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Abstract

Defect engineering in reduced graphene oxide (rGO) for a smart design of fuel-cell sup-
ports has become an effective approach to improve the restricted two-dimensional (2D)
mass and charge transfer and to boost the alcohol oxidation reaction. The present mini-
review describes recent trends across prominent characteristics of tailored reduced gra-
phene oxides, which include but are not restricted to, engineered three-dimensional (3D)
nanostructures for better mass transport, tuned electron/hole conduction for easier elec-
trical transport, and hybridized surfaces for high electrocatalytic activity. Special focus
fixes upon the experimental progress on defect engineering, from three-dimensional
structure assembly to surface metal complexation and heteroatom doping to size-con-
trolled defect formation. Given their crucial impact on reduced graphene oxide proper-
ties, controlled methods for synthesis, and processing offer considerable promise toward
next-generation carbon nanomaterials for electrocatalysis.

Keywords: defect engineering, reduced graphene oxide (rGO), electrocatalysis,
fuel cells

1. Introduction

In response to an increasingly carbon-constrained world, the adoption of policies aimed at
developing new technologies has emerged in the face of cleaner energy production. In this
context, direct alcohol fuel cells (DAFCs) have been recognized as promising systems to pro-
vide continuous and low-carbon power supply. Basically, a DAFC operates by electrochemi-
cally oxidizing an alcohol, such as methanol or ethanol, at the anode, to produce protons
(H* ions), and electrons. Protons are transferred to the cathode through the proton exchange
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membrane and react with OH™ ions, which are generated from the electrochemical reduction
of oxygen, at the cathode, to produce water, heat, and electricity [1-4].

In spite of the attractiveness of these non-stop and low-carbon energy generation systems,
important commercialization issues still need to be addressed. The kinetics of the alcohol
oxidation reaction largely determines the overall efficiency of the fuel cell. In order to boost
conversion efficiencies, highly active catalysts are required because of the low operating tem-
peratures (60-120°C). Therefore, far, it is undisputed that platinum (Pt) provides the best
correlation between energy adsorption and exchange current density [5]. With studies dem-
onstrating the high instability of Pt catalysts [6-9] and the overall performance dependence
on large Pt loadings [10-12], it has become imperative to design improved, durable, and
highly efficient electrocatalysts.

Various attempts, such as the dispersion of Pt on high area conductive supports [13-19] and its
combination with another metal [20-23] have been addressed for improving Pt utilization in fuel-
cell reactions. Regarding the former approach, it is well-known that a suitable fuel-cell support
provides a high surface-to-volume ratio of metal particles, which, in turn, maximizes the avail-
able area for electrochemical reactions [24]. In comparison to state-of-the-art C black, reduced
graphene oxide (rGO) sheets have been demonstrated as an advanced electrocatalyst support for
DAFCs due to the unique characteristics of the two-dimensional (2D) structure [24, 25]. The high
theoretical surface area (2.630 m*g™ for a single layer) and ultra-large surface-to-volume ratio,
when combined with the fast heterogeneous electron transfer (HET) rate, high specific capaci-
tance (550 F-g™), and intrinsic redox activity, make rGO an ideal platform for homogeneous dis-
persion of Pt nanoparticles and faster charge and mass transport properties [26-28].

In spite of the appealing properties noted above, restacking of the sheets due to the strong
van der Waals interaction greatly reduces the accessible Pt surface area, resulting in low cata-
lyst utilization, and transport pathway for reaction species. Material processing techniques,
broadly defined as the approaches for tailoring physicochemical properties, have been exten-
sively applied to control the interactions between rGO sheets and make them aggregation-
resistant in both wet and solid state [29]. In this context, some solutions have been paving the
way for further research and development on the assembly of two- or three-dimensional (3D)
structures with desirable microstructural features for electrocatalysis. Positive progresses,
such as the development of intercalation composites [30-34] and the usage of geometrical
modification strategies [35-37], have greatly improved the utilization of supported Pt cata-
lysts by increasing the density of exposed active sites.

