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Environmental pollution by water-soluble pollutants, heavy metal ions and harmful greenhouse gases is
triggering significant concern worldwide and is affecting the stability of the environment. Hence, it is
indispensable to develop novel materials to mitigate environmental pollution. Graphene/carbon
nanotube hybrid materials exhibit exceptional potential for environmental applications including sensing
and monitoring of contaminants and their remediation. These 3D network materials possess a larger
surface area, enhanced electrical conductivity, thermal conductivity, porosity, minimal agglomeration and
higher mechanical strength compared to their building blocks, i.e., 1D carbon nanotubes (CNTs) and 2D
graphene. Moreover, the porosity and extremely interconnected structures of these hybrid materials yield
an accessible interior surface area, efficient mass transport, etc. These outstanding properties combined
with the hydrophobicity, stability and conductivity of these materials provide a general platform for the
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Accepted 6th September 2021 of 3D graphene/CNT hybrid materials with special focus on the synergistic effects arising from the
DOI: 10.1039/d1ma00324k combination of graphene and CNT. Most of the relevant literature related to the removal of oils and

organic solvents, adsorption of dyes, removal of heavy metal ions, gas sensors and the catalytic
rsc.li/materials-advances conversion of pollutants is reviewed to shed light on the current challenges and upcoming opportunities.
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1. Introduction

Graphene, a two-dimensional (2D) single layer of sp>hybridized
carbon atoms, has attracted remarkable attention due to its
unique combination of high surface area, mechanical properties
and electrical conductivity.'™* However, to minimize the surface
free energy, aggregation of the graphene sheets and restacking
occur due to their strong van der Waals interactions, thereby
greatly hindering the practical applications of graphene." Thus, to
overcome this drawback, the surface of the graphene layers must
be altered through covalent functionalization, non-covalent
stabilization or dispersal in specific solvents.’

The high aspect ratio of carbon nanotubes (CNTs) together
with their remarkable electrical conductivity, mechanical
properties, and most importantly, their similar carbon structure
enable them to function as an effective spacer between graphene
sheets to create 3D nanostructures having enriched functional
properties.®® Fig. 1(a-c) presents images of a 1D CNT, 2D
graphene, and 3D graphene-CNT hybrid.

Remarkable research has been conducted in recent years to
combine the extraordinary properties of carbon nanotubes and
graphene and integrate them to form 3D hybrid systems.’
The integration of CNTs and graphene prevents the re-stacking
of graphene sheets and helps to achieve the practical utilization
of the synergistic effect between CNTs and graphene. Moreover,
CNTs can improve electron transfer by bridging the defects and
increasing the layer gap among graphene sheets.

Graphene/CNT hybrid materials possess larger surface area,
enhanced electrical conductivity, thermal conductivity, porosity,
minimal agglomeration and higher mechanical strength than
their building blocks. Moreover, the porosity and extremely
interconnected structures of these hybrid materials yield an
accessible interior surface area, efficient mass transport, etc.'®
Besides being superhydrophobic, they exhibit superoleophilicity,
which enables their use as potential materials to remedy oil
spills and pollution problems.'* These 3D hybrid materials
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(a) CNT (1D
Reproduced from ref. 7 with permission from the American Chemical
Society.

Fig. 1 ). (b) Graphene (2D). (c) Graphene—-CNT hybrid (3D).

exhibit excellent electrical properties, which make them suitable
for application as electrochemical sensors. The outstanding
electrical conductivity of these materials coupled with surface
functionalization by various nanoparticles makes them suitable
for catalytic applications. Moreover, they possess remarkable
mechanical stability, flexibility and strength, which are desirable
for various environmental applications.

3D graphene/carbon nanotube networks exhibit exceptional
potential in the efficient removal of harmful pollutants
from contaminated air and water owing to their following
peculiar properties. Firstly, the 3D hybrid structures based on
graphene and CNT combine micro-, meso- and macro-pores,
where the micro- and mesoporosity provide a high surface,
area while their macroporosity guaranties accessibility to this
surface, enabling the diffusion and transfer of contaminant
molecules and ions.'! Secondly, these 3D hybrids are highly
stable, and thus can be applied in various environments
including severe acidic conditions' and a wide temperature
range.'® Thirdly, their integrated morphology offers effective
contaminant separation and recycling and minimizes possible
environmental risks triggered by the accidental release of
graphene and CNT."”

Depending on their architecture, graphene/CNT hybrids
can be categorised into (i) hybrids of graphene with vertical
CNTs (G/VCNT), (ii) hybrids of graphene with horizontal CNTs
(G/hCNT) and (iii) CNTs wrapped with graphene (G/wCNT).'*'8!
There are two fundamentally different approaches for the
synthesis of these hybrids, which are the assembly method and
in situ method.

The assembly method employs various methods such as
layer-by-layer assembly, sol-gel synthesis, vacuum filtration,
solution processing, and electrophoretic deposition.'%?>*?
Because of their simplicity and scalability, these methods are
extensively employed to assemble G/hCNT and G/wCNT hybrids
through non-covalent interactions such as electrostatic, m-n
stacking, van der Waals and covalent interactions between the
functional groups of graphene and CNTs. However, the assembly
processes has some significant limitations such as multi-step
processing as well as poor control of the orientation, density and
morphology of the hybrid structures.

The in situ growth of graphene/CNT hybrids can result in
better control of the nanoscale architecture than assembly-
based methods by adjusting the fabrication conditions. In situ
approaches (chemical unzipping, chemical vapor deposition,
etc.) guarantee a uniform distribution of carbon allotropes and
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involve less processing steps.****> Covalently bonded
seamless hybrid structures of G/hCNT, G/VCNT and G/wCNT
are produced by these methods.>*"?” However, for industrial
scale production, the use of toxic chemicals (Ni (CO),,
B,Hg, etc.), explosives and high processing temperature limit
their practical application, and hence requires further
improvements.

Although the synthesis, properties and applications of 3D
graphene/CNT hybrids have been reviewed earlier,’* 3?42 the
numerous studies on the applications of these materials in
recent years make it necessary to recap the advances in this area.
Considering that studies on the environmental applications of 3D
graphene/CNT hybrids are crucial for our survival, the present
review aims to present promising environmental applications
related to the removal of oils and organic solvents, adsorption
of dyes, removal of heavy metal ions, gas sensing and the catalytic
conversion of pollutants to shed light on the current challenges
and upcoming opportunities.

2. Removal of oils and organic solvents

Accidental spills of catastrophic oils and chemical reagents
during extraction, storage and transportation cause adverse
impacts on the marine and land ecosystems and impose a
series of issues related to environmental pollution.***> Moreover,
oil spills lead to loss of energy resources.>® Hence, it is inevitable
to develop efficient remediation methods. To address this
severe issue, various techniques including membrane filtration,
biological separation, photo decomposition, use of chemical dis-
persants and skimmers, combustion, wet oxidation and adsorption
have been recommended.**® Among them, adsorption is
considered the most efficient, economical and promising
solution due to its low cost, easy operation, simple process
and little damage to the environment.*'*” However, although
several sorbent materials such as fibres,*® cross-linked polymers
and resins,*>*® polymer gels,""*> organic-inorganic hybrids,**
silica,** carbon-based materials*> and nanocomposites*® have
been established, these materials exhibit certain drawbacks. For
example, microporous polymers exhibit high adsorption capacity
but their production cost is high. Moreover, even though
expanded graphite can efficiently remove crude oil and petro-
leum products, it cannot be applied for several polar solvents
such as toluene and dimethyl sulfoxide. Hence, the development
of innovative adsorption materials for the efficient separation of
organic solvents and oils from water is of increasing significance.

Generally, an efficient oil adsorbent should be highly oil-
water selective, i.e., possess high adsorption capacity for oil and
strong hydrophobicity, ecofriendly and reusable.”” Extensive
research has been done on the development of innovative porous
adsorbents having superhydrophobicity and superoleophilicity. In
this regard, allotropes of carbon such as CNTs and graphene have
emerged as potential materials to deal with oil spill and pollution
problems by exploiting their hydrophobic interfacial properties.**™"*

Various sorbents remove or retrieve contaminants either by
absorption or adsorption, or both. Absorption occurs via the
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intermolecular penetration of oil into the pores of the sorbent,
and hence depends on the porosity of sorbents together with
the viscosity and adhesion properties of oil. During adsorption,
oil is accumulated or retained on the surface.”® In contrast, the
driving force leading to adsorption is the attraction between oil
and the outer surface of the sorbents, which is controlled by
various physical and chemical interactions such as hydrogen
bonding, van der Waals forces, steric interactions, hydrophobicity,
and polarity.*®

CNT sponges made up of self-assembled interconnected
CNT networks with an expected porosity of >99% were synthesised
by Gui et al., which could be utilised more than thousand times
without substantial changes in their structure, absorption capacity
and hydrophobicity. The sponges had excellent structural flexibility
(Fig. 2a) and huge strain deformation with nearly full volume
recovery. They exhibited a contact angle of about 156° for water
droplets, and owing to their low density, could float on water.>®
For various oils and solvents, they exhibited high absorption
capacities ranging from 80 to 180 times their weight. Vegetable
oil absorption by a CNT sponge in a water-oil mixture is presented
in Fig. 2b. The high absorption capability and rapid absorption
were because of the physisorption of molecules and ability to store
them in sponge pores. By utilizing mechanical compression, the
absorbed oil or solvent molecules could be recovered.

