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ABSTRACT: To address aggravating energy and environment issues,
inexpensive, highly active, and durable electrocatalysts as noble metal
substitutes both at the anode and cathode are being actively pursued.
Among them, heteroatom-doped graphene-based materials show
extraordinary electrocatalytic performance, some even close to or
outperforming the state-of-the-art noble metals, such as Pt- and IrO,-
based materials. This review provides a concise appraisal on graphene
doping methods, possible doping configurations and their unique
electrochemical properties, including single and double doping with N,
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B, S, and P. In addition, heteroatom-doped graphene-based materials

are reviewed as electrocatalysts for oxygen reduction, hydrogen evolution, and oxygen evolution reactions in terms of their
electrocatalytic mechanisms and performance. Significantly, three-dimensional heteroatom-doped graphene structures have been
discussed, and those especially can be directly utilized as catalyst electrodes without extra binders and supports.
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1. INTRODUCTION

1.1. Graphene-Based Materials for Electrocatalysis.
Electrocatalysis, which was first introduced by Kobosev and
Monblanowa in 1936, can be explained as the acceleration of
an electrochemical process occurring on the electrode surface.
Heterogeneous electrocatalytic reactions generally involve
interactions of the reactants, intermediates, or products with
the electrode surface. Consequently, the electrocatalytic
performance is highly dependent on the electrode material,
specifically its surface area, electroconductivity, catalytic activity,
long-term stability, etc.’

Since 2004 when graphene was first prepared via the “Scotch
tape” method, it has emerged as the subject of intense research,
especially as the key component of electrode materials.”
Graphene is an indefinitely extended two-dimensional (2D)
carbon crystal, in which carbon atoms are packed in a hexagonal
lattice resembling a honeycomb.”® Significantly, numerous
fascinating properties of graphene have been reported,
including high specific surface area, excellent mechanical
strength and flexibility, and unparalleled thermal and electrical
conductivity as well as superior electronic properties.
Numerous methods have been developed to synthesize
graphene, such as the Hummers method, chemical vapor
deposition (CVD), direct liquid exfoliation, etc."™’ Meanwhile,
the raw materials used to prepare graphene, such as natural
graphite, carbons, polymers, biomass wastes, etc., are
abundant.'”"" The availability of effective methods of synthesis
and a large variety of precursors as well as the unique properties
of graphene make it a very promising candidate for large-scale
production and commercialization of energy devices.

-4 ACS Publications  © 2015 American Chemical Society

5207

From the condensed matter viewpoint, graphene is
constructed of sp>-bonded carbon atoms via hybridization of
S, P and p, atomic orbitals, forming three strong ¢ bonds with
three adjacent atoms. The remaining p, orbital on each carbon
overlaps with those from neighboring atoms, establishing a
filled band of 7 orbitals (valence band) and an empty band of
7* orbitals (conduction band). Therefore, graphene can be
considered either as a metal with vanishing Fermi surface or a
semiconductor with zero bandgap. The lack of intrinsic
bandgap greatly limits the applications of pristine graphene in
such areas as nanoelectronics, energy storage and electro-
catalysis, so it is appealing to induce a bandgap in graphene to
advance the aforementioned applications.”™"* Several methods
have been proposed to open the bandgap in graphene, such as
chemical functionalization, multilayer graphene, molecular
adsorption, confinement, and edge-effects-induced bandg-
ap.”~'® For example, new electronic properties arise when
various morphologies of graphene are obtained, including zero-
dimensional (0D) graphene quantum dots (GQDs) and one-
dimensional (1D) graphene nanoribbons (GNRs), which are
highly dependent on the size and edge lattice symmetry.'®"’
The predominantly zigzag-edged, 2.3 nm-wide GNRs exhibit a
smaller bandgap (0.14 eV) than the 2.9-nm-wide armchair
GNRs (0.38 eV), suggesting that the higher concentration of
zigzag edges tends to decrease the energy gap as a result of the
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staggered sublattice potential along the zigzag-terminated
edges.

Other than morphology control, chemical doping with
foreign atoms is also an effective method to tailor electronic
properties, manipulate surface chemistrgr, and modify the
elemental composition of host materials.”’ > Generally, there
are two types of chemically doped graphene.”* In the first type,
known as surface transfer doping, the agents adsorb onto the
surface of graphene and do not cause sp® defects in graphene
lattice. In the second type, known as the substitutional doping,
the agents can disrupt the sp” network and cause sp® defect
regions via covalent bonding with graphene. In this review, we
focus on the substitutional heteroatom-doping of graphene, in
which carbon atoms in graphene lattice are substituted by
single/multiple nitrogen (N), boron (B), sulfur (S) and
phosphorus (P) atoms.

In recent years, the heteroatom-doped graphene has been
extensively investigated in the field of electrocatalysis.””*>~** As
compared with the previously reported reviews, this paper not
only elaborates the doping methods but also addresses the
unique electrochemical properties of different doping config-
urations for each doping type (N/B/S/P). Moreover, the role
of heteroatom-doped graphene in the hybrid electrocatalysts
has been discussed in relation to the conductivity and active
sites for electrocatalysis. Importantly, the strong coupling
between doped graphene and metal centers not only facilitates
the electron transfer between them, which results in the
enhancement of the electroactivity, but also improves the
working durability because of the covalent bonding between
metal and dopants. Significantly, macroscopic three-dimen-
sional (3D) graphene structures are exclusively reviewed,
especially those that can be directly utilized as catalyst
electrodes without extra binders and supports. We conclude
this paper with some perspectives on the future developments
in this intriguing field; for instance, the controllability of doping
configurations, ambiguous doping mechanism, and large-scale
production of heteroatom-doped graphene materials for
commercialization.*

1.2. Oxygen Reduction Reaction (ORR). Instead of
burning fuels to create heat, fuel cells (FCs) convert chemical
energy directly into electricity.”® In FCs, H,(gas) at the anode
splits into electrons and protons via the hydrogen oxidation
reaction (HOR): the protons diffuse to the cathode through
the cell while the electrons flow out of the anode to provide
electricity. On the other hand, O,(gas) at the cathode reacts
with electrons and protons to form water, which is known as
ORR. It has been reported that more than half of the cost in the
polymer electrolyte membrane FCs (PEMFCs) refers to the Pt-
based catalyst that is used to facilitate HOR and ORR.*" The
anodic HOR is quite facile, so it requires only a small amount
of Pt; in contrast, the kinetics of the cathodic ORR is sluggish
and requires a large amount of Pt catalyst. Nevertheless, the
high cost, low tolerance to methanol/CO, limited durability,
and insufficient activity of exclusively used Pt catalysts for ORR
greatly hamper the commercial development of FCs.

Generally, the efforts to reduce the cost of FCs include two
approaches. The first strategy is to reduce Pt usage by alloying
Pt with inexpensive metals (Fe, Ni, etc.)*’ or depositin% Pt
on porous and conductive supports such as carbon.”**
Although the required Pt loading has been reduced significantly
in the past decade, the increasing price of Pt has greatly
compromised the Pt loading reduction, making this approach
effective only for the short term. The other approach is to
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develop nonprecious metal-based electrocatalysts with activity
comparable to that of Pt that feature good tolerance to
methanol/CO and a long lifespan; this approach can be
considered a long-term and sustainable solution. For a practical
nonprecious catalyst used in PEMFCs, the Department of
Energy of the United States has set up activity and stability
2020 targets: the ORR activity must reach a volumetric current
density of 300 A cm™ at 0.8 Vig 4., and the stability must reach
5000 h at operating temperatures below 80 °C.*®

1.3. Hydrogen Evolution Reaction (HER). To address the
sustainability, environmental emissions, and security issues of
the current energy systems, H, is considered as the future
energy carrier to replace the finite fossil fuels.””*® The
hydrogen economy was first recognized in 1874 by Jules
Verne, and since then, H, has become popular as a new-
generation transportation fuel and energy storage medium.”’
Generally speaking, H, can be generated using coal gasification,
natural gas, biomass, or water. Although coal gasification could
produce large amounts of H, economically, its finite resource
and greenhouse gas emission make this approach unsustain-
able.” Currently, natural gas is widely used to produce H, to
provide an initial foray into the hydrogen economy, but it is still
problematic because of the increasin§ depletion rate of fossil
fuels and environmental emissions.”” On the other hand,
although the biomass approach is clean and sustainable, it
cannot supply a sufficient amount of H,."' Among the four
aforementioned resources, water is the only sustainable and
clean resource to produce hydrogen in the future because it is
almost inexhaustible on the earth. Nevertheless, the direct
thermal splitting of water requires very high temperatures
(~2000 °C) and the generated H, and O, recombine rapidly.

Promoted by effective electrocatalysts, H, can be separately
produced through cathodic HER in electrocatalytic water
splittin§ at ambient conditions, driven by small overpoten-
tials.”** The state-of-the-art Pt-based electrocatalysts for HER
exhibit high activity, but their high cost and limited durability
greatly limits their commercialization.”®*> As a consequence,
highly efficient, inexpensive and durable electrocatalysts for
HER to substitute Pt are highly desirable. Recently, tremendous
efforts have been made in this direction, For example, transition
metals of Co, Ni, Fe, Mo, and W and their sulfides, phosphides,
carbides, nitrides, and molecular derivatives have been explored
despite their corrosion susceptibility to acidic/basic electro-
lytes.”*~* In addition, the membrane electrode assembly
process, which involves the dissolution of a catalyst powder
with binders in solvents, casting the resulting ink on supports
such as copper foil and glassy carbon followed by drying, would
compromise the catalyst performance because of the
unavoidable catalyst agglomeration and peeling off during
gas-involving processes such as HER.**° Therefore, not only
the catalyst morphology, size, and chemical composition but
also the electrode architecture are highly important in practical
HER applications.

1.4. Oxygen Evolution Reaction (OER). Conversion of
renewable energy (solar, wind, and geothermal) into chemical
fuels, such as molecular hydrogen and hydrocarbons (methanol,
methane, formic acid, etc.), provides a promising pathway for
large-scale energy storage.’””'™>* The state-of-the-art method
for hydrogen generation is water splitting”> and for hydro-
carbon generation is carbon dioxide reduction.”* The essential
counterpart reaction for these reactions is OER, which involves
the generation of oxygen molecules at the anode. Meanwhile,
OER is also a very important reaction in many other energy-
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Figure 1. (a) N-Doping configurations in NG. (b,c) Comparison of the XPS spectra of the N 1s region for Vulcan carbon treated for 2 h at 900 °C
with acetonitrile. The sample in part b was exposed to the atmosphere; the sample in part ¢ was transferred to XPS via a controlled atmosphere
transfer chamber. Reproduced with permission from Ozkan et al.** Copyright 2006, Elsevier. (d) Current-gate voltage (IdS—VgS) curves (recorded at
V4 = 1V) of a single GO device fabricated with an NHj-annealed (700 °C) GO sheet. Red solid line: device tested in air. Green solid line: device
tested in vacuum. Blue solid line: device tested in vacuum after electrical annealing. (e) Current-gate voltage (Ids—VgS) curves of a single GO device
fabricated with an NH;-annealed (900 °C) GO sheet. Red solid line: device tested in air. Green solid line: device tested in vacuum. Blue solid line:
device tested in vacuum after electrical annealing. Reproduced with permission from Dai et al.*” Copyright 2009, American Chemical Society. (f)
Temperature dependence of the electrical resistance (R) of NG (N/C = 2.9 at. %). The inset shows the change of In(R) as a function of T in the
temperature range from 100 to 300 K. Reproduced with permission from Liu et al.*’ Copyright 2011, Wiley VCH.

