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Abstract The studies on the utilisation of supercrit-
ical fluids (SCFs) in processing chemicals and mate-
rials have garnered significant attention in the past
two decades. SCFs possess both gas- and liquid-like
properties that are tunable, rendering them as supe-
rior solvents for reactions and processes, for example
in the delamination of graphite. SCF technologies
are deemed to be potential alternatives to existing
technologies for graphene production that are yet to
be industrially scalable. This review features recent
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works on the production of graphene facilitated by
SCFs, with emphasis on the conversion of graphite
to graphene through exfoliation and reduction. The
exfoliation processes report the yield of 6 to 27% of
monolayer graphene and 3 to 25% of <5 layers of
graphene, whilst the carbon-to-oxygen (C/O) ratio
of graphene produced via different reduction pro-
cesses ranges from 0.37 to 28.2 with interlayer spac-
ing of 0.35 to 0.38 nm. Recent applications of gas-
expanded solvents for the synthesis of graphene and
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the fabrication of functionalised graphene materials
via SCF-aided processes are also described. In addi-
tion, a summary of the properties of common SCFs
as well as the characterisation of graphene materials,
such as the number of layers, C/O ratio, interlayer
spacing, pore size and surface area, is included to pro-
vide insights on the process efficiency.

Keywords Supercritical fluid - Nanomaterials -
Exfoliation - Reduction - Characterisation

Introduction

Research on the production of graphene and its appli-
cations is trending as graphene demonstrates remark-
able thermal, electrical and mechanical properties
(Allen et al. 2010). Numerous applications based
on graphene materials have been and are still being
developed across different fields of science and tech-
nology. Graphene possesses superlative electrical
conductivity and has been found to have profound use
in energy storage for batteries and supercapacitors
(Pruna et al. 2013) as well as in other potential appli-
cations that include drug delivery, disease diagnostic
tools (Salem 2020) and development of sensors (Yi
2013). Such interests and demands for graphene have
led to intense investigations on the synthesis of high-
quality graphene in large scale. Existing methods for
the synthesis of graphene are categorised as top-down
and bottom-up approaches. The very first manner
from which graphene was derived was through care-
ful peeling off layers from graphite with scotch tapes.
For obvious reasons, this approach is not scalable,
thus leading to graphene derivation through bottom-
up graphene growth from precursors, through top-
down mechanical abrasions or through solvent-driven
synthesis. Various solvents have been applied, and
supercritical fluids are notably one of the solvents
receiving significant attention.

A fluid is supercritical when its temperature and
pressure are above the critical points (Eckert et al. 1996).
At supercritical state, fluids possess both gas- and liquid-
like physicochemical properties such as near-zero surface
tension, low viscosity, high solvating power and diffusion
coefficients (Sun et al. 2019). The intriguing properties
of supercritical fluids (SCFs) have been explored and
applied to materials processing, in particular, on the design,
development and production of particles, for example 2D
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materials (Bahrami and Ranjbarian 2007). Bahrami and
Ranjbarian reviewed the production of microcomposite and
nanocomposite particles by ScCO, and distinguished the
synthesis of composite materials according to the role of
ScCO, as solvent, anti-solvent, solute and reaction medium.
Likewise, substantial works are being directed towards the
synthesis of graphene via SCFs following the advent of
SCF technologies (Bahrami and Ranjbarian 2007). Thus
far, Gao and Hu (Gao and Hu 2016) have produced a rather
comprehensive review on this topic whilst Sun et al. (2019)
considered SCF-facilitated exfoliation and processing of
2D materials including graphene materials in recent years.
In this paper, the utilisation of SCFs for the synthesis of
graphene is critically reviewed, with emphasis on the
intercalation and exfoliation of stacked graphene layers
into isolated sheets. More recent works on the reduction of
graphene oxide have also been included.

Conventional methods for the synthesis
of graphene

Carbon, one of the common elements on earth, forms
various allotropes (Kharisov and Kharissova 2019)
including graphite, diamond, amorphous carbon and
glassy carbon. A new form of carbon of only one atom
thick known as graphene was discovered in 2004. It is
a 2D material and is commonly produced from graph-
ite with sp*>-bonded carbon atoms arranged in a hon-
eycomb structure (Geim and Novoselov 2010). Chem-
ically stable and transparent graphene is known to be
stronger than diamond. It demonstrates a mechanical
strength of 130 GPa (Zhu 2010), Young’s modulus
of about 1 TPa (Lee 2013) and a large specific sur-
face area of 2630 m? g~ (Zhu 2010). Also, it has an
excellent electrical conductivity with charge mobil-
ity of 200,000 cm? Vg™t (Bolotin 2008; Lozowski
2010) and thermal conductivity of approximately
5000 W m~! K~! (Balandin 2008) owing to delocal-
ised electrons over the plane. The phenomenal chemi-
cal and physical properties of graphene have attracted
interest in nanotechnology research, and a substantial
number of studies have been carried out to establish
production methods to obtain high-quality graphene.
Carbon-rich materials such as graphite (Berger 2004)
are commonly preferred as the starting materials for
the synthesis of graphene. Recent studies have also
explored the replacement of natural graphite with bio-
char, a solid product derived from biomass processing
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(Yan 2016) via pyrolysis (Lester 2018; Pang et al.
2018) or gasification processes (Parvez 2016), which
contains graphite microcrystalline structure (Fang
2020), and have demonstrated successful production
of graphene. Biomass such as urea (Pan 2013), pet-
als (Ray 2012) and food waste (Ruan 2011) are used
as starting materials for graphene synthesis. However,
the production of biochar might emit pollutants such
as mercury (Zhao 2016, 2015), nitrogen and sulphur
oxides (Zhao 2020) if the selected biomass categories
are not carefully considered before processing. There-
fore, further research on biomass properties is needed
to achieve efficient production without compromising
on environmental sustainability. In general, graphene
synthesis techniques are categorised into bottom-up
and top-down approaches as illustrated in Fig. 1.

Bottom-up approaches

Bottom-up approaches such as chemical vapour
deposition (CVD), epitaxial growth and flame syn-
thesis entail the growth of graphene from atomic-
sized precursors. CVD process takes place at

elevated temperatures of 650-1000 °C (Min 2014)
to grow graphene sheets on metallic catalysts (Lee
2019; Dayou 2017). Hydrocarbon gases decompose
into free carbon and hydrogen atoms upon contact
with hot metal catalyst surfaces such as copper
(Cu) and nickel (Ni). The carbon atoms first diffuse
through the metal catalyst, and when carbon solu-
bility limit is achieved, graphene sheets are depos-
ited and formed on the catalyst surface (Lee 2012).
The first planar few-layer graphene was formed by
using camphor as carbon source on Ni foils (Somani
et al. 2006). Subsequent studies reported the growth
of three to four layers of graphene of 1-2 nm thick-
ness on Ni plates by using hydrogen (H,), methane
(CH,) and argon gas mixture (Obraztsov 2007; Yu
2008). Further development of CVD under isother-
mal and isobaric conditions led to the formation
of graphene on Cu foils with high quality and uni-
formity (Li 2009). However, the limited solubility
of carbon in Cu results in the self-limiting growth
of graphene sheets on Cu foils. A recent study also
reported the production of few-layered graphene by
using a magnesium oxide (MgO)-supported cobalt
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Fig. 1 Examples of conventional bottom-up and top-down approaches for the synthesis of graphene
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catalyst to deposit graphene on a ceramic boat
(Wang et al. 2009).

Another bottom-up synthesis of graphene is
through epitaxial growth, where hexagonal substrate
(silicon carbide, SiC) decomposes at 1200-1600 °C
under vacuum or inert condition (Mishra, et al. 2016).
The high-temperature process results in the sublima-
tion of Si, allowing excessive C atoms to aggregate
and induce the growth of graphene. The major draw-
back of this method is the lack of homogeneity in the
growth of graphene; hence, alternate substrates such
as polytetrafluoroethylene (Manukyan 2013) and CO,
laser (Yannopoulos 2012) are employed to ensure the
homogeneous growth of graphene.

Flame synthesis is a relatively new production
method as graphene film grows on metal substrates
in situ and ex situ of a flame in the presence of hydro-
carbon gases such as CH, and H, providing carbon
species for growth. Transition metals with high carbon
solubility due to their incomplete d orbitals are potential
metal substrates for the growth of graphene (Memon
2013). The formation of amorphous carbon film was
observed on the Cu substrate plate over an ethanol
burner (Li 2011a), and similar carbon particles contain-
ing graphene were also collected over a propane flame
(Ossler 2010). Although a non-oxidative environment is
proven to enhance the growth of graphene (Li 2011b),
the fluctuating temperature and species gradient present
in the flame cause difficulties in scaling up the growth
of graphene sheets (Hu et al. 2017).