Graphene-based macrostructures also show excellent
applications for the removal of organic solvents and oil because
of their vast surface area, ultra-lightness, abundant porosity,
hydrophobic nature, ability of surface functionalization and
high compressibility.>**® Moreover, they are more cost effective
than CNTs. Aromatic solvents generally exhibit greater affinity
for these sorbents compared to aliphatic solvents because of
their strong stacking interactions.>®

To prepare graphene sheets from graphite, one of the
frequently used routes is via graphite oxide. The underlying
basic strategy is to completely exfoliate graphite oxide into
individual sheets (graphene oxide), followed by their reduction
to produce ‘graphene-like sheets’.”’”® Graphene oxide (GO),
having a high density of functional groups such as hydroxyl
and epoxide groups on its basal planes, in addition to
carboxyl and carbonyl groups located presumably at the
edges, is considered a potential precursor of graphene.*® ®*
Although graphene in its oxidized form is nonconductive and
sensitive to high temperature, reduced graphene oxide (rGO)
can restore these properties.®>®® However, it is difficult to fully
restore the structure and properties to that of pristine
graphene.

Bi et al. prepared spongy graphene via the reduction of
graphene oxide platelets in a suspension followed by shaping
via moulding. The macroporous and shape-mouldable material
having a density of 12 4 5 mg cm ™~ with a specific surface area
of ~432 m? g~* could remove various petroleum products and
toxic organic solvents at 20 to 86 times its weight (chloroform:
86.1, lubricating oil: 68.5 and toluene: 54.8).*® For dodecane
absorption, it exhibited an absorption rate of 0.57 g g~ " s .
Interestingly, it could be regenerated more than 10 times
through distillation, with a negligible reduction in its oil or

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a)

(b)

Fig. 2 (a) CNT sponge bent at a large angle. (b) Vegetable oil absorption
by CNT sponge. Reproduced from ref. 50 with permission from John Wiley
and Sons.

organic sorption capacity, and hence can be employed as a
competent recyclable sorbent material (Fig. 3).

In an inspiring work, Zhao et al. synthesised a nitrogen-
doped 3D graphene framework, which could adsorb organic
solvents and oils up to 200-600 times its own weight, via
the hydrothermal reaction of graphene oxide using pyrrole.®”
The rich open porous structures offered an ultralow density
(2.1 + 0.3 mg cm®) (Fig. 4a). Their adsorption efficiency
considering weight gain and comparison of the adsorption
capacities of common carbon-based materials are shown in
Fig. 4b and c, respectively. They exhibited an adsorption rate
(41.7 g g7 s7 1) that is higher than that of pure graphene.

Despite the hydrophobicity in graphene-based macrostructures,
their high cavity content together with appropriate pore size lead to
some water adsorption.®® In this context, the synthesis of graphene/
carbon nanotube hybrids exhibits promising potential. Carbon
nanotubes can be utilised to enhance the robustness and
surface roughness of graphene, which is attributed to its better
adsorption capacity and hydrophobicity. Superoleophilic and
super hydrophobic foam of a graphene/CNT hybrid was synthesised

(a) (®)
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via the chemical vapour deposition method in two steps, which
exhibited excellent hydrophobic properties due to its surface
roughness, bulk porous structure and hydrophobicity of
CNTs."* This hybrid material can be employed for the
elimination of organic solvents and oil in water owing to its
macroporous structure and superoleophilicity.

Good efficiency was obtained by an ultra-flyweight aerogel
fabricated using CNTs and giant graphene oxide sheets with a
very low density (0.75 mg cm ). The aerogel obtained was
highly hydrophobic, having a contact angle of ~132.9° and
surface area of ~272 m* g~ with average pore size of 123 nm.
The high porosity of the aerogel (~99.9%) led to the fast and
efficient removal of oils, ranging between 215-913 times its
weight depending on the oil density. The rate of absorption
exhibited by the aerogel (68.8 g ¢~ * s~') was much greater than
that of a graphene aerogel (0.57 g g~ ' s~ 1.%°

Kabiri and co-workers reported a single-step approach for
the synthesis of 3-D graphene/CNT networks by heating an
aqueous mixture of graphene oxide and CNTs in the presence
of Fe** ions.”® The as-prepared aerogels exhibited exceptional
adsorption characteristics for the removal of organic solvents,
oils and fats in a non-turbulent water-oil system. The entire oil
was instantly adsorbed and entirely taken up within 20 s by
immersing the graphene-CNT aerogels in the oil. The oil-filled
aerogels could float on the surface of water without releasing the
oil or penetration of water into their structure. The graphene-
CNT aerogels exhibited an adsorption capacity of 21-35 times its
own weight. Compared to other adsorbents tested previously (for
gasoline adsorption), such as carbon nanofiber (CNF)/carbon
foam (16 g g ),”* CNT-polydimethylsiloxane-coated polyurethane
(17.5 g g 1),”* cotton grass (19 g g ) and carbonized pith
bagasse (23.86 g g '),”* the graphene-CNT aerogel exhibited
a better adsorption performance of 30 g g '. Moreover, its
adsorption capacity was enhanced with an increase in the density
of the organic solvents and oil. This is because liquids having
a higher surface tension and viscosity will repel molecular
disruption and also avoid diffusion towards the porous aerogel
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(a) 0.32 g spongy graphene can remove 16.1 g of dodecane. (b) Sorption efficiency for various oils and organic solvents. (c) Recyclability for 10

cycles. Reproduced from ref. 48 with permission from John Wiley and Sons.
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(a) Piece of GF size of 1.8 cm x 1.1 cm x 1.2 cm standing on a dandelion. (b) Adsorption efficiency considering weight gain. (c) Comparison of the

adsorption capacities of common carbon-based materials. Reproduced from ref. 67 with permission from John Wiley and Sons.

given that surface molecules attempt to close pack together. It was
also reported that the graphene/CNT aerogel could continuously
remove organic pollutants and oil in an aqueous system via
pressure-driven adsorption. Only 350 mg of the graphene/CNT
aerogel could separate about 10 L of oil in combination with a
vacuum system. Thus, the hybrid aerogel can act as a superior
filter for the removal of oil, even after saturation.

Wan et al. reported a green and facile method to synthesize
graphene/CNT aerogels having a very low density (6.2—
12.8 mg cm ) via a single-step hydrothermal redox reaction.
With an enhanced GO/CNT mass proportion (7:1 and 3:1), the
adsorption capacities reached 100-270 times their weight
depending on the density of the adsorbed organics. Moreover, the
graphene/CNT aerogels retained excellent stability and reusability
after continuous adsorption-squeezing experiments.”

More interestingly, a hydrothermal process to synthesise a
graphene aerogel starting with graphene oxide was reported,
which was utilized as a template for growing CNTs.”® The in
situ-grown CNTs on graphene sheets provided a hierarchical
hybrid structure having a low density, exceptional hydrophobicity
and oleophilicity together with improved surface area possessing
meso- and micro-scale pores. Thus, the hybrid structure exhibited
greater adsorption capacity than reduced graphene oxide itself.
The material displayed a steady adsorption capacity throughout
repeated adsorption/burn operations and retained more than
90% adsorption capacity over 10 cycles (Fig. 5a and b). The
adsorption capacity exhibited by the hybrid aerogel for various
organic liquids is shown in Fig. 5¢ with a maximum capacity of
322.8 + 8.3 g g for ortho-dichlorobenzene. Hence, it can adsorb
various oils with excellent reusability. By employing in situ
burning, the adsorbed solvents were removed easily, while the
aerogel retained its porous framework without being burnt in air
or collapsing, indicating the outstanding fire resistance and
thermal stability of the rGO/CNT aerogel (Fig. 5d).

Physical absorption can also be employed as an eco-friendly
and efficient route for removing organic contaminants from
water. Zhan and co-workers introduced 1D poly-dopamine-
functionalized multiwalled carbon nanotubes in a graphene
aerogel to prepare a robust and ultra-lightweight composite
aerogel for the effective absorption of organic pollutants.””
Environmental pollution was greatly reduced by using this

6820 | Mater. Adv, 2021, 2, 6816-6838

composite, as no reducing agents were used for its formation.
The surface area and stability of the composite were significantly
enhanced after combining with multi-walled carbon nanotubes
(MWCNTs). The reduction in pore size improved the capillary
flow and absorption for organic contaminants, ranging from 125
to 533 g g~ ', which exceeded that of most of reported absorption
materials. Moreover, the composite displayed an outstanding
reusable performance in absorption-combustion, absorption-
distillation and absorption-squeezing cycles depending on the
characteristics of the various organic solvents.

