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40 CONSPECTUS

44 The development of high-performance electrochemical energy storage and conversion devices,
47 including supercapacitors, lithium-ion batteries and fuel cells, is an important step on the road to
49 alternative energy technologies. Carbon-containing nanomaterials (CCNMs), defined here as
52 pure carbon materials and carbon/metal (oxide, hydroxide) hybrids with structural features on the

55 nanometer scale, show potential application in such devices. Because of their pronounced
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electrochemical activity, high chemical/thermal stability and low cost, researchers are interested
in CCNMs to serve as electrodes in energy-related devices.

Various all-carbon materials are candidates for electrochemical energy storage and conversion
devices. Furthermore, carbon-based hybrid materials, which consist of a carbon component with
metal oxide or metal hydroxide-based nanostructures, offer the opportunity to combine the
attractive properties of these two components and tune the behavior of the resulting materials. As
such, the design and synthesis of CCNMs provide an attractive route for the construction of
high-performance electrode materials. Studies in these areas have revealed that both the
composition and the fabrication protocol employed in preparing CCNMs influence the
morphology and microstructure of the resulting material and its electrochemical performance.
Consequently, researchers have developed several synthesis strategies, including hard-templated,
soft-templated, and template-free synthesis of CCNMs.

In this Account, we focus on recent advances in the controlled synthesis of such CCNMs and the
potential of the resulting materials for energy storage or conversion applications. The Account
is divided into four major categories based on the carbon precursor employed in the synthesis:
low molecular weight organic or organometallic molecules, hyperbranched or cross-linked
polymers consisting of aromatic subunits, self-assembling discotic molecules, and graphenes.
In each case, we highlight representative examples of CCNMs with both new nanostructures and
electrochemical performance suitable for energy storage or conversion applications. In
addition, this Account provides an overall perspective on the current state of efforts aimed at the

controlled synthesis of CCNMs and identifies some of the remaining challenges.
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for Energy Storage and Conversion Devices

TOC

1. Introduction

Fossil fuel depletion and global climate change present society with environmental and energy
sustainability challenges.'” In response to these challenges there has been a strong push toward
the adoption of electric vehicles (EVs) and hybrid EVs (HEVs) for transportation. However, a
shift to such vehicles will require the development of more efficient portable energy storage and
conversion devices."® Due to their energy and power densities, rechargeable lithium-ion
batteries, supercapacitors/ultracapacitors and fuel cells are promising candidates to meet this
need.” Since the performance of these devices depends intimately on the nature of the electrode
materials, the development of new electrochemically active materials with high activities and
robust structures has become an area of considerable research interest.™

Pure carbon materials and carbon/metal (oxide, hydroxide) hybrids with nanometer scale
structures, collectively referred to in this Account as carbon-containing nanomaterials (CCNMs),
have become attractive as electrodes in energy-related devices because of their pronounced

electrochemical activity, good electrical conductivity, high chemical/thermal stability and low
3
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cost.”” Given the relationship between structural features and bulk properties in these materials,
it is worth clearly defining key structural terms at the outset. Specifically, the carbon component
in CCNMs can be categorized as either crystalline or amorphous based on the degree of
long-range structural order present. In the context of the electrode materials considered here,
amorphous carbon may be defined as consisting of local graphitic domains dispersed in a carbon
matrix with ill-defined long-range order.

Various all-carbon materials, with graphitic or amorphous structures, have been suggested as
candidates for electrochemical energy storage and conversion devices.”'® Furthermore,
carbon-based hybrid materials, which combine a carbon component with metal (oxide or

hydroxide)-based nanostructures,'"'?

offer the opportunity to combine the attractive properties of
the two components and thereby tune the behavior of the resulting materials for enhanced device
performance. As such, CCNMs seem to provide an attractive route for the construction of
high-performance electrode materials.”'>""° Studies in these areas have revealed that not only the
composition but also the fabrication protocol employed in preparing CCNMs exerts a large
influence on the resulting electrochemical performance owing to its impact of the morphology,

microstructure and composition of the resulting material.'®

Consequently, several strategies such
as hard-templated'’, soft-templated’> and template-free synthesis'> of CCNMs have been
developed. In this Account, we summarize recent achievements, primarily focusing on our

contributions, toward the controlled synthesis of CCNMs for energy storage and conversion.

