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Multifunctional graphene-based
nanostructures for efficient electrocatalytic
reduction of oxygen
Peiguang Hu, Ke Liu, Christopher P Deming and Shaowei Chen*

Abstract

Graphene derivatives have been used extensively as a functional support for nanoparticle catalysts in diverse applications,
in particular, oxygen reduction reactions (ORR) at fuel cell cathodes. This review summarizes recent progress in this area
of research, where the catalytic performance is evaluated within the context of stabilization of metal nanoparticles against
sintering/aggregation and metal–substrate interactions that manipulate the electronic properties of metal nanoparticles and
hence the bonding interactions with reaction intermediates. Also discussed are the latest breakthroughs of heteroatom-doped
graphene derivatives as effective metal-free catalysts for oxygen reduction. In addition, the review includes a perspective on
the development of effective ORR catalysts with a focus on a further understanding of the ORR mechanism as well as on other
two-dimensional layered nanostructures such as MoS2 that have been observed to exhibit electrocatalytic activity for oxygen
reduction. Leading mechanistic models are discussed to account for the electrocatalytic activity.
© 2015 Society of Chemical Industry
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INTRODUCTION
Fuel cell technologies have long been attracting extensive interest
as a portable and renewable energy source.1 – 4 However, this
technology is currently limited in the commercial setting due to
the high costs and relatively low efficiency of fuel cell catalysts,
largely as a result of the sluggish kinetics of oxygen reduction at
the fuel cell cathode,5 – 7 O2 + 4H+ + 4e→ 2H2O. Currently there
are two leading models of oxygen reduction reaction (ORR), the
direct and series pathways (Fig. 1).8 The former entails the breaking
of the oxygen–oxygen bond before protonation while the latter
involves protonation of the adsorbed O2 before bond breaking and
further reduction.

Although the differences have significant impacts on the inves-
tigation of electrocatalysis, there are two important similarities
worth examining further. First, each intermediate, regardless of
the pathway, is bound to the catalyst surface through the oxygen
atom. Second, the initial step involves adsorption of O2 followed by
an electron transfer, while the final step involves transfer of the last
electron and removal of water. The first fact results in a linear cor-
relation of the bonding interaction between a catalyst surface and
an individual oxygen intermediate (OI). That is, any surface that will
bind strongly to an OI will also interact strongly with the others.
The consequence of the second fact is that facile adsorption and
desorption are necessary for complete and efficient reduction. The
overall significance of these two facts is that the best catalysis for
ORR must exhibit moderate binding to oxygen and OIs.9,10 In fact,
theoretical studies, in conjunction with experimental work, have
shown that Pt binds to OIs about 0.1 to 0.2 eV too strongly, whereas
metals such as silver and gold do not interact appreciably with OIs
and therefore are limited by the initial adsorption of water in oxy-
gen reduction activity.11 – 13

This varying affinity to oxygen can be further related to the
d band center relative to the Fermi level, and when plotted
vs activity, shows a volcano shaped trend that was predicted
by Sabatier years ago.5,9,10,14 – 18 Figure 2 shows the activity of
pure metals plotted against the difference between the d band
center and the Fermi level (𝜀d − 𝜀f). The metals showing strong
interactions with OIs tend to have a high d band center relative
to the Fermi level, while those with weaker interactions with OIs
have a lower d band center. It is also clear that Pt is the most active
metal but there is still room for improvement.

To reach the peak of this theoretical volcano, a number of
strategies have been adopted. These include the formation of
core/shell and homogeneous alloy nanoparticles,5,10,11,19 – 22 size
manipulation,23 – 27 controlled growth of particle shape or facet
orientation,28 – 31 and organic functionalization.32 – 36 In addition,
techniques to improve and manipulate the role of the supporting
substrate are also being developed and have shown promising
results.37 – 47

Metal nanoparticle catalysts are generally deposited on a robust,
high surface area, highly conducting substrate to provide maxi-
mum exposure of the metal surface and minimum charge trans-
fer resistance to the electrode.48,49 Carbon black (CB) is typically
utilized; yet there are issues in terms of purity, stability, and sus-
tained particle deposition. Such a carbon support is generally
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Figure 1. Direct and series pathways for oxygen reduction. Reproduced with permission from ref. 8.

Figure 2. ORR specific activity of different metal (111) facets as a function
of difference between d band center and Fermi level. Reproduced with
permission from ref. 9.

used in acidic media because it has been found that continuous
use in alkaline media will lead to corrosion and inactivity.50 Thus,
other carbon-based substrates are emerging, such as graphene,
graphene oxide (GO), graphene quantum dots (GQDs),44 – 47,51

mesoporous carbon,39 – 41 and 1D materials such as carbon nan-
otubes and fibers.37,38,42,43 Thus far, graphene-based supports have
shown much improvement over the traditional carbon black dis-
playing remarkable charge-transfer properties, high surface area,
chemical inertness, and mechanical flexibility, and are therefore
the focus of much research.52

Furthermore, the incorporation of heteroatoms into the
graphitic structure has enabled efficient oxygen reduction with-
out metal nanoparticle catalysts.53 – 55 The doping of heteroatoms
is thought to activate neighboring carbon atoms for oxygen
adsorption and subsequent reduction.56,57 Diverse methods have
been reported for the synthesis of doped carbons with precise
control over the molecular configurations of the dopants and
electronic interactions with the 𝜋 system.58,59

Therefore, in this review article, we will summarize recent
key progress in the study of ORR electrocatalysis based on
graphene-supported metal nanoparticles, where graphene may
simply serve as a structural support for nanoparticle dispersion
(following section), or more importantly, impact the electronic
interactions of the metal nanoparticles with reaction species and
hence the ORR performance (3rd section). We also discuss the lat-
est breakthroughs of heteroatom-doped graphene as metal-free
electrocatalysts for ORR (4th section) to highlight the diverse roles
that graphene derivatives play in ORR electrocatalysis. Finally,
we include a perspective (5th section) on the development of
nontraditional ORR catalysts in light of the few and yet promising
examples of MoS2 for electrocatalytic oxygen reduction.60 – 63

GRAPHENE AS SUPPORTING SUBSTRATES
Carbon black (CB) is the most commonly used support material
for nanoparticle catalysts.48,49 However, there are several issues
that limit the activity and durability of the catalysts, including:
(i) the presence of organosulphur impurities; (ii) deep microp-
ores or recesses which trap the catalyst nanoparticles making
them inaccessible to reactants, thus leading to reduced catalytic
activity; and (iii) thermochemical instability.49 Therefore, other
support materials have been explored. Yet, supports such as
mesoporous carbon,39 – 41 carbon nanofibers (CNF),42,43 and car-
bon nanotubes (CNTs)37,38 have generally not shown remarkable
improvement over carbon black,64,65 whereas graphene/graphene
oxide (GO)/GQDs have emerged as promising supports for ORR
electrocatalysts.44 – 47

