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Carbon aerogels are a unique class of high-surface-area materials derived by sol-gel chemistry. Their
high mass-specific surface area and electrical conductivity, environmental compatibility and chemical
inertness make them very promising materials for many energy related applications, specifically in view

of recent developments in controlling their morphology. In this perspective we will review the synthesis
of monolithic resorcinol-formaldehyde based carbon aerogels with hierarchical porosities for energy
applications, including carbon nanotube and graphene composite carbon aerogels, as well as their
functionalization by surface engineering. Applications that we will discuss include hydrogen and

electrical energy storage, desalination and catalysis.

1. Introduction

The expression “the new carbon age” has been coined to express
the rapid development of carbon-based nanomaterials that hold
great technological promise for a variety of applications. Well-
known examples are zero-dimensional buckyballs, one-dimen-
sional carbon nanotubes (CNTs) and the relatively new class of
two-dimensional graphene nanosheets, the subject of the 2010
Nobel Prize in Physics. Another equally important class of
carbon nanomaterials are the three-dimensional nanoporous
carbons, the development of which holds great technological
promise for a variety of sustainable energy applications,
including energy storage, adsorption and catalysis.>” All these
new carbon nanomaterials have in common that they are built
from sp*-hybridized ‘graphitic’ carbon atoms, thus providing
them with mechanical strength and unique electronic properties.
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The utility of porous carbons is derived from their high surface
area, three-dimensional structure, chemical stability, the abun-
dance of carbon, and their low mass density.® Among these,
carbon aerogels (CAs) are specifically promising in that they
possess a tunable three-dimensional hierarchical morphology with
ultrafine cell sizes and an electrically conductive framework, and
that they are available as macroscopic, centimetre-sized mono-
lithic materials.

Aerogels in general are a special class of open-cell foams that
exhibit many fascinating properties, such as low mass densities,
continuous porosities and high surface areas. These unique
properties are derived from the aerogel microstructure, which
typically consists of three-dimensional networks of inter-
connected nanometre-sized primary particles. Aerogels are
typically prepared using sol-gel chemistry, a process that
involves the transformation of molecular precursors into highly
cross-linked inorganic or organic gels that can then be dried
using special techniques (i.e. supercritical drying, freeze drying,
etc.) to preserve the tenuous solid network. For organic and
carbon aerogels, this transformation involves the polymerization

Broader context

electrical energy storage, desalination, and catalysis.

Reducing our dependence on fossil fuels and moving towards renewable energies will be a crucial step towards a sustainable future.
Hydrogen generated from water by solar energy and electric energy from sustainable resources are widely considered as fuels of the
future. The efficiency of many of the new technologies that will come with a sustainable energy economy will depend on the
availability of new functional nanomaterials. Here, porous carbons are one class of materials that can be expected to play a key role
due to their unique combination of properties such as high surface area, electrical conductivity, chemical stability, and environ-
mental compatibility. Among these porous carbons, carbon aerogels (CAs) are specifically promising in that they possess a tunable
three-dimensional hierarchical morphology, and that they are available as macroscopic monolithic materials. This perspective
provides an overview of recent progress in synthetic methodologies for CA fabrication, and discusses the morphological and
functional diversity of CAs in the context of the requirements for some of their most promising applications, including hydrogen and
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of multi-functional organic species into three-dimensional poly-
mer networks. Although the first aerogels based on silica gels
were discovered already in 1931,° it took another 60 years until
polymer-based carbon aerogels were developed by Pekala
et al'™" in the late eighties at Lawrence Livermore National
Laboratory. Their potential as electrode materials, however, was
immediately recognized.' These materials are prepared through
simple sol-gel polymerization of organic precursors, such as
resorcinol and formaldehyde, in aqueous solution and thus are
mass producible. The sol-gel process yields highly cross-linked
organic gels that then are supercritically dried and subsequently
pyrolyzed in an inert atmosphere.'® The pyrolysis transforms the
organic aerogel precursor into a porous carbon network
comprised of both amorphous and graphitic (turbostratic
microcrystalline) regions. The graphitic domains within CAs,
however, are typically quite small and contain a significant
amount of disorder. Unlike many other porous carbon materials,
CAs can be fabricated in a variety of forms, including monoliths
and thin films, a feature that can be advantageous for many
applications. Furthermore, the synthesis of CAs can be easily
adjusted to produce materials with very different three-dimen-
sional architectures (see Fig. 1) which allows one to tailor the
transport properties of CAs. Because of their unusual chemical
and textural characteristics, carbon aerogels are promising
materials for use as electrode materials in supercapacitors and
rechargeable batteries, advanced catalyst supports, adsorbents,
and thermal insulation.’*3-2° This article provides an overview of
recent progress in synthetic methodologies, and discusses the
morphological and functional diversity of CAs in the context of
the requirements for some of their most promising applications
in the field of hydrogen storage, electrical energy storage, desa-
lination, and catalysis.

2. Design of carbon aerogels

The technological promise of CAs comes from the fact that their
morphology, and thus their properties can be controlled by the
sol-gel reaction chemistry. Several factors of the polymerization
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reaction have a significant impact on network formation in these
materials (Fig. 1). The choice of sol-gel precursors, polymeri-
zation catalyst and reaction solvent can be used to control the
structure of the resultant gel. As an example, the amount and
type of polymerization catalyst used in the sol-gel reaction
influence the nucleation, growth and interconnectivity of the
primary particles that comprise the aerogel framework.?
Formulations that utilize low catalyst concentrations typically
produce gels with larger primary particles as compared to those
generated from higher catalyst concentrations. The morphology
and spatial arrangement of these particles, in turn, determine the
bulk physical properties of the CA. For instance, electrical
conductivity in CAs occurs through the movement of charge
carriers through individual carbon particles and “hopping” of
these carriers between adjacent carbon particles.??> Therefore,
charge transport is highly dependent on interconnectivity of the
carbon network. Likewise, a number of other bulk properties,
such as specific surface area, average pore size, compressive
modulus and thermal conductivity, correlate with the network
architecture and, therefore, can be tuned through the reaction
chemistry.

