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Abstract:

The attractive properties of graphene materials have stimulated intense research and
development in the field of bioelectrochemistry. In particular, the construction of 2D and 3D
graphene architectures provides new possibilities for developing flexible and porous carbon
scaffolds, which not only inherit some of the key properties of individual graphene sheets, but
also develop additional functions that are of considerable interest for bioelectrochemical
applications. In this review article, we will first summarize the recently developed approaches to
preparing graphene sheets, and then focus on the methods to assemble them into macroscopic 2D
and 3D structures. Furthermore, we will highlight the potential applications of these materials in

electrochemical biosensors and biological fuel cells.
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1. Introduction

The successful isolation of high quality graphene with the size of hundreds of microns from
graphite in 2004 (Novoselov et al., 2004) aroused tremendous efforts towards investigating the
unique properties, controlling the growth, introducing diverse functionalities, and eventually
exploring the potential applications of graphene materials (Novoselov et al., 2012; Qian et al.,
2011a; Zhu et al., 2010b). In particular, graphene derivatives have been actively studied in the
field of electrochemistry because of their unique physicochemical properties in comparison with
other carbon materials. the, graphene exhibits a unique combination of physical and chemical
properties such as large specific surface area (2630 m? g™) (Stoller et al., 2008), superior
electrical conductivity (200 S m™) (Stankovich et al., 2007; Yoo et al., 2011), excellent thermal
stability with oxidation resistance temperature up to 601 °C (Wu et al., 2009b), high thermal
conductivity between 3080 to 5150 W m™ K™ (Ghosh et al., 2008), remarkable mechanical
strength with Young’s modulus of around 1.0 TPa (Lee et al., 2008), and outstanding optical
transmittance of 97.7% (Nair et al., 2008). Moreover, it also shows fascinating electrochemical
properties, including wide electrochemical potential windows, low charge-transfer resistance,
and excellent electrochemical activity (Chen et al., 2014; Qian et al., 2011b; Shao et al., 2010b).
The aforementioned physical and electrochemical properties enable the widespread use of
graphene in the field of bioelectrochemistry, and possibly offer new solutions to address the
current energy and healthcare issues that are of great importance for the sustainable development

of the society.

Chemically derived graphene, including graphene oxide (GO) and reduced graphene oxide
(rGO), are promising building blocks to construct 2D and 3D materials (Bi et al., 2012; Cheng

and Li, 2013). In addition to the inherent properties of individual graphene sheets, versatile



functionalities can be built in the hierarchical graphene materials for improved performance
(Chen et al.,, 2013; Ren and Cheng, 2013). In comparison with the extensive research on
individual graphene sheets, less attention has been focused on 2D and 3D graphene materials.
One of the goals of this review is to increase the visibility of the new class of hierarchical
materials and call attention for further research from academia and industry. From a practical
point of view, the use of these materials into practical applications relies on the development of
efficient preparation procedures that allow for tailoring their structures and functions for
improved performance. We will first summarize the approaches for preparing chemically derived
graphene, with particular focuses on the recently developed environmentally-friendly methods,
and then summarize the strategies to assemble individual graphene sheets into 2D and 3D
structures. Their bioelectrochemical applications will be discussed afterwards with an emphasis

on the specific topics of electrochemical biosensors and biological fuel cells.

2. Preparation of graphene sheets

Although the scotch-tape method can directly produce high-quality graphene, it is lack of the
feasibility of functionalization and not suitable for large-scale production. A diverse range of
approaches, therefore, have been developed to produce graphene, including epitaxial growth
(Sutter et al., 2008), chemical vapor deposition (CVD) (Mattevi et al., 2011), liquid-phase
exfoliation (Hernandez et al., 2008), chemical exfoliation (Dreyer et al., 2010), and organic
synthesis (Wu et al., 2007). Among these methods, chemical exfoliation has attracted widespread
interest because it does not rely on special equipments and allows for scaled-up preparation of
GO carrying a high density of functional groups, which open the possibility to introduce
additional functionalities (Park and Ruoff, 2009). This route is referred as oxidation-exfoliation-

reduction process, which generally involves chemical oxidation of graphite into graphite oxide,



followed by exfoliation of graphite oxide into single-layered GO, and reduction of GO to rGO

with low oxygen to carbon atomic ratio (Fig. 1) (Bai et al., 2011).
(Figure 1 is here)

2.1. Preparation of GO

The precursor of GO is graphite oxide which contains oxygen functionalities and retains stacked
structure similar to that of graphite. The history for preparing graphite oxide can be traced back
to 1859, when KCIO3; and fuming HNO3; were used to oxidize graphite powder, leading to a
material with carbon to oxygen ratio around 2:1 (Brodie, 1859). The utilization of KCIO3; and
HNO3; must be handled with special caution because of the generation of highly toxic ClIO, gas
and the possible production of explosion (Compton and Nguyen, 2010). Hummers et al.
developed an approach to synthesize graphite oxide with similar level of oxidation but
employing different oxidation reagents (NaNOz, KMnQO,4, and concentrated H,SO4) in 1958
(Hummers and Offeman, 1958). Through Hummers’ method, the reaction can be completed
within relatively shorter reaction time while avoiding the generation of hazardous CIO;, gas. A
recent study revealed that the amount of basal plane in graphite oxide can be improved by
eliminating NaNQg, increasing the amount of KMnO,, and performing the reaction in a 9:1
mixture of H,SO, and H3PO,4 (Marcano et al., 2010). The exfoliation of graphite oxide into
single-layered GO can be achieved by employing additional energy inputs, e.g., mechanical
shaking or ultrasonication (Li et al., 2008a). Several parameters, including starting materials,
oxidation procedures, and the forms of exfoliation energy, play important roles in controlling the
size or number of layers of GO. With increasing oxidation time or the amount of oxidants, the
average size of GO can be tuned from ~59,000 to ~550 nm? (Zhang et al., 2009). Ultrasonication

is more effective to reduce the size of GO than mechanical shaking (Pan and Aksay, 2011). The
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number of layers of GO in the final products is strongly dependent on the lateral size and

crystallinity of graphite precursors (Wu et al., 2009a).