Top-down approaches

Graphite is essentially stacked layers of graphene
bounded by van der Waals forces. Top-down methods
such as mechanical and liquid-phase exfoliation of
graphite, and unzipping of carbon nanotubes (CNTs),
include a series of bond breaking, decomposition of
carbon-based precursors and delamination of graph-
ite layers to produce single-layer, bilayer or few-layer
graphene (Lee 2019). Early production of graphene
was carried out by micromechanical exfoliation of
highly ordered pyrolytic graphite (HOPG). The pro-
cess involves repeated peeling using adhesive tape
to cleave HOPG and to produce few-layer graphene
with high-quality crystallites (> 100 um?) (Allen et al.
2010). However, this method is limited to laboratory
scale and is not feasible for large-scale production of
graphene.
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Alternately, liquid-phase exfoliation (LPE) that
utilises solvent and ultrasonication for exfoliation has
been explored as an alternative. Solvents with suitable
surface energy, surface tension and solubility parameter
are crucial to overcome the van der Waals forces for
effective LPE. The energy required for the exfoliation
of graphite is countered by the interactions between
solvent and graphene. Solvents or ionic liquids having
similar surface energy as graphene, i.e. 70-80 mJ m~2,
or surface tension within 40-50 mJ m~2 (Lee 2019)
are ideal for LPE due to a smaller mixing enthalpy
and hence an easier exfoliation process. Typical
ultrasonication time for LPE is 1 h, employing a
sonication power of 250-500 W (Aissa 2015). Over
40 types of solvents were studied in LPE for the
production of graphene (Hernandez 2010), which
include water—ethanol/isopropanol (Yi 2012); acetic
acid, sulphuric acid and hydrogen peroxide (Singh
2011); sodium cholate (Green and Hersam 2009);
hydrazine hydrate (Stankovich 2006); and N-methyl-
pyrrolidone (Hernandez 2008). The outcomes
obtained from these studies suggest low-cost and
stable solvents for the production of high-quality
graphene. Conversely, mechanical exfoliations
based on shear force vectors, such as ball milling,
are also applied to produce graphene materials. The
mechanical force generated by grinding media via
impact and attrition facilitates the exfoliation and
fragmentation of graphite to graphene flakes (Yi and
Shen 2015), as well as functionalisation of graphene
(Fan 2016) and fabrication of graphene composite
(Bastwros 2014).

The unzipping of CNTs involves cutting of the
cylindrical structure to lay flat the carbon sheets into
single-layer, bilayer or few-layer graphene. Single
or multiwalled CNTs are used as starting materials
where the obtained products with the different
numbers of layers are termed as nanoribbons. The
unzipping of CNTs generally requires a high strain
rate at 103 s7! to break C—C bonds in the axial
or longitudinal direction (Tiwary 2015) which is
achievable by means of chemical attack (Kosynkin
2009), plasma etching (Jiao 2009), intercalation and
exfoliation (Cano-Marquez 2009) and metal-catalysed
cutting (Thess 1996). Although the unzipping of
CNTs produces graphene with smooth edges and
narrow size distribution typically between 10 and
20 nm (Jiao 2009), issues of low product yield,
destruction of a significant amount of precursors and
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the usage of aggressive oxidants such as potassium
permanganate (KMnO,) and potassium perchlorate
(KC1O,4) (Mondal et al. 2018) have to be resolved for
more efficient production.

In general, bottom-up approaches produce near-
defect-free graphene materials with large sur-
face areas at the stake of high production cost and
complex processing steps. Conversely, top-down
approaches are scalable and could possibly produce
high-quantity end products; yet the quality, espe-
cially the properties, of graphene produced is highly
dependent on the finite graphite precursors. Thus,
efficient methods for mass production of high-
quality graphene are crucial for future industrial
implementation.

Graphene synthesis by supercritical fluid
exfoliation

Many existing methods for graphene synthesis are
held back by the viability to scale up productions
without compromising the quality of graphene and
its yield, as well as production costs and other pos-
sible impacts to the environment. Whilst LPE and
conventional chemical oxidation-reduction are con-
sidered as more viable approaches for mass produc-
tion of graphene, the yield and quality of graphene
attained is relatively low, and more defects are pro-
duced on graphene materials during the reduction
process. Therefore, alternative SCF technologies
are applied where the tunability of SCF proper-
ties could significantly enhance the production of
graphene (Rangappa et al. 2011). SCFs have typi-
cal properties such as density, solvation, polarity,
viscosity and surface tension that fall within those
of their gas and liquid states. By adjusting the oper-
ating temperature and pressure, SCFs can achieve
low interfacial tension, high diffusivity, high com-
pressibility and excellent surface wetting properties
(Padmajan Sasikala et al. 2016) that are suitable for
graphene synthesis by diffusing in between layers
and expand for exfoliation. Conventional SCFs that
are commonly used in the process industry include
N-methyl-2-pyrrolidone (ScCNMP) (Rangappa, et al.
2010), N,N-dimethylformamide (ScDMF) (Liu
et al. 2012), water (ScH,0O) (Morales Ibarra, et al.
2020), carbon dioxide (ScCO,) (Xu et al. 2015) and

various alcohols (Seo 2013; Nursanto 2011; Zhang
2010). The discussion in this section only focuses
on reported works of SCFs as penetrants in inter-
calating and exfoliating graphite into its 2D form
whilst reduction mechanisms of graphene oxide
with SCFs are discussed at length in the subsequent
section.

Intercalation and exfoliation with SCFs

Exfoliation using SCFs is an extension to LPE where
graphite samples are first dispersed in the solvents
of choice and subsequently transferred to reac-
tors and heated beyond the supercritical state. SCFs
play multifaceted roles in the synthesis of graphene
materials, as solvent penetrants, anti-solvents and/
or reaction media. In the supercritical state, due to
higher solvation power (Rangappa, et al. 2010) as
well as diffusion coefficients, the solvent molecules
rapidly penetrate through the interlayers of graphite,
thus weakening the van der Waals forces of attraction
binding the graphite layers (Tao 2017). When ScCO,
is introduced into a graphite—polymer suspension in
another solution that is miscible in CO,, direct exfo-
liation and synthesis of graphene—polymer composite
can be achieved through the anti-solvent mechanism,
whereby the injection of ScCO, weakens the solubil-
ity of polymer in the suspension leading to supersatu-
ration and precipitation of polymer onto the graphene
layer (Padmajan Sasikala et al. 2016; Zheng 2012).
As such, the choice of SCFs is crucial as the inter-
action between solvent and graphite layers should be
sufficient to offset the van der Waals attraction between
graphitic layers, thereby breaking the graphene layers
loose (Hernandez 2010). Much work has been devoted
to study the interaction between graphene and exfoliat-
ing solvents. Through studying the dispersibility and
stability of graphene in 40 solvents, Hernandez et al.
(Hernandez 2010) discovered and greatly expanded
the choice of solvents for graphite exfoliation and other
advanced material synthesis and applications. The
authors deduced that fundamentally effective solvents
are those for which solvent and nanomaterial have the
same surface energy, and also related the Hansen solu-
bility parameters (HSPs) of graphene to the Flory—Hug-
gins parameter, a metric used to determine the energetic
cost for graphene dispersion and exfoliation, for solvent
identification and selection (Hernandez 2010). Wu and
Yang (Wu and Yang 2011) studied the interaction of
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graphene nanosheets in ScCO, and calculated the poten-
tial of mean force (PMF) between two graphene sheets.
The intercalated CO, molecules between the graph-
ite layers contributed to a repulsive free energy barrier
that prevents graphene from aggregation. The repulsive
force is greater at higher ScCO, density as more CO,
molecules are entrapped (Wu and Yang 2011). Inter-
calation of SCF molecules between graphite layers can
be expedited through the exertion of external forces
via sonication and stirring, or through the addition of
molecular wedges such as pyrene and its derivatives
(Li 2013). With the expansion of ScCO,, non-cova-
lent functionalisation occurs with the remaining pyr-
ene derivation anchoring on graphene sheets through
the 7—r interactions, which could be useful for future
applications. Apart from graphene synthesis, the roles
of SCFs for the synthesis of other 2D materials such as
titania and molybdenum disulphide (MOS,) have been
reviewed in other literature (Sun et al. 2019; Padmajan
Sasikala et al. 2016). Subsequent exfoliation of graph-
ite is achieved through rapid expansion of supercritical
suspension (RESS) by the abrupt release of the mixture
from its supercritical state by relieving the reactor con-
tent through a nozzle or an orifice, or by rapidly opening
the vent valve. The graphite layers expand following the
intercalation of solvents, and a sudden depressurisation
reverts SCF to its subcritical state, causing large pres-
sure gradients that push the graphite layers apart, thus
forming graphene sheets of monolayer to multiple lay-
ers depending on the degree of intercalation (Sun et al.
2019; Gao and Hu 2016). Likewise, the exfoliation of
graphene can be enhanced through assisted exfoliation
with sonication and/or mechanical stirring that induces a
higher shearing effect on graphene fractioning.

Types of SCF media

In this section, reported works on direct exfoliation
of graphite to graphene are distinguished for vari-
ous types of supercritical solvents. The roles of SCFs
as intercalants and other methods that promote SCF
intercalation and exfoliation are reviewed. The prop-
erties, advantages and disadvantages of various SCFs
are summarised under Table 1.

