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The anisotropic nature of ‘graphenic’ nanosheets enables them to form stable three-dimensional porous
materials. The use of these porous structures has been explored in several applications including
electronics and batteries, environmental remediation, energy storage, sensors, catalysis,
engineering, and many more. As method of fabrication greatly influences the final pore architecture, and

tissue

chemical and mechanical characteristics and performance of these porous materials, it is essential to
identify and address the correlation between property and function. In this review, we report detailed
analyses of the different methods of fabricating porous graphene-based structures — with a focus on
graphene oxide as the base material — and relate these with the resultant morphologies, mechanical
responses, and common applications of use. We discuss the feasibility of the synthesis approaches and
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1. Introduction

Space is one of the dimensions that is often sought after not
only by humans but also by nature. If we increase the surface
area without compromising the other properties of interest, we
can claim to have improved the structure. Sea corals are an
interesting example found in nature with enhanced space and
surface area owing to their porous structures. After millions of
years that nature has spent optimizing its structures, this
challenge has become the ultimate goal in many research areas.
Owing to their outstanding surface to volume ratios," porous
materials are of great interest in many different applications
where they facilitate interactions with other atoms, ions, and
molecules. Porous solids have drawn interest from chemists,
engineers, materials scientists, and other researchers as they
can serve as catalysts,” adsorbents,> membranes,* and filters,”® to
name a few. Fabrication of free-standing three-dimensional
(3D) porous media heavily relies on the intermolecular inter-
actions of the components as well as their robustness in toler-
ating the processing conditions. Therefore, not all materials can
be implemented in constructing such media, and careful
selection of building materials is a key criterion. With its
introduction to the world of materials design, graphene oxide
(GO) has attracted enormous attention from researchers across
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identify the areas not explored to date.

the globe.®® This two-dimensional (2D) carbon-based, ideally
monoatomic nanosheet is decorated with oxygen-containing
moieties providing it with appealing properties.’® Modifying
GO into reduced graphene oxide (rGO) can not only tune the
surface chemistry of this nanomaterial, but also provide it with
the conductivity and electrical properties that are ideal for
several applications."** It is worth noting that the porosity of
graphene-based materials may arise from the inherent defects
within graphenic nanosheets,">'* nanosheets’ wrinkles and
their self-assembly into 3D micro- and macrostructures.>'*"
With its specific surface area and storage modulus being two of
the highest values reported at ~2600 m”> g~ and 130 GPa,
respectively, researchers have taken advantage of this nano-
material by incorporating it in the facile fabrication of porous
materials for different applications including electronics and
batteries,"®" energy storage,’*** water treatment,”>* tissue
engineering® and many more (Fig. 1a). As seen in Fig. 1a, there
have been thousands of articles and books published on the use
of graphene-based porous materials to date and this number
increases continuously, making it challenging for researchers to
stay updated on their area of interest. Therefore, several
researchers and scientists have provided comprehensive
reviews on the use of graphene-based porous materials with
a focus on specific applications: electronics and batteries,'**
energy storage,>*>® water treatment and desalination,*-** and
bone tissue engineering.*»**

Herein, we critically review the approaches employed in the
development of graphene-based 3D porous materials to support
scientists and engineers in the development of new materials.
Methodologies reviewed are: (i) solvothermal process, (ii)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Publications on the use of porous graphene-based materials
in various applications. Data obtained from Web of Science using the
search query: “Tl = ((porous OR aerogel OR hydrogel OR sponge* OR
scaffold*) AND graphene). The size of each segment in the donut chart
correlates to the number of publications with the assigned colour
code. (b) Classification of methods studied in this review.

evaporation and filtration, (iii) cross-linking, (iv) ice-templating,
(vi) hard-templating, and (vii)
emulsion-templating, which are classified into template-free
and template-directed methods (Fig. 1b). The main goal of
this review is to outline the different approaches to create
graphene-based porous materials with a focus on those using
graphene oxide as the base material, as well as highlighting the

(v) 3D printing-freezing,

link between the methodologies used and the resulting prop-
erties that ultimately dictate the potential applications of use. A
comprehensive feasibility analysis of the studied strategies is
also provided for those interested in scaling up these graphene-
based porous media.

Porosity scale bars are found to be categorized differently
within the literature body causing some confusion and
miscommunication among scientists. Considering the range of
pore sizes found in porous graphene-based structures, the
following classification of pore diameters (d) is used in this
review to maintain a universal terminology: nanopores (0.1 nm
<d < 0.1 um), micropores (0.1 pm < d < 0.1 mm) and millipores
(0.1 mm < d < 0.1 m). It is worth noting that this classification is
different than the one used by the International Union of Pure
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and Applied Chemistry (IUPAC) but aligns with the common
nomenclature used in most published articles in the field.

2. Template-free formation of
graphene-based porous materials

In the formation of materials without templates, there is
a strong reliance on the self-assembly of components, which is
a consequence of their interactions.**?*” With their unique
structure and properties, graphene-based nanosheets have
garnered significant attention as a versatile building block for
this approach, thus resulting in novel 3D materials with inter-
esting functionalities. The self-assembly of the nanosheets is
driven by various weak interactions such as van der Waals,
hydrogen bonding and - interactions.***° These interactions
lead to components forming the walls while repulsions, or steric
hindrances and macroscopic wrinkles, lead to separation
forming the “pores” of a porous material. Since there is no
template in place in this method, we have minimal control over
the pore sizes and shapes obtained. However, the concentration
of the compounds used and processing conditions can influ-
ence the pore density and wall thickness of the resulting
macrostructures.**

2.1. Solvothermal process

Solvothermal processes are among the most common bottom-
up syntheses for nanomaterials. In solvothermal syntheses,
desired precursors are dispersed in a solvent and sealed in
a closed system at high temperature and pressure (i.e., an
autoclave), where the temperature is often higher or close to the
boiling point of the solvent.** At the end of this process, the final
products precipitate at the bottom of the autoclave. Common
solvents include water, ethanol, thiourea, ammonia, ethylene
glycol, hydrochloric acid, among others.** The process is termed
hydrothermal if the solvent used is water.*® This technique
provides many advantages over other methods: (i) it is typically
non-toxic depending on the solvent used, (ii) it is cost effective,
(iii) it often yields very little unwanted by-products, and (iv) it
requires a simple setup (generally a one-step procedure).

