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Graphene-based hybrid nanostructures have attracted increasing interest worldwide. Benefiting from their

remarkable electrochemical catalytic properties derived from chemical compositions and synergetic
effects of multi-functionalities, these graphene-based hybrid nanomaterials will play a significant role in
cutting-edge innovation for novel electrocatalysts. In this review, we summarize recent progress in the
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design and synthesis of graphene-based hybrid nanomaterials with controlled shape, size, composition

and structure, and their application as efficient electrocatalysts for energy related systems. We conclude
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1. Introduction

Stimulated by the increasing demand for energy and pressing
need for fossil fuel alternatives, researchers worldwide have
been actively exploring new sustainable energy sources and
technologies." Amongst the various possibilities, electro-
chemical energy conversion technology is considered one of
the most viable solutions, in view of the fact that it is envi-
ronmentally friendly, affords high power density and high
stability. Furthermore, some electrochemical energy conver-
sion technologies such as fuel cells can also provide high
energy densities, making them promising technologies for
the generation of sustainable and green energy.>
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this article with some future trends and prospects which are highlighted for further investigations on
graphene-based nanomaterials as advanced electrocatalysts.

Various electrochemical reactions are involved in these
electrochemical technologies. In fuel cells, electrochemical fuel
(hydrogen and alcohols) oxidation reactions (HOR and AOR)
and oxygen reduction reaction (ORR) take place at the anode
and the cathode, respectively.* ORR and oxygen evolution
reaction (OER) are also the two half-reactions in the discharg-
ing-charging process of rechargeable metal-air batteries.”
Besides OER, hydrogen evolution reaction (HER) is the other
half-reaction involved in water splitting.* All these electro-
chemical reactions require the presence of efficient electro-
catalysts, which play an important role in determining the
conversion efficiency of electrochemical systems.> Pt-based
electrocatalysts are most widely used in these electrochemical
devices. However, high cost and low stability of noble metals
limit their practical application in a large scale. Therefore,
design and preparation of advanced alternative electrocatalysts
with excellent performance and low cost are of great importance
for the development of these electrochemical systems.®
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In view of their abundance and stability, different carbon
materials have been investigated for their potential application in
electrochemical devices.” Of particular interest is graphene, a new
carbon material, which consists of a single atomic layer of carbon
atoms.® Its planar two-dimensional (2D) structure offers high
surface area for the attachment of nanocrystals with good distri-
bution, therefore preventing aggregation. Several highly desirable
properties of graphene further favor their potential application.
First, good electrical and optical properties enable potentially
high performance as electron carriers in electrochemical appli-
cations.” Second, good mechanical and thermal properties endow
graphene-based composites with excellent thermal and mechan-
ical stability which may be important in electronic devices or
electrocatalytic systems involving heat release, such as fuel cells,
metal-air batteries and the water splitting process.''" Lastly,
development of low cost and simple preparation methods also
makes the processing of graphene-based nanocomposites simple
and hence favors their practical applications. These nano-
composites have the potential to manifest not only unique prop-
erties of their individual components but also novel physical and
chemical properties arisen from the synergetic effect between
graphene and coupled nanostructures, eventually resulting in
further improvement in performance.® These promising proper-
ties together with the ease of processibility and functionalization
make graphene-based functional materials ideal candidates for
a variety of energy applications."””™*

Some recent reviews have summarized the progress of gra-
phene-based nanocomposites in energy storage and conversion
fields such as solar cells, lithium-ion batteries, and super-
capacitors.’*?* Graphene-based nanocomposites are highly
promising as advanced catalysts with excellent performance.**>*
However, only a handful of reviews have focused on graphene-
based hybrid nanomaterials for electrocatalysts.”®* In this
review, we focus on the synthesis of graphene-based hybrid
nanomaterials and their electrocatalytic applications in fuel
cells, Li-O, batteries and water splitting. To facilitate our
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discussion, a wide variety of graphene-based hybrid nano-
composites is grouped into three main categories: doped/
modified graphene, noble metal/graphene hybrids, and gra-
phene/non-metal composites. For each category, a few impor-
tant aspects will be discussed including advantages of structural
characteristics, interaction between attached components and
graphene, and their electrochemical performance as electro-
catalysts. Further understanding and development of graphene-
based hybrid electrocatalysts could therefore help to address the
demand for new electrochemical energy devices and challenges
for the widespread use of graphene-based electrocatalysts.

2. Graphene as electrocatalysts

2.1. Graphene doped with non-metals as electrocatalysts

Graphene is intrinsically inert, but starts possessing electro-
catalytic activity after chemical modification or doping.”**®
Chemical doping involves replacement of carbon atoms in the
hexagonal lattice by heteroatoms. Thus, the composition and
the lattice structure of graphene are changed during the doping
process.**3?

Doping graphene with nitrogen (N) atoms has made excep-
tional progress over the past decade and many promising
material concepts have been demonstrated.*® Three types of N
species including graphitic N, pyridinic and pyrrolic N can be
introduced into graphene, each of which affects its atomic
charge distribution differently. Theoretical results on the effect
of N doping into graphene have revealed that both atomic
charge and spin density determine the material's catalytic
properties.** Consequently, the mechanisms through which
N-doped graphene achieves activity enhancement also differ
depending on the nature of N species present.** It is thus
important to determine the correlation between nitrogen
bonding configuration in graphene and electrocatalytic activity.

Pyridinic and quaternary nitrogen species are generally
considered as the active components of N-doped graphene, but
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some doubts still exist.***” Selective doping of graphene has
hence been undertaken to elucidate the ORR activity of different
nitrogen species. To this end, Ruoff's group concluded that the
electrocatalytic activity of N-doped graphene is highly dependent
on the graphitic-N content while pyridinic-N species improve the
onset potential of ORR.** On the other hand, Yasuda's work has
recently shed some light on the origin of ORR activity in N-doped
graphene. More importantly, the authors also presented
a method for synthesizing highly efficient N-doped graphene
electrocatalysts with tunable nitrogen active sites.*® Knights
further determined that a low nitrogen doping level of 2.8% is
sufficient to obtain high ORR activity via a 4e process (Fig. 1a-
¢).* This implies that the synergistic effect among N-containing
species present contributes significantly to the enhanced ORR
activity even at low doping levels. Two different ORR pathways
(associative and dissociative) have been proposed for N-doped
graphene electrocatalysts in an alkaline medium.*® However, the
detailed mechanism should be further explored.

In addition to the doped N content, the morphology of final
graphene structures also plays a significant role in the electro-
chemical performance. For instance, Dai's recent work clearly
indicates that the conjugation size of graphene is an important
parameter.*®** On the other hand, the presence of abundant
edges and functional groups is necessary for N-doped colloidal
graphene quantum dots (GQDs) to exhibit electrocatalytic
activity. GQDs also provide unique opportunities for systematic
investigation of mechanisms of ORR (Fig. 1d-f).** Porous
structures are also beneficial, given that such structures can
possibly tune N-doped graphene's band gap energy.*

The exfoliated graphene nanosheets produced by chemical
methods have many edge and defect sites.* Such edge and
defect sites are considered to serve as active sites for catalyzing
chemical reactions. Furthermore, the planar structure of gra-
phene nanosheets allows reactant access from both sides of the
sheet.** With these characteristics, graphene nanosheets are
expected to be efficient cathode electrocatalysts for Li-O,
batteries.*** N doping of graphene can modify the electronic

View Article Online

Materials Horizons

property and provide more active sites for enhanced interaction
between the carbon structure and other molecules, thus helping
to improve the electrochemical performance in the Li-O,
battery.>® Sun and coworkers first applied N-doped graphene as
the cathode electrocatalyst for Li-O, cells. N-doped graphene
has been shown to exhibit higher electrochemical activity
compared to graphene in a non-aqueous electrolyte due to the
defects and functional groups introduced by nitrogen doping.**