Supercritical organic solvents

Organic solvents such as N-methyl-2-pyrrolidone
(NMP) and N,N-dimethylformamide (DMF) with
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surface tension close to that of the surface energy of
graphene (Amiri 2018) are commonly used in liquid-
phase exfoliation of graphene at ambient condition.
At supercritical points, the intrinsic solvent properties
such as densities and viscosities are tunable (Sun et al.
2019) by altering temperature and pressure, thereby
enhancing the solvent intercalation effect. Following
successful demonstration of silicate delamination with
supercritical CO, by Serhatkulu et al. (Serhatkulu
et al. 2006), Rangappa et al. (Rangappa, et al. 2010)
carried out a single-step direct exfoliation of graphite
crystals into sheet form without chemical modifica-
tion with supercritical fluids such as ScCDMF, ScNMP
and ethanol (ScEtOH) by first dispersing them into
the respective solvents, followed by heating the reac-
tion vessel to achieve a supercritical state. The exfolia-
tion process is as illustrated in Fig. 2 which shows the
solvent penetrating through the graphitic interlayers.
The conversion successfully yielded about 90-95% of
graphene sheets with less than 8 layers, and approxi-
mately 6-10% monolayers, whilst the remaining have
more than 10 layers. The exfoliation efficiency for the
three different SCFs is seemingly comparable. Liu
et al. (Liu et al. 2012) used ScDMF with expandable
graphite which are pre-intercalated graphite with une-
ven spaces around them, allowing supercritical DMF
molecules to enter easily and rapidly, as starting mate-
rials. The exfoliation time with ScCDMF was greatly
reduced compared to liquid exfoliation that was car-
ried out at ambient condition. However, the use of
the aforementioned organic solvents, which generally
are toxic and have high boiling points, raised con-
cerns about their impacts on the environment. Thus,
researches explored the utilisation of alternative sol-
vents for exfoliation processes (Liu 2019a).

Supercritical alcohols

Rangappa et al. (Rangappa, et al. 2010) successfully
repeated direct graphite-to-graphene exfoliation with
methanol as a cheaper alternative, yielding graphene
sheets with 1 to 10 layers. The graphite flakes were
pretreated with dilute sulphuric and nitric acids that
facilitated the dispersion of the flakes in methanol.
Hadi et al. (Hadi 2016) examined the use of super-
critical ethanol as the intercalation agent with water
as co-solvent and applied the concept of HSPs to
study the exfoliation efficiency. The HSP is a param-
eter used to determine the surface energy—based
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Table 1 Advantages, disadvantages and supercritical conditions of different solvents

Solvent T,and P, Advantages

Disadvantages Ref

Carbon dioxide (ScCO,) 32.1°C, 7.4 MPa

239-290 °C,
4.4-8.1 MPa

Simple alcohols

preferred

N, N-Dimethylformamide 377 °C, 4.4 MPa
(ScDMF)
explosion

1-Ethyl-2-methyl pyr-
rolidone (SCNMP)

445 °C, 4.7 MPa

Low supercritical temperature
with lower energy requirement
Abundant in the industry as it
is the by-product of industrial
processes and non-toxic

Common in industry
Affordable and environmentally

Less pressurisation is needed
and hence reduces the risk of

Relatively low toxicity and
potential for skin irritation

Liquefaction of CO, gas  Bell 2020; Beckman
is needed for reactor 2004)
feeding. Disposal of
large amounts may con-
tribute to greenhouse
gas effects

Flammable and corrosive Rangappa, et al. 2010;
Seo 2013; Hadi 2016)

Rangappa, et al. 2010;
Information, N.C.f.B.
2004a)

Decomposes at 450 °C,
affecting the properties
of graphene

Harmful through skin
contact and inhalation

Causes eye irritation

More energy is required
to achieve the critical

temperature

More energy is needed Akesson 2001; Infor-
to achieve supercritical ~ mation, N.C.f.B.
temperature 2004b)

interaction between graphene and exfoliating sol-
vents, where the energy requirement for exfoliation
will be lower due to a smaller enthalpy of mixing
when the solvent HSP values are close to those of
graphene (Cui 2011), thus facilitating a more effi-
cient exfoliation. The authors adopted response sur-
face methodology in the experimental design to study
the effect of temperature, pressure and contribution of
water as co-solvent on the exfoliation yield, and cal-
culated the HSP for the binary solvents corresponding
to the changes of experimental conditions to eluci-
date the effect of supercritical conditions on graphene
exfoliation. By adjusting the supercritical conditions

..:ﬁ-) : Super Critical Fluid (EtOH, NMP, and DMF)
A —
Treatment

Graphite
Flakes (GF)

Exfoliation by
SCF diffusion through GF

Exfoliated Graphene
Sheets (1 to 10 layers)
Fig. 2 Direct exfoliation of graphite crystals into graphene
sheets with SCFs as an exfoliating and intercalating agent as
demonstrated by Rangappa et al. (Rangappa, et al. 2010)

and thus the solvent strength and solubility param-
eter, the HSPs can be altered according to the affinity
between the supercritical fluid and graphene flakes, in
which in the use of ScEtOH in this study, an increase
in temperature and a decrease in pressure resulted in a
monotonical decrease of the HSP values. The results
indicated that the highest achievable yield is at 18.5%
of monolayer to few-layer graphene with optimum
conditions at 325.1 °C and 39.8 MPa with 28.9 wt%
of water. The effect of water content variance in the
mixture between 0 and 50% to the exfoliation yield
is less apparent from the study, thus also suggesting
probable replacement of organic solvent with water as
a more environmental friendly alternative.

The use of inorganic solvents such as ammonia
(ScNH;) has also been reported, whereby nitrogen-
doping (N-doping) of graphene occurred simulta-
neously with exfoliation (Sasikala 2016). Direct
exfoliation of graphite with simultaneous N-dop-
ing avoids undesired oxygen functionalities. The
ScNH; resultant N-doped graphene demonstrates
significantly lesser defects with a higher amount
of nitrogen than liquid-phase—exfoliated graphene
with ammonia solution (NH,OH). The ScNH; gra-
phene also exhibited a better oxygen reduction reac-
tion activity.

@ Springer
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Supercritical carbon dioxide

Ibarra et al. (Morales Ibarra, et al. 2020) compared
the quality of exfoliated graphene using supercritical
CO, against supercritical water and ethanol and con-
firmed the impact of exfoliation. ScCO, is, by and
large, regarded as a green solvent offering a milder
and more environmental friendly approach for the
synthesis of graphene (Liu 2019a). With a critical
temperature and pressure at 31.1 °C and 7.4 MPa,
respectively, it is a low energy—consuming solvent as
compared to other solvents aforementioned (Zhang
et al. 2014). However, owing to its non-polar nature
and smaller molecular size (Gao and Hu 2016), the
intercalation effect of ScCO, is less effective than
that of organic solvents. Gao et al. (Gao 2017) added
an aqueous solution of EtOH/H,0 to the ScCO, sys-
tem, which was assisted by ultrasonication. A sus-
pension of graphene sheets in aqueous solution was
obtained with graphene yield reaching more than
50%, where 93% of the exfoliated sheets had less
than 3 layers.

Supercritical co-solvents, CO, expanded solvent
and use of surfactants

Liu et al. (Liu 2019a) reported on the application
of ScCO, with NMP for the exfoliation of expand-
able graphite into graphene, where an increase in
the amount of graphene and the rate of few-layer
graphene were noted. The suspension of graphite in
NMP was fed, and CO, was charged into the reac-
tor with magnetic stirring. Molecular dynamic sim-
ulations were also carried out to study the effect of

Fig. 3 Atomistic model
of scCO,-assisted NMP
intercalation built by Liu
et al. (Liu 2019a). The
MD simulations were
performed to elucidate
the synergistic exfoliation
effect of ScCO,-NMP, and
the simulations were set
at conditions akin to the
experiments conducted
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ScCO,-NMP on the exfoliation of graphite. The sim-
ulation indicated enhanced intercalation of graphite
interlayer through the diffusion of CO, into the graph-
ite layers supported by the larger NMP molecules
as wedging molecules as illustrated in Fig. 3. The
expansion of solvents in graphene mixture with CO,
gas is termed as CO,-expanded liquids. The latter are
another form of tunable solvents with close similarity
to that of ScCO, yet require milder operating condi-
tions. CO,-expanded liquids demonstrate excellent
mass transfer with the addition of a large amount of
CO, (Xu et al. 2018). The yield of graphene obtained
through this method was quite low yet could be fur-
ther improved with sonication after agitation of the
gas-expanded solvent and graphite mixture. Amongst
other suitable solvents to be coupled with CO, expan-
sion method include ethylene glycol and ethanol
(Xu et al. 2018). Graphene derived from exfoliation
with ScCO,-assisted organic solvents in suspension
form can directly be used for synthesising composite
materials (Gao 2017).

Xu et al. (2015) proposed employing surfactant
for reverse micelle-induced exfoliation in ScCO, and
demonstrated that using non-ionic polyvinylpyrro-
lidone (PVP) yielded 87.7% of graphene nanosheets
of equal or less than three layers with a concentration
of 1.93 mg mL~'. Amongst other surfactants tested
(cetrimonium bromide and pluronic), PVP demon-
strated the strongest interaction with graphene sheets,
attributed to a higher adsorption capability due to the
presence of pyrrolidone group. The addition of PVP
created a microemulsion environment. The capaci-
tance of the exfoliated graphene was 71.1% higher
than that of pristine carbon materials.
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Assisted exfoliation

As discussed in sections “Supercritical carbon diox-
ide” and “Supercritical co-solvents, CO, expanded
solvent and use of surfactants”, the exfoliation of
graphite with ScCO, alone may not be efficient
enough to obtain a higher yield of few-layer gra-
phene sheets. Hence, the process is commonly cou-
pled with other approaches such as ultrasonication
and shear mixing. Xu et al. (2018) first exfoliated
graphite flakes using the ScCO,/NMP mixture in
a reactor with a three-blade propeller at 1000 rpm.
The schematic flow diagram of the exfoliation pro-
cess is illustrated in Fig. 4. Upon depressurisation,
the mixture was subjected to 30 min of sonication
for further exfoliation of the previous semi-exfoli-
ated graphite in the process. This study reported an
agitation time of 24 h and a high system pressure
of 19 MPa to have positive effects on the product
yield. A high yield of more than 90% of the product

Fig. 5 (a—e) Mechanisms
of graphite exfoliation

by fluid dynamic force in
supercritical CO, assisted
by a six and 12-blade stator
(Song et al. 2016)

%)

hear force

Stator
l e

Exfoliation and collisions

was found to be two- or three-layer graphene, and
12-38% were monolayer graphene (Xu et al. 2018).