GO nanosheets are reduced by losing their oxygen-
containing moieties at elevated temperatures (Fig. 2a).
Solvothermal-mediated reduction of GO nanosheets leads to an
increase in the m—m and hydrophobic interactions resulting in
stacking of the sheets, thus self-assembling into a sponge. It is
crucial that the concentration of GO be at a saturated level such
that the GO nanosheets are at close distance resulting in suffi-
cient cross-linking through overlaps of the nanosheets to
generate a 3D network with pore sizes ranging from submicron
to several microns (Fig. 2b).>"*® Reaction time and temperature
are key parameters for the solvothermal-mediated self-assembly
of graphene-based sponges. With increase in reaction time, the
resulting sponge decreases in size (as shown in Fig. 2¢) with an
increase in mechanical strength due to the prolonged oppor-
tunity for the nanosheets to form more crosslinking sites.*®
Generally, the temperature is greater than 150 °C in order to
effectively reduce GO. In addition to promoting the removal of
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Fig. 2 (a) Schematic illustration of a typical solvothermal process. GO
sheets are randomly oriented when dispersed in proper solvent but
self-assemble upon their reduction into rGO and form a hierarchically
porous material. The molecules surrounding the rGO nanosheets are
water molecules. Schematic is not to scale. (b) Higher GO content
yields a larger rGO sponge, as expected, and a longer reduction
reaction time reduces the nanosheets further, leading to a smaller
more stacked and less porous sponge. (c) The smaller the sheets'sizes,
the smaller the pore sizes are in a porous graphene-based material. (b)
is adapted with permission from ref. 38 © 2010 American Chemical
Society. SEM images in (c) are adapted with permission from ref. 41 ©
2016 Royal Society of Chemistry.

functional groups (such as C=O carboxyl and carbonyl
groups),* high temperatures also increase the mobility of GO
nanosheets, leading to a greater chance of interactions.” The
high temperature is also responsible for an increase of pressure
in the reaction vessel, which in turn facilitates the deoxygen-
ation process and exfoliates the nanosheets with crumpled
structural features. If desired, the resulting material can
undergo freeze-drying to remove the captured water post-
synthesis. This method results in the presence of a variety of
pore sizes: micropores and nanopores. While the large pore
sizes are a result of fabrication process and are process-
dependent, the smaller pores are either dictated by the stack-
ing, entanglement and overlap of GO nanosheets (2-50 nm pore
sizes), or are a result of the defects in the nanosheets (<2 nm).*
Without any additives, the size of the nanosheets is a critical
parameter that governs the overall size of the pores (Fig. 2c). In
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general, the larger the GO nanosheets used in the reaction, the
larger the resulting pore size in the graphene-based sponge,
which is accompanied by a change in macrostructure
morphology. Larger GOs induce an anisotropic flat slit-like pore
structure, whereas smaller GOs generate nano-sized pores with
an isotropic cage-like morphology.**

In solvothermal syntheses (much like in other methods to
follow), the spacing between GO nanosheets is influenced by
the degree of oxidation. The lower the oxygen content of the
starting GO, the tighter the distance between the nanosheets.**
More oxygenated functional groups allow for more water to be
absorbed through hydrogen bonding during the film formation
resulting in an increased interlayer distance to accommodate
the presence of water molecules. The pH of the reaction mixture
can dictate the overall chemical structure and the structural
integrity of these sponges. There is a greater degree of reduction
in basic pH where carbonyl groups are more easily removed
through decarboxylation via nucleophilic attack of water.*® This
interaction yields the generation of CO, gas, a by-product of
solvothermal treated GO. This gas can be entrapped in the
sponges causing macroscopic voids. However, this can be
mitigated through the addition of reagents, such as ammonia,
which can convert the CO, into ionic species and can also create
defects that allow the gas to escape the structure.® Thiourea can
also be used in the formation of additional pores and
strengthen the overall structural integrity of graphene-based
sponges. During the hydrothermal process, thiourea can
reduce GO nanosheets and form additional functional groups,
namely amino (-NH,) and sulfonic acid (-SO;H).*” These groups
provide additional crosslinking between nanosheets resulting
in the formation of compact porous sponges with good struc-
tural stability.

Graphene-based  porous  materials  prepared via
solvothermal-assisted reaction methods can be used in energy
storage as supercapacitors. This is mainly due to their high
surface area and low density, allowing for greater interaction
with ions and electrons. The resulting materials possess ideal
capacitive characteristics such as high gravimetric specific
capacitance (up to 196 G g ' for a 42 pm thick electrode),
elevated areal specific capacitance (up to 402 mF cm > for 185
pm thick electrode) and low current leakage.***** These
sponges have also shown promise in environmental nanotech-
nology.”>* It is demonstrated that oils, such as dodecane, can
be effectively absorbed into the sponge pores; thus, removing
them from contaminated water. This is due to the inherently
hydrophobic nature of rGO nanosheets and the overall macro-
structure. Organic solvents can also be absorbed into the rGO
sponges as they retain some of their moieties during the partial
reduction of GO nanosheets.

