides have also been studied; boron and nitrogen
modified CCs (BNCCs) have been shown to enhance kinetics
and lower dehydrogenation temperatures further.

Fig. 15 shows the DSC exotherms (at 5 1C/min) for AB,
CC–AB, and BNCC–AB nanocomposites. Thermal decomposi-
tion of AB shows an endothermic dip at approximately 105 1C
(assigned to the melting of AB) and two exothermic maxima,
one at approximately 115 1C and a smaller one �150 1C,
associated with the release of the first and second
equivalent of hydrogen, respectively [263,268]. The activa-
tion energy for release of the first equivalent of hydrogen
from neat AB is found to be �160 kJ/mol, which is
comparable to the value reported in literature [269]. The
activation energies for nanocomposites are �150 kJ/mol AB
and 115 kJ/mol AB for CC–AB and BNCC–AB, respectively.

The lower dehydrogenation temperatures and activation
energies of CC–AB and BNCC–AB can be attributed to the size
dependent surface energy of AB confined inside the
nanoscale pores of CC and BNCC. The carbon matrix can
reduce hydrogen diffusion distances, increase the frequency
of reaction, which effectively accelerates the dehydrogena-
tion process, and serve as efficient pathways for heat
transfer. Thus, the barrier to hydrogen release in CC–AB and
BNCC–AB is lower. Also, the surface hydroxyl groups may
result in the catalysis of the AB thermal reaction in
nanocomposites. Furthermore, the lower activation energy
and dehydrogenation temperature in BNCC–AB than CC–AB
can be attributed to the catalytic effect and not the
nanoscale effects. The presence of B, N, and the excess of
hydroxyl groups on the surface BNCC can provide surface
interactions that disrupt the dihydrogen bonding in AB.
Therefore, the induction period for dehydrogenation is
Figure 15 DSC exotherms for CC–AB and BNCC–AB nanocom-
posites and neat AB (heating rate 5 1C/min) [267].
lower, resulting in a lower barrier to hydrogen release in
BNCC–AB as compared to CC–AB.

It should be noted that the nanosize confinement has also
been observed in silica–ammonia borane nanocomposites. It
has been shown that infusing ammonia-borane (AB) in a
nanoporous silica scaffold lowers the activation barrier for
the hydrogen release, significantly improves the dehydro-
genation kinetics, lowers the dehydrogenation temperature,
and suppresses unwanted volatile products [264].

Porous nanostructured carbon materials for
fuel cell application

Porous carbon is the indispensable material in fuel cells
(e.g., polymer electrolyte membrane (PEM) fuel cell) [270].
In a PEM fuel cell, porous carbon is the most widely used
electrocatalyst support material [271–273] and can even be
used as electrocatalyst with a certain functional group
[274–276]. It is the basic material in the gas diffusion layer
[277,278] and it is also incorporated into composite
membranes to enhance their mechanical strength [279]. In
this section, we will focus on the electrocatalytic applica-
tion of porous carbon.

Electrocatalyst support

Most PEM fuel cell electrocatalysts are Pt (Pt alloy)
nanoparticles supported on porous materials. The support
materials play a key role in improving Pt utilization,
catalytic activity, and stability. The general requirements
for electrocatalyst support are [272] (1) high specific surface
area and high porosity, which are necessary for improving
the dispersion of catalytic metals and mass transfer; (2) high
electrochemical stability under fuel cell operating condi-
tions; (3) high electric conductivity; and (4) easy Pt
recycling in the used electrocatalyst. The special interaction
between Pt and the support material is also desired to
improve the catalytic activity and durability of Pt [280–282].
Porous carbon intrinsically possesses these unique proper-
ties. Vulcan XC-72 carbon black is the most widely used
electrocatalyst support, but the activity and durability do
not satisfy the requirements for PEM fuel cells. Therefore,
various nanostructured carbon materials have been devel-
oped for electrocatalyst supports [272], including carbon
nanotubes (CNT), mesoporous carbon, the newly developed
graphene, etc.