In a different study, a 25-mm six and 12-blade
stator has also been introduced into a shear mixer-
assisted SCF exfoliation process (Fig. 5(a)) (Song et
al. 2016). The system utilises the synergistic effect
of fluid dynamic force and supercritical fluid to over-
come the van der Waals forces for effective graphene
production. Shear force in the system is generated
as the ScCO, is forced into the rotor region at high
rotational speed. The large velocity gradient of the
fluid facilitates the diffusion and penetration of CO,
molecules into graphite interlayers due to its zero
interfacial force and superior transport properties
(Fig. 5(b)). As ScCO, that entered the rotor region
is thrown out from the holes of the stator as a result
of high centrifugal forces, the velocity and geometric
change of the fluid induce cavitation (Fig. 5(c)), fol-
lowed by the collapse of bubbles. The tensile strength
produced from these cavities will act on the surface of

¢ CO,
= Supercritical CO, fluid

Q

«—— Hole

Rotor

Cavitation Collisions
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graphite and exfoliate graphite into graphene sheets.
Random and edge collisions (Fig. 5(d)) in the reac-
tor are also reported as possible mechanisms in the
fluid dynamic force-induced exfoliation system for
graphene production (Fig. 5(e)). The six and 12-blade
stator shear mixer reports a graphene yield of 63.2%,
with 79% of the produced graphene isless than5
layers, amongst which the trilayer, bilayer and mon-
olayer fractions are 14%, 25% and 27%, respectively.

Higher efficiency in the exfoliation of graphene
was observed when the expansion—exfoliation pro-
cess was coupled with ultrasonication and shear mix-
ing. Whilst some researchers have suggested that
enhanced exfoliation is due to the cavitation bubbles
generated during sonication which upon collapse
release energy that could induce exfoliation, Gai
et al. (2018) and a few other authors raised doubts
on this possibility especially in the case of ScCO,
where phase boundaries are non-existent above the
critical point (Kuijpers 2002), and instead proposed
alternative mechanisms. Computational fluid dynam-
ics (CFD) simulations were carried out to study the
effects of process parameters and their contribu-
tion to the exfoliation yield of graphene, as well as
to verify the cavitation phenomena in ScCO, sup-
ported by other authors (Gai et al. 2018). Gai et al.
(2018) deduced that the primary factors that promote
exfoliation in an ultrasound-assisted ScCO, exfolia-
tion process are due to the shear stress generated by
the acoustic waves and pressure fluctuation in the
fluid which cause compression and expansion of the
intercalated CO,, thereby increasing exfoliation. An
increase in the system pressure indicates the genera-
tion of more energy and facilitates exfoliation. Yet,
upon exceeding the optimum conditions, the yield
decreases as high pressure starts counteracting the
effect of ultrasound with a sharp decrease in CO,
density.

Wang et al. (2018) reported on the coupling of
ultrasound and shear mixing with ScCO, which pro-
duces a synergistic effect on the production of gra-
phene up to 82.6%, with about 60% graphene sheets
having fewer than three layers. Ultrasound contrib-
uted to higher partial energy in SCF, which may be
sufficient to exfoliate the graphite edge partially. In
contrast, a high shear force is created from the rota-
tional movement of the mixer rotor, which effectively
peels off graphene sheets with active edges. Repeated
exfoliation process under the same conditions
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increased the overall yield (Sim 2012). Similarly, gra-
phene sheets with reduced thickness and lateral size
are obtainable through intermittent heating and cool-
ing, believed to be resulting from the thermal shock
arising during rapid heating and cooling (Tomai et al.
2012).

Sizing and characterisation of graphene

The size of graphene sheet is crucial for the pro-
duction and application of graphene-based materi-
als (Liu 2019b) where exfoliated sheets generally
have reduced thickness and lateral dimensions (Hadi
2016). Ibarra et al. (2020) compared the exfoliated
products with ScCO,, ScH,0O and ScEtOH graphenes.
They noticed ScH,O-exfoliated graphenes have the
largest lateral size of around 5 pm whilst ScEtOH
graphenes were highly dispersed in the exfoliation
medium with the smallest size recorded.

Raman spectroscopy

Raman spectroscopy is used to determine the exfolia-
tion effect by identifying the number of layers, struc-
ture and graphene disorders (Rangappa, et al. 2010).
Figure 6 shows the Raman spectra of graphite and
ScCO,-exfoliated graphene assisted by shear mixing
(Song et al. 2016) and the enlarged 2D band regions
for graphene of monolayer, bilayer and multilayer.
In particular, the G and 2D Raman peaks change in
shape, position and relative intensity with the number
of graphene layers (Ferrari 2007), with the G band at
1580 cm™! explaining the in-plane vibration of sp?
carbon atoms. A characteristic shift in the 2D band
towards a smaller Raman number as well as a sharper
2D peak confirmed the exfoliation of graphite into
graphene (Morales Ibarra, et al. 2020). The D band
at 1350 cm™! indicates the structural disorder or edge
defects in graphene, wherein an apparent peak at the
D band characterises the edge arrangement as arm-
chair-edged, as opposed to perfect zigzag arrange-
ment in the absence of the D band, which is uncom-
mon (Jorio et al. 2011). The intensity ratio of D band
to G band (Iy/I;) characterises the degree of graphiti-
sation, where a lower I/l ratio signifies more gra-
phitic layers and fewer defects (Wu 2012). Notably,
the exfoliated graphene sheet has a higher I/l value
which could be attributed to the increase of bound-
ary edges (Liu 2019a). Nonetheless, the calculated
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Fig. 6 (a) Raman spectra
of shear mixing—assisted
graphite-to-graphene
exfoliation with ScCO, for
graphenes of monolayer,
bilayer and more than or
equal to five layers. (b—d)
Enlarged 2D band regions
of graphene with curves fit-
ted by Lorentzian functions
for graphenes of monolayer,

Intensity (a.u.)
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bilayer and more than or T
equal to five layers, respec-
tively (Song et al. 2016)
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Ip/I ratio is not conclusive of the edge orientation,
whether it is armchair or zigzag orientation without
an accurate analysis of the polarisation dependence
of the incident light (Casiraghi 2009). The full width
at half maximum (FWHM) of the band peaks is also
used to quantify the disorder especially interdefect
distance, where FWHM increases with disorder (Jorio
et al. 2011) as well as the number of layers (Kara-
mat 2015). A major discrepancy is noted in the 2D
FWHM of ScCO,-exfoliated monolayer graphene at
39 cm™! in Fig. 6b when compared to other literature
suggesting typical 2D FWHM from 25 to 30 cm™!
for free-standing monolayer graphene and monolayer
graphene synthesised through CVD (Karamat 2015;
Berciaud 2009). Yet, the results obtained by Song
et al. (2016) appear to be in agreement with other
reported FWHMSs of 2D peaks for monolayer and
disoriented bilayer graphene formed through CVD
on copper catalyst, at 37 cm™! and 27.4-38.2 cm™!,
respectively (Liu 2012). As such, meaningful inter-
pretation of the Raman spectra, especially the 2D
band when determining the number of graphene lay-
ers, should also be coupled with other characterisa-
tion to validate the experimental yield.

2750 2800 2550 2600 2650 2700 2750 2800

Raman shift (cm'l)

Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is used to determine
the size and thickness of the exfoliated graphene sheet
against a substrate, usually mica (Lee and Park 2019).
Whilst the application of AFM for the determination
of the thickness of single-layer graphene has resulted
in variations from 0.4 to 1.7 nm, the observed dispar-
ity is attributed to factors such as interactions between
the AFM probe tip and graphene as well as due to
the ambience at which the materials are prepared
(Shearer 2016). Nonetheless, AFM is still one of
the most powerful tools for analysing graphene, and
the results are often verified with other characterisa-
tion techniques such as Raman spectroscopy for the
approximation of the number of graphene layers. Fig-
ure 7 shows the AFM images obtained by the exfo-
liation of graphite with ScCO,-assisted NMP along
with the corresponding height and length profiles
(Liu 2019a). The calculated height for the exfoliated
graphene nanosheets ranges from 0.49 to 3.87 nm,
suggesting graphene sheet thickness of 1-8 layers. A
comparison was also drawn on the exfoliating effect
of pure ScCO, and SCNMP against ScCO,-assisted
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Fig.7 (a, ¢) AFM images of ScCO,-assisted NMP-exfoliated
graphene. (b, d) Measurements and profiles of height and
length of graphene corresponding to lines shown in a and c. e

NMP exfoliation, where a higher yield of fewer lay-
ers was obtained as shown in the layer number dis-
tribution (Fig. 7e). A yield of over 85% of 1-8 exfo-
liated layers was achieved for ScCO,-assisted NMP,
amongst which 30% were graphene with 4 or fewer
layers, as compared to a lower yield of less than 70%
obtained with pure CO, and NMP. The synergistic
effect of ScCO,-NMP exfoliation was investigated
through MD simulation as illustrated in Fig. 3 in the
previous section, which suggested a two-stage diffu-
sion-wedging process during the exfoliation, of which
the ScCO, molecules first diffused into the graphite
interlayers, followed by the wedging in of the NMP
molecules which enhanced the intercalation effect
therein improved the exfoliation of graphene (Liu
2019a). The MD simulation also indicated an overall
lower PMF favouring exfoliation when a mixture of
NMP and ScCO, was used, especially at an optimal
molecule ratio of 1:1, as compared to that of higher
PMF for pure ScCO, or NMP, thus explaining a lower
exfoliation yield when only pure solvents of either
are used. Also, as the experiment was carried out at
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Distribution of the resulting layer numbers of graphene exfoli-
ated through different methods (Liu 2019a)

conditions below the supercritical state of NMP, the
exfoliated graphene is at least 5 layers thick.

