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A B S T R A C T   

As an emerging class of materials, nanocarbons have attracted significant interest for practical applications due 
to their remarkable mechanical, electrical and thermal properties coupled with high surface areas and tunable 
surface chemistry. However, challenges like high aspect ratios and poor dispersibility in polymer matrices hinder 
their widespread use in technological applications. The problems are most prominently resolved with the use of 
free-standing nanocarbon sheets. The present paper reviews recent advancements in fabricating and utilizing 
free-standing sheets consisting of various nanocarbons: carbon nanotubes and 2D materials like graphene, gra
phene oxide, and reduced graphene oxide. It initially delves into the nanomechanics of these sheets, focusing on 
inter-particle cross-linking and nacre-like microstructures. Energy storage applications are also examined, with 
emphasis on the role of nanocarbon-based sheets in the enhancement of specific energy capacity and perfor
mance retention of batteries, electric double layer supercapacitors, and pseudocapacitors. In the field of elec
tromagnetic interference shielding, the sheets’ superior electrical conductivity and microstructures, which 
amplify internal reflections in the GHz and THz regions, are showcased. Their potential in heat dissipation, owing 
to their high thermal conductivity and large surface area, is also explored. Additionally, they are reviewed for 
membrane-based separation processes, specifically gas separation, reverse osmosis, forward osmosis, and per
vaporation, highlighting properties like ion selectivity and chlorine resistance. The last discussion concerns the 
role of nanocarbon-based sheets in catalysis where they can enhance reaction efficiencies and promote sus
tainable solutions. Either as catalysts and/or supports, with key features such as high surface area, electrical 
conductivity, and adaptable functionalities, they showcase significant potential in various catalytic processes like 
electrocatalysis and environmental remediation.   

1. Introduction 

For three decades since their discovery as the newest allotropes of 
carbon, carbon nanotubes (CNTs) [1] and graphene [2], have attracted 
impressive scientific attention, owing mostly to their extraordinary 
properties [3–6]. The two main areas of research focus are the funda
mentals of their synthesis and physico-chemical performance, and their 
exploitation in novel applications. Intriguingly, their nanoscale di
mensions that are responsible for their unique properties, are also hin
dering their ease of handling for introduction into practical 
macro-structures. The greatest challenge in using the otherwise exotic 
nanocarbons in everyday life applications is actually the design of 
macro-formats that can encapsulate them in a manner that permits 

exploitation of specific properties to the advantage of the application. 

1.1. Physical properties of nanocarbons 

Carbon nanotubes (CNTs) and graphene, known for their exceptional 
physical properties, have significantly impacted materials science and 
nanotechnology. CNTs, cylindrical nanostructures composed of gra
phene sheets, come in two forms: single-walled and multi-walled. Sin
gle-walled nanotubes typically measure 0.8–2 nm in diameter, while 
multi-walled nanotubes range from 5 to 20 nm. They are recognized for 
their strength, being about 100 times stronger than steel with a tensile 
strength of approximately 63 GPa, yet they are much lighter. The elec
trical conductivity of CNTs varies based on their chirality, with metallic 
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CNTs exhibiting conductivity around 106 S/m, comparable to that of 
copper. Their thermal conductivity is also noteworthy, reaching up to 
3500 W/mK [7]. Graphene, a single layer of carbon atoms arranged in a 
two-dimensional honeycomb lattice, exhibits extraordinary physical 
properties. It is incredibly strong, with an intrinsic tensile strength of 
about 130 GPa and a Young’s modulus of approximately 1 TPa. Gra
phene is not just strong but also thin, measuring about 0.33 nm thick. Its 
electrical conductivity is exceptional, surpassing that of silver, pre
senting values up to 108 S/m. Similarly, graphene’s thermal conduc
tivity is around 5000 W/mK, making it an excellent heat conductor. The 
material also has a remarkable surface area of about 2630 m2/g, useful 
in applications requiring a high surface-to-volume ratio [8–10]. 

Moving to graphene derivatives [11], these materials exhibit varied 
physical properties that extend their applicability. Graphene oxide (GO), 
produced by the oxidation and exfoliation of graphite, contains oxygen 
functional groups like hydroxyl, epoxy, and carboxyl [12,13]. These 
groups make GO hydrophilic and dispersible in water. However, the 
presence of these oxygen groups in GO results in a decrease in electrical 
conductivity compared to pristine graphene, while retaining a signifi
cant portion of its mechanical strength. Its thermal conductivity is also 
reduced due to the disruption in the sp2 bonding network [14]. Reduced 
graphene oxide (rGO) is derived by chemically reducing GO, which 
partially restores some of the graphene-like structure [15]. The elec
trical conductivity of rGO is improved compared to GO but remains 
lower than that of pristine graphene. Similarly, its mechanical and 
thermal properties are enhanced from GO but do not fully match un
modified graphene. Graphene nanoplates (GNPs), consisting of multiple 
layers of graphene stacked together, demonstrate a balance between the 
properties of single-layer graphene and bulk graphite [16,17]. Their 
electrical and thermal conductivity are high but decrease with an in
crease in the number of layers. The mechanical strength of GNPs is also 
strong but less than that of single-layer graphene. Functionalized gra
phene, achieved by attaching various functional groups or molecules to 
graphene, displays altered properties depending on the nature of the 
functionalization. The electrical conductivity and mechanical and 
thermal properties of functionalized graphene can increase or decrease 
based on the type of functional groups added. 

1.2. Nanocarbon-based sheets 

One of the first macro-structures developed exclusively from carbon 
nanomaterials which overcame this challenge were the paper-like CNT 
sheets termed “buckypapers”, prefix owed to Buckminster “Bucky” 
Fuller, the inventor of the geodesic sphere that accurately simulates the 
structure of the fullerene allotrope of carbon [18]. Buckypapers are 
self-standing thin paper-like films of highly porous networks of 
randomly entangled CNTs [19]. It is exactly this entanglement that en
dows the self-standing feature in the otherwise pure-CNT structure. The 
papers can be prepared by vacuum filtration, compression and evapo
ration of well-dispersed CNT suspensions and their internal structure 
can be controlled by altering the parameters of either the suspension 
preparation methodology, namely sonication duration and tube con
centration, or by post-treatment [20], namely pressing and stretching 
[21,22]. Most importantly, the highly porous microstructure of bucky
papers enables their usage as scaffolds for well-dispersed high 
filler-loaded composites [23] with good mechanical performance. The 
latter can be further enhanced by tailoring of the filler-matrix interface 
through chemical functionalization of the tubes [24] without degrada
tion of their favorable inherent thermal and electrical properties [25]. 

Using similar methods, graphene-based papers and hybrid CNT/ 
graphene papers can also be fabricated [26]. Depending on flake size 
and number of layers, graphene can display superior properties than 
CNTs, as also documented in numerous recent reports on its polymer 
matrix reinforcing potential, electrical and thermal applications. On the 
other hand, unless complicated fabrication methods are employed, 
graphene papers lack the porous structure of CNT-based buckypapers 

which is highly advantageous, if not indispensable in applications such 
as energy storage [27], water treatment [28] and EMI shielding [29,30]. 

The properties of such nanocarbon-based thin films are highly tail
orable by tuning of a great number of experimental parameters in their 
synthesis protocols, as per target application specifications. Accord
ingly, a big number of publications have in the last two decades reported 
use of such films in a diverse range of applications [31]. The present 
manuscript aims to review the most promising and representative latest 
advances in use of CNTs/graphene papers in each of five major appli
cation areas, namely mechanical reinforcement, water treatment, en
ergy storage, electromagnetic interference shielding and heat 
dissipation. 

2. Mechanical reinforcement 

2.1. Cross-linking of CNTs 

In self-supported buckypapers consisting purely of CNTs, mechanical 
interlocking and van der Waals forces active on the surface of the tubes 
are insufficient for efficient stress transfer, hence also plausible me
chanical performance. This is not only due to the low values of the forces 
but also due to the low inter-tube contact surface area expected in 
entangled networks of 1D materials. Together with open porosity, the 
effect is also responsible for inefficient electric transfer within the pa
pers. During the last decade, scientific effort has focused on improve
ment of the stress transfer in the papers via covalent cross-linking of the 
nanotubes (Table 1). 

CNTs can be functionalized through a variety of reactions [32] which 
result in the decoration of their surfaces with hydroxyl (– OH), carboxyl 
(– COOH) and epoxide (C–O–C) [19] functionalities. Through a 
condensation reaction and the use of 1,3-dicyclohexylcarbodiimide 
(DCC), Ogino et al. [33] achieved the formation of an ester bond be
tween the – OH and – COOH functionalities of acid treated multi-walled 
CNT (MWCNT) buckypapers. As a result, the ultimate tensile strength 
(UTS) of the cross-linked MWCNT buckypapers tripled in value. The 
functionalities can react with various molecules to form covalent bonds 
thus promoting CNT cross-linking. Jakubinek et al. demonstrated this 
achievement using a multitude of polymers on acid-functionalized 
SWCNTs [34]. The aim of their work was to create a cross-linked scaf
fold for epoxy impregnation; thus, the partial maintenance of porosity 
was of importance (Fig. 1). More interestingly, they developed 
cross-links on a structure where individual CNTs were encased in 
polymer shells which were themselves functionalized with – NH2 and – 
OH groups before cross-linking. 

2.2. Alignment induced strengthening 

Due to the reliance of lamellar structured graphene-based nano
composites on interaction between the nanocarbons, the degree of 
compaction and alignment plays an important role in their mechanical 
performance [35]. Zhong et al. [36] recently introduced the continuous 
centrifugal casting (CCC) method for increasing the level of alignment 
and compaction of comprising nanomaterials. The method relies on the 
application of shear and centrifugal forces on spray-deposited nano
materials to produce GO, rGO, composite and GO/CNT hybrid films with 
significantly improved mechanical properties. CCC-prone GO films 
exhibited a maximum strength of 157 MPa while in-situ chemical 
reduction further enhanced the mechanical performance of resulting 
rGO films to ca. 660 MPa through the decrease of inter-lamellar spacing 
[37,38]. 

Wan et al. [38] demonstrated a similar near-room-temperature 
process that used covalent and π-π inter-platelet bridging to freeze the 
stretch-induced alignment of graphene sheets. Through the featured 
process, graphene sheets isotropic in-plane microstructure were ob
tained; hence, displaying tensile strengths exceeding those of the 
strongest previously described graphene composite [37] and CNT 
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composite [39] by 1.47 and 2.50 times, respectively. Specifically, 
sequentially bridged (SB) and biaxially stretched (BS) rGO sheets 
(termed SB-BS-rGO) exhibited a high in-plane tensile strength of 1.55 
GPa and a high Young’s modulus of ~60 GPa coupled with an electrical 
conductivity of ~1400S/cm. The fabricated stretch-bridged graphene 
sheets were scalable by adjustment of casting doctor blade and could be 
bonded together easily using a commercial resin without appreciable 
performance degradation. 

