Chapter 4
GO/rGO as Advanced Materials for Energy
Storage and Conversion

Gang Wu and Wei Gao

Abstract Recently, GO/rGO has become promising platforms for advanced materi-
als in energy related technologies. Extensive applications of rGO have been explored
in a variety of electrochemical energy storage and conversion technologies (e.g., fuel
cells, metal—air batteries, supercapacitors, and water splitting devices). In particular,
GO/rGO was studied as efficient components in catalysts in fuel cells and metal-air
batteries for the oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER), one pair of the most important electrochemical reactions. The promising
applications are primarily due to their unique physical and chemical properties, such
as high surface area, access to large quantities, tunable electronic/ionic conductivity,
unique graphitic basal plane structure, and the easiness of modification or function-
alization. Chemical doping with heteroatoms (e.g., N, B, P, or S) into graphitic
domains can tune the electronic properties, provide more active sites, and enhance
the interaction between carbon structures and oxygen molecules. Meanwhile, GO/
rGO has demonstrated excellent performances in electric double-layer capacitors
(EDLC:s, also known as supercapacitors or ultracapacitors) with excellent volumetric
and gravimetric capacitance densities as well as feasibility in design and fabrica-
tions. Additionally, rGO holds great promise to be high-performance anode materi-
als in lithium-ion batteries due to its favorable interactions with Li. In this chapter,
we will discuss the uses of GO/rGO derivatives in these energy conversion and stor-
age technologies, providing insights and guidance for further optimization and
design of multifunctional materials for energy applications.
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4.1 GO/rGO-Derived Nonprecious Metal Catalysts

4.1.1 Overview

Energy conversion and storage via direct electrochemical reactions are one of the
most important energy technologies of modern day, including polymer electrolyte
fuel cells (PEFCs), metal (Li or Zn)-air batteries, and water electrolyzers. These
devices offer many advantages over traditional fossil fuel combustion technologies,
including improved overall efficiency, high energy density, and the significant
reduction of CO, and other emissions. PEFCs are high-efficiency chemical-to-
electrical energy conversion devices that can be used as power sources in electric
vehicles and portable and stationary applications. Metal—air batteries can provide
vastly enhanced energy densities over traditional lithium-ion batteries. For example,
compared to other rechargeable systems, Li—O, batteries, as a possible next-generation
energy storage and conversion device, have attracted much attention due to their
very high energy density. Unlike the traditional intercalation electrodes used in
Li-ion batteries, the porous cathode in the Li—O, cell is capable of taking reactant O,
from the atmosphere, instead of storing bulky reactants in the electrode. As a result,
the battery has significantly improved specific energy density (theoretical value of
5,200 Wh/kg) [1], which has great promise to meet the battery targets set for auto-
motive applications (1,700 Wh/kg, derived from the practical energy density of
gasoline) [2, 3]. Additionally, these metal—air batteries can be widely used to store
clean energy obtained from renewable wind and solar sources and can also be used
for grid-scale energy storage in power plants. Noteworthy, both fuel cells and
metal—air cells have similar oxygen cathodes and share the same operating princi-
ples for the ORR and OER [4].

Due to the high overpotentials of ORR and OER and inherently slow reaction
kinetics, the performance of these electrochemical energy technologies is greatly
limited by ORR and OER activities [5—7]. Pt- and Ir-based catalysts represent the
state of the art for the ORR and OER, respectively, in terms of their highest activity
and durability. To realize a sustainable development, replacing these precious met-
als with highly active and stable nonprecious metal catalysts (NPMCs) has thereby
become a very important topic in the field of electrocatalysis. Importantly, exploring
advanced catalyst designs and synthesis strategies using earth-abundant elements
(e.g., Fe, Co, N, and C) will be a scientific interest with the potential to provide
fundamental knowledge and understanding in the field of chemical catalysis and
electrochemical science.

Graphene oxide (GO) is a major precursor for preparing graphene and has
attracted substantial attention recently. GO is usually made through oxidation of
graphite powder under harsh chemical conditions. The most effective method cur-
rently used is Hummers method involving a few strong oxidants (e.g., KMnO,,
H,SO,, and K,S,05). As a result, different oxygen-containing groups, especially
hydroxyl, epoxy, and carboxyl, are formed on both sides and at the edges.
Importantly, GO flakes can be exfoliated into single-layer and multilayer sheets
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Fig. 4.1 Currently studied graphene-based catalysts: (a) metal-free nitrogen-doped graphene.
Reprinted with permission from Ref. [9]. Copyright 2012 American Chemical Society (b) transi-
tion metal incorporated graphene. Reproduced from Ref [8] by permission of the Royal Society of
Chemistry. (¢) Transition metal-compound/graphene hybrid catalysts. Reproduced from Ref [10]
by permission of the Royal Society of Chemistry

when dissolved in water due to the strong coulombic repulsion between hydrolyzed
sheets. In order to prepare graphene materials, a complete reduction process for GO
is needed to remove all of oxygen-containing functionalities from GO surface to
prepare electrically conductive reduced GO (rGO).

Generally, the current applications of GO/rGO in ORR catalysts can be divided
into three categories (Fig. 4.1) [8—10]. (1) At first, heteroatoms, such as N, can dope
into graphitic basal planes and change the electronic and structural properties, pro-
viding more active sites and enhancing the interaction between carbon structure and
oxygen molecules. Theoretical studies have shown that doped nitrogen atoms can
be viewed as n-type carbon dopants that disorder carbon lattices and donate elec-
trons to carbon, thus facilitating the ORR activity. (2) Secondly, there is increasing
evidence showing transition metal cations, especially Fe, are able to bond with
nitrogen and embedded into the basal planes. This configuration was proposed as a
possible active site with much improved intrinsic activity, compared to metal-free
nitrogen-doped graphene structures. (3) In the third case, transition metal nanocrys-
tals including oxides and sulfides have been found to be catalytically active for ORR
or OER. When depositing such nanocrystal onto active sp? carbon lattice, a
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synergetic effect may rise between the active species in graphene planes and these
loaded transition metal nanocrystals, thereby leading to much improved activity.

In our recent effort to develop high-performance NPMCs for ORR, the formation
of graphene-like morphology in catalysts is more closely associated with the
enhancement of catalyst activity and stability. The graphene-rich TiO,-supported
catalyst has higher activity, compared to the Ketjenblack-supported catalysts [11].
Meanwhile, the graphene-containing MWNTSs supported catalysts exhibited much
enhanced performance durability, compared to other catalyst without graphene
[12]. Thus, the existence of graphene seems to have a promotional role in improving
catalyst performance. These results suggest that GO/rGO-based catalysts provide
new opportunities on catalyst development for electrochemical energy conversion
and storage. In the meantime, from the fundamental research point of view, studying
catalytic properties of graphitic domain will be of importance to materials chemis-
try and engineering research.