Graphene synthesis by supercritical fluid
reduction

Reduction is one of the commonly applied meth-
ods for the synthesis of graphene. Conventional
approaches utilise strong oxidants to exfoliate gra-
phene oxide (GO) from graphite, followed by the
graphitisation of GO into reduced graphene oxide
(rGO) by removing the oxygen functional groups and
restoring the carbon networks. Oxygenated function-
alities, i.e. hydroxyl and epoxide groups on the basal
planes and carbonyl and carboxylic groups at the
edges (Lerf 1998; Szabd 2006; Bagri 2010), modify
the sp>-bonded carbon network in the initial oxidation
step during graphene production. These modifications
form a variety of defects, thereby resulting in the deg-
radation of graphene properties (Seo 2013). Thus,
reduction methods such as thermal annealing (Mao
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et al. 2012; Compton and Nguyen 2010) and chemi-
cal reduction (Chua and Pumera 2014; Dreyer et al.
2014) are introduced to recover the disrupted sp’
conjugated graphene network. Although the thermal
annealing process produces graphene-like films with
high carbon-to-oxygen ratio and a minimal amount
of defects, the higher reaction temperature (above
1000 °C) limits the types of starting materials com-
patible with the reaction condition (Kong 2012).

Similarly, chemical reduction processes apply
reducing agents such as hydrazine (Tung 2009),
sodium borohydride (Shin 2009) and sodium boro-
hydride with concentrated sulphuric acid (Gao 2009),
which are highly unstable, toxic or explosive for
the reduction of GO at lower temperatures (below
100 °C). Effective removal of oxygen functionalities
(C/O ratio ranges from 8 to 15) and high electronic
conductivity (5000 to 30,400 S m™~!) are achieved by
using such strong reducing agents (Seo 2013). How-
ever, the extended reaction time and safety concerns
which arose from chemical reduction hindered the
feasibility of such method in mass production. Thus,
supercritical fluid has been explored as an alterna-
tive green solvent for the effective removal of oxygen
functionalities and the restoration of the unique hex-
agonal structure in graphene for a more sustainable
reduction process.

Graphene reduction by SCFs

Supercritical fluids exhibit great potential in offer-
ing an alternative greener route as against using toxic
reducing agents and have been employed in the reduc-
tion of GO for the production of graphene-like sheets.
The controlled deoxygenation of GO under supercriti-
cal water (ScH,0O) was studied via spectroscopic anal-
ysis under a range of conditions, i.e. 99.85-379.85 °C
and 0.04-22.75 MPa (Mungse 2014). The results
from spectroscopic analysis report plausible mecha-
nisms for the deoxygenation of GO in the presence of
ScH,O as illustrated in Fig. 8 are as follow: (1) the
dehydration of GO initiated by hydrogen ions due
to intermolecular or intramolecular reactions under
supercritical conditions, (2) the reduction of epoxide
or carbonyl groups to form z bonds and (3) decarbox-
ylation to eliminate CO, molecules.

The dehydration process can take place between
closely placed hydroxyl groups (Fig. 8, positions 1
and 2), hydroxyl groups having adjacent hydrogen

atom (Fig. 8, position 3) or between hydroxyl groups
of different nanosheets (Fig. 8, position 4) (Mungse
2014). Closely placed hydroxyl groups eliminate
water molecules by generating either ether or epox-
ide linkages, depending on their position in the skel-
eton. Similarly, hydroxyl groups also remove water
molecules by forming olefinic bonds with adjacent
hydrogen atom. The dehydration of hydroxyl groups
between two different nanosheets generates ether
linkages and would result in layer aggregation.

Reduction occurs as the highly strained epox-
ide groups at the basal plane of GO are reduced to
hydroxyl groups due to the presence of nearby hydro-
gen atom, thus resulting in the formation of z bonds
(Fig. 8, position 5). Carbonyl groups are also reduced
to hydroxyl groups by generating olefinic bonds dur-
ing the treatment processes (Fig. 8, position 6). On
the contrary, decarboxylation generally involves the
removal of CO, molecules by consuming carbon
atoms (Fig. 8, position 7) or carboxyl group (Fig. 8,
position 8) from the GO skeleton at increasing hydro-
thermal temperature. The aforementioned chemical
and structural transformations of GO during reduc-
tion exercise restore the conjugated z bonds and sta-
bilise the final graphene structure (Mungse 2014).
The thermally unstable hydroxyl and epoxide groups
are reduced whilst the comparatively stable ether and
phenol groups emerge during the process. As the het-
eroatom linkage (C-O) of water occurs most readily
at high temperature and pressure, the degree of deoxy-
genation at elevated temperatures (199.85-379.85 °C)
was reported to be higher as compared to moderate
temperature (99.85 °C) (Mungse 2014).

A recent study incorporated the reduction of few-
layer GO (FLGO) and glycerol gasification in ScH,0,
where the deoxygenation of FLGO and valorisation
of glycerol catalysed by FLGO could be achieved
simultaneously (Torres 2017). The thermal process-
ing of oxygenated organic compounds such as glyc-
erol involves complex chemistry (Wang et al. 1996);
thus, a general gasification reaction involving main
products is represented in Fig. 9. As the reduction
of FLGO consumes intermediate hydrogen (H,) gas,
the gasification reaction is displaced further towards
the formation of carbon monoxide (CO), CH,, more
H, products and valuable hydrocarbons such as
alkylated and non-alkylated long-chain hydrocar-
bon (C12-C31), polycyclic aromatic hydrocarbons
(PAHs), phthalate, phenol, cresol and furan-based
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<« Fig. 8 Plausible mechanisms of GO reduction with ScH,O
(Mungse 2014) and ScEtOH (Seo 2013) based on dehydra-
tion, bond formation, decarboxylation and de-epoxydation of
hydroxyl, carbonyl and carboxyl groups in graphene

compounds in the presence of FLGO. Similarly, glyc-
erol enhanced the generation of in situ hydrogen and
improved the removal of oxygen up to 59%, resulting
in a final C/O ratio of 28.2 in rGO. Supercritical car-
bon dioxide (ScCO,) was also used to obtain rGOs
by annealing GO at 10 MPa and a maximum tem-
perature of 300 °C (Kong 2012). The study reports
on the optimum conversion at 200 °C and a reduc-
tion time of 3 h. The electrical conductivity of rGOs
annealed in ScCO, is comparable to those obtained
from hydrazine hydrate reduction (Stankovich 2006).

As different supercritical alcohols have a distinc-
tive number of alcohol molecules and hydrogen
donating abilities, the produced rGOs are expected to
exhibit different physiochemical properties. The per-
formances of different alcohol reductions of GO are
summarised in Table 4. Study showed that reduction
of GO has been successfully carried out in super-
critical methanol (ScMeOH) without using exter-
nal reducing agents (Nursanto 2011). Similarly, the
superior hydrogen donating ability of supercritical
ethanol (ScEtOH) under high-pressure and tempera-
ture conditions facilitates the restoration of original
pristine graphene structure (Rangappa et al. 2011),
where the electrical conductivity of rGO produced
from ScEtOH reduction was reported to plateau at
250 °C. This confirms the restoration of z conju-
gation, and intrinsic properties of graphene under
alcohol treatments are more significant than ScCO,
reduction (Kong 2012). The C/O ratio and electri-
cal conductivity from both alcohol treatment stud-
ies are comparable to those produced by hydrazine
reduction methods. Subsequently, in a recent study,
the reduction of GO by five alcohols under super-
critical conditions (Seo 2013), i.e. ScMeOH, ScE-
tOH, 1-propanol (ScPrOH), 2-propanol (Sc2IPA)
and 1-butanol (ScBuOH), were investigated. A sig-
nificant difference in the C/O ratio was observed
where the ratios in rGO are in the order of ScE-
tOH > Sc1PrOH > Sc2IPA > ScBuOH > ScMeOH,
suggesting that SCEtOH exhibited the most efficient
reduction amongst the studied alcohols. The high-
est C/O ratio (14.4) of rGO produced from ScEtOH

treatment may be associated with a larger amount of
alcohol molecules in the supercritical state that per-
meate into the interlamellar structure of GO. The
inherent low reduction power of ScMeOH and lower
ability to donate hydrogen compared to other super-
critical alcohols could have resulted in the lowest
reduction efficiency (Ross and Blessing 1979; Naka-
gawa 2003). In addition, the electrical conductivity of
rGO obtained from ScEtOH reduction was reported
to be 2.5 times higher than ScMeOH reduction
(Nursanto 2011).