Indeed, much progress has been made with graphene-
supported Pt nanoparticles, as platinum has long been the cata-
lyst of choice for ORR.44,66 – 74 For instance, Kou et al.66 prepared Pt
nanoparticles (average dia. 2.0 nm) supported on functionalized
graphene sheets (Pt-FGSs), which exhibited a high surface area
(600 m2 g−1 by the Brunauer–Emmett–Teller method) and a mass
activity that was c. 30% better than that of commercial Pt/C, along
with improved stability as manifested in durability tests. This
was attributed to the 𝜋 sites and functional groups in FSGs that
enhanced metal–support interaction, leading to enhanced resis-
tance of the Pt nanoparticles against sintering and aggregation
and consequent improved stability and durability.
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Figure 3. (a) Mass activity; (b) specific activity at 0.9 V versus RHE for different catalysts. Mass and specific activities are given as kinetic current densities
(jk) normalized in reference to the loading amount of metal and ECSA (ECSA from CO stripping), respectively; (c) comparison of decrease in ECSA for the
catalysts. Reproduced with permission from ref. 71.

In another study, Chen and co-workers44 prepared GQDs-
supported Pt nanoparticles (Pt/GQD) as efficient ORR catalysts.
TEM studies showed that Pt nanoparticles (average dia. 2.79 nm)
were well dispersed and surrounded intimately by GQDs. Electro-
chemical studies showed that the ORR performance of Pt/GQD was
markedly better than that of commercial Pt/C catalysts, as mani-
fested by a more positive onset potential (Eonset,+1.05 V vs+0.98 V,
both referenced to RHE) and higher kinetic current density (14.52
A m−2 vs 1.66 A m−2 at +0.90 V). Durability was also found signifi-
cantly enhanced of the Pt/G catalysts over that of the Pt/C catalysts.

In other studies,71,75 the graphene substrates are further func-
tionalized or a second support is added to further enhance the
activity and stability of the nanocomposite catalysts. For instance,
Tiwari et al.71 synthesized highly durable ORR electrocatalysts
based on Ptn nanoparticles (c. 1 nm in diameter) supported on
double-stranded DNA-modified graphene oxide (Ptn/gDNA-GO).
CO-stripping voltammetric measurements showed that the elec-
trochemical surface area (ECSA) of Ptn/gDNA-GO (149.8 m2 g−1)
was much larger than those of Pt/GO (without DNA modifica-
tion, 59.1 m2 g−1) and commercial Pt/C (73.4 m2 g−1) – the latter
nanoparticles were much larger, both around 2 to 3 nm in diam-
eter. In ORR tests, the onset potential (Eonset) and half-wave poten-
tial (E1∕2

) for the Ptn/gDNA-GO were found to be at +1.01 V and
+0.90 V, both markedly more positive than those of Pt/GO (+0.99 V,
+0.83 V) and Pt/C (+0.95 V, +0.85 V). More significantly, the mass
activity at +0.90 V for Ptn/gDNA-GO was 317 A gmetal

−1, which was
3.3 and 2.6 times higher than that for the Pt/C and Pt/GO (Fig. 3(a)),
and the area specific activity at +0.90 V for Ptn/gDNA-GO was 1.63
and 1.03 times of that for Pt/C and Pt/GO, respectively (Fig. 3(b)).
Accelerated degradation tests (ADT, Fig. 3(c)) also showed that
the Ptn/gDNA-GO catalysts exhibited the best stability among the
series. The remarkable performance was attributed to the strong
interactions between the nanosized platinum clusters and the
DNA–GO composite, which manipulated the electronic structure
of the platinum clusters.

In another study, Li et al.75 inserted CB particles into Pt-loaded
RGO, which effectively minimized the re-stacking of the RGO
sheets and hence facilitated diffusion of oxygen through the
catalyst layer, leading to a markedly enhanced ORR performance.

In comparison with Pt, Pd catalysts are usually a few times
less active for ORR; yet Pd is more tolerant to CO poisoning and
two/three times less expensive and more abundant than Pt,76

making it especially suitable as cathode catalytic materials in,
for instance, direct formic acid fuel cells,77,78 direct alcohol fuel
cells,77,79,80 and polymer electrolyte membrane fuel cells.79,80 Thus,

research efforts have been focused primarily on enhancing the Pd
activity by alloying with other elements, tuning the local chemical
environment, and improving the interactions with the support
materials.81 Among those, loading Pd nanoparticles on graphene
(or GO/GQDs) is an effective way to improve the ORR activity. In
a theoretical work, Liu et al.81 studied the impacts of graphene
support on the electrocatalytic activity of Pd nanoparticles by
first-principles calculations. They found that the binding energy of
a Pd13 nanoparticle on a single vacancy graphene was as high as
−6.10 eV due to hybridization between the Pd dsp states and the
sp2 dangling bonds at the graphene defect sites, prohibiting the
sintering and segregation of the Pd nanoparticles. Such strong
interaction between the Pd nanoparticles and graphene also led
to a shift of the Pd d band center from −1.02 to −1.45 eV, and
hence an improved ORR activity. Furthermore, the electrocatalytic
activity may be further enhanced by the weakened adsorptions
of OIs as the adsorption energies of O, OH, and OOH are reduced
from −4.78, −4.38, −1.56 eV on the freestanding Pd13 nanopar-
ticles to −4.57, −2.66, and −1.39 eV on the Pd13/single vacancy
graphene composites.

In an experimental study, Seo et al.82 prepared graphene
nanosheets (GNS) supported Pd nanoparticles (Pd/GNS) which
showed high ORR activity in alkaline media, compared with Pt/GNS
(Fig. 4). TEM studies showed that GNSs exhibited a sheet-like mor-
phology and Pd or Pt nanoparticles were well dispersed on the
GNS surface (average dia. 1.80 nm for Pd and 1.87 nm for Pt). Elec-
trochemical studies in oxygen-saturated 0.1 mol L−1 NaOH (Fig. 5)
showed that for Pd/GNS, Eonset =+1.05 V and E1∕2

=+0.90 V, more
positive than those for Pt/GNS (Eonset =+1.00 and E1∕2

=+0.85 V).
The number (n) of electron transfer in ORR is also higher for
Pd/GNS (3.97) than for Pt/GNS (3.81). Furthermore, the Pd/GNS
catalysts showed good durability, retaining more than 90% of
the initial activity after 100 cycles, due to the strong interactions
between Pd and GNSs.