A notable case of CNT cross-linking was presented by Chen et al. 
[40], wherein prepared buckypapers were mechanically stretched to 

increase MWCNT alignment (see Fig. 2). The papers were subsequently 
treated in nitric acid to achieve –COOH functionalization and immersed 
in a 10,12-pentacosadyin-1-ol (PCDO) in tetrahydrofuran THF solution. 
PCDO contains triple bonds at the 10 and 12 positions of the molecule 
that when irradiated under UV, wavelength of 365 nm, break down and 
allow the PCDO molecule to undergo a 1,4-addition polymerization 
reaction with adjacent molecules [41]. Apart from mechanical 
strengthening due to cross-linking, buckypapers also exhibited 
enhanced conductivity. This, reportedly, is the combined effect of 
MWCNT alignment within the sheet and the conjugational nature of the 

Table 1 
Cumulative table of the mechanical properties of the nanocarbon-based films presented in this chapter.  

Materials 
used 

Fabrication method Strengthening method UTS 
(MPa) 

Young’s modulus 
(GPa) 

Toughness (MJ/ 
m3) 

ref 

MWCNT Filtration cross-linking 15   Ogino et al. [33] 
SWCNT Filtration epoxy coating/cross-linking 32 3.06 0.202 Jakubinek et al. 

[34] 
GO, rGO spray coating, chemical 

reduction 
continuous centrifugal casting 157, 660   Zhong et al. [36] 

GO, rGO filtration, chemical reduction UV cross-linking/stretching 1547 64.5 35.9 Wan et al. [38] 
MWCNT filtration cross-linking/1,4-addition 

polymerization 
150 10.18  Chen et al. [40] 

MWCNT/rGO filtration/chemical reduction π-π cross-linking 625 54.5 28.5 Wang et al. [42] 
GO filtration covalent cross-linking 91.9 25.5  Park et al. [43] 
GO filtration cross-linking/hydrogen bonding 185   An et al. [45] 
rGO filtration π-π cross linking/1,4-addition 

polymerization 
944.5 15.6 20.6 Wan et al. [46] 

GO, rGO filtration/chemical reduction polymer co-filtration/hydrogen bonding 188.9 10.4  Li et al. [47] 
GO filtration void filling via porous GO 145 35.0  Mao et al. [54]  

Fig. 1. A) SEM image of cross-linked buckypaper b) TEM image of core-shell cross-linked CNTs c) Close-up of previous image showing cross-links. d) Schematic 
representation of cross-linking reaction mechanism. Reproduced for ref. [34]. e) Cross-linked core-shell CNT buckypaper. Despite the polymer shell porosity is 
maintained allowing further infiltration of use as a membrane. Reproduced for ref. [34]. 

Fig. 2. Cross-linking mechanism between functionalized nanotubes. UV-irradiation breaks the triple bonds of the PCDO molecule thus allowing the 1,4-addition 
reaction between adjacent molecules. Reproduced from Ref. [40]. (A colour version of this figure can be viewed online.) 

C. Kostaras et al.                                                                                                                                                                                                                                



Carbon 221 (2024) 118909

4

ester bond providing electron paths between cross-linked MWCNTs. 
In another recent effort [42], graphene and its hybrids were 

cross-linked to CNTs using a diamine that was double-edge terminated 
with 1-pyrenebutyric acid (PBA-diamine-PBA) as a bridging agent. By 
exploiting the multiple π-π interactions between the fused PBA rings, the 
graphene nanosheets and CNTs, high-performance nanocarbon-based 
papers were obtained that exhibited a high tensile strength of 625.2 
MPa, high toughness of 28.5 MJ/m3, and an electrical conductivity of 
233.4 S/cm. Results were supported by in-situ Raman analysis and 
simulation calculations demonstrating the effective stress transfer and 
the reduction of slipping distance between rGO and CNTs during 
stretching, resulting in the improved mechanical and electrical proper
ties of the composite papers. 

2.3. Cross-linking and Nacre-like structure 

Introduction of graphene and GO in polymer matrices for the pur
pose of endowing the continuous medium with the nanocarbons’ 
exceptional mechanical, electrical and thermal features, is a widely 
visited research path over the last two decades. Still, dispersion control 
at higher filler loadings poses great challenges as graphene tends to 
aggregate and cannot be exfoliated easily. Other than providing a matrix 
to accommodate the reinforcing graphene, polymers can also strengthen 
graphene- and GO-based papers through the formation of cross-links 
between stacked sheets. The fabrication of papers consisting of GO, 
covalently cross-linked with polyallylamine (PAA), was reported by 
Park et al. [43]. The authors used dead-end filtration of suspended PAA 
cross-linked GO flakes to fabricate PAA-GO papers and measure their 
mechanical properties. A Young’s modulus of 33 GPa and an UTS of 91 
MPa revealed only small improvement compared to films of un-modified 
GO. In a similar approach [44], An et al. were inspired by the ability of 
borate ester to form covalent bonds with the oxygen-containing func
tional groups of Rhamnogalacturonan II polysaccharides found on high 
plant cell walls, to produce GO papers of very high stiffness via the 
simultaneous filtration of GO and varying concentrations of sodium 

tetraborate [45]. The cross-linked films exhibited an UTS of 160 MPa 
which was 23% higher than the films that did not contain sodium tet
raborate (130 MPa). The results are clearly better than those of Park 
et al. [43]. Strengthening came with the trade-off of a significant 
decrease in ductility, with the strain-to-failure lowered to 0.24% from 
the initial 1.4%. 

Wan et al. [46] exploited the covalent cross-linking and π-bond 
formation to produce graphene papers cross-linked by pentacosa
dyindioic acid (PCDO) and a compound of 1-pyrenebutyric acid N-hy
droxy succinimide ester with 1-aminopyrene (PSE-AP), a small molecule 
with pyrene functionalities on both edges. Filtration-prone GO sheets 
were immersed in a PCDO solution in tetrahydrofuran (THF) (same 
monomer as in Ref. [40] discussed previously), then dried and 
UV-irradiated. The resultant GO sheets were then reduced and succes
sively immersed in solutions of N-hydroxy succinimide ester (PSE) and 
1-aminopyrene (AP) for π-bond formation with rGO planes and cova
lently bonded between them to form π-bridged rGO flakes. The film 
showed exceptional values of UTS of 944 MPa and toughness of 20.6 
MJ/m3. The method was later retested with another UV-polymerizable 
molecule, namely bis(1-pyrene methyl)docosa-10,12-diyniodate 
(BPDD) [37]. Graphene papers formed from the reduction of GO papers 
were immersed in solutions of the molecule where pyrene functionalities 
from both edges of the molecules were attached on the basal planes of 
rGO flakes in the sheet through π-interaction (π-bridging). When irra
diated, the triple bonds at 10 and 12 positions of the diacetylene chain 
break, allowing the 1,4-addition polymerization reaction between BPDD 
molecules. The resulting sheets exhibit slightly higher values than the 
reference work, with 1054 MPa and 36 MJ/m3, for UTS and toughness 
respectively (see Fig. 3). 

As far as the synthesis of graphene papers with polymer in
termediates is concerned, there is a growing interest in nacre-like hier
archical structures made up from graphene or graphene oxide (GO) 
[47–49]. Nacre, a calcite mineral-based material found on mollusk 
shells, is hierarchically structured primary of 95 vol% calcite and 5 vol% 
biopolymer proteins. The material is twice as strong and three orders of 

Fig. 3. Process for GO sheet fabrication reduction and chemical and π-bridged cross-linking. Reproduced from Ref. [37]. (A colour version of this figure can be 
viewed online.) 
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magnitude tougher than its otherwise brittle primary constituent [50]. 
Mimicking the naturally-occurring structure with stronger constituents 
like graphene (strength of 130 GPa [51]) or GO (strength of ca. 63 GPa 
depending on defects and density of functional groups [52]) is expected 
to provide even stronger and tougher hierarchical structures. One 
straightforward approach to obtain the nacre-like structure, also termed 
brick-and-mortar structure, was presented by Li et al. Claiming that 
water-evaporation-induced self-assembly is more scalable than filtra
tion, the authors achieved fabrication of PVA/GO papers and PVA/rGO 
papers; the latter were the result of reduction of PVA/GO papers in 
hydroiodic acid (HI) [47]. PVA/rGO exhibited superior mechanical and 
electrical properties than both GO and PVA/GO papers with tensile 
strength of 188.9 MPa compared to 118 MPa and 67.1 MPa of PVA/GO 
and GO papers, respectively. Additionally, pure GO sheets demonstrated 
a rather low electrical conductivity value of 0.75 S m− 1 which was 
further reduced for GO/PVA composites; the corresponding value for 
PVA/rGO sheets was a favorable 5265 S m− 1. In both works by An [45] 
and Li [47], the formation of hydrogen bonds between hydroxyl- and 
oxygen-containing functionalities aided the formation of alternating 
lamellae within the sheets, during filtration or deposition, by means of 
physical adsorption (Fig. 4). 

The brick-and-mortar structure can also be achieved by pure GO 
papers. Mao et al. fabricated GO papers that consisted of GO flakes of 
varying mechanical properties [54]. They produced the flakes after the 
modified Hummers’ method and induced further chemical "damage" 
such as pores and greatly reduced rigidity through oxidative etching of 
the flakes. AFM nano-indentation testing showed a clear difference in 
mechanical properties between unetched GO flakes and those exposed to 
1, 3 and 5h of chemical etching. The authors proposed that mechanical 
strengthening stems from the insertion of folded chemically etched GO 
flakes in the spaces left by the more rigid non-etched flakes within the 
sheet. 

Drawing further inspiration from the nacre structure, Peng et al. [55] 
fabricated composites exhibiting the inverse structure in terms of con
stituent apportionment, i.e. minimum graphene concentration in a ma
trix of high volume fraction (Fig. 5). Authors essentially aimed to 
improve the fracture toughness of the epoxy matrix with graphene, at 
loadings that inhibited graphene agglomeration phenomena within the 
matrix. Using bi-directional freeze casting on a blend of GO and car
boxymethyl cellulose sodium (CMC), layered ice crystals were formed 
with GO-CMC sheets in between the layers. After sublimation, an 
interconnected layered GO-CMC scaffold remained. Annealing at 200 ◦C 
yielded an electrically conductive rGO-CMC scaffold at 65% of its initial 
weight. In the final step a liquid epoxy precursor was infiltrated under 
vacuum into the scaffold and cured at 130 ◦C. The resulting composite 

was made up of 99.27 wt% epoxy and a conductive rGO skeleton which 
contributed to extrinsic toughening of the matrix via crack deflection 
and branching mechanisms. The conductive composite scaffold offered 
the additional functionality of anisotropic conductivity which can be 
exploited for composite health and crack propagation monitoring. 