Besides the highly electronegative N atom, graphene has also
been doped with other heteroatoms and subsequently investi-
gated as metal-free electrocatalysts for ORR.>® Interestingly,
graphene also exhibits significantly improved ORR catalytic
activity when doped with heteroatoms including S, Se and I with
similar electronegativity as C.**** Huang and coworkers have
prepared S-doped graphene by annealing graphene oxide (GO)
and benzyl disulfide in argon, and determined that under
specific annealing conditions, S-doped graphene exhibits
similar ORR onset potential and higher current density
compared to commercial Pt/C electrocatalysts.>® S has electro-
negativity close to that of C, thus the enhanced ORR activity of
S-doped graphene is attributed to the modifications in spin
density instead of changes in atomic charge density as in B and
N doping.*® Furthermore, the authors also speculated that the
presence of C-S bonds, formed mostly at the edges or defects of
the graphene sheet, plays a crucial role as catalytic active sites
for promotion of ORR. Explanations outlined above for S-doped
graphene can also be extended to Se-doped graphene supported
on carbon nanotubes (CNTs).”” The latter's improved ORR
activity is also contributed by its evidently larger atomic size of
Se compared to C. This larger atomic size may cause higher
strain at the graphene edges where heteroatoms are predomi-
nantly located; this may in turn facilitate charge localization
and associated O, chemisorption. Furthermore, Se has high
polarizability and its electron lone pairs can easily interact with
molecules in the surrounding electrolyte. These factors thus
enable Se-doped graphene supported on CNTs (1 wt% Se) to
possess comparable ORR activity to N-doped graphene at higher

Fig. 1 (a) Typical TEM image and (b and c) electrochemical properties

— —PU/C (E-TEK) (435 g, cm?) 08 v 7 N- graphene (900)
——— Negraphene (900) o . OPYC
06
# o ¥ o © o
Eos1 © o g
ERYH [ g ~— .
/ 2 J
- / oafr| 7=
L=
1= / v
N fT«T_,/.T.‘J)fl/ 02] ] / 5
0.6 04 0.2 0.0 02 04 ° 1000 2000 3000 4000 5000
E/Vvs. SHE Cycles of potential sweep
——N,-saturated = = O,-saturated __ 00 _;gg :g:
==« =0, -saturated in 3M CH,OH g L 900 rpm
< -0.8{==-=1600 rpm 7
<12 ‘stl q
2 » E15] 03V
g-16 - 7«?'2;:??&
g R PR T
| / 524] .. 7 To3
s 5 58l-7 %03 906 009 032
= o o %Srpm 05
08 06 04 02 00 02 08 06 04 02 00 02
Potential (V) Potential (V)

of N-doped graphene. (Reprinted with permission from ref. 39. Copy-

right® 2011, Royal Society of Chemistry.) (d) TEM image with an inset showing the size distribution, (e) CVs and (f) rotating disk electrode (RDE)

curves of GQDs in 0.1 M KOH. (Reprinted with permission from ref. 49.
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doping levels (4-8 wt% N). For I-doped graphene prepared by
annealing GO and I,, the content and more importantly the
nature of I species present are crucial in determining electro-
chemical performance. Structures with a greater percentage of
more negative I3~ species result in higher ORR activity
compared to those containing I5~ species, owing to a greater
degree of positive charge induced by the former.®

Graphene has also been doped by heteroatoms which are
more electropositive (or more electron deficient) compared to
carbon. In these cases, the positive charge is localized on the
dopant itself which serves as the catalytic site for O, chemi-
sorption. P-doped (0.26 at%) graphene has been prepared via
pyrolysis of toluene and triphenylphosphine. Such P-doped
graphene shows high electrocatalytic ORR activity, long-term
stability, and excellent tolerance to cross-over effects of meth-
anol in an alkaline medium.> Additionally, a higher P doping
level (1.16 at%) improves ORR electrocatalytic activity and the
ORR undergoes a 4e process.® Boron is another prime candi-
date for doping of graphene, owing to its strong electron with-
drawing capability.® The resultant B-doped graphene exhibits
excellent electrocatalytic activity towards ORR in alkaline elec-
trolytes due to its unique structure and electronic properties.®

Considering the different electronegativities of various
doping elements, a dual doping approach will be able to induce
a unique electronic structure in graphene and achieve syner-
gistic coupling between heteroatoms.>>* Dual-doped graphene
catalysts are thus expected to be catalytically more active than
their singly doped counterparts.®** In this regard, dual doping
of graphene with two heteroatoms is currently one important
strategy for tailoring chemical and physical properties of gra-
phene for specific electrocatalytic applications.®*®” Dai and
coworkers synthesized B, N co-doped graphene with tunable
composition by thermal annealing GO in the presence of boric
acid and ammonia.®® The resultant B, N co-doped graphene
demonstrates superior electrocatalytic activity over commercial
Pt/C electrocatalysts for ORR in alkaline medium.® Qiao and
coworkers prepared B, N co-doped graphene with high purity
and well-defined doping sites by a two-step doping method.
Qiao's dual-doped-B, N graphene electrocatalysts exhibit better
ORR electrocatalytic efficiency and greater stability compared to
singly doped graphene. The improved performance is attributed
to an enhanced synergistic coupling between B and N which
facilitates the electrocatalytic ORR (Fig. 2a-c).”® Feng and
Mullen prepared a three-dimensional (3D) B, N co-doped gra-
phene aerogel in order to increase possible interactions
between electrode materials and the electrolyte. This 3D B, N
dual-doped graphene exhibits excellent electrochemical
performance as a result of its high surface area, 3D macro-
porosity and high electrical conductivity.®®’® The synergistic
effect between heteroatoms was also investigated for N and S
dual-doped graphene with the porous structure. Again, the
competitive ORR catalytic activity displayed by the dual-doped
catalyst with pyrrolic/graphitic N-dominant structures was
attributed to the synergistic effect of N and S co-doping.””> Qiao
and coworkers also reported the synthesis of S and N dual-
doped graphene with a mesoporous structure which shows
excellent catalytic activity, comparable to that of the commercial
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Pt/C catalyst, including a highly positive onset potential and
very high kinetic limiting current.” Outstanding performance
of dual-doped graphene is explained by its dual activation of C
atoms, as evidenced by both experimental measurements and
quantum chemistry calculations (Fig. 2d-f).”

2.2. Graphene doped with transition metals as
electrocatalysts

Despite the superior ORR activity in alkaline media, electro-
catalytic performance of graphene doped with non-metals is
generally poor in acidic media, perhaps because of the presence
of inactive surface sites. Some previous studies show that non-
graphene carbon materials are able to exhibit high ORR activity
in acidic media via the addition of metal species and formation
of transition metal-N coordination structures.””” This idea was
then extended to graphene with active sites for coordination with
transition metals such as Fe and Co. It was expected that tran-
sition metal-graphene hybrid materials would lead to enhanced
electrocatalytic performance.” For example, Feng and Mullen
synthesized Fe incorporated N-doped graphene which displays
significantly enhanced electrocatalytic performance of high
current density and stability. This Fe-N-graphene catalyst
features a 4e transfer process and outperforms the commercial
Pt/C electrocatalyst toward ORR in both acidic and alkaline
media.” Similarly, Fe-doped graphene structures were also
reported to be efficient electrocatalysts for ORR in acid media.?**
Chen and coworkers further designed 3D Fe-N coordination
graphene/CNT structures to facilitate mass exchange and diffu-
sion during the electrochemical ORR. Optimized doping level
and synergistic coupling arising from the coordination between
N and Fe favor ORR and boost electrochemical performance.
Dong and coworkers reported the coordination of Co with
N-doped graphene as ORR electrocatalysts in alkaline media,
showing high selectivity for the reaction.*” Co, Fe or even bime-
tallic (Co-Fe) embedded graphene hybrids can be prepared via
thermal treatment of these salts with graphene. The transition
metal-graphene hybrids prepared by this method also show
promising ORR activity in acidic media.***