In another study, Truong-Phuoc et al.83 prepared few-layered
graphene-supported palladium (Pd/FLG, dia. 3–20 nm), which
showed a markedly better ORR catalytic performance than com-
mercial Pd/C and Pt/C. For instance, Eonset and E1∕2

are both∼50 mV
more positive than those of Pd/C and Pt/C (Fig. 6(a)). Furthermore,
the specific activity (js) for Pd/FLG is also much higher (Fig. 6(b)).
For instance, js at +0.90 V was about 3.9 mA cm−2 for Pd/FLG,
much higher than 2.6 mA cm−2 and 2.8 mA cm−2 for Pt/C and Pd/C,
respectively. What is more, from Fig. 6(c) and (d) it can be seen
that Pd/FLG exhibited excellent stability in long-term operation,
compared with Pd/C and Pt/C, where the ECSA remained almost
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Figure 4. TEM images of (a) GNS, (b) Pd/GNS and (c) Pt/GNS, with corre-
sponding histograms of particle sizes. The inset to Fig. 4(a) shows an image
of a GNS obtained by scanning electron microscopy (SEM). Insets to panels
(b) and (c) are the corresponding core size histograms. Reproduced with
permission from ref. 82.

unchanged after 2500 cycles and js only dropped by 2% for Pd/FLG,
while 35% and 20% for Pt/C and Pd/C, respectively. In addition,
Pd/FLG also showed better methanol tolerance than Pd/C and
Pt/C. These were accounted for by the strong interactions between
the Pd nanoparticles and the graphene sheets, leading to electron
transfer or charge redistribution through the hybridization of Pd
and FLG electronic states, and lattice strain of the first few layers of
Pd atoms grown on FLG.84,85

Unlike platinum-group metals, bulk gold has attracted little
attention in electrocatalysis mainly due to its poor catalytic

performance. However, when the dimensions of the gold catalysts
are diminished to the nanoscale, the properties of the material
exhibit a dramatic deviation from those of bulk Au.86,87 In fact, a
series of studies have been carried out to examine the ORR activity
of gold nanoparticles.88 – 90 Of these, graphene (including GO
and GQDs) has been used as support materials to help disperse
gold nanostructures and enhance the ORR performance.89 – 93

For instance, Govindhan et al.94 electrochemically deposited Au
nanoparticles (average diameter 6.8 nm) on reduced GO (Au/RGO)
that was cast onto a glassy carbon electrode (GCE) surface. Elec-
trochemical measurements clearly show a much enhanced ORR
activity of the Au/RGO catalysts over that with gold nanoparticles
alone in both 0.1 mol L−1 H2SO4 and KOH solutions.

In another study, Wang, et al.95 deposited smaller gold nanopar-
ticles (3–5 nm in diameter) on sulfhydryl-functionalized graphene
oxide (Au–GOSH). Electrochemical measurements demonstrated
that the Au–GOSH hybrid exhibited a markedly better ORR perfor-
mance, with a more positive onset potential and higher reduction
current, than bulk Au electrode, gold nanoparticles alone on
GCE, and Au/RGO composite in another study.92 From the Tafel
plots, one can tell that Au–GOSH exhibited a larger exchange
current density than individual Au nanoparticles, indicating that
the improved activity resulted from the synergetic effect of gold
nanoparticles and graphene. Moreover, durability tests showed
the Au–GOSH hybrid exhibited excellent stability during ORR
measurements with a constant current for 10 h.

Yin et al.93 prepared even smaller Au nanoparticles (dia.
1.8± 0.2 nm) that were surfactant-free and deposited on RGO
surfaces (Au/RGO) by the freeze-drying method. Voltammetric
measurements demonstrated that the n value for ORR at Au/RGO
was 3.6 to 3.7 in the potential range −0.8 to −0.3 V (vs Ag/AgCl),
with Eonset =−0.1 V vs. Ag/AgCl (or c. +0.87 V vs RHE). Whereas the
limiting current was apparently lower than that of commercial
Pt/C, the Au/RGO hybrids exhibited much improved long-term
durability where the onset potential degraded by only 33 mV com-
pared with 82 mV for commercial Pt/C after continuous operation
for 20 h. The ORR performance was attributed to three factors: the
diminished Au particle size led to a decreased activation energy
for the dissociation of absorbed oxygen molecules; the absence
of capping ligands facilitated charge transfer at the metal–carbon
interface; and the synergetic coupling between Au particles and
RGO lowered the dissociation activation energy of oxygen by
enhanced charge transfer between metal and oxygen as well as
the reduced energy barrier for the rate-determining step.

Silver has also been explored as a possible ORR catalyst.96,97 In a
recent study, Lim et al.98 prepared highly dispersed Ag nanopar-
ticles (dia. ∼10 nm, Fig. 7(b)) on RGO (Fig. 7(a)) at a high Ag
loading of 60 wt%, and examined the ORR activity in alkaline
media, compared with commercial carbon-supported Ag cata-
lysts (60 wt% Ag/C from Premetek, Fig. 7(c)). Lead underpoten-
tial deposition (UPD) showed that the ECSA was 1.9 cm2 for
Ag/RGO and only 0.2 cm2 for Ag/C. ORR tests were then car-
ried out in an oxygen-saturated 0.1 mol L−1 NaOH solution where
Ag/RGO exhibited a much higher ORR activity than Ag/C, with
a more positive Eonset (+0.01 V vs. Hg/HgO (1 mol L−1 KOH)) and
E1∕2

(around −0.23 V vs. Hg/HgO (1 mol L−1 KOH)). Furthermore,
the mass-specific kinetic current density of the Ag/RGO catalysts
at −0.23 V (vs. Hg/HgO (1 mol L−1 KOH)) was calculated to be
10 mA mg−1, four times higher than that for Ag/C. In addition, the
n value was 3.9 for Ag/RGO within the potential range of +0.65 to
+0.80 V (vs. Hg/HgO (1 mol L−1 KOH)), much larger than that (<2.5)
for Ag/C. This indicates that oxygen was reduced at Ag/C through
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Figure 5. (a) Comparison of the polarization curves for the ORR in an O2-saturated 0.1 mol L−1 NaOH solution with a sweep rate of 10 mV s−1 at room
temperature; rotating speed: 1600 rpm. Inset is the zoom-in of the voltammetric profiles within the potential range of 0.85 to 1.0 V. (b) Bar plots of the
ORR mass and surface area normalized activities (jm and jk) at 0.9 and 0.85 V vs. RHE. Reproduced with permission from ref. 82.

(a) (b)

(c) (d)

Figure 6. ORR performance of Pd/FLG (vs. Pt/C and Pd/C): (a) polarization curves, (b) Tafel plots, (c) Pd/FLG, Pd/C and Pt/C current density drops at +0.9 V
with cycle number, (d) ECSA measurement–CV curves of Pd/FLG before and after 2500 cycles, RHE= reversible hydrogen electrode. Reproduced with
permission from ref. 83.

both the 2- and 4-electron reduction pathways, while at Ag/RGO
ORR predominantly proceeded by the 4-electron reduction path-
way under alkaline conditions.