Table 1. Summary of Nitrogen-Doped Graphene and Its Applications

method

thermal annealing

precursors

GO, NH,

doping structure

pyridinic, pyrrolic, graphitic N

doping level
5%

applications, refs
87

Ni(C)/B(N)/SiO,/Si substrate  pyridinic, pyrrolic, graphitic N 0.3-29 N/C at. % 89
3D NGF: GO, S vol % pyrrole  pyridinic, pyrrolic N 4.2 at. % ORR”'
sugar, urea pyridinic, pyrrolic, graphitic N, N oxide 3.02—11.2 at. % ORR”
GO, copper amine complex pyridinic, pyrrolic, graphitic N, N oxide 2.85-2.45 at. % ORR'*
CVD pyridine pyridinic, graphitic N 2.4 at. % 85
H,, C,H,, NH; on Cu foils pure pyridinic N 16 at. % ORR”®
CH,, NH; on Cu foils pyridinic, pyrrolic, graphitic N 8.9 at. % 94
triazine on a Ni(111) film pyridinic, 80% graphitic N 1-2 at. % 96
CH,, H,, NH; on Cu foils graphitic N 0.23—035 N/Cat. % 95
pyridine 16.7 at. % 98
solvothermal synthesis GO, N,H,, NH; pyridinic, pyrrolic, graphitic, pyridinic N oxides S wt % 99
GO, urea pyridinic, pyrrolic, graphitic N 10.13 at. % capacitive behaviors®*
CCl,, LiN pyridinic, pyrrolic, graphitic N 16.4% N/C 82
supercritical reaction graphite, acetonitrile pyridinic, pyrrolic, graphitic N 1.57—-4.56 at. % 100
arc discharge graphite, pyridine/ammonia pyridinic, graphitic N 0.6—1.4 at. % 88
plasma graphene, nitrogen plasma pyridinic, pyrrolic, graphitic, pyridinic N oxides 8.5 at. % ORR, H,0, reduction”
nitrogen bombardment  graphene on Ni(111) pyridinic, graphitic N 101
ball-milling graphite in N, pyridinic, pyrrolic N 14.84 wt % solar cells, ORR'"*

related devices, such as reversible fuel cells, metal—air batteries,
and solar cells.””*"** OER is known to have an intrinsically
very sluggish reaction kinetics caused by the multiple proton-
couple electron-transfer steps, requiring the use of an effective
electrocatalyst for enhancing the reaction rate.”>~>* The most
efficient catalysts for OER are noble metal oxides, such as Ir-
and Ru-based materials.”” ™" To replace expensive Ir and Ru,
numerous efforts have been undertaken toward using transition
metal alternatives (Co, Fe, Mn, Nj, etc.), in which metal species
are considered the active sites.””*¢~% Recently, a few nonmetal
materials, including heteroatom-doped graphene, have been
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reported as a new category of OER electrocatalysts.” >~

Other than heterogeneous catalysts, homogeneous catalysts
have also attracted enormous interest as electrocatalysts for
OER (Ru, Co, Cu, Fe, etc.) because of their highly active
centers and the simplicity of methods for studying OER

. 58,73—78
mechanism.

2. HETEROATOM-DOPED GRAPHENE

2.1. N-doped Graphene (NG). 2.1.1. N-Doping Config-
urations. The larger electronegativity of N (3.04) than that of
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Figure 2. (a) XPS spectra of B 1s and C 1s in BG. (b) B-doping configuration. Reproduced with permission from Zhu et al,'*® Copyright 2012,
Wiley VCH. (c) I3~ Vi, plots of a typical field-effect transistor (FET) made of BG obtained by microwave plasma in a boron ion atmosphere. (d)
I3~V plots at Vg = 0.1, 0.3, and 0.5 V. (e) Experimental band gaps and the corresponding calculation results of BG vs B content for various FETs.
Inset: dependence of doping level (the position of the Fermi level from the Dirac point) on the B content. (f) Calculated DOS in BG with different
B contents. The Fermi level is labeled by the red dashed line. Reproduced with permission from Lee et al.'”> Copyright 2012, American Chemical

Society.

C (2.55) creates polarization in the carbon network, thereby
influencing the electronic, magnetic, and optical properties of
graphene.”” Generally, there are three bonding configurations
of N in graphene matrix, including pyridinic, pyrrolic, and
graphitic N (also known as quaternary N), which exhibit
different binding energies (BE) in X-ray photoelectron
spectroscopy (XPS) spectra (Figure la—c).**”*" Pyridinic N
(sp® hybridized) is bonded to two C atoms at graphene edges
and contributes one p electron to the 7 system; pyrrolic N (sp*
hybridized) contributes two p electrons to the z system into a
five-membered ring; graphitic N, being also sp® hybridized,
substitutes C atoms in hexagonal rings. In addition, N oxides of
pyridinic N in which one N atom is bonded with two C atoms
and one O atom are observed. Different configurations are
possible and may be advantageous for various practical
applications.**® For example, because of the similar C—N
(141 A) and C—C (142 A) bond lengths, pyridinic and
graphitic N atoms exert a marginal influence on the graphene
structure. Sun et al. indicated that pyridinic N and pyrrolic N in
NG are essential for improving pseudocapacitance by taking
advantage of redox reactions, whereas graphitic N could
enhance conductivity, which favors electron transport during
charge/discharge process.

2.1.2. N-Doping Effect. N-Doping can induce a bandgap
near the Dirac point by suppressing the nearby density of states
(DOS), thereby endowing graphene with n-type semiconduct-
ing properties.”"~* As shown in Figure 1d—e, graphene oxide
(GO) annealed in air exhibits p-type behavior because of the
physisorbed oxygen, whereas the Dirac point of GO annealed
with NHj; in vacuum is at negative gate voltages (Vgs < ~=20),
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indicating n-type behavior. The NH;-annealed GO subjected to
further removal of physisorbed species exhibits fully n-type
behavior, with the Dirac point at highly negative gate voltages."’
In addition, it was shown that the n-type behavior of NG can be
systematically tuned by adjusting the N-doping level.*® A
bandgap of 0.16 eV reported for NG by Zhang et al. suggests
that N-doping can be used to tune the electrical properties of
graphene (Figure 1f).*” Significantly, Shao et al. reported that
the presence of N enhances the ability of graphene to donate
electrons to the adjacent carbon atoms, which is advantageous
for such reactions as ORR and H,0O, reduction.”

2.1.3. Appraisal of Methods for Synthesis of NG. Table 1
summarizes the main methods for synthesis of NG. In 2009,
Hongjie Dai’s group reported a high-power electrical joule
heating method to N-dope GNRs using NH;, which was shown
to occur mostly at the edges of GNRs because of their high
chemical reactivity.*® Shortly after, they developed a thermal
annealing method for the preparation of NG using GO and
NH;, which was later widely explored by using different N
precursors, including gases, solids, etc.”””"”* The XPS study
showed that the N-doping can be tuned by adjusting the
doping temperatures, and the doping level can be enlarged by
increasing the concentration of oxygen groups at the defect and
edge sites of GO. Significantly, Qu’s group reported a 3D NG
foam fabricated from pyrrole, which features high surface area,
light weight, well-developed porosity, mechanical stability, and
electrical conductivity, thus offering great technological
potential for a variety of applications, such as energy storage,
adsorption, and electrocatalysis.”
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Table 2. Summary of Boron-Doped Graphene and Its Applications

method precursors

CVD ethanol, boron powder

methane, diborane

phenylboronic acid

CH,, H,, B,H, gases

CH,, B powder

graphite with H,BO,
graphite oxide, BF; in N,/H,

B-containing polycyclic aromatic
hydrocarbon

GO, borane—tetrahydrofuran adduct
graphene, borane tetrahydrofuran

thermal annealing
thermal exfoliation

liquid process

arc discharge

microwave plasma graphene, trimethylboron

Waurtz-type reductive coupling CCl, K, BBr;

reaction

graphite electrode with H,, He, and B,H,

doping structure doping level applications, refs

graphitic B (BC;), boron silane 0.5 at. % 108
(BCy)
sp> C—B, C,—BO, C—BO,, and 1.5-2.5 at. % 111
B,0;
mainly BC; LSat. % 112
graphitic B 10 X 10" cm™ 108
B,C, graphitic B, B oxycarbides 3.2 at. % (surface) 113
B cluster/B carbide, graphitic N 446at. % +022at. % 109
23, 140, 590 ppm ORR'??
graphitic B 58 ppm 110
B-C 0.7—1.1 at. % supercapacitor114
B—C 1.85% HER™”
graphitic B 1.2-3.1 at. % 88
sp>-bonded B 0—13.85 at. % 103
sp” bonding, BC, 2.56 at. % 107

In situ CVD was also explored to prepare NG using C- and
N-containing gases or small molecules.*>”*™* Luo et al.
synthesized monolayer NG via CVD using H,, C,H,, and NH;
on Cu foils, with up to 16 at. % of pure pyridinic N, which
provides a platform to study the doping effect of one specific N
configuration on the physical, chemical, and electronic
properties of graphene.”” Usachov et al. prepared triazine-
derived NG, which shows a bandgap of 0.3 eV and
concentration of charge-carriers of ~8 X 102 electrons/cm?
induced by 0.4 at. % of graphitic N.”° Interestingly, the N-
doping structure can be changed from pyridinic to graphitic N
by post-annealing of N-graphene after gold intercalation.

A facile liquid process has been proposed to prepare
NG.*>**921% Bag’s group has developed a solvothermal
synthesis of NG by reacting tetrachloromethane with lithium
nitride under mild conditions, and obtained NG samples with
the N/C ratio up to 16.4%.” Significantly, the N doping was
directly observed by scanning tunnelling microscopy (STM):
the STM images show brighter sections with sizes smaller than
0.5 nm originating from C atoms near doped N species because
of the increased electron density. Yoon’s group reported a
hydrothermal method to simultaneously perform N doping and
reduce GO to graphene in the presence of NH; and N,H,.”” A
supercritical reaction in acetonitrile was also proposed by Qian
et al. to synthesize NG using an expanded graphite, which
resulted in the N-doping level reaching up to 4.56 at. %.'"

Various methods have been reported for the synthesis of
NG.*#7%10V19 Rag et al. prepared NG by arc discharge using
graphite electrodes in the presence of pyridine/ammonia in H,
atmosphere.*® Shao et al. obtained NG by exposing graphene to
N, plasma, in which pyridinic, pyrrolic, and graphitic N, and N
oxides of pyridinic N were generated.”” Zhao’s group indicated
that NG can be obtained by low-energy nitrogen bombardment
of glroalphene on Ni(111) using ion energies between 25 and 100
eV.

2.2. B-Doped Graphene (BG). 2.2.1. B-Doping Config-
urations. Doing graphene with B (2s?2p') has been shown to
be energetically favorable because the formation energy of BG
in the case of gaseous dopant is ~5.6 eV/atom, much lower
than that of N-doping (8.0 eV/atom).'”’ For in-plane doping,
B atoms in the carbon lattice are sp>-hybridized, allowing
retention of the planar structure of graphene due to the
similarities between B and C atoms; however, the lattice
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parameters are slightly altered because the B—C bond (~1.50
A) is longer than the C—C bond (1.42 A). In contrast to the in-
plane B-doping, the B-doping at the vacant sites with a
tetrahedral-like BC, unit in which all the dangling carbon atoms
are saturated, causes some distortion of the graphene planar
structure, but all of the out-of-plane starting positions would
relax to the same in-plane position because of its instability.'**
Furthermore, two in-plane binding structures in BG were
observed by Zhu’s group (Figure 2a,b): the graphitic-B at 200.5
eV in the XPS spectrum referring to the B atoms replacing C
atoms in the hexagonal ring, and the “boron silane” B at 198.5
eV, which refers to B atoms located in a z-conjugated
system.105

2.2.2. B-Doping Effect. With one less valence electron to the
neighboring C, the B-doping induces a charge polarization in
the graphene matrix (becomes negatively charged), which is
favorable for electrocatalysis, and p-type behavior by down-
shifting the Fermi level toward the Dirac point (Figure 2c—
£).1%*71% By tuning the B-doping level, different band%aps of
BG from 0 to 0.54 eV can be induced (Figure 2e)."” The
enhanced conductivity was observed because graphitic B-
doping provides more holes to the valence band of graphene,
which results in increasing the carrier concentration in BG
(~0.5 carriers per dopant); it would even likely become a
superconductor if the doping level increases to 4—5 at.
9%,"1°771% wwhereas the “boron silane” B contributes one p
electron to the 7-conjugated system.'”® The broad absorption
over the entire visible region as well as fluorescence in the near-
IR region was found in BG, which can be attributed to the p
orbitals in B atoms contributing to both the relevant
unoccupied and occupied orbitals."'