In another interesting study, fluffy spheres of CNTs/
graphene/nickel were developed by employing renewable
carbon sources.”® Carbon-encapsulated nickel nanoparticles
were prepared through the hydrothermal carbonization of
potato starch at a low temperature and catalytically graphitized
and cracked in biogas at 700 °C. The graphene shells were
peeled off to form graphene nanoplatelets and MWCNTSs grew
and in situ integrated into the platelets. For the removal of
organic solvents from water, the prepared nanocomposite
showed an exceptional performance with an adsorption capacity
ranging from ~112 to ~145 g g~ .

Cai et al. reported the synthesis of an aerogel, rGO/amino
MWCNT, through the chemical reaction between the -COOH
groups on GO and -NH, groups on amino MWCNT in combination
with a freeze-drying and high-temperature annealing process.” The
presence of strong chemical bonding enhanced the hydrophobic
property and microstructures of the hybrid aerogel. Oil-
water separation experiments and adsorption tests proved the
outstanding adsorption capability of the aerogel for various oils
and organic solvents such as dichloromethane (242.31 g g %),
acetone (219.54 g g '), sesame oil (156.35 g g '), ethyl acetate
(152.79 g ¢~ ") and cyclohexane (122.46 g g~ ). Moreover, oil-water
separation was achieved within 25 s.

Decorating graphene/CNT-based sorbents using magnetic
nanoparticles facilitates their easy collection after saturation
using a magnetic field. Moreover, they can be employed to
‘mop-up’ oil on the surface of water with the help of a
permanent magnet to move them around to track oil spills.®®
Even if the sorbent is accidentally smashed, all the broken
pieces of sorbent can be safely recovered. Based on their facile
synthetic methods, high adsorption capability, stable cyclic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Adsorption recyclability of hybrid aerogel over ten cycles. (b) Retained adsorption capacity exhibited by the sample. (c) Adsorption capacity of

hybrid aerogel for different organic liquids. (d) Outstanding thermal stability, and hence reusability of hybrid aerogel via combustion. Reproduced from

ref. 76 with permission from Elsevier.

performance, etc., graphene-CNT hybrid structures show huge
potential in water decontamination and oil remediation. The
performance of graphene-CNT hybrids for the removal of
various oils and organic solvents is summarized in Table 1.
Further research to control the functional groups on graphene
surface to couple selective adsorption characteristics and
achieve the highest hydrophobicity is essential in this area.

3. Adsorption of dyes

With the rapid industrial development, water pollution
resulting from organic dyes discharged from the textile, leather,
food, plastic, paper, cosmetics and pharmaceutical industries
without adequate treatment processes has become a serious
problem affecting aquatic life, human health and the ecosystem
because of their colour and high chemical oxygen demand.®"*
The release of exceedingly coloured waste interferes with the
transmission of light, and thus upsets biological processes,
causing harm to aquatic systems. Many organic dyes exhibit
resistance to bio-degradation. Moreover, they are stable to light,
chemical treatments etc., and thus result in high bio-toxicity and
carcinogenic effects. Therefore, the development of innovative
treatment processes for the efficient removal of dyestuffs has
attained great importance and special interest.®* Most dyes are

© 2021 The Author(s). Published by the Royal Society of Chemistry

dissolved in cationic (Rhodamine B, methylene blue, malachite
green, etc.) or anionic (Bordeaux red, methyl orange, rose Bengal
sodium salt, etc.) forms. Thus, the rich porous structure and vast
surface area of graphene/CNT hybrids allow the diffusion and
provide storage space for dye molecules. Moreover, electrostatic
and efficient m-n interactions can be exploited to take full
advantage of these materials for the effective adsorption of dyes,
particularly those having aromatic structures.

In this regard, an graphene/CNT hybrid aerogel obtained via
the supercritical CO, drying of its aqueous gel precursors was
reported.®* The ultralight hybrid aerogel exhibited high
conductivity (7.5 S m™'), ample pore volume (2.58 cm® g™ ),
large surface area (435 m® g~ ') and excellent scavenging ability
for basic dyes as a sorbent. It exhibited an adsorption capacity of
145.9 mg g~ ' for Rhodamine B, which is higher than that with
substances such as Rhizopus oryzae biomass (39.08 mg g ),
O-carboxymethyl chitosan-N-lauryl (38.5 mg g ")* and porous
graphitic carbon (73.0 mg g ')® for the same dye. The acid-
treated MWCNT/graphene hybrid aerogel exhibited an
adsorption capacity of 190.9 mg ¢~ * for methylene blue, which
is much higher than that with most of the conventional
adsorbents under similar conditions for the same dye.®” For
the adsorption of acid fuchsin, the MWCNT/graphene and acid-
treated MWCNT/graphene hybrid aerogels exhibited an adsorption
capacity of 66.4 mg g~ ' and 35.8 mg g ', respectively (Fig. 6).

Mater. Adv,, 2021, 2, 6816-6838 | 6821
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Table 1 Performance of graphene—CNT hybrids for the removal of various oils and organic solvents

Review

Sl Removal
No. Type of material Synthetic method Target capacity (g g~') Ref.
1 CNT sponge CVD using 1,2-dichlorobenzene and ferrocene Various oils and organic solvents 80-180 50
2 Spongy graphene Reducing graphene oxide platelets in suspension Petroleum products, fats, toluene, alkanes, 20-86 48
followed by shaping via moulding and other organic solvents
3 Nitrogen-doped Hydrothermal reaction of graphene oxide using pyrrole Various oils and organic solvents 200-600 67
3D graphene
4  Graphene/CNT Two-step CVD including CNT growth on graphene-Ni ~ Compressor oil, sesame oil, toluene, 80-130 14
hybrid foam substrate followed by removal of Ni chloroform, dimethylformamide, etc.
5 Graphene/CNT Freeze drying aqueous solutions of graphene oxide sheets Crude oil, motor oil, vegetable oil, n-hexane, 215-913 69
aerogel and CNTs followed by reduction ethanol, toluene, 1,4-dioxane, chloroform,
etc.
6 Graphene/CNT Reduction of graphene oxide in presence of Fe nano- Various oils (gasoline), fats (vegetable oils 21-35 70
aerogel particles and formation of graphene-CNT hydrogel and paraffin) and organic solvents (toluene
followed by freeze drying and tetrahydrofuran)
7  Graphene-CNT Hydrothermal redox reaction involving the addition of =~ Various oils and organic solvents including 100-270 75
aerogel ethylenediamine to graphene oxide-CNT dispersion n-hexane, toluene, phenixin and lube
followed by heating and freeze drying
8 Graphene-CNT Preparation of graphene aerogel using GO via a hydro-  Petroleum products, chloroform, hexane, 110-330 76
aerogel thermal process followed by in situ growth of CNTs octane, peanut oil, ortho-chlorobenzene,
etc.
9  Graphene/ Preparation of GO/MWCNT-PDA hydrogel followed by  Acetone, chloroform, n-dodecane, n-hexane 125-533 77
MWCNT-PDA  freeze drying and annealing and n-heptane
composite
aerogel
10 CNTs/graphene/ Catalytical graphitization of carbon encapsulated Ni Various oils and organic solvents-hexane, 112-145 78
Ni fluffy spheres nanoparticles followed by cracking and in situ growth of gasoline, chloroform, diesel, toluene and
MWOCNT into the graphene nanoplatelets dichlorobenzene
11 rGO/amino Reaction between GO and amino MWCNT together with Ethyl acetate, cyclohexane, dichloromethane, 122-242 79

MWOCNT aerogel freeze-drying and annealing

= A graphene/c-M WCNT hybrid aerogel
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Fig. 6 Adsorption of dyes: methylene blue (A), fuchsin (B), Rhodamine B
(C), and acid fuchsin (D) by graphene/MWCNT hybrid aerogel. Reproduced
from ref. 84 with permission from The Royal Society of Chemistry.

The electrostatic repulsion between the adsorbed acidic dyes
and hybrid aerogels caused relatively lower capacities.

In an interesting work by Ai and Jiang, a graphene-CNT
aerogel exhibited an outstanding performance in removing
methylene blue from an aqueous solution with a maximum
adsorption capacity of 81.97 mg g . The removal efficiency was
97% at the initial MB concentration of 10 mg L™ '.*® Kotal
and Bhowmick reported that hybrid materials based on CNT
chemically bonded to reduced graphene oxide exhibited a

maximum adsorption capacity of 245 mg g ' for crystal

6822 | Mater. Adv, 2021, 2, 6816-6838

acetone and sesame oil

violet (greater than that using magnetic-modified MWCNT
(228 mg g™ ')) and 219 mg g~ ' for Rhodamine 6G (greater than
using cane sugar-reduced graphene (55 mg g~ *)).*°

With the progress in adsorption research on graphene/CNT
hybrid structures, there have been constant efforts to develop
all-carbon nanoarchitecture membranes having improved
membrane selectivity and superior water permeability. By inter-
calating surface-functionalized multi-walled carbon nanotubes
with a small diameter into rGO sheets, Goh et al. developed
exceptionally stable membranes, which could reject almost
100% organic dyes having different charges (cationic:
Rhodamine B and methylene blue and anionic: Acid Orange 7).
The exceptional stability exhibited by these materials resulted
from the van der Waals force and n-r interactions between the
rGO sheets and MWCNTSs. Moreover, their water permeability of
52.7 L m~> h™" bar™' was 4.8 times that of pristine rGO
membrane and 5-10 times greater than that most commercial
nanofiltration membranes.”

