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Tailoring porosity in carbon materials for
supercapacitor applications
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Within the different available electrochemical energy storage systems, supercapacitors stand out due to
their high power densities and ultra-long cycle life. Their key-components are the electrode materials
where the charge accumulation takes place and therefore many different approaches for the synthesis of
carbonaceous electrode structures with well-defined pore systems are available. This review focuses on

different strategies for tailoring porous carbon materials from the micropore level, over mesopores to
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Accepted 4th November 2013 macropores and even external or inter-particular porosity. A wide range of materials such as activate
carbons, templated carbons, carbide-derived carbons, carbon nanotubes, carbon aerogels, carbon

DOI: 10.1039/c3mh00112a onions, graphenes and carbon nanofibers are presented, always in relation to their pore structure and
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Introduction

The increasing environmental pollution and the depletion of
fossil fuels promote the mandatory development of alternatives
to established energy storage systems such as coal, oil, or gas.
Among them, batteries and electrochemical capacitors (also
referred to as supercapacitors) are the key technologies that
should store the green energy produced by solar, water, and
wind energy technologies in stationary and portable devices.
Batteries store energy due to faradaic processes but the
kinetics of these chemical reactions limit the speed with which
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potential use in supercapacitor devices.

energy can be provided to the consumer." In contrast, in
supercapacitors there is a purely physical charge accumulation
based on the electrosorption of electrolyte molecules on the
surface of a usually carbonaceous electrode material.»* Here, no
electrochemical reactions take place resulting in very fast
charge- and discharge rates with lifetimes of more than
1 000 000 cycles and very high power densities. However, these
high power densities can only be accomplished if the electrolyte
has fast access to the complete surface of the electrode material.
This can be ensured either by lowering the particle size of the
carbon material down to the nanometer scale or by introducing
internal porosity.*® The size, geometry, and distribution of
these pores significantly influence the final performance of the
supercapacitor device. Many commercial carbons exhibit
wormlike, narrow pores which is the bottleneck, especially at
high current densities and fast charge- and discharge rates. This
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justifies the multiplicity of current attempts to tune the pore
size of carbon materials on both, the micropore scale (dpore < 2
nm) and the mesopore scale (2 nm < dj,qre < 50 nm).*” The latter
can serve as ion highways allowing for very fast ion transport
into the bulk of the electrode material and therefore ensure
high power densities.'® This is of particular importance if large
electrolyte molecules such as ionic liquids are used.® Further-
more, the large pores can host pseudocapacitive species
resulting in additional capacitance contribution due to fast
faradaic reactions and increase the energy performance of the
supercapacitor device dramatically.> But tailoring pore size is
not only decisive in terms of rapid electrolyte diffusion; it
influences the total capacitance of the material as well. The
density and amount of ions that can be stored within a pore
depends in a non-trivial way on the size of the micropores.
There is no simple linear correlation between surface area and
capacitance, but there is an optimal micropore size, which is
different for each electrolyte system and at different voltage
windows. Theoretical studies have revealed that there is
importance not only for adjusting the micropore size, but also
their uniformity if the capacitance of a material should be
increased.”™ Since many years especially hierarchically struc-
tured materials have been of particular interest.> They exhibit
micropores providing high surface areas on the one hand and
secondary transport pore systems built-up by larger pores on the
other hand. For that reason, many attempts have been made to
introduce secondary mesopores into microporous carbons
using activation and templating approaches.”” Likewise,
micropores were inserted into mesoporous materials using
etching approaches.*>"

This review gives an overview on different strategies for
tailoring pores in carbon materials from the micropore level
with sub-Angstrom accuracy, over small mesopores to macro-
pores and even external or inter-particular porosity. It also
focuses on strategies towards carbon materials with hierar-
chical pore architectures. The review may not address all
materials studied for supercaps but rather gives examples in
which cases pores of a certain size are needed. In this context,
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the potential and precision of each synthetic technique to tailor
pores is discussed, always in relation to the function in a
supercapacitor device.

Micropore tailoring

According to eqn (1), the capacitance (C) of a supercapacitor
electrode mainly depends on the electrode specific surface area
(4), which must be as high as possible, and the distance (d)
between the adsorbed ions and the electrode surface. The latter
should be minimized, while the dielectric constant (¢) is set by
the used electrolyte.

C = (eA)d 1)

Since the values of A and d are significantly influenced by the
size of the micropores within the active material, a precise
control about their structure is highly desirable. The groups of
Gogotsi and Simon have reported that there is an increase in the
capacitance when ions enter pores of a certain narrow size. It is
believed that ions partially lose their solvent shell leading to a
drastic lowering of the electrode-ion distance. The energy
involved in this solvation-desolvation process is interpreted as
the reversibly stored amount of energy, which accounts for the
surprisingly high capacitance increase in materials where pore
sizes fall below a certain value.'®'® Despite these significant
findings, an “optimal” micropore size is not easily available
because the actual energy density of the device also depends on
parameters such as the ion size and operating voltage window
according to eqn (2).**"

W= 12CU* (2)

At a given pore size, the maximal energy density increases
with increasing cell voltage and saturates at high voltages when
no additional charge can be accommodated within the pore
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Fig. 1 Energy density of carbon materials with different pore size
depends on the potential window (A). The optimal pore size increases
with increasing operating voltage window (B) and passes a maximum
(C).** Pictures are reprinted with permission from ref. 11.