This Account is divided into four major sections guided by the type of precursor employed in the

18,19

4

preparation of the CCNMs: low molecular weight organic and organometallic precursors,

ACS Paragon Plus Environment

Page 4 of 35



Page 5 of 35

©CoO~NOUTA,WNPE

Submitted to Accounts of Chemical Research

hyperbranched or cross-linked polymers with built-in aromatic subunits (defined as aromatic

polymer networks here),'* discotic molecules capable of pre-organizations in the solid or

liquid-crystalline state,”*' and graphene sheets with varying degrees of oxidation.'*'*%

2. Low molecular weight organic and organometallic precursors

| Dichlorodi- u -chlorobis
| [(1,2,3,6,7,8-n-2,7-

| dimethyl-2,6-octadiene-
| 1,8-diylldiruthenium(lVv)

FIGURE 1. (a) Chemical structure of the Ru-containing precursor. (b) TEM and (¢) HRTEM
images of the carbon-Ru composite, with a selected area electron diffraction pattern shown in the

insert.”

Low molecular weight precursor molecules can be converted into CCNMs via pyrolysis, with
or without the use of an additional structured template. While the chemical nature of the
precursor employed in the pyrolysis process plays a dominant role in determining the
composition, structure and function of the final CCNM, additional factors, such as the presence
or absence of a template and the processing conditions, also play a role.

In 2007, we reported the pyrolysis of dichlorodi-pu-chlorobis [(1,2,3,6,7,8-
n-2,7-dimethyl-2,6-octadiene-1,8-diyl]diruthenium(IV), at 700 °C (Figure 1) to vyield a
carbon-Ru composite. This CCNM was composed of crystalline Ru nanoparticles (3-7nm in

diameter) homogeneously dispersed in a mesoporous amorphous carbon matrix.”> The Ru
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nanoparticles could subsequently be converted into RuO; via electro-oxidization in a sulfuric
acid solution. The resulting carbon-RuO, composite functioned as supercapacitor, with a
capacitance of 132 F g in 0.5 M H,SO; electrolyte.® This value is comparable to that reported

for carbon-RuO, composites prepared via a more complex multistep colloid-based synthesis.**
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FIGURE 2. (a) Chemical structure of the tetraallylgermane precursor. (b) Elemental analysis of

carbon-Ge composite. (¢) Cycle and rate performances of carbon-Ge composite.'®

Similarly, pyrolysis of other organometallic precursors, such as allyltriphenyltin'®,
tetraallylgermane'® or coordination complexes, such as cobalt acetylacetonate®, also yield
CCNMs (Figure 2). For example, pyrolysis tetraallylgermane generated a CCNM with 50 to 70
nm Ge nanoparticles homogeneously dispersed in an amorphous carbon matrix.'® The resulting
carbon-Ge composite exhibited a reversible and stable charge capacity of approximately 900 mA
h g at a current density of 150 mA g”'. Furthermore, a capacity of 613 mAh g was achieved at
the higher current density of 900 mA g (Figure 2¢), which is much higher that of electrodes
contain only Ge nanoparticles (—~200 mAh g")."® The excellent electrochemical performance of

this carbon-Ge composite can be attributed to several structural features. The small size of the Ge
6
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nanoparticles reduces the lithium diffusion length during the cycling process to a few
nanometers. Additionally, the carbon matrix maintains a good electrical conductivity in the
electrodes while providing mechanical support and thereby preventing disintegration and/or

aggregation of the metal particles.