To further optimize the properties of CAs for specific appli-
cations, recent efforts have been focused on the functionalization
of the CA framework, either through modification of the aerogel
surface or through incorporation of additives, such as catalyst
nanoparticles or carbon nanotubes, into the framework struc-
ture. The flexibility of the CA synthesis readily allows for
systematic modification of the extended network structure
(Fig. 1). For example, functionalized sol-gel precursors can be
used in the polymerization reaction to introduce a specific
functional group into the organic and carbon aerogel frame-
work.?*?7 This approach has been used to homogeneously
incorporate metal nanoparticles into CA matrices. Another
approach to modify the CA framework involves the integration
of additives, such as carbon nanotubes or graphene sheets, into
the sol-gel reaction.?*-** Sol-gel polymerization of the precursors
in the presence of the additives leads to the formation of
composite structures in which the additive becomes a part of the
primary carbon network structure. This approach can be used to
enhance the electrical, thermal and mechanical properties of the
composite material relative to the pure CA as recently demon-
strated for CNT additives.?® Templates can also be used in the
sol-gel polymerization reaction to impart specific structural
features to the porous solid under construction.’*=° After gel
formation, these templates can be removed, either chemically or
thermally, to yield an ordered network of pores within the aer-
ogel framework. Using this technique, materials with bimodal
pore structures can be prepared in which the large ordered
cavities formed by the template are continuous and inter-
connected, while smaller meso- and microporous channels run
continuously throughout the aerogel wall. Hierarchically porous
structures of this type present a number of advantages over
unimodal carbon structures in terms of diffusion efficiency and
surface area, and thus these materials have utility as catalyst
supports or electrodes for electrochemical devices.

Alternatively, the surfaces of the aerogel framework can also
be modified after the carbonization step through gas- or solution-
phase reactions within the open pore volume of the aerogel.
Typically, these structures are sufficiently robust to withstand the

This journal is © The Royal Society of Chemistry 2011

Energy Environ. Sci., 2011, 4, 656-667 | 657


http://dx.doi.org/10.1039/C0EE00627K

Published on 16 February 2011. Downloaded by Technion - Israel Institute of Technology on 28/01/2016 14:29:27.

Ordered Porous CAs

Templates

! Sol-gel Reaction:
3 j\' {1) Supercritical
Functmnaized Drying

Precursors ﬁ Catalyst l Solvent

|

Additives

{2) Pyrolysis

YT ST

CA Composites

Carbon Aerogels

e Vapor

Deposition

Metal-loaded CAs

High Surface Area CAs

« Continuous porosities

« High surface areas Activation
« Ultrafine cell/pore sizes
* Variable densities

Sulution

Depasition

N

Fig. 1 Synthetic scheme showing the versatility associated with carbon aerogel synthesis. As shown, the CA structure can be modified either during the
sol-gel polymerization step, through the introduction of additives or templates to the reaction mixture, or through gas- or solution-phase reactions on

the surfaces of the CA framework after the pyrolysis step.

Fig. 2 SEM image of an activated CA with a surface area of
~3100 m? g!

compressive forces associated with re-wetting and drying of the
material. These modifications can range from thermal activa-
tion**** to electrochemical deposition of a secondary material
directly on the surface of the carbon framework.*** For

example, the thermal activation process has been used to prepare
CAs with Brunauer—Emmett-Teller (BET) surfaces in excess of
3000 m? g! (total pore volume = 4.5 cm® g7') that have been
investigated as gas sorbents and electrodes.* Self-limiting elec-
troless deposition processes have been used to “paint” the inte-
rior structure of CA materials with electroactive species, such as
MnO,, for the design of new capacitors.*** Inorganic CA
composites have also been prepared through the sol-gel poly-
merization of inorganic species on the internal surfaces of
monolithic CA parts.*-5' With this approach, the inorganic
species (metal oxides such as SiO,, TiO, or ZnO) form
a conformal overlayer on the primary ligament structure of the
CA. Nanocomposites formed from carbon and these metal
oxides have the potential to exhibit enhanced functional prop-
erties for catalysis and energy storage applications. As described
in Section 3.4, gas phase deposition techniques, such as atomic
layer deposition, are another extremely powerful approach to
deposit inorganic species, such as catalyst nanoparticles or
insulating overlayers, on the inner surfaces of CA
substrates.™3** This approach has even been extended to the use
of CAs as substrates for the direct growth of carbon nanotubes
by chemical vapor deposition.** By engineering the pore struc-
ture of the CA substrate, uniform CNT yield can be achieved
throughout the free internal pore volume of CA monoliths with
macroscopic dimensions. Clearly, the flexibility associated with
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CA synthesis provides tremendous opportunity for the design of
new nanostructured materials for energy related applications.

3. Applications

The hierarchical 3D morphology of CAs and the fact that
structural parameters, such as surface area and pore size distri-
butions, can be controlled systematically make CAs attractive
materials for applications that require both high surface areas
and fast mass transport. The most promising emerging applica-
tions of CAs in this field are hydrogen storage, electrical energy
storage using the electric double layer capacitor technology,
desalination using the capacitive deionization technique, and
their use as catalytic supports in, for example, fuel cells. The
performance of CAs in these applications strongly depends on
their three-dimensional architecture. For example, the storage
capacity of CAs for both hydrogen and electrical energy depends
on the presence of micropores to provide surface area, whereas
the dynamics of loading and unloading depends on the presence
of macropores to facilitate mass transport. In the following
sections we will discuss some of the most promising energy-
related applications of CAs with an emphasis on functional
requirements.