Besides tailoring the physicochemical properties of the 2D structure, further advantageous
characteristics for energy-conversion applications may be achieved by tuning the bandgap
relative to the Dirac point in the C—C double bond network. Through electronic modulation
of the support, high catalyst activity may be achieved by tuning the interaction between sup-
port and catalyst surfaces. In this sense, geometrically modified and/or heteroatom-doped
rGO sheets, that is, can facilitate the property control of the Pt-support electronic effects. By
enriching catalyst electronic structure due to catalyst/support synergism, novel characteris-
tics, such as smaller catalyst particle size, increased catalyst particle dispersion, increased
catalyst durability and stability, can effectively improve catalyst utilization [38—43].
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Since the above observations reinforce the potential of intentional rGO modification as a strat-
egy for boosting the 2D mass and charge transfer, defect engineering in rGO, which refers to
the introduction of controlled defects in the material structure, is focused on this mini-review.
Although this chapter makes no attempt to be exhaustive, the present contribution describes
new breakthroughs on defect engineering in rGO that have recently been published since
2017, including recent advances and trends on state-of-the-art synthesis and utilization of
engineered rGO sheets as fuel-cell support materials for the methanol and ethanol oxidation
reactions. Future perspectives for further development are also proposed.

2. Overview of defect engineering in rGO for energy conversion

Defect engineering in 2D semiconductor technology refers to the introduction of controlled
defects at the atomic level, such as heteroatoms and size-controlled vacancies, for the modifi-
cation of the two-dimensional structure and properties. In spite of these, other two strategies,
a 3D structure assembly approach and a surface metal complexation methodology, have been
included as part of a broadened view of defect engineering in reduced graphene oxide, as
summarized in Figure 1. To produce tailor-made support materials with desirable charac-
teristics for fuel-cell catalysis, the usage and/or combination of defect-induced procedures is
proposed toward the development of the next-generation rGO support materials.

In the first subsection of this mini-review, recent progresses on the synthesis and electroca-
talysis of 3D engineered rGO-based platinum catalysts toward methanol oxidation reaction
(MOR) and ethanol oxidation reaction (EOR) are discussed. Then, advances in heteroatom
doping for designing highly conductive three-dimensional rGO-based platinum catalysts
and the impacts on electrocatalysis are presented. In the last subsection, research directions
on surface metal complexation and size-controlled defect formation through metal-organic
frameworks (MOFs) are proposed as future perspectives of further development.

2.1. Current trends in 3D structure assembly for enhanced mass transfer

Crumpling the sheets into porous frameworks has been highlighted as an attractive methodol-
ogy for enabling the interaction among nanoparticles and reactants. Kwok et al. [44] produced
a high-quality platinum-decorated rGO aerogel with the aid of a solvothermal method. Their
observations indicated that the rGO aerogel porous framework can be optimized by simply
changing the GO concentration input for the gelation process. Tests on the supported ultra-
fine platinum nanoparticles (sizes ranging from 1.5 to 3 nm) showed that the electrochemi-
cally active surface area (ECSA) increased by about 8.92 times in comparison to a benchmark
Pt/C catalyst, resulting in a 358% increment in specific power for a methanol-fed fuel cell.

In order to enhance catalyst utilization, Radhakrishnan et al. [45] fabricated a three-dimen-
sional assembly of platinum nanostructures with dominant (100) plane on rGO by a co-elec-
trodeposition method. They found that the morphology, active site, and the electrochemical
activity of the catalyst were highly dependent on the number of electrochemical cycling used
for the deposition. Their nanocomposite showed a high mass activity toward MOR, which

95



96 Graphene Oxide - Applications and Opportunities

3D structure
assembly

Size-
Heteroatom controlled

doping defect
formation

Surface metal
complexation

Figure 1. General schematic roadmap of defect engineering strategies in reduced graphene oxide support materials for
achieving advanced energy conversion.

was attributed to the strong metal-support interactions. At the atomic level, the single-step
approach for growing morphology-controlled nanostructures incurred in geometric and an
electronic changes of platinum surface for enhanced mass/charge transfer.