Lee et al. synthesised a hybrid graphene-CNT aerogel by
growing CNTs on the surface of a graphene aerogel using a
nickel catalyst.”* The large specific surface area together with
mesoporous nature of the hybrid material made it suitable for
water treatment. The hybrid aerogel obtained via the chemical
vapour deposition of CNTs on graphene metal salts (G-CNT_A)
exhibited a superior adsorption capacity for methylene blue of
626 mg g '. Van der Waals forces together with the m-m
interaction among the nanocarbon materials and organic dyes
resulted in high adsorption. It could effectively remove anionic
and cationic dyes from water. The adsorption capacity of
G-CNT_A for methyl orange was 532 mg g ' and Congo red

© 2021 The Author(s). Published by the Royal Society of Chemistry
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was 560 mg ¢, which was much greater compared to that of other
graphene-based adsorbents (methyl orange: 101.34 mg g~ *°> and
Congo red: 33.66 mg g '*%). The adsorption capacity for crystal
violet of 575 mg g~ ' was greater than that obtained with the hybrid
material based on CNT chemically bonded to reduced graphene
oxide (245 mg g~ '). Moreover, owing to its magnetic nature, the
aerogel was easy to separate from water and could be readily
recycled and reused.

Chen et al. reported a promising nanofiltration membrane
prepared by loading rGO intercalated with CNTs on an anodic
aluminium oxide microfiltration membrane using a facile
vacuum-assisted filtration method. The membrane was used
to separate dyes, nanoparticles, organophosphates, sugars,
proteins, and especially humic acid from water. It had
good permeability, good anti-fouling properties and high
retention efficiency. The retention was greater than 97.3%
for methyl orange and the permeability of the membrane was
20-30 L m > h™" bar ".** Ansari and co-workers employed an
oxidative polymerisation technique to combine MWCNT-GO
composites with polyaniline, and to generate additional func-
tionality, doped them with p-toluene sulfonic acid.”> The
composite was successfully employed for the adsorptive
removal of Congo red dye and Cr**, and the maximum adsorp-
tion of Congo red dye and Cr*" was observed at 30 °C in acidic
medium. The highly functionalised nanocomposite system
enabled the removal of multicomponent pollutants from aqu-
eous solutions.

Huang et al. dispersed GO and modified CNTs (MCNTSs) in
water, mixed them with toluene, and then porous graphene-
CNTs composites were synthesised via hydrothermal reaction.”®
By varying the ratio of GO/MCNTs to toluene, the pore size of
the composite could be controlled. With a decrease in pore size,
the equilibrium adsorption capacity increased and the rate of
adsorption decreased. The nanocomposite could maintain good
adsorption capacity for methylene blue even after 5 cycles.

Electrochemically enhanced adsorption (electro sorption)
can be effectively applied for the superior removal of organic
pollutants. For the electrosorption of organic dyes, Yue et al.
developed a freestanding porous rGO/SWCNT film as a flexible
electrode material by assembling SWCNTs and spherical
polystyrene into a graphene film, and subsequent reduction
and calcination at 500 °C in Ar for 1 h.°” The 3D porous
structure and highly crumpled surface enhanced the diffusion
of ions and adsorption. For methylene blue, the film exhibited
outstanding recyclability with observed maximum adsorption
capacity of 13.01 g ¢~ * and the capacity retention after the 5th
cycle was ~103%.

a-FeOOH anchored by a GO-CNT aerogel nanocomposite was
fabricated via a hydrolysis process and employed as a persulfate
activator (a-FeOOH®@GCA + K,S,05g) for the decolourisation of
Orange II. The decolourisation of the dye was enhanced to
~99% compared to that of the pristine a-FeOOH (~44%) or
GO-CNTs (~18%). The enhanced catalytic activity resulted from
the formation of a heterojunction by GO-CNTs and a-FeOOH, as
confirmed by the presence of Fe-O-C bonds. In the case of
recycling, the decolourisation efficiency of the dye by the

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

activated persulfate system dropped from the first to third cycle.
However, the addition of a small amount of Fe** or ultraviolet
irradiation could restore the activity of the system.’®

Yao et al. fabricated highly porous graphene/carbon nano-
tube hybrid beads possessing high mechanical strength
through the self-assembly of graphene and CNTs together with
a poly-acrylonitrile coating and KOH-activated carbonization.”®
The hybrid beads possessed a high specific surface area of
1270 m* g, hierarchical porous structure and low density of
57 mg mL™'. Moreover, they exhibited outstanding
cyclic resilient property, excellent mechanical stability and the
maximum adsorption capacity for methylene blue reached
~521.5 mg g .

Hu et al. reported the preparation of 3D graphene oxide/
carbon nanotube nanostructures having a large surface area via
a freeze-drying method.'®® The prepared nanostructures with
GO:CNT = 1:5 had a surface area of 257.6 m> ¢ ' and could
adsorb both anionic (methyl orange) and cationic (Rhodamine B)
dyes in aqueous solution. The maximum adsorption capacity
for methyl orange of 66.96 mg g ' and Rhodamine B of
248.48 mg ¢~ ' was better than that of modified graphene oxides
or CNTs. Hence, the synergistic effect of 1D CNTs on 2D graphene
can provide a uniform 3D nano filtration membrane, which
results in elevated permeability and separation -capability.
However, studies regarding the practical separation applications
of these hybrid structures are limited, further research to develop
smart porous membranes is anticipated to occur in the near future.

4. Removal of heavy metal ions

As a consequence of urbanization and rapid industrialization
over the past few decades, plenty of toxic metal ions have been
discharged from industries such as fertilizer production,
mining operations, storage batteries, metal processing plants,
metal plating, and alloy industries into the environment without
adequate treatment processes.'** % These contaminants, which
are not biodegradable, easily accumulate and cause toxic effects
to ecosystems and public health. For the removal of various
metals, several methods such as ion-exchange, membrane
filtration, chemical precipitation, electrochemical treatment,
advanced oxidation, reverse osmosis and adsorption have been
developed.'®*'* Among them, adsorption is widely employed
for the removal of metals owing to its high efficiency, simple
design, ease of operation, low maintenance cost and capability of
metal recovery.

Carbon-based nanocomposites have shown promising
adsorption performances towards these pollutants. The adsorption
process is driven by (i) electrostatic interactions,"*>"” (ii) ion
exchange process'®® and (iii) surface complexation with metal
ions.’®>'1 In the case of electrostatic interactions, heavy metal
cations are attracted by the oxygen functionalities (-OH, -O-,
—-COOH, etc.) on the surface of the adsorbent, which are
negatively charged. For ion exchange, metal cations replace
the H;0" groups present in the adsorption sites. Similar to the
adsorption of cationic dyes, the adsorption capacity can be
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improved by increasing the pH for both mechanisms. Conversely,
it is also essential to prevent a high enough pH for precipitating
metal hydroxides.'”® Moreover, the adsorption of metal on
graphene is endothermic, an enhanced adsorption capacity can
be achieved at a higher temperature.

Hybrid polymer-GO sponges have attracted considerable
interest for the removal of metal ions, and in this regard,
chitosan-gelatin/GO monoliths with high porosity (>97%)
were synthesised using a unidirectional freeze drying method
for the adsorption of Pb** and Cu®".""" The introduction of GO
considerably enhanced the porous structure and compressive
strength of the hybrid monolith. They exhibited high stability,
and hence only a slight reduction in adsorption ability was
observed even after recycling several times. Moreover, they are
nontoxic and biodegradable.