The presence of different oxygen functionali-
ties at GO sites, i.e. epoxy and hydroxyl groups are
mainly located at the basal plane whilst carbonyl,
carboxyl and ester groups are located at the edge and
vacancy sites (Lerf 1998; Szab6é 2006; Bagri 2010),
further complicates the reduction chemistry of GO.
Supercritical alcohols retain unique properties that
are different from other supercritical fluids in a way
where hydrogen is donated in the form of molecular
hydrogen, hydride or protons (Seo 2013). The reduc-
tion mechanism of GO in alcohol was studied by
using ScEtOH, alcohol with superior reduction abil-
ity as compared to other alcohols (Seo 2013), and two
dominant deoxygenation routes were proposed. Route
1 describes that carbon of the epoxy ring is attacked
by both a-hydrogen and hydroxyl groups produced
from ScEtOH. The addition of proton and the restora-
tion of # conjugation take place subsequently, result-
ing in the formation of CH,=CH, (Fig. 8, position 9)
and two water molecules as by-products. Conversely,
hydroxyl functionalities and ethoxy groups are gener-
ated as a result of proton transfer from ScEtOH to the
epoxy ring in route 2. The hydroxyl groups undergo
dehydration to yield olefins and water molecules as
by-products whilst the ethoxy groups may also react
with CH;CH,* from ScEtOH to yield diethyl ether
(Fig. 8, position 10). The observed hydrogen con-
sumption and water or CO, formation during SCEtOH
reduction can henceforth be taken as the sign of GO
deoxygenation.

Reduction of graphene composite by SCFs

The presence of oxygen-containing functional
groups in GO provides large surface area and
numerous nucleation centres to load nanoparti-
cles (NPs). The combination of GO and NPs could
create synergetic effects and exhibit exceptional
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Fig. 9 ScH,O gasifica-
tion of glycerol to rFLGO,
producing CO, CH,, H, and
various valuable hydrocar-
bons

properties that could not be provided by their indi-
vidual components. Reduction assisted by super-
critical fluids has been applied for the preparation
of graphene composites. The unique zero surface
tension of SCF is beneficial for substrate wetting
and consequently facilitates the adsorption of par-
ticles on the surfaces with oxygen functionalities.
Electrostatic attraction due to opposite charges
between substrates and surfaces drives interlamina-
tion to form graphite sheets. Substrates preferably
adsorb, decompose, nucleate and grow into NPs on
sites containing oxygenated functional groups. The
in situ formation of particles destroys and prevents
the restacking of regular layers, thus producing gra-
phene sheets containing NPs. Nanocomposites fab-
ricated by ScCO, technique generally exhibit more
well-defined microstructures and macroproperties
(Chen 2011; Zhao 2012; Liu and Han 2009).
Nanocomposite of graphene anchored with sil-
ver nanoparticles has been successfully produced by
ScCO, chemical reduction (Meng et al. 2016). The
C/O ratio of silver—graphene composite fabricated
via ScCO, reduction (SAg/GN) is higher (4.5) than
the normal chemical reduction of silver—graphene
composite (Ag/GN) (2.3). The oxygen-containing
groups decompose in the range of 100-300 °C as
ScCO, transfers more silver nitrate precursors onto
the graphene surface. The uniform distribution of sil-
ver particles across SAg/GN as compared to the clus-
ter appearance of irregular silver particles on Ag/GN
reiterates the exceptional reduction and dispersion
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ability of ScCO, on the production of graphene com-
posites. The SAg/GN nanocomposites, synthesised as
lubricant additives in engine oil, exhibited remarkable
anti-wear abilities as superior to pure engine oil and
significantly improved the lubricating performance.

Cobalt tetraoxide (Co;0,4)/graphene oxide compos-
ites were fabricated for catalytic applications with the
aid of ScCO, (Zhao 2014). The average size of Co;0,
NPs (5.9 nm) on the composite is smaller than that
of bare Co;0, NPs, indicating that the ScCO,-aided
process could hinder the growth and prevent aggre-
gation of NPs during the fabrication process. The
C/O ratio of the composite was estimated to be 2.9,
with notable improvements in catalytic performance
by decreasing the decomposition temperature and
enhancing the overall exothermic heat release dur-
ing the chemical process. Similarly, platinum (Pt)
precursors were reduced to Pt NPs and were evenly
distributed on Pt/graphene composite by using ScCO,
(Zhang et al. 2014). The mean size of Pt particles was
3.28 nm, and again likewise, an enhanced electro-
catalytic effect of Pt/graphene composite of 3.5 times
higher than that of conventional Pt/carbon black cata-
lyst was observed.

A binary system of ScCO, and near-critical etha-
nol was developed to produce rGO-polyethylene
glycol (rGO-PEG) films and rGO—polyvinyl alcohol
(rGO-PVA) fibres (Sasikala 2018). It is to be noted
that ethanol is soluble in ScCO, and ScCO, has
higher diffusive power. The binary system antici-
pated that ScCO, assists ethanol in diffusing into the
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polymer matrix volume where ethanol in the inter-
layers reacts with neighbouring oxygenated groups
such as carbonyls or ethers to reopen the hexagonal
carbon ring for further carbon incorporation. This
reaction allows the removal of oxygenated groups and
fosters graphitisation to maintain the homogeneity of
GO-PVA films. The presence of graphene network in
the polymer matrix is found to enhance the electrical
conductivity of the composite significantly. Despite
notable improvement in the electrical conductiv-
ity was observed with the increase in GO wt% and
reduction time, the composite was found to be brittle
beyond a reduction time of 2 h. This degradation in
mechanical stability is believed to have resulted from
the increased crystallinity.

Doping of heteroatoms on graphene sheets with SCF
reduction

Considerable studies have shown that graphene doped
with heteroatoms such as nitrogen (Qu 2010); alumin-
ium (Jeon 2017); chloride, bromide and iodide (Jeon
2013); and phosphorus (Cruz-Silva 2009) exhibit
significant improvements in electrochemical activity,
selectivity and durability. Heteroatoms with atomic
mass and size similar to carbon allow electrons or
holes to be injected easily on the graphene materials,
thereby altering the electronic or transport properties
of doped materials. A one-pot synthesis technique
using ScCO, demonstrated the production of boron-
doped rGO by selecting borane—tetrahydrofuran as
the reducer (Zhou 2015). The hierarchically porous
structure observed in B-rGO prepared by borane—tet-
rahydrofuran may be contributed by the reduction of
borane and the diffusion of ScCO,. The high degree
of reduction (C/O ratio at 5.9) and high surface area
in boron-doped rGO show an elevated catalytic activ-
ity towards oxygen reduction reaction which are com-
parable to commercial Pt/C catalyst, but with added
durability and resistance to the crossover effect.
Nitrogen (N) (Suresh Balaji et al. 2018) and sul-
phur (S) (Balaji 2019) heteroatoms were doped onto
graphene sheets with the assistance of ScH,O to
enhance the supercapacitive behaviour for fuel cell
applications. The obtained results showed that the
performance of fuel cell was improved by doping gra-
phene with 2—4.5 wt% of heteroatoms. This enhances
the energy density in the ionic liquid electrolyte,
thus resulting in superior capacitance retention of
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Fig. 10 FTIR spectra of GO and rGO obtained by ScH,O over
2 h (GO4732), 6 h (GO4736) and 12 h (GO47312) (Mungse
2014). Reproduced with permission

90% over 10,000 cycles. Similarly, the preparation
of GO-polyaniline nanocomposite using ScCO, also
exhibits excellent electrochemical capacitance and
cycle stability in energy storage applications (Xu et
al. 2012).

Characterisation of SCF-reduced graphene materials

The characteristics of graphene materials pro-
duced via reduction such as the presence/absence
of functional groups, the atomic composition, struc-
tural defects and surface area are commonly char-
acterised by a list of analytical equipment. These
include, but are not limited to, Fourier transform
infrared spectroscopy (FTIR), X-ray photoelec-
tron spectroscopy (XPS), Raman spectroscopy,
Brunauer—-Emmett-Teller =~ (BET) analysis and
high-resolution transmission electron microscopy
(HRTEM).

Fourier transform infrared spectroscopy (FTIR)

The functional groups on the surface of graphene
materials are characterised by FTIR analysis. FTIR
spectra of GO revealed a broad vibration peak at
3415 cm™! attributed to O-H stretching of hydroxyl
and phenolic groups; a peak at 1725 cm™' represents
the C=0 stretching of carboxyl and carbonyl groups,
and the peak at 1620 cm™' is associated with trapped
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Fig. 11 Raman spectra of the graphite samples (a) and ScE-
tOH-treated rGO (b), ScCO,-treated rGO (c) and GO (d) films
(Kong 2012)

water molecules and C=C stretching of unoxidised
sp? carbon domains in GO (Mungse 2014).

The unresolved broad peak at 1270-1210 cm™'
in rGO could be attributed to the C—O—C stretching
of epoxy and ether groups which are relatively sta-
ble and hindered the complete deoxygenation. The
reduction aided by ScH,O leads to effective reduc-
tion within 2 h, and C=C stretching increased sig-
nificantly as compared to 6 h of deoxygenation, as
illustrated in Fig. 10 (Mungse 2014). RGOs produced
by reduction utilising different supercritical alcohols
exhibit similar FTIR spectra. The intensity of the
oxide group transitions in GO decreased after the
process; i.e. hydroxyl, carbonyl and epoxide groups
attached to the basal layer decreased and a new
absorption peak at 1620-1700 cm™! attributed by the
skeletal vibration of rGO sheets were observed (Seo
2013; Nursanto 2011).

Raman spectroscopy

The structural and electronic properties of graphene
materials such as disorder and defect structures,
defect density and doping levels are monitored by
Raman spectroscopy. GO generally exhibits graphitic
lattice (G) band at 1604 cm™! and disorder (D) band
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Fig. 12 XRD spectra graphene, rGO treated with hydra-
zine and supercritical fluid and graphene oxide (Rangappa
et al. 2011; Andonovic 2015; Tuz Johra et al. 2014)

at 1354 cm™! (Kudin 2008). The shift of G band
towards lower wavenumber reveals the recovery of
hexagonal network (sp? carbon domains).