Thus, in this chapter, we primarily focus on the recent development of GO/rGO
composite electrocatalysts for ORR and their applications in fuel cells and metal—air
batteries. Various GO/rGO composite materials including metal-free heteroatom
(N and S)-doped rGO, transition metal-derived nitrogen-doped rGO (M-N-C) cata-
lysts, and transition metal-compound/rGO hybrids are discussed in terms of their cor-
relations among synthesis, structures/morphology, ORR activity, and the corresponding
alkaline fuel cells or metal—air batteries performance under real working conditions.

4.1.2 Heteroatom-Doped rGO Catalysts

Recently, the research on exploring the use of graphene nanocomposites as metal-
free catalysts has been one of the major subjects for the ORR cathode for alkaline
fuel cells and metal—air batteries [13]. Due to the low cost, environmental accept-
ability, corrosion resistance, high electrical conductivity, and good ORR activity in
alkaline media, graphene materials are viewed as ideal candidates for metal-free
catalyst for these energy storage and conversion technologies. Generally, among
different allotropes of carbon, graphene with ordered graphitic structure are
expected to facilitate the electron transfer rate and exhibit good electrochemical
stability. Importantly, it has been commonly recognized that heteroatom doping into
sp? carbon lattice leads to much improved ORR activity [14, 15]. In this section, we
discuss the synthesis, structures, and applications of such metal-free heteroatom-
doped rGO composite catalysts.

4.1.2.1 Nitrogen-Doped rGO Catalysts

While traditional carbon materials (e.g., carbon blacks, nanotube, fibers) are capa-
ble of being good catalyst supports, they generally exhibit insufficient catalytic
activity for the ORR [16]. Historically, several methods have been used to modify
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Fig. 4.2 (a) Nitrogen doping into carbon plane at different location; (b) typical binding energies
of nitrogen atoms in different doping environment determined by X-ray photoelectron spectros-
copy. Reproduced from Ref [17] by permission of the Royal Society of Chemistry

these carbon materials in an effort to improve their catalytic performance. Apart
from optimization of morphological properties (e.g., surface area and porosity),
chemical modification of the carbon has been explored to improve intrinsically cata-
lytic activity. Importantly, chemical doping with heteroatoms (e.g., N, B, P, or S)
into carbon lattice can tune the electronic and geometric properties, provide more
active sites, and enhance the interaction between carbon structure and oxygen mol-
ecules. Among various heteroatoms, nitrogen doping plays a critical role in modify-
ing carbon structures due to comparable atomic size of nitrogen and carbon, as well
as the presence of five valence electrons in the nitrogen atoms available to form
strong covalence bonds with carbon atoms.

As shown in Fig. 4.2 [17], various nitrogen doping into carbon can be identified
by different binding energies in X-ray photoelectron spectroscopy (XPS) associated
with dominant pyridinic (398.6+0.3 eV) and graphitic nitrogen (401.3+0.3 eV)
[18]. Pyridinic nitrogen is obtained by doping at the edge of the graphene layer,
contributing one px electron to the graphitic z system. Quaternary nitrogen is the
result of in-plane doping and contributes two px electrons. In addition, the pyrrolic
form of nitrogen (400.5+0.3 eV) observed at the relatively low heat-treatment tem-
perature (600—700 °C) is assigned to nitrogen atoms in a pentagon structure, which
is indistinguishable in XPS from pyridone (pyridinic nitrogen next to an OH group)
[19, 20]. Both pyrrolic and pyridone nitrogens have been shown to decompose at
temperatures above 800 °C to either pyridinic or quaternary nitrogen [19-22].
Nitrogen species with a high binding energy (402—405 eV) can be assigned to oxi-
dized nitrogen, such as a pyridinic N*—O~ species [19]. In particular, quaternary and
pyridinic nitrogens are dominant nitrogen doping in such nitrogen-doped carbon
catalysts and crucial to ORR activity.

In the case of graphitic nitrogen, before the doping, density functional theory
(DFT) calculations indicated that the electron density of carbon planes is uniform
showing insignificant activity for ORR. However, doping of graphitic N into gra-
phene structure leads to a nonuniform electron distribution, especially when two
quaternary N are doped into the same hexagon unit. As a result, the nonuniform
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Fig. 4.3 Illustration of the nitrogen doping process of melamine into GO layers [1]. Melamine
adsorbed on the surfaces of GO when temperature is <300 °C [2]. Melamine condensed and
formed carbon nitride when temperature is <600 °C [3]. Carbon nitride decomposed and doped
into graphene layers when temperature is >600 °C. Reprinted with permission from Ref [32].
Copyright (2011) American Chemical Society

electron density which resulted from graphitic N doping will enhance catalytic
activity of carbon. In the meantime, from the geometric point of view [23], doping
of graphitic nitrogen in plane will make the C—N bonds much shorter and is compa-
rable to O—O bonds. This change will facilitate O, adsorption and subsequent disas-
sociation of O—O bonds. The pyridinic N sites have been widely received as catalytic
active sites for ORR, because XPS experiments showed that the highly catalytic
carbon materials usually have a large amount of pyridinic nitrogen. Using graphene
nano-ribbon models, the DFT calculation also indicated the pyridinic N doped at the
edge can reduce the energy barrier for oxygen adsorption on adjacent carbon atoms.
In addition, doping of N at the edge of graphene can accelerate the rate-limiting
first-electron transfer during the ORR [24].

Currently, nitrogen functionalization of rGO can be realized by several methods,
such as heat annealing with NHj; [25, 26], arc discharge [27, 28], nitrogen plasma
[29, 30], and hydrothermal reaction with NH,OH [31]. As a result, a great number
of N-doped rGO electrocatalysts have been developed toward the ORR. Recently, a
facile, catalyst-free thermal annealing approach was proposed for large-scale syn-
thesis of N-doped rGO using low-cost industrial material melamine as the nitrogen
source (Fig. 4.3) [32]. Typically, GO powder and melamine were ground together in
a mortar using pestle for about 5 min, and the mixture was heat-treated at designed
reaction temperatures (e.g., 800 °C) for 1 h at a flow of argon [32]. This approach
can completely avoid the contamination of transition metal catalysts, and thus, the
intrinsic catalytic performance of metal-free N-doped graphene can be investigated.
The atomic percentage of nitrogen in the doped graphene samples can be tuned up
to 10.1 at.%. It was found that dominant nitrogen atoms are in the form of pyridine,
doped at the edge of carbon planes. The resulting N-rGO exhibited excellent elec-
trocatalytic activity for the ORR in alkaline electrolytes, similar to what was
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Fig. 4.4 Schematic diagram for the preparation of N-doped graphene with different N states.
N-rGO 550, 850, and 1,000 °C are prepared by annealing of GO powder at temperatures of 550,
850, and 1,000 °C under a NH;-N precursor. PANi/rGO and PPy/rGO are prepared by annealing of
PANII/GO and PPy/GO composites at 850 °C. Reproduced from Ref [33] by permission of the
Royal Society of Chemistry

observed in nitrogen-doped vertically aligned carbon nanotubes prepared by CVD
or other methods [14, 15]. Importantly, the measured electrocatalytic activity with
the N-rGO is not greatly dependent on nitrogen content in rGO. It may suggest that,
besides of nitrogen doping, morphology and structure of rGO is also important for
the electrocatalytic activity toward the ORR.