2.2.3. Methods for Synthesis of BG. Table 2 summarizes the
main methods available in the literature for the synthesis of BG.
The thermal annealing process at 2450 °C was adopted to
prepare BG using graphite and H,BO;, supplemented by
mechanical exfoliation.'”” Raman spectroscopy was used to
verify the B doping, which is reflected by the 7-fold increase in
the intensity of D band (Ip; intensity of other peaks are
denoted similarly) as well as the equality of I, and Ij; further,
it was indicated that the B atoms are, on average, spaced 4.76
nm apart in the graphene layer.

In situ CVD has been widely utilized to synthesize BG using
C—containing or B-containing gas/solid precur-
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Figure 3. (a) S-doped configurations: S atoms adsorbed on graphene surface (S1), substituting S atoms at zigzag (S2) and armchair edges (S3); SO,
substituted at zigzag (S4) and armchair edges (SS), S ring cluster connecting two pieces of graphene (S6). Small white, gray, yellow, and red balls
represent H, C, S, and O atoms, respectively. (b) Formation energy (eV) of SG clusters. (c) Atomic charge density distribution of S1-graphene with
(C1) perfect structure and (C2) one Stone—Wales defect; (C3) atomic charge density and (C4) spin density distributions on S2-graphene; (CS)
atomic charge density and (C6) spin density on SO,-doped graphene with a Stone—Wales defect; atomic charge density on (C7) SS-graphene and
(C8) pure graphene cluster. The colors of the balls stand for relative values of charge and spin density. The density decreases linearly from positive
to negative values in the color order of red, orange, yellow, green, and blue. Sulfur and oxygen atoms are labeled with S and O, respectively. The
unlabeled small and large balls represent H and C, respectively. Reproduced with permission from Xia et al.''® Copyright 2014, American Chemical
Society. (d) Band structure determined for S X S graphene doped with one S atom. (e1—3) DOS determined for pristine %{gphene, singly S-doped S

X S graphene (2 at. %), and dual S-doped S X S graphene (4 at. %). Reproduced with permission from Mombru et al.' "> Copyright 2009, Wiley
VCH.
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Table 3. Summary of Sulfur-Doped Graphene and Its Applications

method precursors doping structure doping level applications, refs
thermal annealing GO, BDS —-C-$-C—, —-C-S0,—C— 1.30—1.53% ORR'*
GO, MgSO, —C—-S0,—C—, thiophene S 2.56 at. % 121
GO, phenyl disulfide 2.1 at. % ORR and methanol
oxidation reaction
3D SG: GO, dibenzyl disulfide -C-$-C—, —-C-S0,—C— 0-1.99 at. % ORR'
graphene, CS, vapor thiophene S and —C-SO,—C— 0.73—2.0 at. % ORR'**
thermal exfoliation graphite and H,S, SO,, CS, gases —-C-§— 0.75-7.03 wt %  ORR''*
solvothermal method 3D SG: GO, Na,S thiophene S 0.5 at. % ORR"’
SG QDs: fructose, sulfuric acid thiophene S, oxide S 1at. % 123
GO, BDS thiophene S 1.2 at. % 119
GO, BDS thiophene S 23 at. % ORR'**
ball-milling graphite, sulfur major C—S, minor —SO,H 4.94 at. % ORR'"
electrolysis in 5 V SG QDs: graphite, sodium —C-§-C—, —-C-S0,—-C— 4.25% 127
p-toluenesulfonate
cycled lithium—sulfur battery graphene S composites C=S, C-S bonds, —-C—-SO,—C— 125
ion-exchange/activation 3D SG: 732-type sulfonic acid ion- C=S, C-S bonds, -C-SO,—C— 12.8 wt % ORR'*®

combination method exchange resin

sors.' V1O HITI Wang et al. prepared BG with 1.5 at. % of
graphitic B via CVD using phenylboronic acid as the sole
precursor. The obtained BG exhibited a pronounced D band
(1351 cm™) and an accompanied D’ band (1620 cm™) with
an Ip/I; ~ 1.9 on the Raman spectrum, which can be explained
by the elastically scattered photoexcited electron generated by
heteroatom-doping and intravalley double resonance scattering
processes. Further, the G band (1592 cm™) and 2D band
(2695 cm™") of BG show upshifts of 6 and 9 cm™!, respectively;
meanwhile, I,,/I; decreases.'"”

A facile reflux process was also developed to produce BG on
a large scale by reduction of GO in borane—tetrahydrofuran
solution, obtaining a BG material with a high specific surface
area of 466 m* g~' and B doping level of 1.1 at. %.'"*
Interestingly, a rapid Wurtz-type reductive coupling reaction
was also explored by Lii and colleagues to prepare BG with
graphitic B using tetrachloromethane, potassium, and BBr; at
150—210 °C for 10 min.'®” Moreover, Dou’s group got BG via
a bottom-up organic synthesis using B-containing polycyclic
aromatic hydrocarbon.''” Microwave plasma was also applied
to synthesize BG using trimethylboron, which allows tuning the
doping level up to 13.85 at. % by extending duration of the
reaction to 20 min.'”* A detailed inspection of the B K-edge in
electron energy loss spectroscopy shows a sharp 7* peak as well
as a board ¢* band, suggesting that B atoms are in the sz_
hybridized state (graphitic B). According to the XPS analysis of
BG, as the reaction time increases, the C 1s spectra become
asymmetric, with an increasing C—B peak intensity, and the B—
C bond in the B 1s spectra gradually shifts to a higher B.E.'"

2.3. S-Doped Graphene (SG). 2.3.1. S-doping config-
urations. The C—S bond length (1.78 A) is ~25% longer than
that of the C—C bond; thus, the S-doping gives a stable
structure in which each S atom is ~1.1 A above the graphene
plane.'"> Using the DFT method, Xia et al. showed that there
are four types of S atoms in SG: namely, S could be adsorbed
on the graphene surface (S1), substitute for C atoms at edges
(S2 and S3) in the form of S/S oxide (S4 and SS), or connect
two %raphene sheets by forming a S cluster ring (S6, Figure
3a).!"¢ According to the formation energy, adsorption of S on
graphene results in the most stable structure; S prefers to
substitute C atoms at the zigzag edge, and the Stone—Wales
defects can facilitate S-doping because of the changed local
charge distribution in the C lattice (Figure 3b).M¢
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2.3.2. S-Doping Effect. Unlike previously discussed N and B
doping effects, a negligible polarization (or charge transfer)
exists in the C—S bond because of the similar electronegativities
of S (2.58) and C (2.55). However, S atoms substituting for C
atoms at the graphene edges (S2, S3, S4, and SS) exhibit high
charge and spin densities, and S6 shows a smaller value,
whereas no spin density is observed in gristine graphene and S-
adsorbed graphene (S1, Figure 3c)."'*'"” The degeneracy of
the two bands at the Fermi level is lifted in the band plot of SG
with one S atom (Figure 3d), and a band gap of 0.3 eV is
observed in the doped graphene with one S atom, but that with
two S atoms increases the metallic properties of graphene
(Figure 3e).'"> Pumera’s group reported that the majority of
the S-doped samples showed higher resistivity than their
undoped counterparts, which was attributed to the trapping of
free carriers by the S and O functionalities."'® In contrast, Wang
et al. indicated that the thiophene S doping (S2 and S3) can
enhance graphene conductivity due to its stronger electron
donor ability and more effective reduction caused by S
doping. "’

2.3.3. Methods for Synthesis of SG. Table 3 summarizes the
main methods available in the literature for the synthesis of SG.
Because incorporation of S atoms into graphene requires a
higher energy of formation than that in the case of N or B
atoms, the synthesis of SG is more difficult. SG can be prepared
by thermally annealing GO and S-containing precursors at high
temperatures.'*"~'** Li et al. synthesized porous SG via thermal
annealing using sulfate (MgSO,) in N, at above 700 °C, in
which the oxide S doping can be decomposed and the
remaining S is transformed into electrochemical active
thiophene S."*' In addition, the liquid method was reported
to obtain SG."**'** Liu and colleagues obtained SG with pure
thiophene S bonding using GO and benzyl disulfide (BDS) by
a rapid microwave-assisted solvothermal method, assuring an S-
doping level of 2.3 at. % in 6 min."**

SG can also be obtained during exfoliation of graphite in the
presence of S sources.'”"'® Baek’s group reported a simple
ball-milling method to synthesize an edge-sulfurized graphene
using pristine graphite and sulfur (Sg).""” Pumera’s group
prepared SG by thermal exfoliation of graphite oxide in H,S,
SO,, or CS, gases; in this case, the doping level is dramatically
influenced by the type of graphite oxide (preipared by different
methods) rather than the S-containing gas.1 ¥ Other methods
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have been also reported, such as cycled lithium—sulfur batteries
using graphene—sulfur composites as cathode materials and a
combined ion-exchange/activation method.'*>~"*’

2.4. P-Doped Graphene (PG). 2.4.1. P-Doping Config-
urations. P (3s*3p®) has the same number of valence electrons
as N but a fundamentally different doping effect because of the
additional orbital and higher electron-donating ability than N,
that the P atom has a charge of 5.25 e™ as compared with that
of N (4.39 7)."** Moreover, the electronegativity of P (2.19) is
lower than that of C; thus, the polarity of the C—P bonding is
opposite to that of the C—N bonding.'” In PG, a strong
hybridization between P 3p and C 2p orbitals transforms the
sp> C into the sp® hybridization, forming a pyramidal-like
bonding configuration with three C atoms (Figure 4a)."*”"*" In

a l.‘q

Energy(eV)

Figure 4. PG: (a) The P-doping configuration. The gray and pink balls
represent C and P atoms. (b) The charge density distribution, in which
the red and blue regions represent the areas of electron accumulation
and loss. (c) The spin density state. (d) Computed band structures.
Reproduced with permission from Wang et al."”*® Copyright 2013,
Elsevier.

this configuration, P overhangs from the graphene plane by
1.33 A, which is associated with an ~25% increase in the P—C
bond length (1.77 A) with respect to the C—C bond length,
thus causing structural distortion and inducing defect sites in
the graphene sheet and consequently reducing the electro-
conductivity.'**'?%"3

2.4.2. P-Doping Effect. According to calculations, the
different electron affinities of P and C atoms result in some

transformation of the charge density in PG; ~0.21 e is
transferred from the P dopant to the graphene matrix, making
PG an n-type material (Figure 4b)."** Because the 7 system of
graphene is broken, a magnetic moment of 1.05 yjy is induced
in the PG, and its spin state is distributed over the whole
graphene surface (Figure 4c)."*”'*" Further, the minimum of
the conduction band edge of graphene is found to be slightly
shifted up, forming a small bandgap of 0.15 eV, as compared
with that of pristine graphene (Figure 4d)."*’

2.4.3. Methods for Synthesis of PG. Table 4 summarizes the
main methods for the synthesis of PG. Garcia et al. reported an
in situ synthesis of PG by the pyrolysis of a natural alginate
conjugated with H,PO,™ in O, at 900 °C. The resulting PG
possessed P—O and P—C bonds as well as an optical bandgap
of 2.85 eV."”> PG can also be obtained by post-thermal
annealing synthesis using graphene/GO with P-containing
precursors under a protecting atmosphere.'**™"*” Some et al.
prepared PG by annealing graphene with triphenylphosphine
(TPP) in Ar at 100—250 °C. The resulting PG exhibited P—C
bonding and a doping level of 4.96 at. %."** Li et al. used a
mixture of GO and ionic liquid (1-butyl-3-methylimidazolium
hexafluorophosphate) to prepare PG with P—C and P-O
bonds, also by annealing."*> A partial oxidation of P atoms is
caused by the active oxygen released from GO during a thermal
process, forming covalently bonded tetrahedral structures such
as C;PO, C,PO,, and CPOj;, thus resulting in a charge
redistribution in PG.