3. Energy storage 

3.1. Batteries 

Having been successfully integrated in a vast multitude of applica
tions that require portable energy sources including military [56], 
medical [57], telecommunications [58], transportation [59], and 
renewable energy [60], batteries have evolved to appear in a variety of 
form factors as well as electrode and electrolyte types [61]. Depending 
on their reusability, batteries are categorized into primary and second
ary – i.e., non-rechargeable and rechargeable, respectively. The single 
use nature of primary batteries renders them an environmental concern, 
a fact which lead to a decline in their market share [62]. On the other 
hand, the ever-increasing popularity of wireless telecommunications 
and electric vehicles over the last decade has sparked a steady increase 
in use of secondary batteries [58]. 

In order to properly curate the various battery systems available, a 
brief overview of the main terminology is necessary. First, coulombic 
efficiency (CE) represents the ratio of the charge delivered from a bat
tery over the charge loaded to the battery in a full charge/discharge 
cycle [63]. CE is affected by thermal loss and non-favorable side re
actions during charge/discharge cycles [61,64] and affects battery 
lifetime [63,65,66]. Specific capacity is the amount of charge stored per 
unit of mass (mAh/g) of the corresponding electrode [67]. The working 
voltage is determined from the electrochemical potential difference 
between the cathode and the anode [67,68] while the property value of 
a cell depends on the electrolyte and electrode materials used [67,69]. 
Energy density represents the amount of energy that can be offered from 
a battery per unit of mass and is determined as the product of the specific 
capacity and the working voltage of the cell [67,69]. When determining 
the capacity of a cell, the current density under which the measurements 
were conducted must be taken into account as higher current density 
batteries deliver smaller capacities [70]. Current rate (C) quantifies the 
rate of discharge of a battery relative to its maximum capacity. For 
example, a rate of 1C is the current rate needed to fully discharge a 
battery in 1 h. This signifies that for a 100 mAh capacity battery, 0.2C, 
0.5C and 2C will represent 20 mA, 50 mA and 200 mA currents, 
respectively [70]. 

Modern lithium ion (Li-ion) secondary batteries (also abbreviated as 

Fig. 4. Self-assembly of nacre-like GO sheets during filtration. Reproduced from Ref. [53]. b) Hydrogen bonding between i) GO flakes ii) GO flakes and water iii) GO 
flakes and THF iv) GO flakes and PVA v) GO flakes and PMMA. Reproduced from Ref. [53]. c) Hydrogen bonding between sodium tetraborate is replaced by covalent 
bonding after annealing. Reproduced from Ref. [45]. 
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LIBs) use a graphite anode and LiCoO2 as cathode. When working in 
liquid electrolyte battery cells, dendritic structures eventually form on 
the lithium electrode that affect the cell’s performance and can also lead 
to the short circuit of the cell giving rise to safety concerns [71]. Battery 
life and efficiency of a LIB can be influenced due to solid electrolyte 
interface growth (SEI) on the electrode and electrolyte interface [67,71, 
72]. SEI formation takes place on the first charge of the device due to 
chemical interaction of the anode with the electrolyte and causes an 
irreversible capacity loss at the first charge/discharge cycle [72]. 
Although graphite is an abundant material with a layered structure that 
can allow for reversible intercalation of lithium ions, graphite anodes 
have a relatively low specific capacity (~370 mAh/g) [73] which is 
becoming insufficient for modern applications. An alternative to 
graphite anodes is the use of graphene anodes [74–76]. 

Graphene has exceptional electrical properties and a large specific 
surface area (SSA); properties which are important for energy storage 
applications of both supercapacitor electrodes and battery anodes. Li ion 
diffusion is much faster in graphene than in graphite due to the smaller 
energy barrier of graphene edges [77,78], while the material can 
accommodate such ions on both of sides of the flake during charging 
[79] hence which reaching higher theoretical capacities. However, 
when used as an anode, graphene and it’s 2D analogues (MoS2, WS2) 
tend to lack cycle stability due to degradation between discharge/charge 
cycles caused by intercalating ion species [80,81]. One graphene 
analogue that has attracted much interest for its use in battery appli
cations is molybdenum disulfide (MoS2), a transition metal dichalco
genide (TMD) that exhibits lithium-ion intercalation capabilities due to 
its layered structure. Research findings point to the enhanced capacity of 
MoS2 due to reversible redox reactions that take place between 3.0 V and 
0.01 V [64]. Concerns with 2D nanomaterial volume change during 
lithiation/de-lithiation cycles can be counteracted with the use of 
polymer binders or the inclusion of carbon nanomaterials like carbon 
black, rGO [82], CNFs [83] or CNTs [84]. On the other hand, binders can 
lead to poor interface with active material which allows reaggregation 
and incorporation of electrochemically inactive mass in the electrode 
[85]. The CNT network in buckypapers provides a conductive scaffold 
for the support of the TMD while its porous structure allows better 
interface with the electrolyte which, in turn, results in increased diffu
sion of ions. Vacuum filtration of MoS2/CNT inks allows the fast and 
easy incorporation of MoS2 in a CNT network while ensuring the 
fabrication of self-standing electrodes [86–88]. Wang et al. [86] 
demonstrated this effect by comparing the morphology of MoS2/SWCNT 
and pure MoS2 electrodes after 100 charge/discharge cycles at a current 
density of 0.1 A/g. Electrochemical measurements were carried out in a 
CR2032 coin-type battery cell configuration with a Li counter electrode 
and LiPF6 in ethylene carbonate/dimethyl carbonate solution. 

Morphological studies via FESEM showed the formation of cracks within 
the pure MoS2 electrodes, confirming a significant protection against 
electrode degradation offered by SWCNTs. Patole et al. [89] demon
strated a scalable filtration technique to fabricate large area CNT/gra
phene sheets (dimensions of A4 size paper) that can be used as anodes in 
LIBs. When used in such a configuration, the sheets exhibit a theoretical 
capacity of 744 mAh/g that is nearly double that of graphite. 

Another method that proved promising for maintaining the layered 
structure of 2D materials during charge/discharge cycling, is freeze 
drying. The process allows for GO dispersions to obtain the sponge-like 
configuration of aerogels. Shu et al. [90] exploited this strategy to form a 
free-standing graphene sheet via freeze-drying of a GO hydrogel fol
lowed by chemical and thermal reduction process (Fig. 6). The process 
prevented re-stacking of graphene and allowed formation of a me
chanically robust and highly porous graphene paper. When used as a 
binder-free anode on a lithium battery cell, the resulting sheet exhibited 
high discharge capacities of 683 and 420 mAh/g, at current densities of 
0.2 and 2 A/g, respectively. MoS2/Graphene aerogels are currently 
fabricated following freeze-drying methods in which molybdate and 
sulfur precursors and GO are used as starting materials. Specifically, 
Zhong et al. [91] employed a hydrothermal method where (NH4)2MoS2 
dissolved in DMF and aqueous GO dispersion were sonicated to form a 
homogenous solution which was then autoclaved at 200 ◦C for 12h for 
the formation of a MoS2/rGO hydrogel. Subsequent freeze-drying and 
annealing at 700 ◦C produced a MoS2/rGO aerogel which was used as a 
binder-free anode in a coin type cell. The electrode showed excellent 
electrochemical performance of discharge capacity of 1041 mAh/g at a 
current density of 0.1 A/g current; the performance remained stable 
within 50 cycles. It should be noted that reference MoS2 electrodes, 
fabricated via a similar method for comparison, failed to exhibit such 
cycling stability. Following a similar method, but using 
(NH4)6Mo7O24•4H2O and CH4N2S as MoS2 precursors and GO disper
sion, Wang et al. [92] fabricated MoS2/GO aerogels via freeze-drying 
which are then annealed at 750 ◦C. The aerogels were then used as 
active materials with binders at coin type cell configurations and 
exhibited a more modest specific capacity of 742 mAh/g and 480 mAh/g 
at current densities of 0.1 A/g and 3.0 A/g, respectively. 

The growth of MoS2 on GO via solvothermal methods for the fabri
cation of graphene and MoS2 was achieved earlier this decade, with 
remarkable electrochemical performance for an anode and the com
posite as active material [93]. Shan et al. [94] employed a noteworthy 
method for growing MoS2 nanoparticles within porous rGO papers to 
create self-standing electrodes which exhibited very high capacitance 
values. The methodology involved the fabrication of an initial GO film 
with (NH4)6Mo7O24, its subsequent reduction with hydrazine vapor and 
the in situ solvothermal growth of MoS2 in a thiourea solution. The high 

Fig. 5. a) SEM pictures of the rGO scaffold i, ii) before and iii, iv) after epoxy infiltration. Reproduced from Ref. [55]. b) SEM pictures of crack propagation in i) pure 
epoxy and ii, iii, iv) epoxy infiltrated nanocomposites. One can clearly see the crack deflection and crack branching mechanisms at work. Reproduced from Ref. [55]. 
(A colour version of this figure can be viewed online.) 
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porosity of the resulting rGO paper was due to the escaping of hydrogen 
gas during the reduction process. The growth of MoS2 within the pores of 
the paper led to the development of a hierarchical structure in the 
electrode material. The electrochemical performance of the 
self-standing electrode exhibited an astounding capacity value of 1875 
mAh/g at 0.1 A/g discharge current. More interestingly, after the elec
trode was cycled at 5.0 A/g, it exhibited a reversible capacity of 710 
mAh/g. This value increased to 1150 mAh/g after the electrode was 
cycled at 0.1 A/g. 