The decrease in the I;,/I; band ratio of rGO sam-
ples is not significant when processing was carried
out with ScCO,, indicating that the defects respon-
sible for D band are not sensitive to ScCO,-assisted
annealing (Kong 2012).

The rGO sheets reduced under SEtOH exhibit a
weak and strong D band at 1326 cm™" and 1576 cm™!,
as illustrated in Fig. 11. The increase in I/l inten-
sity ratio compared to pristine graphite (Rangappa
et al. 2011) indicates the decrease in the in-plane
sp? domain. A repeat of the above experiment with
hydrazine reduction confirmed that the intensity ratio
of rGO is less significant, suggesting that SEtOH
reduction could better facilitate the restoration of
original graphene structure owing to the unique prop-
erties under SCF conditions.

The Raman spectra of SAg/GN did not show any
peaks at 1000 cm™!, indicating the absence of metal-
lic oxide impurities in the composite (Meng et al.
2016). The I/l ratio of the composites and doped
graphene materials was also recorded within the
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range of 0.95-1.44 (Sasikala 2018; Suresh Balaji
et al. 2018; Balaji 2019).

X-ray diffraction (XRD)

Trapped water molecules and oxygen functionalities
within the basal planes of GO result in high inter-
layer spacing (d spacing) and reflected a peak at
20=10-10.8° in the X-ray diffraction (XRD) pattern
as illustrated in Fig. 12 (Kong 2012; Mungse 2014;
Torres 2017). ScH,O-treated rGO exhibits peak
broadening and a shift of peak to 24-26.3° (Mungse
2014; Torres 2017), indicating the reduction of inter-
layer spacing and the elimination of oxygen func-
tionalities. However, the restacking of graphene layer
due to strong z—x interactions leads to an increased
number of layers in reduced FLGO (tFLGO) from 4
to 10 layers, thus exhibiting a similar XRD pattern as
multilayer graphene. XRD results for the conversion
of rGO from ScCO, treatment are consistent with the
conversion of GO where the common peak at 10° dis-
appears. The absence of graphitic peak suggests that
graphitic platelets are not found in ScCO,-treated
rGOs (Kong 2012).

The interlayer distance between ScMeOH-
treated 1GOs was found to decrease from 0.779 to
0.356-0.359 nm whilst the broad peak retained by
GO at 11.32° was shifted to 24.74-25° after ScMeOH
reduction (Nursanto 2011). A similar observation in
the shift of peak position was also recorded in the
rGO sheets fabricated with ScEtOH-assisted reduc-
tion (Rangappa et al. 2011), revealing the restora-
tion of original pristine graphene structure. An inter-
layer spacing of 0.358-0.381 nm was recorded for
rGO reduced by different supercritical alcohols (Seo

2013). The high basal spacing might be attributed to
incomplete removal of oxygen functionalities. Also, a
precise examination of the XRD pattern of the rGO
reduced by ScPrOH and ScBuOH revealed two peaks
(at 23-25°), indicating that both rGOs retained at
least two different interlayer spacings. The presence
of multiple interlayer spacing may be associated with
the carbon chain of ScPrOH and ScBuOH attached to
the surface of rGO during reduction. The XRD pat-
tern of graphene, GO and SCF-reduced GO and a
comparison with the hydrazine-reduced GO are illus-
trated in Fig. 12.

Brunauer—Emmett-Teller (BET)

The surface area and pore volume of the graphene
materials are determined via the nitrogen adsorp-
tion/desorption isotherm. GO sheets, tightly packed
by hydrogen bonding network between the oxy-
genated functionalities, showed a relatively low
BET surface area of 30 m? g~! (Mungse 2014). As
ScH,O0 facilitates the elimination of oxygen func-
tionalities and prevents the restacking of platelets
in GO, mesopores and micropores are created dur-
ing the processing, thus increasing the material
surface area. Narrow micropores (~1.3—1.5 nm)
and mesopores (> 5 nm) were formed on rGOs that
were produced via ScH,O reduction at 150-500 °C
with surface area recorded over a range of
39.4-474 m? g~!' (Mungse 2014; Torres 2017).
Researchers explored the synergistic effect of the
simultaneous processing of FLGO reduction and
gasification of glycerol under SCF conditions cre-
ated by ScH,O (Torres 2017). Although a remark-
able increase in the surface area was recorded,

Table 2 Surface area and

Supercritical fluid ~ Surface area

Mesopore size (nm) Micropore size (nm) Ref

pore size of rGO reduced by (m? g™

various SCFs
ScH,0 39.4-474
ScH,0 84-215
ScCO, 541
ScMeOH 114.2
ScMeOH 54
ScEtOH 203
ScPrOH 35
Sc2IPA 126
ScBuOH 25

Not stated Not stated Mungse 2014)
5-60 ~1.3-1.5 Torres 2017)
28 1-5 Zhou 2015)
Not stated Not stated Nursanto 2011)
Not stated Not stated Seo 2013)

Not stated Not stated Seo 2013)

Not stated Not stated Seo 2013)

Not stated Not stated Seo 2013)

Not stated Not stated Seo 2013)
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higher restacking and folding of the graphene lay-
ers with a consequent loss of porosity were also
observed. The average surface area of rFLGO was
84-255 m? g~! with a microspore size of 1.5 nm
and wider mesopores at 5-60 nm. Conversely, the
surface areas of rGOs reduced by various supercrit-
ical alcohols were in the range of 25-203 m? g~!
(Seo 2013; Nursanto 2011). The surface areas and
pore size of rGO produced via various treatment
methods are summarised in Table 2.

High-resolution transmission electron microscopy
(HRTEM)

HRTEM examines the microstructural images of the
graphene materials. The obtained results showed the
porous nature of GO, which suggest the occurrence
of carbon atom consumption and probable decom-
position of carboxyl groups (O=C-0) to release
CO, during reduction. The release of these func-
tional groups is supported by the decrease in area
% in the XPS spectra as illustrated in Fig. 14a and
b (Seo 2013). The successful restoration of the gra-
phitic structure in supercritical alcohol-treated rGO
samples was observed in the hexagonal symmetri-
cal crystalline structure under transmission electron
microscopy (Seo 2013; Nursanto 2011). The images
also revealed rGO sheets produced from supercriti-
cal alcohol reduction aggregated to form thicker gra-
phene flakes and tend to corrugate at the edge of the
sheet, as shown in Fig. 13. The scrolling and bending
effects result in the formation of nanovoid, subse-
quently leading to increasing the surface area of rGO.

Reduction with SCF enhances the adhesion and
dispersion of precursors to prevent the uncontrolled
growth of particles on graphene. Ag (grain size of
2-6 nm) (Meng et al. 2016) and Co;0, (3.2-8.8 nm)
(Zhao 2012) NPs were found to anchor on the gra-
phene sheets evenly. The uniform graphene-PVA
composites at 30-50 um (Sasikala 2018) were also
produced from SCF-aided reduction.

X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy is used to
quantify the atomic composition of graphene

materials. High-resolution Cls XPS spectra
revealed the double-peak structure of GO is in
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the region of higher binding energy (Fig. 14a).
The shift of Cls peak maxima towards a lower-
binding energy region indicated the deoxygena-
tion of GO and revealed the regeneration of sp>
carbon under ScH,O treatment. In addition, the
relative percent intensities of carbon bonded to
oxygen-containing functionalities decrease sub-
stantially with the increasing treatment tempera-
ture as illustrated in Figs. 14c and d due to the
removal of functional groups during thermal
processes. The broad tail associated with z—z*
at 290.2-290.9 eV indicates the regeneration
of sp? carbon and the restoration of delocalised
# conjugation in ScH,O-treated GO (Mungse
2014; Torres 2017).

RGOs produced from both ScH,O and ScE-
tOH treatment methods exhibit similar XPS pat-
terns where the peak area of sp” graphitic carbon
is significantly reduced due to the regeneration
of sp? carbon, and the generation of peaks asso-
ciated with oxygen functionalities is observed.
XPS scans confirmed that rGO produced from
supercritical alcohol reduction contains mainly or
only carbon and oxygen species and no impuri-
ties were detected as illustrated in Fig. 14b (Seo
2013; Nursanto 2011). The C/O ratio of the pro-
duced rGO is in the range of 2.2-14.4 (Seo 2013;
Nursanto 2011) with the carbon atomic % of GO
increased from 66.41 to 92.24% after treating
with ScMeOH (Nursanto 2011), which are rela-
tively higher when compared to the use of con-
ventional solvents such as hydrazine (Lei 2011;
Shen 2012; Fernandez-Merino 2010). The peak
area of the sp” graphitic carbon was increased,
and the z—z* shake-up peak for rGOs indicates
the restoration of aromatic structures after reduc-
tion. Similarly, the formation of C—C bonds is
reflected as carbon peaks at 285.5 eV. Notably,
the C/O ratio of atom-doped graphene compos-
ite generally increased from 1.3-1.89 to 2.9-5.94
(Meng et al. 2016; Zhao 2014; Sasikala 2018;
Zhou 2015) after treating with SCF.

