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CONS P EC TU S

N anostructured porous carbon materials have diverse applications including sorbents, catalyst supports for fuel cells,
electrode materials for capacitors, and hydrogen storage systems. When these materials have hierarchical porosity,

interconnected pores of different dimensions, their potential application is increased. Hierarchical nanostructured carbons (HNCs)
that contain 3D-interconnected macroporous/mesoporous and mesoporous/microporous structures have enhanced properties
compared with single-sized porous carbon materials, because they have improved mass transport through the macropores/
mesopores and enhanced selectivity and increased specific surface area on the level of fine pore systems through mesopores/
micropores. The HNCs withmacro/mesoporosity are of particular interest because chemists can tailor specific applications through
controllable synthesis of HNCs with designed nanostructures.

An efficient and commonly used technique for creating HNCs is “nanocasting”, a technique that first involves the creation of a
sacrificial silica template with hierarchical porous nanostructure and then the impregnation of the silica template with an
appropriate carbon source. This is followed by carbonization of the filled carbon precursor, and subsequent removal of the silica
template. The resulting HNC is an inverse replica of its parent hierarchical nanostructured silica (HNS). Through such nanocasting,
scientists can create different HNC frameworks with tailored pore structures and narrow pore size distribution. Generally, HNSs
with specific structure and 3D-interconnected porosity are needed to fabricate HNCs using the nanocasting strategy. However, how
can we fabricate a HNS framework with tailored structure and hierarchical porosity of meso�macropores?

This Account reports on our recent work in the development of novel HNCs and their interesting applications. We have explored
a series of strategies to address the challenges in synthesis of HNSs and HNCs. Through careful control of experimental
parameters, we found we could readily create new HNSs and HNCs with tailored structure and hierarchical porosity. In this
Account, we describe the applications of the HNCs in low-temperature fuel cells, in Li ion batteries, in quantum-dot-sensitized solar
cells (QDSSCs) and as hydrogen storagematerials. Fuel cell and QDSSC polarization performance data reveal that both the ordered
HNC and spherical HNC with uniform macro- and mesoporosity demonstrate superior catalyst support effect and considerably
enhanced photovoltaic performance due to their incredible structural characteristics. For hydrogen and lithium storage
applications, primary experimental results show that spherical HNCs with uniform macroporous core/mesoporous shell and
ordered HNC are highly beneficial in terms of a high hydrogen (or Li) uptake, good rate capability and excellent cycling retainability.
These data suggest that the innovative HNCs with tailored nanostructure may find promising applications in the rapid and efficient
storage of hydrogen (or Li).
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Introduction
Nanostructured porous carbon materials are attracting

much interest due to their potential applications as

sorbents,1 for separation and filtration,2 as photonic

crystals,3 as catalyst supports for low-temperature fuel cells,4

as electrode materials for electrochemical capacitors,5 in

lithium ion batteries,6 in solar cells,7 as hydrogen storage

systems,8 and as sensors and in other emerging nano-

technologies. Novel synthesis methods have been devel-

oped to prepare porous carbon materials with designed

morphology, porosities, and architectures, especially carbon

frameworks with hierarchical porosity, namely, mesopores

in combination withmacropores or micropores. Due to their

unique structural features compared with those of single-

pore carbon materials, such as macropores connected with

mesopores, the design of hierarchical nanostructured car-

bons (HNCs) with tailored macropores/mesopores has de-

veloped into an important research area.