In order to understand the relationship between the type and concentration of N
species and their corresponding catalytic activity, a series of N-doped rGO catalysts
were prepared by annealing GO under ammonia or different N-containing polymers
(e.g., polyaniline—PANI, polypyrrole—PPy) [33], as demonstrated in Fig. 4.4. The
observed superior ORR catalytic activity of N—-rGO catalysts prepared by annealing of
GO with various N-containing polymer composites is directly linked to both pyridinic N
and graphitic N. Annealing of PANI/rGO and PPy/rGO leads to predominate pyridinic
N and pyrrolic N species, respectively. Most importantly, the electrocatalytic activity
of N-containing metal-free catalysts is highly dependent on the graphitic N content
while pyridinic N species improve the onset potential for ORR. In good agreement
with others, the total atomic content of N in the metal-free, graphene-based catalyst
did not play an important role in the ORR process. Graphitic N can greatly increase
the limiting current density, while pyridinic N species might convert the ORR reaction
mechanism from a 2e"-dominated process to a 4e"-dominated process [33].
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Fig. 4.5 (a) Schematic structure of a functionalized graphene sheet (upper image) with an ideal
bimodal porous structure (lower image) which is highly desirable for Li—O, battery operation.
(b) SEM images of as-prepared rGO (C/O=14). (¢) The discharge curve of a Li-O, cell using
rGO(C/O=14) as the air electrode (Pp,=2 atm). Reprinted with permission from Ref. [35].
Copyright (2011) American Chemical Society

rGO also has become one of the most promising catalysts for the ORR in
nonaqueous electrolyte for Li—O, batteries. Recently, rGO nanosheets (GNSs) have
been successfully established in an air electrode for nonaqueous batteries [31, 34].
The air electrode based on rGO GNSs yielded a high discharge capacity of
~8,700 mAh g! at a current density of 75 mA g~!, compared to ~1,900 mAh g~! for
BP-2000 and ~1,050 mAh g! for Vulcan XC-72, respectively. The dominant dis-
charge product was Li,CO; and a small amount of Li,O,. This result indicated that
rGO can be used as an advanced cathode catalyst for Li—air batteries. Recently,
Xiao and coworkers used a colloidal microemulsion approach and demonstrated the
construction of hierarchically porous air electrodes with functionalized rGO sheets
that contain lattice defects and hydroxyl, epoxy, and carboxyl groups. Figure 4.5a
shows the schematic structure of functionalized graphene with an ideal bimodal
porous structure which is highly desirable for Li—O, battery operation. Unlike
conventional two-dimensional (2D) layered graphene sheets that hinder the rapid
gas diffusion that is essential for the efficient operation of Li—air batteries, the three-
dimensional (3D) air electrodes developed in this work via the thermal expansion
and simultaneous reduction of GO consisting of interconnected pore channels on
both the micro- and nanometer length scales (Fig. 4.5b) are ideally suited for air
electrodes since the pores on different length scales may facilitate oxygen diffusion,
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avoiding pore blockage due to Li,O, deposition during discharge in nonaqueous
Li-O, batteries. DFT calculation and electron microscopy characterization suggest
that the functional groups and lattice defects play a critical role in improving the
battery performance by forming small particle size of discharge products. In par-
ticular, the C/O = 14 graphene electrode, containing more functional groups, result-
ing in better performance and smaller Li,O, particles, when compared to those of
C/O =100 with less functional groups. Importantly, in the unique hierarchical struc-
tures, large tunnels constructed by the macropores facilitate oxygen transfer into the
air electrode, and small “pores” are able to provide ideal multiphase regions for the
ORR. Thus, the combination of the abundance of functional groups and the hierar-
chical pore structures leads to an exceptionally high capacity of 15,000 mAh g
during the discharge process (Fig. 4.5¢).

4.1.2.2 Other Heteroatom-Doped rGO Catalysts

In addition to nitrogen doping into carbon materials, other elements such as boron,
phosphorous, and sulfur are also able to dope into carbon lattice, modifying geo-
metric and electronic structures of graphitic planes and affecting the catalytic activ-
ity toward the ORR.

Sulfur (electronegativity of sulfur: 2.58) has a close electronegativity to carbon
(electronegativity of carbon: 2.55). S doping into sp* carbon lattice may play the
similar role to nitrogen in enhancing catalytic activity. It was found by Bandosz and
coworkers that rGO in confined space of silica gel nanopores doped with sulfur
shows high catalytic activity for the ORR in alkaline medium and exhibits a supe-
rior tolerance to the presence of methanol [36]. In particular, the treatment with
hydrogen sulfide at 800 °C of rGO resulted in an incorporation of 2.8 at.% sulfur in
the rGO layers. XPS analysis indicated that this sulfur is mainly in the form of ele-
mental sulfur/polysulfides (0.18 at.%), R—SH groups (2.28 at.%), C—S—C/R-S,—OR
configuration (0.21 at.%), and R,—S=0 (0.13 at.%) functionalities. The good per-
formance of the S-doped material is linked to the coexistence of sulfur and oxygen
on the surface in equal atomic quantities and a unique porosity being the replica of
the silica pores. The former leads to the positive charge on the carbon atoms, which
are the reaction sites. Importantly, enhanced hydrophobicity of the surface and the
resulting meso/micropores could further enhance the adsorption of O,. In addition,
N and S dual-doped mesoporous graphene has also been reported as a metal-free
catalyst for ORR in alkaline medium [37]. The DFT calculations have revealed that
the introduction of sulfur to the carbon matrix can be associated with the mismatch
of the outermost orbitals of sulfur and carbon due to their close electronegativity.
Thus, the S atom is positively charged and hence can be viewed as the catalytic
center for ORR. The synergistic performance enhancement is due to the redistribu-
tion of spin and charge densities resulting from the dual doping of S and N atoms,
which leads to a large number of active carbon atom sites.