2.2. Evaporation and filtration

Methods have been established that involve solvent evaporation
or filtration of a GO dispersion to form membranes and films
(Fig. 3a). The common approaches consist of vacuum filtration,
layer-by-layer assembly, and drop-casting.**** The resulting
materials mainly comprise of (i) nanoporous single-layered

© 2022 The Author(s). Published by the Royal Society of Chemistry



Review

(a)

GO dispersion

Stacked self-
assembled GO
sheets

Fig. 3 (a) Schematic illustration of a filtration setup showing the
randomness of and the distance between GO sheets. Once filtered,
the nanosheets self-assemble into stacked porous 3D films. (b) SEM
micrographs of a GO/alginate film prepared by means of evaporation.
As displayed, higher GO content results in a more stacked and less
porous 3D film. SEM images are adapted with permission from ref. 39
© 2019 American Chemical Society.

films, where the porosity is a consequence of defects, and (ii)
stacked 3D films, where porosity is a result of both wrinkles and
defects.**” While there are attractive interactions between the
nanosheets (e.g., van der Waals), the challenge arises from edge-
to-edge electrostatic repulsion that can hinder the overall
stacking of the sheets.”” There is a great interest for the use of
graphene-based nanomaterials in separation technologies due
to their inherent permeability and selectivity, which stem from
nanochannels or “graphenic” defects.”® The formation of 3D
stacked graphene-based films through evaporation and layering
is often done via self-assembly or vacuum filtration.***® More-
over, in 3D films, the interlayer spacing is dictated by the
alignment of nanosheets and their lamellar structures. Selec-
tivity of such materials is size-dependent; small particulates and
ions may pass through the channels while larger molecules are
retained. For instance, once immersed in water, the hydration
layer around GO nanosheets increases the interlayer spacing to

© 2022 The Author(s). Published by the Royal Society of Chemistry

Chemical Science

~0.45 nm allowing monovalent ions to pass while retaining
larger divalent ions (e.g., size > 0.45 nm).**

Many parameters are at play when designing GO-based
films. Firstly, the thickness of the membrane is factored in
the separation performance of GO films. Secondly, despite sub-
angstrom differences in size, it is noted that the ion transport is
dependent on the inter-layer spacing formed between the GO
nanosheets in thicker membranes. On the other hand, the ion
transport rate in thin membranes is solely dependent on pore
sizes.”® Thus, increasing the layers of GO nanosheets enhances
molecular selectivity in detriment of permeability.®*** There-
fore, when designing the material, precise control of the
stacking of the sheets is vital in order to achieve a good balance
of selectivity and permeability for optimal separation perfor-
mance. The fabrication of GO-based membranes is also
impacted by the GO content used. It has been demonstrated
that the amount of gas channels increased as a function of
increasing GO content up until a “critical point” where a drop in
selectivity and gas permeability occurs, thus hindering its
separation performance.” Generally, the higher the concentra-
tion of GO, the more tightly packed and well-ordered the
nanosheets are; on the other hand, when GO concentrations are
too low, there is a mixture of domains of disordered and highly
aligned GO (Fig. 3b).*® However, when GO content is too
elevated, both the permeability and selectivity of the membrane
are negatively impacted due to the formation of aggregates. In
this instance, the molecular transport bypasses the nano-
channels through membrane cracks and microscale defects.*
The size of GO nanosheets also influences the formation of the
material. Commonly, the larger the lateral size of GO nano-
sheets, the greater the permeability and selectivity of the
membrane. This is governed by the formation of longer chan-
nels that allow for enhanced selectivity.* However, large GO
nanosheets (e.g. >5 pm) suffer from poor dispersion and are
susceptible to aggregation, which in turn hinders the separation
capabilities of the film. Much research has been conducted on
tuning the interlayer spacing in GO membranes via layer-by-
layer assembly of different compounds in between GO nano-
sheets. These assemblies are driven either by covalent bonds,
electrostatic interactions, or a combination of both.®>®® The
synergy of the intercalating compound or nanoparticle with the
graphene matrix allows for improved membrane permeability
because of the enlargement of nanochannels.

One of the challenges faced when fabricating a flat,
membrane-like GO-based material is the lack of ductility orig-
inating from the intrinsic brittleness of GO.*” The inherent flat
structural simplicity can be limiting when more complex
nonpolar structures are desired. More recently, researchers
have been able to tackle this issue by simply mixing the GO with
milled cellulose fibers.®” It has been reported that even though
the addition of fibers has reduced membranes' storage
modulus, it has significantly improved their ductility. This
newly explored technique is shown to be a low-cost method to
effectively increase the deformability of vacuum-filtered GO
membranes extending their applications to nonpolar
structures.®’

Chem. Sci., 2022, 13, 8924-8941 | 8927
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2.3. Crosslinking

Addition of different crosslinkers such as metal oxides, noble
metals, divalent ions, monomers, or polymers to GO disper-
sions increases the viscosity of the final mixture, enabling self-
assembly of the nanosheets into a 3D network.**”* Promotion of
gelation can be achieved by both mixing (i.e., physical cross-
linking) and covalently grafting these components onto GO
nanosheets (i.e., chemical crosslinking).” Fig. 4 schematically
compares the two physical and chemical crosslinking strate-
gies. Briefly, the former mainly relies on intermolecular inter-
actions (van der Waals interactions, hydrogen bonding,
electrostatic forces, etc.) without forming a chemical bond,
while the latter refers to the formation of a covalent bond
between two components, and thus, is a stronger attachment
but requires a more rigorous procedure. Moreover, as Fig. 4
shows, a polymer chain (polyacrylamide (PAM), in this case) can
have multiple sites involved in different intermolecular inter-
actions (i.e.,, physical crosslinking). However, covalently
bonding polymer chains onto GO nanosheets involves one site
due to steric hindrance. Additionally, having multiple polymer
chains chemically bonded reinforces the stiffness and
mechanical strength of the final composite/hydrogel.