This journal is © The Royal Society of Chemistry 2014


https://doi.org/10.1039/c3mh00112a

Published on 04 November 2013. Downloaded on 11/4/2019 10:38:04 AM.

Review

(Fig. 1A). This saturation energy density increases (high volt-
ages) when the pores get larger since more charge can be stored.
Therefore, at high voltages large pores are preferable (Fig. 1B).
At low voltages however, the energy density is smaller for large
pores because an electro-neutral zone is formed in the centre of
the large pore, which does not contribute to stored charge
(Fig. 1C).

Excessive research has been performed on modeling and
simulation of ion storage mechanisms in microporous carbon
materials.'>*®* These theoretical studies have revealed that the
capacitance shows an oscillatory behavior when the pore size
increases caused by changing interference of the two opposing
electrical double layers in a theoretical slit pore.” This
encourages the synthesis of materials with very narrow pore size
distributions (PSD) if the capacitance performance should be
optimized. Beyond modeling and simulation, new experiments
have been designed such as small-angle neutron scattering®
and nuclear magnetic resonance investigations (NMR)** to
directly probe the ion adsorption and electrosorption in
microporous carbons. All of these studies impressively show the
importance of uniformly adjusting the micorpore size in
supercapacitor electrodes with low dispersity.

One of the most accurate synthesis strategies to control
micropore size with sub-Angstrom accuracy is based on the
selective removal of metal atoms out of metal carbide matrices
using gaseous halogens, primarily chlorine according to eqn (3).”

aMC() + 2 Xole) 2 MX, () 0 C() ()

These materials are known as Carbide-Derived Carbons
(CDCs). They exhibit bulk porosities of more than 50% and
specific surface area exceeding 3000 m* g~ *.7° The extraction of
metal atoms serves for the creation of micropores and takes
place under full conservation of the original shape of the
carbide allowing for a precise control over the resulting pore
size, which is very sensitive to the used precursor. Accordingly,
ternary carbides with low carbon concentration, such as
Ti;SiC,, show a broad PSD with multiple maxima, while binary
carbides such as SiC, TiC or TaC show a monomodal and
narrow PSD (Fig. 2).>* Furthermore, the chlorination tempera-
ture has a significant influence on the PSD. Higher tempera-
tures usually lead to an increase of the pore size due to the
beginning of graphitization as a result of the self-organization
of the highly mobile carbon atoms.*® These parameters mainly
influence the genesis of pores in the micropore and small
mesopore range and allow control over their diameter with sub-
Angstrom accuracy (Fig. 3).

Another important feature of CDCs for the use in super-
capacitor applications is their comparably low content of
oxygen-containing surface functional groups, such as carboxyl,
carbonyl, or hydroxyl groups. In contrast to conventional acti-
vated carbons, the CDC surface is highly hydrophobic because
these materials are produced in an oxygen-free atmosphere.
This property is highly desirable for the use in supercapacitors
because electrolytes containing organic solvent molecules or
ionic liquids are highly incompatible with water. The latter
strongly adsorbs in hydrophilic pores and therefore such

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 Influence of the carbide precursor structure on porosity of the
corresponding carbide-derived carbon.” Picture is reprinted with
permission from ref. 7.
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Fig. 3 Different approaches for micropore insertion. The boxes
summarize (i) the most important parameters that influence the pore
size, (i) the pore range and (iii) the accuracy this technique allows.

carbons have to be dried prior to use as electrode materials
which significantly contributes to the over-all cost of the device.
Furthermore, oxidic functional groups may lead to unwanted
non-faradaic side reactions even after drying.>

CDCs have widely been tested in supercapacitor applica-
tions. For instance, CDCs obtained by chlorine treatment of
Ti,AlC and B,C precursors at 1000 °C showed specific capaci-
tances of 175 F g~ and 147 F g~ * when tested in aqueous H,SO,
electrolyte, respectively.”” Furthermore, TiC-CDC synthesized
by Dash and co-workers shows a maximum specific capacitance
of 130 F g ' (115 F ecm ) in organic TEABF,/ACN electrolyte.?®

The narrow and precisely controllable PSD of CDCs as well as
their high purity is a huge advantage making them the materials
of choice if supercapacitor mechanisms and electrolyte-carbon
interactions are investigated.”*>* Recently, Forse et al. used a
series of TiC-CDC materials with different pore sizes for static

Mater. Horiz., 2014, 1, 157-168 | 159
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NMR investigations on the adsorption states of tetraethy-
lammonium tetrafluoroborate (TEABF,) ions (1.5 molar, in
acetonitrile) depending on the micropore diameters.>® From the
chemical shifts in ''B spectra it was possible to clearly distin-
guish between ions strongly adsorbed in the narrow pores of the
carbons and ions weakly adsorbed in larger mesopores or on the
outer particle surface located in large reservoirs of the electro-
lyte. More importantly, the narrow and controllable micropore
size distribution of the TiC-CDCs causes different chemical
shifts of the ''B peak for the in-pore ions depending on the
synthesis temperature since BF,  ions can enter larger pores
(obtained by chlorination at 1000 °C) while they partially lose
their solvent shell when adsorbing in the rather narrow
micropores present in the CDCs prepared at lower temperatures
(800 °C and 600 °C).2**®