Despite the successful synthesis of various CCNMs via the template-free pyrolysis of
organometallic and coordination complex precursors, control of the bulk morphology as well as
the meso- and nano-scale structure of the CCNM products remains limited.'®* In an attempt to
overcome these limitations, the use of inorganic templates during pyrolysis has been developed
in recent years. For instance, pyrolysis of butylcapped silicon in a SBA-15 silica template at
900°C generated mesoporous Si@C, consisting of Si@C nanowires (6.5 nm) and ordered
mesopores (2.3 nm) (Figure 3).%° The resultant materials not only contained internal pores that
could be flooded with electrolyte, but also possessed core-shell Si-C nanowires, which are
favorable for the fast diffusion of lithium ions and the transfer of electrons.”® As a consequence,
this Si@C composite exhibited a capacity of 3163 mAh g’ and stable cycle performance at 0.2C
for lithium storage. This capacity was about 8 times higher than that of commercial graphite
electrode (~300 mAh g"). More importantly, a capacity of 2462 mAh g™ at the higher rate of
2C could be achieved, representing an excellent high-rate performance for lithium storage.”
Following this strategy, a series of CCNMs based on porous Si-C?’, Ge-C*® nanocomposites and
core-shell Sn7gGe22-C29, SigoGelo-C30 nanowires with high capacities above 1000 mAh g'1 were

fabricated.
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FIGURE 3. (a) Synthetic route to Si@carbon core-shell nanowires. (b) TEM and (c) HRTEM
images of the Si@carbon nanowires. (d) Voltage profiles of the Si@carbon nanowire electrode at

arate of 0.2 C.%¢

Heteroatom (N, B and P)-enriched CCNMs have also been fabricated by pyrolysis of
molecular precursors.”’ The incorporation of such heteroatoms can be used to tailor the
electronic properties and chemical reactivity of resulting materials, and thereby give rise to new
functions, such as electrocatalysis of the oxygen reduction reaction (ORR) required in fuel cells.
For instance, pyrolysis of nucleobases dissolved in an ionic liquid (1-ethyl-3-methylimidazolium
dicyanamide), yielded a nitrogen-doped porous carbon material with surface area of up to 1500
m® g (Figure 4).* Applying silica nanoparticles as a template in this process produced a
nitrogen-doped CCNM with nitrogen content as high as 12 wt % and a narrow mesopore size
distribution centered at ~12 nm. The as-prepared material was capable of catalyzing the

four-electron transfer process required of the ORR. Moreover, the observed low onset voltage for
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oxygen reduction in alkaline medium and the high methanol tolerance of this CCNM are superior

to those of commercial Pt/C catalysts32.

'y
o

20 wt% PUC

(ay [~ ~ ) ;
[ SN %
P \=/ i
4 1 N o 3
: .
NN N, \N
\Guanine  (EM) ionic liquid |
&
Nuclebases and Ionic liquids soups Cabon-SiO, composites Mesoporous nitrogen-doped
carbon materials
Yo ) 4 . PUC
£ / g ~ 3 — Meso-EmG
: 4/ [ 2 3M methanol
£ //, Meso-EmA 5 1 J
iy ——— A/ |.--- Meso-EmG < o l: .
c e Meso-EmC £
g Meso-EmT s :
5 Meso-Emt S -2 N
&) Meso-Emdea E _3l pS I
- =
O 4

o

10 -08 06 -04 -02 00 02 " 1000 2000 3000
Potential/V (Ag/AgCl) Timel/ S

FIGURE 4. (a) Preparation of N-doped CCNMs as ORR catalysts. (b) RDE voltammograms of
these materials. (c) Electrocatalytic selectivity among nitrogen, oxygen and methanol for the

nitrogen-doped CCNM and Pt/carbon catalysts.

3. Aromatic polymer networks

Polymer networks with a rigid molecular backbone and a relatively fixed 3D architecture, such
as hyperbranched polyphenylenes or cross-linked conjugated polyphenylene-ethnylene

networ1<s,33'35

provide another route for the synthesis of porous CCNMs. One advantage of such
precursors in relation to the molecular precursors discussed above is their higher carbonization
yields. Moreover, polymer precursors employed in preparing CCNMs can themselves be
conveniently tailored by variation of the monomers employed and/or via adjustment of
polymerization protocols. This flexibility allows one to control both the chemical composition
and the solid-state structure of the polymer precursors, and hence the final CCNMs, at the

molecular level. >
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FIGURE 5. (a) Preparation of mesoporous nitrogen-enriched CCNMs. (b) Cycle performance of

the CCNM in a 1M H,SO; electrolyte at a current density of 2 A g™."°

For example, the one-pot A2B3-type polycondensation of melamine and terephtalaldehyde at