2.3. Functionalized graphene as electrocatalysts

Although N-containing graphene is considered to be a promising
candidate for ORR, significant challenges still impede its
commercialization for fuel cell technology. A deeper under-
standing of the roles played by various nitrogen states during
electrocatalysis and improvement on chemical doping proce-
dures are some of the key issues which need to be solved before
commercialization is feasible.®® In the latter case, most chemical
doping approaches reported so far are complex and performed
under harsh conditions, thus severely limiting their large scale
utilization.>*As aforementioned, the enhanced ORR catalytic
activity of N-doped graphene is attributed to the electron-
accepting ability of N atoms present. Given this understanding,
researchers thus extended this concept to the functionalization of
graphene with polyelectrolytes as metal-free electrocatalysts.**-°
For example, Wang and coworkers reported that physical
adsorption of poly-diallyldimethylammonium chloride (PDDA),

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) TEM image, (b) CVs and (c) RDE curves of B, N co-doped graphene. (Reprinted with permission from ref. 70. Copyright© 2013,

WILEY-VCH.) (d) TEM image, (e) CVs and (f) RDE curves of S, N co-doped graphene. (Reprinted with permission from ref. 73. Copyright© 2012,

WILEY-VCH.)

a positively charged polyelectrolyte with electron-withdrawing
ability, onto N-free graphene creates positive charges on the
graphene surface via intermolecular charge transfer.”® The
resultant PDDA-functionalized/adsorbed graphene manifests
dramatically enhanced electrocatalytic activity toward ORR. This
nanocomposite also exhibits better fuel selectivity and improved
stability compared to the commercial Pt/C catalyst. A similar
observation was made for tridodecylmethylammonium chloride
(TDMAC), another quaternary ammonium salt.”

On the other hand, Hou and coworkers designed amino-
functionalized graphene from graphene oxide in the presence
of ammonia solution via a solvothermal approach.”” Their
results show that the graphitic- and amino-type of nitrogen
components determine the onset potential and the electron
transfer number respectively, while the total content of
graphitic and pyridinic N atoms is the key factor in enhancing
current density for ORR. Dong and coworkers prepared neutral
red covalently-functionalized graphene to improve the solubility
and stability of graphene.® Electrochemical impedance results
further confirmed that neutral red functionalization can effec-
tively accelerate electron transfer. The nanocomposites also
exhibit excellent electrocatalytic activity toward uric acid
oxidation due to the synergistic effect between neutral red and
graphene. Transition metal phthalocyanine is also a promising
candidate often used for functionalization of graphene as effi-
cient ORR electrocatalysts.?**” These nanocomposites are con-
structed by the strong - interaction and exhibit high activity
for ORR with excellent stability and selectivity.***°

3. Graphene nanostructures as
supports for noble metals

Although graphene-based electrocatalysts have the advantage of
significantly reducing the cost, their activity remains relatively low
compared to noble metal based electrocatalysts.'® Noble metals

This journal is © The Royal Society of Chemistry 2014

and their alloys are still the best performing electrocatalysts for
electrochemical reactions. Thus developing a new generation of
low cost and highly active electrocatalysts is considered urgent for
future electrochemical energy technologies. Moreover, majority of
previous reports for metal-free electrocatalysts are related to ORR
reaction at the cathode in basic media, probably due to faster
reaction kinetics in alkaline media. But many electrochemical
reactions are also performed in acidic media, such as the anode
reactions in HOR and AOR fuel cells, and the research of novel
electrocatalysts in acidic media is equally important.***

Despite the great advances in unsupported nanostructured
noble metals for electrocatalysts,'** the relatively low efficiency
and high usage of noble metals in such unsupported noble
metal electrocatalysts still limit their practical applications. This
has triggered much research into improving Pt based electro-
catalysts. Two important strategies are commonly employed,
sometimes combined, to improve the electrochemical perfor-
mance, stability and durability of these catalysts. The first is to
develop specific morphologies. These shaped noble metal
nanoparticles can lead to improved performance and also, in
some cases, eliminate the need for supports thus avoiding the
carbon corrosion problem. Another strategy is to design
supports for better anchorage and enhanced interaction with
metals. In this respect, graphene has emerged as a particular
favorite as it possesses high surface area, low cost and enhanced
conductivity compared to other traditional carbon supports for
103,104 Furthermore, when alloy
nanostructures are supported on graphene, it not only results in
enhanced electrocatalytic activity and stability, but also allows
for synergetic effects between metals and graphene, thereby
reducing the noble metal content.'***"

electrochemical applications.

3.1. Graphene supported Pt-based electrocatalysts

Pt-based electrocatalysts are the most popular choice for fuel
oxidation at the anode and oxygen reduction at the cathode.?

Mater. Horiz., 2014, 1, 379-399 | 383
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Since around 2004, many efforts have been made towards
obtaining Pt/graphene electrocatalysts with high electro-
chemical performance. Pt/graphene composites are generally
prepared by the direct reduction of Pt precursors in the pres-
ence of reducing agents, such as H,, ethylene glycol, and
NaBH,. Nature of Pt nanoparticles and the 7-d hybridization
interaction between Pt nanoparticles and graphene together
determine the final catalytic performance.’® Yoo and coworkers
reported that strong interaction between Pt nanoparticles and
graphene nanosheets (GNS) enables formation of sub-
nanometer sized (below 0.5 nm) Pt clusters (Fig. 3a). This allows
the Pt nanoparticles to acquire specific electronic structures
which in turn modifies the catalytic activity and gives unusually
high methanol electro-oxidation activity."*® Therefore, control-
lable deposition of Pt nanocrystals on graphene is highly
desirable for enhanced performance.'®

The morphology of Pt nanocrystals also affects the
performance of these Pt/graphene catalysts."™ Wan and
coworkers developed in situ preparation of hollow Pt nano-
crystals decorated on graphene (Fig. 3b). Both the merits of
hollow nanoparticles and the synergetic effect between Pt
nanoparticles and graphene supports contribute to the
enhanced electrocatalytic activity for methanol oxidation

View Article Online
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reaction (MOR, Fig. 3b and c)."** Furthermore, one-dimen-
sional (1D) Pt nanowires have also drawn much attention
owing to their unique anisotropic structures, surface prop-
erties and excellent electrocatalytic activities."*® Ultrathin Pt
nanowire arrays prepared on S-doped graphene (Fig. 3d), lead
to 2-3 times higher catalytic activities toward the oxygen
reduction and methanol oxidation reaction compared with
the commercial Pt/C catalyst (Fig. 3e)."** A branched Pt
nanowire/graphene hybrid was also prepared by a HCOOH
reduction method.'® However, monometallic Pt is suscep-
tible to deactivation or poisoning by some reaction inter-
mediates especially CO molecules. Therefore, Pt-based alloys
have been investigated as alternatives for improved catalyst
stability. Alloying also results in the concomitant reduction
of cost due to lowered noble metal content. Because of that,
much effort has been directed towards the development of
bimetallic (PtPd,"*""” PtAu,'**''® PtRu,'* PtFe,'*' PtCo,">
PtNi,'** PtCu,'* PtSn,'* etc.) and even ternary (PtPdAu'**)
nanocatalysts. Typically, bimetallic nanodendrites with