3D graphene-CNT hybrid networks have been deeply
investigated on account of their easy separation and large
specific surface area. They exhibit outstanding potential for
removing heavy metal ions such as Cu®**, Pb*", As*" and U®".
A previously mentioned graphene/CNT hybrid aerogel®* showed
high scavenging ability for heavy metal ions as binding species.
The binding capacity exhibited by the acid-treated MWCNT/
graphene hybrid aerogel for various metals including Pb>*
of 0.51 mmol g~ (104.9 mg g '), Hg”" of 0.46 mmol g~*
(93.3 mg g7 '), Ag" of 0.59 mmol g~ (64 mg g ') and Cu®* of
0.53 mmol g~ (33.8 mg g~ ') was much greater than that of the
MWCNT/graphene hybrid aerogel for the same metals as
follows: Pb**-0.21 mmol g~* (44.5 mg g~ "), Hg>"-0.38 mmol g "
(75.6 mg g7"), Ag-043 mmol g ' (46 mg g ') and
Cu®*-0.15 mmol g~ ' (9.8 mg g "), as shown in Fig. 7. This is
because electrostatic interaction mainly controls the binding of
ions to porous hosts'** and the acid-treated MWCNT/graphene
hybrid aerogel possessed more oxygen-containing groups, which
led to the efficient binding of ions."**"**

It is also interesting that the incorporation of iron minerals
in the graphene/CNT networks has the advantage of preventing
the aggregation of the carbon nanostructures. Moreover, the

081 mm 2raphene/c-MWCNT aerogel
0.7 mm graphene/MWCNT aerogel
8 sraphene aerogel

Adsorption capacity (mmol g!)

Pb2+
Heavy metals

Ha 2+ Ag+ Cu2+

Fig. 7 Adsorption capacity of graphene/MWCNT hybrid aerogels for
heavy metal ions. The related adsorption capacity of the graphene alone
aerogel is also shown for comparison. Reproduced from ref. 84 with
permission from The Royal Society of Chemistry.
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facile separation of the trapped metals can be easily achieved by
exploiting their intrinsic magnetic properties.™” In this regard,
Zhang et al. synthesised a graphene-CNT hybrid aerogel via the
hydrothermal reduction of GO and CNTs with the addition of
ferrous ions.''® Owing to its competent porous structure, it
exhibited efficient removal of lead ions of 232-451 mg g ',
which is higher than that of other carbon-based adsorbents,
including carbonaceous nanofiber membranes (221 mg g~ ')
and pure graphene aerogels (374 mg g~ '). The amount of CNTs
and ferrous sulphate used had a significant influence on the
metal removal efficiency, and that prepared using 30% CNTs had a
higher efficiency among the samples with same amount of ferrous
sulphate. Moreover, the mass production of graphene-CNT-iron
oxide hybrid structures was achieved via a one-pot microwave
route, which is highly versatile.""” Owing to its open porous
nanostructures and high aspect ratio, the hybrid material exhib-
ited efficient removal of arsenic from contaminated water (Fig. 8).

To separate and remove As®* and Pb®" from contaminated
water, 3D GO membranes bridged with glutathione-conjugated
CNT were developed, which could capture As®* (>96%), As®
(>92%) and Pb>" (>98%)."'® The excellent removal efficiency
is attributed to the high affinity of As®* and Pb>" for
glutathione, since they can both bind to glutathione using
-SH. Moreover, the open pore network of the CNT-bridged
GO membrane facilitated the fast diffusion of As®**, As®* and
Pb*>" inside the 3D network, which resulted in a high adsorption
capacity (Fig. 9a—c). In contrast, only 12% of As**, 9% of As**
and 18% of Pb>* could be removed using the 3D GO membrane
bridged with CNT (without glutathione) (Fig. 9d).

The removal of uranium has gained remarkable attention
owing to the radioactive damage it causes to human health and
the ecology. Graphene-CNT aerogels exhibited a high efficiency
for the removal of U®" with a monolayer sorption capacity of
86.1 mg g “.'"° Diethylenetriamine-functionalized CNTs
dispersed in GO colloids were synthesised for the selective
solid-phase extraction and analysis of trace-level Cr’*, Fe*',
Pb>", and Mn*" ions in wastewater.'*® The solid-phase sorbent
could achieve maximum static adsorption capacities up to 95%
for Cr** (5.4 mg g "), Fe’ (13.8 mg g~ '), Pb>* (6.6 mg g~ ') and
Mn** (9.5 mg g~ ') within about 30 min. Moreover, common
coexisting ions had no substantial interference on the pre-
concentration and separation of these ions at pH 4.

Interestingly, hydrosols of CNTs/GO sealed in dialysis bags
showed outstanding efficiency for the elimination of trace Gd**
from water, without re-pollution.'®* The hybrids having an
Mcnrs : Mgo ratio ranging from 1:8-1:2 showed a remarkable
synergistic effect because during the adsorption process,
restacking of the GO nanosheets was inhibited by the CNTs.
The theoretical maximum Gd*" adsorption capacity of
534.76 mg g ' (t = 60 min, pH = 5.9, and T = 303 K) with an
86.42% increase compared to GO was exhibited by the hybrids
having Mcnrs:Mgo = 1:6. Moreover, a sorption capacity of
347.83 mg g~ ' was retained in the fourth cycle, indicating its
exceptional regeneration performance.

Recently, an ultra-lightweight and robust 3D graphene/
polydopamine-modified MWCNT hybrid aerogel with
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adsorption capacities as large as 318.47 mg g~ ' for Cu®>" and
350.87 mg g ' for Pb>* was synthesised.'”® The synergistic
effects of surface complexation and chelation between the
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Fig. 9 (a) As®*, (b) As®*, and (c) Pb?* removal efficiency using 3D GO
membrane bridged with glutathione-conjugated CNT. (d) Removal effi-
ciency for 3D GO membrane bridged with CNT. Reproduced from ref. 118
with permission from the American Chemical Society.
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(a) Growth of CNTs on graphene. (b) Amino functionalization of graphene sheets. Reproduced from ref. 117 with permission from the American

active sites in the hybrid aerogel and metal ions caused the
exceptionally high adsorption. In another report, a graphene/
CNT hybrid was added to the structure of activated carbon (AC)
to improve the adsorption of Mn>* from aqueous solutions."??
The maximum adsorption exhibited for the AC/G/CNT
composite of 96.18% was greater than that for AC (89.38%)
after 30 min. The introduction of the G/CNT hybrid enhanced
the efficiency by 7.5% under same conditions by creating more
pores and improving the surface properties of AC.

Graphene/CNT hybrid materials can effectively be employed
as an environmentally friendly sensing electrodes for the
detection of heavy metal ions, which are much better than
either graphene or CNT alone. In this regard, Huang et al.
prepared 3D graphene/MWCNT hybrid nanocomposites via the
direct electrochemical reduction of GO-MWCNT nanocomposites.
The glassy carbon electrode (GCE) modified with the G-MWCNTs
exhibited high sensitivity for the electrochemical detection of
trace amounts of Cd** and Pb** ions, with the lowest detection
concentration of 0.5 pg L™ * for Cd** and 0.5 pug L™ * for Pb*>*. The
synergistic effect of MWCNTs and graphene improved the
preconcentration efficiency of metal ions and accelerated
the electron transfer rate at the G-MWCNT/electrolyte interface,
which led to an enhanced detection sensitivity.'>*
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Hybrid structures of functionalized CNTs and graphene-
based materials exhibit outstanding selectivity and high
sensitivity for metal ions. In this regard, self-assembled electro-
chemically cleaved graphene sheets (EGNs) and xanthate-
functionalized CNT hybrids were developed to fabricate an
improved carbon paste electrode for an electrochemical sensor
with high sensitivity and specificity. EGNs improved the
electrical conductivity of the hybrid electrode. Additionally,
the introduction of EGNs dispersed the functionalized carbon
nanotubes to enlarge the electroactive surface area, which
possessed a large number of active reaction sites for electro-
chemical reactions.'>® Owing to their fast electron transfer and
much better adsorption, they exhibited good response and
specificity for the detection of Cu®".

Double-walled carbon nanotube-graphene hybrid thin films
synthesized on copper foil via chemical vapour deposition
under low pressure exhibited high transparency with 94.3%
transmittance. This hybrid material when transferred onto the
surface of screen-printed electrodes enhanced the surface area
by 1.4 times and electrochemical current by 2.4 times, which
was employed for the enzymatic electrochemical detection of
As®*. The fabricated sensor exhibited good stability, precision
and excellent reproducibility.*®

Recently, a glassy carbon electrode (GCE) modified with an
electrochemically reduced GO-MWCNT-L-cysteine (ErGO-MWNTs-
L-cys) nanocomposite using the drop-casting method was
successfully employed for the detection of lead ions. The
presence of rich -NH, groups, large surface area and electrical
conductivity of the composite significantly improved the
selectivity and sensitivity for the detection of lead ions. The
voltammograms of from differential pulse anodic stripping
voltammetry illustrated that the anodic peak currents were
directly proportional to the concentration of lead ions in the
range of 0.2-40 ug L™ " with a limit of detection of 0.1 pg L™"
(S/N = 3). Moreover, the nanocomposite-modified GCE exhibited
satisfactory reproducibility and stability, and hence is suitable
for the fabrication of stable sensors.>” Thus, graphene-CNT
hybrid-based sorbents hold great promise for potential applica-
tions in the detection and removal of metal ions.