2.2. Reduction of GO

2.2.1. Chemical reduction

The oxidation of graphite by strong oxidants leads to disruption of the sp® bonding networks, and
therefore the oxidation products, both graphite oxide and GO, are electrically insulating
materials. A reduction process is necessitated to remove oxygen functionalities (epoxy, carboxyl,
and hydroxyl groups), and recover electrical conductivity by restoring the n-network (Chen et al.,
2012a). The advantage of chemical reduction is that it can be carried out at relatively low
temperature or with only moderate heating. Importantly, it also does not rely on sophisticate

equipments.

Hydrazine is the most efficient reducing reagent to remove oxygen functionalities from GO,
leading to rGO with a carbon to oxygen atomic ratio of around 7 and electrical conductivity of
~7200 S m™ (Li et al., 2008a). The successful reduction of GO was also achieved by using
freshly-prepared solution of NaBH, (Gao et al., 2009). In comparison with hydrazine, fewer
heteroatoms were introduced when NaBH, as reducing reagent. Nevertheless, alcohol groups on
GO cannot be efficiently removed by NaBH, because of its low activity for reduction of epoxy
and carboxyl groups. In order to avoid the utilization of toxic hydrazine and NaBH,, a number of
environmentally-benign reagents have been actively explored, including hydrogen iodide (Pei et
al., 2010), ascorbic acid (Zhang et al., 2010), alkaline solution (Park et al., 2008), glutathione
(Pham et al., 2011), urea (Lei et al., 2012), amino acids (Chen et al., 2011a), dopamine (Xu et al.,

2010a), metal powders (Fan et al., 2010a; Fan et al., 2010b; Mei et al., 2012), low-valence metal



ions (Xue et al., 2011), reducing sugar (Zhu et al., 2010a), tea water (Wang et al., 2011c), and
carrot root (Kuila et al., 2012). Among them, ascorbic acid is accepted as an ideal substitute for
hydrazine and NaBH, because of its non-toxicity, remarkable stability in water, and high
deoxygenation efficiency. The atomic ratio of carbon to oxygen in rGO reduced by ascorbic acid

is comparable to that reduced by hydrazine (Fernandez-Merino et al., 2010).

2.2.2. Electrochemical reduction

Electrochemical reduction is typically achieved by applying a negative potential to GO films
coated on conductive substrates. This strategy has several advantages in comparison with
chemical reduction (Low et al., 2013; Ramesha and Sampath, 2009; Zhou et al., 2009a). First,
electrons work as intrinsically environmentally-friendly reducing reagent, leading to the
formation of rGO without heteroatoms contaminations. Furthermore, highly negative potentials,
readily obtainable by adjusting electrochemical parameters, are beneficial for removing more
oxygen functionalities in the production of high quality rGO. At last, the resulting rGO is in good
contact with electrically conductive substrates, which simplifies the electrode fabrication process

and is suitable for further electrochemical applications (Shao et al., 2010a).

Cathodic deposition has been widely employed to prepare metal nanoparticles. Thus,
electrochemical reduction also opens the way to prepare nanoparticles modified rGO through
one-step manner (Zhu et al., 2011a). The prepared nanoparticles were directly immobilized on
the surface of rGO without any linker molecules, facilitating electron transfers between the two
components. In addition, the abundant oxygen functionalities on GO provide more anchoring
sites for metal ions than rGO, and consequently, the density of metal nanoparticles from one-step

electrochemical reduction procedure are higher than that from two-step method involving



chemical reduction of GO followed by electrochemical deposition of metal nanoparticles (Fig. 2)

(Gao et al., 2011).

(Figure 2 is here)

2.2.3. Hydrothermal or solvothermal reduction

It is also possible to remove oxygen functional groups on GO in pure aqueous or organic
solvents under hydrothermal or solvothermal conditions. Protons can be generated from water
under hydrothermal conditions, and the mechanism for hydrothermal reduction of GO is
considered similar to proton catalyzed dehydration of alcohols (Zhou et al., 2009b). Because of
the reversible properties of proton catalyzed dehydration and hydration reactions, there should
always be some residual oxygen functionalities on rGO even at the end of reactions. In
solvothermal conditions, the temperature required for reduction of GO decreases as the reducing
power of organic solvent increases. The minimum temperatures for GO reduction varied from
120 to 160 °C when the solvents changed from glycol to 1-butanol (Nethravathi and Rajamathi,

2008).

Heteroatoms can be introduced into graphene by adding compounds containing the required
heteroatoms into GO dispersion under hydrothermal or solvothermal conditions. For example,
nitrogen doped graphene has been prepared when hydrazine was used as doping reagents in both
water (Long et al., 2010) and N,N-dimethylformamide (Wang et al., 2013b). Hydrothermal or
solvothermal method is also facile to prepare a diverse range of nanomaterials, allowing for one-
pot or one-step synthesis of graphene-based nanocomposites if the growth of nanomaterials and
reduction of GO occur simultaneously. Various metal oxide and sulfides, including Co304 (Liang

et al., 2011), Mn3O4 (Wang et al., 2010b), TiO, (Shah et al., 2012), MoS; (Li et al., 2011a), CdS



and ZnS (Wang et al., 2010c), have been loaded on graphene by heating reaction mixtures
containing GO and desired metal ion precursors under hydrothermal or solvothermal conditions.
However, the one-step strategy lacks the ability to precisely control the size and distribution of

nanoparticles on graphene.
2.2.4. Thermal reduction

The successful exfoliation of single-layer graphene relies on sufficient oxidation of graphite
and adequate pressure during direct thermal treatment process (Schniepp et al., 2006). Therefore,
special equipments are generally necessitated to obtain rapid heating rates (typically 2000 °C
min™), high temperatures (800-1000 °C), and inert atmospheres (high vacuum, argon or
hydrogen gas) (Wang et al., 2012). A number of products can be generated as a result of rapid
temperature increase, including CO,, CO, water, and other small hydrocarbon molecules
(Jimenez, 1987; Matuyama, 1954). The generated gases at high temperatures create a huge
pressure increase between the stacked layers, and eventually result in exfoliation of stacked

platelets (McAllister et al., 2007).