Lee et al.99 prepared silver nanoparticles supported on dithiol-
functionalized GO sheets (GO-S(CH2)xSH with x = 2, 3, and 4).
The size of the Ag nanoparticles in the resulting GO-Cx-Ag
hybrids increased with decreasing ligand length, 3.0 nm at
x = 2, 5.6 nm at x = 3, and 8.6 nm x = 4. At x = 0 (the compos-
ite was denoted as GO-Ag), however, the Ag nanoparticles
were much larger at around 20 nm. The corresponding ECSA
decreased accordingly at 72, 63, 53, and 45 m2 g−1, respectively.
Electrochemical studies showed that the GO–C2 –Ag sample

exhibited the best ORR activity among the series with the most
positive Eonset (−0.11 V vs. Ag/AgCl), highest kinetic current den-
sity, and largest n value (3.8 to 4 within the potential range of −1.2
to −0.6 V vs Ag/AgCl). However, it remained unclear whether the
enhanced performance was due to the diminishing nanoparticle
core size and/or to the short surface capping ligands.

Graphene derivatives have also been exploited to support
other metal/alloy/oxide nanoparticles for ORR electrocatalysis.
For instance, enhanced ORR activity has been observed with
copper oxide nanoparticles grown on nitrogen-doped RGO sur-
face, in comparison to N-RGO alone or CuO/GO composites.100

Studies have also been carried out with nanocomposites based on

wileyonlinelibrary.com/jctb © 2015 Society of Chemical Industry J Chem Technol Biotechnol 2015; 90: 2132–2151
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Figure 7. TEM images of the prepared (a) GO, (b) 60 wt% Ag/RGO, (c) 60 wt% Ag/C (Premetek) catalysts. Reproduced with permission from ref. 98.

(a) (b)

Figure 8. (a) Current–potential curves for ORR of Pt/RGO, Pt/RGO-0.5 h, Pt/RGO-1 h, Pt/RGO-2 h, Pt/GNS, and Pt/C catalysts. (b) Changes in the ECSA of
catalysts with increasing number of potential cycles. Reproduced with permission from ref. 110.

graphene-supported metal alloy nanoparticles70,101 – 105 or metal
oxide nanoparticles such as Co3O4

46 and Co/CoO.106 In these prior
studies, the ORR results are interpreted within the context where
graphene derivatives primarily serve as a structural support to
enhance dispersion and minimize aggregation of the nanoparticle
catalysts. However, further studies suggest that graphene might
play a far more active role in manipulating the ORR activity by
electronic interactions with the metal nanoparticles as well as by
heteroatom doping that impacts the bonding interactions with
oxygen species. These will be summarized below.

ELECTRONIC INTERACTIONS BETWEEN
GRAPHENE AND NANOPARTICLE CATALYSTS
In the above studies, oxygen-containing functional groups
of graphene derivatives have been proposed to improve the
metal–graphene interactions, stabilize the metal nanoparticles,
prevent 𝜋 −𝜋 stacking between the graphene sheets, and there-
fore enhance the ORR activity of the metal nanoparticles. Note
that in some previous reports107 – 109 it was claimed that the higher
the graphitization degree of the carbon supports, the higher the
electrochemical stability for carbon supported Pt catalysts. There-
fore, several studies45,110 have been conducted to investigate the
relationship between the ORR performance and the amount of
oxygenated groups or defects on the graphene surface.

For instance, He et al.110 found that by having a certain amount
of oxygen-containing groups on the RGO surface the ORR
performance of the Pt/RGO catalysts could be greatly improved.
This suggests bifunctional effects of RGO on the activity and

stability of Pt catalysts by compromising the degree of graphiti-
zation and the amount of oxygen-containing groups on the RGO
surface. Experimentally, the degree of deoxidization of GO was
manipulated by thermal treatment of Pt/RGO nanocomposites
at 300 ∘C in a H2 atmosphere for 0.5, 1, and 2 h, respectively, and
the final products were named as Pt/RGO-0.5 h, Pt/RGO-1 h, and
Pt/RGO-2 h. Raman and XPS measurements showed the forma-
tion of increasingly graphitic carbons after the heat treatment,
leading to diminishment of the charge transfer resistance (RCT),
as manifested in electrochemical impedance measurements. The
results indicate that the oxygen-containing groups did play an
important role in metal-support interactions. Voltammetric mea-
surements in Fig. 8(a) showed that the mass activity for Pt/RGO-1 h
was 9.2 mA mg−1, which is 1.3 and 1.5 times those of the Pt/RGO
(7.3 mA mg−1) and the Pt/GNS (6.3 mA mg−1), respectively. This
enhancement was ascribed to the increase of the RGO conduc-
tivity as well as the well-dispersed Pt nanoparticles on the RGO
surface. However, when the heating time increased to 2 h, the
catalytic activity of Pt/RGO decreased, probably due to nanopar-
ticle aggregation. The stability of the Pt/RGO samples as ORR
catalysts were also evaluated. As shown in Fig. 8(b), it is evident
that Pt/RGO-1 h was the most stable sample among the series.
After 4000 cycles of potential sweeps, 54.0% of the initial ECSA
was retained, much higher than those of others.

In another study, Song et al.45 identified an optimal concen-
tration of the structural defects within GQDs for maximal ORR
activity of Pt/GQD nanocomposites. The GQD structural defects
were manipulated by hydrothermal treatment at controlled tem-
peratures (140 to 200 ∘C) for different periods of time (3, 6, and
12 h). TEM measurements (Fig. 9) showed that the sizes of the Pt
nanoparticles were in the narrow range 2.5 to 3.5 nm in diameter
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(b)(a)

(c) (d) (e) 

(g) (h)(f)

(k)(j)(i)

3.18 ± 0.51 nm2.92 ± 0.46 nm

2.91 ± 0.39 nm 2.83 ± 0.42 nm 2.87 ± 0.43 nm

2.78 ± 0.43 nm 2.90 ± 0.37 nm 2.85 ± 0.48 nm

8.23 ± 5.61 nm 7.86 ± 5.56 nm 10.67 ± 7.42 nm

Figure 9. Representative TEM micrographs of GQD-supported Pt nanoparticles prepared by hydrothermal treatment at various temperatures for different
periods of time: (A) 140 ∘C, 6 h; (B) 140 ∘C, 12 h; (C) 160 ∘C, 3 h; (D) 160 ∘C, 6 h; (E) 160 ∘C, 12 h; (F) 180 ∘C, 3 h; (G) 180 ∘C, 6 h; (H) 180 ∘C, 12 h; (I) 200 ∘C, 3 h;
(J) 200 ∘C, 6 h; and (K) 200 ∘C, 12 h. Scale bars are all 10 nm except for panel (I) where it is 50 nm. Reproduced with permission from ref. 45.

and averaged below 3.0 nm when the hydrothermal tempera-
tures were kept within the range 140 to 180 ∘C, but markedly
larger at 8–12 nm in diameter when the temperature went up
to 200 ∘C. This was because hydrothermal treatment at high
temperatures (200 ∘C) decreased the GQD defect concentration,
rendering it difficult to effectively passivate the Pt nanoparticles
and consequently the Pt particle size increased.111 In fact, FTIR

measurements showed that after hydrothermal treatment the
vibrational bands of oxygen-containing groups like O−H, C=O,
and C−O−C groups diminished significantly or even disappeared,
and the C=C stretches exhibited an apparent red-shift. This was
accounted for by the (partial) removal of the oxygen-containing
groups and the restoration and hence growth of the sp2 car-

bon domains in GQDs. This is consistent with results from
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Figure 10. Variation of the ORR kinetic current density at +0.85 (solid
circles) and+0.90 V (empty circles) with GQD structural defects manifested
as the defect concentrations from XPS measurements and I(D)/I(G) ratio
in Raman spectroscopic measurements. Reproduced with permission from
ref. 45.