Abundant mass transfer channels were recently introduced by a geometric change of rGO
surface, as reported by Qiu et al. [46]. Following the development of a sacrificial template
method, platinum nanoparticles on 3D reduced graphene oxide hollow nanospheres were
synthesized. The enhanced activity for the methanol oxidation reaction was provided by the
three-dimensional microporous structure, which facilitated the exposure of the active sites
thereby promoting the ion and mass transfer processes. In addition, the improved activity of
the electrocatalyst was ascribed to the electronic effects of platinum when alloyed with transi-
tion metals (iron, cobalt, nickel) for achieving low platinum loading in fuel cells.

Further research and development on material processing approaches may be illustrated by the
recent work of Wang et al. [47]. In their contribution, intercalation was extended to a polyani-
line (PANI) functionalization method. Deposited PANI effectively prevented rGO sheets from
restacking during the preparation of the electrodes while a three-dimensional structure could
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also be produced during the process. Synergistic effect of the porous framework was associ-
ated to faster mass and electron transfer, resulting in superior methanol electrooxidation. The
advantage of the novel synthesis procedure is that the conductivity of rGO could be preserved
with the increase in porosity due to the conductive polymeric network created by intercalated
PANIL. In related work in terms of covalent functionalization, Pinithchaisakula et al. [34] also
demonstrated that polydopamine PDA-functionalized reduced graphene oxide improved the
MOR activity. Very recently, Waenkaew et al. [48] also pointed the effect of PDA on the electro-
catalytic activity of Pt on rGO toward the oxidation of both methanol and ethanol.

As briefly pointed out, a three-dimensional hierarchical porous structure enables rGO sheets
to efficiently improve the MOR activity due to the facilitated mass transfer arising from the
3D morphology. Revisited works indicate the superior advantage of an architectured reduced
graphene oxide structure over conventional carbon black support materials. In light of recent
developments [44, 47], further porous electrode optimization is highly recommended for main-
taining the electrical conductivity of the rGO with the increase in porosity and decrease in
density. By combining the heteroatom doping strategy, that is, to boost electrode conductivity,
the porous materials will pave a way for fuel-cell development in the future.

2.2. Current trends in heteroatom doping for improved charge transfer

Efficiency increase in fuel cells has put forward a new prospect for the rational design of
heteroatom-doped carbon nanomaterials for advanced energy conversion. This, together with
the high-cost and scarcity of platinum has driven an intensive research effort for the develop-
ment of metal-free cathode catalysts. Indeed, heteroatom-doped reduced graphene oxide has
led to a huge amount of literature on metal-free catalysts for oxygen electrocatalysis [49, 50].
Nevertheless, doped carbon nanomaterials could largely impact anode technology, guiding
advances on supported catalysts with low platinum content.

Since current graphene derivatives suffer from low intrinsic conduction as fuel-cell catalyst
supports and current carriers, heteroatom doping, the process in which some carbon atoms are
replaced by heteroatoms, could have a positive impact on the development of highly conduc-
tive support materials. By considering the most recent works on this hot topic, current trends
indicate that heteroatom doping is capable of simultaneously providing proper nanoparticle
dispersion and size-controlled active sites, and along with tuning catalyst d-band for achiev-
ing superior catalyst electrochemical activity [51-53].

Among various heteroatom doping strategies, the incorporation of nitrogen (N) has been the
most studied because quaternary N atoms (substitutional N-doping), as depicted in Figure 2,
can introduce high positive charge distribution in the nearby C atoms due to the high electron-
withdrawing ability of N [50]. Furthermore, substitutional defects in the two-dimensional
network can act as electron donors, providing n-type conductivity [54]. As a consequence, the
former feature could lead to defective sites for efficient attachment of catalyst nanoparticles,
whereas the latter could enhance an electron transport from support to the attached platinum
nanoparticles, thereby increasing catalyst tolerance to poisoning.