controllable size and numbers of Pt branches exhibit larger
electrochemical active surface areas (Fig. 3f), thus leading to
higher electrocatalytic activity compared to Pt/C electro-
catalysts for MOR (Fig. 3g)."*”
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Fig. 3 (a) TEM image of Pt subnanoclusters/graphene. (Reprinted with permission from ref. 110. Copyright© 2009, American Chemical Society.)
(b) TEM image and (c) CVs for methanol oxidation of hollow Pt/graphene. (Reprinted with permission from ref. 112. Copyright® 2012, Royal
Society of Chemistry.) (d) TEM image, (e) ORR polarization curves in O,-saturated 0.1 M HCIO, solution (10 mV s~; 1600 rpm) of Pt nanowire
arrays/S-doped graphene. (Reprinted with permission from ref. 114. Copyright© 2013, Nature Publishing Group.) (f) TEM image, (g) CVs for
methanol oxidation of 3D PtPd dendrites/graphene. (Reprinted with permission from ref. 127. Copyright© 2010, American Chemical Society.) (h)
TEM image and (i) RDE curves of FePt nanocubes assembled on graphene. (Reprinted with permission from ref. 137. Copyright© 2012, American
Chemical Society.)
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As discussed above, electrochemical performance of catalysts
is strongly related to not only the size and composition but also
to the shape and morphology of the nanoparticles.**® Consid-
ering the strong interaction between graphene supports and the
formed noble metal nanoparticles, the supports will have
a significant impact on the resultant nanoparticles with specific
morphology due to different surface chemistries present.'>***°
To exert greater control over the particle formation process and
thus reduce the influence of support surface chemistry, self-
assembly techniques are employed to attach nanoparticles onto
graphene.’*'* This involves assembly of pre-prepared nano-
crystals and graphene supports, thus the morphology and shape
of nanocrystals can be efficiently controlled and improvement of
electrochemical performance can be realized."**'** Wang and
coworkers reported self-assembly of mixed Pt and Au nano-
particles with controlled molar ratios and loadings onto PDDA-
functionalized graphene and these hybrid materials were used
as highly effective electrocatalysts for formic acid oxidation.***
Sun's group developed a facile solution phase self-assembly of
FePt nanocubes on the graphene surface (Fig. 3h).**” The desired
size, composition and shape of FePt nanocrystals could be
controlled during the preparation process. These graphene
supported FePt nanocubes are more active and durable catalysts
for ORR in 0.1 M HCIO, than unsupported nanoparticles or
commercial Pt particles deposited on conventional carbon
supports (Fig. 3i).

3.2. Graphene supported other noble metals as
electrocatalysts

Pt and Pt-based alloys usually suffer from several disadvantages
such as poisoning effects, corrosion by some electrolytes, and
high costs.”*'* These problems might be in part mitigated in
other noble metals and alloys. Further exploration of other
noble metals and their alloys on graphene is thus of importance
for both fundamental research and practical applications.™*
Pd nanocatalysts are more favorable for methanol and for-
mic acid oxidation than Pt due to greater abundance and higher
catalytic activity."** Xie and coworkers prepared Pd/graphene by
the redox reaction between K,PdCl, and GO. Oxygenated func-
tional groups present on the GO surface may take part in the
formation of Pd/graphene. The clean surface of Pd/graphene, as
aresult of a surfactant-free synthesis procedure, alongside good
dispersion on graphene, allows this nanocatalyst to show high
electrocatalytic ability toward formic acid and ethanol oxidation
(Fig. 4a)."*> Using Ag/graphene as the support and the template,
Chen and coworkers designed hollow PdAg nanorings deco-
rated graphene nanosheets by a facile galvanic displacement
reaction (Fig. 4b). More importantly, this PdAg/graphene
nanohybrid exhibits not only high catalytic activity for the ORR
but also remarkably high tolerance towards methanol cross-
over.”® Kim and coworkers designed a layer-by-layer (LBL)
assembly to create 3D electrocatalytic thin films for methanol
oxidation."* Graphene supported ultrafine Au nanoclusters
without protecting agents exhibit surprisingly excellent elec-
trocatalytic activity toward ORR and superior methanol toler-
ance (Fig. 4c and d).* The authors concluded that this

This journal is © The Royal Society of Chemistry 2014
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Fig.4 (a) TEMimage of Pd/graphene. (Reprinted with permission from
ref. 142. Copyright© 2011, American Chemical Society.) (b) TEM image
of PdAg nanorings/graphene. (Reprinted with permission from ref. 143.
Copyright® 2013, WILEY-VCH.) (c) TEM image of assembled Au/gra-
phene and (d) RDE curves of different electrocatalysts in 0.1 M KOH
(50 mV s7% 1600 rpm). (Reprinted with permission from ref. 145.
Copyright®© 2011, American Chemical Society.)

observation could be ascribed to small size of Au nanoparticles
with a clean surface and the synergetic coupling effect between
Au nanoclusters and graphene. Ag nanowires have been proven
to be a good cathode catalyst in alkaline media.**® Thus, the
combination of Ag nanowires and graphene also results in
a better electrocatalyst than graphene or Ag nanowires because
of the synergistic effect and creation of porous nanochannels.**

3.3. Noble metals attached on functionalized graphene

As mentioned above, noble metal nanocrystals are deposited on
graphene oxides with abundant functional groups.**® These
functional groups and defects present on the graphene surface
act as active sites and nucleation sites for the formation of noble
metals. They also strengthen the interaction between noble
metal nanocrystals and graphene, thus enhancing the electro-
catalytic activity and durability of the hybrid nanocatalysts.**
Moreover, these oxygen-containing functional groups allow for
good dispersion of graphene oxide in water and other organic
solvents, which is a key factor for electrocatalytic application to
prevent aggregation during catalyst preparation.’*® However,
reduced graphene oxides obtained from chemical and thermal
reduction of graphene oxides inevitably possess defects and
small defective graphene fragments. These defects include
structural imperfections and chemical impurities and serve to
disrupt the desirable electronic properties of reduced graphene
oxide.” Reduced graphene oxides are also easily oxidized and
become unstable under harsh electrochemical conditions due
to the corrosion of graphene.*® Thus graphene with few defects
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is often required in the preparation of nanocatalysts. Graphene
with high quality is obtained mostly by chemical vapor depo-
sition (CVD) and other methods.*”® However, graphene
prepared by these methods possesses hydrophobic surfaces,
which make it difficult to anchor metal nanoparticles directly.
Therefore, surface modification is an efficient way to tune the
surface chemistry of graphene, which in turn affects its
dispersion ability and affinity for metal nanoparticles
attachment.®

Various methods have been developed to prepare function-
alized graphene.'*'** The resultant Pt/functionalized graphene
catalysts typically exhibit improved catalytic performance and
properties with respect to their specific applications compared
to Pt/graphene. For instance, Wang and coworkers prepared
Pt/N-doped graphene via a mild, plasma assisted approach
which involves reduction of GO in ammonia plasma with
subsequent simultaneous reduction of these N-doped graphene
sheets and H,PtCls in hydrogen plasma.*® This Pt/N-doped
graphene hybrid exhibits high catalytic activity as a result of
homogenous dispersion of 2-4 nm Pt nanoparticles onto N-
doped graphene. The presence of N- and O-containing func-
tional groups is credited for enabling this strong interaction.
Zheng and coworkers prepared Pt/graphene composites in an
ionic liquid environment which is more oxytropic and less
methanol-philic than the exterior aqueous solution. The resul-
tant Pt/graphene hybrid exhibits both enhanced electrocatalytic
activity and excellent methanol tolerance for ORR.*” Graphene
can also be functionalized by genomic double stranded DNA
(gDNA) which serves two critical roles. First, gDNA bridges
adjacent GO sheets via strong non-covalent interactions,
thereby preventing aggregation. Second, purine bases in gDNA
also serve as nucleation sites for Pt>" owing to strong cation-
interaction between Pt** and the purine ring. Pt/gDNA-GO
composites exhibit significantly improved ORR performance
compared to Pt/GO and Pt/C electrocatalysts. Again, the
improved performance is likely due to the benefits of graphene
functionalization with gDNA which helps in the efficient posi-
tioning of Pt nanoclusters onto GO."*