In addition, Yang et al., demonstrated a successful preparation of sulfur-doped
graphene (S-graphene) by directly annealing GO and benzyl disulfide (BDS) in
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Fig. 4.6 Schematic illustration of S-graphene preparation. Reprinted with permission from
Ref. [38]. Copyright (2011) American Chemical Society

argon (Fig. 4.6) [38]. Typically, the experimental scheme for S-graphene prepara-
tion is illustrated in a typical procedure—GO and BDS were first ultrasonically
dispersed in ethanol. The resulting suspension was spread onto an evaporating dish
and dried at 40 °C, forming a uniform solid mixture. The mixture was placed in a
quartz tube under an argon atmosphere and annealed at 600—1,050 °C. The final
products were collected from the quartz tube. The contents and bonding configura-
tions of sulfur in these S-graphenes can be adjusted by varying the mass ratios of
GO and BDS or the annealing temperature. The prepared graphene sheets are wrin-
kled and folded. The S distribution in the plane of S-doped graphene is relatively
uniform. The electrocatalytic activity shows that the S-graphene can exhibit excel-
lent catalytic activity, long-term stability, and high methanol tolerance in alkaline
media for ORRs. Moreover, we find also that the graphene doped with another ele-
ment which has a similar electronegativity as carbon such as selenium (electronega-
tivity of selenium: 2.55) shows a similarly high ORR catalytic activity. The
experimental results are believed to be significant because they not only give further
insight into the ORR mechanism of these metal-free doped carbon materials but
also open a way to fabricate other new low-cost NPMCs with high electrocatalytic
activity by a simple, economical, and scalable approach for fuel cell applications.
DFT calculations revealed that electron-deficient boron dopants were positively
charged in the B-doped carbon lattice and induced the chemisorptions of oxygen
molecules on doped carbon. The electrocatalytic activity derived from B doping for
the ORR is derived from the electron accumulation in the vacant 2pz orbital of
boron dopant from the 7" electrons of the conjugated system, which then transfers
to the chemisorbed oxygen molecules through boron as a bridge. The transferred
charge is able to weaken the O—O bonds and thus facilitate the ORR [39].
Recently, Xia et al. [40] reported a facile, effective, and catalyst-free thermal
annealing approach to preparing boron-doped graphene (Fig. 4.7) on a large scale
using boron oxide as the boron source. Boron-doped graphene was synthesized
through thermal annealing GO, synthesized by the modified Hummers method in the
presence of boron oxide (B,0;), where boron atoms coming from B,0O; vapor can
replace carbon atoms within graphene structures at high temperature in a homemade
tubular furnace. In a typical procedure, GO powder was put onto the surface of B,O;
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Fig. 4.7 Typical AFM image (a) and low-resolution TEM image (b) of BG. Reproduced from Ref
[40] by permission of the Royal Society of Chemistry

in a corundum crucible, which was then placed in the center of a corundum tube with
a continuous flow of argon to guarantee an inert atmosphere in the tube furnace. The
center temperature of the furnace was heated to 1,200 °C at an increasing rate of
5 °C min™!. After maintaining at this temperature for 4 h, the sample was cooled to
room temperature slowly under an Ar atmosphere. The obtained product was then
refluxed in 3 M NaOH aqueous solution for 2 h to remove any of the unreacted boron
oxide. After filtration and water washing, the product was dried in a vacuum at
60 °C. For comparison, pristine graphene was also prepared using a similar proce-
dure but without adding B,0O;. Compared to pristine graphene, the product BG exhib-
its excellent electrocatalytic activity and long-term stability toward ORR in alkaline
electrolytes and good tolerance to poisons. Although the functioning mechanism of
doped boron in graphene is not clear yet, this will not prevent us using it as a promis-
ing metal-free catalyst toward ORR in fuel cells and other catalytic applications.

In summary, above are discussion of heteroatom-doped metal-free rGO catalysts
in terms of their synthesis, structures/morphologies, and the resulting catalytic
activity for the ORR in various electrolytes for electrochemical energy storage and
conversion. It is scientifically important to explore the enhancement of catalytic
activity of rGO by modifying its electronic and geometric structure through chemical
dopants. It is worth noting that the currently studied metal-free rGO catalysts are
capable of efficiently catalyzing the ORR in alkaline media, even exceeding the Pt
catalysts. However, these metal-free rGO catalysts always suffer the low activity
and high peroxide yield during the ORR in acidic electrolyte. The variance of ORR
activity in both alkaline and acidic media suggests that, among different possible
active sites (CNx, MNx or MCNx, M =Co or Fe), the most active site structures for
the ORR in alkaline and acidic electrolytes are likely not the same, due to their dif-
ferent reaction mechanisms. Especially, the abundant CN; structures in alkaline
media may be active enough to catalyze ORR, but still insufficient in acidic media.



108 G. Wu and W. Gao
4.1.3 Transition Metal-Doped rGO Catalysts

As we discussed above, although the metal-free rGO catalysts exhibited good cata-
Iytic activity in alkaline media, they are currently suffering poor activity in more
challenging acid electrolyte that is very important for Nafion®-based polymer elec-
trolyte fuel cells. However, it was found that the incorporation of transition metals
especially Fe can lead to significant enhancement of the ORR activity of rGO in
acidic electrolyte. Yang Shao-Horn’ group first reported such type of Fe-based rGO
catalysts [41]. As shown in Fig. 4.8, the synthesis procedure can be divided into
three steps. At first, g-C;N, and FeCl; (6 wt%) were well mixed in water. Then GO
was added to the suspension followed by a reduction using a mixed NH;/N,H, solu-
tion at 80—100 °C. Secondly, the resulting powder mixture (FeCls/g-C;N,/rGO) was
collected after drying via vacuum filtration. Noteworthy, the g-C;N, precursor was
polymerized thermally from dicyandiamide and employed as the nitrogen source.
The resulting FeCly/g-C;N,/rGO mixture showed a homogeneous dark green
color that was derived from the yellowish FeCl; and g-C;N, and the black rGO.
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Fig. 4.8 Schematic illustration of Fe—-N-rGO synthesis and optical images of powder samples at
various stages of synthesis. Reprinted with permission from Ref. [41]. Copyright (2013) American
Chemical Society
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Ref. [41]. Copyright (2013) American Chemical Society

In the third step, the mixture was heat-treated at 800 °C for 2 h under Ar atmo-
sphere. During the high temperature treatment, significant mass loss was observed,
especially at 200-300 °C for the removal of residual oxygen-containing groups on
rGO. Additionally, the second mass loss of ~65 wt% occurs in the temperature
range from 620 to 700 °C due to sublimation of g-C;N,.