3.1 Hydrogen storage

One area of carbon research that has received significant atten-
tion is the use of porous carbon materials as sorbents for
hydrogen.>>° Safe and efficient storage of hydrogen is consid-
ered one of the main challenges associated with utilization of this
fuel source in the transportation sector.®® Two important criteria
required for effective hydrogen physisorption are (1) a high
surface area that exposes a large number of sorption sites to ad-
atom or ad-molecule interaction® and (2) sufficiently deep
potential wells so that the storage material can be utilized at
reasonable operating temperatures. Porous carbons are prom-
ising candidates for hydrogen physisorption due to their light-
weight frameworks and high accessible surface areas. The low
hydrogen binding energies, however, that are typical of carbo-
naceous sorbents (~6 kJ mol™' H,), require that cryogenic
temperatures (77 K) be utilized for storage of hydrogen in these
materials. In general, the amount of surface excess hydrogen
adsorbed on porous carbons at 77 K and ~3.5 MPa varies
linearly with BET surface area, and the gravimetric uptake is ~1
wt% H; per 500 m* g~' of surface area.’**

A new class of ultra-high surface area CAs was recently
developed for use as hydrogen physisorbents.?*4° These materials
were prepared through thermal activation, a process that
involves the controlled burn-off of carbon from the aerogel
structure in an oxidizing atmosphere, such as carbon dioxide.
Carbon removal creates new micropores (pores smaller than 2
nm) in the structure and, therefore, increases the overall surface
area of the aerogel. Using this approach, new CA sorbents with
BET surface areas in excess of 3000 m? g~! were prepared (Fig. 2).
These values are greater than the surface area of a single gra-
phene sheet (2630 m? g~!, if both graphene surfaces are taken into
account). Presumably, edge termination sites constitute
a substantial fraction of the surface area in these activated CAs,
as is the case for traditional high surface area activated carbons.

Hydrogen uptake at 77 K in the activated CAs scaled linearly
with the BET surface area up to 2500 m? g~*, yielding gravimetric
densities up to 5 wt% H, (Fig. 3), comparable to the highest
values measured in porous carbons.® Above 2500 m? g, the
differential increase in the hydrogen storage capacity is smaller
than expected, likely due to increase in the pore size in this
ultrahigh surface area material. Previous studies have shown that
size and shape of the pores in hydrogen physisorbents play
a critical role in hydrogen uptake, with the optimal structure
having slit-shaped pores with diameters between 0.7 and
1 nm.%*** As shown in Fig. 4, increasing activation does not only
increase the surface area of the sorbent, but also shifts the pore
size distribution to larger values. In addition to gravimetric
capacity, volumetric capacity is an equally important consider-
ation in the design of functional hydrogen sorbents. Depending
on the density of the CA, the volumetric capacity of these
materials can range from 10 to 29 g H, L~'. While these values
are on par with those of other porous carbon materials, further
optimization of CA pore structure is required for increased
hydrogen energy density.

The hydrogen binding enthalpies measured for the activated
CAs were ~6 kJ mol™', as would be expected for a carbon-based
sorbent. As mentioned above, the low binding energies associ-
ated with porous carbons are an obstacle to meeting capacity
requirements at reasonable operating temperatures (>273 K).
Previous work has shown that hydrogen adsorption energies
near 15 kJ mol~!, over the full range of surface coverage, are
necessary to meet this requirement.®* Numerous approaches have
thus been employed to improve the thermodynamics of hydrogen
binding in porous carbons while retaining large surface areas for
sorption. The hydrogen spillover effect, for example, has been
suggested as a mechanism to increase the reversible hydrogen
storage capacity at room temperature in metal-loaded carbon
nanostructures.®**® The spillover process involves the dissocia-
tive chemisorption of molecular hydrogen on a supported metal
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Fig. 3 Excess gravimetric density (wt% H,) saturation value at 77 K as
a function of BET surface area for the activated CAs. The dotted line
shows the correlation of 1 wt% H, per 500 m? g~'. It is important to note
that surface excess hydrogen values are a measure of H, adsorbed on the
surface of the CA only and do not account for free hydrogen gas in the
pores of the CA. Therefore, total gravimetric hydrogen capacities in these
CA materials are higher than the surface excess values.

This journal is © The Royal Society of Chemistry 2011

Energy Environ. Sci., 2011, 4, 656-667 | 659


http://dx.doi.org/10.1039/C0EE00627K

Published on 16 February 2011. Downloaded by Technion - Israel Institute of Technology on 28/01/2016 14:29:27.

0.16
2
LA
g 0.12
5 \
2 I
5 0.08 '
2
g 0.04

|

L 10 15 20 25 30 35 40 45 5C
Pore Width (A)

Fig.4 Pore size distribution for activated CAs with BET surface areas of
1500 (red) and 3100 (blue) m? g~', as determined from the N, adsorption
isotherm using the density functional theory (DFT) method.

catalyst surface (e.g. platinum or nickel), followed by the diffu-
sion of atomic hydrogen onto the surface of the carbon support.
Alternatively, substitutional doping of carbon with boron or
other light elements has also been presented as a promising route
toward increasing hydrogen binding energy in these sorbent
materials.”®”! The flexibility associated with CA synthesis allows
for the incorporation of such modifiers into the carbon frame-
work. For example, gas- and solution-phase deposition tech-
niques have been developed that allow for uniform incorporation
of metal nanoparticles into the carbon framework (see also the
Catalysis section). The performance of these modified CAs as
next generation hydrogen storage materials is currently being
evaluated.