The potential of CNTs to serve as conductive interconnected scaffolds 
for 2 dimensional nanomaterials has also demonstrated with MoS2 hy
drothermally grown on MWCNT networks fabricated by CVD [95,96]. A 
very interesting structure was achieved by Zhang et al. [97], wherein 
MoS2 nanostructures were epitaxially formed on CNTs and then coated 
with amorphous carbon via CVD. The nanomaterial termed 
CNT@MoS2@C, which constituted the active electrode material, was 
mixed in an 8:1:1 ratio with acetylene black and carboxymethylcellulose 
under 24h of magnetic stirring. The resulting slurry was coated on a 
copper foil and further dried and cut to fit CR2032 coin-type battery 
cells for electrochemical testing. The electrode exhibited reversible ca
pacities of 982 mAh/g, 905 mAh/g and 707 mAh/g at 0.1 A/g, 1 A/g and 
2.5 A/g current densities respectively, combined with excellent rate 
capability. Also via the hydrothermal method, Pan et al. [98] fabricated 
MoS2 and graphene nanosheets (MoS2-GNS) and MoS2-CNT-GNS com
posites. Therein, slurries were prepared from active materials (8:1:1 
ratio of composite: acetylene carbon black: PVdF in NMP) which were 
deposited on Cu foil, dried and used as anodes in a 2032 cell configu
ration for electrochemical testing. The MoS2-GNS-CNT composite 
demonstrated better electrochemical performance toward higher cur
rent rates, which was attributed to the smaller size and layer count of 
MoS2 nanoflowers and better electronic conduction with the inter
connected CNT support. Highlighted are the capacity values of 870, 703, 
619, 524, 461, 434 and 287 mAh/g for respective current densities of 
0.5, 1, 2, 5, 8, 10 and 20 A/g. Hydrothermally grown MoS2 on CNT has 
also been highlighted as binder-free electrode with reversible capacities 
far exceeding the previous referenced works. Lu et al. [95] use this 

method to produce MWCNTs grown on current collectors via CVD. The 
MWCNTs are then treated by O2 plasma to ensure wetting by ammonium 
tetrathiomolybdate ((NH4)2MoS4) solution when placed in an autoclave 
oven for curing at 200 ◦C. The electrode exhibited an impressive first 
charge capacity of 1712 mAh/g and first discharge of 1305 mAh/g at 
current density of 0.2 A/g, providing the cell with a 76.1% CE at the first 
cycle. 

3.2. Supercapacitors 

A different philosophy in energy storage is offered by electric double 
layer supercapacitors (EDLCs) which rely on charging and discharging 
with considerably greater speeds, while storing smaller amounts of 
charge (energy density) than batteries [99]. Hence, although they 
exhibit small energy densities compared to batteries, supercapacitors 
excel in cycling performance and power density [100,101]. Based on the 
way they store charge, supercapacitors can be divided in electric double 
layer capacitors (EDLC), pseudocapacitors and hybrid. The main com
ponents of an EDLC are the separator, the electrolyte, the electrodes and 
the current collectors [99]. The way EDLCs store energy is through the 
formation of an electric double layer (EDL) at the electrode/electrolyte 
interface which is created by the concentration of cations on the nega
tive electrode and anions on the positive electrodes of the device. 
Therefore, the larger the available area of the electrode the greater the 
amount of energy stored on the device. Pseudocapacitance relies on fast 
and highly reversible surface or near surface redox reactions. 

Specific capacitance (SC) values can be calculated either from cyclic 
voltammetry (CV) or galvanostatic charge-discharge (GCD), through the 
following equations [102,103]: 

C=

∫V2

V1

IdV

vm(V2 − V1)
(1)  

where the integral represents the area under the CV curve, v is the 
voltage scan rate, m is the mass of the electrode and V2 and V1 are the 

Fig. 6. SEM images of graphene sheets fabricated from reduced freeze-dried GO hydrogel. a) Sheet fabricated from water-filled hydrogel (Inset: Same sheet after 
many cycles of use as electrode) b, c) sheets fabricated from hydrogel that was initially dried in air. d) Macroscopic photograph of flexible sheet. Reproduced from 
Ref. [90]. 
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upper and lower voltage of voltammogram as the ones shown in Fig. 7, 
respectively, while GCD derived capacitance is calculated as: 

C=
2I

m(dv/dt)
(2)  

where I is the applied current and dv/dt is the slope of the discharge 
curve of the GCD plot. The energy density is calculated via [99,102, 
104]: 

E =
1
2

CV2 (3)  

where V represents the potential window and power density is calcu
lated from Refs. [99,104]: 

P=
V2

4R
(4)  

where R is the equivalent series resistance. 
When researching and designing modern electrodes for EDLC de

vices, porous materials are preferred as they allow ionic diffusion while 
offering ample surface [99,106]. Thickness of the electrode plays a 
major role in supercapacitor performance as thicker electrodes 
contribute more on the equivalent series resistance of the EDLC and have 
a negative effect on the rate capability of the device [107]. The above 
factors necessitate the fabrication of electrodes from conductive mate
rials which can offer high SSA while maintaining small electrode 
thickness. To this end, buckypapers have manifested a capability as 
favorable EDLC electrode materials, owing to the conductance of CNTs, 
their pore distribution that can be narrowly defined in the mesoporous 
region [32], their moderate SSA values [108,109] and low thickness 
which can range within 10 μm–~100 μm. Although they generally 
exhibit a lower SSA than activated carbon (AC), they form mechanically 
robust structures without the use of binders [99]. Furthermore, their 
reduced capacitance in aqueous electrolytes due to the hydrophobic 
nature of CNTs can be enhanced by chemical treatment [104,109]. 
Moreover, CNTs can offer conductive host scaffolds for accommodation 
of other nanomaterials which can enhance capacity by SSA increase or 
development of pseudocapacity [110]. An example of the former is re
ported by Susantyoko et al. [111] where free-standing MWCNT/AC 
buckypapers fabricated by doctor-blade coating of copper with a 
MWCNT/AC dispersion in water and ethanol and subsequent drying in 
an oven environment, exhibited SC values of up to 135 F/g. The pro
cedure can be also scaled-up to a tape-casting method as demonstrated 
in the authors’ earlier work [112]. 

Hybrid sheets composed of CNTs and graphene have been reported 
to exhibit a higher density than AC electrodes (0.7 g/cm3) [113]; this 
ensures a greater volumetric capacity which is a highly desirable char
acteristic for many modern devices that require efficient energy storage 
at small sizes. The effect had independently been shown by Yang et al. 
[114] who demonstrated the fabrication of dense GO sheets which 

achieved a high volumetric capacity of 255.5 F/cm3. In their work, they 
fabricated hydrogel films via filtration of GO and then exchanged the 
water content with a volatile solvent which was then removed by vac
uum evaporation. Diez et al. fabricated a rGO/MWCNT film with 
apparent densities ranging from 1 to 1.5 g/cm3 through hot pressing of a 
rGO/MWCNT hydrogel [105]. When compared to rGO films, the 
rGO/MWCNT counterparts exhibited higher SSAs and a 29% increase in 
volumetric capacity at a value of 238 F/cm3. The increase was attributed 
to the ordered structure of MWCNTs between rGO flakes which lead to 
better electrolyte infusion of the sheet while maintaining a high mass 
density. For electrodes fabricated with the same technique, Lin et al. 
[115] showed a 92% and 85% capacitance retention at 32 A/g cycle 
rates after 250,000 and 450,000 cycles respectively. 

Graphene is well known for its high theoretical SSA of ~2675 m2/g 
and superior mechanical and electrical properties [116]. Electrodes 
fabricated from graphene are very attractive due to their flexibility and 
the excellent conductivity of the starting material. However, due to the 
2D geometry of graphene, the weak van der Waals forces between in
dividual flakes become so prevalent, that the fabrication of an electrode 
with a large SSA from pristine graphene is rendered an extremely 
challenging task. Many researchers have attempted to fabricate gra
phene films that maintain a porous microscopic morphology via the 
reduction of GO through hydrothermal and or chemical treatment 
methods [117,118]. Jiang et al. [119] used filtration to fabricate porous 
graphene, CNT and rGO composites. Porous graphene was obtained by 
MnO2 etching [120] while rGO was obtained by thermochemical 
reduction of GO/CNT suspension. The incorporation of porous graphene 
in the electrode allowed for better cross-plane ion diffusion. The com
posite exhibited a relatively high SC of 294 F/g and a high volumetric 
capacitance of 331 F/cm3. Using filtration and thermal reduction, Lu 
et al. [121] created binder-free rGO electrodes that incorporated 
nitrogen-doped porous carbon polyhedrons (NC) which prevented 
restacking of rGO flakes. The composite exhibited a hierarchical porous 
structure suitable for EDL storage due to NC nanoparticle presence, 
while rGO flakes provided a mechanically robust and conductive scaf
fold with reduced interparticle resistance. The electrode achieved a SC 
of 280 F/g at 1 A/g, 67% of which was retained at 20 A/g. Additionally, 
when tested at 5 A/g the supercapacitor exhibited an excellent stability 
for over 10,000 cycles. 

A noteworthy strategy to produce free-standing graphene films 
which incorporate nanomaterials of different structures or compositions 
was presented by Wu et al. [122]. A ball milling process was used to 
initially mix SWCNT, MoS2, Vanadium Nitride (VN) or Silicon Carbide 
(SiC) nanoparticles with copper nanoparticles (Cu NPs). The resulting 
mixtures were sintered to produce Cu-based templates for subsequent 
CVD graphene growth. After the process, Cu was chemically etched and 
the remaining material was washed successively with HCl and DI water, 
leaving a hydrogel that maintained the geometry of the original tem
plate. Subsequent freeze-drying produced an aerogel of graphene and 
the nanomaterials incorporated on the original template. GCD testing at 

Fig. 7. Characteristic cyclic voltammetry curves, for nanocarbon-based supercapacitor electrodes reproduced from Ref. [105]. (A colour version of this figure can be 
viewed online.) 
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a relatively low current density rate (0.25 A/g) revealed SC values of 
232.4 F/g for the SWCNT-containing electrode and 311.1 F/g for the 
MoS2-containing one, allowing the authors to attribute the latter value 
to a pseudocapacitive storage mechanism. 

As mentioned earlier, pseudocapacitance employs fast faradaic re
actions for charge storage. Although the redox processes have a negative 
effect on cycle stability, the adversity is balanced out by an increased SC. 
Conductive polymers have long been regarded as potential materials for 
pseudocapacitor electrodes due to their fast charging and superior 
capacitance [99,123]. However, redox reactions during cycling cause 
degradation of the polymer electrode material [124]. Polymers that are 
widely used on supercapacitor applications are polypyrrole (PPy) [125], 
polyaniline (PANI) [126] and poly(3,4-ethylenedioxythiophene) PEDOT 
[127]. In a recent work, Kim et al. [102] fabricated electrodes based on a 
ternary composite of silver nanoparticles (Ag NPs), PPy and MWCNTs. 
The MWCNTs where chemically treated to develop epoxide groups that 
would form covalent bonds with the pyrrole unit. Meanwhile, Ag NPs 
that have been shown to enhance electrical performance, have a high 
affinity to nitrogen atoms and are expected to form co-ordinate bonds 
with nitrogen-containing pyrrole monomers. At a scan rate of 10 mV s− 1, 
the epoxy-functionalized CNT electrode achieved a SC of 349.87 F/g. 
Calculations from GCD measurements after addition of Ag NPs and of 
PPy on pristine and on epoxidized MWNCT electrodes, showed a definite 
capacitance increase in every step of the procedure, with higher values 
consistently linked with epoxidized MWCNTs. GCD measurements at 
0.25 A/g showed a maximum SC of 625 F/g achieved by Ag NP and PPy 
electrodes on epoxidized MWCNTs. 