5. Gas sensors

The development of gas sensors that can operate at room
temperature has attracted considerable attention owing to their
excellence in avoiding high temperature, which leads to easy
integration, power consumption at a low level and good
stability.'*® However, semiconductor metal oxide-based gas
sensors demand high temperature for activating their semi-
conductor properties for the detection of gases, limiting their
application for gas sensing at room temperature.'>’

Carbon nanostructures exhibit great potential for gas
sensing applications owing to their strong covalent bonds, high
stability under diverse environmental conditions, unique
electronic properties, low cost and ease of composite for-
mation. Owing to its large surface area and unique electrical
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properties, graphene is suitable for efficient gas sensing
applications. At room temperature, mechanically exfoliated
graphene sheets utilized in gas sensing devices exhibited
remarkably low detection noise levels.**® However, despite the
great potential demonstrated by graphene for application in
chemical sensors, its mass production and integration into
device architecture are challenging for the viable fabrication of
sensors. Even though cost-effective methods for the large-scale
fabrication of graphene have been achieved via chemical
exfoliation and used for NO, sensors, its response was unstable
and relatively weak."*""*> CNTs also exhibit outstanding
potential for the detection of several gases."”®'** Even though
a more rapid and larger gas sensing response is shown by CNTs
than that of graphene, the integration of CNTs onto flexible
substrates is a big challenge owing to their imperfect contact
with metal electrodes. Moreover, the slow recovery of CNT-
based gas sensors and complexity of their fabrication limit their
applications. Accordingly, 3D carbon nanostructures made of
CNTs and graphene are suitable candidates for the fabrication
of gas sensors operating at room temperature owing to their
excellent chemical and physical stability, large surface area,
high carrier mobility at room temperature and detectable
resistance change after adsorption or desorption.

In this regard, a flexible NO, sensor employing hybrid films
of vertical CNTs and reduced graphene was developed.’** The
sensor was prepared using a PI substrate (polyimide), gold
electrode, hybrid films of CNTs/reduced graphene and an
Ni/Cu micro heater. After 60 min exposure, the reduced
graphene films exhibited no noticeable NO, sensing, whereas
the growth of vertical CNT arrays on the surface of reduced
graphene increased the sensitivity by 20%. Moreover, an
increase in resistance was observed with a 15 mm bending
radius. Stable sensing performances even at extreme bending
stress were achieved owing to the exceptional flexibility of
reduced graphene.

Kaniyoor and Ramaprabhu synthesised G/MWCNT hybrids
via the solution phase mixing of graphene suspensions and
MWCNT."'* The aggregation of graphene was further prevented
by dispersing nanoparticles of Pt into the hybrids. Using
Nafion, the ternary hybrid was solubilized and the drop-
casting method was used to fabricate a sensor. At room
temperature, the sensor coated on an Al,O; substrate exhibited
increased sensitivity to H,. The response time and sensitivity
almost linearly increased with the H, concentration. Moreover,
the ternary hybrid structure exhibited remarkable stability and
repeatability.

In another report, a graphene/CNT 3D hybrid was developed
via two-step CVD under atmospheric pressure."*® The developed
monolithic graphene foam conformally covered with a dense CNT
mesh could be efficiently employed as electrochemical electrodes
in sensors. Modification using horseradish peroxidase and Nafion
enabled the detection of H,O, over a wide range (10 pM-1 mM),
exhibiting a high sensitivity of 137.9 mA M ™' em™? and detection
limit as low as ~1 uM with S/N ~17.4.

Graphene materials based on rGO have attracted great
attraction for gas sensing owing to the controllable tuning of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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their semiconductor properties using surface modification,
bulk quantity production and low cost.”*”"**® However, these
sensors experience certain inadequacies of long recovery time
and low response, limiting their wide applications. Surface
modification of rGO using covalent or noncovalent methods
enables the fabrication of highly efficient sensing materials by
tuning its semiconductor properties. SnO, was employed
to modify rGO"* "> for the detection of nitrogen dioxide,
hydrogen sulphide and acetone, but the operating temperature
was relatively high. SnO,-rGO hybrids operating at low
temperature have also been developed,'****> but the sensing
performances (recovery time, response time and sensitivity) of
these sensors require further enhancement for practical
applications. Thus to satisfy this requirement, MWCNTs were
introduced and rGO-MWCNT-SnO, was fabricated via the
hydrothermal method and a room temperature NO, sensor
was developed, which exhibited good stability, high selectivity,
high response, fast response and high recovery rate."*®

The integration of CNT and graphene, achieved by coupling
through poly(ionic liquid) (PIL) as an inter-linker, resulted in
active chemical and temperature sensors.'*’” For chemical
sensing applications, the hybrid composite could function as
a chemo resistor for the detection of various volatile organic
compounds at room temperature and exhibited a better
performance in sensitivity (at ppm level), faster signal response
and lower detection limit compared to graphene-only devices.
Moreover, a temperature sensor was also fabricated using the
hybrid materials, which exhibited a fast response to a small
temperature gradient with high stability and sensitivity.

Interestingly, a surface plasmon resonance (SPR)-based fibre
optic sensor was developed for methane gas sensing, where
four varieties of probes were made up by coating an unclad core
of fibre with silver, and then using any of the sensing
over-layers of CNT, rGO, G/CNT and G/CNT/PMMA nano-
composite. The interaction of methane molecules with the
sensing over-layer changed the dielectric constant of the sensing
layer. With an increase in methane concentration, a red shift was
observed in the resonance wavelength. The probe coated using
the G/CNT/PMMA nanocomposite over-layer showed higher
selectivity for methane gas than that with the CNT, rGO, and
G/CNT sensing over-layers. Moreover, the doping concentration
of 5 wt% G/CNT gave the maximum sensitivity."*®

Another significant factor affecting the performance of sensing
devices is humidity. A hydrophobic sensing material operating at
room temperature was developed by depositing hybrid films of
MWCNT/graphene on an Ni substrate employing microwave
plasma-enhanced chemical vapour deposition in the temperature
range of 500-700 °C and pressure of 20 torr."*® For ammonia
sensing, a quick response and recovery time of 96 s were observed
for the film deposited at 700 °C. Additionally, the hydrophobic
surface of the film enabled gas sensing even a in humid
environment.

A flexible NO, sensor fabricated from a tungsten trioxide
nanoparticle-loaded MWCNT/RGO hybrid on a polyimide
substrate exhibited a maximum response of 17% to 5 ppm, a
short response/recovery time of 7/15 min and low limit of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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detection of 1 ppm."™® Moreover, outstanding mechanical
flexibility was observed, even at a bending angle of 90° and
after 10° cycles of bending/relaxing process.

A 3D hybrid structure of MnO,/graphene/CNTs decorated
with gold nanoparticles (AuNPs/MnO,/G/CNTs), which was
sensitive to H,0,, was developed via a three-step method."*"
The MnO, nanoparticles attached to the G/CNT network
served as the active element for sensing H,0,. The uniformly
distributed gold nanoparticles on the surface of the MnO,
particles provided further active sites for adsorbing H,O,
molecules and enhanced the electrical conductivity of the
hybrid. The AuNP/MnO,/G/CNT hybrids exhibited outstanding
electrocatalytic activity for H,O, with appreciable sensitivity of
452 pA mM " em ™2 and low detection limit of 0.1 puM (S/N = 3).

3D graphene-CNT structures synthesized by CVD were
decorated with TiO, nanoparticles via the sparking method
and efficiently utilized for toluene sensing at room temperature.
The response for toluene was enhanced by more than 7 times
upon decoration using TiO, nanoparticles. 3D TiO,/G-CNT
had shown significantly greater selectivity and sensitivity than
graphene, CNTs, 3D G-CNT and TiO,-CNT over a concentration
range of 50-500 ppm at room temperature.'>”

An ammonia sensor employing Sn-TiO,/rGO/CNT nano-
composites was fabricated by Seekaew, Pon-On et al, which
exhibited outstanding response together with superior selectivity
to ammonia among various environmental gases and volatile
organic compounds at room temperature.””® The gas sensor
having a molar ratio of Sn/Ti = 1:10 exhibited the maximum
response to NH; among the ratios and pure Sn-TiO, and rGO/
CNT gas sensors.

A flexible and fully transparent UV sensor made up of
photoactive CNT networks and graphene electrodes was
reported with an improved photoresponse (30 times higher)
in comparison to a CNT-Au sensor."> The similar molecular
structure of CNT and graphene resulted in low contact
resistance between them, and hence enabled efficient charge
transfer (Fig. 10). Moreover, the CNT/graphene UV sensor exhibited
over 80% optical transparency at 550 nm and exceptional
mechanical flexibility without substantial variation in electrical
resistance over 500 cycles against external bending.

Recently, an optoelectronic device for NO, sensing at room
temperature was developed using an MoS,/rGO hybrid on
vertically aligned CNTs.'*® Together with an ohmic contact
with the hybrid material, the vertically aligned CNT produced
a weak charge impurity scattering in the rGO layers, which
improved the response time by 40% and photo responsivity by
236% compared to that of the gold-contacted device. Moreover,
under laser illumination, the complete recovery time of ~150 s
and outstanding sensitivity of ~41% at 100 ppm NO, were
demonstrated, which showed enhancements compared to
sensing in the dark.