180°C in DMSO, generated a porous Schiff-base network. Subsequent pyrolysis of this network

at 800°C provided a nitrogen-enriched CCNMs with mesoporosity, high surface area and tunable

nitrogen content.'® This material exhibited a capacitance value of 381 F g' in an acid electrolyte

and 351 F g’ in an alkaline environment, with exceptionally stability over 5000 cycles (Figure

5)'°. Both values are notably higher than those reported (100-200 F g) for similar materials

produced by methods which do not generate mesoporosity.'®
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FIGURE 6. (a) Diels-Alder cycloaddition yielding a hyperbranched polyphenylene. (b) TEM
image of the CCNM after pyrolysis. (¢) Cycle performance of CCNMs from differing pyrolysis
temperatures in 1 M H,SO4 electrolyte.33

Another illustrative example is the pyrolysis of hyperbranched polyphenylene precursors
obtained from an in situ thermally induced Diels-Alder reaction (Figure 6a). A typical AB2-type
(one diene and two dienophiles) functionalized cyclopentadienone (CP) was impregnated into
the nanochannels of an anodic aluminum oxide (AAO) membrane. Upon thermal annealing at
250°C, alkyl-substituted hyperbranched polyphenylene was produced via intermolecular
Diels-Alder reactions between the cyclopentadienone and alkyne moieties. Subsequent pyrolysis
of the resulting polyphenylene precursor at 800°C generated a CCNM with 1D mesopores of
between 10 and 20 nm and a surface area of 1140 m® g'.** The resulting material exhibited a

capacitance of 304 F g”', with stable cycle performance in an acidic electrolyte (Figure 6).%

11
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FIGURE 7. (a) Structure of Co-Cp. (b) TEM image of C-Co3;0s. (c) Capacitance vs. current
density curves of C-Co0304, C0304, and CNTs/Co304 (inset: charge and discharge curves of
C-Co30; at a density of 6 A g™). (d) Structure of Pt-BpCp. (¢) TEM image of C-Pt. (f) Scan rate

dependent current density (j) and I¢/],, curves for the electro-oxidation of methanol on C-Pt.**

This strategy was extended to fabricate CCNMs by pyrolysis of polyphenylene precursors with
integrated metal complex moieties. For instance, AB2-type
3,4-bis(4-dodecynylphenyl)-2,5-bis(4-dodecylphenyl)cyclopentadienone and its corresponding
C0,(CO)s complex (Co-Cp, Figure 7a) were used as monomers for the synthesis of cobalt
functionalized polyphenylene skeletons via a Diels-Alder cycloaddition reactions. Pyrolysis of

the resulting polymeric material produced a 1D porous CCNM consisting of amorphous carbon

12
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and C0504 nanocrystals (C-CO3O4).34 Similarly, a mixture of
3,4-bis(4-dodecynylphenyl)-2,5-bis(4-(2,2"-bipyridyl)phenyl) cyclopentadienone (BpCp) and its
corresponding platinum dichloride complex (Pt-BpCp, Figure 7d) allowed the synthesis of a
CCNM with Pt nanocrystals (C-Pt).** Structural characterizations revealed that the Co3O4 or Pt
nanocrystals were homogeneously dispersed within the carbon matrix. Moreover, these
carbon-metal (oxide) hybrids delivered excellent electrochemical performance for energy storage
or conversion. As shown in Figure 7, use of C-Co3;O4 as an electrode material for a
supercapacitor, yielded a gravimetric capacitance of 1066 F g, which ranks among the best
electrochemical capacitive values for cobalt oxide electrode materials.’* Similarly, the C-Pt
showed a higher catalytic efficiency toward methanol oxidation than commercial Pt-based

materials when used as an electrocatalyst in fuel cells.**

4. Self-assembling discotic molecules

Discotic molecules, such as porphyrin’®®, perylene®’, hexa-peri-hexabenzocoronene (HBC)?'
and their derivatives,”' are a unique class of carbon-rich molecules capable of self-assembling
into highly ordered columnar superstructures, and which frequently display liquid-crystalline
phase behavior. As such, such systems can be thought of as intermediate between the low
molecular weight molecular precursors and the polymer precursors discussed in the last two
sections. Discotic molecules tend to orient themselves in an edge-on manner on substrates such
as glass, polytetrafluoroethylene or highly oriented pyrolyzed graphite owing to their unique