Raman measurements where the ratio (I(D)/I(G)) of the D and
G band intensity decreases with the increase of the heating
temperature and treatment time. That is, the GQDs defect con-
centration could be readily controlled by varying experimental
conditions.

XPS analysis showed that the concentration of non-sp2 car-
bons (collectively defined as defects) decreased markedly with
increasing hydrothermal temperature and reaction time, and
an approximately linear relationship was observed between
the atomic ratio of defective carbons to total carbons and the
I(D)/I(G) ratio, suggesting direct correlation between the two
measurements. Furthermore, the Pt/G-160-12 h (160 ∘C for 12 h)
and Pt/G-180-6 h (180 ∘C for 6 h) samples were found to exhibit
the lowest binding energies of Pt4f electrons among the series,
signifying minimum charge transfer from Pt to GQDs in these
two samples. Interestingly, these two samples also exhibited the
best electrocatalytic performance in ORR, as manifested in RRDE
voltammetric measurements. As depicted in Fig. 10, the ORR
activity exhibited a volcano-shaped variation with the GQD defect
concentration (quantified by XPS and Raman measurements),

(a) (b)

Figure 11. TEM image (a), and HRTEM (b) image of CoNPs@NG. Inset to (b) is the selected area electron diffraction pattern. Reproduced with permission
from ref. 115.

and the Pt/G-180-6 h and Pt/G-160-12 h samples stood out as
the best among the series. This can be ascribed to the intimate
interactions between the Pt nanoparticles and the GQDs, leading
to the deliberate manipulation of the d-band center of the Pt
nanoparticles and hence the charge transfer dynamics of the
oxygen reduction.8,112

In a recent theoretical study,113 it was shown that strong binding
between small metal nanoclusters and graphene can be achieved
by growing metal nanoclusters on both sides of the graphene
sheet where the nanoclusters may even penetrate the plane.
This leads to even higher thermodynamic stability than metal
nanoclusters grown only on one side of a graphene support. More
importantly, higher catalytic activity may arise, because a new
band gap is introduced into the graphene plane by the in situ
formed defects, providing a possible tool to further tune the elec-
tronic properties of graphene. The electrocatalytic activity may
also be improved because of the formation of a Mott–Schottky
contact at the metal–carbon interface.114 Inspired by this, Lv
et al.115 synthesized a graphene-based nanocomposite with
cobalt nanocrystals anchored through nitrogen-doped graphene
planes (CoNPs@NG), which showed superb electrocatalytic activ-
ity and stability for ORR, outperforming even state-of-the-art
Pt/C catalysts. The CoNPs@NG hybrids (Co 5 wt%) were prepared
through a simple one-step pyrolysis method by using CoCl2,
glucose, and dicyandiamide as precursors. XRD measurements
showed three peaks that were consistent with the (111), (200), and
(220) planes of metallic Co (standard PDF card 15–0806), but no
peaks corresponding to graphene oxide, cobalt oxides, carbides,
or nitrides. From TEM measurements (Fig. 11), Co nanoparticles
can be clearly identified with an average diameter of 15 nm, and
selected area electron diffraction (SAED, Fig. 11(b) inset) further
confirms the formation of metallic Co nanoparticles. The ORR
activity of CoNPs@NG was then investigated with linear sweep
voltammetry (LSV). From Fig. 12(a), Eonset and E1∕2

for ORR in an
alkaline solution can be estimated to be at +1.06 and +1.01 V vs.
RHE, respectively, which are more positive than those for bare
NG (+0.90 and +0.81 V), Pt/C (+0.98 and +0.87 V), and other
nanoparticle/graphene based electrocatalysts.46,106,116 – 119 Fur-
thermore, as shown in Fig. 12(b) and (e), the numbers of electron
transfer for CoNPs@NG within the potential range of +0.20 to
+1.00 V were very close to 4 (from 3.80 to 3.99), and the Tafel slope
of 85 mV/dec was close to that for commercial Pt/C, indicating
favorable ORR kinetics for a 4-electron process on the CoNPs@NG
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(a) (b) (c)

(d) (e) (f)

Figure 12. Electrocatalytic activity of various samples in alkaline (a)–(c) and acid (d)–(f ) electrolyte. Rotating ring-disk electrode voltammograms (a),(d),
the electron transfer number (b),(e), and corresponding tafel slopes (c),(f ) of Pt/C, bare NG, and CoNPs@NG. All measurements were conducted on glassy
carbon electrodes at 1600 rpm in O2-saturated electrolytes with a sweep rate of 10 mV s−1. Reproduced with permission from ref. 115.

Figure 13. HRTEM images of CoNPs@NG with the Co NPs uncovered (a), partly covered (b), and completely covered (c) by graphene layers. (d) High
resolution XPS N1s spectra of NG and CoNPs@NG. (e) High resolution XPS O1s spectra of NG and CoNPs@NG. (f ) High resolution XPS Co 2p spectrum of
CoNPs@NG with both metallic Co and Co-X bonds (X might be C, N, or O). Reproduced with permission from ref. 115.

catalysts, likely due to the promoting effect of Co (Fig. 12(d),
(e), and (f )).

To unravel the mechanistic origin, further studies were con-
ducted, and three types of Co NPs were observed: uncovered,
partly covered, and completely covered (Fig. 13(a), (b), and (c)).
XPS measurements (Fig. 13(d), (e), and (f )) showed that the cobalt
was mostly metallic with a small amount of Co–N species but no
Co–O, signifying that the Co NPs anchored through the graphene
plane via the Co–N bond, and more importantly, the involvement

of Co in the NG structure also resulted in an increased amount of
graphitic N atoms (Fig. 13(d)), leading to the formation of highly
active sites for ORR.