A very effective and most commonly used technique for

creating HNCs is “nanocasting”, a technique that involves

first the creation of a sacrificial hierarchical nanostructured

silica (HNS) template, followed by the impregnation of the

HNS template with an appropriate carbon source, then

carbonization of the filled carbon precursor, and subsequent

removal of the template. The resulting carbon is an in-

verse replica HNC of its parent HNS. Mainly ordered meso-

porous carbons (OMCs) and disordered HNCs with macro/

mesoporosity have been reported through this technique.9

However, the pore size of OMCs is difficult to control and

usually less than 5 nm,10 which is greatly different from their

parent ordered mesoporous silicas whose pore size can be

readily tuned through varying the temperature, altering the

chain length of the surfactants and molecular weight of the

block copolymers,11 or adding organic swelling agents.12

Single-sized OMCs with small mesopores have found many

limitations in some specific applications where rapid mass

transport is required. On the other hand, hierarchical meso-

andmacroporous carbons can be also prepared through a soft

template approach using the spinodal decomposition of

a mesophase pitch carbon precursor and organic poly-

mers.13 However, in this case, disordered meso- and

macropores with different pore sizes ranging from a few

nanometers to several micrometers were obtained, result-

ing in relatively lower surface area unlike HNCs with

uniform pore size and high surface area of current topic

in this Account, which are generated from nanocasting of

sacrificial hard HNSs.

Major challenges for fabricationof orderedHNCs (OHNCs)

with both 3D-interconnected macroporous and mesopo-

rous structures lie in complexity and difficulty of creation of

interconnected meso�macroporous HNSs with long-range

order. To date, several strategies have been developed to

prepare ordered and interconnected meso�macroporous

HNSs mainly through the combination of colloidal crystal as

macrotemplate and inorganic precursors and surfactant (or

copolymer) as mesotemplate.14�20 Silica monoliths with

hierarchical porosity have been also prepared mainly using

dual template approaches and similarly templated to pro-

duce carbon monoliths, which exactly replicate the pore

hierarchy of the monolith template.21 Recently, ordered

carbon aerogels (OCA) were developed in which colloidal

crystals of polystyrene (PS) spheres were used as tem-

plates.22,23 Ordered arrays of PS spheres were infused with

a resorcinol�formaldehyde (RF) sol�gel solution. Periodic

macroporous RF aerogels were obtained after supercritical

drying with liquid carbon dioxide. These materials can be

carbonized under N2 to afford the corresponding macropo-

rous OCAs. More recently, Cheng prepared HNCs by using

silica microspheres as hard template and F127 as soft

template.24 Our previous work on synthesis of OHNCs

with both interconnected macroporous and mesoporous

structures25 may provide some significant and key informa-

tion on how to fabricate orderedmeso�macroporous HNSs,

which are the basic prerequisite for fabrication of OHNCs

through nanocasting. Although some strategies have been

developed toprepareorderedmacro�mesoporousHNSs,14�16

the procedures involved in these strategies are rather

complex and time-consuming. Our recent work on the

synthesis of ordered bimodal porous silica by a facile

sol�gel approach greatly simplifies the procedure and is

supposed to provide further insights into easy synthesis of

ordered macro�mesoporous HNSs and OHNCs.26 Apart

from macro�mesoporous OHNCs, spherical HNCs with fan-

tastic specific nanostructures such as hollow macroporous

core/mesoporous shell have been developed through

nanocasting technique.27 Although they are cataloged as

mesoporous HNCs, their hollowmacroporous cores actually

play key roles for fast mass transport5 just like the macro-

pores in OHNCs, which differ considerably from the other

mesoporous HNCs. Furthermore, the hollow macroporous

cores, which are connected and open to the outer mesopo-

rous shell can serve as an electrolyte reservoir, facilitating

mass transport and enabling hollow core�mesoporous

shell carbons (HCMSCs) to perform better than other HNCs.28

For the similarity in the roles of macropores and great
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potential applications generated by their specific hierarchi-

cal nanostructures, the HCMSCs are also presented in this

Account.

Due to their unique structural characteristics, particularly

3D-interconnected nanostructures with hierarchical poros-

ity, providing not only large specific surface area for high

catalytic activity but also highly developed hierarchical

macro/mesoporosity for fast mass transport, the HNC ma-

terials have demonstrated considerably improved perfor-

mance wherever employed in fuel cells,4 solar cells,7 and

hydrogen8 and Li6 storage applications.