Besides this CDC approach, templating is the method of
choice if materials with uniform and ordered pore systems
should be synthesized.? This strategy is faced with the accusation
of being expensive and badly up-scalable, but its academic
benefit is non-questionable. Again, these materials are currently
of outstanding importance since questions on electrolyte-carbon
interaction or the principle influence of pore size/geometry/
connectivity on supercapacitor performance need to be
answered.**?%* The variety of templates® is versatile and carbons
with uniform micropore sizes are derived from different zeolite
templates (e.g. Y, X13, beta, L, ZSM-5).* If the zeolite channels are
3D-connected the replica carbon is even ordered. The specific
surface areas of these carbons even exceed 4000 m® ¢~ *. Hence, it
is not astonishing that zeolite X13-templated microporous
carbons show capacitances of up to 300 F ¢~ in aqueous elec-
trolytes.’> In organic electrolytes, Yushin et al. reported capaci-
tances of up to 146 F g~ ' when zeolite Y templated carbons were
used.** Besides, layered structures such as pillared clays®* or 3D
structures such as metal-organic frameworks (MOF) can serve as
templates for microporous carbons as well.*>?

Chemical and physical activation of carbonaceous sources
displays a comparably low-price technique to introduce new or
to widen existing pores. Activated carbons (ACs) in general are
obtained from the carbonization and subsequent activation of
resources such as coals, fruit pits, peat, special woods, coconut
shells and synthetic organic polymers. They are amorphous and
their network is built-up by sp> and some sp® bonded carbon
atoms, and also considerable quantities of heteroatoms such as
nitrogen or oxygen. Indeed, the latter often reduce conductivity
but increase wettability with aqueous electrolytes at the same
time. The porosity of these carbons after carbonization is often
not sufficient for supercapacitor application. The existing
micropores often show slit, wormlike pore structures and
broadly distributed pore sizes. This requires additional activa-
tion steps in order to create further pores, to widen existing
pores or to modify the surface properties. However, these
chemical and physical activation processes are only applicable
to a certain limit since increasing pore extension is accompa-
nied with the disadvantage of increasing material loss. The
main activating agents are carbon dioxide, steam (both denoted
as physical activation), potassium hydroxide, zinc chloride and
phosphoric acid (denoted as chemical activation which requires
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an additional neutralization/washing step). All activation
processes differ in the fraction of pore sizes they create.’”*

At the initial stage of CO, activation for instance, the micro-
pore and macropore volume increase coincide with proceeding
burn-off. The widening of micro- to mesopores takes place only
to a less extent and is accompanied by the ablation of the particle
and a decrease in total pore volume when burn-off progresses.
Steam activation also develops large amounts of micropores, but
less macropores. It is a more selective etching agent and
consequently produces a preferred widening of micropores
towards mesopores as compared to CO, activation. Physical
activation with oxygen in turn, is highly exothermic and results
in local overheating and non-uniform products.

In chemical activation processes the pore size can be
controlled by changing the amount of the agent. Small amounts
of ZnCl, (<0.3 gznci2/Eprecursor) for instance predominantly form
micropores, while larger quantities (0.3-1 gznci2/8precursor) form
mesopores.*”” If ZnCl, and CO, activation are compared, same
amounts of microporosity are obtained by ZnCl, with a higher
carbonyield. This is generally observed, since all these agents act
as dehydrating agents, stabilizing the carbon structure, giving
higher carbon yields. The specific capacitances of the ACs
strongly depend on the applied precursor and their interplay
with the electrolyte. A summary of the electrochemical perfor-
mances of ACs derived from renewable, natural precursors is
listed in ref. 39. The best of them exceed capacitances of 300 F
g~ ' in aqueous electrolytes. But activation is not only suitable for
natural carbon resources. The surface area of initially discussed
CDCs can also be enhanced from 2200 m® g~ * to more than 3000
m” ¢! if an additional CO, activation step is performed.*
Recent attempts use natural resources such as fungi as carbon
precursors. Hierarchical carbons derived from KOH activation of
these sources show surface areas exceeding 2000 m* g~ " and very
narrow micropores.** If templated carbons such as the hexago-
nally ordered FDU-15 are KOH-activated the surface area
increases from 600 to 1400 m* g~ " and its capacitance even from
110 F g~ " to 200 F g~ if measured in aqueous electrolytes.??

Small mesopore tailoring

Templating is the most accurate way to insert small mesopores
and the method of choice if ordered pore structures are
required. In principle, it can be subdivided into soft- and hard-
templating. The latter is often denoted as nanocasting. Solid
templates are used with well-defined pores acting as the
placeholder for the final pore system. The hard templates,
mostly nanoscaled silica materials, are infiltrated with carbon
precursors (e.g. sucrose, furfuryl alcohol, phenolic resin,
pitches, acetonitrile), which are then polymerized and finally
carbonized. In most instances, subsequent removal of the
template (e.g. silica by dissolution in hydrofluoric acid) is
necessary, making this technique expensive, time-consuming
and hardly up-scalable. However, the pores are very well-defined
and the pore connectivity, morphology, and geometry can be
controlled, if nanocasting is applied.**** The most prominent
family of hard-templated carbons with high structural diversity
is known as CMKs (Carbon Mesostructured by KAIST). They