Applications such as health monitoring and wearable tech require 
energy storage devices that can work reliably under compression or 
tension. As already documented, CNTs can offer flexible and conductive 
porous scaffolds for growth or deposition of conductive polymers which 
are also lightweight and mechanically robust enough to be used in 
flexible supercapacitors [128–130]. The concept has also been extended 
to carbon fiber clothes (CFC), as shown by Rajesh et al. that used the CFC 
structure as a support for poly(ethylene dioxy-thiophene) (PEDOT) 
which was polymerized via a solvothermal procedure [131]. Advancing 
a step further, Liu et al. fabricated a supercapacitor consisting of 
textile-like CNT/graphene/PANI electrodes and a gel polymer electro
lyte [132]. Graphene growth via CVD on a nickel textile was followed by 
growth of CNT forests and subsequent etching of the Ni substrate. PANI 
was then electrodeposited on the textile. Graphene/CNT textiles with 
and without PANI were subsequently immersed in a H3PO4/PVA gel, 
dried and pressed together to form a flexible supercapacitor. Results 
showed a clear increase in areal capacitance with the addition of PANI, 
with values of 3.1 mF cm− 2 and 160 mF cm− 2 achieved for unloaded and 
PANI-loaded graphene/CNT textiles, respectively. Furthermore, the 
devices showed a 97% and 90% capacity retention in 120% and 200% 
tensile strains, respectively. 

Nitrogen, a neighbor of carbon in the periodic table of elements, has 
a similar radius to carbon but contains five electrons in its outer shell. 
Thus, when inserted in carbonaceous nanomaterials, nitrogen will act as 
an electron donor. Moreover, pyridinic and pyrrolic N atoms are 
believed to offer sites for faradaic redox reactions that involve protons 
[133], making N-doped carbon-based materials attractive for use in 
pseudocapacitors [134–138]. A straightforward method for fabricating 
N-doped rGO hydrogels was presented by Gao et al. [139] which 
involved treatment of a GO and ortho-phenylenediamine (o-PDA) sus
pension, in H2SO4 under hydrothermal conditions. The hydrogels were 
subsequently freeze-dried to form free-standing electrodes with a SC of 
495.4 F/g at 0.5 A/g. 

The remarkable flexibility of free-standing nanocarbon-based struc
tures can also be exploited in supercapacitor applications which addi
tionally involve other types of nanomaterials. Wang et al. [140] 
successfully developed asymmetric flexible supercapacitors that con
sisted of porous rGO sheets and rGO/Mn3O4 sheets; these were essen
tially rGO sheets with Mn3O4-decorated pores. Not only did both 

electrode materials exhibited very high SSAs (682 and 368 m2 respec
tively), but the fabricated supercapacitor also operated without signifi
cant performance loss at various bending states. The SC of the device 
was calculated at 66 F/g, at a current density of 1 A/g, with an 80% 
capacitance retention at 10 A/g current rate. Testing of the cycle sta
bility of the device at 2 A/g showed an excellent capacitance retention 
after 3000 cycles. The device was further tested in a bending state of up 
to 40% of its initial length under 2 A/g and exhibited low capacitance 
loss even after 200 bending cycles. 

4. Electromagnetic interference (EMI) shielding 

As portable electronic telecommunications and the Internet of Things 
(IoT) become rooted in modern societies, the problem of electromag
netic interference (EMI) is getting progressively pronounced. Problems 
caused by EMI, range from damage of electronic components, corruption 
of scientific measurements, interference of airline communications, to 
suspected human health risks. In general, EMI shielding efficiency is 
referred to as the situation where electromagnetic wave dispersion into a 
desired area is inhibited by a conductive shield. The main mechanisms 
for diminishing EMI are absorption, reflection, and internal reflections 
[141,142]. Reflection of EM waves is attributed to their interaction with 
highly mobile charge carriers, hence basic EMI shielding approaches 
rely on metallic materials around the targeted device. However, metals 
are heavy, have high processing costs, exhibit inferior mechanical 
integrity and are prone to environmental corrosion [143]. Moreover, the 
high concentration in charge carriers means that shielding from metallic 
materials is governed by the reflection mechanism [144]. Carbon 
nanomaterials may exhibit a smaller conductivity than copper, but can 
form structures that are lighter, thinner, more flexible and more resis
tant to corrosion. As an added benefit, materials made up of nano
carbons usually offer i) higher conductive area for EM radiation 
interaction and ii) microstructures that can favor internal reflections, 
resulting in a longer path length, hence also higher attenuation [145]. 

Conductivity is not the only parameter responsible for endowing 
high EMI shielding efficiency. Electric and magnetic dipoles can also 
provide such efficiency through the absorption mechanism. Materials 
that display high values of dielectric constant and magnetic perme
ability are very rich in electric and magnetic dipoles, respectively. These 
dipoles dissipate energy of impinging EM waves through the absorption 
mechanism [142], which is strongly related to the thickness of material 
[141,142,144]. Materials that provide high absorption are those with 
high dielectric constants, e.g., SiO2, ZnO, BaTiO3 and TiO2, or high 
magnetic permeability such as Co, Ni, Fe-based alloys, Fe3Ο4, and 
carbonyl iron. However, difficulties related to their processing, low 
permeability or permittivity in GHz frequencies, narrow band activity 
and high weight, emerge when these materials are used as shields. 

Multiple reflection is the third mechanism controlling EMI shielding 
efficiency and is correlated to reflections at the interfaces or surfaces of 
the shield. These are scattering events resulting from the inherent in
homogeneity of the materials; the presence of a large interface area (e.g., 
porous structures) hence promotes multiple reflections. Suitable mate
rials for achieving EMI shielding efficiency through multiple reflections 
are composites, foams, foamed composites, honeycomb structures etc. 
[141,142,146]. 

The shielding effectiveness (SE) is defined as the total attenuation 
and results from three contributions due to absorption, surface reflection 
and multiple internal reflections [141,142,144]. SE can be described by 
the logarithmic equation of the ratio of the incident to transmitted fields 
(E, H, F, (where E the electric field, H the magnetic field, F planar wave 
field intensities)) [144] and it is expressed in decibels (dB): 

It can also be expressed as a function of the logarithmic ratios of the 
incident to the transmission power, as follows: 

SE = 20 log
(

Pi

Pt

)

(5) 
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where Pi in eq. (5) corresponds to the incident power and Pt to the 
transmitted power. This equation is often used in conjunction with 
experimental measurements or numerical simulations to characterize 
the shielding effectiveness of various materials and structures, and to 
optimize their design for specific applications. Finally, the total SE that 
is provided by a shielding material is the sum of the attenuation due to 
the reflection (SER), absorption (SEA) and multiple reflections (SEM) and 
it is described by the following equation: 

SEtotal = SER + SEM+SEA = − 20 log T(ω) (6)  

4.1. GHz Range 

Liang et al. [147] were the first who studied the EMI shielding effi
ciency of graphene-based polymer nanocomposites. By incorporating 
r-GO at an 8.8% volume fraction in an epoxy matrix, the total shielding 
effectiveness was measured as 21 dB at a frequency of 8.2 GHz per
taining to the X-band. Zhang et al. [148] investigated the EMI SE of a 
graphene/PMMA system prepared by solution blending and melt com
pounding. The produced microcellular graphene/PMMA nanocomposite 
foam achieved a conductivity of 3.1 S/m at a 1.8% graphene volume 
fraction, exhibiting an EMI SE of 13–19 dB in the X-band. The micro
cellular cells were claimed to not only improve the tensile toughness of 
the material, but also improve its absorption (i.e. attenuation of 
reflection). 

Similarly, Zhang [149] managed to increase even more the EMI SE of 
PMMA/GNPs foam with the addition of 8% v/v MWCNTs (up to 36 dB at 
8–12 GHz frequencies). The production process for this system was 
based on solution mixing and bath foaming. In a step further, Sharif et al. 
[150] produced a hybrid segregated PMMA/r-GO system by incorpo
ration of magnetic nanoparticles at a 0.5% vol. concentration. This led to 
an increase in the recorded EMI SE from the 20.7 dB–29.3 dB (in 1.1% 
vol. rGO at 20 GHz frequency). In their system, the electrical percolation 
threshold was achieved at 0.3% rGO volume fraction and the maximum 
SE was 63.2 dB for a 2.6% vol. r-GO volume fraction. 

Batrakov et al. [151] demonstrated achievement of an absorption of 
50% of the incident electromagnetic wave in PMMA/CVD graphene 
stacks at 26.5–40 GHz frequency range. They also briefly presented that 
a 3-layer stack of PMMA/CVD graphene is capable to shielding 75% of 
the incident electromagnetic wave at 1 THz. Yan-Jun Wan et al. [35] 
conducted research on the effect of size of individual GO flakes on the 
shielding effectiveness of GO sheets. GO flakes formed from the Hum
mers’ method were separated by size by means of centrifugation. The 
resulting GO sheets were chemically reduced in HI at 90 οC, washed with 
water, dried with ethanol and annealed at 1600 οC under inert (Ar gas) 
atmosphere to produce iodine-doped rGO sheets with improved elec
trical conductivity. The SE of sheets of a thickness of 21.3 μm, reached 
~65.3 dB at the 8.2–12.5 GHz frequency range. Demonstrating the SE of 
graphene-based structures at low form factors, Shen et al. [152] fabri
cated graphene sheets through thermal reduction of GO sheets that 
accomplished a ~20 dB SE at ~8.4 μm thickness. Along with excellent 
mechanical flexibility and good structural integrity, the sheets also 
possessed a very high in-plane thermal conductivity (k) of ~1100 
W/m/K. Furthermore, reduction via thermal annealing of the GO sheets 
increased the conductivity by 7 orders of magnitude, from reference GO 
sheet values of 6.0×10− 4 S/cm, to ~1000 S/cm for graphene sheets. 
When taking into account the SE over thickness ratio and working fre
quency ranges, the results of the above works were surpassed by the 
results of Sijie Wan et al., in 2019 [37], wherein at a mere thickness of 
~3.4 μm, the cross-linked rGO sheets exhibited a SE of 36.5 dB at the 
0.3–18 GHz range along with a 1192 S/cm electrical conductivity and 
1054 MPa of strength. Zhou et al. [42] addressed the challenge in 
designing the interface between adjacent graphene nanosheets to ach
ieve high strength, toughness, and conductivity through the use of a 
long-chain molecule, 1-pyrenylbutyric acid–linear dia
mine–1-pyrenylbutyric acid (PBA-diamine-PBA), as a bridging agent 