Au, Ag, Pd, Pt, Rh, and Ir are some of the metal particles
proven to act as crosslinkers capable of enhancing storage
modulus and yield stress values of the resultant 3D structures
while yielding a low density (0.03 g cm?).”> Examples of diva-
lent ions that have been used as crosslinkers include Ca?", Ni**
and Co®".”* Formation of 3D macrostructures as a result of
strong electrostatic interactions is another type of physical
crosslinking. Since GO and rGO nanosheets are both negatively
charged, they interact strongly with positively charged

Physical crosslink

Review

components (e.g., chitosan and other molecules containing
amino groups).”>”” Additionally, hydrogen-bonding and elec-
tron-donor-acceptor interactions have been reported to result
in formation of GO-based complexes leading to 3D macro-
structures at concentrations where a percolated network is
formed.” Covalently bonding different components, such as
PAM and chitosan onto GO nanosheets, forms GO-based porous
materials with improved mechanical responses (e.g., storage
modulus and yield stress values).”® Porosity and pore archi-
tecture of crosslinked porous materials are functions of GO
nanosheets' sizes, pH values of the used dispersions and the
concentration of each component. Smaller GO nanosheets,
lower pH and higher concentrations lead to the formation of
smaller pores with thicker walls. Depending on the desired
application, different molecules and ions can be selected as
candidates to crosslink with GO/rGO nanosheets.” Metal oxides
and noble metals cross-linkers enhance electrical properties of
the final product while divalent ions and polymers are more
effective in improving mechanical properties of these 3D
macrostructures, making them more robust.*”>%%”

3. Template-directed formation of
graphene-based porous materials

Templating nanomaterials into porous materials prevents the
formation of random void spaces and grants some control over
the sizes and shapes of the pores as the thickness and sturdi-
ness of the walls are somewhat predictable and tunable,
depending on the components of the structure and the
templates used. In this section, we describe the most common
template-directed approaches used to form GO-based sponges.

. Chemical crosslink

Fig. 4 Typical schematic representations of: (left) a physical cross-linking between a polyacrylamide (PAM) chain and a GO nanosheet origi-
nating solely from intermolecular interactions such as hydrogen bonding, and (right) a chemical cross-linking between a PAM molecule and a GO

nanosheet which is a consequence of covalent bonding.

8928 | Chem. Sci., 2022, 13, 8924-8941
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3.1. Ice-templating

A dispersion of GO, which may also include other components
such as cellulose nanocrystals (CNCs) and other polymers as
reinforcers, can be frozen by reducing the temperature. During
this process, as ice crystals form, they pave the way for the
assembly of solid particles within the system.*® Bulk, unidirec-
tional and bidirectional freeze-drying are the three types of
lyophilization techniques where the dispersion of interest gets
frozen using liquid nitrogen or argon.®

As shown in Fig. 5a, in the bulk freeze-drying, the container
is fully immersed in liquid nitrogen and ice crystals are formed
and grow randomly throughout the sample, starting near the
walls of the container. This is the most common approach out
of the three lyophilises employed in forming porous materials.
Freeze-drying mixtures of GO with different polymers, such as
PAM,** chitosan,®*®® etc. has been used to form hydrogels and
aerogels for a range of applications with pores ranging from
several to tens of micrometers in size. The randomness of pores
can be seen in both top- and cross-sectional side-views of the
SEM images shown in Fig. 5b. By adjusting the rate of ice crystal
formation and its direction, we can control the morphology of
this type of porous scaffold. To do so, the vial or jar containing
the dispersion of interest is placed in an insulating container
(e.g., Styrofoam), over liquid nitrogen, allowing for the ice
crystals to form and grow from the bottom to the top creating
continuous microchannels as a result of ordered pores
(Fig. 5¢).°* While top-view SEM images reveal the presence of
similar pore sizes to those found in bulk freeze-dried sponges,
we can observe the creation of ordered porosity and micro-
channels in a cross-sectional side-view micrograph (Fig. 5d). As
the third strategy to freeze-dry graphene-based materials, bidi-
rectional freeze-drying has been used to create uniquely struc-
tured porous materials by allowing ice crystals to form in both
axial (bottom to top, similar to unidirectional freeze-drying) and
radial (inwards toward the centre) directions.®® The formation
of radially aligned microchannels was achieved by using a metal
container capable of conducting the temperature gradient from
its walls into the sample (Fig. 5e). Cross-sectional side-views of
the sponge reveal the different arrangements of GO nanosheets
confirming the radially aligned aerogel that can be understood
by the schematic provided (Fig. 5e). As seen in the SEM
micrographs of Fig. 5f, different regions of the aerogel possess
varied spacing between the GO nanosheets and thus, pore
density differs locally within the sample. In addition to rate and
direction of freezing, the properties of these sponges are also
governed by GO nanosheets' size,”” pH,** and humidity.** Ultra-
large GO nanosheets are reported to yield a better alignment
with ultralow percolation threshold, which when reduced,
would make better electrical conductors.®” At lower pH values
(below 5.5, which is the pK, of the majority of moieties on GO),
most of GO's functional groups are protonated, interactions
between nanosheets are stronger, and gelation can occur at
a lower GO concentration. However, when mixed with other
components, the scenario is not as simple. Pan et al. have re-
ported that a mixture of equal mass ratios of 2,2,6,6-
tetramethylpiperidin-1-oxyl, radical-mediated oxidized

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cellulose nanofibre (TOCN) and GO has a regular honeycomb
structure at a pH of 5.2, where the overall repulsive electrostatic
forces and attractive hydrogen-bonding interactions, along with
GO/TOCN interactions with ice crystals are favourable for
a hexagonal structure.”® Mixtures with a lower pH (4.0) are
described to have irregular structures due to attractive forces
overcoming the repulsion, while those with higher pH (6.4 and
10.4) could have micro-lamella structure (greater repulsion
causes larger distancing).

Nevertheless, sponges made using dispersions at low pH are
known to possess higher storage modulus.” Relative humidity
is found to affect the compression load afforded by freeze-dried
sponges; the higher the relative humidity, the weaker the
sponge would be, so it can withstand a smaller load and for
a shorter period of time.*

Furthermore, it is reported that GO loses some of its oxygen-
containing moieties during the freeze-drying process
(increasing the C: O and I, : I ratios from ~1.6 to ~2.1 and
0.84 to 0.99, respectively).” While the loss of functional groups
may not be sufficient to enhance the sponge's electrical
conductivity without a pre- or follow up reduction procedure,
the change is significant enough for the sponge to become
hydrophobic and stable in water.”® Freeze-drying is a well-
studied methodology in forming porous graphene-based
materials with a wide range of pore sizes. Therefore, the
potential applications for graphene-based sponges obtained by
this process can be very broad and include tissue engineering,”
and environmental remediation® to name a few. Reduction of
GO prior to or after freeze-drying results in a further increase of
oxygen loss, decrease of interlayer spacing of GO nanosheets,
and their conductive properties, making them suitable to be
used in electronics and energy storage.”” However, due to the
high energy intake of the freeze-casting process, scalability of
this method remains a challenge.?***¢