Graphene can also be functionalized with molecules or
charged polyelectrolytes via - stacking or hydrophobic inter-
actions. Formation of these non-covalent bonds enables the
intrinsic electronic and structural properties of graphene to be
preserved. Non-covalent functionalization of graphene by PDDA,
a linear cationic polyelectrolyte, is commonly reported to stabi-
lize supports and metal nanoparticles.”**'* Other non-covalent
bonding agents such as cetyltrimethylammonium bromide
(CTAB) are also used to functionalize graphene for electro-
catalytic application.'®* Additionally, introduction of conductive
polymers also provides a way to improve the conductivity of
graphene supports and reduce interfacial resistance of hybrid
catalysts."®* Li and coworkers reported the preparation of the Pt/
polyaniline (PANI) coated graphene composite which exhibits
significantly enhanced electrocatalytic activity for methanol
oxidation owing to the strong interaction between Pt and PANI-
graphene.'®* As the conducting bridge, polypyrrole (PPy) coating
can also increase the hydrophilicity of pristine graphene nano-
sheets which are hydrophobic. These Pt/graphene-polymer
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nanocomposites have a higher surface area with more active
sites leading to better electrocatalytic performance when
compared to Pt/graphene.'**'%

3.4. Noble metals supported on graphene nanostructures

The prominent effects of graphene supports on the activity and
stability of electrocatalysts have been demonstrated."****
Aggregation of graphene sheets can also be resolved by using
GQDs, a newly developed nanosized graphene.'**'* Abundant
structural defects of GQDs can manipulate the dissociative
adsorption of oxygen and binding of reaction intermediates O*
and HO* on Pt surfaces.””® Recently, the covalent interaction
between Pd particles and GQDs was proven by infrared spec-
troscopy.'” Generally, an electrode with a proper and well-
designed nanoarchitecture can achieve excellent perfor-
mance.”>”?* On the other hand, the planar stacking of 2D gra-
phene results in the formation of irreversible agglomerates
which in turn leads to a drastic loss of electroactivity during the
electrocatalyst assembly.'” 3D porous graphene structures have
also been designed and could lead to significantly enhanced
electrochemical performance.'” As a consequence, 3D graphene
frameworks are desirable for high catalyst loading to facilitate
the mass transfer and maximize accessibility of the catalyst
surface.””*"*® Dong and coworkers reported the assembly of Pt
nanoparticles on graphene to form 3D nanocomposites as ORR
electrocatalysts. The electrocatalytic activity of resultant Pt/gra-
phene nanocomposites can be tailored by simply changing the
layering processes.*®* Dai and coworkers prepared shape-defined
ternary Pt/PdCu nanoboxes anchored onto a 3D graphene
framework by a solvothermal process (Fig. 5a). As a new catalyst
system for ethanol electrooxidation, the ternary Pt/PdCu nano-
boxes/graphene electrocatalyst demonstrates significantly
higher electrochemical performance when normalized to the
total mass loading of hollow structures of active particles. Again
itis attributed to the synergetic effect among components as well
as the 3D interconnected graphene framework (Fig. 5b).*s>
Re-stacking of 2D individual graphene sheets can be partially
overcome by intercalating nanoparticles between the graphene
layers."®* Moreover, migration of noble metal nanoparticles and
CO poisoning also limit the efficiency of electrocatalysts.** To
enhance the electrochemical performance in terms of activity
and durability, graphene coupled with metal oxides have proved
to be effective supports.*****° For instance, Liu and coworkers
reported the in situ formation of ITO-Pt-graphene triple junc-
tions that enhances the interaction and contact among the
components for the improved electrochemical activity and
stability (Fig. 5¢ and d).*** TiO, nanosheets are introduced into
Pt-graphene catalysts to form sandwich structures which enable
maximum interaction among TiO,, Pt and graphene (Fig. 5e),
hence improving the electrocatalytic performance (Fig. 5f).*
Incorporation of SnO,, CeO, and MnO, into graphene-based
hybrid electrocatalysts has also been investigated.'®”'**'** It is
important to note that simultaneous incorporation of different
components onto graphene with homogenous distribution will
play a critical role on the eventual electrochemical performance
of the catalyst. Ideally, components should be incorporated with

This journal is © The Royal Society of Chemistry 2014
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(a) TEM image and (b) CVs for ethanol oxidation of Pt/PdCu nanocubes assembled on the 3D graphene framework. (Reprinted with

permission from ref. 182. Copyright© 2012, WILEY-VCH.) (c) TEM image and (d) RDE curves of the ITO-Pt—graphene electrocatalyst. Inset of (d)
shows stability tests. (Reprinted with permission from ref. 191. Copyright®© 2011, American Chemical Society.) (e) TEM image and (f) CVs for
methanol oxidation of sandwich structured TiO,—Pt—graphene. (Reprinted with permission from ref. 192. Copyright© 2012, Royal Society of
Chemistry.) (g) TEM image and (h) RDE curves of different Pt/graphene—carbon black composites for electrocatalysts. (Reprinted with permission

from ref. 242. Copyright© 2012, American Chemical Society.)

maximum interaction with each other to generate synergetic
effects. Density functional theory (DFT) study has proved that
the enhanced interaction of three components present is
responsible for the enhanced electrochemical performance.***

Re-stacking of individual graphene sheets can be effectively
inhibited by introducing carbon materials to form 3D hierar-
chical structures."®**® For example, Huang and coworkers
reported an approach to design a highly active and durable ORR
catalyst by loading Pt nanoparticles on graphene nanosheets
that are supported on high surface area carbon black (CB)
(Fig. 5g). Placing CB nanoparticles between the Pt/graphene
sheets not only enhances the catalytic activity but also
dramatically improves the durability of the catalyst (Fig. 5h).>*
The authors concluded that the unique 2D structure of gra-
phene functions as a barrier to prevent leaching of Pt into the
electrolyte and CB nanoparticles within the vicinity act as active
sites to recapture/renucleate the dissolved Pt species.

4. Non-metal/graphene hybrid
nanostructures as electrocatalysts

Driven by the economical consideration, electrocatalysts based
on graphene and non-metals have attracted great interest in
the past few years.”**** Incorporation of inorganic nano-
crystals onto graphene would reduce dissolution, sintering and
aggregation of nanoparticles during the electrochemical oper-
ation. At the same time, the low intrinsic electric conductivity
of inorganic composites is also significantly improved.**”
Tremendous progress has been made in exploring these
non-metal/graphene electrocatalysts.?****> These novel nano-
structures exhibit superior electrocatalytic activity as well as
selectivity and durability, which can act as promising elec-
trodes for electrochemical reactions.>*®

This journal is © The Royal Society of Chemistry 2014

4.1. Metal oxides/graphene hybrids as electrocatalysts

Transition metal (Co, Mn, Fe, Cu, eftc.) oxides with mixed
valences are reportedly able to serve as donor-acceptor chemi-
sorption sites for the reversible adsorption of oxygen and hence
have the potential to replace noble metal based electro-
catalysts.>*”** However, metal oxides, which are poorly conduc-
tive, frequently suffer from dissolution and aggregation during
the electrochemical reaction.>®®?'* A suitable strategy for over-
coming the abovementioned problems is to anchor these tran-
sition metal oxides onto graphene. Graphene-based transition
metal oxide electrocatalysts thus show remarkable improve-
ments in electrochemical activity, durability and dispersion.***
Dai and coworkers deposited Co;04 nanoparticles on a graphene
support and investigated their electrocatalytic activity.*** Using
N-doped graphene leads to more uniform distribution of Co;0,
nanoparticles with smaller sizes (Fig. 6a). The resultant Co30,/
graphene hybrid exhibits higher ORR activity than either Co;0,
or graphene alone and favors a 4e process (Fig. 6b). Moreover, the
ORR activity decreases monotonically when the Co loading on
graphene decreases from 20% to 3%. Importantly, the hybrid is
also a highly active OER catalyst for water oxidation (Fig. 6¢). The
less oxidized CoO nanoparticles possibly make the electro-
catalyst more electron rich, which might be beneficial for
enhanced ORR activity.***?**