The adsorption of gases by 3D graphene/CNT networks is a
relatively unexplored field of study, with only a few articles
published in the past few years reporting graphene foams as
adsorbents of CO,,"”*'" acetone™® and formaldehyde."
However, MWCNTs and graphene oxide were individually used
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Fig. 10 CNT/graphene UV sensor. Photo detection mechanism: CNT networks connect the graphene electrodes. In ambient air, CNT is p-doped by O,
adsorbed on its surface. UV light illumination causes oxygen desorption, and hence reduction in hole concentration in CNT, which leads to an increase in
electrical resistance. Reproduced from ref. 154 with permission from John Wiley and Sons.

as efficient supports for layered double hydroxides (LDH) for
enhancing the CO, sorption capacity of adsorbents, but their
stability subjected to TSA (temperature-swing adsorption)
cycles required improvement. To satisfy this, GO/MWCNT
hybrid systems were prepared with an enhanced surface area,
greater stability and compatibility for the active LDH
material.'®® The incorporated hybrid carbon network enhanced
the thermal stability of LDH for over 20 cycles and intensely
reduced the sintering observed with either MWCNT or GO
separately. Moreover, equal proportions of MWCNT and GO
resulted in maximum sorption (Fig. 11).

An interesting aerogel of carbon nanotube-enhanced amino-
functional graphene was synthesised by adding CNTs into
graphene oxide solution and reducing them using ethylene
diamine."® The improved microstructure of the aerogel and
-NH, groups on the graphene layer improved the chemical and
physical adsorption of formaldehyde. The breakthrough time of
the aerogel of 20300 min g~ ' was greater than that of reduced
graphene aerogels. Moreover, the aerogel exhibited an
adsorption capacity of 27.43 mg g~ '. The results showed that
together with physical adsorption, chemical adsorption also

Fig. 11 (a) GO-LDH. (b) Hybrid GO/MWNT-LDH. (c) MWNT-LDH. Repro-
duced from ref. 160 with permission from Elsevier.
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enhanced the removal of formaldehyde. Thus, in the future, the
integration of graphene-CNT hybrids in sensing devices can
enable effective environmental monitoring and remediation.

6. Catalytic conversion of pollutants

For the removal of toxic chemicals, various methods such as
adsorption, catalytic reduction and photocatalytic degradation
have been used.'®®'® To achieve efficient pollutant
transformation, high adsorption capacity is inevitable. Upon
irradiation of a photocatalyst with visible and/or UV light, their
valence band electrons get promoted to the conduction band,
thereby generating holes. The as-formed electron-hole pairs
move to the surface and initiate redox reactions with the
adsorbate. However, the catalytic efficiency of semiconductors
is largely limited because of their rapid electron-hole pair
recombination. In this regard, 3D graphene/CNT hybrids can
be employed as a competent platform for the conversion of
various contaminants with metal/metal oxide nanoparticles
owing to the following reasons. (i) The 3D network structure
can adsorb a large quantity of contaminants, (ii) the hybrid
structure can function as a suitable framework for the efficient
dispersal of the catalyst, which would otherwise aggregate
because of its high surface energy and (iii) the well inter-
connected 3D network facilitates fast charge transportation,
preventing electron-hole recombination. Thus, 3D CNT/
graphene hybrids exhibit significant potential for the efficient
conversion of pollutants.*®

Graphene-based materials having good electrical conductivity
and large surface area were prepared by pillaring GO and rGO
with CNTs via the chemical vapour deposition method, employing
acetonitrile as the carbon source and nickel nanoparticles as the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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catalyst."® The composite material exhibited outstanding
performance under visible light-activated photocatalysis for the
degradation of Rhodamine B dye owing to its unique
porous structure and the excellent electron transfer property of
graphene.

For the degradation of methyl orange in the presence of
H,0, under visible light, 3D CNT/rGO was implanted on Cu,O
composite spheres."®® The observed degradation on CNTs/rGO/
Cu,0 of ~99.8% was much greater than that on rGO/Cu,O of
~77.6%, CNTs/Cu,O of ~72.3% and pure Cu,O spheres of
~67.9%. Under visible illumination, the electrons in the
valence band of Cu,O were excited to the conduction band
and transferred to CNTs/rGO, which could collect and transport
electrons, leading to electron-hole separation. Meanwhile, the
H,0, molecules were reduced and the generated *OH radicals
directly decomposed the dye.

Wang et al. synthesised a graphene/MWCNT/TiO, hybrid via
the solvothermal method, which demonstrated improved
photocatalytic efficiency over graphene/TiO, in the degradation
of methylene blue and the reduction of Cr®* under UV
irradiation.’®® The photocatalytic activity was dependent on
the percentage of CNTs in the hybrid and optimal mass ratio
observed was MWCNTs: TiO, = 5%. CNTs served as charge
transmitting paths, thereby decreasing the recombination rate
of electron-hole pairs. For the degradation of methylene blue,
the apparent rate constant was 2.2 times greater and for the
reduction of Cr®", the value was 1.9 times greater than that of
the graphene/TiO, composite (Fig. 12).

Although adsorption has attracted great attention for the
removal of dyes because of its simple design, high efficiency
and economic feasibility, it causes second pollution in the
course of the recovery of the dyes.'®” In this regard, the catalytic

(2)

View Article Online

Materials Advances

oxidation of dyes has gained remarkable interest for treating
a huge amount of contaminated water with low energy
consumption. Especially, catalytic wet peroxide oxidation is
effective for removing various organic pollutants on a large
scale.'®®'7° A ternary hybrid of MnO,@CNT-reduced graphene
oxide was prepared, which exhibited superior catalytic activity
in comparison to MnO,@CNT in removing Basic Red 18 dye in
the presence of H,0, within a short time.'”! Moreover, the
hybrid exhibited excellent decolourisation through three
successive catalytic wet peroxide oxidations within 30 min.

Although Fe;O, nanoparticles possess peroxidase-like
catalytic activities and high electrocatalytic activity when loaded
on CNT supports, their catalytic efficiencies in aqueous systems
encounter some challenges owing to the poor dispersion of the
hydrophobic CNTs and low stability of the catalysts. In this
regard, amphiphilic GO nanosheets were employed to disperse
CNTs and a stable G/CNT/Fe;0, nanocomposite with improved
catalytic activity was synthesised.””> The nanocomposite
exhibited more efficient peroxidase-like catalytic activities
and electrocatalysis to H,O, and superior aqueous stability
compared to Fe;O, nanoparticles and CNT/Fe;0,4. Moreover,
the nanocomposite had advantages such as environmental
stability, magnetic separation and recyclability.

Interestingly, a composite aerogel of graphene oxide and
CNTs decorated with FeOOH nanoparticles was synthesized,
which exhibited remarkable catalytic activity for the degradation
of methylene blue, Rhodamine B, Orange II, phenol and BPA."”?
The 3D porous network enabled effective charge/mass transfer,
thereby improving the catalytic performance of FeOOH. The
efficient conversion between Fe*'/Fe*" and synergistic coupling
of FeOOH with the GO/CNT aerogel enhanced the photocatalytic
activity of the hybrid.
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Fig. 12 Linear transformed In(co/c) = kt of the kinetic curves of (a) methylene blue degradation and (b) photoreduction of Cr®* for TiO,, graphene/TiO»
and graphene/CNT/TiO, composites. Reproduced from ref. 166 with permission from Elsevier.
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Qu et al. prepared a heterostructured nanocomposite by
combining oxygen-modified monolayer graphite-like C;N, with
GO and nitrogen-doped CNTs, exhibiting outstanding activity
for the degradation of Rhodamine 6G in comparison to pure
0-g-C;N, and O-g-C;N,/GO under visible light irradiation.’”*
GO and nitrogen-doped CNT acted as electronic acceptors and
inhibited the recombination of electron-hole pairs (Fig. 13).
The nanocomposite was further employed for the removal
and degradation of tetracycline hydrochloride in water, which
confirmed its catalytic activity and recyclable stability.

In another study, Yi et al. reported the synthesis of 3D
graphene/CNT-supported copper nanocubes with platinum skin
via simple electrodeposition and galvanic replacement.’”® The
hybrid having a 3D interconnected network enabled quick mass
diffusion and rapid electron transfer. Consequently, the hybrid
exhibited outstanding electrocatalytic activity and superior
durability compared to the Pt/C catalyst towards the methanol
oxidation reaction.

Catalytic reduction has gained widespread attention for the
removal of toxic chemicals on account of its efficiency, cost
effectiveness, simple preparation and energy saving.'’®'”” 3D
N-doped graphene-CNT networks well encapsulated with Ni
nanoparticles were synthesised using Ni-based MOFs (metal
organic frameworks) and melamine as precursors.”® Among the
various products obtained, that pyrolyzed at 800 °C exhibited an
outstanding performance of ~99.6% reduction of Cr®* with
HCOOH, owing to the synergistic effects of the porous 3D
network together with high N-doping level and enormous ultra-
fine Ni nanoparticles (Fig. 14). In addition, its microstructure
and catalytic efficiency remained unchanged even after the 10th
recycling, signifying its exceptional stability.