As shown in Fig. 4.9, the ORR mass activity of the Fe—N-rGO was determined
at 0.75 V vs. RHE, yielding a current density of ~1.5 mA mg™'. This value is seven
times higher compared to other carbon black or oxidized carbon black supported
Fe—N—C catalysts. The stability of Fe-N-rGO for ORR was further evaluated at a
constant potential at 0.5 V in O,-bubbled 0.5 M H,SO, at 80 °C. Fe-N-rGO was
found to have higher stability than other traditional carbon black supported Fe—-N-C
catalysts. It is hypothesized that the enhanced stability of Fe-N-rGO for ORR is
due to enhanced degree of graphitization of Fe-N-rGO. In addition, significantly
reduced H,0, during the ORR observed with the Fe-N-rGO catalysts is beneficial
for improving the stability. Thus, the rGO-based Fe catalyst exhibited much
enhanced ORR mass activity and stability approaching those of the state-of-the-art
non-noble-metal catalysts reported to date. This effort demonstrated that utilizing
the unique surface chemistry of rGO is able to create active Fe—N, sites and develop
highly active and stable catalysts for the ORR in PEFC.

4.1.4 rGO/Oxide Hybrids Catalysts

Metal oxides, especially manganese and cobalt oxides, are found for a long time to
be active for oxygen reaction in alkaline solution [42, 43]. However, inherent low
conductivity is one of the important drawbacks that limit their application as ORR
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Fig. 4.10 (a) CoO/rGO(N) catalyst morphology. (b) Optimized rGO(N)-Co(II)-O—-Co(II)-rGO(N)
using highest occupied molecular orbital (HOMO) at the B3LYP/6-31G level of theory. Carbon
(gray), nitrogen (blue), cobalt (green), and oxygen (red). (c) Steady-state RDE polarization plots for
ORR on CoO/rGO(N) catalyst and other controls (CoO, rGO, rtGO(N), Pt/C) in 0.1 M O,-saturated
KOH at 25 °C and 900 rpm. (d) Anion-exchange-membrane H, (at 1 atm, 57 % RH)/O, (at 1 atm,
100 % RH) fuel cell tests using Pt/C (square symbol) and CoO/rGO(N) cathodes (circle symbol) at
60 °C. Reprinted with permission from Ref. [48]. Copyright (2013) American Chemical Society

cathodes in alkaline fuel cell. In order to overcome this challenge, these simple
metal oxides need to be combined with other highly electrically conductive materi-
als for preparing composite ORR electrocatalysts. Recently, a class of nanocarbon/
transition metal oxides or sulfides hybrid catalysts for ORR in alkaline media were
extensively studied in Dai’s group at Stanford University by rGO, which includes
C0;0,/N—1GO [31], MnC0,0,/N-rGO [42], Co, xS/rGO [44], etc. Besides manganese-
or cobalt-based catalysts, a large variety of metal oxides have also been studied as
ORR catalyst in alkaline solution, including Cu,O/rGO [45, 46] and Fe;O0,/N-rGO
aerogel [47].

Recently, we reported a novel graphene composite CoO/rGO(N) catalyst contain-
ing high loading cobalt oxide (24.7 wt%, Co) via depositing CoO nanoparticles onto
nitrogen-doped rGO (rGO(N)), as shown in (Fig. 4.10a) [48]. The Co(Il) is identi-
fied as a dominant cobalt species on catalysts and most likely coordinately coupled
with pyridinic N doped into graphene planes, evidenced by X-ray absorption spectra
and DFT calculations (Fig. 4.10b). In particular, DFT calculations suggest that CoO
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Fig. 4.11 Fabrication process for the 3D Fe;0,/N-rGO catalyst. (a) Stable suspension of GO, iron
ions, and PPy dispersed in a vial. (b) Fe- and PPy-supporting graphene hybrid hydrogel prepared
by hydrothermal self-assembly and floating on water in a vial and its ideal assembled model.
(¢) Monolithic Fe;0,/N-rGO hybrid aerogel obtained after freeze-drying and thermal treatment.
Reprinted with permission from Ref. [47]. Copyright (2012) American Chemical Society

can strongly couple with pyridinic nitrogens in the rGO(N) and thus form a stable
structure represented as rGO(N)—Co(II)-O—Co(II)-rGO(N). With this unique struc-
ture, a synergistic effect between rGO(N) and cobalt oxide may facilitate the ORR
in alkaline media, yielding a much improved activity (£, ~0.83 V vs. RHE) and
four electron selectivity, when compared to either rGO(N) or CoO along (Fig. 4.10c).
The developed catalysts were also tested in anion-exchange-membrane alkaline fuel
cells using the AS4 anion exchange ionomer (Tokuyama). Importantly, due to the
richness of defects and nitrogen doping, the graphene-based supports can accom-
modate a high Co loading, leading to a thin cathode layer with enhanced mass trans-
fer in alkaline fuel cell cathode. As a result, the thickness of the catalyst layer of the
MEA:s is less than 20 nm, which is close to the MEA prepared with Pt/C catalysts.
Compared to the Pt/C cathode, the cell with the CoO/rGO(N) cathode only has a
slightly decreased OCV around 38 mV (Fig. 4.10d). A similar downward voltage
shift at the low current density range was observed for the CoO/rGO(N) and Pt/C
cathodes. At typical operating voltage of ~0.6 V, the power outcome of the CoO/
rGO(N) catalyst is approaching that of the Pt/C catalyst.

Three-dimensional (3D) N-doped rGO aerogel-supported Fe;O, nanoparticles
(Fe;0,/N-rGO) as efficient cathode catalysts for the oxygen reduction reaction (ORR)
are reported (Fig. 4.11) [47]. As displayed in Fig. 4.12 [47], the Fe;O,/N-rGO hybrids
exhibit an interconnected macroporous framework of graphene sheets with uniform
dispersion of Fe;O, nanoparticles. XRD patter versifies the formation of Fe;O, during
the synthesis. SEM image indicates a significant portion of the nanoparticles which are
encapsulated within the graphene layers, suggesting efficient assembly between the
Fe;0, and the rGO sheets. In studying the effects of the carbon support on the Fe;0,
for the ORR, Fe;0,/N-GAs show a more positive onset potential, higher oxygen
reduction density, lower H,O, yield, and higher electron transfer number in alkaline
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Fig. 4.12 Structure and morphology of Fe;0,/N-rGO catalysts. (a) XRD pattern and (b—d) typi-
cal SEM images of Fe;0,/N-rGOs revealing the 3D macroporous structure and uniform distribu-
tion of Fe;O, NPs in the GAs. The red rings in (d) indicate Fe;O, NPs encapsulated in thin graphene
layers. Representative (¢) TEM and (f) HRTEM images of Fe;0,/N-rGO revealing an Fe;0,
nanoparticles rapped by graphene layers. Reprinted with permission from Ref. [47]. Copyright
(2012) American Chemical Society
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Fig. 4.13 (a, b) SEM and TEM images of the as-prepared Mn;0,/rGO nanocomposites with an
rGO to Mn;0, mass ratio of 4:1. (¢) ORR steady-state RDE polarization curves for various cata-
lysts in O,-saturated 0.1 M LiPF; in the DME electrolyte. Rotating speed: 900 rpm; room tempera-
ture; (d) initial discharge performance of various catalysts at a current density of 50 mAg™ in
Li-0O, battery tests. Reprinted from Ref. [56] by permission of the Royal Society of Chemistry

media, when compared to Fe;O, nanoparticles supported on N-doped carbon black or
N-doped rGO sheets. This attests the importance of the 3D macropores and high spe-
cific surface area of the GA support for improving the ORR performance. Importantly,
better durability was observed with the Fe;O,/N-rGO, relative to the commercial Pt/C
catalyst. This synthetic effect can be further extended to develop other 3D metal or
metal oxide/rGO-based monolithic materials for various applications, such as sensors,
batteries, and supercapacitors [47].