This journal is © The Royal Society of Chemistry 2014
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range from materials with pores in the lower mesopore scale
that are introduced by templating of the ordered mesoporous
silica MCM-48, yielding CMK-1 (cubic pore ordering, pores
~3 nm) (Fig. 4A) to materials with larger pores that are observed
if the larger KIT-6 template is used, yielding CMK-8 (cubic pore
ordering, pores ~5 nm). Changing the template structure from
cubic (KIT-6) to hexagonal (SBA-15) provides carbons with
hexagonally ordered pores named CMK-3. By coating only the
walls of the template, tube-like mesoporous carbons, so-called
CMK-5 (Fig. 4B), are obtained that exhibit two pore systems of 2
and 5 nm in size (comprehensive reviews can be found in ref. 6,
46 and 47). The final carbon pore size is adjusted precisely via
the initial pore wall thickness of the silica template usually in
the range of 2-14 nm if ordered mesoporous materials are
considered.” Many of these hard-templated ordered meso-
porous carbons have been studied extensively regarding their
electrochemical properties during the last decade. They show
capacitances in the range of 100-200 F g™ in aqueous electro-
lytes and up to 100 F g~ ' in organic electrolytes.*-* These days,
their functionalization with pseudocapacitive species is of
major significance in order to enhance the overall-
capacitance.>

The soft-templating approach uses surfactants as structure-
directing agents and carbon precursors (primarily based on
resin) that interact with the surfactant and assemble around the
formed micelles.®* Varying the surfactant/precursor ratio gives
access to different mesostructures. In this approach the pore
size can also be changed by changing the length of the hydro-
phobic chains of the surfactants. For example, the pore size can
be increased from 2.8 nm to 4.3 nm if the hydrophobic chain
length is enlarged from (EO;3,PO50EO;3;) to (EO106PO70EO106)
(Fig. 5).2

Reducing the synthesis temperature and applying swelling
agents can further increase the micelle size and thus the carbon
pore size." Furthermore, the size of the carbon precursor and
its pre-polymerization degree determine the final pore size,
either the precursor assembles with the hydrophilic chains
giving small mesopores (2-5 nm) or if it is larger, it assembles
around the chains giving larger pores (<6 nm). Very large mes-
opores (>20 nm) are accessible using special high-molecular
surfactants such as polystyrene-blockpoly-(4-vinylpyridine) or
poly(ethylene oxide)-polystyrene diblock copolymers. A
comprehensive overview about the direct synthesis of ordered
mesoporous carbon can be found within ref. 55. In addition, the

Fig.4 TEM images of (A) CMK-1templated from cubic ordered MCM-
48,5% (B) tubular structured CMK-5 templated from hexagonal ordered
SBA-15,5* and (C) ordered mesoporous SiC—CDC synthesized by metal
extraction of SBA-15-templated SiC.** Pictures are reprinted with
permission from ref. 13, 53 and 54.

This journal is © The Royal Society of Chemistry 2014
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pore symmetry (cubic, hexagonal, wormlike)** as well as the
pore connectivity>”*® can be controlled leading to advanced ion
transport properties.

The final pore size can further be changed if additional
activation steps are conducted. Activation of templated ordered
mesoporous carbons with CuO widens the pores from 3.2 nm to
5.5 nm under conservation of the ordered pore structure. In
organic electrolytes these materials show capacitances of 78 F
g~ "> Chemical activation of soft-templated carbons with KOH
increases the surface area and therefore the capacitance to
values as high as 200 F g~ ! in aqueous electrolytes.'> Templated
carbons are primarily amorphous and often badly conductive.
In consequence, conducting additives such as nanotubes or
carbon black are added if these materials are applied in
supercapacitor applications.

In the last few years especially hierarchical materials of well-
defined micro and mesopores are in a special focus. A very
useful route to access them is to combine templating with the
carbide-derived carbon approach.’** The synthesis of micro-
mesoporous carbons starts with the synthesis of ordered
mesoporous carbides by nanocasting of silica templates. After-
wards, these carbides serve as precursors for the metal atom
extraction yielding hierarchical CDCs with ordered mesopores
and well-defined micropores (Fig. 4C). As electrode material for
supercapacitors, these materials show capacitances up to 170 F
g~ " in organic, 185 F g in ionic liquid, and more than 200 F
g ! in aqueous electrolytes. The hexagonally or cubic ordered
mesopores act as ion-highways providing optimal transport of
the electrolyte molecules through the bulk material. In conse-
quence, these materials show a very low capacitance fade if high
current densities up to 20 A g~ ' are applied.>**'* Hierarchical
meso-meso and macro-mesopore structures are accessible if
soft-templating and hard-templating are organized together.>
The surfactant-assisted self-assembly of resins around “hard”
polystyrene spheres yields hierarchical carbon with 10 nm pores
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and 60 nm windows and capacitances of 84 F ¢ ' in organic
electrolytes.®* If biological templates such as crab shells are
used, nanofibers with ordered mesopores of 11 nm and
micrometer sized spaces in between the fiber arrays are
obtained. These materials show specific surface areas as high as
1270 m” g~ ' and capacitances of 152 F g~ in organic electro-
lytes.®* Hard- and soft-templating are the most common tem-
plating techniques,® but emulsions are also suitable to
introduce defined pores. Microemulsions allow the insertion of
defined small mesopores (2-5 nm) by controlling the water/
surfactant ratio and thus the size of the micelles.**