Microwave and photo irradiation represent two kinds of innovative heating sources that can
be applied for GO reduction. Compared with traditional thermal methods, uniform and rapid
heating can be generated by microwave irradiation within a short time at ambient conditions
(Zhu et al., 2010c). The microwave heating can also promote chemical reactions by lowering
activation energies and shortening reaction time. Metal nanoparticles decorated graphene have
been prepared in one-step manner upon microwave heating the mixture of GO and metal ion
precursors. In contrast to the composites prepared by mixing metal nanoparticles and graphene,

the one-step procedure produces metal nanoparticles with smaller size and higher density on



graphene (Hassan et al., 2009). It is still challenging to reduce GO incorporated into materials
with poor thermal conductivity, such as polymers, which may prevent reducing reagents from
completely reducing GO. Photothermal reduction can overcome these shortcomings. A camera
flash can provide 9 times of thermal energy needed for heating GO above 100 °C, which is more
than sufficient to initiate the thermal deoxygenation of GO (Cote et al., 2009a; Kim et al.,
2010a). In addition, photothermal method also enables patterning of GO or GO/polymer films by
flashing through photomask, and precisely controls the size, position and shape of the films

(Krishnan et al., 2012).

2.2.5. Photo-catalyzed reduction

Inorganic photocatalysts, including semiconductors (ZnO and TiO;) (Williams and Kamat,
2009; Williams et al., 2008) (Fig. 3) and plasmonic metal nanoparticles (Ag nanoparticles) (Wu
et al., 2011), have been successfully applied in light-assisted reduction of GO, when photoexited
electrons were injected from semiconductors or metal nanoparticles into conduction band of GO.
However, the inorganic nanomaterials cannot be easily removed from the dispersions containing
rGO, potentially affecting the properties and limiting the applications of the resulting materials.
The development of organic photocatalysts is a promising way to tackle these problems. Clean
rGO sheets were prepared with organic photocatalyst, i.e., Hantzsch 1,4-dihydropyridine (HEH),
under UV irradiations. HEH and its aromatic pyridine products were easily removed by
extraction with ethyl acetate. The resulting rGO exhibits comparable electrical conductivity to

that by hydrazine reduction (Zhang et al., 2012).



(Figure 3 is here)

2.2.6. Microbial reduction

Microbial technology was first achieved for reduction of GO in strictly anaerobic
environments (Salas et al., 2010). However, a follow-up work revealed that anaerobic condition
IS not necessary for the microbial reduction to proceed (Wang et al., 2011a). In these two works,
GO was reduced by a dissimilatory metal-reducing bacteria, i.e., Shewanella, which generate
electrons in metabolic process. The generated electrons are transferrable by anaerobic respiration
of cells from the cell interior to electron acceptors in environments (e.g., solid metal oxide
particles). The cell membrane of c-type cytochromes promotes the direct electron transfer to GO,
and the redox active species produced by the cells function as electron transfer mediators. Both
of the direct and indirect pathways are likely involved in the process of extracellular electron
transfer (Wang et al., 2011a). Recently, reduction of GO by Escherichia Coil was also reported
in anaerobic conditions containing glucose, and glycolysis process from metabolic activity of the

cells was possibly involved in reduction of GO (Akhavan and Ghaderi, 2012).

3. Preparation of 2D and 3D graphene materials

The flexible 2D structure of graphene materials make them versatile building blocks to
construct 2D and 3D macroscopic materials, in which individual nanosheets are connected by
virtue of hydrogen bonding, ionic interaction, hydrophobic effects, and/or n-n interactions. The
resulting 2D and 3D graphene materials not only retain some key properties of individual
graphene sheets, but also develop collective properties resulting from their unique structures (Wu

et al., 2012; Xu and Shi, 2011). Of equal importance is that a great number of functional
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materials can be incorporated into 2D and 3D graphene materials, improving the performance of

pristine graphene materials and extending their applications to new fields.

3.1. Methods to prepare 2D graphene materials

3.1.1. Langmuir-Blodgett method

Langmuir-Blodgett technique, an approach commonly use for depositing nanoparticles and
macromolecules on substrates as thin films with controlled thickness (Park and Advincula, 2011;
Tao et al., 2008), was also applied to prepare transparent graphene films suitable for
optoelectronic applications. Unlike traditional transparent electrodes of ITO and FTO, graphene
films were prepared in large scale at low cost, and hold great promise in the development of
flexible electronic devices. The electrostatic repulsion between negatively charged GO prevents
their overlapping, giving rise to stable GO monolayer film at the interfaces of air and the mixture
of water/methanol. The formed GO film can be readily transferred to flat substrates through
Langmuir-Blodgett technique (Cote et al., 2009b). Morphologies of GO film evolve from
individual sheets to close-packed and wrinkled structures by controlling its density during
deposition (Zheng et al., 2011). It is much more challenging to prepare rGO films with higher
conductivity, because of the limited colloidal stability of rGO in organic solvents. After
modification of rGO with surfactant, stable dispersion of rGO in 1,2-dichloroethane was
obtained. Transparent and conducting film was then prepared through Langmuir-Blodgett

technique from the solution of rGO in water and 1,2-dichloroethane (Li et al., 2008b).