between graphene as the matrix and CNTs as the reinforcement. The 
multiple π-π interactions between the fused rings of PBA, rGO, and CNTs 
significantly improved the mechanical and electrical properties of the 
cross-linked composite papers, with the as-obtained graphene-based 
paper (CLP-6) exhibiting a high tensile strength (625.2 MPa), high 
fracture energy (28.5 MJ/m3), and high electrical conductivity (233.4 
S/cm). The 3.3 μm thick papers exhibited an EMI shielding efficiency of 
up to 26 dB in the 8–12 GHz range (dominated by absorption) and a 
SSE/t up to 44,502 dB cm2/g. Tang et al. [153] reported a highly 
effective electrophoretic deposition process to create a flexible and ul
trathin Ti3C2Tx@CNT hybrid buckypaper with exceptional EMI 
shielding performance. The hybrid buckypaper exhibited EMI SE values 
of 60.5 dB and 50.4 dB in the X-band at 100 μm and 15 μm thickness, 
respectively. The average specific SE value of 5.7 × 104 dB cm2/g was 
observed in the 5-μm hybrid buckypaper. However, no information was 
provided regarding the mechanical performance of the material. Bin 
et al. [154] fabricated a new multifunctional natural rubber toughened 
CNT buckypaper (NR-BP) by vacuum filtration. The NR-BP exhibited 
excellent mechanical properties compared to the neat buckypaper; The 
tensile strength was 170% greater, and the fracture strain was 1200% 
greater. The electrical conductivity of the buckypapers ranged from 
21.74 to 34.48 S/cm while the EMI shielding efficiency (EMI SE) was 
31.9–28.3 dB in the C-band domain (5.5–8.5 GHz), presenting a specific 
EMI SE value (SSE/t) at 8504-6232 dB cm2/g. Potential applications of 
the NR-BP included thermal management and triboelectric nano
generators (TENGs). Rojas et al. [155] aimed to evaluate the electro
magnetic and mechanical properties of glass fiber/epoxy resin 
composites (GF/EP) incorporating highly porous CNT buckypaper (BP) 
with serrated and rectangular strip designs. The laminates were 
analyzed for their electromagnetic interference (EMI) shielding effec
tiveness (SE) at the 8.2–12.4 GHz (X-band) and 12.4–18 GHz (Ku-band) 
through electrical permittivity, reflectivity, and attenuation measure
ments. The results showed that laminates containing 0.75–2.5 wt% 
MWCNT exhibited a large region promoting electromagnetic wave 
attenuation up to more than 90% in the frequency range of 8.2–10.8 
GHz, showcasing a total EMI SE at ca. 13 dB. The GF/EP/BP/SES 
laminate exhibited the highest attenuation values of all samples 
(− 41.04 dB at 8.3 GHz), while the GF/EP/BP/RS-CB laminate contain
ing the highest concentration of MWCNTs, 2.5 wt%, showed high values 
of real and imaginary components of electrical permittivity. Interlam
inar shear strength (ILSS), dynamic mechanical analyses (DMA), and 
impulse excitation technique (IET) tests showed an increase in the 
GF/EP/BP/SES and GF/EP/BP/SES-CB laminates by 23%, 6% and 16%, 
respectively; indicating the potential of the GF/EP/BP composites as 
lightweight, multifunctional, and high-performance EMI shielding ma
terials for electronics and aerospace applications. Choi et al. [156] 
explored the use of polymer composites as electromagnetic interference 
(EMI) shielding materials, which are preferred over metals due to their 
low density and flexibility. However, the conducting pathways within 
the filler-to-filler contacts inside the polymer matrix often limit their 
EMI shielding effectiveness (EMI SE). The researchers used a combina
tion of electrospinning, thermal-rolling (at 130 ◦C), and vacuum filtra
tion to prepare ultrathin and lightweight multiwalled carbon nanotube 
(MWCNT) buckypaper/electrospun polyacrylonitrile (PAN) nanofiber 
(BP/NF) composite membranes. They demonstrated that the interfacial 
network between the BP and NF substrates significantly enhanced the 
mechanical strength, surface energy, and specific shielding efficiency of 
the composite membrane. The mechanical strength of the composite 
membrane was found to be 19 MPa. The 100 μm thick BP/NF-130 
membrane showed a 23.3 dB EMI SE and achieved a specific shielding 
efficiency of 13,734 dB cm2/g, which is superior to most of the previ
ously reported MWCNT/polymer composite membranes. The re
searchers also explored the effect of nanofiber porosity and structure on 
the EMI shielding performance of the composite membranes. Overall, 
the study successfully demonstrated a novel approach for enhancing the 
EMI shielding performance of polymer composites by improving the 

C. Kostaras et al.                                                                                                                                                                                                                                



Carbon 221 (2024) 118909

11

interfacial polarization between the MWCNT BP and NF substrates. The 
results are promising for lightweight, practical, and high-performance 
EMI shielding applications in a large variety of aerospace, military, 
smart, wearable, and flexible electronics. Via the vacuum filtration 
method, Bin et al. [145] prepared multilayer and sandwiched Bucky
papers (BP) as electromagnetic interference (EMI) shielding material for 
X-band frequencies, which achieved an EMI shielding effectiveness (SE) 
of 31.2 dB and a high specific SE of 19850 dB cm2/g at a thickness of 35 
μm. Multilayer and sandwich structures were constructed using BP and 
polypropylene sheet, with the sandwich structure showing higher SE 
due to constructive interference between parallel BP layers. Optimum 
polypropylene sheet thickness was found to be 0.32–0.48λ (λ is the 
minimum wavelength of the X-band at ca.25 mm), with a resonance 
peak appearing at d > 0.48λ (d is the thickness of the wave-transmitting 
layer). The SE of sandwiched structures with one and two 
wave-transmitting layers increased by 61.5% and 90%, respectively, 
compared to multilayer structures with the same BP component. The 
absorption-dominated SE above 100 dB was achieved by adjusting 
thickness of the shielding layer or the wave-transmitting layer for 
multilayer structure and sandwich structure. The study has important 
implications for the development of EMI shielding materials in various 
applications., and the shielding performance enhancement mechanisms 
were discussed based on shielding and wave-transmitting layer 
thickness. 

4.2. THz Range 

The THz frequency domain is considered as the ideal spectrum for 

fulfilling the continuously increasing demand for faster information 
transfer. It is foreseen that within the next 10 years, current communi
cation systems will be replaced with THz-based ones [157] providing 
data transfer rates of up to 5–10 GB/s. To date, development of THz 
amplifiers and integrated circuits up to 600 GHz have been reported 
[158]. Hence, with the development of THz devices, it is crucial to 
produce materials with sufficient EMI shielding performance in that 
frequency domain [159]. Metal-containing nanocomposites would seem 
as ideal candidate materials for SE in the THz domain, however they are 
limited by their weight, environmental sensitivity such as corrosion and 
lack in processing efficiency. 

Carbon-based composites are more appealing since, due to their high 
conductivity, they present good EMI SE in the THz domain, are facile to 
fabricate, can be lightweight and cost effective. Okotrub [160] et al. 
reduced GO buckypapers by chemical and thermal methods and 
compared their electromagnetic behaviors in the sub-THz range. 
Chemical reduction proved a more effective route in removing the ox
ygen groups than thermal reduction. Moreover, they illustrated that the 
reduction processes create additional favorable defects and vacancies, 
though affecting the absorption properties in the sub-THz range. Inter
action with hydrazine vapor reduced transmittance by 5%, while 
annealing reduced it by no more than 2%. After 10 min of hydrazine 
treatment, there were no changes in transmittance due to the limitation 
of reductant diffusion to the internal GO layers. Accordingly, numerous 
literature reports focus on the THz-domain EMI SE of carbon-based 
polymer nanocomposites systems such as CNTs [161], onion-like car
bons [159], carbon nano-whiskers [162], and graphene-based nano
composites [163]. A summary of the most promising studies in the THz 

Fig. 8. Here, the exceptional mechanical and EMI shielding properties of cross-linked rGO sheets are presented. A,B,C) Summary of sequential increase of the 
mechanical properties of the sheets following reduction and cross-linking D,E,G) SE of cross-linked sheets F) Model of the EMI reflectance and absorbance mech
anisms. Reproduced from Ref. [37]. (A colour version of this figure can be viewed online.) 
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domain is presented in a review article by Megaridis et al. [146] (Fig. 8). 

5. Thermal management 

Powerful contemporary electronic components are fitted in devices 
with increasingly smaller form factors. Increased core counts and higher 
clock speeds (calculations per second) require more electrical current 
which in turn affects the thermal design power (TDP) of a component; 
some models can reach TDPs of 280W. To avoid catastrophic failure 
mainly due to localized hotspots causing thermal stresses on a CPU, 
components are designed with lower clock speeds and limiting mecha
nisms such as thermal throttling. Two routes are currently pursued for 
thermal management in electronic components. The first is thermal 
dissipation, which aims to reduce the temperature difference between 
hotspots and the rest of the component. Materials with good in-plane k 
are suitable for such applications. The other is improvement of the 
thermal interface. Most times, function critical components are con
nected to heat sinks that are either cooled passively by surrounding air 
or actively via a fan or a liquid coolant. Thermal interface materials 
(TIM) are crucial to the conduction of heat from electronics to heat sinks, 
because air entrapped between any non-flat surfaces of the two com
ponents, provides for incomplete contact which renders cooling ineffi
cient [164]. Materials with good cross-plane k would be the best 
candidates for such applications. 

While copper, aluminum, and silver are reliable thermal conductors, 
graphitic nanomaterials, especially graphene, display superior k 
(Table 2). The unique atomic structure and high-quality crystalline 
lattice of graphitic nanomaterials enable efficient heat transfer, which 
holds promising implications for advanced heat management systems, 
electronics, and energy storage applications. Continued research and 
development in the field of graphitic nanomaterials may pave the way 
for revolutionary advancements in thermal conductivity and energy- 
efficient technologies. 

Graphene, has been reported to exhibit high k in the range of 
4800–5300 W/m/K [5] and has attracted scientific interest for heat 
dissipation applications. Even earlier than the 1D nanocarbon [165] and 
throughout recent works [166,167], attention was drawn on the thermal 
properties its 2D counterpart, CNTs, mainly their thermal conductivity 
in the range of 1000–3500 W/m/K [4]. Graphene and CNT nanofillers 
have already been researched in composite TIMs [168]. However, due to 
low thermal conductivity of the polymer matrix and interfacial resis
tance [169], corresponding values for composites are relatively low 
[170]. An additional concern are the high temperature ranges that some 
components work in, that contribute to accelerated aging of polymer 
matrices [171]. Hence, applicability of free-standing sheets consisting of 
graphene and CNTs in thermal management applications like electronics 
packaging [172] still remains a challenge. 