Fabricating HNCs with Ordered
Macro/Mesoporous Array

1. Fabrication of OHNC through Nanocasting Using

OHNS as Template. This synthesis strategy involves two

main steps: (i) synthesis of OHNSs through self-assembly of

PS spheres with colloidal dispersion of small silica particles

followed by pyrolysis to remove PS array and (ii) synthesis of

OHNCs through nanocasting of the OHNS template. A re-

presentative schematic diagram for this synthesis strategy is

illustrated in Figure 1 and outlined in detail in the following

paragraphs.

For a typical synthesis of an OHNS, monodisperse PS

spheres were first mixed with a colloidal dispersion of much

smaller silica particles. Silica is one of the most commonly

used materials to fabricate colloidal crystals. Furthermore,

the surfaces of the silica spheres are usually terminated with

silanol groups (�Si�OH), enabling covalent grafting of ver-

satile functional groups such as�NH2,�SH,�COOH,�NCO,

and�CHO,which can be introduced into the surface layer of

polymer spheres such as PS.29 Upon gradual drying of the

mixture, the PS spheres self-assemble into an ordered lattice

where the mesosized smaller silica particles are forced to

pack closely at the interstices between the PS spheres, which

leads to the generation of particulate silica gels around the

ordered PS lattice. Next, the resulting composite was slowly

heated to 773 K under air to remove the PS colloids and to

sinter the silica nanoparticles, which resulted in an OHNS

composed of particulate silica gels in the wall of the ordered

macropore array. Such calcination also plays an important

role of reinforcing the silica framework structure through

solid connections at their contact points by slightly sintering

the neighboring silica particles. Interestingly, the voids be-

tween the sintered silica particles in the resulting OHNS also

provide fully interconnected mesopores. The size distribu-

tion of the small silica particles is the key parameter in

creating 3D long-range order. If the size distribution of the

small silica particles is too big, amuch lower amount of silica

particles than required can be forced into the interstices

between the PS spheres, and they cannot pack closely in the

confined space. In addition, ordered assembly between PS

spheres and silica particles cannot be maintained often due

to wide size distribution of silica particles. Particularly, when

the PS spheres are removed, it might be difficult for the as-

produced porous silica template to possess a long rang

order, whichmay suffer froma collapse of the nanostructure

due to insufficient mechanical strength. Particularly, it be-

comes more difficult for the derived carbon replica to

possess a 3D long-range order after the removal of the silica

template because of the similar but more severe problem

from the structural strength.

An OHNC could be synthesized using the OHNS as sacri-

ficial template and divinylbenzene (DVB)25 or furfuryl alco-

hol (FFA)4 as carbon precursor. The OHNSwas dried at 343 K

for 4 h prior to impregnation with the carbon precursor.

During impregnation, the precursor was adsorbed into the

mesopore voids between silica particles of the OHNS due to

capillary effect. The OHNCwas obtained after carbonization

of the carbon precursor and subsequent dissolution of the

OHNS framework in the resulting carbon�OHNS composite.

The removal of the mesosized silica particles in the OHNS

resulted in corresponding mesopores embedded in the

carbon wall in addition to the macropores generated by

removal of the PS particles. As revealed by the SEM images

shown in Figure 2, the resulting macropores reflect the

highly ordered hexagonal array of the sacrificial PS particles.

The size of the large macropores can be manipulated by

controlling the diameter of the PS spheres, while the size of

the smallmesopores and theoverall specific surface area are

determined by the silica nanoparticles (NPs).

FIGURE 1. Schematic illustration for the synthesis of OHNC.25 Adapted
with permission from ref 25. Copyright 2004Wiley-VCHVerlagGmbH&
Co. KGaA, Weinheim.
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2. Simpler Fabrication Strategy for OHNSs and OHNCs.