Further development on the heteroatom doping approach may be followed with the work of
Kanninen et al. [51]. In their methodology, reduced graphene oxide was co-doped with nitrogen
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Figure 2. Schematic diagram of nitrogen dopant configuration in the 2D carbon—carbon network.

and sulphur atoms by a thiol-ene click chemistry approach. Co-doping changed platinum-sup-
port interaction, leading to a clear improvement on catalyst activity toward EOR in comparison
to platinum supported on an undoped rGO. In addition, the induced defect sites generated
from the co-doping strategy promoted the stabilization of the supported nanoparticles, result-
ing in enhanced catalyst durability. The latter was confirmed after a potential cycling test,
revealing a minor loss in ECSA. After 500 potential cycles, the order of ECSA decrease was:
Pt/C (-12.3 m*g™) > Pt/rGO (-3.8 m*g™) > Pt/rGO/ double-walled carbon nanotube (DWCNT)
(-2.7m*g™) > Pt/NS-rGO-DWCNT (-2.0 m*g™). Moreover, mixing double-walled carbon nano-
tubes (DWCNT) could prevent the restacking of the rGO sheets, leading to faster mass transfer.

Rethinasabapathy et al. [52] strategically tuned the MOR activity of supported platinum
nanoparticles by designing an interconnected porous N-doped rGO through a hydrothermal
method with urea as N source. They found that the incorporation of nitrogen atoms broke the
2D lattice symmetry, creating induced-defect sites for an efficient attachment of metal nanopar-
ticles. Electrochemical characterization revealed a significant higher catalytic activity toward
MOR in comparison to a nitrogen-free rGO support, which was attributed to the smaller parti-
cle size, narrower size distribution, and better dispersion of nanoparticles. The synergetic effect
of N doping also contributed to an improvement of electronic conductivity, facilitating charge
transfer from platinum-support interface to the strongly adsorbed MOR intermediates.

Inspired by the advantage of a three-dimensional assembly-assisted method, Zhao et al. [53]
prepared a three-dimensional N-doped rGO through a feasible and simple one-pot hydro-
thermal process. By using melamine-cyanurate as both N source and pore forming agent, they
reported the formation of an interconnected micrometer-scaled porous structure that could
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Catalyst Synthesis conditions Reaction  Performance parameter Refs.

ECSA (m>g) I' (mA-mg™)

Recent electrode materials tailored by the 3D structure assembly approach

Pt/GO Pt-precursor in 2 mg-mL™" MOR 188 (~9x more than Pt/C) - [44]
GO autoclaved @
180°C/12 h

rGO-Pt1 Thermal exfoliation of MOR >6 K (~3x more than Pt/C) ~2.5 K (~2.5% [45]
GO @ 180°C/3 h more than

Pt/C)

Pt/3D-GNs (PANI)  Pt-precursor and Aniin ~ MOR 48 (~2.4x more than Pt/C) ~550 (~3.5% [47]
2 mg:mL™ GO autoclaved more than
@180°C/24 h Pt/C)

Recent electrode materials tailored by the heteroatom doping approach

Pt/NS-rGO/ NS-functionalized GO by EOR Stability test: 500 potential cycles. ECSA loss: [51]
DWCNT a thiol-ene click reaction Pt/C (-12.3 m*g™) and Pt/NS-rGO-DWCNT
@70°C/12h (-2.0 m>g).
PtRuFe/NG GO/urea (1:300 m/m) MOR 96 (~2x more than PtRuFe/ - [52]
autoclaved @ 180°C/12 h rGO)
Pt/NGA Melamine in 2 mg-mL™* MOR 60.6 (1.16x more than Pt/C)  ~20 (~3x more  [53]
GO autoclaved @ than Pt/C)
180°C/6 h followed by
annealing @ 1000°C/1 h
under Ar

‘Current value obtained after chronoamperometry.

Table 1. Overview of the performance of some highly active electrode materials for alcohol electrocatalysis.

expose abundantly accessible catalyst sites, which led to an ECSA increased by 1.16 times in
comparison to a benchmark Pt/C catalyst. As a result, platinum on rGO could enhance the
MOR activity by approximately three times when compared to platinum on carbon black.
Their recent results also revealed the advantage of N-doping, proper control of the platinum-
support electronic effects, increasing catalyst particle dispersion, and decreasing catalyst par-
ticle size and holding a high prospect for application as an anode catalyst toward MOR.