Large mesopore and macropore
tailoring

Carbons with large mesopores (>10 nm) or even macropores are
accessible using colloidal templates such as silica nano-
particles. These particles are either commercially available or
can be synthesized using emulsion,®**® spray pyrolysis®” or
Stober approaches.®® Carbon precursors, such as resins, acry-
lonitrile, pitches, or carbon hydrates first polymerize and then
carbonize around the sol template structure followed by disso-
lution of the template. The final pore size is mainly determined
by the silica particle size. One of the first large mesopore
carbons (12 nm) obtained by colloidal templating was synthe-
sized by Hyeon et al.®® But other parameters like the pH value,
additional surfactants, and the sol/precursor ratio influence the
size, distribution, and connectivity of pores as well.”’ The pore
size and the overall pore volume can further be controlled if
only the particle surfaces are coated. Depending on the used
amount of carbon precursor, different film thicknesses are
achieved resulting in different porosities in the carbon replica.®

Larger mesopores (20-50 nm) can be introduced if meso-
cellular silica foams (MCFs) are utilized as templates (Fig. 6A).”
By using a combination of nanocasting of MCFs and a CDC
route, hierarchical micro- and mesoporous carbide-derived
carbon mesofoams can be synthesized with specific surface

Fig. 6 TEM/SEM images of (A) mesocellular carbon foam (d, = 20
nm),”* (B) macroporous carbon with mesoporous pore walls (dp = 317
nm, 10 nm),”® (C) micro/mesoporous Kroll-Carbon (dp, = 18 nm, 1
nm),”* (D) micro/meso/macroporous carbon derived from High
Internal Phase Emulsion (d, = 2 pm, 2.5 nm, 1 nm),”* (E) a carbon
aerogel” and (F) vertically aligned CNTs (d, ~ 60 nm).#° Pictures are
reprinted with permission form ref. 74, 76 and 89.
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areas up to 2700 m> ¢ ' and pore volumes as high as
2.6 cm?® g™, Important structural properties such as pore sizes
and the degree of graphitization are precisely controllable by
the elevated synthesis temperature. These materials show
specific capacitances as high as 240 F g~ ' in aqueous electro-
Iytes. Their hierarchical pore structure causes extremely low
capacity fading at high scan rates and high current densities
and the large total pore volumes can host large amounts of
active material making it an attractive candidate for use in
battery electrodes.”” Hierarchical carbons with large mesopores
(~18 nm), additional small mesopores as well as micropores
coupled with surface areas exceeding 2000 m” g~ ' were recently
synthesized adopting the industrial Kroll-process.” They are
denoted as Kroll-Carbons (KCs) and synthesized by impreg-
nating commercially available TiO, nanoparticles with sucrose.
After the carbonization of the sugar, chlorine gas is applied
leading to the removal of the TiO, template under the simul-
taneous insertion of micropores into the excess carbon frame-
work according to eqn (4) (Fig. 7).

xC + TiO; +2CL, —— TiCl; + (x—2)C+2CO  (4)

This technique is useable for template particles of different
sizes providing a versatile access to carbons of different meso-
pore sizes with different amounts of additional micropores
(Fig. 6C). Due to the presence of such hierarchically structured
pore systems combining high surface areas and pore volumes,
Kroll-Carbons represent a promising class of carbon materials
for use as electrode materials in supercapacitors.

High internal phase emulsions (HIPEs) allow for the intro-
duction of large and interconnected macropores (1-10 pm).”
Again, if this technique is combined with a CDC approach it
gives even access to trimodal pore systems (Fig. 6D). The walls
of the open-cell foams contain micro- and mesopores of 1 and
2.4 nm sizes, respectively. This results in high nanopore
volumes of 1.1 em® g~ and specific surface areas as high as
2300 m* g~ . Additionally, the distinctive macropore system of
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more than 7 cm® g~ " in volume present in these materials offers
rapid accessibility of the microporous walls. Post-synthesis
carbon dioxide activation of this material can be applied to
significantly increase the nanopore volumes (1.9 cm® g~ ') and
specific surface areas (3000 m* g~ ") while the macropore system
remains unaffected.*

Macroporous carbons are also synthesized using silica or
polymer opal templates giving especially three-dimensional
ordered carbon replicas. Here, the spherical pores are con-
nected via small windows and the degree of interconnection
depends on the precursor/template interaction, wettability and
sintering processes during carbonization. A wide range of
macropore sizes is possible.” Hierarchical meso/macroporous
carbons can either be synthesized if two hard-templates are
combined, for instance using monomodal polystyrene and
silica particles of different sizes, giving nm- and pm-sized
carbons (Fig. 6B)’ or if hard- and soft-templating approaches
are combined with each other.”” In the latter case the ordered
mesoporous structure, dictated by a surfactant-assisted
assembly, arranges around the package of silica particles giving
the macropore structure. As Kanamura et al. showed, these
bimodal carbons have specific surface areas as high as 1500 m>
g~ ! if the smaller sacrificial silica templates are in the range of a
few nanometers (5 nm). These materials show capacitances as
high as 120 F g~ * in organic electrolytes.”