In a control test, the ORR activity of CoNPs@NG was found
to diminish markedly after the addition of KSCN into the elec-
trolyte solution (Fig. 14). This further confirmed that the Co–N–C
compounds (which would be readily poisoned by CN− or SCN−)
at the Co NPs-NG interface were largely responsible for the
activation of oxygen and the eventual ORR activity. Interestingly,
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(a) (b)

(c) (d)

Figure 14. Effect of the structure on the ORR activity. (a) Scheme of the active site at the interface of Co NPs and NG. Effect of SCN− ions on ORR activity of
CoNPs@NG (b) catalyst was tested in 0.5 mol L−1 H2SO4. The final concentration of SCN− was 5 mmol L−1. (c) Cartoon schemes and TEM images of typical
nanostructures in CoNP@NG-H+ (obtained by etching CoNPs@NG sample in 7.5 mol L−1 HNO3 for 24 h at room temperature). (b) LSV curves of CoNPs@NG
and CoNP@NG-H+ tested in alkaline electrolyte. Reproduced with permission from ref. 115.

Figure 15. Schematic of the synthesis of N self-doped porous carbon from
water hyacinth. Reproduced with permission from ref. 133.

the SCN− poisoned CoNPs@NG still exhibited better ORR perfor-
mance than bare NG, suggesting additional contributions from
electrocatalytically active sites other than the Co–N complexes.
In addition, even after partial removal of Co from CoNPs@NG, the
sample remained highly active for ORR with no obvious shift of
the onset and half-wave potentials, but only a decreased limit-
ing current density. This was probably due to electron redistribu-
tion among the tightly bonded Co, N, and C that introduced a
new band gap into graphene and made graphene domains adja-
cent to Co NPs more active for ORR. However, partial removal of

Figure 16. Schematic representation of the different N bonding configura-
tions.

Co nanoparticles also led to decreased electric conductivity and
hence decreased limiting current density.

Taken together, these results suggest that ORR at CoNPs@NG
composites mostly involved two types of active sites, the N-doped
graphene domains adjacent to Co as the main sites for oxygen
activation, and the metallic Co NPs for high electric conductivity
and high limiting currents. The stability of CoNPs@NG was also
evaluated in both alkaline and acidic solutions by choronoamper-
ometric measurements. The activity was reduced by less than 10%
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Figure 17. Proposed ORR mechanism on N-doped graphene nanoribbons. Reproduced with permission from ref. 141.

Figure 18. Schematic representation of the active sites in doped carbon materials. Reproduced with permission from ref. 151.

for the CoNPs@NG catalysts either in alkaline or acidic solution
after 30 000 s, whereas both the Pt/C and the CoNPs+NG catalysts
lost about 50% of their ORR activity. All these results indicate the
superior ORR electrocatalytic activity of the CoNPs@NG hybrids.

DOPED GRAPHENE FOR METAL-FREE
ELECTROCATALYSIS
Besides serving as supporting substrates for nanoparticle cata-
lysts, graphene-based materials have also been found to act as
metal-free electrocatalysts with remarkable ORR activity and dura-
bility when doped with heteroatoms such as N, B, S, and Se.53,54,120

The originally ORR-inert 𝜋 electrons may be activated via selective
doping so that O2 molecules can be efficiently reduced on the car-
bon surface.56,57 Several methods are commonly used to prepare

N-doped carbons. One of these is chemical vapor deposition using
N-,55,121 B-,122,123 or S-124 containing precursors. However, this is
not applicable for large-scale production due to special synthetic
instruments and demanding experimental conditions.

One convenient and inexpensive route is based on hydrothermal
treatment at controlled temperatures using C- and N-containing
precursors with appropriate activation reagents. For example, Liu
et al.125 prepared N-doped porous carbons with a specific surface
area up to 1000 m2 g−1 by hydrothermal treatment of glucose
and dicyandiamide with ZnCl2 as an activation reagent. The
samples exhibited a remarkable ORR activity in alkaline media,
with Eonset as positive as +0.96 V, high selectivity of 4-electron
reduction, and superior methanol tolerance, a performance
that was comparable with that of state-of-the-art Pt/C catalysts.
In fact, N-doped carbons have also been prepared by direct
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(a) (b)

(c) (d)

(e) (f)

Figure 19. (a) Cyclic voltammograms of ORR on B,N-graphene and the h-BN/graphene hybrid in an O2-saturated 0.1 mol L−1 solution of KOH (scan rate:
100 mV s−1). (b) LSV of various electrocatalysts on a RDE (1500 rpm) in an O2-saturated 0.1 mol L−1 solution of KOH (scan rate: 10 mV s−1). (c) K–L plots at
−0.6 V for various catalysts on the basis of the RDE data. (d) Extent of HO2

− production and the corresponding electron-transfer number of B,N-graphene
and h-BN/graphene, as based on the RRDE data. (e) Chronoamperometric response of B,N-graphene and Pt/C at −0.3 V in an O2-saturated 0.1 mol L−1

solution of KOH. (f ) Summary of the kinetic limiting current density and the electron-transfer number on the basis of the RDE data and the RRDE data
(values in parentheses) on various catalysts (G stands for graphene in the x-axis labels). Reproduced with permission from ref. 153.

pyrolysis of a wide variety of nitrogen-rich precursors, such as
cyanamide,126 ethylenediamine,127 hexamethylenediamine,128

melamine foam,129 and polymer frameworks.130,131 More recently,
direct pyrolysis of environmentally hazardous materials has also
been used to prepare nitrogen self-doped porous carbons, such
as surplus sludge132 (a toxic byproduct from microbial wastewater
treatments) and water hyacinth (Fig. 15),133 and exhibited appar-
ent ORR activities that was comparable to or even better than
leading literature results.

Whereas direct pyrolysis is currently the most popular method,
active N-species may be inevitably lost during the high tempera-
ture calcination, and it is difficult to control the porosity. Thus, heat
treatment at moderate temperatures of graphene-based materials
with N-containing species is an effective alternative. For instance,
Wang and coworkers134 covalently functionalized graphene
nanoribbons with nitrogen species via high-power electrical joule

heating in ammonia gas, where the carbon–nitrogen bonds were
found to form mostly at highly reactive graphene edges. Other
post-treatment methods include annealing GO in the presence of
melamine,135 heat-treatment of graphene with NH3,53 and thermal
annealing GO with 5-aminotetrazole monohydrate.136 To further
decrease the temperature for thermal treatment, Wu et al.137

hydrothermally treated GO with urea, and Zhang et al.138 utilized
wet-chemical reduction between GO and dicyandiamide to pre-
pare N-doped graphene. In general, these post-synthesis methods
usually yield doped carbon materials with a low nitrogen concen-
tration possibly due to the difficulty of incorporating heteroatoms
into the pre-existing graphitic skeletons at low temperatures.