Metal oxide nanoparticles are typically loaded on graphene
with little control in size and morphology.**® This makes tuning
the interaction between nanoparticles and graphene difficult.***
To address this issue, Sun and coworkers assembled pre-
synthesized monodisperse Co/CoO core/shell nanoparticles on
the graphene surface (Fig. 6d).>** The Co core size and thickness
of the CoO shell in Co/CoO core/shell nanoparticles can be
tuned by controlling the oxidation conditions. They also
demonstrated the importance of Co/CoO dimension and
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Fig. 6

(a) TEM image with an inset showing a selected-area electron diffraction (SAED) pattern of CosO4/graphene. (b) RDE curvesin 0.1 M KOH

with different rotation rates; inset of (b) shows corresponding Koutecky—Levich (K-L) plots. (c) RDE curves of different electrocatalysts in 0.1 M
KOH. (Reprinted with permission from ref. 211. Copyright© 2011, Nature Publishing Group.) (d) TEM of Co/CoO/graphene composites, (e) RDE
curves of Pt/C and Co/CoO/graphene (10 mV s~%; 400 rpm) and (f) chronoamperometric responses at —0.3 V in O, saturated 0.1 M KOH solution.
(Reprinted with permission from ref. 215. Copyright© 2012, WILEY-VCH.) (g) SEM image, (h) CVs and (i) RDE curves of Fes04/3D N-doped
graphene aerogel composites. (Reprinted with permission from ref. 230. Copyright© 2012, American Chemical Society.)

graphene as a support in tuning electrocatalysts for efficient
ORR with a selective 4e process (Fig. 6e). The optimized Co/
CoO-graphene electrocatalyst shows comparative activity and
better stability than the commercial Pt/C catalyst and thus
might serve as a promising alternative to Pt/C catalysts for the
ORR in alkaline solutions (Fig. 6f). It was further shown that the
ORR activity of cobalt oxide-graphene hybrid electrocatalysts is
dramatically improved by increasing the Co content and
coupling with N-doped graphene.*® Cobalt oxides/graphene
hybrids were also used as the ORR catalysts in Li-O, batteries. A
bi-functional catalyst composed of Co;0, nanofibers immobi-
lized on both sides of graphene sheets was proposed for the
oxygen electrode.”” The excellent electrochemical performance
could mainly be attributed to the structure and interaction
between Co;0, nanofibers and graphene for the facile electron
transport and fast O, diffusion through the ultrathin graphene
layer and porous Coz;0, nanofiber networks.

Manganese oxides supported on graphene have also been
employed as active, stable and low-cost cathode electrocatalysts
for fuel cells and Li-air batteries.>'*?*° The results show that the
catalytic performance of metal oxides is associated with
morphology, size and oxide-graphene coupling.”***** For
example, Qiao and coworkers reported a mesoporous architec-
ture of Mn;O,/graphene hybrids which demonstrates

388 | Mater. Horiz., 2014, 1, 379-399

a competitive ORR activity and excellent durability with high
selectivity.”® Kim and coworkers also found that the oxygen
reduction pathway of these composites is tunable with the
relative amount of Mn;0, supported on graphene sheets. For
example, the ORR mechanism of the system with a lower content
(19.2%) of Mn3;0, nanoparticle is similar to that of the Pt/C
electrode with a 4e transfer, whereas the hybrid with a higher
Mn;0, content (52.5%) undergoes a classical 2e process.?**
Other graphene supported metal oxides such as Fe;04,°*
Fe,0;,*° Cu,0,>7**® and Ru,0 ** were also investigated as
electrocatalysts for ORR in fuel cells and Li-air batteries. Feng
and Mullen demonstrated the controllable assembly of Fe;O,
nanoparticles on 3D N-doped graphene aerogels.*** As shown in
Fig. 6g, the graphene hybrid shows an interconnected macro-
porous framework with uniform deposition of Fe;O, nano-
particles. Due to unique structural features, the resulting Fe;0,/
N-graphene aerogels show excellent electrocatalytic activity for
the ORR in alkaline electrolytes, including a higher current
density, lower ring current, lower H,O, yield, higher electron
transfer number, and better durability (Fig. 6h and i).
Substitution of Co by Mn and Ni in the spinel lattice can
further improve electrocatalytic performance of the resulting
MnCo,0,4-graphene and NiCo,0,-graphene hybrid catalysts.***
Dai and coworkers reported MnCo,04/N-doped graphene

This journal is © The Royal Society of Chemistry 2014
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hybrids as highly efficient ORR electrocatalysts in alkaline
conditions (Fig. 7a). Mn substitution increases activity of cataly-
tic sites of the hybrid materials, further boosting the ORR
activity compared with the pure Coz;0,/graphene hybrid
(Fig. 7b).>** The MnCo,0,-graphene hybrid material was also
employed as the cathode catalyst for Li-O, battery in a non-
aqueous electrolyte. It is suggested that the excellent catalytic
activity originates mainly from the strong coupling effect
between MnCo,0, nanoparticles and N-doped graphene. The
high catalytic activity of the MnCo,0,-graphene hybrid for the
ORR could facilitate the discharging reaction in Li-O, cells.***
Moreover, incorporation of Ni atoms into the octahedral sites of
the spinel lattice not only creates new active sites but also
significantly improve the electrical conductivity.?** Therefore,
the NiCo,0, nanoplates-graphene hybrid can be used as
a highly active bi-functional catalyst for ORR and OER.*** There
are also some reports on preparation of graphene-Co(OH),
composites as cathode electrocatalysts for ORR.*****” These
nanocomposites show good catalytic activity, in which graphene
decreases the reaction overpotential and Co(OH), catalyzes the
disproportionation of intermediates.

4.2. Metal chalcogenides/graphene hybrids as
electrocatalysts

The metal oxide/graphene electrocatalysts discussed above are
mainly active in a basic environment. However, many electro-
chemical systems, such as proton exchange membrane fuel
cells, also involve an acidic environment; thus it is necessary to
explore other non-metal electrocatalysts which exhibit high
activity and stability under acidic conditions.***** Sulfides of
non-precious transition metals have attracted intensive interest
owing to their noble metal-like catalytic properties.*** Cobalt
sulfides have shown great potential as electrocatalysts because
they are thermally and chemically more stable than metal
oxides, especially in acidic media. Therefore, cobalt sulfides are
regarded as one of the most active ORR electrocatalysts in both
acidic and basic electrolytes.”*'-*** However, low conductivity of
these sulfides and the dominance of the 2e pathway limit their
electrochemical performance for ORR.* To overcome these
limitations, Dai and coworkers employed graphene as a con-
ducting support for controlling the size of catalytically active
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Co;_,S particles (Fig. 8a).*** The designed Co,_,S/graphene
hybrid shows improved electrocatalytic activity and stability
compared to Co;_,S particles, and it undergoes the 4e ORR
process in both acidic and alkaline media (Fig. 8b and c).
Therefore, incorporation of Co;_,S particles onto graphene
affords an efficient way to render electrochemical active sites for
unprecedented ORR catalytic performance. Subsequently, Hou
and coworkers investigated the multi-functionality of Co3S,/
graphene composites to enhance the thermal stability and
conductivity.>*® The resultant cobalt sulfide/graphene compos-
ites similarly exhibit high durability in acidic and basic media
and also follow the 4e process. Yu and coworkers reported that
the electrochemical ORR activity of ZnSe could be enhanced by
coupling with N-doped graphene.**® With the further Ni doping
into cobalt sulfides, the designed NiCo,S,/graphene composites
manifest not only higher ORR activity but also much better
durability toward OER than the CoS/graphene system (Fig. 8d-
f).>*” Different from its widely accepted role as electron reser-
voir, a novel role of graphene for ORR as a peroxide cleaner has
been proposed in these sulfides/graphene composites.>*