Recently, our grouphasdevelopedamoredirect and simpler

strategy for fabricating OHNSs through a facile sol�gel

approach, as shown in Figure 3. Monodisperse silica NPs

are produced in situ in a mixed solution of silica precursor

(i.e., tetraethyl orthosilicate (TEOS)) in the presence of uni-

form poly(styrene sulfonate) (PSS) particles. Thus, extra pro-

cesses of preparing silica NPs separately and controlling self-

assembly between the PS and silica particles reported in our

previous methodology25 are avoided, which greatly simpli-

fies the procedures for OHNS synthesis. This new strategy is

supposed to provide further insights into easy synthesis of

OHNSs and OHNCs.26 The synthesis of the OHNS was

performed using dispersed PSS spheres as template and

TEOS as silica precursor. KOH was used as a catalyst for

the in situ sol�gel generation of silica NPs. Details for

synthesis of the OHNS and the OHNC are documented in

our previous work.26 The images in Figure SI 1 (Supporting

Information) reveal similar nanostructures for theOHNS and

OHNC to that previously reported,25 proving the success of

the simpler synthesis strategy.

Fabricating HNCs with Hollow Macroporous
Core/Mesoporous Shell Nanoarchitecture
HCMSC is another kind of important porous carbonmaterial

with unique hierarchical macro/mesoporosity. The first

spherical HCMSC with macroporous core was produced by

our research group using submicrometer-size spherical solid

core�mesoporous shell (SCMS) silica as a template.27

HCMSC with a different core shape (nonspherical) has also

been synthesized through the nanocasting technique.1

1. Synthesis of HCMSC Using SCMS Silica as Template.

First spherical carbon capsules with HCMS structures were

synthesized by using SCMS spheres as templates,27 as illu-

strated in the schematic diagram shown in Figure 4. The

uniform silica spheres as a startingmaterial can be produced

in various sizes by controlling the amount of TEOS added

into the aqueous ammonia according to St€ober method. A

typical synthesis route for SCMS silica is as follows. A mixed

solution containing TEOS and octadecyl-trimethoxysilane

(C18TMS) with a molar ratio of TEOS to C18TMS of 3�5 was

added into the colloidal solution containing the silica

spheres and further reacted for 1 h. The resulting octadecyl

group incorporated silica shell/solid core nanocomposite

was retrieved by centrifugation, dried at room temperature

and further calcined at 823 K to produce the final pure SCMS

silica material (Kaiser approach). The SCMS silica can be

produced in various sizes and various shell thicknesses by

using the solid silica sphereswith various sizes and adjusting

the molar ratio of C18TMS to TEOS, respectively.8 Mesosize

and microsize thickness silica walls can be generated in the

FIGURE 3. Schematic illustration for simpler synthesis of OHNS and
OHNC.26 Reproduced with permission from ref 26. Copyright 2010
Elsevier Ltd.

FIGURE 4. Schematic illustration for synthesis of SCMS silica and
HCMSC. Reproduced from ref 8. Copyright 2008 American Chemical
Society.

FIGURE 2. Typical SEM images for OHNS (a) and OHNC (b).25 Adapted
with permission from ref 25. Copyright 2004Wiley-VCHVerlagGmbH&
Co. KGaA, Weinheim.
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shell of the SCMS silica from the interaction of C18TMS and

TEOS, which are the primary sources of meso- and micro-

pores of the replicated HCMSC. In general, a higher ratio of

C18TMS to TEOS tends to increase the mesopore size and to

decrease the silica wall thickness in the shell of the SCMS

silica, thus to some extent increasing the micropore volume

in the corresponding HCMSC.8

Carbon precursor is incorporated into the mesoporous

channels separated by silica walls in the shell of the SCMS

silica. After carbonization of polymerized carbon precursor

and removal of SCMS silica, HCMSCs with a macroporous

hollow core in combination with ameso-/microporous shell

can be producedwith various surface characteristics (surface

area, pore volume, meso- and microporosity). As revealed

by the SEM image shown in Figure 5a, HCMSC capsules are

generated as uniform individual discrete particles. TEM

images shown in Figure 5b�d reveal various core size and

shell thickness for HCMSCs.