In these studies, it has been found that the type of nitrogen
dopants plays a critical role in determining the ORR performance.
There are four typical configurations for nitrogen dopants: pyri-
dinic, pyrrollic, graphtic, and pyridinic N in oxidized form (also
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(a1) (a2) (a3)

(b2) (b3)

(c2) (c3)

(d2) (d3)

(e2) (e3)
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(c1)

(d1)
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Figure 20. TEM images of the prepared catalysts for (a) NDC, (b) PNDC-5, (c) PNDC-10, (d) PNDC-15, and (e) PNDC-20, and are indicated by 1 to 3 according
to the magnifications (1. × 6000; 2. × 40000; 3. × 400000). ‘x3’ images (x = a to e) are captured at the edge of the catalysts. Reproduced with permission
from ref. 154.

called quaternary N), as depicted in Fig. 16. Pyridinic N is gener-
ally located at the edge or defects of graphene, pyrrolic N forms
five-membered heterocyclic rings, and graphitic N represents N
atoms that substitute carbon atoms within the graphene plane.
Whereas contributions from different N functionalities towards
ORR are still in debate, quaternary N is commonly believed to be
unfavorable for the electrocatalytic process because of its tetra-
hedral sp3 hybridization with a 3D structure that would interrupt
the original planar structure and conjugation of the graphene𝜋–𝜋
electrons. In addition, it has been suggested that pyridinic N139

and/or graphitic N140 are actually responsible for the ORR perfor-
mance. Interestingly, recent studies suggest equal contributions
from both pyridinic and graphitic N for ORR.141

In a prior study based on DFT calculations,141 it was found that
edge-located carbons that were neighboring graphitic N atoms
showed the lowest energy barrier for the first electron transfer of

ORR. O2 molecules first adsorbed on the active carbon atoms in an
end-on manner (Fig. 17) and accepted protons as well as electrons.
After releasing H2O, the remaining adsorbed oxygen atom would
cleave the C−N bond, forming a CHO group and a pyridinic N
species. The pyridinic N then assisted the subsequent reduction of
the remaining oxygen species, leading to eventual four-electron
reduction. That is, both graphitic and pyridinic Ns were believed
to be important for ORR.

Based on this mechanism (Fig. 17), high nitrogen contents
are expected to be favored for enhanced ORR activity. How-
ever, too high a N content might be disadvantageous for ORR
because of interruption of the 𝜋–𝜋 electron conjugation and
thus low electronic conductivity. Experimental work has indeed
showed an unsatisfactory ORR performance with N-doped
graphene that contains only pyridinic N but at a high concen-
tration (16 at.%).142 First-principle calculations also show that
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(a) (b) (c)

Figure 21. Schematic of the preparation process of Fe-N/C catalysts. Reproduced with permission from ref. 161.

(a)

(b)

(c)

(f)(e)(d)

Figure 22. (a) Cyclic and (b) RRDE voltammograms, (c) plots of H2O2 yield and number of electron transfer of a GCE modified with Fe-N/C-800 and Pt/C
catalysts at the rotation speed of 1600 rpm. (d) LSV curves for Fe-N/C-800 at the rotation rates of 400 to 2025 rpm; inset is the corresponding K-L plots
at different potentials. (e) Corresponding Tafel plots of Fe-N/C-800 and Pt/C catalysts. (f ) LSV curves of Fe-N/C-800 before (solid black) and after (dashed
black) H2SO4 leaching treatments, and in 0.1 mol L−1 KOH aqueous solution with 10 mmol L−1 KCN (dashed grey). All measurements were conducted at
a catalyst loading of 79.6 μg cm−2 in an O2-saturated 0.1 mol L−1 KOH aqueous solution at a sweep rate of 10 mV s−1. Reproduced with permission from
ref. 161.

excessive B and N dopants can significantly increase the energy
gap between the highest-occupied molecular orbital (HOMO)
and the lowest-unoccupied molecular orbital (LUMO), and thus
decrease the chemical reactivity of the doped carbons.143 Theoret-
ical studies have also shown that graphene with a higher nitrogen
content will be more easily poisoned by adsorbed oxygen species
due to stronger oxygen affinity.144 These studies indicate that it is
critical to optimize the nitrogen content for maximal ORR activity.

Dai et al.145 claimed that the high electronegativity of N, com-
pared with that of C, contributed to the high electrocatalytic
activity of nitrogen-doped carbon nanotubes toward ORR. Based
on this, it seems reasonable that carbon materials doped with
heteroatoms such as F,146 or I,147 whose electronegativity is
greater than that of C, will serve as even more efficient metal-free
catalysts for ORR, and for P and B whose electronegativities are

lower than that of C, the ORR activity should be minimal. However,
experimentally, both P-148 and B-doped149 carbons show markedly
enhanced ORR activity, an observation contradictory to the pro-
posed mechanism. Furthermore, when carbon materials are
doped by heteroatoms with electronegativity close to that of C,
such as S150 and Se,120 one still observes apparent ORR activities.
Therefore, it does not appear that the electroneutrality-breaking
theory149 is appropriate for explaining the unique ORR perfor-
mance of heteroatom-doped carbon materials. Zhang et al.151

suggested that the distribution of spin density might actually play
a major role in the formation of catalytic active centers (Fig. 18),
while contributions from atomic charge density might become
significant if the spin density of an atom is small. Doping by foreign
atoms can induce high spin density due to the introduction of
unpaired single electrons, and DFT calculations have showed that
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Figure 23. Depiction of MoS2. Grey represents sulfur and black represents
molybdenum. Reproduced with permission from ref. 170.

higher spin densities are favored for the adsorption of OOH, which
is the initial step in ORR.152 In the meantime, structural distortion
induced by heteroatoms doping should be minimized; other-
wise it will weaken the induced spin density. This may serve as a
fundamental guideline in the selection of proper doping elements.

Compared with doping by single heteroatoms, recent studies
have shown that codoping of carbon-based materials by nitrogen
and other heteroatoms can further enhance the ORR perfor-
mance due to the synergistic effects between the heteroatoms.
For example, Wang et al.143 developed a facile approach to pre-
pare B,N co-doped graphene with tunable N-/B-doping levels
through thermal annealing of GO in the presence of boric acid
and ammonia. The resulting hybrids showed an ORR activity that
was even better than that of commercial Pt/C. This was ascribed
to the formation of a boron–carbon–nitride (BCN) structure; and
first-principles calculations revealed that the energy bandgap,
spin density and charge density were dependent on the doping
level, where graphene with a moderate N- and B-doping level
led to the best ORR electrocatalytic activity. However, in some
other studies, the interpretation based on the formation of BCN
was questioned, and instead, it was argued that the physical
and chemical co-doping actually led to undesired side-products,
including the above-mentioned BCN and hexagonal boron nitride
(h-BN) which were chemically inert and behaved poorly in ORR.
Zheng153 developed an alternative two-step strategy to synthesize
B,N-co-doped graphene by first annealing graphene with NH3 at
an intermediate temperature (e.g. 500 ∘C) and then introducing
B by pyrolysis of the N-doped graphene with H3BO3 at a higher
temperature (e.g. 900 ∘C). They claimed that this might prevent
the formation of inactive side-products, and in fact, the resultant
catalyst exhibited better ORR activity than was observed with B-
or N-doped graphene via a one-step approach, within the context
of onset potential, kinetic limiting current density, number of
electron transfer and stability (Fig. 19).