Beyond their use as hydrogen sorbents, CAs have also been
used to enhance the performance of other solid-state hydrogen
storage materials, specifically complex hydrides, such as alanates
(AlH,4 "), amides (i.e. NH, ") and borohydrides (BH4 ™). Complex
hydrides offer a number of advantages for the storage of
hydrogen, including high gravimetric and volumetric hydrogen
capacities.””® The thermodynamics and kinetics associated with
reversible hydrogen storage in these systems, however, present
significant obstacles to their utilization as storage materials at
reasonable operating temperatures and pressures. Incorporation
of complex hydrides into the free pore volume of a nanoporous
solid or scaffold has been shown to improve the rates of both
hydrogenation and dehydrogenation for these materials (Fig. 5).
The enhanced kinetics can be attributed to the shorter diffusion
distances for hydrogen as well as the other elements (i.e. Li, B,
etc.) in the nanostructured hydride. Practical application of the
scaffold approach requires the design of porous solids with small
pore sizes to physically confine the nanostructured hydride as
well as large accessible pore volumes to minimize the gravimetric
and volumetric capacity penalties associated with the use of the
scaffold in a storage system. In addition, these scaffold materials
should be chemically inert, mechanically robust and capable of
managing thermal changes associated with the cycling of the
incorporated hydride. While a variety of porous matrices have
been investigated as scaffolds,””® CAs have emerged as one of
the most promising candidates due to their large pore volumes
and tunable porosities, as well as for the ability to modify the
surface characteristics of the carbon framework. As described
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Fig. 5 The scaffolding approach involves the confinement of nano-
structured hydride material within the free pore volume of a nanoporous
scaffold material, such as a carbon aerogel.

above, the pore structure of CAs can be controlled through the
sol-gel polymerization conditions (i.e. R/C ratio, concentration
of reactants), allowing for the fabrication of monolithic scaffolds
with large internal pore volumes distributed over nanometre-
sized pores. Recent work by several groups has demonstrated the
promise of the CA scaffolding approach with a number of
different hydrogen storage materials. For example, incorpora-
tion of LiBH, into CA scaffolds was shown to significantly
enhance the rate of hydrogen exchange in the material relative to
that of bulk LiBH4, and that the effect is inversely correlated with
the average pore size of the scaffold (i.e. smaller pores yielding
faster kinetics)."” In fact, the rate of dehydrogenation for LiBH,
was shown to increase by as much as 50 times at 300 °C in a CA
with 13 nm pores. Similar improvements in dehydrogenation
kinetics were also reported for NaAlH, incorporated into a small
pore CA scaffold.”®° In addition, the NaAlH, within the scaf-
fold, unlike bulk NaAlHy4, could be readily rehydrogenated to
full capacity at ~160 °C under 100 bar H,. The desorption
kinetics of other solid-state hydrogen storage materials, such as
MgH, and NH;BHj;, were also affected considerably when
embedded within the pores of a CA scaffold.?35 Despite these
promising results, additional efforts in this area are necessary to
better understand the influence of the CA textural properties and
surface chemistry on the performance of the incorporated
hydride. Further optimization of the aerogel architecture is also
required for the design of robust scaffolds that can accommodate
larger weight fractions of the complex hydride. These structural
refinements present a challenging trade-off in terms of porosity
and mechanical properties. Increasing the pore volume in these
scaffolds while maintaining small pore sizes requires that the
walls defining the pore structure be very thin. The thickness of
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the wall structure, in turn, determines the mechanical integrity of
the material. This aspect of scaffold design is an important
consideration, as these materials need to have sufficient
mechanical strength to withstand the stresses associated with
infiltration and cycling of the hydride. Nevertheless, CA scaf-
folds represent a promising option for improving the perfor-
mance of metal and chemical hydride systems.

3.2 Supercapacitors and batteries

The storage of electrical energy is one of the important hurdles
that needs to be overcome for the widespread implementation of
many “green” technologies, and the most common application of
CAs in this field is the electrical double-layer capacitor
(EDLC).% In these devices, charge is stored in the form of ions
accumulated on the surface of the material (Fig. 6), thus creating
an intermediate between batteries and electrostatic capacitors.®”
The energy density is lower than that of a battery, but higher
than that of an electrostatic capacitor. The inverse is true for
power density. The high rate capability and cyclability make the
EDLC an ideal complement to batteries in devices with peak
power demands significantly above the base level, where they
extend the life of the battery. A typical example is the use of
supercapacitors for regenerative braking in electric and hybrid
cars. However, the high cost of the EDLCs, as well as their
limited energy density, has so far prevented them from replacing
batteries more widely.®®

Focus areas of EDLC development include (1) increasing of
energy and power densities, (2) increasing the operating voltage
and (3) decreasing the cost per Wh stored in the device.
Improving these properties requires the development of
advanced electrode materials, and CAs are ideally suited for this
purpose as they are chemically inert, highly conductive,
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Fig. 6 (a) Electric double layer (EDL) model showing the accumulation
of cations at a negatively polarized electrode surface in contact with an
electrolyte. In the case of an ideally polarizable electrode, no charge
transfer takes place across the electrode/electrolyte interface, leading to
a capacitor-like separation of positive and negative charges. The atomic-
scale dimensions of the EDL result in much higher capacities compared
to those of a conventional parallel-plate capacitor. (b) An EDLC consists
of two EDL capacities in series (one at each electrode). The electrode
needs to be chemically inert, exhibit a high surface area, and allow for fast
diffusional mass and electronic transport.