3.1.2. Layer-by-layer assembly

Layer-by-layer technique has been widely adopted for fabricating multilayer films with

tunable composition and architectures. The driving forces involved in layer-by-layer assembly
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generally include electrostatic interactions, hydrogen bonding, and covalent bonding. Based on
electrostatic interactions between different charged species, multilayer films of CNTs and rGO
have been fabricated from rGO with negatively charged surfaces and amine-functionalized CNTs
with positively charged surfaces (Byon et al., 2011). Similarly, rGO carrying positive charge
imparted by poly(ethyleneimine) coating can also be assembled with acid treated CNTs with
negatively charged surface into hybrid films (Fig. 4) (Yu and Dai, 2010). CNTSs incorporated into
the hybrid films function as spacers to avoid aggregation of rGO caused by the strong n-n
interactions between their basal planes. The layer-by-layer technique was also extended to
prepare multilayer films of negatively charged rGO and inorganic nanoparticles (Li et al., 2011c).
A example of multilayer films relying on hydrogen bonding was built upon from rGO and

poly(vinyl alcohol) (Zhao et al., 2010).

(Figure 4 is here)

3.1.3. Electrochemical deposition

Electrophoretic deposition is a technique to deposit thin films through electrical field driven
movement of charged colloidal particles towards the electrodes with opposite charges (Van der
Biest and Vandeperre, 1999). This method is easy to scale-up and suitable to a wide range of
inorganic, polymer, and composite colloidal particles (Chavez-Valdez et al., 2013), leading to
precisely controlled film thickness and excellent uniformity at high deposition rates. The charged
surfaces of GO and rGO enables the direct electrophoretic deposition of their films. By applying
a positive potential of 10 V, the negatively charged GO moves towards the positive electrode and
form a uniform film within 10 min. Oxygen functionalities were eliminated in the process

possibly because of reactions including oxidation of carboxylate, oxidative decarboxylation, and
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dimerization of radicals. And consequently, the electrophoretic deposited GO film exhibits two
fold increase of electrical conductivity compared with that prepared by filtration method (An et
al., 2010). The composition and properties of solution affects the structure of deposited graphene
films, as evidenced by porous graphene film obtained by introducing charging and dispersing

additive to the solutions (Ata et al., 2012).

Electrophoretic deposition is not restricted to two-dimensional substrates, as manifested by
the successful deposition of rGO on three-dimensional nickel foam (Chen et al., 2010), and can
be extended to prepare graphene composite films. Hybrid films with different contents of rGO
and CNTs were obtained from solutions with different ratios of the two components (Zhu et al.,
2011b). Multilayer films of rGO and quantum dots were prepared by repeated deposition of rGO
and quantum dots on flat substrates (Guo et al., 2010). An example of direct deposition of
chemically modified graphene with controlled functionalities was transparent films of MoS,-rGO

(Lin etal., 2013).

One important finding is that electrodeposition and electrochemical reduction of GO can be
achieved simultaneously on conducting substrates through employing negative potentials around
-1.0 or -1.2 V, or repeated cyclic voltammetry (CV) with the lower potential of about -1.2 V in
solutions with pH from 1.5 to 12.5 (Chen et al., 2011b). The conductivity of GO dispersion,
adjustable by adding different amounts of electrolytes, is a crucial factor affecting the deposition
process. The suitable conductivity was in the range of 4 to 25 mS cm™. No detectable deposition
occurred, if conductivity of the solution was too low. When the conductivity was higher than 25
mS cm™, GO dispersion became unstable (Hilder et al., 2011). As an extension of the one-step
technique, composite films of rGO and metal nanoparticles with a sandwiched structure was

successfully prepared from mixtures of GO and metal ion salts under cathodic conditions (Liu et
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al., 2011). By changing higher and lower potentials in CV scans, electrochemical reduction of
GO and polymerization of monomers occurs independently at different potential ranges, leading
to the formation of hybrid films of rGO and conducting polymers with multilayer structures. The
top layer can be adjusted as conducting polymers or rGO by varying the directions of CV scans

(Fig. 5) (Tang et al., 2012).
(Figure 5 is here)
3.1.4. Vacuum filtration

Vacuum filtration, traditionally used to prepare paper-like films from inorganic
nanomaterials with platelet morphology, such as vermiculite and mica (Ballard and Rideal, 1983),
was first applied to prepare free-standing graphene paper by filtrating aqueous dispersion of GO
through a porous membrane filter in 2007 (Dikin et al., 2007). The thickness of GO paper can be
adjusted by changing the volume or concentration of the dispersion. This kind of paper is usually
characterized by multilayer structures, because graphene sheets tend to be spontaneously
arranged in a sheet-by-sheet manner at the liquid-solid interface (Fig. 6) (Yang et al., 2011).
After annealing at 220 °C, Young’s modulus of graphene paper increased from ~20 GPa to 41.8
GPa, as tensile strength increased from ~150 MPa to 293.3 MPa. The mechanical performance of
graphene paper outperforms other inorganic paper-like materials such as graphite foils, and the

conductivity of graphene paper treated at 500 °C reaches 351 S m™ (Chen et al., 2008).
(Figure 6 is here)

Taking advantages of the colloid nature of graphene and the well-established methods for
synthesizing various metal, metal oxide or polymer colloidal nanostructures, vacuum filtration
opens the possibility for screening composite materials with desired functionalities introduced

14



into graphene paper. In order to improve biocompatibility, Tween 20 was introduced to prepare
graphene paper with no cytotoxicity to mammalian cells, leading the way for biocompatible
graphene paper (Park et al., 2010). Aiming at improving electrochemical performances,
polyaniline (PANI) nanofibers were uniformly sandwiched between rGO sheets to produce
composite graphene paper (Wu et al., 2010). Composite graphene paper of rGO functionalized
with metal oxide nanoparticles (e.g., SnO,, NiO, MnO,, and SiO;) can be prepared in a similar

way (Li etal., 2011b; Wang et al., 2010a).