13
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supramolecular behavior, that is, a configuration that preserves internal aromatic n-n interactions
at the expense of inhibited m-surface bonds.”'*® Consequently, pyrolysis of these discotic
molecules typically results in the formation of graphitic carbon, as opposed to the amorphous
materials discussed previously.” For instance, pyrolysis of a branched alkyl substituted HBC at
600°C, with 3D porous inverse silica opal employed as a template, produced monodisperse
graphitic microbeads with an orderly alignment.'” More interestingly, thermal treatment of
(HBC-PhC12) in an alumina membrane (Figure 8a-8c) afforded carbon nanotubes in which the
graphitic layers are oriented perpendicular to the surface of tube axis.?' This concept was adapted
to fabricate hollow carbon spheres by employing HBC-C12 as the precursor and a
silica/space/mesoporous-silica spheres as the template (Figure 8d-8f).” The resulting hollow
spheres exhibited uniform size and possessed dual walls, with a thicker, mesoporous exterior
wall and thinner, solid interior wall. The nanochannels present in the exterior walls of the
spheres are arranged perpendicularly to the surface spheres, which favors lithium ion diffusion,
while the solid interior graphitic walls facilitate the collection and transport of electrons during
electrochemical cycling (Figure 9). As a consequence, a reversible capacity (ca. 600 mAh g™)
and high-rate capability (about 200 mAh g at the rate of 10 C) were achieved for lithium

storage.’

14
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FIGURE 8. (a) Structure of HBC-Ph-C12. (b,c) HRTEM images of the CCNM showing the
25 orientation of the graphitic layers in the tube wall."® (d) Structure of HBC-C12. (e,f) HRTEM
28 images of resulting hollow carbon spheres. The arrows denote the perpendicular arrangement of

31 the surface nanochannels.’

34 Li* insertion

36 S ——
38 Li* extraction

2
A

39 NGHCs electrode NGHCs electrode

FIGURE 9. Diffusion of lithium ions and electrons during the electrochemical cycling of an

44 electrode based on hollow carbon spheres produced from the templated pyrolysis of HBC-C12.’

48 Use of nitrogen-containing precursors, such as N,N’-bis(2,6-diisopropyphenyl)-
3,4,9,10-perylenetetracarboxylic diimide (PDI) or tetrakis(tert-butyl) naphthalocyanine, and
53 templates such as ordered mesoporous silica SBA-15 allowed for the fabrication of

56 nitrogen-enriched CCNMs incorporating a nitrogen content of ~3 wt% in a mesoporous graphitic

59 15
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carbon matrix (Figure 10).” These materials, which possess a surface area of ~ 500 m” g,
function as a metal-free catalyst for the ORR, exhibiting high electrocatalytic activity and
long-term stability in alkaline conditions.” Indeed, the characteristics of these materials were
superior to those observed for commercially available Pt-C catalysts in terms of current density
and electron transfer number. Additionally, this work demonstrated the importance the presence

of graphite-like nitrogen for the electrocatalytic activity.*’

FIGURE 10. Preparation of nitrogen-enriched CCNMs as metal-free catalysts for ORR. *

5. Graphene and graphene oxide sheets

Graphene, a 2D “aromatic” monolayer of carbon atoms, has attracted tremendous attention
recently owing to its host of attractive physical properties, including superior electrical
conductivity, large surface area, excellent mechanical flexibility, and high thermal/chemical

14,40-42

stability. Various graphene-metal (oxide) composites such as graphene-Pt,*

graphene-Sn0,*, graphene-Co3;0,4" and graphene-Mn3;04* have been reported. These materials