3.2. 3D printing-freezing

With the limitations imposed by the freeze-drying methodology
described above, the need to tailor macrostructures for specific
applications at the scales desired has driven research develop-
ments on 3D printing (more specifically, “direct ink writing”) of
graphene-based sponges.”” Compared to other techniques,
additive layer-by-layer 3D printing could be used to better
organize GO-based nanosheets into complex structures, such as
filaments, thin films, (scrolled) fibers, membranes, porous
collectors, etc. (Fig. 6).° There are, however, several key
parameters to consider when fabricating a sponge using this
methodology including the shear stresses in the nozzle intrin-
sically generated by shear-inducing flow, ink rheology, and the
presence of a boundary-free controlled microstructure with
a percolated 3D network within the sample. Moreover, the 3D
printing process should not sacrifice the intrinsic properties of
graphene-based nanosheets, such as their high specific surface
area; therefore, careful deposition of the ink to achieve an
ultralight density is desired.”

Three-dimensional printing has traditionally used a heating
step to extrude the sample ink out at room temperature. While

Chem. Sci., 2022, 13, 8924-8941 | 8929
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Fig.5 (a) Schematic illustration of a bulk freeze-drying process. As shown here, ice crystals begin to form close to the container's walls and grow
in random directions. (b) SEM micrographs of a bulk lyophilized GO-based aerogel, showing the randomness of pore architecture as a result of
randomly formed ice crystals. Please note the insets in SEM images show the viewpoint of these porous materials (top vs. side view). (c) Schematic
illustration of a unidirectional freeze-drying process. As shown, ice crystals begin to form from the liquid nitrogen side and grow upwards. (d) SEM
micrographs of a unidirectionally lyophilized GO-based aerogel consisting of microchannels in the direction of ice crystal formation. (e)
Schematic illustration of a bidirectional freeze-drying process. As shown, ice crystals form and grow in two directions: along the axis and radially,
due to the usage of a temperature conductive container, such as copper. (f) SEM micrographs of a bidirectionally lyophilized GO-based aerogel
display the formation of microchannels with different morphologies than those found in unidirectional freeze-drying. SEM images shown in the
bottom row refer to different distances from the centre of the aerogel (regions numbered 1-3 and shown in the schematic). GO nanosheets are
found to be more closely assembled near the centre of the aerogel. SEM images in 5b and 5d are adapted with permission from ref. 91 ©2019
American Chemical Society (2019). SEM images in (f) are adapted with permission from ref. 89 © 2018 American Chemical Society.
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Depositing GO ink

Freeze dried GO aerogel

Fig. 6 Schematic illustration of a direct ink writing — a type of 3D
printing process using GO ink (concentrated dispersion of GO in
a solvent). Upon freeze-drying and removal of the solvent, a 3D porous
GO aerogel is obtained, with porosity similar to that of freeze-dried
aerogels.

the scalability of the extrusion is attractive, there are several
challenges with controlling the architecture of the sponge using
this method, such as changes in chemical properties of GO as
high temperature is known to alter its chemical composition, as
well as undesirable voids within the macrostructure. An
approach reported by Lin et al.,'* utilizes a freeze-gelation at
room temperature. In this method, the nanosheets of interest
are dispersed in an organic solvent with a melting point higher
than room temperature and high vapour pressure. First, the
nanosheets are dispersed in an appropriate solvent at
a temperature higher than its melting point (e.g., 60 °C for
phenol) followed by cooling to room temperature, achieving
a solid-state material. The high vapour pressure of this solvent
enables for the rapid sublimation and thus, formation of a solid
material with high porosity. While there is a need to heat up the
suspension prior to deposition, one of the great advantages of
this method is the variety of macrostructures one can obtain
where there is no need of a container to freeze the solvent. In all
the different 3D printing methodologies described here,
removal of solvents is done by either freeze-drying, or critical
pOlnt drying'96,101,102

Another strategy proposed by Zhang et al. combines the 3D
printing of a GO suspension in water with simultaneous freeze-
casting on a cold sink with temperature well below water's
freezing point (—25 °C).” In this method, the printing is carried
out by “drop-on-demand”, meaning the GO suspension is
ejected drop-by-drop. Since the suspension has a very low GO
concentration, the final aerogel possesses a very low density and
large surface area. The slow drop-on-demand technique
preserves the intrinsic properties of the starting material by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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allowing the nanosheets to form a bond at the interface via
intermolecular interactions, thus providing sufficient voids and
pores between adjacent components. While the new GO
suspension is deposited, since it is at room temperature, it
melts the already frozen water level underneath, which not only
facilitates the formation of hydrogen-bonding with the newly
deposited GO nanosheets, but also fills the gap between the
layers with the aid of surface tension and gravity. As shown in
the SEM micrographs in Fig. 7, different regions of the macro-
structure have distinctive pore morphologies. A comparison of
this methodology with traditional 3D printing reveals that it
enables higher precision and a more controlled porosity.””
Moreover, the sponge has a 3D truss architecture with overhang
structure, ultralight densities (0.5-10 mg mL™"), significant
electrical conductivity upon reduction (~15.4 S m '), high
compressibility, and higher stiffness compared to other
graphene-based aerogels with similar densities. The method is
also found to be easier, more economically feasible, and less
energy intensive, with a broad range of applications such as
thermal insulators and strain sensors. In all the different 3D
printing methodologies described here, removal of solvents is
done by either freeze-drying, or critical point drying.°®'*1%
Jiang et al. reported an ion-induced gelation method for
direct ink writing of structures in air at room temperature. After