In another study, Choi154 synthesized P,N-dual doped carbon
via pyrolysis of a mixture composed of dicyandiamide, phospho-
ric acid, cobalt chloride, and iron chloride at 900 ∘C under an Ar
atmosphere. In comparison to N-doped carbon (Fig. 20(a)), the P
dopants led to an uneven surface with increasing open edged sites
(Fig. 20(b)–(e)), leading to an increase of the carbon surface area,
which is beneficial for surface catalytic reactions. Furthermore, the

additional P-doping resulted in more than four-fold enhancement
in mass activity, with the 4e reduction pathway, as compared to
that of N-doped carbon. In N,B-co-doped and N,P-co-doped car-
bon catalysts, one type of dopants (e.g. N) exhibited a higher elec-
tronegativity than carbon, whereas the other dopants (e.g. P, B)
showed a lower electronegativity than carbon; therefore some
believed that the synergistic coupling between the heteroatoms
resulted in the formation of an unique electronic structure for
ORR. It has also been argued that the additional doping of B
or P led to enhanced asymmetry of the spin density or electron
transfer on the basal plane of the graphene and thus decreased
the HOMO-LUMO energy gap of graphene.155 Yet this mechanism
cannot be used to account for the results of N,S-co-doped car-
bon catalysts where the electronegativity of S is close to that
of carbon. Experimentally, Liang et al.156 synthesized N and S
dual-doped mesoporous graphene (N,S-G) by heating a mixture of
melamine/benzyl disulfide (BDS)/SiO2 at a weight ratio of 5:5:1:5
at 900 ∘C in Ar to form N,S-G/SiO2, where commercially avail-
able colloidal silica nanoparticles were employed to create large
mesopores in the graphene catalysts. The resulting N,S-G hybrids
exhibited an onset potential quite close to that of commercial
Pt/C, which was much more positive than that of single doped or
un-doped graphene, indicating that the dual-doping strategy was
effective in developing highly-efficient metal-free catalysts for oxy-
gen reduction reactions.

Research has also been carried out with ternary doping of
carbon by, for instance, P, S and N,157 where the motivation was to
produce a large number of edge sites and increase the fraction of
pyridinic-N sites in the carbon materials such that the ORR activity
might be significantly enhanced.

In these studies, the ORR activity has been primarily ascribed
to the doped carbons that serve as efficient ORR active sites.
However, in some recent studies it has also been argued that
the ORR activity may actually arise from trace amounts of metals
in the carbon materials. In the experimental synthesis of GO by
wet chemistry, chemical vapor deposition, or pyrolysis, metal
compounds are typically involved. To address such an issue, Masa
et al.158 prepared N-modified carbon catalysts without the use of
any metal precursors and then deliberately added trace metals
into the carbon materials. They found that the pristine carbons
did not show as good an ORR activity as the metal-modified ones.
Researchers159,160 also suggested that metal-related nanoparticles
within the sp2 carbon structures might significantly influence
their electrocatalytic activities or even play a dominant role. Yet,
in a recent study,161 Niu et al. fabricated self-supported N-doped
mesoporous carbons with FeO(OH) nanorods as thermally remov-
able, rigid templates by combining hydrothermal synthesis and
pyrolysis treatments at controlled temperatures (Fig. 21). The
resulting mesoporous carbons exhibited a remarkable ORR activ-
ity with Eonset as positive as +0.98 V vs RHE, superior stability, and
better tolerant ability against methanol poisoning than com-
mercial Pt/C catalysts in alkaline media. They also found that
substantial ORR activities were retained after cyanide poisoning
or hot H2SO4 leaching (Fig. 22) which could block the Fe-based
sites or remove metal (oxide) species. The results suggested that
Fe-containing species were possibly involved in ORR but the
contributions were likely small and graphitic N should be the
predominant active components.

Note that whereas doped carbon materials show apparent
catalytic activities towards ORR in alkaline media, their activities
in acidic solutions are generally limited, compared with that of
commercial Pt/C catalysts. Thus, doped carbons have been largely
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used as a unique (but passive) support for nanoparticle catalysts in
acidic media.162 – 167 Indeed, it remains a challenge in developing
effective carbon-based metal-free ORR catalysts in acid. This will
largely depend on the understanding of the mechanistic origin of
carbon-based ORR electrocatalysis.

SUMMARY AND PERSPECTIVES
In this article we have reviewed recent key progress in using
graphene derivatives both as chemically robust substrates to
support metal nanoparticles and as active metal-free catalysts
for efficient electroreduction of oxygen. In these applications,
graphene-based materials serve multiple purposes, for instance,
to disperse metal nanoparticles and allow efficient charge transfer,
and to impart electronic interactions so as to enhance the activity
of the associated metal catalysts. Importantly, by deliberate dop-
ing of the molecular skeletons with heteroatoms, the carbons may
even catalyze ORR without the incorporation of metal nanopar-
ticles. In these studies, the structures of the graphene-based
materials, in particular, the structural defects, are thought to
play a critical role in the manipulation of the electronic inter-
actions between the graphene substrates and the metal parti-
cles, as well as bonding interactions with oxygen and oxygen
intermediates.

Despite substantial progress, much remains to be done. One
critical aspect is to advance our understanding of the ORR mech-
anisms at these varied catalysts through novel theoretical and
experimental design and evaluation. This will render it possible
to differentiate the contributions/impacts of diverse structural
parameters. Within such a fundamental framework, one may then
achieve deliberate engineering of the structures and properties
of the functional nanocomposites, such that the eventual electro-
catalytic performance can be further enhanced and optimized.

Another critical area of research is to develop effective ORR
catalysts based on other cost-effective, earth-abundant materials.
For instance, other 2D layered materials such as molybdenum
sulfide have also demonstrated catalytic activity toward oxygen
reduction.60,61,168,169 MoS2 is a transition metal chalcogenide that
displays a layered structure similar to graphene, with an extended
network of alternating Mo and S atoms (Fig. 23).170 Diverse
synthetic techniques have been used, including hydrothermal
methods,171 scotch tape cleavage,172 laser exfoliation,173 sol-
vent sonication,174 and others.175 The activity towards ORR has
been recognized for MoS2 nanoparticles and nanosheets,168 and
MoS2/reduced graphene oxide (MoS2/RGO) composites have
been found to exhibit onset potential and ORR activity better than
those of the individual constituents. Theoretical and experimental
evidence suggests that the edges of the MoS2 sheets are the
catalytically active sites,176 – 179 because of strong chemisorption
of various molecules including O2 at the edges.180,181 However,
the overall ORR activity of MoS2 alone is generally rather low,
compared with traditional platinoid metal catalysts. Thus, incor-
poration of metal nanoparticles is typically needed to enhance
the ORR performance by taking advantage of the synergistic
interactions between the two structural components and the
formation of a unique interface.60,182 Significant breakthroughs
are needed to move forward in this area of research.
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