CNTs are superior to conventional carbon black for
PEM fuel cell electrocatalyst support in many ways
[272,283–286]: (1) CNTs are more electrochemically durable
in fuel cell conditions; (2) CNTs provide a high electric
conductivity and a specific interaction between Pt and CNT
support (i.e., the interaction of the delocalized p-electrons of
CNTs and Pt d-electrons), resulting in a higher catalytic
activity; (3) CNTs have few impurities, while carbon black
(e.g., Vulcan XC-72) contains a certain quantity of impurities,
such as sulfur, which poison Pt metal; (4) CNTs are free from
the deep-crack structure, which is the so-called ‘‘dead
zone’’ of electrocatalysts because Pt nanoparticles have no
catalytic activity when deposited there due to the absence
of electrochemical triple-phase boundary. Various CNTs have
been developed for fuel cell electrocatalyst supports.
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Usually CNTs with smaller diameters exhibit higher specific
surface area, which is beneficial for the dispersion of Pt
nanoparticles and results in high electrocatalytic activity. It
has been reported [287,288] that single wall carbon
nanotubes (SWNT) [287,288] and double wall carbon nano-
tubes (DWNT) [289,290] supported Pt/Pt alloy electrocata-
lysts show better activity toward methanol oxidation
[287–289] and oxygen reduction [290] than those supported
by multi-wall carbon nanotubes (MWNTs) [287,288]. In addi-
tion to the diameter of CNTs, the nanostructures of CNTs also
influence the electrocatalytic performance [291,292]. For
example, bamboo-structured MWNTs, in which the axis of the
graphite planes is at an angle to the axis of nanotubes, show
faster electron transfer in electrochemical processes than
hollow-structured MWNTs [293]. The higher electrocatalytic
performance of bamboo-structured MWNTs has been ob-
served for the reduction of oxygen [294] and H2O2 [295].
These enhanced electrocatalytic activities are attributed to
the greater proportion of edge plane-like defect sites in
bamboo-structured MWNTs [294–296].

Mesoporous carbon (MC) is another material that has been
extensively studied as catalyst supports for PEM fuel cells
[25,297–302]. The performance of the mesoporous carbon
supported electrocatalysts is influenced by both the pore
structures and sizes. Extensive studies have been carried out
on the influence of the pore size of support on electro-
catalytic activity [299,303,304]. The highest performance
was found for the porous carbon with mesopores (20–25 nm)
as the support [299,303,304]; this exhibits the balance
among high surface area, which allows a higher degree of
catalyst dispersion, pore size, which allows for efficient
transport of reactants and products, and electric conduc-
tivity [302].

Graphene is a newly developed carbon material, which
has shown both enhanced activity and durability as fuel cell
catalyst support [280,305,306]. Graphene has been ob-
served to exhibit an extraordinary modification to the
properties of Pt cluster electrocatalysts supported on it,
which leads to an electrocatalytic activity enhancement by
a factor of 4 for methanol oxidation [280]. Fig. 16 shows Pt
subnano-clusters (o0.5 nm) formed on graphene due to the
specific interaction between Pt and the graphene surface,
which in turn acquires the specific electronic structures of
Pt and modifies its catalytic activities [280]. Graphene also
improves the stability of Pt electrocatalsyts. Less aggrega-
tion of Pt nanoparticles on the functionalized graphene and
Figure 16 (a) HRTEM image and (b) HAADF-STEM image of Pt/g
Pt/graphene (HAADF-STEM=high-angle-annular-dark-field-scanning-
higher retained activity of Pt/graphene in comparison with
Pt on carbon black have been observed under durability
tests [306].