A typical nitrogen adsorption�desorption isotherm

shown in Figure SI 2 (Supporting Information) can be classi-

fied as type-IV typical of mesoporous material with clear

capillary condensation step for the HCMSC180/40. In addition

to the mesopores, a large quantity of micropores formed

during the carbonization of carbon precursor and in part

from the microsize thickness silica walls in the silica/carbon

composite were also found in the shell of the HCMSC as

indicated in a significant increase of adsorbed nitrogen at

low pressure range, suggesting a hierarchical nanostructure

of macropores (macroscopic hollow core) in combination

with mesopores and micropores in the mesoporous shell.

2. Facile Synthesis of HCMSC through Co-condensation

Reactions. The strong interest in nanostructured functional

materials has motivated the scalable production of high-

quality mesoporous silicas and carbonaceous materials.

Although many approaches have been explored for this

goal, it is highly desired and still remains a challenge to

develop a straightforward strategy for simple and cost-

effective fabrication of nanostructured functional materials.

Very recently, we have successfully demonstrated a simple

sol�gel preparation of bis[3-(triethoxysilyl)propyl] tetrasulfide

(TESPTS)-based organosilica nanostructured materials and

their topological transformations, through which porous

spherical silica or carbon and hollow silica or carbon capsule

have been synthesized.28 As presented in the schematic

diagram shown in Figure 6, TESPTS-based materials were

prepared through a base-catalyzed sol�gel process using

C18TMS as a structuremediator alongwith TESPTSmainly as

a framework precursor as well as a structure-directing agent.

For a typical synthesis, a mixed solution containing

TESPTS and C18TMS was added into a stirred cosolvent

solution includingDIwater, ethanol, andaqueous ammonia.

The hydrophobic octadecyl chains of the C18TMS first form

micelle-like self-assembly structures with hydrophilic trihy-

droxysilyl groups as heads. A reactive core is then expanded

by the base-catalyzed co-condensation of C18TMS or TESPTS

over the C18TMS self-assembly structure. The resulting as-

synthesized particle is an inorganic�organic hybrid core�
shell-like structure with a silica-rich aggregate derived from

co-condensation of hydrophilic trihydroxysilyl groups of

C18TMS and TESPTS as core composition and with an

FIGURE 5. SEM (a) and TEM images for HCMSCs: C180/40 (b), C340/40 (c),
and C340/70 (d). Panels b�d reproduced from ref 8. Copyright 2008
American Chemical Society.

FIGURE6. Schematic illustration of C18TMS-TESPTS organosilica and its
topological transformations (a), TEM images of as-prepared
C18TMS�TESPTS organosilica (b), after calcination in air (c), and in N2

followed by silica etching (d). The scale bars represent 100 nm. Panels
b�d reproduced from ref 28. Copyright 2012 American Chemical
Society.
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organic-rich coassembly structure between �(CH2)3�S4�
(CH2)3� of TESPTS and octadecyl chains of C18TMS as shell

framework. TESPTS can contribute a carbon source aswell as

a silica source. Thus, calcination in N2 and subsequent silica

etching generate hollow carbon capsules with mesoporous

shells, while air calcination produces porous silica spheres

from the silica-rich core. The conversion of the organic

moiety to carbon is likely to be facilitated by the sulfide

group of TESPTS, which could considerably increase the

carbon yield via dehydration and sulfonation reactions,

facilitating the cross-linking process of alkyl groups and

helping the aromatization process.

The TESPTS-based organosilica composites contain both

silica and carbon sources in the framework and thus provide

a more direct route to nanostructured silica and carbon with

a reduced number of synthesis steps compared with the

previous hard template method. In particular, this is the first

example of direct scalable synthesis of uniform hollow silica

and carbon capsules with high levels of mesoporosity in the

shell. Thus, the current organosilica route offers a straight-

forward strategy for simple and cost-effective scalable fab-

rication of novel nanostructured functional materials.