5.1. High temperature treatment 

When GO papers are treated in temperatures high enough, the 
functional groups containing oxygen decompose [173] while the whole 
material undergoes a transition to the graphitic state [174]. Thermal 
annealing combined with certain pre-treatment greatly improves the 

thermal and electrical properties of the sheets with values for thermal 
conductivity (k) starting from 826 W/m/K [175] and reaching up to 
1950 W/m/K [176] with one reported maximum of 3200 W/m/K [177]. 
Mean phonon free path (MFP) in graphene ranges from 700 to 800 nm 
[178]. Hence, along with reduction temperature, flake size of GO film 
prior to reduction is an important factor for thermal performance of its 
papers. Peng et al. [176] achieved an astounding value for k of 1950 
W/m/K; the finding was attributed to the large lateral size of the initial 
comprising GO flakes – which were separated from smaller flakes to 
achieve a narrow distribution around an average of 108 μm – and a 
rather high C/O ratio of 443.1, achieved by thermal treatment at 
3000 ◦C. Chen et al. also researched the effect of high temperature, on 
rGO films pretreated under pressure, at 300, 1000 and 2000 ◦C where 
the, initial GO flake lateral size ranged from 0.1 to 10 μm. After 2000 ◦C, 
oxygen disappeared completely and TEM along with XRD and XPS 
studies indicated restoration of the graphitic basal plane and in-plane 
thermal conductivity achieved a lower value of 1200 W/m/K. 

Wrinkling affects the thermal conductivity of individual flakes hence 
also the film’s in-plane thermal conductivity [179]. This was show by Lu 
et al. [180], who prepared hybrid GO/CNT papers with CNT content 
ranging from 0 to 50 wt%, which were subsequently reduced through 
thermal treatment. At 15 wt% CNT content, a decrease in the wrinkling 
of rGO flakes in papers reduced at the relatively lower temperature of 
1000 ◦C, allowed for in-plane K values of 1388 W/m/K. 

Akbari et al. showed that film density also appears to affect thermal 
conductivity [181]. The work demonstrated that introduction of smaller 
rGO flakes covered the gaps left by the larger flakes in the lateral 
dimension of the as prepared film hence promoting crystallinity 
following reduction, pressing and graphitization at 3000 ◦C. Opto
thermal Raman measurements coupled with finite element analysis 
provided a high k value of 2025 W/m/K. Wang et al. [177] demon
strated that the films’ thermal performance is also affected by film 
thickness. In that work, 0.8 μm thick films achieved a remarkable 3200 
W/m/K which then gradually decreased and leveled off at 2250 W/m/K 
with increasing film thickness. Another effect of film thickness on 
thermal properties was demonstrated for films produced by 
blade-coating [182]. Therein, in GO films prepared by solution-based 
techniques to thicknesses higher than ca. 100 μm, the laminar stack
ing of individual flakes in the resulting rGO film begins to break down. 
Presumably, this effect is related to the amount of water trapped in the 
middle of the GO film thickness during the thermal pre-treatment and 
graphitization steps. 

5.2. Molecular welding 

The main carriers for heat in graphene are acoustic phonons [183] 
hence thermal conductivity in CVD graphene is affected by factors such 
as the presence of lattice impurities [184–186], flake size [187] and 
grain size [188]. The scattering of phonons by individual flake bound
aries severely deteriorates the rGO papers’ thermal performance. 
Achieving a narrow distribution of large GO flakes is not always a viable 
option and, as already stated, does not ensure maximum density of 
graphene within the material. Therefore, researchers have employed 
macromolecules and various smaller molecules that bridge the edges of 
graphene flakes and help them fuse together into larger flakes during 
graphitization. Molecules used so far include polyimide (PI) [189–191], 
polydopamine (PDA) [192], dehydroascorbic acid (DHA) [193], glucose 
[194] and polyacrylonitrile (PAN) [195]. 

5.3. Nanocarbons as heating elements 

Sheets based on nanocarbons such as graphene and CNTs, possess 
favorable characteristics for integration into heating applications that 
rely on the Joule heating effect. In the highly electrically and thermally 
conductive nanocarbon-based sheets, the effect manifests as prominent 
heat generation when an electrical current passes through the sheet. 

Table 2 
Comparison of thermal conductivity values (in W/m/K) for various materials.  

Material Thermal Conductivity (W/m/K) 

Copper (Cu) 400 
Aluminum (Al) 200 
Silver (Ag) 430 
Graphene 3000–5000 
Graphene Nanoribbons Varies up to 5000 
Carbon Nanotubes Varies up to 5000 
Single Walled Carbon Nanotubes (SWCNT) 350–5000 
Multi-Walled Carbon Nanotubes (MWCNT) 10–300  
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Nanocarbons enable the effective transfer and dissipation of heat 
generated by the Joule effect due to the synergistic action of high 
electric conductivity and unique electronic band structure which facil
itates efficient movement of charge carriers and rapid phonon transport. 
However, to their comparatively higher resistance compared to metallic 
materials, imposes higher electrical potential requirements on 
nanocarbon-based sheets to generate sufficient heat. Table 3 lists the 
various nanocarbon-based heater types based on main material used, 
applied voltage, maximum achieved temperature, heating rate and 
power draw per unit area. 

In nanocarbon-based resistive heating applications, performance 
indicators include parameters such as temperature increase ΔT, which 
can be met as a steady-state Temperature (Ts), working voltage V, power 
draw and heating rate. Heating power heating, is essentially the amount 
of heat produced (or the electrical power consumed) has a quadratic 
dependence to the applied voltage and is directly proportional with the 
produced current flow as expected from Ohm’s equation considerations: 

P=V2/R = IV (7)  

where I is the mean value of direct current measured at each voltage 
level, V. Ideally, for a heating element based on the Joule heating effect, 
Ts must be achieved as rapidly as possible and the energy balance at a 
given time t can be expressed by the equation introduced by Sorel et al. 
[212]: 

I2R=mCp
dT(t)

dt
+Ah[T(t) − T0] + σSBAε

[
T4(t) − T4

0

]
(8)  

where m is the mass of the material, Cp is its specific heat capacity under 
constant pressure, A its surface area,h the coefficient of convection, σSB 
the Stefan – Boltzmann coefficient, ε the coefficient of emissivity and T0 
the ambient temperature which in usual case coincides with the tem
perature of the film at the Off state of the voltage. The first term on the 
right-hand side (RHS) of the equation expresses the increase of tem
perature, the second the heat loss due to convection and the third the 
radiative heat losses. By applying a Taylor expansion on the latter term, 
solving the differential equation and inserting the general heat transfer 
constant (where a = ℎ + 4σSBAεT3), the equation for t→∞ reduces at: 

Tmax − T0 =
1
a

I2R
A

(9) 

Composite resistive heaters exhibit low heating rates or high 
response times as a trade-off for mechanical robustness [213,214]. The 
thermal resistance at the nanocarbon/polymer interface and the 
dielectric nature of the polymer matrix result in accordingly longer 
electrothermal response times and lower steady-state temperatures (Ts) 

at corresponding values of V. This is demonstrated on the composite 
heating elements studied by Zhou et al. [214], which achieved a 
steady-state ΔΤ of 100 ◦C at 5 V for Δt of the order of ~100 s as well as on 
the GRM-containing rubber heater by Zhan et al. [213] which required 
20 s to reach a plateau of 50 ◦C at 15 V. Ultrathin-film nanocarbon-based 
heaters exhibit similarly sub-optimal working parameters while intro
ducing the requirement for a substrate, as a trade-off for transparency 
[215]. On the other hand, nanocarbon-based paper-like films have 
relatively low resistance and are expected to exhibit smaller response 
times for higher ΔT at smaller voltages. This kind of performance was 
demonstrated by Guo et al. [216] with rGO papers achieving a ΔT of 
180 ◦C at 8 V in a few seconds. Wang et al. [206] presented 
graphene-based fiber (GF) heaters which achieved exceptional proper
ties such as failure strains up to 70%, toughness of 22.45 MJ/m3, elec
trical conductivity of 6 × 105 S/m, heating rates of 571 ◦C/s, and cooling 
rate of 891 ◦C/s. The heaters reached temperatures of up to 424 ◦C at 5V 
and 220 ◦C at 3.7 V, demonstrating high electrothermal efficiency. Guo 
et al. [216] prepared a freestanding graphene paper with high 
out-of-plane thermal conductivity for wearable personal thermal man
agement. The graphene paper exhibited superior Joule heating features, 
achieving an extra warmth of 42 ◦C at a relative low supply voltage of 
3.2 V. Additionally, it provided efficient passive cooling by transferring 
heat from the human body to the environment within 7 s. Compared to 
normal cotton fabric, the graphene paper demonstrated a superior 
cooling performance, with a temperature gap reduced from 9.2 ◦C to 
6.5 ◦C. An independent strategy for enhancing the heating performance 
of freestanding CNT sheets was proposed from Im et al. [200] by 
decorating them with granular-type palladium (Pd) particles. The 
addition of Pd to the CNT sheet increased its heating efficiency by a 
factor of 3.6, resulting in a heating resistance efficiency of 99.9 
◦Ccm2/W compared to 27.3 ◦Ccm2/W without Pd. The improved heating 
efficiency was attributed to the suppression of convective heat transfer 
loss and the additional heat generation mechanism provided by the Pd 
particles. The CNT/Pd sheet demonstrated stable characteristics even 
after 300 cycles of on-off voltage pulses, with fast heating and cooling 
rates of 154 and -248 ◦C/s, respectively. The reduction in electrical 
resistance of the CNT sheet after Pd deposition further supported the 
improved performance. These findings highlight the potential of 
CNT/Pd sheets as high-performance microheaters with applications in 
various fields. Li et al. [217] prepared polyoxymethylene (POM)/mul
ti-walled MWCNT and POM/graphene nanoplate (GNP) composites 
(PMCNT and PMGNP) by a new strategy assisted by poly(L-lactide) 
(PLLA). The composites exhibited uniform dispersion and high contents 
of MWCNT and GNP. PMCNT40 (40 wt% MWCNT) showed an electro
magnetic interference (EMI) shielding effectiveness of 45.7 dB, electrical 
conductivity of 3484 S/m, and through-plane thermal conductivity of 

Table 3 
The applied voltage, maximum achieved temperature, heating rate and power draw per unit area for various nanocarbon-based sheets.  