To improve the durability of electrocatalysts through
carbon supports, generally two strategies have been
employed [272]: (1) graphitization of porous carbon and
(2) surface modification of carbon support with corrosion-
resistant conductive metal oxides. In a PEM fuel cell, the
carbon catalyst support can be corroded, which leads to
degradation of the electrocatalysts. The electrochemical
corrosion rate mainly depends on the degree of graphitiza-
tion in the carbon [272]. It has been demonstrated that
increasing the degree of graphitization, for example,
through high-temperature heat treatment in inert atmo-
sphere, can improve the durability of electrocatalysts
[307,308]. However, the high-temperature heat treatment
usually significantly decreases the surface area and the
anchoring sites for Pt, which makes it difficult to load highly
dispersed Pt nanoparticles [307,309]. Another strategy is to
modify the carbon support surface with a protective layer
like conductive metal oxides. In fact, this protective layer
not only improves carbon durability, but also stabilizes Pt
nanoparticles through the strong metal–support interaction.
Furthermore, the metal oxide (indium tin oxide, ITO),
carbon, and platinum can form a triple-junction structure
as shown in Fig. 17, which significantly improves both the
activity and the durability of the electrocatalyst [305].
Porous carbon based non-precious electrocatalysts

Porous carbon, if functionalized with other elements like
nitrogen [274,275] and transition metals [276], can be used
as electrocatalysts by itself, which is refered to as non-
precious electrocatalyst. This is an strategic direction in fuel
cell research to replace expensive platinum.

Nitrogen doping of porous carbon has been used as an
strategy to improve the activity and durability of carbon
supported precious metal electrocatalysts [275], but the
catalytic activity of nitrogen-doped carbon itself has never
been able to compete with platinum until Gong et al. [274]
successfully demonstrated the superior activity of their
nitrogen-doped carbon nanotubes array (N-CNT). The N-CNT
exhibits a comparable activity and much higher durability
and selectivity in comparison with platinum for oxygen
reduction in alkaline electrolyte [274]. However, this
raphene. (c) Histogram of subnanometer sized Pt clusters of
transmission electron microscope) [280].



Figure 17 (a) Face-on and (b) cross-sectional TEM images of Pt/ITO–graphene [305].
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superior performance of the nitrogen-doped carbon has not
been demonstrated in acidic electrolyte, which is more
important for practical application since most low-tempera-
ture fuel cells are acidic systems. Fortunately, great
progress has been made by incorporating transition metals
(Fe, Co, etc.) to improve the electrocatalytic performance
of carbon based non-precious catalysts in acidic systems
[276,310,311]. Lef �evre et al. [310] reported that their
microporous carbon/iron-based catalysts could produce
current densities equal to that of a platinum-based
electrode with a Pt loading of 0.4 mg/cm2 at a cell voltage
of Z0.9 V, but the durability is still poor (a decrease by
about 50% in 100 h test). Wu et al. [311] recently reported a
highly stable porous carbon/iron/cobalt-based non-precious
electrocatalyst with a slightly lower activity than Pt. Their
most active materials catalyze oxygen reduction at poten-
tials within �60 mV of that delivered by state-of-the-art
carbon-supported platinum. The stability is remarkable with
almost no degradation in 700 h at a fuel cell voltage of 0.4 V
[311]. These are exciting results in the search for non-
precious electrocatalysts even though more investigations
are needed to understand the fundamental mechanims,
which will lead to highly active and stable non-precious
electrocatalysts.
Porous carbon for solar cell applications

Using various porous carbon materials such as CNTs,
graphene, fullerenes, mesoporous carbon, and other fabri-
cated hollow nanoparticles can be beneficial for cell
performance in dye-sensitized solar cells (DSSCs), quan-
tum-dot sensitized solar cells (QDSCs), and organic solar
cells [312–321]. For example, DSSCs showed an improved
conversion efficiency of 7.46% using ordered mesoporous
carbon with a high surface area (�1575 m2/g) as the counter
electrode [317]. The large area, flexible, transparent, and
conductive carbon films made by spinning or depositing can
be transferred to various substrates such as glass, metal,
paper, plastics, and micro-fibers.