Pumera et al. investigated the effect of the doping source in
the liquid synthesis of PG."*® It was found that only P, and PH,
can ensure a successful P-doping into the graphene matrix; in
this case, P, is a better dopant source than PH; because the
latter gives a total P 2p content of only 0.10%. Hypophosphite
and phosphite act as reducing agents only in the synthesis
process. PG obtained by using P, as a doping source exhibits
both P—C and P—O bonds, whereas that prepared with the aid
of KOH contains P—C bonding only with a doping level of 3.65
at. %.

2.5. Double-Doped Graphene. Table 5 summarizes the
main methods for the synthesis of double-doped graphene.

2.5.1. B and N-Doped Graphene (BNG). Through DFT
calculations, Sen et al. demonstrated that codoping graphene
with N and B atoms can further increase the efficiency of N-
doping as a result of the stabilization provided by B—N
bonding."* Experimentally, BNG has been synthesized using
various methods.'**™'** Antonietti’s group has reported an in
situ pyrolytic synthesis of holey BNG monoliths by direct
copolymerization of glucose and boric acid in the interlayer
spaces of lamellar carbon nitride.'** On the basis of the XPS
analysis, ~16 at. % of doped N is in the form of pyridinic and

Table 4. Summary of Phosphorus-Doped Graphene and Its Applications

method precursors
thermal graphene, TPP P—C bonding
annealing
H,PO, -modified alginate P-C, P-O

GO, an ionic liquid 1-butyl-3-methlyimidazolium P—C, P—O

hexafluorophosphate
graphite oxide, TPP
GO/graphene with phosphoric acid
liquid GO with P,, PH,

P-C, P-O
P—C, pyrophosphate, metaphosphate
P,: P—C with the existence of KOH; 79.8% of P—C and

applications,
doping structure doping level refs
4.96% FETs"*
2.56 at. % 107,133
116 at. % ORR'**
1.81 at. % ORR'*
1.30 at. % 137

P, 3.65at. %; PH,, 138

process 20.2% of P—O without KOH 0.10%
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graphitic N, and the N—B bonds were detected, too, whereas
the doped B atoms appear mainly in the C—B and N—B bonds
and to a smaller degree in the B—O bonding with a doping level
of 14 at. %. It was shown that B atoms (as electron acceptors)
and N atoms (as electron donors) could lower the valence band
and elevate the conduction band that results in electron
relocalization and activation of graphene. In particular, the
bond structure was found to depend on the preferentially
doped N configuration in the BNG obtained by CVD."** By
substituting the in-plane C atom with all its electrons
configured into the 7 electron system of graphene with N,
the formation of B and N in the separated states is preferred. In
contrast, when the edge-plane carbon is substituted with N, it
favors the formation of the B—N structure. Importantly, the
former structure shows an excellent ORR performance in
alkaline solutions due to the synergistic effect between B and N,
and the latter shows graphite-like activity for ORR."**'*’

The postsynthesis treatment of BNG has also been
extensively studied."*"'**'**'*® Lin et al. prepared BNG by
reacting GO with B,O; and NHj; at 900 to 1100 °C. B and N
atoms were incorporated into the graphene lattice in the form
of randomly distributed BN nanodomains, contributing to an
ambipolar semiconductor behavior with a bandgap of ~25.8
meV."*" Most of the synthetic strategies of BNG inevitably lead
to undesired byproducts such as hexagonal boron nitride (h-
BN). Significantly, our group obtained a h-BN-free BNG by a
two-step doping method, in which N was first doped by
annealing GO with NHj at a modest temperature (e.g,, S00 °C)
and then B was introduced with H;BOj at a higher temperature
(e.g, 900 °C)."** It was found that N atoms were in pyridinic
(~2.03 at. %), pyrrolic (~1.29 at. %), and graphitic N forms
(~0.90 at. %), without any N—B configuration, and all B atoms
were bonded to C atoms in the form of a BC, structure (~2.17
at. %) without forming the undesirable 4-BN.

Interestingly, Miillen’s group reported the hydrothermal
synthesis of 3D BNG aerogel using GO and NH;BF;, in which
3.0 at. % of N in the form of pyridinic, pyrrolic, and graphitic N
and C—N—B bonds and 3.0 at. % of B were detected.** This
aerogel consisted of well-interconnected ultrathin graphene
sheets providing a high surface area, 3D macroporosity, and
high electrical conductivity favorable for ion and electron
transport.

2.5.2. S and N-Doped Graphene (SNG). The in sita CVD
synthesis of SNG was demonstrated very recently."*”"* Guan
et al. obtained SNG at 700 °C using pyrimidine and thiophene
as pyrolytic precursors, in which S-doping occurred mainly in
the form of sulfide groups (—C—S—C—) and, to a smaller
degree, in the form of oxidized S groups (—C—SO,—C—) with
pyrrolic/graphitic N structures."*” Chen’s group synthesized
nanoporous SNG using nanoporous Ni as both the template
and substrate and pyridine and thiophene as C, N, and S
doping sources, respectively.">’

SNG prepared throuigh the postannealing process has been
extensively studied.">'~"” We prepared macroporous SNG by
annealing GO at 900 °C in Ar using melamine and BDS as the
doping sources and colloidal silica spheres as the hard
template.””’ The S-doping level was 2.0 at. % with pure
thiophene S bonding; and the N-doping level was 4.5 at. % in
the form of pyridinic, pyrrolic, and graphitic N. Wang et al.
indicated that the doping level in SNG was dependent on the
reaction temperature; namely, the overall content of S and N
dopants decreased with increasing temperature, with the N
content decreasing and S content increasing, indicating that an
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effective S doping requires higher temperature."** In addition,
the liquid phase synthesis of SNG was also reported.'**">* For
example, Luo and colleagues reported a hydrothermal synthesis
of SNG using GO and mercaptoacetic acid and DL-penicill-
amine as doping sources, resulting in 2.12 at. % N and 8.92 at.
% S doping levels.'*

2.5.3. P and N-Doped Graphene (PNG). Theoretically,
Terrones and colleagues demonstrated that the heteroatomic
PN defect is more stable than the P defect in PNG because the
N dopant helps to reduce the displacement caused by inclusion
of P, thus resulting in a “damping” effect on the structural
distortion, especially within the first and second neighbors."*”
Porous PNG networks were synthesized by Ma’s group via a
MgO-templating in situ CVD process using CH, and
(NH,);PO, as N and P sources at 900 °C in Ar.'®® The XPS
analysis indicated that 0.6 at. % of P atoms were covalently
bonded with C in the tetrahedral forms, such as C;—PO, C,—
PO,, and C-PO;, whereas 2.6 at. % of N atoms were present in
the form of pyridinic, pyrrolic, and graphitic N. An increase in
the amount of defects or disorders was observed after P—N
doping, according to the Raman spectra.

The double-doping configuration, level, and effect were
analyzed in relation to the synthesis temperature for the CVD-
synthesized PNG, which exhibited remarkable air-stable n-type
characteristics, with the electron mobility reaching 8—15 cm”
V1 s71.'°! For the N-doping configuration achieved at 700 °C,
the amount of different N species followed the following order:
pyridinic N > pyrrolic N > graphitic N. For PNG prepared at
800 °C, N existed in the form of pyrrolic and graphitic N with
similar content; for PNG obtained at 900 °C, graphitic N
species were mainly present, and the amount of pyrrolic N was
very small; and PNG obtained at 1000 °C exhibited N only in
the form of graphitic N. For P dopants, the amount of P—C
bonds increased and that of P—O bonds decreased with an
increase in the temperature from 700 to 1000 °C, suggesting
that higher temperatures benefit the effective doping with P
atoms. The doping levels for both P and N atoms were found
to decrease as a function of temperature, with the N-doping
level always being higher than that of P doping. In contrast, the
doping effect increased with the temperature because of the
formation of more-stable bond configurations by dopants at
higher temperatures.

In addition, ternary-doped graphene has also been reported
by Yu and colleagues as ORR catalysts, using GO as the
precursor, thiourea as the source of N and S, and TPP as the P
source through a thermal-annealing process at 800 °C in N,.'**
Interestingly, the P doping can help to create more pyridinic N
and pyrrolic N in SNG by formation of P=N and P—N bonds;
the S-doping level is lower than that of N doping because there
is only one binding configuration of thiophene S.

2.6. Other Doping Types. Dopin% graphene with other
heteroatoms has been also studied.'>'®* By adding H into a
graphene matrix, a stable 2D hydrogenated graphene (also
called graphene) in which the sp> C is transferred to sp> C is
formed."** Depending on the amount of H coverage on the
graphene surface, a tunable bandgap can be induced, reaching
values as high as 54 eV, and an n-type behavior can be
observed in graphene. On the other hand, halogen atoms can
also be doped into graphene, resulting in drastic geometric and
electronic distortions in graphene sheets.'”> The F—C bond in
F-doped graphene sticks out from the graphene basal plane and
stretches the C—C bond length to 1.57—1.58 A. With full
coverage of F atoms on graphene, fluorographene is formed by
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sandwiching a graphene basal plane between two F layers, 0, + 4H" + 4¢” - 2H,0 (2, acidic)
making the resulting structure the thinnest insulator, with a _

bandgap of ~3 eV due to a high degree of sp* C. The Cl-doped Two-step 2e” pathway:

graphene has a longer bond length; thus, it has a larger O, + H,0 + 2¢~ —» HO,” + OH™ (3, alkaline)
thickness than FG. The large-sized Br and I were reported to B B B

interact with graphene only via physisorption or charge transfer HO,” + H,0 + 2¢° — 30H (4, alkaline)
complex formation, which do not disrupt the sp* C network. Or

The I-doped graphene was prepared by Yao et al. by annealing

GO and iodine at 500—1100 °C in Ar, which displayed a 0, + 2H" + 2¢” — H,0, (5, acidic)
greater ORR electrocatalytic activity than Pt/C by the

formation of an I3~ structure.'® H,O, + 2H" + 2¢” — H,O0 (6, acidic)

The ORR performance can be evaluated by the onset
potential, the electron transfer number (1), the kinetic-limiting

3. ORR ELECTROCATALYSTS

The ORR proceeds via either a direct four-electron (4e7) current density (Jx), Tafel slope, etc. In particular, the n values

pathway or a two-step, two-electron (2e”) pathway under both per O, molecule involved in the typical ORR process can be

acidic and alkaline conditions. calculated from the slope of the Koutecky—Levich (K—L) plots

Direct 4e” pathway: using the following equations:**'®®

0, + 2H,0 + 4e~ — 40H™ (1, alkaline) 1_1,1_ 1 1
T T

Or J L Kk Bo Jx (7)
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B = 0.62nF Cy(Dy)** v™"/¢ (8)

Jx = nFkC, )
in which ] is the measured current density, J; is the diffusion-
limiting current density, @ is the electrode rotating speed in
rpm, B is the reciprocal of the slope, F is the Faraday constant
(F = 96 485 C mol™), C, is the concentration of O,, D, is the
diffusion coefficient of O,, v is the kinematic viscosity of the
electrolyte, and k is the electron transfer rate constant.