Applications
Due to their large specific surface area and unique hierarch-

ical nanostructures, OHNCandHCMSCmaterials have found

diverse emerging applications. In this section, selected

applications of the OHNC and HCMSC materials are

highlighted.

1. Catalyst Support in Fuel Cells. Low-temperature fuel

cells, particularly proton exchange membrane fuel cells

(PEMFCs), have been of great interest as future energy

sources for applications such as low- or zero-emission elec-

tric vehicles, distributed home power generators, and power

sources for portable electronics. However, the commercial

viability of PEMFC technology has been hindered by several

challenges mainly including poor kinetics of the oxygen

reduction reaction (ORR) and high cost of noblemetal (i.e., Pt)

catalysts. One effective approach to decrease the cost and

enhance catalytic activity of catalysts is preparation ofmetal

catalyst NPs with high dispersion on their supports.

Carbon black Vulcan XC-72 (VC) has been widely used as

a catalyst support in PEMFCs due to its relatively large

surface area and excellent chemical stability.30 However,

the carbon black VC contains a significant amount of micro-

pores (ca. 47%of total pores), someofwhich are too small (less

than 1 nm in diameter) to be accessible to the electrolyte

polymer, resulting in the entrapped Pt NPs not contributing to

the electrode reactions due to the absence of the triple-

phase boundaries (i.e., gas�electrolyte�electrode). Some

novel nanostructured carbon materials have recently been

investigated as possible catalyst supports for PEMFCs, in-

cluding carbon nanotubes (CNTs) and carbon nanofibers

(CNFs). Although the CNT-supported Pt electrode showed

approximately 20% higher power density than the VC-

supported one, realistic application of CNTs has been hin-

dered by several difficulties associated with their processes

involving synthesis, purification, dispersion, and surface

activation. CNF-supported Pt (20 wt %) only exhibited a

slightly improved electrocatalytic performance than the

VC-supported one.31

FIGURE 7. High-resolution SEM images for Pt(60 wt %)/VC (a) and
Pt(60 wt %)/OHNC (b) and HRTEM image for Pt(60 wt %)/OHNC (c).
Reproduced from ref 4. Copyright 2009 American Chemical Society.
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In our previous study, OHNC was explored for the first

time to support high loading of Pt NPs as a cathode catalyst

in PEMFCs.4 As shown in Figure 7, for the VC-supported Pt

(60wt%) catalyst, Pt NPs have particle sizes of ca. 4.2�5.6 nm,

and some Pt NPs have gathered together to form agglom-

erates with larger particle size. In contrast, Pt NPs are

basically deposited separately and homogeneously on the

wall of mesopores and on the outer surface of the OHNC

supportwith smaller particle size. TheHR-TEM image reveals

that most Pt NPs in the Pt (60 wt %)/OHNC have a size of ca.

3.0 nm. As a result, the OHNC-supported Pt cathode catalyst

possesses higher electrocatalytic activity toward ORR,

as evident in Figure 8 and in Figure SI 3 (Supporting

Information). Much higher power density achieved by the

OHNC-supported Pt catalyst is attributable to the unique

hierarchical pore structure of the OHNC. First, larger surface

area and mesopore volume enable the Pt NPs to deposit

more uniformly on the surface of the OHNC with much

smaller particle size, resulting in much higher electrochemi-

cal active surface area. Second, the interconnecting ordered

larger macropores in combination with mesopores form an

open network, providing a fast pathway to the active sites

(i.e, location of Pt NPs), through which the reactants and the

products can be readily transported to and away from the

active sites, avoiding mass transport limitations. In particu-

lar, the mesopore channels with large pore volume open to

themacropores are ideal sites for active Pt NPs, boosting the

catalytic reaction and reagent diffusion. In contrast, the

smaller surface area of the VCwith varying pore sizesmakes

the dispersion of Pt NPs less uniform with much larger

particle sizes, and the randomly distributed poreswith broad

PSD (from micropores to macropores) and poor pore connec-

tivity in the VC make the mass transport far from efficient. In

addition, the OHNC-supported Pt catalyst also possesses

comparable electrochemical stability to the VC-supported

one (Table SI 1 and Figure SI 4, Supporting Information).