Porous carbon-based composite materials are also attrac-
tive when used as transparent electrodes, counter electro-
des, electrolytes, and other parts in the solar cell. For
improved photoelectronic properties, various carbon-based
composites were synthesized and studied, such as the
mixture of graphene, CNTs, and ionic liquid as electrolytes
[313], TiOx-modified CNTs as transparent electrodes
[314], Pt-decorated CNTs as the catalytic layer on counter
electrodes [322], and TiO2 NPs/CNTs hybridized material as
working electrodes [323], as well as polymer/CNTs [324,325],
reduced graphene-CNTs [326], P25-graphene [327], and TiN-
CNTs composites [328] as counter electrodes. The efficiency of
the DSSCs using most composites as counter electrodes is
comparable to that with a Pt film electrode. Instead of
spinning or depositing CNTs on substrates, ordered CNT arrays
grown on FTO glass and graphene paper (Fig. 18a) were also
synthesized and used as the counter electrode [329,330], as it
was believed that the aligned structures would provide faster
electron transfer and thus more stable performance. Addi-
tionally, Lee et al. prepared N-doped CNT arrays as electrodes
with an excellent conversion efficiency of 7.04% in DSSCs
[331]. Zhou et al. synthesized amorphous silicon (a-Si:H)
capped CNTarrays (Fig. 18b) with a 25% enhancement in short
circuit current attributed to the highly effective light-trapping
structure of the coaxial MWNT/a-Si:H nanowire array [332].

Many researchers focus on the design of CNTs–silicon
heterojunction solar cells for achieving high efficiency by
enhancing photon absorption, inhibiting charge recombina-
tion, and reducing internal resistance. For example, Ong
et al. prepared hybrid solar cells based on SWNTs/Si
heterojunctions [333], while Kalita et al. incorporated CNTs
into silicon nanowire (SiNW) arrays/polymer hybrid solar
cells [334]. Shu et al. fabricated a hybrid solar cell
composed of a heterojunction cell and a photoelectrochem-
ical (PEC) cell [335]. A thin CNTs film formed a heterojunc-
tion with the SiNWs and also functioned as the transparent
electrode. The cell structure is shown in Fig. 19. The hybrid
solar cell showed a power conversion efficiency of 1.29%
under AM 1.5G illumination, higher than those for SiNW
arrays-based PEC cells. Jia et al. reported Si-CNT hetero-
junction solar cells with a stable high efficiency of 10–13% by
acid doping [336,337].
Porous carbon for lithium–sulfur batteries

Mesoporous carbon (MC) with large surface area, good
conductivity, and tunable pores is an ideal conductive



Figure 18 SEM images showing (a) the cross section of CNTs grown on graphene paper with an optical image inserted in the top right
corner [330] and (b) the CNTs capped with amorphous silicon with low magnified image inserted in the lower left corner [332].