Carbon aerogels (Fig. 6E) are a class of macroporous open
cell foams with very low mass densities and large pore volumes
that are derived by sol-gel chemistry.” A molecular precursor,
often based on resorcinol, is cross-linked into a gel via poly-
merization. The resulting hydrogel displays a three-dimen-
sional network of interconnected nanometer-sized particles.
This material has to be dried under particular conditions such
as supercritical drying or freeze drying. The arrangement and
connectivity of the primary particles are influenced by catalyst
parameters and reaction conditions and therefore dictate the
final properties of the aerogel such as electric conductivity, pore
size, surface area, or pore volume. Aerogels often exhibit large,
broadly distributed and flexible macropores, accompanied by
large pore volumes. The latter can be a drawback in super-
capacitor applications because the low density limits the volu-
metric capacitance/energy density which is a general
disadvantage of electrode materials containing large pores.* An
advantage of this sol gel approach however is the simple access
to shaped materials such as monoliths or thin films avoiding
the additional necessity for current collectors in the final
supercapacitor device. Hierarchical aerogels are of certain
relevance as well and are most often synthesized by combining
this approach with templating or activation processes.

In the light of cost reduction it is straight-forward to synthesize
porous carbons from abundantly available natural bio-resources or
waste products that accumulate during agricultural production.
The carbonization and subsequent chemical activation of wastes
such as cow manure and pulp-mill sludge yielded, depending on
activation steps and temperature, broadly distributed meso-/mac-
roporous carbons with surface areas up to 700 m* g~ ' and pores
around 25-100 nm.** In recent years, the hydrothermal carbon-
ization of natural carbon precursors was established as a very

This journal is © The Royal Society of Chemistry 2014
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useful route for the production of carbon materials.*>** This route
can be applied to different types of organic materials such as algae,
wood sawdust, starch, or cellulose.** Nitrogen-doping of the
resulting carbons can be achieved by using amino-containing
biopolymers such as chitosan or p-glucosamine increasing the
conductivity® and therefore the performance in supercapacitor
applications.*®* Monolithic, flexible, sponge-like, carbonaceous
aerogels have been synthesized applying a hydrothermal process to
water melons. These materials have pores of approximately 45 nm
and can be loaded with metal oxides resulting in high capacitive
materials.”” The presence of heteroatoms within these materials
has several advantages. Oxygen-rich carbons made from seaweeds,
only possess low surface area around 200 m> g~ ! but comparatively
high capacitance due to the oxygen functionalities that act in
pseudo faradic charge/transfer reactions.*®

Carbon nanotubes with high aspect ratios that are arranged
perpendicular to a substrate are known as vertically aligned
carbon nanotubes (VA-CNTs) (Fig. 6F and Fig. 7).* Their porosity
matches with the distance between the single (but multi-walled)
nanotubes and is therefore well-defined and controllable with the
synthesis parameters. They can be synthesized by catalytic
thermal chemical vapor deposition (CVD) either under atmo-
spheric or vacuum conditions using a variety of carbon precursors
such as acetylene, ethylene, or alkanes. The length of these
primarily multiwalled nanotubes range from the pm to the cm-
scale and their diameters are typically between 5 and 12 nm. They
are promising for EDLC applications since they have very low
internal resistance and already exhibit a binder-free contact with
the current collector/substrate. The density, height, and diameter
of the VA-CNTs can be adjusted by the composition, concentra-
tion, and particle size of the catalyst. The latter is primarily based
on metal complexes of Fe, Co, Ni and Mo. But the structural
morphology of the substrate also influences the diameter, density
and alignment of the VA-CNT forest. The inter-tube distance can
be decreased and adjusted after the synthesis by evaporation-
induced densification.” The electrochemically usable surface of a
VA-CNT forest is mainly limited to the outer shell of the multiwall
nanotubes, resulting in medium surface areas, generally <500 m>
¢ ' (1315 m? g~ ! theoretical). The intertube distances depend on
catalyst parameters but are usually in the mesopore range
(~60 nm) allowing good electrolyte diffusion. Recent efforts for
scalable production of VA-CNT forests grown on an aluminum
support (beneficial due to low mass density, high electrical
conductivity and flexibility) showed capacitances of 65 F g" ' and
very high power densities of approximately 80 kW kg™ . This is 1-
2 magnitudes higher than the typical power density of super-
capacitors made from activated carbon (AC) (0.5-10 kW kg~ ') and
is caused by the very low intrinsic resistivity and the good mass
transport properties of these unidirectional intertube pores.
These VA-CNTs are stable for more than 300 000 cycles.****

External surface area and inter-
particular porosity

As per definition a surface curvature is called a pore if its cavity
is deeper than wide. This definition would exclude many
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nanostructured carbon materials that exhibit high surface areas
and therefore qualify as supercapacitor materials. One
straightforward approach is to lower the particle size of the
carbon material down to the nanometer scale because the
external specific surface area of a sphere increases with its
decreasing diameter (Fig. 8).

Gogotsi et al. applied the CDC approach on 30 nm sized TiC
nanoparticles. The resulting carbon nanoparticles exhibit
narrowly distributed micropores due to the metal extraction
and additional widely distributed inter-particle mesopores.*
These materials can be synthesized at temperatures as low as
200 °C and various functional groups (C-H, C=0, C-O, and
C=N) can be introduced - a feature which is not achievable by
chlorination of micrometer-sized TiC particles. They show
capacitances up to 150 F g~ ' in aqueous electrolytes and no
faradic surface reactions. Compared to CDCs obtained by
chlorination of bulk carbides, the nanoparticles exhibit better
electrochemical activity due to their high specific surface area
and easily accessible micropores. Moreover, they show a
comparable high degree of graphitization leading to improved
power handling properties.