2. Hydrogen Storage Application. Hydrogen is the most

abundant element in the universe. A safe, effective, and

cheap hydrogen storage system is crucial for hydrogen fuel

cells or hydrogen-driven combustion engines. Typical meth-

ods of storing hydrogen include compressed gas, liquefied

hydrogen, chemisorptions in the form of metal hydrides,32

ammonia borane,33 or physisorption using high surface

adsorbents such as carbon andmicroporous metal�organic

frameworks (MOFs).34 Although AB5-type alloys (i.e., LaNi5)

have been widely used in commercial hydrogen storage

systems, their reversible gravimetric storage densities are

low (ca. 300 mA 3h g�1)32 Ammonia borane is a particularly

interesting hydrogen storage material due to an inherently

large gravimetric and volumetric hydrogen density. How-

ever, relatively low thermal stability and high preparation

cost have been major concerns. Use of MOFs requires a

combination of small pores, which enable a lower pressure

for hydrogen storage, and a larger specific surface area for a

high storage capacity. Unfortunately, presently existing

MOFs with the highest surface area possess relatively large

pores, and the frameworks with very small cavities show a

low specific surface area. In recent years, upon investigation

of the storage capacity of the samemicroporousmaterial by

electrochemistry and under hydrogen pressure of 70 bar at

0 �C, uptakes of ca. 2 wt % and 0.4 wt % have been found,

respectively,35 suggesting electrochemical hydrogen stor-

age has been proven as an elegant and more efficient

approach at ambient pressure and temperature.

In our previous study, spherical HNCs and HCMSCs with

various core sizes or shell thicknesses have been explored

for electrochemical hydrogen storage.8 Compared with an

OMCmaterialwith aBET surface areaof ca. 1883m2g�1, the

FIGURE 8. Polarization and power density plots at 60 �C for PEMFCs
using VC- or OHNC-supported Pt (60 wt %) cathode catalysts.
Reproduced from ref 4. Copyright 2009 American Chemical Society.

FIGURE9. The first galvanostaticdischargecurvesat25and1000mAg�1

for HCMSC180/40 electrode in 6.0 M KOH. Reproduced from ref 8.
Copyright 2008 American Chemical Society.
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HCMSC180/40withmuch smaller surface area (i.e., 1314m2 g�1)

demonstrated a hydrogen storage capacity of 586 mA 3h g�1

(corresponding to 2.17 wt %) at a discharge rate of 25 mA g�1,

which is larger than that (ca. 527 mA 3h g�1) reported for

the OMC, strongly implying the structural benefits from

the HCMSC, which has a hierarchical macro-/meso-/

microporosity compared with the OMC with meso/

microporosity. Furthermore, as evident in Figure 9, the

hydrogen uptake (i.e., 521 mA 3h g�1) of the HCMSC180/40
at 1000 mA g�1 is slightly smaller than that achieved at

25 mA g�1, delivering the adsorbed hydrogen quickly at high

discharge rate. Interestingly, this value (i.e., 521 mA 3h g�1) is

much larger than that (i.e., 380mA 3hg�1) of purifiedMWCNTs

at 100 mA g�1. Compared with other nanostructured porous

materials, the superb hydrogen storage capability of the

HCMSC is mainly attributable to its unique nanoarchitecture.

Themacroporous hollow core in theHCMSC can be used as an

electrolyte solution buffering reservoir to minimize the

diffusion distance to the interior surface of the mesoporous

shell, while the mesoporous channels in the shell open to

the macroporous core form fast mass transport networks

around the micropores in the shell, which provide sites for

diffusion and adsorption of hydrogen. With this hierarchical

nanostructure design, three electrochemical processes (i.e.,

buffering electrolyte species in the macroporous core, trans-

porting electrolyte species through the mesoporous shell,

and facilitating adsorption of hydrogen species in the

micropores) involved in electrochemical hydrogen storage

can take place very quickly and efficiently even at high

charging-discharging rate.