Furthermore, the n value can also be calculated by using
rotating rinsg—disk electrode (RRDE) tests following the below
equations.5 169

s — L/N
%HO,” = 200 X ————
I+ /N (10)
o I/N
I, + /N (11)

where I; and I, are the ring and disk currents, respectively, and
N is the collection efficiency (0.4) of the Pt ring.

3.1. Traditional ORR Catalysts. Noble metals are the most
investigated traditional ORR catalysts.”>'**'*” Xu’s DFT
calculations indicated that the intrinsic ORR activity of Au,
Ag, Pt, Pd, Ir, and Ru forms a volcano-like trend with respect to
the adsorption energy of O,, with Pt and Pd being the most
active.'°° However, some unwanted side reactions always occur
on the state-of-the-art Pt catalysts. For instance, some O,>~
react with protons to create oxide species, which can block as
much as 45% of Pt atoms and pull them off the electrode
surface, consequently reducing its catalytic ability.w8 Stamen-
kovic’s group™” solved this problem by developing a Pt;Ni(111)
alloy with an activity of 10-fold over a single-crystal Pt surface
and 90-fold over the standard Pt/C because its unusual
electronic structure and near-surface composition oscillation
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(between Pt and Ni) lower the electronic interaction between
surface Pt atoms and the deleterious oxides, leaving more active
sites open to carry out O,-splitting reactions. Furthermore,
Adzic and colleagues demonstrated that the Au clusters can
improve the stability of Pt potential in the PtAu alloy by raising
its oxidation, producing a similar change in the electronic
behavior of the catalyst surface that prevents Pt atoms from
dissolving into the electrolyte.'®”

In addition to the high cost, Pt is very sensitive to CO
poisoning and methanol crossover; therefore, inexpensive
catalysts with competitive ORR activity and resistance to
CO/methanol poisoning have been explored, such as nonnoble
metals, metal oxides, and sulfides, carbides, etc.'®”~'7* Deng et
al. encapsulated Fe nanoparticles in the compartments of pea-
pod-like CNTs, which exhibited good ORR activity as a result
of efficient electron transfer from Fe to CNTs.'® Our group
has developed a metal-N—C catalyst (Fe—N—C in CNTs)
combining the merits of its components, such as highly active
Fe—N species for ORR, hierarchical porosity for facile reactant
transportation, and sufficient active sites’ exposure as well as
high conductivity originating from graphitic CNTs.'”" Lee et al.
reported a metal oxide-based ORR catalyst, in which Ketjen
black carbon acted as a conductive support and amorphous
MnO, nanowires with rich surface defects were active sites for
O, adsorption.'”” Dai’s group developed a cobalt sulfide-
graphene hybrid with good ORR performance related to the
strong coupling between Co,_,S nanoparticles and conducting
reduced graphene oxide (rGO) supports.'””> Hu et al
synthesized the Fe;C/C hollow spheres with excellent ORR
activity and stability in both acidic and alkaline media, in which
the outer graphitic-C layers stabilize the Fe;C nanoparticles
under corrosive conditions while the inner nanoparticles
activate the outer graphitic layers toward the ORR.'"*

Carbon-supported nonnoble-metal-based catalysts are inex-
pensive and active, but they still suffer from gradual
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deactivation during operation under corrosive conditions.
Therefore, nonmetal materials such as heteroatom-doped
carbon provide a promising solution.'”*™"”” Liming Dai’s
group reported vertically aligned nitrogen-containing CNTs,
which displayed a good ORR activity, long-term operation
stability and tolerance to methanol crossover effect in alkaline
FCs because of the relatively high positive charge density of
carbon atoms near the incorporated N.'”> Our group adopted
g-C3N,, which has the highest N content among the N-
containing C materials as ORR electrocatalysts with abundant
active sites.'”*'”” However, theoretical studies (Figure Sa)
showed that O, cannot be reduced on the pristine g-C;N,
without electron participation (path I) because of the existence
of two insurmountable barriers in the free energy plot of
intermediate and final products. When 2 e~ are introduced
(path II), the free energy of intermediate OOH@g-C;N,
decreases, indicating that the first 2 e™ reaction can proceed,
but an obvious barrier still exists at the final state of OH /g-
C;N,. This barrier can be eliminated by introducing 4 e~ (path
III), by which most of the initially adsorbed O, molecules can
be quickly reduced to OOH™ and directly form OH™ in the
solution. Experimentally, we incorporated g-C;N, into
conductive CMK-3 to promote electron transfer in ORR, and
the resultant g-C;N,@CMK-3 exhibited an excellent ORR
activity with a nearly 100% 4 e~ pathway and a high stability
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with 92.2% preserved current after 45 h in alkaline solution
(Figure Sb—d)."”®

3.2. Heteroatom-Doped Graphene Based Catalysts.
3.2.1. NG-Based Catalysts. Both theoretical and experimental
studies indicate doping graphene with heteroatoms such as N,
B, S, and P can improve the ORR catalytic activity, which may
be attributed to the polarized distribution of spin and charge
densities.'”®'”” Our group reached the same conclusion and
established a volcano plot between the ORR activity and the
adsorption free energy of intermediates on the metal-free
materials, similarly to that obtained for metallic catalysts."”®
Liming Dai’s group first reported NG as an ORR catalyst in
2010, for which the steady-state catalytic current at the NG
electrode was found to be ~3 times higher than that of Pt/C
over a large potential range under alkaline conditions; further,
the tolerance to methanol crossover, CO poison effect, and
long-term stability were shown to be better than those observed
for Pt/C (Figure 6).”” It was suggested that both pyridine and
pyrrolic N in NG are essential for the ORR process. Moreover,
a superior ORR performance of NG was also observed by
another group.”'®

NG@Noble Metals. Ramaprabhu et al. synthesized NG and
further used it as a catalyst support for dispersing Pt and Pt—Co
alloy nanoparticles, among which Pt;Co/NG exhibited four
times higher power density as compared with commercial Pt/C,
caused by an excellent dispersion of nanoparticles on the NG
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support, the alloying effect of Pt—Co, and the high electro-
catalytic activity of NG.>* High stability was also observed in
Pt/NG and Pt;Co/NG, suggesting N doping results in strong
binding between the nanoparticles and graphene surface, which
prevents the detachment of the catalyst from the support and
agglomeration during cell operation. Our group achieved an
improved ORR performance of Ag/N-rGO nanocomposites, as
compared with Ag/graphene, which was assigned to the Ag—N
bonding that induced more positive charge on the adjacent C
to N. Specifically, it was the pyridinic and pyrrolic N that can be
bonded to Ag to get a more negative charge, according to the
significantly decreased BE of N 1s XPS spectrum and the
obvious Raman enhancement in Ag/N-rGO."®'
NG@Nonnoble Metal Based Catalysts. It was shown that N
dopants in NG can create highly localized states near the Fermi
level, which contribute to the strong transition metal bindings
that prevent metal aggregation, and favorable adsorption.""”
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Miillen’s group incorporated Fe nanoparticles into NG, and the
hybrid showed nearly 4 e™ process and superior stability in both
alkaline (~94%) and acidic (~85%) media.'®

Despite the stability under alkaline and oxidizing conditions,
the low conductivity of metal oxides still limits their ORR
activity. Thereby, abundant nonnoble metal oxides were
hybridized with conductive NG to improve the ORR
performance.”>"””"**~'%” Hongjie Dai’s group reported a
Co0;0,/NG hybrid in which NG served as nucleation sites
for Co;0, to generate a strong coupling between them. A
surprisingly high ORR activity was obtained with a more
positive ORR peak potentials and higher peak current than
those obtained for Co;0,/G; namely, an n of ~4.0 at 0.60—
0.75 V vs RHE, a small Tafel slope of 42 mV dec™!, and
superior durability in 0.1-6 M KOH.” Importantly, they
proposed that the active reaction sites could be Co oxide
species at the interface with NG; therefore, they further

DOI: 10.1021/acscatal.5b00991
ACS Catal. 2015, 5, 5207-5234


http://dx.doi.org/10.1021/acscatal.5b00991

ACS Catalysis

a. T cx
® Negraphene
1 v ABNigraphene pe3gr 398
T' A B N-graphene 15 (n=3.81) (1=3.96) |3
2 |=
< 3
2 i 3
' .4 2
: 1
g 3 13 0 - =282 5
7263 (n=328)
< = ]
E -4 £ om0 2
e 3 51=309) m
6

08 06 -04 -02 00 02 0.02 0.03 0.04 . ‘ >
E vs. Ag/AGCI (V) " pm™) BG NG AHBNG BNG PUC
d N(g)-graphene  B-graphene B,N-graphene e
N(p)-graphene (-0.94)
s
Ca
o*
(-0.10)
g -1.4
Pyridinic N
-1.2 [ Graphitic N 12
‘ -0.8
s
)
w-0.4
v v VI single B
0.0 - SF
ortho B meta B para B Dist: of Bfrom N

Figure 9. (a) LSVs of various electrocatalysts on a RDE at 1500 rpm in an O,-saturated 0.1 M KOH (scan rate: 10 mV s™"). (b) K—L plots at —0.6
V. (c) Summary of Ji and n based on the RDE and RRDE data (values in parentheses, G stands for graphene in the x-axis labels). (d) E,q on N- and
B-doped graphene. N(p) and N(g) indicate pyridinic and graphitic N bonding, respectively. (e) Optimized configuration of HO, adsorbed on B,N-
graphene. (f) E 4 on various B,N-graphene models with pyridinic or graphitic N groups. (g) E,4 on various B,N-graphene models with B active sites
as a function of the distance to a pyridinic N atom (sites I-VI as marked in inset). B-graphene with a single B atom was considered as a reference
with an infinitely large distance. Reproduced with permission from Qiao et al.'** Copyright 2013, Wiley VCH.

modified spinel Co;0, with Mn®* substitution to optimize the
ORR performance.'”” The resulting MnCo,0,/NG hybrid
exhibited ~20 mV more positive onset potential and peak
potential than those of Co;0,/NG and a smaller Tafel slope of
36 mV dec™! owing to the increased catalytic sites. Our group
reported a mesoporous Mn;O,/NG hybrid with an excellent
ORR activity and durability, and for the first time indicated that
the ORR activity can be correlated to the shape of nanocrystals,
specifically to the exposed crystalline facets."*"'*> The hybrid
with Mn;O, ellipsoids (NENG) exhibited the most positive
onset potential, —0.13 V; the largest n, 3.81; and highest Ji,
11.69 mA cm™2, at —0.60 V, as compared with those of a cubic
(NCNG, 3.70 and 9.38 mA cm™) or spherical sample (NSNG,
3.64 and 4.70 mA cm?, Figure 7).'%

Other types of nonnoble ORR catalysts have also been
studied."**'®” Yu’s group reported about ZnSe/NG nano-
composites and proposed that the pyrrolic N atoms played an
important role in the enhanced ORR activity under alkaline
conditions.'** Metal nitrides have relatively good stability under
acidic conditions and high electrochemical potentials. Hou’s
group prepared a Fe, N/NG aerogel hybrid, which exhibited an
ORR activity comparable to that of Pt/C. It was found that the
large surface area and porosity were responsible for the positive
onset potential, and the high density of Fe—N—C sites and
small size of Fe,N particles boosted the charge transfer rate.'®’

3.2.2. BG-Based Catalysts. In addition to NG, it was
theoretically found that BG can also promote ORR because it
has a lower electronegativity than C, and the positively
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polarized B atoms attract the negatively polarized O atoms,
leading to chemisorption.'”’™""* Ferrighi et al. theoretically
showed that the formation of bulk borates covalently bonded to
graphene (BO;-G) under oxygen-rich conditions can facilitate
the O—O-breaking step in the ORR.'”> Although Wang et al.
reported the synthesis of BG with different contents of B and
presented that a higher B content in BG increased the electrical
resistivity because of the electron acceptor properties of boron;
thus, a lower ORR activity was observed in BG with larger B
doping.'”