The hydrogen evolution reaction (HER, 2H' + 2e — H,),
which involves proton reduction and concomitant hydrogen
evolution, is an important reaction involved in water splitting.
Efficient electrocatalysts for HER are required to reduce over-
potential and enable HER to be carried out with high energy
efficiency.>® Under these considerations, Pt-based noble metals
are considered as the most effective HER electrocatalysts.>*®
However, the search for new HER electrocatalysts with low cost
and high activity has attracted a great deal of interest due to
their important role in clean energy generation.”** MoS, nano-
particles demonstrate good potential as an inexpensive alter-
native to Pt for HER.>*"**> The catalytic activity of MoS, is mainly
localized to some small fraction of surface sites, whereas the
bulk part is relatively inert.>*® Therefore, increasing the amount
of active sites for MoS,-based electrocatalysts is necessary to
enable greater activity for HER. Inspired by the great enhance-
ment observed by coupling inorganic nanocrystals with gra-
phene, Dai and coworkers introduced MoS, nanoparticles on
graphene (Fig. 9a).>** Strong chemical and electronic coupling
between MoS, and graphene allows for good dispersion of MoS,
nanoparticles and rapid electron transport from the less
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(@) TEM image of MnCo,04/N-doped graphene hybrids with the inset showing the SAED pattern and (b) RDE curves of different elec-

trocatalysts in O,-saturated 1 M KOH (5 mV s%; 1600 rpm). (Reprinted with permission from ref. 232. Copyright© 2012, American Chemical

Society.)
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0.5 M H,SO, (5 mV s~% 1600 rpm). (c) RDE curves of the Co;_,S/rGO hybrid in O, saturated 0.1 M KOH solution with a scanning rate of 5mV s 1.
(Reprinted with permission from ref. 244. Copyright® 2011, WILEY-VCH.) (d) TEM image of NiCo,S4/graphene, (e) CVs and (d) RDE curves of
different cobalt sulfides/graphene hybrids in O,-saturated 0.1 M KOH solution (5 mV s%; 1600 rpm). (Reprinted with permission from ref. 247.

Copyright®© 2013, American Chemical Society.)

conductive MoS, nanoparticles to the electrode. The MoS,/
graphene hybrid catalyst exhibits smaller overpotential of
~0.1 V and much improved HER current density (Fig. 9b). The
subsequent Tafel analysis showed a Tafel slope of ~41 mV per
decade (Fig. 9c). The large amount of exposed edges (presum-
ably active sites) from these small MoS, nanoparticles
uniformly dispersed on graphene leads to significantly
enhanced activity.”®® Furthermore, the interconnected conduc-
tive network with porous nanostructure (from 3D graphene
framework) was anticipated to enhance the activity of
embedded MoS, nanocatalysts (Fig. 9d).>*® Thanks to its 3D
architectural characteristics, this MoS,/graphene composite
shows high activity for HER with a Tafel slope of ~42 mV per
decade and a small overpotential of ~0.1 V (Fig. 9e and f). 3D
graphene based electrocatalysts are further developed by
growing MoS, onto graphene-protected 3D Ni foam to provide
robust protection and efficiently increase their stability in acidic
media. The 3D porous structure also effectively increases the
MoS, catalyst loading, leading to enhanced electrocatalytic HER
efficiency. The hydrogen evolution rate is as high as 302 mL g ™"
ecm~> h™" at an overpotential of 0.2 V.2

2D MoS, nanosheets with rich exposed edges demonstrate
improved activity for HER.”>® However, curling of sheets and
aggregation to form tubes or fullerene-like structures will lower
the activity of MoS, nanosheets.”®® As such, GO has been
employed as a highly selective substrate for the synthesis of
layered MoS, hybrid electrocatalysts.”***** However, both GO
and MoS, tend to re-stack and aggregate. Thus, the introduction
of other conductive and active nanoparticles has been used as
a method to improve the H, production performance.*** Wang
and coworkers introduced WC nanoparticles as the spacers to
create void for the growth of MoS, nanosheets (Fig. 9g). The as-
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prepared MoS,/WC/graphene hybrid material displays high
HER activity with a Tafel slope of ~41 mV per decade and
a small overpotential of ~0.15 V (Fig. 9h and i). Synergistic
effects among the components and enhanced electron transfer
are suggested responsible for the enhanced electrochemical
performance.>®

4.3. Nitrides/graphene hybrids as electrocatalysts

As previously mentioned, pyridinic and graphitic N atoms are
generally accepted as the active sites in graphene-based elec-
trocatalysts. However, the limited N doping content (2-5%) and
leaching of N active sites on graphene composites result in low
and unstable electrocatalytic activity. Therefore, carbon or
transition metal nitrides with stable structures and high N
content such as those containing pyridinic and graphitic N
moieties may serve as potential non-noble metal electro-
catalysts.>**°® However, the low conductivity of pure nitrides
will strongly restrict electron transfer during electrochemical
reactions and also reduce the electrocatalytic activity.”®” There-
fore, researchers focused on incorporation of conductive
components such as graphene nanosheets into the nitride
matrix to improve the electron transfer efficiency in the result-
ing hybrids.>®*** Considering the excellent conductivity of
graphene and layered structures of both graphene and carbon
nitride nanosheets, Feng and coworkers developed a nano-
casting technique to fabricate graphene-based carbon nitride
nanosheets (Fig. 10a).>*® The resulting composites possess
beneficial features such as high N content, small thickness,
high surface area, large aspect ratio as well as enhanced elec-
trical conductivity. Such features are favorable for ease of
oxygen access to the catalyst surface and facilitate rapid transfer

This journal is © The Royal Society of Chemistry 2014
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Fig.9 (a) TEM image with the inset showing the folded edge of the MoS,/rGO hybrid, (b) polarization curves, and (c) corresponding Tafel plots of

different catalysts for HER. (Reprinted with permission from ref. 254. Copyright® 2011, American Chemical Society.) (d) TEM image of the MoS,/
mesoporous graphene hybrid, (e) polarization curves, and (f) corresponding Tafel plots of different catalysts. (Reprinted with permission from ref.
256. Copyright® 2013, WILEY-VCH.) (g) TEM image of the MoS,/WC/graphene composite, (h) polarization curves, and (i) corresponding Tafel
plots of different catalysts. (Reprinted with permission from ref. 263. Copyright© 2013, Royal Society of Chemistry.)

of electrons in the electrode during the oxygen-reduction
process. Consequently, the composites exhibit excellent elec-
trocatalytic performance for ORR (Fig. 10b), including high
electrocatalytic activity, long-term durability, and high selec-
tivity, all of which are superior to those observed in nitride
sheets without graphene and commercial Pt/C catalysts.
Graphitic carbon nitride (g-C3N,) based materials are also
becoming significant due to their unusual properties and
promising applications as electrocatalysts.>”” The combination of
graphene and g-C;N, integrates their respective merits together,
and the resulting composites show enhanced or unique prop-
erties.”®?”" Furthermore, the large amount of pyridine-like
nitrogen in g-C3;N, can trap transition metals to form potential
active sites.””” Hence, assemblies consisting of transition
metals (Ti,””® Co,?”* Fe,*”**"¢ etc.) and graphene/g-C;N, manifest
improved electrocatalytic activity.””” Feng and coworkers
demonstrated this concept by preparing titanium nitride/gra-
phene nanocomposites, in which C3N, acts as both the nitrogen
source and the template (Fig. 10c and d).>”® With the aid of
templates, uniform TiN nanoparticles can be attached with good
dispersion on the graphene/CNT hybrid (Fig. 10e). The resultant
hybrid exhibits better activity for ORR than bare TiN nano-
particles and comparable performance as the Pt/C catalyst
(Fig. 10f). In addition, good tolerance to methanol was also
demonstrated. This dramatic enhancement is ascribed to
a synergistic effect between TiN and the CNT/graphene hybrid,
whose formal roles are to provide active sites for ORR and