16
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show enhanced electrochemical properties with respect to the corresponding metal (oxide)
systems by taking advantage of the additional properties provided by the graphene
component.'***® In particular, graphene can provide a fast electron-transport pathway in the
overall electrode and accommodate the volume change of metal (oxide) during the
electrochemical reactions. Nevertheless, graphene sheets commonly suffer from random stacking
with metal (oxide) nanoparticles due to the intrinsic incompatibility of these two classes of
materials and the tendency of both materials to self-aggregate.'” The undefined structure of
graphene-based nanocomposites and the inhomogeneous dispersion of metals (oxides) in the
graphene matrix usually result in a reduction of the resulting electrochemical performance
including the reversible capacity and cycle stability.'*** Therefore, fabrication of graphene-based
hybrid materials with well-defined structures remains an important goal. Several strategies for
the fabrication of graphene-based CCNMs with defined core-shell or sandwich-like architecture
have been established recently. Moreover, the resulting materials show promise for application
for energy storage and conversions.*’

The first strategy employs graphene with tunable oxygen-containing groups to induce the
growth of metal oxide or hydroxide nanocrystals. **''***" In 2010, the first example of this
approach demonstrated that the degree of oxidation of the graphene exerted a major influence on
nanocrystal formation by metal hydroxides or oxides during hydrothermal processing.”> *’
Hence, tuning the surface chemistry of graphene substrates offers a way to control the

morphology and crystallinity of the metal hydroxide/oxide nanocrystals incorporated into these

systems, as well as the performance of the resulting CCNM (Figure 11).*’ For example, growth
17
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of Ni(OH), on the lightly oxidized graphene sheets generated crystalline hexagonal nanoplates
with uniform size.'> The resulting nanostructure allowed for fast charge transport between the
active nanoplates and the graphene-based current collectors, resulting in a specific capacitance of
1335 F g at a current density of 2.8 A g and a stable cycling performance (Figure 11c¢). This
performance, which is significantly better than the 339 F g obtained for a mechanically mixed
sample of graphene and Ni(OH),, clearly demonstrates the impact that processing protocols can

have on device performance.'?

(a) Graphene
Sheet (GS)

1. Ni precursor
coating

2. Hydrothermal
transformation

(B) 1500 (C) 120
) n s
L 1200 " £ 1001 Bumy"
8 ] =
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§ 900 - g 80
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3] E 40
e 300 § %
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FIGURE 11. (a) Illustration of Ni(OH), nanocrystal growth on lightly oxidized graphene.42 (b)
Capacitance of Ni(OH),/graphene at various discharge current densities.” (¢) Cycle performance

of Ni(OH),/graphene at a current density of 28.6 A g™'."2

Recently, we also found that porous iron oxide ribbons could be fabricated by controlled
growth of iron glycolate on the surface of poly(N-vinyl-2-pyrrolidone) (PVP)-functionalized

graphene followed by a thermal annealing at 250°C in air (Figure 12a).*® The resulting iron oxide

18
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ribbons possess a large aspect ratio and porous structure, providing numerous open channels
allowing for access of electrolyte and thereby facilitating rapid diffusion of lithium ions from
electrolyte to electrode. The observed morphology also accommodates the volume change of the
iron oxides associated with lithium incorporation. As a result of these structural features, these
hybrids exhibited a reversible capacity of 1050 mAh g in the first 10 cycles, and over 1000

mAh g after 130 cycles (Figure 12b,12¢)*.
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o]
ch)J\)\CHg FA———— >

L

> PVP, 170 °C 30 min * @ 5T
Reduced graphene oxide Iron(il) Iron glycolate nucleation on RGO
(RGO) acetylacetonate N
3 || 9.
sl §®
g =
e \ (3) Thermal annealing in air N
N e -~

Iron oxide ribbons on RGO Iron glycolate ribbons on RGO
(b) (C) 2500
—e— Charge capacity
25| 2000
2.0 o
> g 1o00
515 £
s ) bﬁ
s S 1000 -|
> 1.04 8
8
o
05 500
0.0 2nd 1st
0

2000 0 200 400 600 800 1000 1200 1400 1600 0 20 40 60 80 100 120 140
Capacity/ mAh g Cycle number