3.1.5. Solvent evaporation

It was initially found that GO can be assembled into film at air-liquid interface by simply
heating its solution at 80 °C for about 40 min. The size and thickness of the film is determined
respectively by surface area of the interface and heating time (Chen et al., 2009). Another work
revealed that chemical reduction and self-assembly of GO at the interface can be achieved
simultaneously if GO solution containing hydrazine was heated (Zhu et al., 2009). The air-liquid
interface provides an ideal platform for hybridizing graphene with other components, leading to
composite films with an identical composition to that in solutions (Shao et al., 2012). However,
the films at air-liquid interface must be transferred to substrates, and handled carefully to retain
structural integrity of the films. We found that if water was completely removed, GO membrane
deposited on PTFE substrates can be easily peeled off (Xiao et al., 2013). This strategy was also
adopted to prepare rGO paper by adding reducing reagent of hydrogen iodine to GO solution
(Cong et al., 2013). However, the mechanical properties of graphene paper prepared by solvent-

evaporation are usually poorer relative to that obtained from vacuum filtration.
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3.2. Methods to prepare 3D graphene materials

3.2.1. Hydrothermal reduction

The first example of 3D graphene materials, i.e., graphene hydrogel, was prepared by
hydrothermal treatments of GO dispersions at a concentration not lower than 2 mg mL™ at
180 °C for 12 h (Xu et al., 2010b). After freeze-dried, electrical conductivity of the prepared
graphene hydrogel can reach 5 x 10° S cm™, and the modulus is as high as 450-490 kPa. The
mechanism of forming graphene hydrogel was proposed as follows: Before hydrothermal
reduction, the hydrophilic GO sheets are well dispersed in water; with increasing the reduction
time, the oxygen functionalities on GO are eliminated gradually, and the conjugated structures
are restored; the growing hydrophobic and =-w interactions between rGO lead to random self-
assembly of the flexible sheets in 3D, which eventually form hydrogel with pore size distribution
from sub-micrometer to a few micrometers (Zhang and Shi, 2011). If the concentration of GO is
lower than 2 mg mL™, the partial overlapping and crosslinking is more difficult to take place
between rGO sheets, and only dispersions or aggregated powders can be obtained. In addition,
hydrothermal method requires high temperature and long reaction time to form stable graphene

hydrogel.
3.2.2. Chemical reduction

The presence of reducing reagents, including sodium ascorbate, ascorbic acid, hydroiodic
acid, sulfur-containing chemicals, and hydroguinone (Chen and Yan, 2011; Sheng et al., 2011),
can promote the reduction and self-assembly of GO into graphene hydrogel under mild condition
(~ 95 °C) in a shorter reaction time (within 1.5 h). A combination of functionalization,

lyophilization, and microwave treatment was employed to prepare ultralight graphene hydrogel

16



in which GO was first functionalized and assembled into graphene hydrogel in agueous solutions
containing a weak reducing reagent, i.e., ethylenediamine, and microwave irradiation was then

applied to eliminate oxygen functional groups (Hu et al., 2013).

The properties of graphene hydrogel can be easily tuned by introducing different
functionalities in chemical reduction and self-assembly process, for example, polymers, CNTSs,
and metal nanoparticles (Hu et al., 2012; Qiu et al.,, 2010; Sui et al.,, 2012). Taking the
advantages of the fascinating properties of dopamine, e.g., reducing activity, self-polymerization,
and strong adhesion of polydopamine to solid substrates, simultaneous reduction of GO and
coating of polydopamine was achieved to produce graphene hydrogel functionalized with
polydopamine (Gao et al., 2013). Iron oxide nanoparticles were immobilized on graphene
hydrogel through one-step reduction using Fe(ll). The composition and morphology of iron
oxide nanoparticles can be controlled by adjusting pH of the solutions (Fig. 7) (Cong et al.,

2012).

(Figure 7 is here)

3.2.3. Template-directed method

Template-directed method provides an approach to fabricating 3D graphene materials with
well-controlled pore size distributions. The commonly used sacrificial templates, i.e.,
polystyrene (PS) and silica colloidal particles, have been applied to prepare 3D graphene
materials. A mixture of PS and GO was filtrated through a membrane. Dissolution of PS
particles by toluene resulted in graphene foam with uniform pore structures (Fig. 8) (Choi et al.,
2012). Capillary modeling, a more general approach to wrap GO sheets on template particles,

was achieved in a device for aerosol spray pyrolysis, leading to uniform hollow rGO capsules
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(Sohn et al., 2012). The template method was also extended to prepare nitrogen and sulfur doped
porous graphene Dby impregnating solutions containing GO, poly(vinyl pyrrolidone) and
sulfonated PS particles onto nickel foam, followed by freeze-drying and calcination in nitrogen

atmosphere to remove the template and PVP surfactants (Wang et al., 2013d).
(Figure 8 is here)

However, the pore size of graphene foam templated by PS is limited to micrometers due to
the relatively larger size of template particles (20 um). Methyl functionalized silica nanoparticles
(30 to 120 nm) were developed as templates to prepare nanoporous graphene foam (Huang et al.,
2012). Core-shell structure of GO wrapped onto silica nanoparticles was prepared by virtue of
hydrophobic interaction between amphiphilic GO and methyl groups on silica templates (Kim et
al., 2010b). Centrifugation was then applied to condense the nanoparticles, followed by HF

etching of silica templates.
3.2.4. Chemical vapor deposition

Chemical vapor deposition (CVD) can produce graphene materials with higher electrical
conductivity and fewer defects than that prepared from wet-chemical approaches. Methane was
first employed as the carbon precursor to synthesize 3D graphene materials by CVD, using
porous nickel foam with 3D interconnected channels as substrate. The resulting graphene foam is
monolithic with 3D interconnected graphene sheets, and its density is as low as 5 mg cm™, which
is comparable to the lightest aerogel (2-3 mg cm™) (Chen et al., 2011c). Afterwards, a study
revealed that graphene foam exhibiting almost the same morphology can be produced using safer
and cheaper carbon precursors such as ethanol (Cao et al., 2011). With ethanol as the precursor,

graphene foam coated with a dense layer of CNTs mesh was prepared via a two-step CVD
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method (Dong et al., 2012a). The monolithic graphene foam with high surface areas and
excellent electrical conductivity is a promising candidate for a wide spectrum of applications

(Dong et al., 2012b; Maiyalagan et al., 2012; Yong et al., 2012).