environmentally friendly, can be made from cheap and abundant
raw materials, and most importantly, provide high specific
surface areas combined with a fully tunable 3D structure.
Specifically the tunability of the CA structure provides a tool for
improving energy and power densities, as both depend on the
pore structure of the electrode. Very promising is the develop-
ment of hierarchically structured CAs containing both macro-
pores to facilitate mass transport and provide power density, and
micro/mesopores to provide the required high surface area for
energy density. The area-specific capacity of the electrode
material is of critical importance for the performance of an
EDLC. Thus much effort has been devoted in recent years to
increase the area-specific capacity by pore-size engineering. The
two important observations that have been made are: (1). the
area specific capacitance decreases with decreasing pore size® as
the access of solvated ions gets more and more sterically hindered
and part of the surface can no longer be utilized, and (2) once the
pores become smaller than the hydrated ion radius, the specific
capacitance increases again due to the distortion and reduction in
size of the ion solvation sheath in sub-nm pores.* The pore size
also affects power density: if the pore contains fewer ions than
necessary to charge the pore, then ions must diffuse through the
electrode to fully charge the device, resulting in lower charge/
discharge rates.®® Additionally, pore size, tortuosity, length and
shape of the pores all affect the resistance of the capacitor and
thus its power density. It is expected that exploiting the tunability
of the CA structure will lead to CA electrodes with greatly
improved performances.

Hierarchically structured CAs are ideally polarizable high
capacitance electrodes as demonstrated by the box-shaped cyclic
voltammetry (CV) curve shown in Fig. 7. The CA in this example
has a specific capacitance of ~100 F g~'. Increasing the potential
window, however, leads to undesirable Faradaic losses due to the
onset of water breakdown and/or carbon corrosion. Hierarchi-
cally structured CA electrode materials have also the potential to
considerably improve the dynamic performance of EDLCs.
Hierarchically structured CAs charge faster and with less resis-
tive losses as indicated by both the larger rise in capacitance and
lower resistance with decreasing frequency (Fig. 8).

When it comes to improving the energy density of carbon-
based electrodes, the question is what is the physical limit of the
area specific capacitance? Literature values of the specific
capacitance for carbon range from ~3 pF c¢cm~ for graphitic
carbon®! to ~50 uF cm~2.°2 Thus, an activated CA with a surface
area of ~3000 m? g ' could theoretically exhibit gravimetric
specific capacitance values as high as 1500 F g~'. However,
experimentally observed values are much lower than those pre-
dicted by this simple linear extrapolation. For example, our
experimental values for the gravimetric specific capacitance
obtained from various CA samples with different morphologies,
densities and compositions increase with increasing surface area
from ~50 F g~' for a 600 m? g~' material to only ~110 F g~! for
a ~3000 m> g' CA (Fig. 9). Obviously, most of the 5-fold
increase in surface area is compensated by a decreasing area
specific capacitance that decreases from ~8 pF cm™2 for the
600 m*> g~' material to ~3 uF cm~2 for the 3000 m* g~' CA.
Several explanations can be brought forward: (1) with increasing
surface area an increasing fraction of the pores is smaller than the
radius of hydrated ions, and thus no longer accessible. Thus pore
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Fig. 7 Cyclic voltammetry (CV) data collected from a hierarchically
structured high-surface-area CA electrode (~2400 m? g', three electrode
setup in 1 M NaCl). The box-shaped CV within the potential range from
—0.9 to 0.7 V (vs. Ag/AgCl) is characteristic for an ideally polarizable
electrode, whereas the increasing current at higher potentials indicates
undesirable Faradaic losses due to the onset of water breakdown and/or
carbon corrosion.
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Fig. 8 Frequency dependent capacitance and resistance of porous
carbon electrodes in 0.5 M NaCl, from electrochemical impedance
spectroscopy (EIS) data (collected at 0.1 V vs. Ag/AgCl, 20 mV ampli-
tude). Compared to carbon paper, the hierarchically structured activated
CA charges faster and with less resistive losses.

size engineering should allow creating materials with much
higher capacities; (2) the capacitance may be controlled by the
solid side, where the small density of states at the Fermi level in
graphite-like carbon implies small capacitance, in which case
only band structure engineering would allow obtaining higher
values; and (3) experimental reference values obtained from low-
surface-area materials such as bulk graphite samples over-
estimate the area specific capacity as the calculation of these
values is typically based on a geometric surface area rather than
the unknown real surface area.

This discussion makes clear that the surface functionality may
play an important role, and that synthesis conditions can make
an important difference to the final capacitance of the device.
Indeed, post-treatment of the surface, through oxidation of the
carbon or coating with other materials, such as conducting
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Fig. 9 Gravimetric and area specific capacitance versus surface area for
activated CAs (A ) as well as activated CA/carbon nanotube (V) and CA/
graphene (@) composite materials. The gravimetric specific capacitance
increases and the area specific capacitance decreases with increasing
surface area.

polymers or transition metal oxides, has been shown to increase
the specific capacitance four- to ten-fold, usually at the cost of
reducing the surface area.”® The depositions can be performed
electrochemically, through gas phase deposition (e.g. atomic
layer deposition) or through wet chemistry. While it is possible to
prepare electrodes made entirely out of transition metal oxides,*®
it may still be advantageous to use a CA as a backbone to utilize
the good control over morphology and the high intrinsic
conductance that the CA provides.