Briefly, current methodologies for synthesizing defect-induced 3D C nanosheets were aimed
on the design of high-performance rGO fuel-cell support materials and current carriers. Also,
noteworthy is the influence of the electronic interaction between support and catalyst in
electrocatalysis. Based on these, non-metal heteroatom doping in architectured or expanded
stacks of reduced graphene oxide is proposed herein as an alternative for maintaining the
electrical conductivity of the porous electrode. In addition, future trends toward superior
electrocatalysis should extend the modulation of the electronic properties of both support and
supported catalysts to incorporation of different non-metal heteroatoms, such as boron (B),
fluorine (F), and sulphur (S), into the carbon—carbon 2D network. In Table 1, a summary of
the performance of some highly active electrode materials is presented.
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2.3. Future perspectives in defect engineering for superior electrocatalysis

Immense research work has been done in the field of materials science toward the study of
MOFs for highly efficient oxygen electrocatalysis [55]. Basically, MOFs are a class of compos-
ite materials with a unique and highly ordered nanoporous (pore sizes smaller than 100 nm)
structure, which are designed from a self-assembly of inorganic metals and organic linkers
through co-ordination bonds. From an electrochemical aspect, co-ordinated metals could con-
tribute to an electronic effect as a consequence of the changes in platinum electronic structure,
directly influencing catalyst activity. Thanks to abundant dual-metal active sites, superior
electrocatalysts with ultra-low platinum content could be developed for alcohol electroca-
talysis further improving specific activity beyond the conventional platinum alloy approach.

Moreover, surface modification of rGO-supported platinum could lead to improved three-
dimensional nano- (or micro-) structures, resulting in synergistic effects for achieving faster
mass and charge transport properties. In this context, proper synthetic procedures based on
the controlled carbonization of the organic linkers (primarily containing heteroatoms) might
serve as novel rational design strategies for the development of highly porous heteroatom-
doped supported catalysts. Also, noteworthy is that such a synthetic method, especially for
large-scale production, should meet the requirements for commercialization, which include
low cost, environmental sustainability and high reproducibility.

Last but not least, another contribution of the metal-organic framework process could be the
in situ generation of metal oxide nanoparticles and their concomitant dispersion on rGO upon
carbonization of the metal-organic complex. Thus, the deposited metal oxide nanoparticles
could act as seeds for vacancy generation by etching the carbon—carbon network along the
rGO-metal oxide interface. Size-controlled vacancies in the matrix of reduced graphene oxide
are not only predicted to break the two-dimensional lattice symmetry, thereby tuning con-
duction mechanisms, but also act as trapping sites for heteroatom doping [56]. Therefore, in
addition, heteroatom-doped porous and open structures on the basal planes together with
the metal oxide nanoparticles might serve as novel active sites with high bifunctional activity.
Precisely, a bifunctional effect has been associated to the presence of sites that aid in the dis-
sociation of water to form surface hydroxides, which can readily oxidize strongly adsorbed
reaction intermediates. Indeed, development of heteroatom-doped size-controlled vacancies
could positively contribute toward the improvement of platinum activity in alcohol oxidation
reactions.

3. Conclusions

As summarized in this mini-review, an ideal fuel-cell electrode should be porous, and possess
high conductivity, accessible electrochemical surface sites, and improved charge and mass trans-
fer pathways. Defect engineering, which involves manipulating the type, concentration, or spa-
tial distribution of heteroatoms and size-controlled vacancies within a solid, along with materials
processing approaches, such as three-dimensional structure assembly and surface metal complex-
ation methodologies, has demonstrated its potential to tackle the challenges triggered by energy
conversion concerns in direct alcohol fuel cells. With continuous progress on the knowledge
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gained from the engineered nanosheets, a transition from bench-scale nanotechnology to pilot
plant manufactures and, eventually, commercial production is likely to be configured.
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Abbreviations

B boron

C carbon

DAFC direct alcohol fuel cell

DWCNT double-walled carbon nanotube
ECSA electrochemically active surface area
EOR ethanol oxidation reaction

F fluorine

H hydrogen

HET heterogeneous electron transfer
MOF metal-organic framework

MOR methanol oxidation reaction

N nitrogen

@) oxygen

PANI polyaniline

PDA polydopamine

Pt platinum

rGO reduced graphene oxide

S sulfur
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