Recent works on advanced CAs demonstrated interesting

and inspiring results about hydrogen storage. It was re-

ported that the amount of surface excess hydrogen ad-

sorbed on activated CA at 77 K and ca. 3.5 MPa varies

linearly with BET surface area up to 2500 m2/g,23 and the

gravimetric uptake is ca. 1 wt % H2 per 500 m2/g of surface

area.36 Based on this prediction, our HNCwith a surface area

of ca. 2400 m2/g37 is expected to have a hydrogen storage

of ca. 4.8wt%. In addition, incorporation of transitionmetals

(i.e., Ni) or alkali metals (i.e., Li) has been reported to greatly

improve hydrogen storage capacity of carbon materials.38

Therefore, hydrogen storage capacity of HNCs can be ex-

pected to increase further after the doping of Ni/Li.

In addition to low-temperature fuel cells and hydrogen

storage, the HNCs developed in this Account have al-

ready found other fantastic applications such as in Li ion

batteries,6,37 dye-sensitized or quantum dot sensitized solar

cell (QDSSC),7 and electrochemical capacitors.5 More

detailed information about Li ion battery and QDSSC appli-

cations can be found in the Supporting Information.

Summary and Outlook
Hierarchical nanostructured porousmaterials have attracted

much attention due to their important roles in the systematic

study of structure�property relationship and their techno-

logical promise in applications. Also, well-defined multimodal

pore architectures favor the elucidation of fundamental

aspects of sorption theory such as diffusion and hysteresis.

OHNCandHCMSCare twonovel representativeHNCmaterials

that possess adjustable and well-defined macropores

and tunable and interconnected mesopores. The studies

discussed in this Account have demonstrated the versatility

of colloidal templates to selectively design different types of

HNCs and their promising applications. Despite consider-

able efforts recently to devise routes to hierarchical

porous structures, HNCs with controllable meso/macro-

porosities are still in a relatively early stage of technical

development. Anumberof challenges still remainbefore these

materials will find viable practical applications. The main

challenge lies in the limited diversity of the template materials

mainly including silica and PS. Novel template materials

with tailored shapes and functions should be pursued, which

may lead to the creation of a series of distinctive properties

to the carbon replica. Some recent works have focused on

this issue. Biomimetic materials have been reported as

inspiration for the design of materials with hierarchical

nanostructures.39 Anodic aluminumoxide (AAO)membrane

is another typical example. Novel HNC materials, that is,

mesoporous carbon nanofibermaterials, have been created

by using AAO membrane as template, which has already

found promising application in QDSSC.7 In addition, in order

to optimize the performance of a material for a specific

application, it is desirable to combine different levels of

porosity into one material framework. In applications such

as catalysis in fuel cells, where the diffusion of molecules

through the pore structure is vital for optimumperformance,

a highly ramified network of macro-/mesopores is desired.

While for the storage applications such as H2 or Li storage,

large specific surface area is an additional plus. The combi-

nation of large surface area and mesopore volume and

hierarchical macro�meso/microporosity has endowed

HNCs with superb structural characteristics for a diversity

of emerging applications, such as in gas adsorption, fuel

cells, DSSCs andQDSSCs, H2 storage, Li ion batteries, electro-

chemical capacitors. In addition, HNCs are expected to have

other novel applications such as metal-free electrocatalysts
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for ORR in alkaline media and highly efficient electrode

materials for desalination of seawater and brackish water

from saline aquifers. We believe that the growing interest in

HNCs will certainly fuel the excitement and stimulate re-

search in this field andmore applications will be explored in

the future. In addition, a great deal of novel hierarchical

nanostructured materials with different compositions such

asmetal, metal oxide, silica, and polymer, will be developed

through the same or similar nanocasting technologies to

one that has been applied to the fabrication of HNCs.40
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