Layer
thickness
100 pm

50 pm

S0 pm

200 pm

Fig. 7 (a) Photograph of a 3D printed sponge. SEM micrograph
showing: (b) T-junction cut from (a), (c) morphology of the sponge
along the deposition direction, (d) cross-sectional interfacial region in
(c), (e) the top-view of the region in (a), and (f) morphology of the
typical pores found in the aerogels. Figure reprinted with permission
from ref. 97 © 2016 Wiley-VCH.
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printing, GO microlattices were freeze-dried to obtain a solid
GO aerogel with low density and high porosity.*** The 2 wt% GO
ink was prepared with micron-scale GO nanosheets (width of 5-
20 um) and 1.5 x 107> M CaCl, as crosslinker to yield favour-
able rheological properties (i.e., viscosity, storage, loss and
elastic moduli, and yield stress). Three-dimensional printing of
GO nanowires at room temperature followed by reduction of GO
by thermal or chemical treatment is also reported by Kim and
co-authors.'® The nanowire diameter was controlled (minimum
value of 300 nm) by tuning the pulling rate of the nozzle
(micropipette with 1.3 um opening). Such precise nanoscale
deposition technique is very promising for advanced electrical
devices or for targeted adsorption in highly controlled/
monitored reactors. Similarly, the inkjet method for GO-based
composite could also be used to coat an existing skeleton with
thin GO nanolayers to provide specific surface interactions for
storage and/or removal of molecules, antibiotics, precious
metals, contaminants, viruses, etc.'®

3.3. Hard templating

This class of templates includes both colloidal particles and
porous skeletons and can be safely assumed to be the most
versatile type of templating as particles of different sizes and
skeletons with various porosity can be selected.

3.3.1. Granule and bead-templating. In a bead-templated
porous graphene-based material, pores and inter-layer spac-
ings between the nanosheets are engineered based on the
spaces occupied by the granules, as depicted in Fig. 8. Based on
the sizes of colloidal particles used, nano-, micro-, milli- and
hierarchically porous foams can be formed. Huang et al. re-
ported mixing GO with 120 nm CHj;-silica spheres followed by
calcination and HF etching as an effective method to yield such
sponges with a total pore volume of ~4.3 cm® g~ ! suitable to be
used in bioanalysis and energy storage.'® Deposition of iron
nanoparticles onto these sponges is shown to have enhanced
their magnetic properties that can be of interest in separation
and delivery applications.'**

Macroporous graphene-based 3D frameworks have been
explored using different polymeric colloidal particles, such as
polystyrene (PS) and poly(methyl methacrylate) (PMMA), as
sacrificial templates. Choi et al. report the fabrication of such
porous materials by first chemically modifying GO (CMG) by
addition of ammonia and hydrazine solutions (partial reduc-
tion reaction); and then, mixing the CMG with 2 um PS

Assembly of beads in between nanosheets

Removal of beads
e
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particles.'® The mixture was then vacuum filtered and the free-
standing films were peeled off from the filter paper. Finally, PS
was removed from the films by immersing them in toluene. The
embossed CMG (e-CMG) films were also coated with MnO,. This
final deposition step was carried out to enhance the electrical
properties of the sponge and have it evaluated as a super-
capacitor. The resulting sponge was shown to have potential as
an energy storage device with high energy and power densities.

In another study, Chen et al. described the formation of
a controllable regular graphene-based film by mixing GO
suspension and PMMA latex spheres, followed by vacuum
filtration.'*® The PMMA/GO film was then calcinated at 800 °C, to
simultaneously decompose and remove the PMMA from the film
and reduce GO. It was proposed that this 3D porous graphene-
based film has the potential to be used in energy storage appli-
cations as a binder-free supercapacitor electrode with high-rate
capability (10 V s~ ') and enhanced gravimetric capacitance.

In addition to the methodologies described thus far, there
are other emerging approaches that can be further explored.
Templating with water-soluble granules, such as vitamin C (VC),
is one of these methods. In a study reported by Yousefi et al.,
a dispersion of GO and CNC in water was mixed with different
amounts of VC, which is also a reducing agent.'” The mixture
was then heated to 90 °C to reduce the GO and form the sponge.
Depending on the amount of VC, the morphology of these
sponges evolved from a uniformly porous sponge into a hierar-
chically porous structure with pores as large as millimeters in
size. Since the large pores were only obtained when the amount
of VC used was over its saturation point in water, they are
believed to be the space that the VC granules had occupied prior
to and during the reduction reaction. Follow-up studies further
showed that the hierarchically porous VC-templated rGO
sponge outperforms granular activated carbon in removing the
model dye methylene blue in the presence and absence of
natural organic matter.'®® Moreover, the antimicrobial perfor-
mance of these VC-templated sponges were evaluated by func-
tionalizing them with different antimicrobial agents.'®

3.3.2. Coating porous substrates. Coating porous materials
with graphene-based nanosheets followed by the removal of the
skeleton, leaving a 3D porous graphene-based macrostructure is
another approach taken by several researchers. Skeletons can be
polymeric foams such as polyurethane,*®"** or metallic frame-
works, such as nickel-based'"*'"* sponges. The advantage of this
technique is that a material that can easily be made porous with

Porous 3D graphene film

Fig. 8 Schematic illustration of beads’ (nanoparticles or microspheres) localization in between nanosheets, creating ordered spacings. Removal
of the beads results in formation of a 3D porous film with a porosity similar to the sizes of beads used.
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Fig. 9 Schematic illustration of coating a polymeric porous substrate
with GO by simply immersing the substrate into the GO dispersion.

desired porosity and architecture is fabricated first, minimizing
the limitations imposed when formulating a free-standing
porous graphene-based material. Therefore, deserving atten-
tion can be given to the surface chemistry of the sponge, which
originates from the graphene/GO coat, optimizing the adsorp-
tion capacity and other surface properties of such sponges.
Needless to mention that selection of the porous skeleton is key
in fabricating a porous GO-coated sponge, as efficiency of
coating largely depends on the interactions between the skel-
eton and the GO nanosheets. This is especially important if
physical coating is undertaken, whereby a polymeric porous
substrate is immersed in a GO dispersion and electrostatic
attractive forces become the sole governing interaction (Fig. 9).
Alternatively, the coating step can be performed using chemical
vapour deposition (CVD). CVD is a well-studied strategy to
fabricate macroscopic 3D graphene foams using methane;
however, since the focus of this review is on the development of
such materials using GO as the base material, CVD is not
further explained. While polymeric substrates can be utilized in
several different applications, such as environmental remedia-
tion, 111114116 pickel-based skeletons coated with graphene are
found to be promising nanomaterials used as electrodes and
supercapacitors.">'*?