3.2.3. SG-Based Catalysts. It was confirmed that breaking
the electroneutrality of graphitic materials to create charged
sites favorable for O, adsorption is the key factor in enhancing
the ORR activity, regardless of whether the dopants are N, B, or
P atoms. The mechanism to promote the ORR on SG is
different because of the close electronegativity of S and C.
There are four S-doping configurations, whereas the ORR
catalytic sites are thought to be C atoms located at the zigzag
edges or close to the SO, doping and possess highly positive
charge density or spin density. '® The 2e~ pathways proceed on
the substitutional S atom with high charge density, and 4 e~
transfer takes place on the C atoms with a high positive spin or
charge density. According to the calculated energy barrier of
ORR reactions on S and oxide S graphene at the zigzag edge
(Figure 8a,b), there is no reaction energy barrier for the first
OOH molecular adsorbing step and the third electron transfer
step. For the second O—O bond breakage step, the energy
barrier was 0.1 and 0.24 eV on S graphene and sulfur oxide
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graphene, respectively. In the last H,O molecule formation
step, the reaction barriers are 0.38 and 0.05 eV for the S- and
sulfur oxide-graphene. Therefore, it can be concluded that
sulfur oxide in SG seems to be better in terms of the energy
barriers and the n value for ORR than that of S graphene.
Baek’s group reported a similar result; specifically, the charge
distribution of all S bonding does not change much. There is no
spin density on graphene with adsorbed S and a S cluster ring,
whereas both charge and spin densities are induced on the
graphene with covalently bonded S and oxidized S (Figure
8c).""” However, Huang’s group proposed that the C—S$
bonding is an important catalytic active site for the ORR;
therefore, the activity increased with increasing —C—S—C—
content and decreasing sulfur oxide content, although the
overall S content was decreasing (Figure 8d—g).120

In addition, Park et al. found that SG showed higher ORR
activity with a large Ji and durability, and NG improved the
onset potential.'”* Chen et al. synthesized SG and adopted it as
a support for Pt catalysts; consequently, the strengthened
interactions between Pt and SG could lead to a catalyst—
support tethering effect and a negatively shifted d-band center
of Pt atoms, which is essential for the enhanced ORR."”® 3D
SG networks that displayed good ORR performance due to the
S-doping enhanced activity and the 3D porous structure
assuring facile mass transport and ionic diffusion were also
fabricated.'**'7%'”

3.2.4. PG-Based Catalysts. The P atoms and their
neighboring C atoms are thought to be the preferred
adsorption sites and the active centers for ORR."”® The ORR
around P dopants in PG may first proceed by 2e™ process to
form the OOH intermediate, followed by 4e™ process to break
the O—O bond of OOH. The second OH hydrogenation to
H,O is the rate-determining step (RDS) because of its largest
reaction barrier of 0.88 eV. The P dopant could tune the
electronic structure of graphene by donating 0.21 e~ to the
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adjacent C atoms, and it would further diminish the electron
(0.34 e”) when adsorption of O,, O, H,0, OH, and OOH
happen, suggesting that the electrons transferred to adsorbates
are mainly from P dopants. Interestingly, the electrons gained
by O when adsorbed on PG exceed those lost by P, indicating
the P atom can act as a bridge for the electron transfer from C
to the adsorbates. Li et al. confirmed the above ORR
mechanism experimentally; the obtained PG displayed a
competitive ORR performance with an onset potential of
23.5 mV only (negatively shifted from that of Pt/C), n values
higher than 3.6, and an extraordinary stability with 3.57%
current loss after 16000 s.'*° Furthermore, Yu's group
investigated the synergistic effect between P dopants and
metal centers (Fe) in graphene materials for ORR, which
generates the electrochemically active Fe—P species.'”’
Interestingly, PG becomes active in acidic medium as a result
of the excellent blend of Fe and P functionalization and
improved active surface area.

3.2.5. BNG-Based Catalysts. The formation of B and N as
separated states in BNG would facilitate ORR, whereas the
formation of BN domains may show the graphite-like ORR
activity."**'*#'*® Our group conducted a detailed investigation
on the h-BN-free BNG that exhibited a positive ORR onset
potential, showing a nearly perfect 4 e™ pathway, as well as Ji of
13.87 mA cm™? that surpasses the summed value of BG (3.48
mA cm™?) or NG (5.54 mA cm™; all the samples were tested
using the same electrochemical system under the same
conditions; Figure 9a—c) because of the synergistic effect
between B and N dopants."**'**'*” The BNG has a higher
energy of HO, adsorption (E,4) than graphitic NG, BG, and
pyridinic NG; its ORR active sites are the 3-fold-coordinated B
dopant in B—C—N heteroring in which the C 2p orbital located
between the N and B dopants is first polarized by N and then
able to donate extra electrons to an adjacent B atom (Figure
9d,e). Unexpectedly, only the pyridinic N can boost HO,
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adsorption on the active B atoms, with the B atom meta to a
pyridinic N atom showing the highest E_; value, whereas an
ortho B atom directly bonded to N as BN having the lowest
activity owing to the lack of the C bridge (Figure 9f).
Furthermore, the strength of the synergistic effect decreases
gradually as the distance between the B and pyridinic N
dopants increases (Figure 9g). Nevertheless, Lee et al. reported
the origin of the ORR catalytic activity could be the insertion of
B and N atoms as BCO, and pyrrolic N."** Tour’s group
synthesized a B and N codoped GQD/graphene hybrid, which
combined the advantages of both components, such as
abundant edges and doping sites, high electrical conductivity
and high surface area, leading to a higher ORR activity than that
of Pt/C in alkaline media.””’

3.2.6. SNG-Based Catalysts. We reported a mesoporous
SNG as the ORR catalyst (Figure 10a), which displayed a
positive onset potential of —0.06 V vs Ag/AgCl, an n value
between 3.3 and 3.6, and a high Ji exceeding that of Pt/C at
—0.6 V (the as-prepared samples and commercial Pt/C were
measured in the same electrochemical system under the same
conditions, Figure 10b—d)."" It was found that when S and N
were doped into the graphene matrix simultaneously, the
maximum spin density was raised to 0.43 (C1), which should
be responsible for the elevated ORR activity of SNG and the
synergistic ORR enhancement resulting from the asymmetrical
spin and charge densities, leading to a large number of carbon
atom active sites (C1—CS, Figure 10e). The enhancement of
the synergistic effect for ORR by S and N dual doping has also
been discussed by other groups.'*”'**'** Zhang et al. revealed
that the doping of N/S heteroatoms into the graphene matrix
with different numbers of valence electrons synergistically
modulates the electronic properties of host graphene and
introduces additional states, such as electron-acceptor or -donor
states, thus creating favorite active sites for ORR.">*

4. HER ELECTROCATALYSTS

The HER’s total equation and detailed pathways are
summarized as follows:*”*°" In acidic media, the first step of
HER is adsorption of hydrogen on the electrode surface by
transferring a proton from the electrolyte combined with one
electron from the electrode (Volmer reaction). For the second
step, there are two possibilities: one is the Heyrovsky reaction

in which the adsorbed hydrogen atom (H*) reacts with one
electron and one proton to form one H, molecule; the other
one is the Tafel reaction in which two adjacent H* combine to
form one H, molecule. The HER reactions in alkaline media
require an additional water dissociation step, which would
introduce an additional energy barrier affecting the whole
reaction rate. The determination of the RDS can be simply
discerned by the Tafel slope value from the LSVs through the
Tafel equation (17 = b log j + a, where j is the current density
and b is the Tafel slope), which is an inherent property of the
catalyst. By extrapolation, the Tafel plots at low overpotentials
to the j axis, the exchange current density (defined as j,) can be
obtained. For example, in the case of Pt with nearly 100%
hydrogen coverage, the Tafel slope at low overpotentials is
usually measured as 30 mV dec™’; therefore, the Volmer—Tafel
mechanism, eqs 12 and 14, is determined, and the
recombination Tafel step is the RDS.

In acidic media:
HY 4+ e + * - H* (Volmer) (12)

__ 23RT
aF

b ~ 120 mV dec”!

H* 4+ e 4+ H* - H, (Heyrovsky) (13)

2.3RT _
= 37 ~ 40 mV dec™*
(1+ a)F

or

2H* - H, (Tafel) (14)

, = 23RT
2F

~ 30 mV dec™*

In alkaline media:

H,0 + ¢ —» H* + OH™ (Volmer) (15)

H,0 + e + H* > H, + OH™ (Heyrovsky) (16)
or

2H* —» H, (Tafel) (17)
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American Chemical Society.

where R is the ideal gas constant, T is the absolute temperature,
a =~ 0.5 is the symmetry coeflicient, and F is the Faraday
constant.

4.1. Traditional HER Catalysts. Metals and their alloys
have been extensively investigated as traditional HER electro-
catalysts.**"' 2% Norskov’s group reported the HER activity
for metals and over 700 binary alloys and presented a volcano
plot using experimentally measured log j, against the DFT
calculated Gibbs energy of hydrogen adsorption (AGy:, Figure
11a).>**"” In particular, the optimum value should be around
AGy+ = 0, and BiPt was found to have an activity comparable
to or even better than pure Pt (Figure 11b). On the basis of the
Brewer—Engel theory, Jaksi¢ indicated that the electronic
configuration of alloys can determine their HER activity.”"*
According to this study, whenever the left-half transition metals
that have empty or half-filled d orbitals are alloyed with the
right-half transition metals that have paired d electrons, there is
an enhanced synergy in HER electrocatalysis. As result, the
highest electrocatalytic activity is observed for the d metal
composite with improved d orbital overlap in intermetallic
phases, such as MoCo;, WNi;, MoNi;, LaNis. In addition, a
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pronounced structure sensitivity of the HER activity has been
demonstrated.”***°° Markovic’s group demonstrated that the
Pt(110) displayed ~10 times higher ORR activity than the
(100) or (111) faces at 275 K, which can be attributed to the
structure-sensitive adsorption of underpotentially deposited
hydrogen (H,,q) and hydroxyl species (OH,q) and the effect
these species have on the formation of the electroactive
intermediate, overpotential deposited hydrogen (Hopd).zo5
Obvious differences in HER occurring in acidic and alkaline
media were noticed, and alkaline HER is usually promoted by
Ni and their alloys.*”***™>'" Lasia et al. demonstrated the
Volmer—Heyrovsky mechanism on both polycrystalline Ni and
NiAl alloy electrodes in alkaline media, which are very active
despite large Tafel slopes.” "

Molecular catalysts have been applied to catalyze HER.
Goft and colleagues showed that the covalent attachment of a
nickel bisdiphosphine-based mimic of the active site of
hydrogenase enzymes onto MWCNTs results in high HER
activity and exceptional stability in acid.”'* Bhugun et al. have
found that iron(0) porphyrins are efficient and persistent HER
catalysts that bear some resemblance to complexes in which a
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substantial electron density at the Fe atom is transferred from
S-containing ligands.”"”