Figure 19 (a) Schematic illustration of a hybrid heterojunction/PEC solar cell made with CNTs and SiNW arrays and (b) side view of
the structure. (c) Cross section of the obtained SiNW array on the silicon wafer and (d) top view showing CNTs on top of the SiNW
array [335].
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matrix for electrical energy storage applications. Trapping
active materials inside the pores leads to composite battery
electrodes with improved capacity, cycling stability, and
rate capability. Li–S batteries have high theoretical specific
capacity (�1680 mAh g�1) and energy density (2600 Wh/kg),
but suffer from the poor electrical conductivity of sulfur and
the fast capacity degradation from polysulfide dissolution
into the electrolyte [338–341]. Recently, mesoporous carbon
has been used to construct cathodes for Li–S batteries by
encapsulating sulfur inside the pores [341–344]. A mesopor-
ous carbon–sulfur (MCS) composite improves the electrical
conductivity of the sulfur cathode and alleviates the fast
capacity degradation from polysulfide dissolution into the
electrolyte. Using sulfur and ordered MC (CMK3) nanocom-
posites as cathodes for Li–S batteries, good cycle stability
of over 20 cycles and high initial discharge capacities of
�1320 mAh g�1 and 1005 mAh g�1 were achieved at a 0.1C
rate (168 mA/g) with and without polyethylene glycol (PEG)
modification, respectively (Fig. 20) [344]. Bimodal MCs and
porous hollow carbon spheres prepared using soft or hard
templates have been reported [342,343]. An ordered MC
with a large surface area (2102 m2/g), a pore volume of
2.0 cm3/g, and a bimodal mesoporous structure (5.6/
2.3 nm) has been synthesized using the tri-constituent co-
assembly method. With 60 wt% sulfur loading, the composite
has an initial capacity of �1100 mAh g�1 and a capacity
retention of �800 mAh g�1 after 80 cycles [340]. Another
bimodal MC (2/7.3 nm), synthesized using a soft-template
approach and KOH activation, has a relatively small pore
volume (0.56 cm3/g) and a maximum sulfur loading of
37.1 wt%. A capacity retention of �700 mAh g�1 over 50
cycles was obtained with 11.7% sulfur loading [342]. Porous
hollow carbon spheres, with an interior void space and a
mesoporous shell structure, exhibited extended cycling for
100 cycles with �950 mAh g�1 capacity retention at a high
current density of about 850 mA/g [343].

To achieve high energy density in Li–S batteries, MC with
large pore volume and full sulfur filling is desired. However
there is a dilemma between the sulfur utilization, cycling
stability, and sulfur loading. High sulfur loading and full
sulfur filling will result in low sulfur utilization and fast
capacity fading. The performances of a series of MCS
composite electrodes were investigated. It was found that
at full sulfur-filling conditions, the MC pore structure (pore
sizes and volumes) has no influence on battery performance
other than increasing the maximum sulfur loading for
increased pore volume.

MC with tunable pore sizes (22, 12, 7, and 3 nm) and
pore volumes (from 1.3 to 4.8 cm3/g) are synthesized using
a hard template approach [345]. The electrochemical



Figure 20 Mesoporous carbon as a host for S encapsulation [344]. (a) and (b) TEM images of mesoporous carbon. (c) and
(d) Schematic illustration and procedure for S encapsulation. (e) Specific capacity as a function of charge/discharge cycles (dark
cycles: polymer coated; red cycles; no coating).
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performances of MC22, MC12, MC7, and CMK3 with full sulfur
filling are compared in Fig. 21. Fig. 21a shows typical first
charge–discharge profiles of these MCS composites, which
exhibit similar features. The first discharge capacities for all
MCS composites are similar, �1100 mAh g�1, suggesting that
sulfur utilization at full sulfur-filling conditions is close to
each other based on their similar percentage from the
theoretical capacity of about 1680 mAh g�1. Fig. 21b shows
the long-term cycle performance of MC22, MC12, MC7, and
CMK3 at a current density of 168 mA/g (0.1 C). In spite of
the very large differences in sulfur loading (from 56 to
83 wt%), the cycling stabilities of these MCS composites are
also similar, exhibiting a capacity retention of �600 mAh g�1