Apart from the potential application in aqueous for fuel cell application, such rGO/
oxide hybrid catalysts also have attracted increasing interests for the applications in
nonaqueous Li—O, batteries [49-58]. Recently, we developed a method for one-step
synthesis of Mn;O,/rGO nanocomposites for nonaqueous Li—O, batteries [56]. After
24 h of solvothermal reaction, monodispersed Mn;O, nanoparticles were formed and
uniformly bonded on the surface of tGO (Fig. 4.13a). The Mn;O, nanoparticles
with diameters of ca. Four to six nanometers are well crystallized (Fig. 4.13b).
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Because the monodispersed Mn;O, nanoparticles in our composite have smaller
particle size compared to previously reported MnO,-based composite, it may have a
stronger interaction bonding between MnOy and rGO and lead to higher catalytic
activity accordingly [59]. To investigate the cathode catalyst performance, the com-
posite was evaluated by steady-state RDE and Li—O, battery test with 1.0 M LiPFq
TEGDME electrolyte (Fig. 4.13c, d). Compared to other ratios of Mn;0, and rGO,
the Mn;0,/rGO (4:1) catalyst exhibited highest ORR activity in both half-cell and
full-cell test, exhibiting an initial discharge capacity as high as 16 000 mAh g

As a new class of ORR catalyst, rGO/transition metal-compound hybrids have
attracted more and more attention. However, to date, most of these catalysts still
offer inferior performance to that of the Fe-N-rGO catalysts as discussed above. It
is partially due to their insufficient inherent activity of oxides or sulfide and low
electrical conductivity. Thus, further optimization of the interaction between metal
compounds and rGO can further enhance catalyst activity. Noteworthy, these rGO/
metal oxide/sulfide catalysts hold great promise to be efficient ORR/OER bifunc-
tional cathode, due to their well-known high OER activity and stability.

4.2 GO/rGOs in Supercapacitors

In addition to their versatile applications in catalysis, GO/rGOs also demonstrated
extraordinary promises for energy storage devices such as EDLCs (also known as
supercapacitors or ultracapacitors) in the last decade [60—65]. Supercapacitors are
relatively new energy storage devices as compared to batteries, conventional elec-
trostatic capacitors, and electrolytic capacitors, adopting unique working principle
different from any of the above. As shown in Fig. 4.14, in typical electrostatic
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Fig. 4.14 Comparison of different working mechanisms between supercapacitors and conven-
tional electrostatic capacitors
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capacitors, two metal plates are separated by a dielectric. The resulted capacitance
can be defined as

4
C=¢.¢, rl 4.1)

where C represents capacitance, er represents relative static permittivity, &, represents
electric constant (8.854x 1072 F/m), A represents the overlapping area of the two
plates, and d represents the separation between two plates. However, in the case of
supercapacitors, porous carbon materials, such as activated carbons, are used as elec-
trodes, and a macroporous polymer membrane, such as cellulose membranes, is used
as the separator. Electrolytes are subsequently added into supercapacitors, in order to
form “electric double layers” on porous carbon surfaces. Orders of magnitude higher
capacitance is thus generated within the “double layers,” which can again be defined
by Eq. (4.1). Herein, A becomes the active surface area of porous carbon electrodes
ranging from 500 to 3,000 m?/g. d refers to the separation within the “electric double
layers” reported to be between 0.5 and 0.8 nm [66]. A real supercapacitor thus can be
viewed as a series connection of two “electric double-layer” capacitors. Thanks to the
huge A and minimum d in this structure, commercialized supercapacitors usually
have capacitance much higher than their electrostatic counter parts. For example,
Maxwell Technologies have ultracapacitor cells with capacitance as high as 3,400 F
ready for sale. Therefore, EDLCs are important complimentary to batteries in exist-
ing energy storage technologies, with superior power density, excellent cycling
(>10,000 cycles), but inferior energy density as compared to lithium-ion batteries.

We note that, besides the “electric double-layer capacitance” mentioned here,
some supercapacitors also adopt another capacitance mechanism, so-called pseudo-
capacitance or redox capacitance, which originates from redox reactions of electro-
chemically active species in electrodes. For example, redox reactions of transition
metal cations, such as Mn, Co, or Ru, as well as some surface oxidation of carbons,
have been well investigated in this category [67]. Since redox capacitances actually
involve faradic processes, they are similar to the electrochemical processes in
batteries.

Since 2008, Ruoff’s group at University of Texas, Austin, first introduced rGO as
active electrodes in supercapacitors [60]. Hydrazine-reduced GO possesses large
surface area (theoretical value of 2,630 m%g) and good electrical conductivity, which
are two key features for an effective electrode material in supercapacitors. The
authors reported specific capacitances of 135 and 99 F/g in aqueous and organic
electrolytes, respectively (Fig. 4.15) [60]. Three years later, the same research group
optimized their recipe of modifications of rGO and obtained a carbon material with
surface area as high as 3,100 m*/g (higher than the theoretical value) and electrical
conductivity around 500 S/m. The as-made supercapacitor with the high-surface-
area rGO achieved an energy density comparable to lead-acid batteries and a power
density an order of magnitude higher than that of the commercial carbon-based
supercapacitors [61]. We note that the authors were able to obtain an activated mate-
rial with effective surface area exceeding the theoretical limit of that of graphene.
The major explanation for this is that, with KOH etching treatment, large amounts of
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Fig. 4.15 (a) SEM image of CMG particle surface, (b) TEM image showing individual graphene
sheets extending from CMG particle surface, (c) low- and high (inset)-magnification SEM images
of CMG particle electrode surface, and (d) schematic of test cell assembly (Reprinted with permis-
sion from Ref [60]. Copyright (2008) American Chemical Society)

pinholes were generated on the graphene basal planes, thus significantly increasing
the number of active sites for electric double-layer capacitance in the devices.