4. Bioelectrochemical applications of 2D and 3D graphene materials

The self-assembled 2D and 3D graphene materials, functionalized with metal nanoparticles,
polymers and biomolecules, are promising candidates for bioelectrochemical applications,
especially in the fields of electrochemical biosensors and biological fuel cells. Electrochemical
biosensors with high sensitivity have found widespread uses in clinic diagnosis, environment
monitoring, and quality controls in industrial, food, and agricultural products (Ronkainen et al.,
2010). Biological fuel cells represent an important kind of electrochemical energy conversion
devices that can directly transform chemical energy from biomass into electrical energy with
high efficiency and low or zero emission of pollutants. The biological fuel cells also have the

ability to integrate environmental bioremediation with power production (Logan, 2009).

4.1. Electrochemical biosensors

4.1.1. 2D graphene materials for electrochemical biosensors

Real-time and point-of-care detection necessitates the development of portable and wearable
medical devices, in which flexible electrodes are the crucial components (Windmiller and Wang,
2013). Graphene paper is a promising scaffold to construct flexible electrodes because of its
unique properties, such as high mechanical strength, structural uniformity, and excellent
electrical conductivity. A hybrid film was prepared by filtration of Nafion functionalized rGO,
and then modified by organophosphorous hydrolase (OPH). The remarkable electrical

conductivity of rGO and low interfacial resistance of Nafion empowered OPH-modified
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graphene film with excellent electrochemical performance towards detection of organophosphate
with a sensitivity of 10.7 nA pM™ and detection limit of 0.137 pM. Importantly, after 100
binding cycles, the sensitivity of the flexible biosensor was still as high as 9.7 nA uM™ (Choi et
al., 2010). In order to achieve real-time detection of biomolecules released from living cells,
RGD-peptide, which can facilitate the attachment and growth of cells, was covalently modified
onto graphene paper. This flexible electrode was further employed for monitoring of nitric oxide
released from endothelial cells, while keeping its original performance after 45 times of bending

and relaxing cycles (Guo et al., 2012).

Because of the lack of surface functionalities, it is challenging to modify graphene paper
with high density nanoparticles. A combined approach of 2D assembly of gold nanoparticles at
oil-water interface coupled with dip-coating method was employed to prepare freestanding
graphene paper electrodes covered by closely packed gold nanoparticles. The electrode exhibited
excellent electrochemical performance for electro-oxidation of glucose, and superior
biocompatibility, and allowed for direct detection of low concentration H,O, secreted by living
cells (Fig. 9) (Xiao et al., 2012b). Another advantage of this modular approach is the feasibility
to tune the size, composition and morphology of the active nanoparticles. In a follow-up work,
core-shell Au@Pt nanoparticles were successfully coated on graphene paper, and applied for the
detection of nitric oxide released by living cells under oxidative stress (Zan et al., 2013). In order
to increase surface areas of graphene paper, it was first modified by electrodeposition of MnO,
nanowires, which provide more growing sites for metallic nanoparticles. The constructed
electrode was successfully applied for detection of H,O, from living cell with a variation of

amperometric response less than 5% after 100 repeated bending (Xiao et al., 20123).

(Figure 9 is here)
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4.1.2. 3D graphene materials for electrochemical biosensors

In comparison with 2D graphene paper, it is possible to introduce more enzymes and
catalysts into 3D graphene materials because of increased surface areas. Prussian blue modified
graphene hydrogel was prepared by adding FeCls solution containing ascorbic acid into the
mixture of GO and ferricyanide. The detection limit of the prepared electrode for H,O, was as
low as 5 nM (Chen et al., 2012b). Co304 nanowires were uniformly deposited onto CVVD-grown
3D graphene foam through hydrothermal method, and used as free-standing electrodes towards
the analysis of glucose, affording a detection limit of 25 nM (Dong et al., 2012b). Graphene
foam functionalized with nickel was prepared by annealing lithographically defined 3D porous
carbon coated nickel at 750 °C for 20 min under the flow of forming gas containing 5% H; and
95% N, (Fig. 10) (Xiao et al., 2012c). The electrode exhibits a good linear range for glucose
concentration from 1 to 10 mM (Xiao et al., 2012d). A variety of noble metal nanoparticles,
including Pt, Au and Pd were further electrodeposited onto the 3D graphene foam prepared by
lithographic method. The onset potential for H,O, reduction appeared at 0.1 V while the
reduction peak was observed at -0.1 V on Pd nanoparticles modified graphene foam

(Sattayasamitsathit et al., 2013).