FIGURE 12. (a) Fabrication of of iron oxide ribbons. (b) Discharge-charge curves and (c) cycle

performance of FeO-250 ribbons at a current density of 74 mA g".*
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FIGURE 13. (a) Fabrication of graphene-encapsulated metal oxides. (b) TEM image of
G-Co304 nanoparticles. (¢c) Comparison of the cycle performance of G-Co304, mixed

Co304/graphene composite and bare Co3Oy electrodes at a current density of 74 mA g™'.*°

The second strategy relies on encapsulation of metal (oxide) nanoparticles within individual
carbon-based shells in order to completely prevent aggregation of the metal (oxide)
nanoparticles. A key challenge in such an approach is to achieve both a high electrical
conductivity and a high-weight fraction of the active electrode materials. Given its combination
of electrical conductivity and mechanical flexibility, graphene is an ideal material for the
encapsulation of metal (oxide) nanoparticles to yield core-shell CCNMs. In principle, the

graphene layer can simultaneously 1) suppress the aggregation of the nanoparticles; 2)

20

ACS Paragon Plus Environment



Page 21 of 35

©CoO~NOUTA,WNPE

Submitted to Accounts of Chemical Research

accommodate the volume change of the metal (oxide) during the electrochemical cycling; 3)
yield a high metal (oxide) content in the final composite; and 4) maintain a high electrical
conductivity in the electrode.

A representative example of this approach is our recently reported fabrication of
graphene-encapsulated Co3O4 nanoparticles (G-Cosz04) via the co-assembly of negatively
charged graphene oxide (GO) and positively charged Co3;O4 nanoparticles, followed by chemical
reduction of the GO (Figure 13a, 13b).*” This G-Co304 composite showed a reversible capacity
of 1100 mAh g in the first 10 cycles, and stable cycle performance, retaining a capacity of
~1000 mAh g after 130 cycles (Figure 13c), which is 3 times higher than that of commercial
graphite electrode (~300 mAh g).** Following this strategy, various graphene-encapsulated
metals and metal oxides (Si, Sn, Ge, SnO,, Fe,03) are currently being investigated as materials
for enhanced lithium storage applications.

The third strategy takes advantage of the 2D nature of graphene to allow for the synthesis of
graphene-based CCNMs with a sandwich-like structure. The resulting composite nanosheets
inherit the intrinsic features of graphene—high surface area, large aspect ratios, negligible
thickness and enhanced electrical conductivity—which are attractive for energy-related
applications. An example of this approach is the fabrication of graphene-based mesoporous silica
(G-silica) nanosheets, in which graphene sheets are separated by mesoporous silica layers. The
synthesis uses cetyltrimethyl ammonium bromide (CTAB)-modified graphene oxide sheets as a
template and tetraethylorthosilicate as the silica precursor (Figure 14). The resulting G-silica

nanosheets possess a large aspect ratio, mesoporous structure, high surface area, and high
21
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(a) 1) Adsorption and
assembly of CTAB

e )
2) Hydrolysis of TEOS e
and removal of CTAB y

Graphene oxide based
mesoporous silica sheets

"Moo 10 20 30
dlum -

FIGURE 14. (a) Illustration of the fabrication of graphene oxide based mesoporous silica
(G-silica) sheets, (b,c) FE-SEM and (d,e) TEM images of G-silica. (f) Representative AFM

image and (g) corresponding thickness analysis taken around the white line in (f)."

monodispersity. This approach also allows for the generation of composite nanosheets
incorporating layers of materials like mesoporous carbon, metal, and metal oxide sheets on
graphene. For instance, graphene based mesoporous titania (G-TiO,) nanosheets were fabricated
by treating preformed G-silica nanosheets with (NH4), TiFs.* The numerous open channels in the
resulting G-TiO, allow access of electrolyte, facilitating the ultrafast diffusion of lithium ions
during the cycling processes. Moreover, the graphene layer within each nanosheet acts as
mini-current collectors, aiding fast electron transport in the electrode. As a result, a high-rate

capability of 123 mAh g at 10 C and good cycle performance could be achieved for the G-TiO,
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nanosheets (Figure 15). For comparison, TiO, nanosheets without graphene show a capacity of

only approximately 40 mAh g"'.*’