after 50 cycles.
To achieve MCS composite electrodes with high sulfur
utilization and prolonged cycle stability, efforts need to
focus on (1) improving the interface between sulfur and the
MC and (2) curbing the dissolution/diffusion of polysulfide
anions into the electrolyte, as sulfur filling inside the
mesopores ensures that sulfur nanoparticles are electrically
well connected to the conductive frame. One simple method
is to use an MCS with partial sulfur filling. The decrease in
sulfur loading leads to better sulfur dispersion inside the
MC mesopores, which improves the relative amount of
sulfur particles at the interface with the MC. Hence, the
electrochemical reaction degree is improved. Furthermore,
a fraction of surface area and pore volume is still accessible
in the mesopores of the partially filled MC. The unoccupied
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Figure 21 Battery performance of the MCS composite electrodes. (a) First cycle charge–discharge profiles of MC22, MC12, MC7, and
CMK3. (b) Cycle performance of MC22, MC12, MC7, and CMK3. (c) First cycle charge–discharge profiles of MC22-83 and MC22-50.
(d) Cycle performance of MC22-83 and MC22-50.
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space inside the mesopores provides a nano-environment
that confines the dissolved polysulfide anions and the
reaction products in the local proximity of the cathode
surface, and makes them available for further electroche-
mical reactions. A high sulfur utilization (initial capacity)
and prolonged stable cycling will be obtained.

MCS composites with partial sulfur-filling were designed to
validate the above understanding. An MC with a large pore
volume should be used in the synthesis of these partially filled
MCS composites in order to concurrently have practical sulfur
loadings and enough empty volume within the pores. MC22 with
50 wt% sulfur loading was prepared and tested as a cathode for
Li–S batteries. The sulfur is very well dispersed in the MC, filling
part of the total mesopore volume. As expected, improved
battery performance was obtained using MC22-50 as the
cathode in Li–S batteries. Fig. 21c exhibits a discharge capacity
of �1250 mAh g�1, corresponding to 74.6% sulfur utilization
based on the theoretical capacity of 1675 mAh g�1. Long-term
cycling of an MC22-50 based electrode also shows significant
improvement with capacity retention of �650 mAh g�1 over
100 cycles (Fig. 21).

Observations from the MCS composite at full sulfur-filling
conditions are also supported by results recently reported by
other groups [342]. For example, the design of bimodal
porous carbon uses the micropores to contain the sulfur and
large pores to provide space for electrolyte diffusion [345].
Conclusions on the selection of MC materials and control of
the sulfur-filling level apply regardless of differences in the
carbon structures. The sulfur content loaded in the pores
has to be tailored to a practical loading level that is below
the maximum limit calculated from the pore volume of the
MC material. An MC with a large pore volume should be
chosen to maximize the deliverable capacity because
although the level of sulfur loading has to be lower than
the maximum theoretical loading, the structure should
nevertheless contain as much sulfur as possible.

Many other porous materials have also been investigated
for Li–S application. For example, a functionalized graphene
sheet-sulfur (FGSS) nanocomposite was synthesized as the
cathode material for Li–S batteries [346]. The structure has
a layer of functionalized graphene sheets/stacks (FGS) and a
layer of sulfur nanoparticles, creating a three-dimensional
sandwich-type architecture. This unique FGSS nanoscale
layered composite has a high loading (70 wt%) of active
material (S), a high tap density of �0.92 g/cm3, and a
reversible capacity of �505 mAh g�1 (�464 mAh/cm3) at a
current density of 1680 mA/g1 (corresponding to 1 C rate).
When coated with a thin layer of cation exchange Nafion
film, the migration of dissolved polysulfide anions from the
FGSS nanocomposite was effectively reduced, leading to a
good cycling stability of 75% capacity retention over 100
cycles. This sandwich-structured composite conceptually
provides a new strategy for designing electrodes in energy
storage applications.
Porous carbon for lithium oxygen batteries