Instead of increasing the specific capacitance, one could also
utilize surface functionalization to increase the operating voltage
by coating the CA electrode surface with a high dielectric
constant material such as alumina or titania. This creates an
electrolytic capacitor-like device that can be operated at voltages
up to the breakdown voltage of the dielectric, rather than that
of the electrolyte. The energy density change produced by
coating the electrode with a dielectric layer will be strongly
affected by the structure of the aerogel: the energy of a capacitor
scales with 0.5 CV? where C is the capacitance and V is the
applied voltage. The breakdown voltage of the dielectric layer
scales linearly with the layer thickness d. The capacitance, on the
other side, scales with 1/d and is proportional to the surface area.
To achieve a net gain, the loss of surface area caused by the
coating must be smaller than the gain from the increased
breakdown voltage and dielectric constant. Micropores would be
covered or filled in by even thin coatings, and thus the energy
density of these structures is likely to decrease. Meso- and mac-
roporous materials, on the other hand, will not see significant
losses in surface area until larger values for d are reached, and
thus should benefit from dielectric coatings. Even if there is no
net gain in volumetric or gravimetric capacitance, the devices
with higher operating voltage will outperform the unfunction-
alized devices in high-voltage applications: to reach the higher
operating voltages typical for EDLC applications, one has to
stack n of them in series, which causes the capacitance to drop as
1/n, in which case the device with the higher operating voltage
would perform better even if its gravimetric capacitance is lower.
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For very high voltages, aerogel-based electrolytic capacitors are
not likely to exceed the performance of conventional electrolytic
capacitors, but in the 10 V range, the control over aerogel
morphology may be able to produce a superior device.

One major drawback of CAs for the EDLC application is their
low density (<500 mg cm~) that limits the achievable volumetric
energy density. One strategy to increase the performance of CA
electrodes for the EDLC application in terms of energy density is
to increase their volumetric surface area and capacitance (m*
cm~? and F cm ™). This can be achieved by filling a fraction of the
open porosity of the CA with another high-surface-area material,
for example by chemical vapor deposition of carbon nanotubes.**

CAs may also find future use in batteries, either as current
collectors with tunable porosities® or scaffolds for 3D interca-
lated batteries.”® In the first function, they provide the same
advantages for the power of the device as they do in capacitors:
the tunable porosities can be used to minimize diffusion resis-
tance while maintaining a constant surface area, thus reducing
internal resistance as well as polarization potentials and
increasing the power density of the device. At the same time, the
aerogel can function as a low density current collector that is
directly functionalized and eliminates the need for binder and
filler, which increases the energy density. Finally, the CA scaffold
provides a means to utilize lithium intercalation materials usually
limited by large volumetric changes, such as Sn or Si, which
would be coated onto the current collector in very thin layers and
thus subjected to lower stresses.”®*7 In the second function, the
control over morphology can again be used to create a structure
that facilitates the assembly of the intercalated battery, and the
previously listed coating and functionalization methods can be
brought to bear to perform the actual assembly of the battery.

3.3 Capacitive deionization

Freshwater is one of earth’s most valuable resources, and many
regions suffer from an increasingly limited freshwater supply.
Consequently, boosting supply through desalination of seawater
and brackish water from saline aquifers, which together account
for over 97% of all water, is increasingly important.®®

CAs have considerable potential to significantly improve
desalination efficiency through a technique known as capacitive
deionization (CDI). Like the supercapacitor, CDI relies on the
formation of an EDL to store charge (Section 3.3, Fig. 6). In
CDI, however, the goal of the charge storage is not energy
storage, but charge removal from the electrolyte: the electrolyte
is seawater or brackish water flowing between the electrode pairs,
and the charging of the electrodes and formation of the double
layer significantly deplete the ion concentration in the electrolyte
(Fig. 10). CDI has potentially significant advantages over other,
more conventional, water desalination techniques such as reverse
osmosis (RO) that is currently the fastest growing desalination
technique.®®* RO is an energy- and infrastructure-intensive
process, because it relies on forcing sea or brackish water through
a membrane with low salt permeability by applying a pressure
several times that of the osmotic pressure (typically 1-10 MPa),*®
and because it requires pressure exchangers or turbines to
recover some of that energy.”® The advantages of CDI over RO
are that: (1) it requires no membrane elements, (2) it can desa-
linate water at low (sub-osmotic) pressures, and (3) energy can be

Supercapacitor

Electric Dou.u_bl_e Layer (EDL)

- “ Solid phase™ .

.Uncharged
Tpebreyy

]
. Liquid Phase
~ _ (water) L

Uncharged

Fig. 10 Schematic representation of the differences between a super-
capacitor cell for energy storage (top) and a CDI cell for brackish water
desalination (bottom). Both systems consist of two porous electrodes
separated by an electrolyte, and uncharged and charged states of the
systems are shown in the left and right panels, respectively. The EDLC
utilizes electrolytes at high ion concentrations (often above 1 M), so that
the concentration of the electrolyte between electrodes and in electrode
pores does not significantly change upon EDL charging. In contrast, CDI
cells are designed to reduce the electrolyte concentration significantly.

easily reclaimed upon discharge of the EDLs without requiring
extensive infrastructure.’®'°2 To date, CDI has been successfully
applied to the desalination of lower salinity (brackish) water
streams that typically contain 1000 ppm of total dissolved salts
(TDS) (for comparison, seawater is about 35 000 ppm TDS).10-103
In addition to brackish water desalination, CDI has been used in
other applications requiring deionization, such as the treatment of
wastewater or purification of power plant boiler water.!*-1%