Monodisperse carbon spheres with adjustable size of 200-
1000 nm are accessible via the Stober-method.”> Without any
further activation or modification, their external surface area is
comparably low. They inspire in other applications, such as
catalysis or drug delivery (Fig. 9).

A class of concentric, spherical, 5-10 nm sized, graphitic
carbons is known as carbon onions (COs) (Fig. 8 and Fig. 9). The
only relevant synthesis approach of these, in simple words
multi-shell fullerenes, is based on vacuum annealing of nano-
diamonds at temperatures above 1200 °C.”* COs are not
intrinsically porous, but they have a fully accessible outer
surface area of ~500 m> g~ allowing for fast delivery of the
stored energy. Because of the high degree of graphitization they
have outstanding conductivities and are therefore relevant in
high power density applications. Interdigital supercaps made of
COs maintained a capacitance of 30 F g~ " at scan rates of 200 V
s~ which is more than three decades larger than common
supercaps made from activated carbons. Their high conduc-
tivity and small size make them also suitable as conducting
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agents in electrochemical applications instead of carbon black
or nanotubes. The relatively moderate capacitance of COs has
recently been increased to 122 F g~ ' by integrating pores into
the outer CO shell.”* If added to the synthesis of templated
carbons the resulting hybrid material benefits from their
conductivity and the high capacitances and mesoporosity of
templated carbons.

Advancing from nanoparticles to 1-D nanomaterials, carbon
nanofibers offer large electrochemically accessible surface areas
and interfiber porosity as well (Fig. 8 and Fig. 9). Besides
conventional fiber production technologies like melt-spinning
or melt-blowing, electrospinning of polymer solutions -
primarily polyacrylonitrile (PAN) is a promising technology for
synthesizing carbon fibers with diameters of few tens of nano-
meters to a few micrometers.*” For the preparation, the polymer
solution is charged to a potential in the 10 to 30 kV range and
ejected from the tip of a needle. The resulting polymer jet is
accelerated and elongated while flying through the space and
finally collected as an ultrathin fiber web on a counter electrode.
With regard to supercap applications this technology is highly
beneficial due to small fiber diameters and therefore short
diffusion pathways, additional inter-fiber macroporosity, flexi-
bility, self-standing, and the expandability of additional coating
steps when processed to the final device. Surface areas of these
webs are usually in the range of 500-2000 m* g . The fiber pore
structure can be adjusted by the pyrolysis regime only to a
limited degree. Moreover, the interfiber macroporosity is not
fixed because of the high flexibility of the fiber web. Micro- and
mesopores are formed due to the evolution of volatile
substances during pyrolysis (e.g., CO, CO,) and therefore largely
depend on the used precursor. However, it is mainly the
subsequent activation step that adds the majority of meso- and
micropores.” The most widely applied activation technique is
based on steam. Pore insertion without activation is based on
sacrificial templates such as Nafion®® or carbon precursor
mixtures with different carbonization. An extensive summary
on different carbon nanofibers for supercapacitor applications
can be found in ref. 95. Most of the fibers show good capaci-
tances in the range of 130-180 F g~ ' in aqueous electrolytes. A
capable strategy to enlarge the specific surface area and to
better control the porosity in the nanofibers is to combine
electrospinning with a carbide-derived carbon approach.”” For
example, CDC nanofibers which are obtained after pyrolysis and
chlorine treatment of a polycarbosilane precursor show surface
areas as high as 3100 m> g~ with very narrowly distributed
micropores (1 nm) and additional small mesopores of approx.
2.5 nm.*® Hierarchical fiber materials with large mesopores can
be synthesized when starting from a TiCl,/resin precursor. The
intermediate titania or titanium carbide nanoparticles that are
formed after pyrolysis of this precursor are embedded in the
carbon fiber matrix. Their extraction by a high temperature
chlorine treatment allows controlling the accessibility and
location of these mesopores (3-4 nm) within the resulting CDC
fibers.” Carbon nanofibers are hard to graphitize and suffer
from low conductivity. Therefore, conductive agents such as
CNTs or carbon black can be added to the electrospinning
approach.

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 TEM/SEM images of (A) a carbon onion,** (B) TIC-CDC nano-
fibers derived by electrospinning,®® (C) a graphene hydrogel,**® and (D)
carbon spheres derived by the Stéber-method.®? Pictures are reprinted
with permission from ref. 92, 93, 99 and 105.