(Figure 10 is here)

4.2. Biological fuel cells

4.2.1. 2D graphene materials for biological fuel cells

Among the different types of fuel cells, biological fuel cells are distinguished from the
others by utilizing biocatalysts, i.e., complete living cells, organelles, and enzymes, as the anode
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or cathode to generate electrical power from biomass or biofuels (Cooney et al., 2008). The
electron transfer efficiency between biocatalysts and electrodes directly determines
bioelectrocatalytic process and performance of biological fuel cells (Logan et al., 2007). A
collection of intriguing properties such as high surface areas, excellent biocompatibility and high
electrical conductivity enabled the use of graphene-based materials in E. coli catalyzed microbial
fuel cells. The attachment of bacteria onto the stainless steel mesh anode was enhanced by
graphene, and the power density was improved by 17 to 18 times compared with bare stainless
steel mesh electrode or the one modified with polytetrafluoroethylene (Zhang et al., 2011). To
further enhance the interaction of negatively charged bacteria with graphene film coated on
carbon paper, a positively charged layer of poly(3,4-ethylenedioxythiophene) (PEDOT) was
deposited on the graphene film by electropolymerization. The short-circuit current achieved by
the microbial fuel cell based on graphene/PEDOT anode was 3.59 A m™, which is almost 7 times
higher than that achieved by carbon paper electrode. The maximum power output reached 873
mW m on the graphene/PEDOT electrode, representing a 15-fold increase relative to the result

from carbon paper bioanodes (Wang et al., 2013c).

The application of 2D graphene film in enzymatic biofuel cells was also demonstrated in
multilayer electrodes. When graphene was used as spacer, the multilayer films of multiwalled
carbon nanotubes or methylene green were readily assembled onto electrodes through layer-by-
layer strategy based on electrostatic and/or n-x interactions (Wang et al., 2011b). The biocatalyst
of glucose dehydrogenase was then dip-coated on the multilayer film to prepare bioanodes. The
layer-by-layer strategy enables the formation of structurally uniform multilayer film, and the
coverage of graphene was increased upon repeating assembly processes. In couple with laccase-

based biocathode, the assembled glucose/oxygen biofuel cell exhibits an open-circuit voltage of
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0.69 V and a maximum power density of 22.50 pW cm™ at 0.48 V in phosphate buffer solution

containing 10 mM NAD" and 30 mM glucose (Fig. 11).
(Figure 11 is here)
4.2.2. 3D graphene materials for biological fuel cells

3D graphene materials with increased surface areas for bacterial colonization or biocatalysts
immobilization are emerging as new electrode substrates for biological fuel cells. In order to
increase electrical conductivity of graphene sponge, stainless-steel current collectors were
incorporated into 3D graphene material. The maximum power density produced by the
composite anode was 14 times of that produced by graphene-sponge anode. And importantly, the
cost was estimated to be at least one order of magnitude less than commercial graphite electrode
(Xie et al., 2012). A feasible deposition method was developed to prepare 3D rGO-nickel foam
anode for microbial fuel cells, in which the loading amount of rGO and electrode surface areas
were controlled by the number of rGO loading cycles. The uniform macroporous scaffold
enables effective mass diffusion of the culture medium, and provides large accessible surface
area for microbial colonization. Furthermore, the controlled deposition method was suitable for
fabricating large-scale electrodes. At steady state of power generation, the microbial fuel cells
with rGO-nickel foam produced a substantially higher power density than that of nickel foam
and other conventional carbon based electrode. The optimal volumetric power density reached
661 W m™ based on the volume of the anode material, or 27 W m? based on the volume of the

anode chamber (Wang et al., 2013a).

Free-standing 3D graphene electrode made it possible to develop light-weight devices with

high performance. Ice segregation induced self-assembly, a freeze casting technique towards the
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preparation of macroporous materials with aligned structures (Vickery et al., 2009), was applied
to prepare 3D chitosan/vacuum-stripped graphene (CHI/VVSG) scaffold with hierarchically
porous structures. The prepared macroporous material can facilitate colonization of bacteria in
the scaffold interior and enhance the contact of biocompatible VSG and bacteria, and the meso-
micropores increase the available surface area of graphene for electron transfer (Fig. 12). The
synergistic effect of hierarchical pores in the anode significantly improved the performance of
microbial fuel cells, leading to a maximum power density of 1530 mW m, which is 78 times
higher than that based on carbon cloth anode (19.5 mW m™) (He et al., 2012). In order to
overcome the unfavorable adhesion of bacteria on hydrophobic graphene sheets, hydrophilic
PANI was electrodeposited on monolithic graphene foam, resulting in a confluent biofilm of
Shewanella oneidensis on graphene surface. The bacteria also densely adhered on graphene
surface deep inside the 3D electrode, whereas only some of outmost surface was coated by
biofilm on 3D graphene without PANI functionalization. The maximum power density obtained
from the microbial fuel cell based on 3D graphene/PANI is ~768 mW m™, which is about 4

times higher than that from carbon cloth (~158 mW m) (Yong et al., 2012).
(Figure 12 is here)

5. Conclusions and perspectives

The flexible structures and tunable functionalities make graphene sheets an attractive type of
building blocks for 2D and 3D materials. A number of approaches have been developed to
fabricate these materials, which not only preserve the inherent properties of individual graphene
sheets, but also develop additional functions arising from their hierarchical structures. Despite
the considerable achievements in this area during the last a few years, their successful
implementation into practical applications will require further research efforts from different
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areas combining multiple disciplines including chemistry, physics, engineering, material and

biological science.

The research on hierarchical structures based on graphene sheets is still in its infancy, with
key issues to be addressed in future studies. First, increasing evidence has demonstrated that the
structures and properties of 2D and 3D graphene architectures is highly dependent on those of
the building blocks. However, it is still challenging to synthesize monodisperse graphene sheets
with controlled sizes, shapes and functionalities. Second, the electrical conductivity is a crucial
factor that determines the performances of graphene materials. Nonetheless, there is still a lack
of approaches to efficiently restore the aromatic framework to produce graphene sheets with low
oxygen to carbon ratios. Third, the relationships between the structures and properties of the
hierarchical graphene materials have still not been fully understood, and consequently it is
desired to explore guidelines for rational design and synthesis of these materials. Finally, the
application of 2D and 3D graphene materials is not limited to the above-mentioned research
areas, and it is possible to introduce novel functional building blocks into 2D and 3D graphene
materials with enhanced performance in other fields through the existing and newly-developed

methods.
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Highlights:
Environmentally-friendly strategies to prepare graphene sheets.