An important application of porous carbon is the construc-
tion of air electrodes for various metal air batteries [347].
Unlike conventional batteries, metal air batteries store the
active material, oxygen, in the environment. The open
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structure design of the metal air batteries ‘‘pumps’’ in the
oxygen on demand and releases oxygen back into the
environment during charging; therefore the energy density
from this system is much higher than that of other
rechargeable batteries [347,348]. Among all kinds of metal
air systems, lithium air batteries or lithium oxygen
batteries, depending on the oxygen partial pressure during
testing, have attracted extensive attention recently [349].
Fig. 22a represents a typical structure of a rechargeable
Li–oxygen battery [350]. Because oxygen has to be supplied
into the interior carbon during discharge, the design of
appropriate porous structures for the carbon electrode
becomes important in this system. The air electrode in
Fig. 22 consists of dominantly carbon and a small amount of
binder such as polytetrafluoroethylene (PTFE). The porous
carbon electrode not only supplies electrons continuously
for the electrochemical process but also provides numerous
solid–liquid–gas tri-phase regions for the oxygen reduction.
The pores and the surface of the carbon electrode are also
the host of the Li2O2 discharge product [351]; thus they play
a key role in determining the overall electrochemical
performances of the Li-O2 batteries and will be discussed
in detail.

The surface area of porous carbon is related to the
performance of Li-O2 batteries because a larger surface area
means more active sites for electrochemical reactions and
also more catalysts can be loaded onto the porous carbon.
However, detailed studies on the relationship between
surface area and the capacity delivered from Li-O2 batteries
reveal that higher surface area does not always lead to a
higher capacity. Instead, the discharge capacity is largely
determined by the pore volume of the carbon, especially the
amount of mesopores [352,354,355]. For example, Ketjen
black has the highest total pore volume of 7.6 cc/g, most of
which is contributed from mesopores. The air electrode
made from Ketjen black exhibited much higher capacity
than any other commercial carbons under the same
measurement conditions. In the same pure oxygen environ-
ment, activated carbon (AC) with the highest surface area
(2100 m2 /g) shows much lower capacity than Super P, whose
surface area is only 62 m2/g but has a large pore diameter of
50 nm, indicating the main factor that influences the
capacity is related to the pores of carbon.

The importance of the mesopore volume of carbon in Li–air
batteries can be well explained from the kinetic process,
including oxygen diffusion and reduction. During discharge,
Figure 22 (a) Schematic representation of a rechargeable Li/O2 b
(c) SEM image of graphene air electrode [353].
oxygen first transports into the whole carbon electrode, either
in the gaseous phase or through the electrolyte in the form of
dissolved oxygen [354]. However, no matter the oxygen
penetration route, the successful formation of Li2O2 only
occurs on the triple junctions where electrolyte, carbon, and
oxygen coexist. In other words, the more the tri-phase regions,
the more Li2O2 will be produced and therefore the higher the
capacity obtained from the cell. If the pore size is too small and
within the micro-size range, the entrance of the micropores
will be quickly blocked by either the electrolyte or Li2O2,
preventing further access to the interior carbon surface. On the
other hand, carbons with a large amount of macropores are not
suitable for a Li-O2 battery either because large pores are easily
flooded by the electrolyte, reducing the generation of triple
junctions. Furthermore, the volumetric energy density of the
air electrode will also decrease by macroporous carbons [356].
From this point of view Ketjen black satisfies most of the
requirements for the air electrode. Ketjen black is a highly
porous carbon with chain-like structure, which determines the
porosity of the air electrode prepared from this material. It was
postulated that the spring-like structure of Ketjen black
expands significantly when soaked in organic electrolyte, which
then causes the increase in the porosity of the wetted air
electrode [355]. Compared with other carbons, more triple
phase reaction points were automatically produced during the
expansion process of the porous carbon, facilitating the
reaction between Li+ and O2 while holding more discharge
products.