Likewise even though not strictly porous, graphene is a note-
worthy electrode material as well (Fig. 8)." Graphene is a single
layer of sp® hybridized carbon atoms in a two-dimensional
honeycomb lattice.’* It is the basic building block for other carbon
structures such as nanotubes, fullerenes and graphite. It stands
out due to chemical stability and excellent electrical conductivity
(zero-gap conductor). It is not a typical porous material, but rather
an ideal flat surface with a high theoretical surface area of 2630 m>
g~ ', which makes it a perfect model system for studying electrolyte
double layer behavior in supercapacitors.’*' Indeed, in theory
graphene does not contain any wormlike, poorly accessible pores,
but its layered structure can hinder electrolyte diffusion and mass
transport. Therefore, graphenes with curved morphologies were
synthesized by exfoliation.’® The reduction of graphene oxide
introduces mesopore-like structures which allows for a better
accessibility of especially large electrolyte molecules such as ionic
liquids. But chemical activation with KOH also leads to significant
increase in the surface area, additional mesopores of 2-5 nm and a
better surface accessibility."* Large micrometer-sized pores can be
introduced if graphene layers are cross-linked in a sol-gel process
resulting in a hydrogel (Fig. 9).'
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Composites of graphenes with other materials such as carbon
spheres, vertically aligned nanotubes, carbon black or metal
nanoparticles are also beneficial since these additives act as
spacers and separate the sheets from each other. The resulting
hierarchical materials show higher capacitances than the single
components.’® Many groups report about capacitances in the
range of around 150-250 F g~ 1.1°0192197 Recent attempts also use
templates such as silica nanoparticles to introduce mesopores
during CVD graphene synthesis. Finally it should be mentioned
that currently many efforts are being made to dope graphenes
with nitrogen to further increase the specific capacitance. Gra-
phenes also enjoy the advantage of being utilized in ultrathin
supercapacitors, printable electronics or nano-devices.

Outlook

The run for ever-higher specific surface areas is not as
constructive as it was regarded years ago and fades out since
the upper theoretical limit seems reached. Therefore, many
current studies confirm that especially the pore size is of major
importance if the performance of carbons in supercapacitor
applications should be increased. In addition, the benchmark-
values for the individual materials in the supercapacitor
application, in particular the capacitance, should be handled
with care. Materials are not comparable with each other
offhand just by looking on this value, it does not give an
immediate insight which material is best for the desired
application. Many questions must be answered prior to a
material comparison: was the materials tested in a two or three
electrode measurement? How was the device assembled? Was
the capacitance obtained from cyclic voltammetry and at which
scan rate or from galvanostatic measurements and at which
current density and which part of the curve was evaluated?
Which electrolyte should be used? Is the pore architecture or
the material functionalization potentially more suitable for
other electrolytes? Therefore, more profound in situ studies on
the real charge storage mechanism, the electrolyte-carbon
interaction and the true influence of the pore size on the overall
performance are required. For that, model systems of carbons
with uniform and well-defined pores are required and available
by the synthesis techniques presented before. Moreover, it
should never be overlooked that the volumetric capacitance of
the materials are of extreme importance as well (Table 1).
Material and packing densities should be as high as possible
with regard to avoiding filling of too large intra- and inter-

Table 1 Comparison of different carbon materials and their properties in EDLC electrodes

Activated Templated Carbide-derived Carbon Carbon Graphene

Material carbon carbon carbon aerogel fiber Graphene VA-CNT oxide
Price Low High Medium Medium Medium Medium High High
Scalability High Low Medium Medium High Medium Low Low
Surface area [m* g~ '] ~2000 <4500 <3200 <700 <200 2630° 1315° ~500
Conductivity Low Low Medium Low Medium High High Variable
Gravimetric capacitance Medium High High Medium Low Medium Low Low
Volumetric capacitance High Low High Low Low Medium Low Low

“ Theoretical values.

This journal is © The Royal Society of Chemistry 2014
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particular pores with the electrolyte. In many cases the volu-
metric or electrode area-related capacity of a material (in F
em? or F em™?) is of particular interest for the actual super-
capacitor application because the mass of the active material
should be as high as possible when related to the mass of the
whole device including the electrolyte, binder and current
collector.

In principle, any pore size can be adjusted and inserted into
carbon, ranging from ultra-micropores to um-sized macropores.
It has been shown many times that the different approaches are
largely compatible with each other, with the consequence that
many hierarchical materials could be designed over the last few
years. It is the authors’ belief that these hierarchical hybrids are
crucial to produce really advanced supercapacitor materials, not
only in terms of hierarchical pore architectures but also in
terms of combining the purely physical energy storage of an
EDLC with the faradaic storage mechanism and to combine
carbons and pseudocapacitive materials with each other.

The biggest challenge for carbon materials with well-defined
pore sizes in supercapacitor applications is the reduction of
price. No material could compete with the very low costs and the
scalability of activated carbons so far. Nevertheless, the other
carbon allotropes discussed in this paper often show better
performances in the individual disciplines, and price of materials
is often a matter of scale. Graphenes and carbon onions show
better conductivities. The pore sizes of CDCs and templated
carbons are more narrowly distributed. Aerogels and fibers can
directly be fabricated into the desired electrode shape. VA-CNTs
are orientated and perfectly connected to a current collector.

The authors only illuminated the importance of pore
adjustment for supercapacitors in this paper. This is an impor-
tant but highly focused area where porous carbons find an
application. Pore adjustment is of equal significance in battery
research, in separation and filtering issues, in drug delivery,
cytokine adsorption, in catalytic support and gas storage appli-
cations. Moreover, it is worth mentioning that the carbon-based
electrodes are only one part of the whole EDLC device and that
the development of other parts and materials, such as advanced
binding agents or separators are of comparable importance. In
addition to the materials development, the use of environmen-
tally friendly and low-cost manufacturing procedures for elec-
trodes'*® and devices is highly desired to further establish EDLCs
in the market of rechargeable electrochemical energy storage
devices. Last but not least, there is an ever-increasing interest in
materials that can operate in aqueous electrolytes at high volt-
ages with regard to increasing the energy density of super-
capacitor devices operating in this high-conductivity, low-cost
and environmentally friendly electrolyte system.'*®
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