Later, laser-induced reduction of GO has been heavily exploited by few research
groups, leading to fabrication of rGO-based EDLCs with desired geometries and
sizes [62-64]. CO, laser-patterning technique is widely used in materials engineer-
ing for cutting large pieces of plastics or metals. In 2011, Gao et al. first demon-
strated the patterning of a freestanding GO film with a CO, laser cutter (X660,
Universal Laser Systems). The as-made patterns on GO worked instantly as super-
capacitors in humid environment (Fig. 4.16) [62]. It is important to note that in this
work, the authors also discovered the proton-conducting behavior of hydrated GO
films, which was later explored as a proton-exchange membrane in polymer electro-
lyte fuel cells [68].

Soon after, Kaner’s group in University of California at Los Angeles demonstrated
similar fabrication processes of EDLCs with a LightScribe DVD optical drive as the
reduction tool for GO in 2012 [63, 64]. They coated a thin layer of GO onto a DVD
disk and light-scribed it in a computerized DVD drive. The resulted film was peeled
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In-plane Sandwich

Fig. 4.16 Schematics of CO, laser patterning of freestanding hydrated GO films to fabricate
RGO-GO-RGO devices with in-plane and sandwich geometries. The black contrast in the top
schematics corresponds to RGO and the light contrast to unmodified hydrated GO. For in-plane
devices, three different geometries were used, and the concentric circular pattern gives the highest
capacitance density. The botfom row shows photographs of patterned films (Reprinted with per-
mission from Macmillan Publishers Ltd: Nature Nanotechnology [62], copyright 2011)

off and assembled into a sandwich supercapacitor structure. They reported a surface
area of 1,520 m?/g and an electrical conductivity of 1,738 S/m [63]. The as-made
devices can deliver a power density of ~20 W/cm?, 20 times higher than that of
activated-carbon-based EDLCs [63]. Later, the same group optimized their laser
treating recipe and demonstrated hundreds of smaller supercapacitors produced on a
single DVD disk within 30 min and power densities of ~200 W/cm?, among the high-
est value achieved for supercapacitors then (Fig. 4.17) [64]. There are two notable
aspects of their work worthy of a closer look. The first one is that the supercapacitors
they demonstrated don’t require any current collectors, as opposite to most of other
reports on supercapacitors. This is mainly due to the high electrical conductivity
measured for their laser-treated rGO samples. The second point is about the flexibil-
ity of their as-fabricated devices. These devices can be bent and twisted several times
without any performance loss. These fascinating properties are definitely important
breakthrough in supercapacitor research, and their products offered great feasibility
to integrate with MEMS or CMOS in a single chip [64].

In 2013, Dan Li and coworkers in Monash University, Australia, made further
improvements on rGO-based ultracapacitors [65, 69]. They successfully prepared
rGO films with high ion-accessible surface area and low ion transport resistance,
with the help of a capillary compression process in rGO-gel films in the presence of
a nonvolatile liquid electrolyte. To be more specific, they followed their previous
recipe to make rGO hydrogel films [69] with hydrazine reduction (Fig. 4.18). Then
the films were soaked in a ratio-controlled volatile/nonvolatile miscible solutions,
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Fig. 4.17 Fabrication of LSG-MSL. (a—c) Schematic diagram showing the fabrication process for
an LSG micro-supercapacitor. A GO film supported on a PET sheet is placed on a DVD media
disk. The disk is inserted into a LightScribe DVD drive and a computer-designed circuit is etched
onto the film. (a) The laser inside the drive converts the golden-brown GO into black LSG at pre-
cise locations to produce interdigitated graphene circuits. (b) Copper tape is applied along the
edges to improve the electrical contacts, and the interdigitated area is defined by polyimide
(Kapton) tape. (¢) An electrolyte overcoat is then added to create a planar micro-supercapacitor.
(d, e) This technique has the potential for the direct writing of micro-devices with high areal den-
sity. More than 100 micro-devices can be produced on a single run. The micro-devices are com-
pletely flexible and can be produced on virtually any substrate (Reprinted with permission from
Macmillan Publishers Ltd: Nature Communications [64], copyright (2013))

stirred for 12 h to reach equilibrium. Deionized water was used as the volatile lig-
uids, whereas sulfuric acid and an ionic liquid were used as two nonvolatile liquids.
When they had a solvent-exchanged rGO hydrogel film, they placed it in a vacuum
oven and the volatile liquid was removed under high vacuum (10 Pa). The evapora-
tion of water exerted capillary compression between rGO layers and led to shrink-
age of the thickness and increase of packing density. Superior volumetric energy
density (59.9 Wh/L) and power density (8.6 kW/L) were achieved in their devices,
mainly due to the much higher packing density of their electrode—electrolyte sys-
tem. The key feature of their system is that the preincorporation of electrolytes in
the rGO films ensured excellent rate performance of their supercapacitors.

In summary, rGO-based EDLCs are of great importance to both scientific and
technological communities. Major breakthroughs have been demonstrated in the
past 5 years; however, the biggest issues in EDLC research remain to be unsolved.
For example, the energy density of EDLCs is still lower than the widely used
lithium-ion batteries in the market. Furthermore, few researchers have investigated
the self-discharge processes in supercapacitors, which are known to be orders of
magnitude faster than that in batteries. To make ultracapacitors competitive alterna-
tives to batteries, these technological issues will have to be addressed.
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Fig. 4.18 Structure of the SSG film. (a, b) Photographs of the as-formed flexible SSG films.
(¢) Schematic of the cross section of the SSG film. (d) SEM image of the cross section of a freeze-
dried SSG film. Given that the undried SSG film must be much more porous than shown in this
SEM image. (e) XRD patterns of as-prepared and freeze-dried SSG films. The broad diffraction
peak of the wet SSG film (from 27.9 to 44.8°) is likely due to the water confined in the CCG net-
work because the corresponding d-spacing is less than the d g, of graphite. Further experiments

are required to understand the structure of the water in this SSG film (Reprinted with permission
from Ref [69], copyright (2011) John Wiley & Sons, Inc.)

4.3 GO/rGO Anodes in Li-Ion Batteries

Today, Li-ion batteries (LIBs) have become the most promising energy storage
technologies for portable electronics and transportation. However, the energy den-
sity of current batteries is still not enough to provide required energy after a single
charge. The challenges are related to insufficient capacity and power density of
electrodes as well as high cost and serious safety issue. In order to overcome these
limitations, advanced electrode materials are required. Current LIBs use layered
graphite materials as anodes, capable of storing ions in the material’s bulk, but
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Fig. 4.19 Scheme of preparation of ternary rGO/Fe,03/SnO,nanocompoiste. Reprinted with per-
mission from Ref. [93]. Copyright (2013) American Chemical Society

suffer from low energy and power density. The graphite anode can only intercalate
one Li atom per six carbon atoms (LiCy) with a theoretical capacity of 372 mAhg™!
[70]. New anode materials with fast electron transport, large capacity, and efficient
lithium-ion diffusion will lead to high-power and high-rate LIBs [71-74]. Thus,
attention on the anode has been shifting from traditional graphite to other advanced
materials with an aim to increase the number of lithiation sites and improve the dif-
fusivity of Li [75-78].