3.4. Emulsion-templating

Emulsions are a group of soft materials where two immiscible
liquids are mixed with the aid of a stabilizing agent, which can

Chemical Science

be a surfactant or nanoparticles.'” In the case of nanoparticle-
stabilized emulsions, if the nanoparticles are localized at the
liquid-liquid interface (e.g. oil-water interface), the resultant
emulsion is a Pickering emulsion.'*®* However, nanoparticles
may also just reside in one phase of the emulsion - the
continuous phase — and still stabilize these systems.**®

As GO is amphiphilic in nature, it has been used to stabilize
several different immiscible mixtures such as oil/water emul-
sions and polymer blends.'™ The amphiphilicity of GO is
a consequence of its carbon basal plane and the presence of
many oxygen-containing functional groups on its surface.
Therefore, the extent of amphiphilicity of GO depends on the
nanosheets' sizes and pH. Large GO nanosheets have a low
edge-to-area ratio and since the ionizable -COOH groups reside
on the edges, their net charge is low. This idea was tested by He
et al. as they observed a higher zeta potential value when soni-
cating GO dispersions and breaking large GO nanosheets.'”
Moreover, when used alone, GO nanosheets are more hydro-
philic and better emulsifiers at low pH values as most func-
tional groups are protonated. Overall, the following factors have
been determined to influence GO emulsions' properties: size of
GO sheets, oil/water ratios, oil phase composition, salinity, pH,
and emulsification method as well as the presence of other
emulsifying agents.”®

With one phase dispersed in the other, one can imagine the
formation of porous macrostructures by solidifying any of the
internal or external phases. Traditionally, solidification of the
material and removal of solvents can take place by polymeri-
zation of the phase of interest, forming different nanomaterials
(Fig. 10). Polymerizing the dispersed phase can lead to the
synthesis of beads and particles, as seen in the first reports of
fabrication of PMMA-GO porous beads by Gudarzi et al. in
2011."*"* An ultimate porous material can be fabricated by fixing
the nanoparticles in place - at the oil/water interface and/or in
the continuous phase, solidifying the continuous phase, and
removing the dispersed phase." If both phases get polymerized
(with different monomers), the final material is a composite.
The latter is an area of particular interest when materials with
specific properties are required but a single polymer cannot
deliver the desired properties. In this case, a filler is used in the
matrix of another polymer and forms a composite mate-
rial.*7*?*1?4 Nonetheless, more recently, polymer-free emulsion-
templated sponges have also been made.'*

O/W or W/0 emulsion Beads/particles

Porous media

Composite

Fig. 10 Schematic illustration of three different nanomaterials that can be obtained by emulsion-templating: beads (i.e., microspheres), porous

media and composites.
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3.4.1. Polymerized emulsion-templated:  poly(HIPE).
Emulsions whose dispersed phase makes up over 74% (v/v) of
the mixture are considered as high internal phase emulsions
(HIPE).****2® Synthesis of a porous structure can be achieved by
gelling the continuous phase followed by removal of the
internal liquid phase of HIPEs (Fig. 11a). The ultimate
emulsion-templated porous material consists of pore sizes
comparable to the droplet sizes of the dispersed phase and
therefore, allows for tuning their microstructures. Polymerizing
the external phase then results in the formation of a porous
material with a porosity equal to the percentage of internal
phase."* An advantage of this process is the preservation of the
overall poly(HIPE) size. However, since a large portion of the
starting material is polymerized and turned into a solid phase,
there is a considerable surface area sacrifice which can be
justified by the improvement in mechanical properties (ie.,
storage modulus and yield stress) of these 3D macrostructures.
It has also been noted that the porosity of poly(HIPE)-based
materials is interconnected.'******° This is especially attrac-
tive in applications where flow of another component is desired,
such as ion flow in electrochemical applications,***** or water
flow in environmental remediation.'***°

3.4.2. Polymer-free emulsion-templating. Considering the
limitations that the use of polymers imparts, researchers have
also explored the possibility of not incorporating them. Jahan-
dideh et al. recently reported the fabrication of polymer-free
emulsion-templated sponges.”” In this study, a cyclohexane-
in-water emulsion was stabilized using GO and CNC in
varying ratios. Emulsions were then mixed with vitamin C to
reduce the GO and form the sponges (Fig. 11b). Favorable -7
interactions were enhanced by restoring sp”> domains of

.

Poly(HIPE) templated
scaffold

0O/W or Ww/o

emulsion Polymerization

O/W or W/O
emulsion

VC addition
(reduction)

Polymer-free
3D aerogel

Fig. 11 (a) Schematic illustration of fabricating a 3D interconnected
graphene-based porous material by templating a HIPE and polymer-
izing it into a poly(HIPE). (b) Schematic illustration of fabricating a 3D
graphene-based porous material by templating an emulsion without
the polymerization step and by reducing GO using vitamin C.
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graphene nanosheets.” Similar to the poly(HIPE) templated
sponges, these macrostructures also possessed porosity similar
to the droplet sizes. However, the absence of polymerization
step resulted in an intensified stacking of the nanosheets and
shrinkage in the final sponge's size. These polymer-free
emulsion-templated sponges can be used in a range of appli-
cations including water treatment.">

4. Technological, environmental, and
economic feasibility considerations

Technological, environmental and economic feasibilities of
a process play important roles in choosing the appropriate
fabrication method, especially if scale-up is desired. On one
hand, most template-free methodologies (i.e., solvothermal and
filtration) do not require state-of-the-art technologies and/or
highly trained personnel to carry out the process. On the
other hand, these processes either require significant energy
inputs to achieve the necessary high temperature and pressures
(in the case of solvothermal process) or large volumes of
solvents (for filtration), making them both environmentally and
economically unfavourable options. Though, recycling the
solvent used in filtration may be a viable solution to improve
this method's environmental impact. Cross-linking, as the
remaining template-free option, requires advanced level of
knowledge in surface chemistry and may need extreme experi-
mental conditions in the case of chemical cross-linking (e.g.,
high temperature, flammable solvents, etc.), making it an
effective yet less desirable method, both economically and
environmentally.