Pollutants Poliutants

Products Pollutants

GO 0-g-CaNs N-CNTs

Fig. 13 Electron transfer and photocatalytic degradation of pollutants by
0O-g-C3N4/GO/N-CNT under visible light irradiation. Reproduced from ref.
174 with permission from the American Chemical Society.
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Fig. 14 Cr®* reduction with HCOOH using 3D Ni@N-CNTs/N-G. Repro-
duced from ref. 178 with permission from Elsevier.

Tran et al. reported the eco-friendly and simple synthesis of
a partially reduced GO/CNT/Fe/Ag hybrid within 10-30 s via
simple microwave irradiation."”® During the reduction of
4-nitrophenol using NaBH,, the hybrid exhibited exceptional
catalytic efficiency with a rate constant of ~14.66 x 107> s~ .
By utilizing its large surface area, graphene oxide helped to
immobilize more Ag nanoparticles and rGO/CNT promoted
electron transfer in the reduction of 4-nitrophenol owing to
its high electrical conductivity. Fe nanoparticles and Fe;C
enabled easy recovery with the help of an external magnet.
Moreover, the hybrid retained stability and catalytic efficiency
even after the 5th cycle.

In another interesting study, sorption and catalysis were
simultaneously realized for the effective removal of As®" and
Se®" over magnetic GO/oxidized CNT hydrogels."®® Sorption
facilitated the catalytic reactions; meanwhile, catalytic
reduction supported the release of the occupied sorption sites,
and thus resumed another sorption-catalysis cycle. The insertion
of oxidised CNTs increased the pore volume and specific surface
area of the GO hydrogel, which enabled a further enhanced
decontamination performance. The hybrid exhibited an
outstanding decontamination capacity of 258.2 mg g~ ' for As>*
and 46.2 mg g~ for Se®". Ultra-fast removal equilibriums were
identified within 9 min for As®" and 2 min for Se®'; moreover,
remarkable stability was also exhibited in repeated experiments.

Organic pollutants were removed efficiently by employing
magnetic CNT/rGO decorated with silver nanoparticles."®" For
generating magnetic carbon nanotubes, Fe;O, nanoparticles
were grown and anchored on MWCNT, and then coated with
polydopamine to introduce new surface functionalities.
Hydrothermal treatment with GO resulted in reduced GO/
polydopamine/magnetic CNT, which exhibited outstanding
adsorption capability. The deposition of silver nanoparticles
on the nanocomposite integrated an efficient catalytic perfor-
mance in the removal of methylene blue and 4-nitrophenol.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Moreover, easy regeneration of the nanocomposite via
desorption using ethanol and water (for more than 15 cycles)
and easy magnetic separation show great potential in waste-
water treatment.

Kotal and coworkers developed a graphene-assisted Co
nanoparticle-embedded nitrogen-doped CNT (G/Co/NCNT)
hybrid via the controlled annealing of GO-ZIF-67 under an Ar
atmosphere for the photocatalytic degradation of Reactive
Black 5 under visible light."®® The high surface area of
graphene enabled greater ZIF-67 decoration, thereby the growth
of NCNTs was higher in the G/Co/NCNT hybrid compared to
Co/NCNT. A higher amount of nitrogen doping led to lowering
of the band gap and enhanced photocatalytic activity. The
hybrid demonstrated 98% degradation ability after 60 min,
had wide pH tolerance and recyclability even after 5 cycles
under visible light.

7. Environmental impacts of
graphene/carbon nanotube hybrids

The environmental impact of nanomaterials is a matter of
concern nowadays, which should be evaluated critically.
Understanding the total impact of a process or product on
the environment is an inevitable part of green manufacturing
and a green product. Evaluation of the total life cycle of a
product from raw materials, manufacturing, use, and ultimate
reuse/disposal should be performed seriously to maintain
environmental sustainability. Life cycle analysis (LCA) is a
systematic tool that can be used to study and analyse strategies
to meet environmental challenges. The life-cycle paradigm
necessitates the consideration of not only the immediate
impacts of a process or product, but also its long-term
response.’®® The outcome of LCA can have a positive impact
on the ecosystem, human health and natural resources.

Both graphene and carbon nanotubes are resistant to harsh
environments. Moreover, they offer good recycling capabilities.
The regeneration of graphene and CNT has been studied using
acids and bases, making the recovery of contaminants feasible.
In certain cases, batch methods appear to be more efficient for
contaminant adsorption than fixed bed methods. This choice
will allow the maximum adsorption with to be obtained with
the minimum amount of adsorbent, thereby reducing the
quantities of harmful waste to be treated.'®* Both graphene
and CNT have been investigated to evaluate their environmental
impact and toxicity. Studies on zebra fish have revealed that their
cardiac rates and growth are affected by exposure to carbon
nanotubes.'®® It has also been reported that CNT can interact
with biomolecules in water and cause toxic effects."*®

Even though graphene is considered a chemically stable
material, changes in pH affect the protonation of its hydroxyl or
carbonyl groups. At low pH, graphene tends to form aggregates,
at high pH it dissolves like a salt, while at neutral pH it stays
suspended in the solution.'® The stability of graphene oxide
depends on its particle size and functional groups on its
surface.’®® In this scenario, its dose-related toxicity can vary.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Overall, the formation of colloids should be absolutely avoided.
Owing to the hydrophilic nature of graphene oxide nanosheets,
they can be dispersed in aqueous solution, thereby demonstrating
different dispersion performances in comparison to pristine
graphene and reduced graphene.'®® Therefore, insight into the
variability of graphene is essential to understand the interaction,
adsorption, transformation, and toxicity criteria of graphene.
However, the effect of graphene on the human body is still
unknown, although graphene oxide is known to accumulate in
the lungs of mice when inhaled, but no pathological outcome was
further reported.

To the best of our knowledge, there is very little information
available on the risks of exposure to graphene/CNT hybrid
materials for both humans and animals and their long-lasting
environmental problems. Thus, to efficiently utilize these
materials in environmental remediation systems, their release
and disposal need to be properly planned and evaluated. Life cycle
analysis of these hybrid materials is a potential research area that
has to be explored.

8. Conclusion and future perspectives

Environmental pollution by water-soluble pollutants, heavy
metal ions and harmful greenhouse gases is triggering significant
concern worldwide. Immense progress had already achieved in
the synthesis, composite formation and potential applications of
graphene/CNT hybrid materials for environmental monitoring,
sensing and remediation. The adsorption of various pollutants
such as oils, organic solvents and dyes by these hybrid materials
is appreciable owing to their facile synthetic methods, high
adsorption capability, stable cyclic performance, low cost, easy
operation, simple processes and little damage to the environment.
Moreover, by employing electrostatic interactions, ion exchange
process and surface complexation with metal ions, these materials
are widely used for removing metals owing to their high efficiency,
simple design, ease of operation, low maintenance cost and
capability of metal recovery. Furthermore, with their tuneable
pore size and huge surface area, these materials are very effective
for the capture of gaseous pollutants.

Although great progress has been attained in this field,
further research in real-life situations is necessary. To promote
further research and practical applications, the following
challenges need to be the focus. (i) Considering that various
adsorption mechanisms simultaneously occur on the surface of
GO and CNTs, which vary with changes in surface functionalization
and environmental test conditions, more studies regarding these
mechanisms are necessary. (ii) Further research to control the
functional groups on the surface of graphene to couple selective
adsorption characteristics and ultimate hydrophobicity is essential
in this area. (iii) Even though these hybrid materials can
provide uniform 3D nanofiltration membranes, which result in
elevated permeability and separation capability, studies regarding
their practical separation applications are limited. (iv) Although
graphene/CNT hybrid materials can be effectively employed as
environment-friendly sensing electrodes for the detection of heavy
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metal ions, studies regarding this are limited. (v) Similarly, these 3D
hybrid materials have been found to be effective in gas sensing;
however, studies on the capture of gaseous pollutants are in their
initial stage. Whether they are capable of carbon capture and even
take-over of dust in the atmosphere or indoor environment needs
to be examined. (vi) The catalytic conversion of pollutants using
these hybrid materials requires further investigation relating
to some critical issues regarding their activity and stability
enhancement mechanisms. Moreover, many techniques presented
in this review are on the laboratory level, their commercialization
requires further research.

There are numerous environmental pollutants, only a few of
which have been explored to date. Thus, further research to
develop smart porous membranes and exploitation of the
immense sensing applications of these materials to develop
efficient sensing devices is anticipated in the near future.
Moreover, for the efficient utilization of these materials in
environmental remediation systems, their life cycle analysis is
inevitable. This is a potential research area to be explored.
It is anticipated that the boundless scope of these 3D hybrid
materials will enable the control of environmental pollution,
resulting in a sustainable world.
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