( ) Graphene = mini-current collectors o Li
@ [ITITTTITTITIT i Tissran SO LTI
LGty e [ 1TV Y T T
NURURUNRNNNNN e LA RRUNVANURNNNTe
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(b) (©) w0, . |
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250 —— G-TiO, nanosheets-charge 250
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FIGURE 15. (a) Lithium insertion and extraction in G-TiO, nanosheets,. (b) Initial
charge-discharge curves of G-Ti0O; nanosheets at a current density of C/5. (¢) Cycle performance

of G-Ti10, and Ti0O, nanosheets.*’

Sandwich-like graphene carbon nitride (G—CN) nanosheets were produced from G-silica
templates using ethylenediamine and carbon tetrachloride as the CN precursors (Figure 16).”
The resulting G—CN nanosheets possessed a nitrogen content of approximately 20 wt%, a
thicknesses of about 18 nm and high surface area up to 542 m? g'.>° These features allowed

ready access of oxygen to the catalyst surface and facilitated the rapid diffusion of electrons

through the electrode during the ORR, providing excellent electrocatalytic activity in alkaline
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solution.” The current density, electron-transfer number, durability, and selectivity were superior

to those observed for CN sheets without graphene or commercially available Pt—C catalysts.

Ethylenediamine+CCl,

Pyrolysis at 800°C (600
or 1000°C) and etching

G-CN nanosheets GM-silica nanosheets

|

800°C
. Argon

TEOS/CTAB

Hydrolysis

Graphene oxide

GOM-silica nanosheets

]

800°C

Ethylenediamine+CCl,

 —

Pyrolysis at 800°C (600
or 1000°C) and etching

\

CN nanosheets

Silica nanosheets

FIGURE 16. Fabrication of carbon nitride (G-CN) and CN nanosheets for the ORR. *°

6. Conclusions and Prospects

In summary, CCNMs are playing an increasingly important role in improving the performance
of electrochemical energy storage and conversion devices owing to their favorable nanoscale
structural features and the intrinsic synergy between the two components of the systems. In this
Account, we have summarized recent representative advancements toward the controlled
synthesis of CCNMs as a function of the carbon precursor. The relationship between the
structures of the resulting CCNMs and their electrochemical performance has also been

highlighted in this context. Although a variety of CCNMs with tunable structures and
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compositions have been fabricated via the methods discussed, these results are only the
beginning. It seems clear that the continued development of these approaches will yield new
multifunctional CCNMs with enhanced electrochemical properties suitable for application in
energy storage and conversion devices. It also seems reasonable that these materials could make
miniaturized devices, such as nanoscale batteries, possible.

With regard to the three “molecular” approaches (low molecular weight organic or
organometallic systems, aromatic polymer networks and discotic molecules), a deeper
understanding regarding the relationship between the structure and physical properties of the
precursors and those of the product CCNM will be required. However, even at this early stage a
few initial conclusions seem warranted. For example, use of low molecular weight molecular
precursors or aromatic polymer networks typically gives rise to an amorphous carbon component
in the CCNM. In contrast, use of discotic precursors typically yields a graphitic matrix.

For the graphene-based hybrids, control of bulk morphology and the nanostructure of the other
functional components on the graphene surface are critical issues. While the successful
fabrication of graphene-based CCNMs including graphene-nanocrystal composites, core-shell
graphene-encapsulated metal (oxide) nanoparticles and sandwich-like graphene-metal oxide
nanosheets has been achieved, this area of research is still in its infancy and many challenges
remain. In particular, the obstacle of the intrinsic incompatibility between graphene and
inorganic materials needs to be resolved in order to gain fuller access to graphene-based CCNMs
with desirable nanoscale architectures in a controlled manner. Given the rapid development of

this research direction, one can expect that additional graphene-based hybrid materials
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incorporating a variety of multifunctional components will soon be readily available. Such an
achievement will, in our view, result in a range of novel electrode materials for the next

generation energy storage and conversion devices.
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