Ice-templating strategy is likely the only template-directed
methodology that may not require a highly qualified
personnel and/or an advanced technology other than a freeze-
dryer. However, a cooling reagent, such as liquid nitrogen, is
needed, and the energy intake of a freeze-dryer to effectively
introduce vacuum and reduce temperature is significant.
Therefore, this may not be a suitable method to form porous
graphene-based macrostructures in large industrial scales. The
remaining template-directed strategies of formation of
graphene-based sponges (3D printing-freezing, hard-
templating, and emulsion-templating) are technologically
advanced and highly qualified personnel with specialized
trainings are needed. In comparison with the other methods
described in this review, the 3D printing-freezing technique
requires a 3D printer, which is more technologically advanced.
However, since this technique provides a highly adjustable
deposition of the starting material and pore architecture of the
final porous materials, the technology advancement may be
justified for special applications (e.g., bone tissue engineering).
Hard-templating strategies (using both granules and porous
substrates) are less technologically and economically
demanding as they do not require advanced equipment,
intensive energy inputs and/or challenging reaction conditions.
However, etching out the particles and microspheres used in
bead-templating may require hazardous organic solvents,
making it a less environmentally friendly process. Choosing the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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porous substrates wisely enables recyclability and economic
benefits, making it a promising option for scale-up - especially
for environmental remediation due to controllable pore sizes.
Polymerization, in general, is a complex multi-step organic
synthesis that may also need intensive reaction conditions,
making the poly(HIPE)-templated scaffolds both technologi-
cally, and economically challenging. Depending on the solvents
used, this method may also have a negative environmental
impact. Replacing the polymerization step with addition of the
green reducing agent vitamin C, is a promising yet underused
modification to the strategy that improves the overall feasibility
of this technique. However, this method requires a good
temperature control during the reduction step and includes
several washing steps to remove the unreacted VC and oil phase,
that could potentially be better optimized.

As described thus far, balancing the three technological,
environmental, and economic considerations is important and
yet not practical. Therefore, a compromise on at least one of the
factors is usually made in each process. Having environmental
interests — which has societal impact - in mind, researchers are
urged to explore the more advanced methodologies, such as 3D-
printing-freezing and polymeric substrate coating of GO, where
the structure of graphene-based macrostructure is optimized
and tuned for the desired applications, while reducing the
solvent waste and energy input of the processes. Optimization
of these structures leads to expense reduction in the long-term
and improves their economic feasibility as well.

Chemical Science

5. General discussion and concluding
remarks

Optimizing a graphene-based porous material suitable for a tar-
geted application is a compromise between pore architecture,
surface chemistry, mechanical properties, and scalability.
Importantly, GO and its derivatives are being researched in
materials design for their unique intrinsic properties including
their exceptional specific surface area, as well as their mechan-
ical, chemical, thermal, and electrical properties. Therefore, it is
the ultimate goal in preparation of graphene-based sponges and
hydrogels to achieve and maintain these characteristics as much
as possible by using the minimum quantity of GO nanosheets.
Fig. 12 shows the minimum GO content used in achieving
different porosities using the different strategies described in
this review. All methodologies except filtration, 3D-printing-
freezing, and sponge coating can produce micro-sized (0.1-100
um) pores using <10 mg mL~" GO. Filtration, the process often
used in making membranes and nano-sized (0.1-100 nm) films,
is the only method that can form such small pores, nearly
independent of the GO concentration. These small pore sizes
were previously discussed to be the result of nanosheets’ defects,
and their wrinkles and interlayer spacings. This suggests that as
long as the concentration of GO dispersion is within the explored
dilute range, we can achieve the appropriate viscosity (<10 mPa s)
to ensure that nanosheets are not overly stacked. Therefore, we
can minimize the volume of required solvents and improve the

Sponge coating

-Polymer-free emulsion-templating
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Cross-linking
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Fig. 12 Schematic representation of the relationship between the methodologies, GO concentration, and porous sizes of graphene-based
porous materials using the available literature data. The pink areas outline the current research gaps.
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environmental impact of this method. The pore sizes of porous
substrates coated with graphene/GO are inherent to the pristine
substrate prior to coating and independent of GO concentration.
Nonetheless, the pore sizes of the commonly used skeletons fall
on the larger end of the spectrum (0.1-5 mm). It is useful to
highlight that the GO concentration reported for porous skeleton
coating here refers to those used in the immersion approach and
do not include CVD data as methane and carbon dioxide vapours
are used in the latter as opposed to GO dispersions and could not
be assessed in this analysis. Crosslinking GO nanosheets can
form porous materials even at the low concentration of 0.1 mg
mL~". This is mainly the case when different polymers are
grafted onto GO nanosheets lowering the threshold of making
their 3D network. Three-dimensional printing-freezing covers
the higher end of GO concentration (10-100 mg mL ") since the
viscosity of GO ink must be high enough to form a gel at room
temperature. While this method allows for precise pore archi-
tecture, it sacrifices few of GO's intrinsic properties such as its
outstanding specific surface area by promoting their stacking.
Fig. 12 can help us locate areas that are not explored yet
(marked by pink and labeled as Research gap). These are the
areas where lower GO concentrations could be used to achieve
porous materials with different pore sizes suitable for various
applications. We can name a few in environmental remediation
as examples: small (nano) pores to be used in desalination and
molecular sieves, large (micro and milli) pores to be imple-
mented in oil spill cleanup and solvent absorption. Having the
aforementioned information on properties and feasibility of
these processes, we can identify areas requiring improvement.
While most of these processes could be tuned and optimized to
be more viable options for industrial scales, preservation of GO's
intrinsic properties is also a must; therefore, processes capable of
forming porous graphene-based materials using low GO
concentrations (<1 mg mL™") are desired in most applications.
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