The feasibility of CDI as a technology for inexpensive, large
scale water desalination strongly depends on the availability of
electrode materials that are inexpensive, mass producible, foul
resistant, environmentally friendly, and whose pore size distri-
bution and surface chemistry can be tuned to fit the requirements
of optimized CDI cells. CDI systems developed in the 1960’s to
early 1990’s for water desalination utilized porous carbon-based
electrode materials such as activated carbons.!?®'5-17 The first
CDI system that used CA electrodes was developed in the 1990s
by Farmer et al. at LLNL."*%1% CAs offer several advantages
over activated carbons, including: (1) a monolithic structure for
higher solid phase conductivity, (2) excellent tunability of the
pores size distribution (macropores for mass transport, micro-
pores for surface area), (3) the absence of polymeric binders
(increasing the chemical stability), and (4) higher specific surface
area (>1000 m? g~') thus increasing the ion storage capacity.'**1%°
Based on the success of the systems developed at LLNL, CAs
subsequently became one of the most common materials used in
CDI systems.'*

Further improvements to CDI electrodes that are needed
include (1) reducing the energy required for desalination, (2)
optimization of the cell charging/discharging kinetics, and (3)
development of desalination of higher ionic strength streams
such as seawater. The energy efficiency of a CDI system strongly
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depends on the transport losses of both ionic and electric charges.
The energy stored in the EDL itself is recoverable upon discharge
of the CDI cell. Factors that contribute to the total system
resistance include the electric resistance of the solid electrode and
the ionic resistance of the salt water in electrode pores and
between electrodes. CAs are very conductive due to their
monolithic structure, and can reach conductivities up to about
100 S m~" which is over an order of magnitude higher than other
porous carbon structures.?® That is also over one order of
magnitude higher than the conductivity of seawater, which is
about 5 S m~!, so that the total system resistance becomes
dominated by ionic resistance. The highly tunable pore structure
of CAs allows for electrode designs that minimize in-pore elec-
trolyte resistance. For example, in a porous medium of a given
porosity, decreasing pore size enables a higher surface area to
volume ratio, but also higher ionic resistance. By carefully tuning
pore size, or by utilization of hierarchically structured CAs with
both macro- and micropores,*® minimization of resistance can be
attained while still maintaining ultra-high specific surface area.

3.4 Catalysis

Another promising energy application of CAs related to
a hydrogen economy is their use as electrode materials and
catalyst support in proton-exchange membrane (PEM) fuel cells.
For this application, the electrode needs to combine high elec-
trochemical conductivity, high surface area, and a pore structure
that allows for good contact between the catalytically active
supported metal nanoparticles, the polymer electrolyte, and the
gas phase to minimize mass-transport losses.''® The advantage of
CAs over other more traditional carbon supports such as
commercial carbon blacks is that their surface area, pore size and
pore volume can be tailored independently from each other.'"
They also offer superior electrical conductivity due to their 3D
morphology which reduces the electric losses in the electrode,
and they are available as monolithic structures. The required
catalytic activity is introduced by metal loading of the otherwise
inert CA, and an example of such a CA/metal nanocomposite
material is shown in Fig. 11.

The synthesis of CA-supported platinum catalysts and their
pore size dependent performance have recently been studied by
several groups, and different pore size dependencies have been
reported.?>111-115 For example, Smirnova et al''? reported
a significant increase in cell performance and maximum power
density by increasing the average pore size of the CA support
from 16 to 20 nm. This result has been attributed to a better
penetration of the polymer electrolyte Nafion into larger pores
thus enabling a better contact with the Pt nanoparticles distrib-
uted on the inner surfaces of the CA support. On the other hand,
Marie et al'™ reported that oxygen mass-transport related
voltage losses in the cathode layer increase with increasing pore
size of the CA support. This result was explained by the obser-
vation that Nafion penetration lowers the effective porosity of
the CA support thus hindering oxygen mass-transport and that
this effect becomes more important with increasing pore size.
Clearly, more work on the pore size dependencies of CA-sup-
ported fuel cell electrodes is necessary to take full advantage of
this novel catalyst material for PEM fuel cell applications.
Nevertheless, the results were already very promising.

Fig. 11 SEM micrographs of a Ru-loaded CA at different magnification
levels. The Ru nanoparticles were deposited using the bis(cyclopenta-
dienyl)ruthenium/air atomic layer deposition processes.

A related technology that also benefits from the tunable
mesoporosity of CAs is the biofuel cell'*¢ that utilizes enzymes or
microorganisms adsorbed on the electrode surface to catalyze
electro-enzymatic reactions. Here the cell performance should
strongly depend on the pore size distribution as the pores need to
be large enough to accommodate the large (>10 nm) biomole-
cules. A dramatic increase of the cell performance with increasing
pore size of the CA electrode has indeed been experimentally
observed for the electrochemical oxidation reaction of fructose
by p-fructose dehydrogenase.'” As described in previous chap-
ters, the pore size distribution of CAs can easily be tuned by both
sol-gel conditions and post-synthesis treatments such as the CO,
activation what widens preexisting micropores (see Fig. 4).

The PEM fuel cell electrode application discussed above
requires the incorporation of metal nanoparticles into the CA
structure to add catalytic activity to the otherwise inert CA.
Although the loading of CAs with catalytic active materials
seems to be simple in theory, it is difficult in practice due to the
high aspect ratio of CAs. Indeed, much of the work on Pt loaded
fuel cell electrodes has been devoted to the synthesis of highly
dispersed Pt nanoparticles. The key issue is the utilization of the
catalyst, specifically in the case of expensive noble metals such as
platinum or platinum alloys which requires that the catalytically
active metal is highly dispersed to maximize its surface area.
Furthermore, the metal particles need to be resistant against
sintering and stably anchored to the carbon support. Tradi-
tionally, metal-loaded CAs have been synthesized by solution
impregnation using a suitable metal salt, either during the
synthesis of the polymer gel®® or at a later stage by impregnation
of the pyrolized CA. 251113 However, both approaches have
their limitations: the former can interfere with the sol-gel
process, or can lead to poisoning of the catalyst, for example by
coating the Pt nanoparticles with a passivating carbon layer.®
Loading the final CA structure with metal nanoparticles is
difficult because of its high aspect ratio that often involves time
intensive and/or complicated steps such as supercritical deposi-
tion of metal nanoparticles. Consequently the development of
alternative methods has been the subject of many studies.