Metal oxides have also been studied as HER catalysts.
Gong et al. reported nanoscale nickel oxide/nickel hetero-
structures formed on the CNT sidewalls as effective HER
electrocatalysts with activity similar to that of Pt, in which the
metal ion-CNT interactions impede complete reduction and
Ostwald ripening of nickel species into a less active Ni phase.”'
It was reported that metal carbides exhibit HER activities
similar to those of Pt group metals, yet they are more abundant
and less expensive. Hunt et al. synthesized metal-terminated
metal carbide nanoparticles in the 1—4 nm range with tunable
size, composition, and crystal phase, among which WC and
Mo, W,_,C nanoparticles are highly active and stable HER
catalysts with activities of ~100-fold higher than that of
commercial WC and similar to that of Pt-based catalysts.”'®
Very recently, metal phosphides were extensively investigated
as HER catalysts.”'”**° Sun’s group prepared a closely
interconnected network of MoP nanoparticles with a Tafel
slope of 54 mV dec™" and j, of 0.086 mA cm™2**' Jaramillo and
colleagues obtained a molybdenum phosphosulfide (MoPIS)
catalyst with superb activity and stability for HER in acidic
media, which represents a more uncommon mixed-anion
catalyst with synergistic effects between S and P that is more
active than undoped sulfide or phosphide.”*

Layered transition metal dichalcogens (TMDCs) have been
found to be especially active in HER electrocatalysis. Although
the bulk MoS, exhibits poor HER activity, a nanoparticulate
MoS, is a promising system because of the abundant active
edges.*”** It was shown that the HER activity of TMDCs can
be further promoted by incorporating other transition metals,
such as Co, Ni, etc.”””*** Chorkendorffs group incorporated
Co into MoS, and WS, to promote their activity toward HER.
In this case, the cobalt-promoted MoS, (Co—MoS,) was shown
to be better than cobalt-promoted WS, (Co—WS,) because the
former have active sites on both edges and therefore feature a
higher total number of active sites.”*" Interestingly, 2D TMDCs
nanolayers have displayed drastically improved HER activity
owing to a significant increase in the number of edge active
sites and specific surface area in addition to the different band
structure and chemical terminations of 2D nanolayers.”*>~>**
Metallic 1T-MoS,/WS, can overcome the inherently low
electrical transport property of 2H-TMDCs, and exhibit
metallic conductivity and proliferated density of active sites
caused by the strained lattice distortion, which improves the
HER kinetics and activity.”””**° Because of the instability of the
isolated 2D materials, Hongjie Dai’s group developed a MoS,/
rGO hybrid with high HER performance, consisting of a few-
layer MoS, with abundant active edges stacked onto conductive
graphene.”’ Moreover, Cui’s group prepared 3D HER
electrodes composed of CoSe, nanoparticles grown on carbon
fiber paper, which exhibited excellent catalytic activity and
exceptional durability in an acidic electrolyte.”*”

4.2, Heteroatom-Doped Graphene Based Catalysts.
The widely applied metallic catalysts for HER usually suffer
inherent corrosion and oxidation susceptibility under acidic
conditions. Therefore, nonmetal HER catalysts have been
widely investigated.”*~>*” Misra et al. used a vertical array of
CNTs to promote HER by taking advantage of the CNT
conductivity and utilizing their top surfaces as an electrode.”*
Qu’s group fabricated 3D networks from 1D g-C;N, nanorib-
bons on 2D graphene sheets, which provides a large accessible
surface area, multielectron transport channel, and short
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diffusion distance for efficient charge separation and transfer
in HER.>*® In addition, N-doped hexagonal carbons exhibited
high HER activities stemming from the intrinsic electrocatalytic
property of hexagonal nanodiamond, rapid charge transfer, and
abundance of active sites after N-doping.”** Herein, we present
a brief overview of the heteroatom-doped graphene-based HER
catalysts.

4.2.1. Monodoped Graphene. Sathe et al. reported BG as an
efficient HER electrocatalyst, with a Tafel slope of ~99 mV
dec™, jo of 1.4 X 107> mA cm™2 good durability, and only
negligible loss of the cathodic current in 0.5 M H,SO,
solution.”*

Our group coupled g-C;N, with NG to produce a metal-free
hybrid catalyst (Figure 12a—e) that showed a small over-
potential of ~240 mV to achieve a 10 mA cm™> current density,
a small Tafel slope of 51.5 mV dec™!, and a j, of 3.5 X 1077 A
em 2** The interfacial covalent bonds between g-C3N, and
NG layers afforded a strong molecular framework, guaranteeing
a robust stability in both acidic and alkaline solutions. A largely
negative AGyx of —0.54 eV for g-C;N, suggests that chemical
adsorption of H* on its surface is too strong; in contrast, a
largely positive AGy« of 0.57 for NG indicates very weak H*
adsorption; therefore, both pure g-C;N, and NG are
unfavorable for HER. However, C;N,@NG hybrid showed
the smallest |AGy:l of 0.19 eV, indicating a mediated
adsorption—desorption behavior. A synergistic effect for this
hybrid catalyst was identified in which g-C;N, provides highly
active hydrogen adsorption sites by forming C,N;H heterorings
via one H* bonding with two pyridinic N present in one tri-s-
triazine periodic unit, while NG facilitates the electron transfer
for the proton reduction. In addition, we modified the electrode
architecture by constructing a 3D film that can be directly used
as an HER catalyst electrode without the membrane electrode
assembly, featuring flexibility, highly exposed active sites in
C;N, nanolayers, facile mass transport due to the hierarchical
porous structure, and a strong synergistic effect between 2D
C;N, and the doped graphene sheets.’” The as-prepared
porous 2D C;N, and NG hybrid film (PCN@N-graphene film)
displayed a small overpotential (80 mV vs RHE @ 10 mA
cm™?) and Tafel slope of 49.1 mV dec™, a high J, of 0.43 mA
ecm™2, and remarkable durability (seldom activity loss >5000
cycles), outperforming many metal catalysts (Figure 12f—j).

In addition, we incorporated molecular clusters (MoS,) into
a 3D NG hydrogel film, which showed a very good HER
performance with dual active sites from both pyridinic and
pyrrolic N in NG and defects and edges of MoS,.”*' Hou et al.
prepared a hybrid consisting of NG/Co embedded in porous
carbon polyhedron (N/Co-doped PCP/NG) that exhibited an
excellent HER performance offering positive onset over-
potential of 58 mV and a stable current density of 10 mA
cm™2 at 229 mV in acid media, also with the dual active site
mechanism resulting from remarkable features of the porous
carbon structure, N/Co-doping effect and good contact
between components.

4.2.2. Double-Doped Graphene. Chen’s group reported
SNG with a high density of both dopants and structural defects,
which shows an outstanding HER activity with a Tafel slope of
80.5 mV dec™' and overpotential of —0.28 V at 10 mA cm 2"’
It was suggested that C defects alone in graphene are not
catalytically active for HER, whereas the coupling of S and N
dopants with geometric defects in graphene lattice produces a
synergistic effect that allows precise tuning of AGys to achieve
an outstanding HER activity. The SNG model with one C
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Chemical Society.

defect near the S doping site (—C—S—C— or —C=S—) in the
vicinity of graphitic N has the smallest AGyx value of 0.12 eV,
comparable to that of a Pt catalyst (0.09 eV). Moreover, the
induced positive and negative charge density distribution as
well as the negatively shifted Fermi level (0.6 eV above the
Dirac point) could facilitate HER.

Importantly, our group designed double-doped graphene by
using a couple of the dopants with the most noticeable
differences in the charge population (ie, N and P), to
maximally activate the adjacent C atom and consequently
enhance the HER activity (Figure 13a).”"> By DFT calculations,
the pyridinic N and P double-doped model (pN,P-G, meta-type
pN and P in the heteroring) has the lowest AGy: value of
—0.08 eV, indicating its highest HER activity due to the most
favorable hydrogen adsorption—desorption property (Figure
13b). Using the molecular orbital theory, the lowest AGy:
value originates from the highest Ey (defined as the difference
between the lowest valence orbital energy of the C active center
and the highest valence orbital energy of the graphene cluster)
in the pN,P-G cluster (Figure 13c). As expected, the PNG
displayed the highest HER activity, with an overpotential of
~420 mV, to achieve 10 mA cm™> current density and the
lowest Tafel slope of 91 mV dec”™! in 0.5 M H,SO, solution
(Figure 13d,e). In addition, a synergistic enhanced doping
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effect of N and P was observed in the HER activity.
Interestingly, the HER activities of all catalysts in alkaline
solutions were lower than those in acidic solutions with the
activity following the same trend (Figure 13d—i). The
difference may arise from the aforementioned different HER
mechanisms in the two different electrolytes. For example,
there is an additional water dissociation step in the alkaline
solution, and graphene-based catalysts are unfavorable to
facilitate this step that results in a relatively high energy barrier
in the whole HER process.

5. OER ELECTROCATALYSTS

OER may be performed under basic or acidic and neutral
solutions as follows:*>*****°
in alkaline solutions

40H™ - 2H,0 + O, + 4e” (18)
in acidic or neutral solutions
2H,0 — 4H" + O, + 4e~ (19)

It was shown that the efficiency of oxygen-evolving
electrocatalysts is determined to a large extent by the strength
of the binding of the reaction intermediates (HO*, O%*, and
HOO*) to the electrode surface.’” The performance of
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electrocatalysts can be evaluated by comparing their activities,
stability, and faradic efficiencies.”*> Specifically, the activity is
determined by the overpotential required to achieve a current
density of 10 mA cm > per geometrical area, which is
approximately the current density expected for a 10% efficient
solar-to-fuels conversion device. The stability test is performed
by operating a device for an extended period of time. The
faradic efficiency of an OER catalyst is determined by
quantifying the amount of dissolved generated O, and dividing
it by the amount of expected O, based on the charge passed
during electrolysis.

5.1. Homogeneous Catalysts for OER. In nature, OER is
efficiently accomplished by photosystem II (PSII) containing
CaMn,O, clusters. Inspired by PSII, various artificial molecular
clusters have been designed and synthesized. Early studies of
homogeneous catalysts include precious-metal-based clusters
(such as a Ru-based complex).”> however, the use of precious
metals is costly, and the majority of homogeneous catalysts are
still thermodynamically unstable with respect to the oxidative
degradation. As a consequence, a number of homogeneous
catalysts based on earth-abundant elements (Co,>® Cu,”” Fe,*
etc.) with enhanced stability have been reported. On the other
hand, the catalytic activity of homogeneous catalysts has also
been improved by introducing another metal (such as Ru),
which often features an increased amount of catalytic centers.”®
Recently, two strategies have been reported to integrate
homogeneous and heterogeneous catalysts to achieve both
high stability and activity: one is the immobilization of
molecular clusters on the heterogeneous surfaces, such as
polyoxometalate on carbon nanotubes,”® and the other method
is the transformation of homogeneous clusters into heteroge-
neous materials, such as electrodeposition of [Ni(en);]Cl, (en
=1,2-diaminoethane) on nickel oxide.”’