The pore sizes/volume and porosity discussed above are the
intrinsic properties of different carbons and can be tuned by
various synthesis approaches. A recent interesting work
demonstrates that two-dimensional graphene nanosheets with-
out any pores, if manipulated appropriately, can self-assemble
into highly porous, 3D architectures with interconnected pore
channels [353]. Fig. 22c shows that the functionalized graphene
nanosheets aggregate into loosely packed, ‘‘broken egg’’
structures leaving large interconnected tunnels that continue
through the entire electrode depth. These tunnels can function
as numerous arteries that continuously supply oxygen into the
interior of the electrode during the discharge process. It was
further revealed, experimentally and theoretically, that Li2O2

prefers to nucleate and grow near functionalized lattice defect
sites on graphene with functional groups as a result of the
relatively stronger interaction between the deposited Li2O2

monomer at the 5-8-5 defects. More importantly, the aggrega-
tion of Li2O2 clusters in the vicinity of those defective sites is
attery [352], (b) TEM image of Ketjen black EC 300J [183], and
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energetically unfavorable; therefore the deposited Li2O2 would
form the isolated nano-sized ‘‘islands’’ on graphene, further
ensuring smooth oxygen transport during the discharge process.
Limited size or thickness of the reaction products, Li2O2, with
preferred growth points is important for rechargeable Li–air
batteries because it prevents the continuous increase in
electrode impedance and improves the efficiency of the cell.
Those defects and/or functional groups also provide ideal
locations to anchor the catalysts, which then have a constant
close contact with Li2O2 through repeated cycling.

Therefore, a good carbon candidate for Li–air or Li–O2

batteries should have the characters of accurately controlled
pore sizes/volume, which can be performed during synthesis.
The surface area of the ideal carbon should also be tailored to
reduce the side reactions and reach an optimized performance
for the battery. On the other hand, the porous carbon can also
be ‘‘produced’’ from non-porous two-dimensional carbons such
as graphene nanosheets. The functional groups and/or defects
on different porous carbons (not only in graphene) can be
modified to satisfy different energy requirements and their
interactions with Li2O2 are an interesting direction that is worth
further investigation.
Summary

There are many ways to make useful graphitic carbon
materials, and the structures and functions highly depend on
the processing conditions and precursors used. Among these,
sol–gel-derived aerogels and cryogels from versatile chemical
synthesis routes are widely studied. The porous structure and
bulk chemistry of the resulting carbon can be tuned through the
selection of precursors, catalysts, and solvents, as well as the
through the processing conditions. The surface chemistry and
porous structure of carbon can be further manipulated through
solvent exchange or chemical impregnation, controlled re-
moval of the solvent, pyrolysis, and activation. With controlled
chemistry and porous structure, highly porous carbons demon-
strated excellent properties for energy related applications.
Porous carbon with tuned porous structure and surface
chemistry offered higher specific capacity, better cyclic
stability, and potentially higher working voltage when used as
electrodes for supercapacitors. It was also demonstrated that
porous carbons are a viable media for natural gas storage at
reduced pressure. When used as matrices, porous carbons make
it possible to fully utilize transition metal oxides as cathodic
materials for lithium ion intercalation with enhanced specific
power. When hydrides are confined inside pores of highly
porous carbon to form coherent nanocomposites, the dehy-
drogenation temperatures and reaction pathways are both
changed significantly: the dehydrogenation temperature and
the activation energy decrease with a decreasing pore size, and
also change with the surface chemistry of porous carbon.

In the last decade, new structures and forms of carbon
have emerged. The best examples include the discovery of
fullerenes, and the associated single wall and multi-wall
carbon nanotubes. Although atomic and electron level
control of carbon nanotubes remains a large scientific and
technological challenge, the potential of different kinds of
carbon nanotubes and their assemblies for energy storage
and conversion has been well demonstrated. In the near
future the long term stability of the materials and devices,
as well as the cost of manufacturing of the materials and
devices, will be a focal point. In the last few years, another
form of carbon, molecularly dispersed graphite, graphene,
has attracted wide attention. Graphene not only has unique
physical and chemical properties but also provides a great
opportunity to understand the fundamental chemical and
physical processes involved in the complex systems. Such
understanding will be difficult for disordered carbon.
However, it is important to keep in mind that although the
new carbon materials such as carbon nanotubes and
graphene are exciting and may have great potential, they
still need to compete with traditional carbon and graphite in
terms of cost and performance.
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