Recently developed approaches to fabricate 2D and 3D graphene materials.

The application of 2D and 3D graphene materials in electrochemical biosensors and

biological fuel cells.
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Fig. 1. Schematic illustration of the chemical oxidation, exfoliation, and reduction methods

to prepare reduced graphene oxide from graphite.
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Fig. 2. (A) Schematic illustration of the one-step and two-step methods to prepare PtNi
nanoparticles modified rGO film. (B) CV curves and photographs of GO on glass carbon
electrodes (GCE) before and after electrochemical reduction. SEM images of PtNi nanoparticles
on rGO films prepared through (C) one-step and (D) two-step methods. Reprinted with

permission from ref (Gao et al. 2011). Copyright 2011 American Chemical Society.
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Fig. 3. (A) Reduction mechanism of GO by ZnO under UV excitation. (B) Suspensions of
Zn0O, GO-ZnO, and RGO-ZnO. Reprinted with permission from ref (Williams and Kamat 2009).
Copyright 2009 American Chemical Society. (C) Schematic illustration of photocatalytic
reduction of GO by HEH. (D) Proposed chemical reaction mechanism of photochemical
reduction of GO by HEH. Reprinted with permission from ref (Zhang et al. 2012). Copyright

2012 American Chemical Society.
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Fig. 4. (A) Schematic illustration of the fabrication process for multi-layer films of
positively charged PEI modified grapheme and negatively charged CNTs on substrates. SEM
images of (B) the first layer PEI modified graphene, and (C) the first bilayer grapheme and
CNTs films deposited on a substrate. (D) and (E) SEM images of the grapheme and CNTSs films
after ninth deposition cycle under low and high magnifications. Reprinted with permission from

ref (Yu and Dai 2010). Copyright 2010 American Chemical Society.
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Fig. 5. (A) CV curves of co-electrodeposition of GO and aniline with different initial scan
directions as indicated by the dash arrows. (B) Schematic illustration of two structures with
PANI (Lp) and graphene (Lg) as the topmost layer. (C and D) Top-view SEM images of the two
structures. (E and F) Cross-section SEM images of the two structures. Reprinted with permission

from ref (Tang et al. 2012). Copyright 2012 Wiley-VCH Verlag GmbH.

37



o
o

o
'

o
[N

-

© ©
o

Concentration/mg ml™' — E
o
w

0 40 80 120

Fig. 6. (A) Schematic illustration of the formation process of graphene paper by filtration
method. (B) The concentration of graphene versus filtration time for two samples: (m) 24 mL of
0.37 mg mL™ and () 24 mL of 0.18 mg mL™. (C) Photograph of the as-formed graphene film
peeled from the filter membrane. (D) SEM images of the cross-section view of a free-dried

graphene paper. Reprinted with permission from ref (Yang et al. 2011). Copyright 2011 Wiley-

VCH Verlag GmbH.
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Fig. 7. (A) Schematic illustration of the formation mechanism of rGO and iron oxide
nanoparticles with different morphologies. (B) SEM and (C) TEM images of rGO and FeOOH.
(D) SEM and (E) TEM images of rGO and Fe30,. Reprinted with permission from ref (Cong et

al. 2012). Copyright 2012 American Chemical Society.
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Fig. 8. (A) Schematic illustration of the fabrication process of 3D macroporous graphene
films through an embossing process with PS as the templates for embossed chemically modified
graphene (e-CMG) film and subsequent deposition of MnO, for MnO,/e-CMG film. (B) Low
and (D) high magnified cross-section SEM images of e-CMG films. (D) STEM images and EDS
mapping of C, O, Mn, and overlay elements on MnO,/e-CMG film. Reprinted with permission

from ref (Choi et al. 2012). Copyright 2012 American Chemical Society.
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Fig. 9. (A) Schematic illustration of the fabrication process from the 2D assembly Au
nanoparticles and graphene paper. (B) Structure of the amphiphilic Au nanoparticles and their
assembly at the interface of water and organic solvent. (C) SEM images of 2D assembly of Au
nanoparticles on graphene paper. (D) Comparison of the prepared Au nanoparticles-rGO paper
electrodes and gold foil towards the detection of different molecules. Reprinted with permission

from ref (Xiao et al. 2012b). Copyright 2012 American Chemical Society.
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Fig. 10. (A) Schematic illustration of the preparation process and mechanism for chemical
conversion of amorphous porous carbon to 3D graphene. (B) SEM images of the prepared 3D
graphene. (C) SEM images of the 3D graphene after the modification of Pt nanoparticles.

Reprinted from ref (Xiao et al. 2012c). Copyright 2012 American Chemical Society.
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Fig. 11. (A) Schematic illustration of the fabrication process of multi-layered film with
graphene as spacer. (B) SEM images of the graphene/methylene green film with different
number of layers. (C) Polarization curve of the assembled glucose/oxygen biofuel cell and the
dependence of the power output on the current density in the quiescent phosphate buffer
containing NAD" and glucose under ambient condition. (D) Schematic illustration of the

glucose/oxygen biofuels cell. Reprinted with permission from ref (Wang et al. 2011b). Copyright

2012 American Chemical Society.
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Fig. 12. (A) Schematic illustration of the fabrication process of 3D chitosan/vacuum-
stripped grapheme from the ice segregation induced self-assembly. SEM images of (B and C)
chitosan/vacuum-stripped grapheme, and (D and E) the scaffolds after incubation with bacteria.

Reprinted with permission from ref (He et al. 2012). Copyright 2012 American Chemical

Society.
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