5.2. Heterogeneous Catalysts for OER. Volcano plots
play an important role in electrocatalysis, which can correlate
the intrinsic surface adsorption properties and electronic
structure of a catalyst with its apparent catalytic activity.”*°
This relationship can be illustrated by a single descriptor, as
shown in Figure 14.** Both theoretical and experimental
studies confirmed the high activities of noble metals for
electrocatalytic OER, in which the overpotential sequence for

0.0

-0.5

“MNire IV

-2.0

-2.5

AGY. - AGYo- 1 eV

Figure 14. Volcano plots for different surfaces. OER activity trends for
oxides as a function of the standard free energy of the AGyo+—AGo-
step. The activity is expressed by the value of overpotential to achieve
a certain value of current density. Reproduced with permission from
Norskov et al.**” Copyright 2011, Wiley VCH.
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OER in acidic solutions is Ru < Ir < Pd < Rh < Pt.*** RuO,-
based materials are the most active electrocatalysts,”’ but they
exhibit weak stability under oxidation conditions because of the
formation of solvable ruthenium tetroxide (RuO,) under high
anodic potential (>1.4 V). As an alternative to Ru, iridium
oxide (IrO,) that possesses an increased stability up to 2.0 V
anodic potential has received enormous interest, despite its
slightly lower activity.”> To achieve an enhanced activity for
OER, various Ru and Ir alloys and oxides have been studied
recently, for example, Ru—Ir Pyrochlores,”® IrNiO, core/shell
particles, etc.”*

Because of the scarcity and high cost of noble metals,
tremendous efforts have been devoted to the development of
nonnoble metal catalysts for OER in alkaline and neutral
electrolytes. The mostly studied and still popular electro-
catalysts are Ni-, Co-, and Mn-based oxides (both free-standing
and supported on carbon or other metals). Markovic et al.
compared the overall catalytic activities for various OER
catalysts in alkaline solutions as a function of OH-M (M =
transition metal oxides) bonding strength, which exhibits the
trends in reactivity (Mn < Fe < Co < Ni).”" Interestingly,
these trends seem to be independent of the source of OH in
the supporting electrolyte. In another work, Nakamura and his
co-workers developed Mn oxides-based electrocatalysts by
coordinating amine groups of poly(allylamine hydrochloride)
with the surface Mn sites of MnO, electrodes.””” They found
that the formation of N—Mn bonds can effectively stabilize the
Mn** species, resulting in a S00 mV negative shift of the onset
potential for OER at neutral pH. In addition to crystalline metal
oxides, the Dau”" and Berlinguette™” groups have prepared
the amorphous metal oxides (such as Mn oxides and
Femo_y_zCOyNiZOx), which can exhibit high activity comparable
even to that of noble metal catalysts used in commercial
electrolysis. Moreover, a number of mixed transition metal
oxides in the form of perovskites,”” double perovskites,** and
spinels”* have also been reported to achieve the enhanced
catalytic activities.

Beyond oxides, transition metal-based hybrids consisting of
hydroxides, phosphates, boron compounds, nitrates, etc. have
also been extensively studied. For example, the Miiller™>® and
Hu”*® groups prepared NiFe hydroxide nanosheets by using
pulsed-laser ablation and liquid exfoliation methods. A
significant increase in the OER activity was observed for
these nanosheets in comparison with its bulk counterpart due
to the electrochemical surface area and the number of active
edge sites. Nocera et al.®® prepared cobalt phosphate by
electrodeposition of cobalt-containing salts in phosphate
solution. The study of OER on this catalyst electrode under
benign conditions (pH = 7, 1 atm and room temperature)
showed an overpotential of 0.28 V at the current density of 1
mA cm™2. On the other hand, Xie et al. reported the fabrication
of metallic Ni;N nanosheets by a facile hydrothermal method,
followed by thermal annealing in an ammonia atmosphere.
Benefitting from enhanced electrical conductivity associated
with metallic behavior and atomically disordered structure, the
NizN nanosheets showed an intrinsically improved OER
activity as compared with that of bulk NizN and NiO
nanosheets.

Very recently, nonmetal electrocatalysts based on carbon and
organic frameworks have received enormous interest due to
their low cost, high stability, and environmental friend-
liness.***>**77>>? The first reported nonmetal electrocatalyst
for OER is an organic compound, N(5)-ethylflavinium ion,
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Figure 15. Preparation procedure (a), morphology (b), and OER catalytic activity (c) of nitrogen-doped graphite electrocatalyst. Reproduced with

permission from Hashimoto et al.*” Copyright 2013, Nature.

which can mediate oxygen evolution via a four-electron transfer
reaction. Nevertheless, a much higher overpotential is required
for this electrocatalyst (0.73 V vs RHE, pH 2) as compared
with the existing transition metal-based catalysts (0.3—0.5 V vs
RHE), which is presumably due to its low electrical
conductivity and impeded charge transfer.

Therefore, Hashimoto et al. prepared a conductive nitrogen-
doped graphite electrocatalyst (Figure 15) that can generate a
current density of 10 mA cm™2 at an overpotential of 0.38 V.%’
The electrochemical and physical studies indicate that the
catalytic centers for OER are the pyridinic N or graphitic N
type active sites. Recently, we and other groups have
demonstrated that nanostructured carbons are promising
candidates for nonmetal OER electrocatalysts, such as g-
C;N,;**® heteroatom-doped graphenes;”* 3D N, P-doped
porous carbons;”>” and surface-oxidized carbon nanotubes.”’”
These nanostructured materials can be obtained with the high
surface area and well-developed suitable porosity needed for
transport of reactants and products as well as exposed active
centers desirable for enhanced kinetics, assuring a current
density of 10 mA cm™ at an overpotential of about 0.3 V.

5.3. Heteroatom-Doped Graphene for OER. Different
from the graphene-based catalysts for ORR, which have been
widely investigated and shown to be competitive, the studies of
heteroatom-doped graphene materials for OER have just
started. In many studies, doped graphene has been used
primarily as a high-surface-area conductive support for
anchoring transition metal materials, such as Co;O, nano-
particles,”> Co embedded carbons,”** the Co/Co;0, hybrid,”*
and copper nanoclusters.”®' A dual-active-center mechanism
was proposed for these hybrid systems, that is, the metal species
as the main contributor and heteroatom doped-carbon (such as
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C—N) species as additional centers for OER. It was proven that
the performance of hybrid materials strongly correlates to the
crystal structure of the metal oxides nanoparticles. For example,
low surface energy exposed facets of Co;O, nanoparticles
showed an improved activity as compared with other structured
counterparts.”®> A suitable integration of heteroatom-doped
graphene with transition metal oxides can create a significant
number of available catalytic sites and ensure an efficient charge
transport, which can result in enhanced catalytic activity toward
OER.

In this area of research, our group has recently reported a
series of 3D NG frameworks, such as graphene papers and
hydrogels, as new-%eneration scaffolds to confine transition
metal nanoparticles.””**>*** For example, nickel nanoparticles
have been directly grown inside the NG films via a
heterogeneous reaction process (Figure 16). The as-formed
3D hybrid exhibited remarkable structural properties for
favorable electrocatalysis. First, by blending Ni nanoparticles
with NG sheets, Ni may act as a spacer to inhibit the restacking
of graphene sheets and to generate large meso/macropores,
thereby facilitating the electrolyte’s diffusion inside the porous
network of the graphene film. Second, the well-developed
porosity, relatively ordered channels, and 3D conductive
network of NG films can substantially improve the use of Ni
species. Third, because of the low electron negativity of N
atoms, N metal coupling interactions might also be formed to
provide additional active centers for catalysis. Finally, the 3D
electrode may afford high electrode durability because Ni
nanoparticles can be fully accommodated between NG sheets
in the film, and their volume change during catalysis can be
effectively buffered by adjacent graphene sheets (known for
excellent mechanical properties). Because of all these excellent
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structural properties, the NG—Ni hybrid film electrode affords a
surprisingly high catalytic activity toward OER, almost reaching
that of the state-of-the-art precious OER electrocatalysts
(Ir0,).

Beyond transition metal species, heteroatom-doped graphene
has also been hybridized with other nonmetal species, such as
nitrogen-doped CNTs’>*** and graphitic carbons.”** N-doped
CNTs have recently gained a noticeable popularity as low-cost,
metal-free catalysts with abundant catalytic sites, environmental
compatibility, and strong durability. The strong interactions
between graphene and CNTs could inhibit the active species
leaching from electrodes and result in strong catalytic durability
for OER.”>*** On the other hand, we recently fabricated a 3D
N-doped hybrid carbon film by assembling NG and g-C;N,
ultrathin nanosheets on the frameworks of cellulose-based fiber
papers.”®> NG shows the high electrical conductivity desirable
for fast charge transport, and graphitic carbon ultrathin
nanosheets can provide largely exposed active centers for
electrocatalysis. Because of the strong synergistic effects
between these components and cellulose-based fiber paper,
the resulting material can exhibit remarkable catalytic perform-
ance, competitive activity and much better durability as
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compared with the benchmark noble metal electrocatalysts
for OER (IrO,).

Importantly, the corrosion of graphene at high voltage is a
concern for its use in OER. Carbon thermodynamically
corrodes above 1.8 V; therefore, graphene-based electro-
catalysts are usually studied at moderate potentials. Fortunately,
these graphene-based electrocatalysts feature strong mechanical
stability and can deliver the current density of 10 mA cm™ at a
potential of ~1.6 V. Such a high activity of electrocatalysts is
sufficient for integrating them into various renewable energy
devices, including photoelectrochemical water splitting cells
and solar cells.

6. SUMMARY AND PERSPECTIVES

In summary, a series of doped graphene materials have been
reviewed as efficient electrocatalysts for ORR, HER, and OER.
The high surface area, excellent mechanical properties, and high
conductivity of graphene make it a promising material for
electrodes. The heteroatom-doping of graphene with N, B, S,
and P can be effectively used to modify its electronic properties
and create catalytic active sites by inducing charge and spin
densities on C atoms near dopants, consequently affecting the
adsorption and desorption abilities of reactants, intermediates
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and products on the surface of doped graphene, promoting key
electrocatalytic reactions such as ORR, HER, and OER. The
doped atoms are usually covalently bonded with C atoms of
graphene, making doping a robust process that guarantees
unparalleled durability in electrocatalysis, rivaling that of noble
metals and transition metal-based catalysts. Particularly, the
heteroatom-doped graphene materials, used as ORR catalysts in
FCs, are resistant to CO poisoning and the methanol crossover
effect, which clearly sets them apart from the noble Pt/C
electrocatalysts.

In the hybrids consisting of heteroatom-doped graphene and
metal compounds, the doped graphene not only acts as the
conductive support for anchoring nanoparticles but also, more
importantly, contributes to the catalytic activity by providing
additional active sites. Significantly, the strong coupling effects
are usually present in such hybrids, which not only improve the
working stability of electrocatalysts but also enhance their
electrocatalytic activity by forming active metal-dopant sites to
facilitate electron transfer between the metal and doped
graphene. As a result, these hybrid catalysts show compara-
ble—even better—activity and durability as those observed for
noble metals.

In addition, 3D heteroatom-doped graphene structures have
been reviewed, and some of them can be directly utilized as
catalyst electrodes without extra binders and supports. Their
remarkable structural properties, such as high specific surface
areas, 3D conductive networks, and hierarchical porous
structures, can facilitate the electron transport and ion diftusion
during electrocatalytic processes, greatly improving the reaction
activities and kinetics. Moreover, the 3D free-standing
architectures can be used as working electrodes without
membrane electrode assembly process, thus avoiding the
catalyst agglomeration and peeling off from supports and
assuring good activity retention during catalytic processes.

Although significant progress has been made in the field of
heteroatom-doped graphene materials for electrocatalytic
reactions, there are still some urgent challenges in their large-
scale production, controllability of doping configurations,
electrocatalytic activity and mechanisms. Specifically, most of
the current preparation methods require high temperatures and
harsh conditions, which impede large-scale production and
commercialization. It is highly desirable to develop a facile and
green synthesis of heteroatom-doped graphene based materials.
In addition, different doping configurations are known to play
diverse roles in electrocatalysis. Nevertheless, there are always
several doping structures coexisting in the doped graphene. The
controlled synthesis of doped graphene with a single doping
configuration is highly desirable to study the effect of one
specific configuration on electroactivity. Moreover, despite the
currently achieved catalytic activity’s being close to that of
noble metals such as Pt/C and IrO,, there is still a big challenge
to make the doped graphene materials commercially com-
petitive with noble metals, especially in terms of low-cost
synthesis and operation under harsh electrochemical con-
ditions. Furthermore, the reaction mechanisms are still
inconclusive in many electrochemical systems because of the
continuous development of new materials and advanced
applications. We believe that further explorations in this
exciting area of doped graphene materials will contribute to
green energy systems, and all the above problems will be
solved.
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