This journal is © The Royal Society of Chemistry 2014

electron pathway respectively.”® On the other hand, there is
evidence that metal (Fe or Co) coordination in N-doped graphene
will lead to far superior electrocatalytic activity.>*

4.4. Other carbon materials/graphene hybrids as
electrocatalysts

While metal/metal oxides-graphene hybrids electrocatalysts
exhibit significantly higher electrocatalytic activity, they are
often costly and more severely suffer from poor stability under
strong acidic conditions.”®" As a result, numerous research
efforts have been made to develop efficient and durable elec-
trocatalysts in acidic media.*® N-doped carbon materials
possess good electrocatalytic activity for ORR because of their
increased active sites, good conductivity, and excellent stability
in acidic media.>**”**® To further improve the performance,
CNTs have been investigated for their important role as the
promoter in graphene-based electrocatalysts.”®**** In one
embodiment, graphene, produced by partial unzipping of the
outer walls of CNTs, is attached to the mostly intact inner walls
(Fig. 11a).?®® Upon the subsequent annealing process in NHj,
the abundant edges and defect sites on graphene give rise to
high ORR catalytic activity. The resultant N-doped graphene/
CNTs complex exhibits good activity and durability for ORR in
both acidic and alkaline media (Fig. 11b). It is proposed that
both iron impurities and the N doping effect contribute to the
high electrocatalytic activity for ORR, similar to the above

Mater. Horiz., 2014, 1, 379-399 | 391
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and (d) corresponding CVs. (Reprinted with permission from ref. 278. Copyright© 2011, WILEY-VCH.) (e) TEM image of Co—N-graphene and (f)
corresponding RDE curves in 0.1 M KOH solution. (Reprinted with permission from ref. 279. Copyright© 2013, Royal Society of Chemistry.)

discussed heteroatoms or transition metal doping into gra-
phene. In order to avoid the use of harsh conditions and
sophisticated instruments, Yu and coworkers reported a hydro-
thermal method to prepare N-doped graphene/CNTs nano-
composites (Fig. 11c).>*” The electrochemical results show that
the nanocomposites undergo a 4e pathway for ORR with high
positive onset potential, large peak current and high durability
(Fig. 11d). The presence of graphene and CNTs synergistically
enhances electrochemical activity for ORR. Furthermore, gra-
phene/CNTs self-assemblies are also synthesized through elec-
trostatic interaction between graphene and CNTs. These
materials are applied as electrocatalysts for ORR in acidic media
after N doping.”®® In the assembled structure, CNTs act as
circuits for facile electron transfer and spacers for preventing re-
stacking of graphene layers. At the same time, the inter-gra-
phene space introduced by CNTs facilitates the effective trans-
port of reactants.”®® Interestingly, ORR electrocatalysts made
from N-doped graphene/CNTs frameworks retain their electro-
catalytic activity even in the non-aqueous environment when
employed as cathode electrocatalysts for Li-O, batteries.*® High

392 | Mater. Horiz., 2014, 1, 379-399

surface area, porous structure, and good conductivity are
considered as important factors for high electrocatalytic
activity. As such, Qiao and coworkers recently reported the in
situ growth of N-doped graphene on hierarchical ordered
porous carbon (Fig. 11e). As expected, synergistically enhanced
ORR performance was observed (Fig. 11f).>*

5. Other novel graphene-based
electrocatalysts

Metal-organic frameworks (MOFs), a new class of porous crys-
talline materials, may serve as an outstanding candidate in this
field based on their high surface areas, controllable structures
and excellent electrochemical properties.””* For example, Loh
and coworkers used pyridine-functionalized graphene as
a support for MOF particles. The linkage between graphene and
pyridine ligands in MOF indeed increases the electrocatalytic
activity of MOF/graphene hybrids and facilitates ORR via 4e
reaction. In addition, methanol crossover is also minimized in

This journal is © The Royal Society of Chemistry 2014
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curves in O, saturated 0.1 M HClO4 and 0.1 M KOH solution. (Reprinted with permission from ref. 286. Copyright®© 2012, Nature Publishing
Group.) (c) TEM of N-doped graphene/CNT nanocomposites and (d) RDE curves of different catalysts for ORR in O,-saturated 0.1 M KOH
solution (20 mV s~ 1600 rpm). (Reprinted with permission from ref. 287. Copyright® 2013, WILEY-VCH.) (e) TEM image of N-doped graphene
on ordered porous carbon and (f) RDE curves of different catalysts for ORR in O,-saturated 0.1 M KOH (1600 rpm). (Reprinted with permission

from ref. 290. Copyright© 2013, WILEY-VCH.)

this MOF/graphene hybrid because of its inactivity to methanol
oxidation.>” The integration of GO and a Cu-centered MOF
shows good performance as a tri-functional electrocatalyst for
HER, OER and ORR. In polymer electrolyte membrane fuel cell
testing, the GO incorporated Cu-MOF is able to deliver 76% of
power density of the commercial Pt catalyst. The enhanced
electrocatalytic properties and stability under acidic conditions
of the MOF/graphene composite are attributed to the unique
porous scaffold structure, improved charge transport and
synergistic interactions between graphene and MOF.>*3>%*

6. Conclusions and perspectives

The search for highly efficient electrocatalysts with excellent
stability is of great importance for sustainable energy technol-
ogies including fuel cells, Li-air batteries and water splitting.

This journal is © The Royal Society of Chemistry 2014

Graphene has emerged as a unique material because of its 2D
structure, good electrical conductivity and high surface area.
Graphene is therefore expected to be an important component
for developing alternative electrocatalysts. In this review, we
have systematically summarized the recent progress in prepa-
ration of graphene-based hybrids with controlled size, compo-
sition, shape/morphology and structure, and highlighted their
superior electrochemical activity, excellent stability and selec-
tivity. This review is intended to provide valuable insights for
researchers to speed up innovation in this area.

Although significant advance has been achieved in the area
of graphene-based hybrid electrocatalysts, this field is still in its
early stage from the practical perspective, especially in the
direction of non-metal/graphene nanocomposites. Further
development of graphene-based hybrid electrocatalysts is being
impeded by the challenges listed below. Doping of heteroatoms
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is an efficient way to tune properties of graphene and increase
the active sites on the graphene surface. However, the electro-
catalytic performance of these doped catalysts is still far from
satisfactory, mainly due to issues such as low doping content
and the lack of control over the doping process. Selective and
tunable coordination of heteroatoms into graphene may help to
increase the number of exposed active sites and improve their
activity, thus enhancing the electrochemical performance.
Combined experimental and theoretical studies are thus
required to develop a method for controlled doping of hetero-
atoms into designated sites, and to understand the proposed
mechanism on the catalytic activity of modified graphene.

Graphene is a unique support for noble metal nanocatalysts.
Graphene supported noble metal nanoparticles possessing
controlled size, shape, morphology and composition can
enhance electrochemical performance for fuel oxidation, oxygen
reduction and water splitting reactions. However, the migration,
aggregation and dissolution in harsh electrochemical environ-
ments as well as the weak CO tolerance would greatly affect their
practical exploitation. Hybrid structures constructed from
modified graphene and alloyed metal nanoparticles could be
alternative efficient electrocatalysts with designed stability and
selectivity. Coupling graphene with non-metals leads to superior
activity and lowers the cost. But electrochemical performance of
such hybrid materials is strongly dependent on individual
components and their interactions with each other. Also, mech-
anisms of these graphene based nanohybrids working in energy
related systems remain largely unclear. Thus, further studies are
required to understand the underlying complex interactions.
Finally, exploration of new graphene-based hybrids with novel
structures and appropriate electronic properties such as MOF/
graphene can further expand the materials database for efficient
electrocatalysts.

Undoubtedly, graphene-based nanohybrids are likely to find
real significance for sustainable electrochemical energy
conversion and storage. Research efforts devoted to these
directions will surely pay off in the near future.
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