Vacuum thin film techniques that are commonly used to
deposit thin catalyst layers directly onto the membrane or the gas
diffusion layer of PEM fuel cells''® cannot take advantage of the
high aspect ratio/mesoporosity of CAs as they are only able to
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coat the outer surface. Nevertheless, magnetron sputtering has
been used to deposit Pt on thin CA sheets.!'*'5 A similar
restriction applies to CVD techniques that can be successfully
applied to macro-cellular foams,'*® but typically result in inho-
mogeneous or incomplete coatings on micro—mesoporous
substrates.

In the following we will focus on a relatively new approach
based on atomic layer deposition (ALD) that has already been
successfully used to deposit Pt nanoparticles on solid oxide'*®
and PEM*™ fuels cell electrodes. This technique is like no other
method suited to deposit material onto the internal surfaces of
ultra-high aspect ratio materials such as CAs. ALD is a special
variant of the chemical vapor deposition technique that uses
a suitable pair of sequential, self-limiting surface reactions
(Fig. 12)."2 The technique does not affect the morphology of the
aerogel template and offers excellent control over metal loading
by simply adjusting the number of ALD cycles. Continuous
layers as well as nanoparticles can be grown, depending on the
actual surface chemistry. Both oxidic and metallic films and
nanoparticles can be deposited, and the technique has been

pHH]

Fig. 12 ALD employs sequential, self-limiting surface reactions to
overcome diffusion limitations in high-aspect ratio materials. The
underlying principle is that the adsorption of the metal containing
precursor poisons the surface thus preventing further precursor uptake
(green surface termination), and that the reactive surface state can be
regenerated by exposure to the second reactant (red in this example).
Both conformal films (left) and individual nanoparticles (right) can be
grown, depending on the initial nucleation density which can be influ-
enced by surface treatments.

(a)

Surface

successfully employed to deposit a variety of materials including
W.,122 Ru,*? Pt,! Cu,* TiO,'* and ZnO"® on various aerogel
templates. The two most important metals for the fuel cell
application, Pt and Ru, can be deposited following the ALD
recipes developed by Aaltonen et al.,'*”'?® and a typical example
is shown in Fig. 13. As both processes run in the same temper-
ature window they also can be combined to deposit Pt—Ru alloy
nanoparticles.

The catalytic activity of ALD prepared Pt-loaded CAs was
tested using the catalytic oxidation of CO with molecular oxygen
as a test reaction.' The material was catalytically very active with
conversion efficiencies of nearly 100%, even at extremely low
loading levels (as low as 0.047 mg Pt cm~2).! The maximum
catalytic activity was reached at only two cycles of ALD. In fact,
the catalytic activity was so high that the maximum conversion
rate was only limited by the heat produced by the exothermic CO
oxidation which increases the temperature of the catalyst to the
point where the CA support is attacked by oxygen. This was only
observed for very high conversion rates (~5 x 10~ mol s~' g1
corresponding to a power production of about 160 W g~'. The
high catalytic activity can be attributed to the high dispersion of
Pt on the CA surface, and even for the highest loading levels
studied (10 ALD cycles), the Pt particle size stayed well below
5 nm (Fig. 13).

4. Summary

CAs hold great technological promise for a variety of sustainable
energy applications, including hydrogen and energy storage,
desalination, and electrocatalysis. Compared to other porous
carbon materials, CAs offer the advantage of a tunable three-
dimensional hierarchical morphology and the fact that they are
available as macroscopic, centimetre-sized monolithic materials.
Combining the morphological diversity of CAs with surface fun-
tionalization can be used to design materials with improved
storage capacity and loading/unloading dynamics. To guide the
design of these next generation CAs it will be necessary to gain
a better understanding of the effect of morphology and surface
chemistry on properties such as hydrogen and electrical energy
storage capacity. So far, most of the efforts have been focused on
increasing the surface area. Further optimization of the storage
density will require the synthesis of high-density, high-surface-area
CAs. Other promising future research directions include the effect
of crystallinity on the properties of CAs, and the effect of space-

(b) Surface
4.2 nm

md
Depth [um]

Diameter [nm]

Fig. 13 Morphology of a Pt loaded CA using the (methylcyclopentadienyl)trimethylplatinum (MeCpPtMe3)/oxygen ALD process (10 ALD cycles). (a)
Cross-sectional TEM micrographs revealing the high dispersion of Pt. The images were taken at different depths below the outer surface. (b) Corre-

sponding particle size histogram and averaged particle diameters.!
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charge layer formation on the electronic structure and physical
properties of CAs. The importance of the latter effect is, for
example, demonstrated by the recent discovery that CA electrodes
respond with pronounced length changes upon space-charge layer
formation.’ Here, in situ spectroscopic studies will provide the
required new insight. Beyond being functional materials by
themselves, CAs are also very promising scaffold materials due to
their chemical stability that can be used to stabilize other nano-
materials by confinement. These CA-stabilized nanomaterials thus
combine the faster kinetics of nanomaterials with the stability of
CAs. One specifically promising method to deposit nanomaterials
on the inner surfaces of CAs is atomic layer deposition, specifically
if the incorporated material is expensive and high utilization is
required.
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