Summary of SCF-facilitated graphene synthesis
and challenges to resolve

The synthesis of graphene materials via SCF exfolia-
tion and/or reduction methods following discussions
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Fig. 13 (a—f) Electron
microscopic images and
selected area electron dif-
fraction patterns of rGO
using different supercritical
alcohols (Seo 2013)

(b) RGO-scMeOH

" PP

(d) RGO-scPrOH
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Fig. 14 XPS spectra of (a) GO, (b) rGO reduced by ScEtOH, (c¢) rGO reduced by ScH,O at 99.85 °C and (d) rGO reduced by

ScH,0 at 379.85 °C (Seo 2013; Mungse 2014)

in the previous sections are summarised in Tables 3
and 4.

Considering the impact of solvent usage on the
environment, the use of SCFs with low boiling points,
especially ScCO,, is deemed to be a greener approach
to other existing graphene production methods. Yet,
exfoliation of graphite with ScCO, alone, by and large,
produces graphene sheets of more than 10 layers, which
is less than optimal. This is attributed to the non-polar
nature of CO, and the rapid escape of CO, molecules
from the intercalated layers (Sun et al. 2019). To
resolve this issue and enhance the yield, it is common
to recycle SCFs and repeat the exfoliation process, or
even mix ScCO, with other solvents (Sim 2012). As it
is, the use of co-solvent systems at supercritical state
is becoming more common. The resultant mixture of
solvents of different intrinsic chemical properties would
have a significant influence on the process temperature

@ Springer

and pressure to achieve the supercritical state, and
would depend on the amount of contributing species
present in the solvent (Sun et al. 2019). As for SCF
reduction, the C/O ratios of graphene materials produced
via SCF reduction are higher or comparable to those
produced from other reduction techniques. This suggests
that SCF might be a plausible reduction method to be
scaled up for effective removal of oxygen functional
groups from GO and restore the basal plane carbon
structures of graphene. However, the mechanisms of
reduction and the effect of various supercritical fluids
on the properties of rGO have not been fully understood
(Seo 2013; Mungse 2014).

SCF technology can be expensive, which is often
perceived as a drawback (Sun et al. 2019). This is
due to the extreme operating conditions requiring
high temperature and pressure for the solvents to
achieve supercritical state; hence, the reactors must



Page 23 0of 28 204

J Nanopart Res (2021) 23: 204

(1okeLn) ST %} pue

wdr 0opg—1 jo poads [euon

uon

Jod

PIPIA

Qwn uonorIY

Ipouwl J01oBY

suonipuod 3uneredp

IOSINOAIY

9102 IokeIq ST %,G7 ‘Jokejouour -BJ0I € Jopun Iojels ape[q-g[ BJIN SZ—8  -NJOS [ouey)d ur pasiadsip
‘Te 30 Suog SLILJO % LT S19UM) %T'€9 087—09  pue 9 W-C7 & [JIM JoXIUL Tedy§ Do S¥ SAAS Wim 1opmod anrydern ‘00
(s10he] ¢ > st uorn
ouoyders jo | T Sw ¢6'[ eJIN 9]  -NJOS [oUBYIR Ul pasiadsip
(10T TB 10 NYX JO%L'LY) %9°8€E 081 UONET[0JXd PALINS A[[edIURYDIA Do SO°0F dAd pue 1opmod oyrydern ‘00
ZHY S¥ ¥e 9qoxd
(020T 'TB 10 oruosen[n ue Yim yjeq Jajem edIN O1
‘e1eqy SO[RIOA su urw ()9 ‘UOTJBI[OJX PAISISSB-OIUOSBI[ () Do ST Iopmod 9yydeln 0D
edN S1
(9107 erevIses  (S10ART G > STITJO %0h) %€ ~ 0Z1-09 su D0 00T soyey anydern ‘HN
(110T TR 30 BJIN Ov—8¢ soey
edde3uey) su 09-0¢€ su ‘Do 007—00€ ayder3 pajeonaid-proy [oueyIoN
urw 1od $91949 ()9 jo Aouonb
(0z0Z T8 R -91j & Je SULLINS [edIURYOIW edIN 8L
‘e1IRq[ SO[RIOA su 09 ‘1030891 [oU0du] adK1-yoreg ‘Do 092 Iopmod 9yydein oueqg
BJIN 00T
(910 PeH %S 81 09 JUSAJOS-0 S Past O°H %0S—0 Do STHSTE Topmod anydern O‘H-HOY
urw Jod 91949 (9 jo Aouanb
(0z0T T8 R -01j & Je SULLINS [edIURYOIW edIN 62
‘e1Ieq[ SO[RIOA su 09 ‘1030801 [Qu0du] adA1-yoreg ‘3o 001 Iopmod 9yydein IOJRA
BN V'Y
(T1oT e NIy %L Sl ('s'w) payroads JoN D0 005-0ST  1opmod ayyders ojqepuedxy dNa
s19ke] 01 < %01-S
(o10C ‘s1okejouout %01-9 BJIN Ov—8¢
‘Te 10 ‘eddesuey *s10Ke] 8> %5606 0951 UOJBI[OFXS [EDIURYIIN ‘Do 007—00€ speiskio aydesy  HOM ‘dIAN ‘IINA
(urw)

CION

uononpoid suaydeis 10] s10s1nd91d JuaISJIP JO UONBI[OJXA JDS JO PISIA pue suonipuod SuneradQ ¢ dqer,

pringer

A's



204 Page 24 of 28

J Nanopart Res (2021) 23: 204

Table 4 Reduction performance of various SCFs for the production of graphene materials

SCF Precursor Operating condi-  Reaction time Final product C/O ratio, Ref
tions (min) d spacing
H,O GO 99.85-379.85 °C,  120-720 rGO Not stated (n.s.), ~ Mungse 2014)
0.04-22.75 MPa 0.35 nm
H,O FLGO, glycerol 400-500 °C, 120 rFLGO 28.2, Torres 2017)
23 MPa n.s
H,0 GO, glycine 400 °C 60 N-doped rGO n.s Suresh Balaji et al.
2018)
H,0 GO, dimethyl 400 °C 60 S-doped rGO n.s Balaji 2019)
sulphoxide
Co, GO <300 °C, 120-300 rGO n.s Kong 2012)
10 MPa
Co, GO, silver ammo- 80 °C, 60 SAg/GN com- 4.5, Meng et al. 2016)
nia 15 MPa posite n.s
CoO, GO, cobalt nitrate 150 °C, 1440 Co;0,/graphene 2.9, Zhao 2014)
hexahydrate 9 MPa oxide composites n.s
CO, Graphene sheets, n.s n.s Pt/graphene com-  n.s Zhang et al. 2014)
platinum posite
Cco, GP-PVA films 100-150 °C, 60-180 rGO-PEG and 5.94, Sasikala 2018)
20-25 MPa rGO-PVA fibres n.s
CO, GO, borane—tetrahy- 79.85 °C, 1440 B-doped rGO 5.9, Nursanto 2011)
drofuran (THF) 30.4 MPa 0.379-0.380 nm
MeOH GO 400 °C, 120 rGO 104, Seo 2013)
36.5 MPa 0.3693 nm
MeOH GO 400 °C, 120 rGO 8.78-10.18, Nursanto 2011)
30 MPa 0.356-0.359 nm
EtOH GO, ascorbic acid 23 °C 1440 rGO 0.37, Zhang 2010)
n.s
EtOH GO 400 °C, 120 rGO 144, Seo 2013)
25.2 MPa 0.3654 nm
PrOH GO 400 °C, 120 rGO 13.7, Seo 2013)
17.8 MPa 0.3583-0.3739 nm
2IPA GO 400 °C, 120 rGO 13.2, Seo 2013)
19.7 MPa 0.3613 nm
BuOH GO 400 °C, 120 rGO 12.5, Seo 2013)
12.9 MPa 0.3599-0.3812 nm
be able to withstand such conditions. Another chal- Conclusion

lenge is the storage of graphene and its composites
prior to use. It is difficult to preserve and maintain
the quality of the as-synthesised graphene, in par-
ticular graphene suspension. Graphene suspension
has to be colloidally stable and remains dispersed
in appropriate solvents ensuring good use for its
intended application (Johnson et al. 2015). This is of
utmost importance, where the storage and transfer of
graphene products are as important as the manufac-
turing process.
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Graphene with superior physicochemical properties has
gained broad research interests with many applications
exploring the advantages of incorporating graphene
materials. Recognising the current limitations in graphene
production due to the high cost involved with resulting
low production yield that consequently restricted bulk
production of graphene via existing technologies, attention
has been shifted to the synthesis of high-quality graphene
materials via SCF-aided exfoliation and reduction. A
comprehensive review has been conducted featuring
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recent works on graphene derived from SCFs along
with the expositions of the mechanisms. Intercalation
and exfoliation under SCF conditions imply rapid
penetration of solvent molecules through the interlayers
of graphite to overcome van der Waals forces and achieve
delamination of graphitic materials. The incorporation of
external forces such as sonication and stirring has proven
to improve the process efficiency. Conversely, SCF
reduction produces high-quality rGO by removing the
oxygen functionalities and restoring the original graphene
structure from GO. The conductivity and electrocatalytic
properties were retained or even enhanced after SCF
treatment, successfully meeting requirements for various
applications in energy storage, capacitors and catalytic
reactions. In summary, by selecting appropriate solvent
and precursors or through materials co-processing,
enhancement in graphene production could be achieved in
terms of yield, morphology and characteristics. However,
these achievements are conditioned by the prior success
of addressing the full effect of SCF on exfoliation and
the mechanisms of GO deoxygenation, towards realising
commercialisation of high-quality graphene production.
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