Graphene materials, possessing high electron conductivity, large specific surface
area (up to 2,600 m?/g), and a broad window of electrochemical stability, hold great
promise as an advanced material for energy storage technologies [21, 79-81]. The
specific capacity of graphene for Li can be substantially higher than that of graphite,
because graphene can adsorb lithium on both sides. Furthermore, the single layer of
graphene provides a facile route for the diffusion of lithium ions, since the space for
lithium intercalation is much larger than that in graphite interlayers [81-84]. Despite
these advantages, graphene anodes experience significant irreversible capacity
losses during charge/discharge cycling, mainly due to the restacking of graphene
layers [85]. Recently, it was found that this problem can be alleviated by incorporat-
ing solid nanoparticles (e.g., Si, CuO, Fe,0;, SnO, Co;0,, or Mn;0,) in between the
sheets to reduce the restacking degree [86-92]. Here, only one example is given
based on our own research.

Recently, we proposed a novel approach to designing and synthesizing a ternary
rGO/Fe,05/Sn0O, graphene nanocomposite consisting of rGO with incorporation of
highly Li active Fe,O; and SnO, particles [93]. As shown in Fig. 4.19 [93], the rGO/
Fe,0,/Sn0, ternary nanocomposite was synthesized via an in situ precipitation of
Fe,O; nanoparticles using FeCl; precursor onto GO, followed by a subsequent
reduction with SnCl, to obtain highly conductive rGO.
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Fig. 4.20 A comparison of discharge—charge capacity measured with rGO, rGO/SnO,, and rGO/
Fe,0,/Sn0, anodes up to 100 cycles. Reprinted with permission from Ref. [93]. Copyright (2013)
American Chemical Society

Typically, GO aqueous solution was prepared through a modified Hummers
method by using natural graphite powder as a precursor [94, 95]. In a typical
synthesis procedure, FeCl;-6H,0 (0.8 g) and urea (1.5 g) were added to 150 mL of
GO solution (containing about 0.12 g GO) under constant stirring. After sonicating
for 30 min, the suspension was transferred to a Teflon-lined autoclave and main-
tained at 120 °C for 4 h. Because the oxygen functional groups on the GO sheets can
chemically bond with the metals ions, Fe** ions were likely anchored on the planes
of the GO sheets [96]. Therefore, Fe** can be precipitated by OH- on GO sheets
when the urea decomposes during the hydrothermal process. In order to realize the
reduction of GO, the suspension was adjusted to pH="7.0 after cooling to room
temperature. Then, SnCl,-H,O was introduced into the above solution and a tem-
perature of 30 °C was maintained for 1.0 h with continuous magnetic stirring to
achieve a maximum reduction efficiency. The resulting precipitation was washed
with water and ethanol several times during the centrifuge separation process.

As shown in Fig. 4.20 [93], the ternary anode material is superior to rGO and binary
rGO/Sn0O, anodes, showing improved cycle stability and specific capacity. After 100
cycles, the charge capacities measured with the rGO/Fe,0,/SnO, anode are the highest
relative to those of rGO and rGO/SnO,, retaining a specific capacity of above
700 mAhg™! which can be retained during the subsequent 100 cycles. In the rGO-based
ternary anode materials, rGO, Fe,0Os, and SnO, particles play different but complemen-
tary roles. rGO serves as a matrix enabling both lithium ions and electrons to migrate
to active sites, thereby fully maximizing the energy density offered by both graphene
and Fe,0;. The rGO also is an effective elastic buffer to relieve the strain that would
otherwise accumulate in the agglomerated Fe,O; particles during Li uptake/release.
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In turn, the dispersion of Fe,0; and SnO,particles on graphene prevents the restacking
of graphene sheets, maintaining a high storage capacity of lithium during cycling. It
is worth noting that the rGO used in this work is prepared via reduction of GO by
SnCl,, a nontoxic reducing agent, introducing SnO, in the same step. However, both
the lithium insertion and extraction potentials of SnO, are below 0.7 V and just
beyond the active potential range of Fe,0; (0.7-2.0 V). Thus, due to the discrepancy
in electrochemical active potentials, SnO, is expected to mainly serve as an inert
matrix for Fe,O; particles and keep them from agglomerating. This might be an
important reason for the high performance observed from the graphene nanocompos-
ite anode during the discharge—charge cycling.

Future research of rGO-based anodes will focus on (1) gaining a fundamental
understanding of lithium-ion adsorption/desorption and diffusion kinetics in
heteroatom-doped graphene structures using the proposed model systems and den-
sity functional theory (DFT) calculations, (2) exploring the facilitating roles of gra-
phene and Si particles and their possible synergistic effects in developed composite
anode materials, and (3) designing and synthesizing graphene-based composites
with controllable morphology and structure for advanced lithium battery anodes.
The cost-effective and functional rGO-based anodes will substantially improve Li*-
specific capacity, mass transport, and charge/discharge cyclic stability for next-
generation LIBs.

4.4 Summary and Perspective

In the past decade, GOs or rGOs have emerged as important energy materials for
electrochemical energy storages and conversion technologies, including fuel cells,
metal—air batteries, supercapacitors, and lithium-ion batteries. Due to unique prop-
erties of rGO including high surface area, excellent electrical conductivity, good
electrochemical stability, and easy functionalization of two-dimensional planes,
superior performance was universally achieved on these graphene-based catalysts or
electrode materials for these electrochemical devices. In this chapter, applications of
GO/rGO-based materials were selectively reviewed in terms of their use as nonpre-
cious metal catalysts in fuel cells and metal—air batteries and as high-performance
electrodes in supercapacitors and lithium-ion batteries. The purpose is to highlight
the comparisons among material synthesis, processing, structures, and properties.
Generally, during the synthesis of rGO, graphite precursors, reducing agents, and
methods are critical to resulting morphologies and structures of rGO. Furthermore,
the surface areas, porosity, defects, dopants, and reduction degree of rGO can
directly link to corresponding material performance. Among studied methods to
modify rGO, heteroatom doping is very effective to tune the structural and elec-
tronic properties of carbon planes in rGO, creating more active species for associ-
ated electrochemical reactions in various applications. In addition, development of
rGO nanocomposites by integrating with nanoparticles and functional polymers
will result in possible synergistic effects and further resolve the current problems of
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rGO materials, thereby significantly enhancing performance metrics. Importantly,
understanding the nature of active site or adsorption sites in these rGO materials and
the associated reaction mechanism will further provide insights to rational design
and synthesis of advanced rGO materials.
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