Type of Heating element Material Applied voltage (V) Ts (C) Heating rate (C/s) Power (W) Areal Power Density (W/m2) Ref. 

laminate-composite Rgo 1 60 1.5 1 N/A [196] 
composite CNT/PVA 15 120 11.4 N/A N/A [197] 
composite PET/AgNWs/CNTs 15 110 3.7 0.256 160 [198] 
composite PEN/SWCNTS 7 100 <100 0.784 3000 [199] 
composite-sheet Pd/CNTs 5.5 105 154.0 0.188 7500 [200] 
laminate Graphene 8 163 3.3 0.9 9500 [201] 
composite fiber CNTs 40 90 2.0 0.8 2000 [202] 
films CNT  400 3500.0 18 300 [203] 
sheet MWCNT/rGO 8 413 373 6.3 N/A [204] 
Sheet CNT 34 200 3.3 5.04 840 [205] 
fiber Graphene fibers 5 424 571.0 N/A N/A [206] 
coating SWCNT 12 140 2.3 4 6400 [207] 
coating MWCNT 10 80 4.4 0.186 350 [208] 
coating RGO 60 206 16.0 0.4 1200 [209] 
coating CNTs 60 160 1.3 n/a N/A [210] 
coating MWCNT forest 40 140 3.5 0.26 530000 [211] 
coating rGO 60 206 16.0 5 N/A [209] 
sheet MWCNT/GRM 8 366 355 16 30792 [204]  
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1.95 W/m/K. Similarly, PMGNP48 (48 wt% GNP) exhibited an EMI 
shielding effectiveness of 44.7 dB, electrical conductivity of 2695 S/m, 
and through-plane thermal conductivity of 4.24 W/m/K. Furthermore, 
the composites exhibited excellent Joule heating performance, with 
rapid temperature increases at low driving voltages. The surface tem
perature increased to 101.4 ◦C and 107.6 ◦C for PMCNT40 and 
PMGNP48, at driving voltages of 3.0 V and 6.0 V, respectively. Chang 
et al. [218] presented the development of a three-dimensional graphe
ne/carbonized-PAN composite freestanding paper intended as an elec
trothermal heater. It achieved a specific heating rate of up to 213 ◦C/s/V 
and a maximum steady-state temperature (Ts) of 235 ◦C at a low driving 
voltage of 1.75V. The composite paper also retained the intrinsic 
properties of graphene and allowed for facile and large-scale fabrication, 
hence suitable for flexible electronics applications. In their study, Sho
bin and Manivannan [219] focused on the enhancement of electro
thermal performance in SWCNT transparent heaters through a room 
temperature post-treatment process. The researchers fabricated 
high-performance transparent heaters on glass substrates using a spray 
coating method with solution-processed SWCNTs. The heaters were then 
treated with an acid and alcohol mixture to improve their heating per
formance. The post-treated SWCNT heater exhibited 81% transmittance 
at 550 nm and reached a steady-state temperature of 150 ◦C with a 
heating rate of 0.6 

◦

C/s at an applied voltage of 60 V and an areal power 
density of 0.035W/cm2. Wang et al. [201] presented the development of 
a nacre-like styrene-butadiene rubber/crumpled graphene nanosheets 
heater (NSGH) with superior performance. The NSGH were prepared 
using the blade-coating technique on a large scale. The NSGH exhibited 
excellent anisotropic conductivity, flexible stretchable Joule heating 
performance, and comprehensive mechanical properties. The authors 
achieved almost constant saturation temperature up to163 ◦C at 8 V DC 
voltage and 70% strain with 4000 bends. Abdulkareem et al. [220] 
employed a graphene-based paper as a potential de-icing material in 
composite panels. Systems were fabricated using either chemical vapor 
deposition (CVD) or hot-pressing for the nanocarbon-based paper and 
vacuum bagging for the glass-fiber composite panel. De-icing was ach
ieved by applying electrical potential to the composite panel to induce 
the Joule heating effect. Results showed that application of VDC = 5 V 
was sufficient to remove ice from the panel’s surface at low power 
consumptions. When VDC = 10 V was applied, the CVD graphene-based 
paper exhibited higher temperature profiles due to its higher in-plane 
thermal conductivity compared to hot-pressed graphene-based paper. 
Su et al. [196] used a nanocarbon-based sheet as heating element by 
sandwiching it between a top thermochromic layer and a bottom poly 
(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) substrate. As 
a result, the thermochromic layer exhibited fast and reversible color 
conversions of blue-pink-yellow under a low input power (1 W, T =
60 ◦C). Recently, in order to determine the effects of internal micro
structure of nanocarbon based sheets, Kostaras et al. [204] conducted a 
comparative study of hybrid MWCNT/Graphene based sheets of a wide 
range of graphene/MWCNT ratios. By comparing the electrothermal 
performance of hybrid films containing either smaller and thicker gra
phene nano-platelets (GNPs), thermally reduced GO (trGO) or large 
chemically reduced GO (crGO), it was demonstrated that the efficiency 
of the heaters was enhanced by the compaction of the films. It was also 
found that electrical conductivity was affected by the apparent size of 
the 2D constituents and their ratios over MWCNTs. The free-standing 
sheets achieved maximum ΔT of 366 ◦C and a heating rate of 355 

◦

C/s. 

5.4. Joule welding 

Joule heating has been also employed to achieve graphitization 
temperatures on nanocarbon-based sheets without the need of external 
heating [221,222]. Depending on the initial resistance of the film for a 
certain voltage, temperatures at the order of 3000 ◦C can be reached 
[223,224] while lattice reconstruction takes place. The salability po
tential of Joule welding was highlighted in the work by Liu et al. [222]. 

In a device that employed a feed roll and a collection roll at its respective 
edges and graphite rods at the center, current was driven through a strip 
of rGO reduced in HI acid and thermally pre-treated. Joule heating at 
2433 ◦C took place in an ultra-dry H2/Ar atmosphere which yielded 
films with k = 1285 W/m/K. 

5.5. Cross-plane thermal Conductivity 

Due to graphene’s highly anisotropic thermal conductivity, rGO 
films are expected to exhibit low cross-plane conductivity values [225]. 
Wrinkling of rGO papers fabricated by thermal reduction can further 
affect cross-plane thermal conductivity. This is attributed to gaps be
tween individual flakes that wrinkle during the reduction process. In 
their work, Hong et al. [226] reported a noticeable increase of 
cross-plane conductivity for thermally-reduced rGO papers with 
alumina nanoparticles acting as intersheet gap fillers. The initial 
GO/alumina films were formed from LbL deposition of GO and alumina 
layers. CNTs have also been suggested as fillers for intersheet gaps and 
for improving cross-plane K values [227,228]. Jia et al. [228] demon
strated this effect by producing CNT/rGO hybrid films by combination 
of chemical reduction, pressing and graphitization at 2800 ◦C. Similarly 
Hu et al. [229] combined spinning of CNTs from aligned forests around a 
mandrel and GO spraying to achieve films of interchanging layers of 
highly aligned CNTs and GO flakes. After graphitization at 2800 ◦C, the 
films of optimized CNT/GO ratios exhibited in-plane thermal conduc
tivity of 1056 W/m/K and cross-plane thermal conductivity of 335 
W/m/K. The formation of carbon nanorings (CNR) has been also re
ported to enhance cross-plane thermal conductivity. By taking advan
tage of the graphitization of PMMA around Ni nanoparticles, Zhang et al. 
[230] fabricated CNR-bridged graphene papers by annealing a GO/Ni 
(COOH)2/PMMA hybrid paper. A reported cross-plane conductivity of 
5.8 W/m/K was achieved. More recently, Gao et al. [231] fabricated 
thick papers of hierarchical structure by the immediate freeze-drying of 
thick material “cakes” collected during dead-end filtration of large- (12 
μm lateral size) and small-sized (2 μm lateral size) graphene flakes. As 
the cake-like structures were freeze-dried before the total expulsion of 
water, a vertical orientation of the smaller graphene flakes was ach
ieved. Subsequent graphitization provided a cross-plane conductivity of 
12.6 W/m/K. 

5.6. Electrospray deposition 

Xin et al. [232,233] presented a method for fabricating large-scale 
free-standing graphene papers (GPs) by an electrospraying deposition 
(ESD) approach integrated with a roller set-up (Fig. 9). Well-dispersed 
graphene suspensions were sprayed onto Al-foils under a high voltage 
between nozzle and substrates. Variation of the graphene suspension 
concentration and of deposition times, controlled the film microstruc
ture of free-standing GPs that were peeled off from the substrate 
following immersion in water. 

5.7. Chemical Reduction 

Reduction of GO papers can be achieved also by chemical means. 
While reported reducing agents such as hydrazine cause extensive 
structural damage due to release of H gas [234], hydroiodic acid has 
been shown to efficiently reduce GO papers, with the resulting rGO 
papers maintaining good mechanical properties [216,235,236]. Kumar 
et al. demonstrated this by comparing the thermal properties of rGO 
papers of variable flake size, to those of GO papers prior to reduction 
[235]. Meanwhile, Guo et al. [216] reported the production of graphene 
papers by reduction of GO papers with vitamin C; they exhibited high 
values of both in-plane and cross-plane thermal conductivities as paper 
thickness reached values of 1 μm. Therein, thermal conductivity was 
shown to be inversely proportional to sheet thickness with cross-plane 
and in-plane values of 490 ± 50 W/m/K and 730 ± 50 W/m/K, 
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respectively, for sheet thickness of 8 μm and 2100 ± 50 W/m/K and 
2600 ± 50 W/m/K, respectively, for 1 μm sheet thickness. Emphasis on 
the effect of rGO paper microstructure on the thermal and electrical 
conductivities was given by Yang et al. [237]. They demonstrated both 
types of conductivities can be regulated by the ratio of smaller GO flakes 
in the papers before the reduction process. While papers consisting of 
larger flakes offered longer paths for carrier propagation due to the 
smaller number of edges, rGO papers that were fabricated from GO 
papers containing 50% of smaller flakes showed maximum thermal and 
electrical conductivities of 1102 W m− 1 Κ− 1 and 8982 S m− 1, respec
tively. This indicated that the compaction offered by smaller flakes 
filling the voids between larger ones, plays a significant role in con
ductivity. Table 4 summarizes the properties of thermally conductive 
nanocarbon-based sheets, as function of mean flake size L of GO used to 
create the initial films, the thermal reduction method employed, 
reduction temperature Tr, C/O ratio after the reduction process, in-plane 
and cross-plane thermal conductivities, k// and k┸ respectively, and the 
characterization method. 

6. Membrane separation 

The superior performance of nanocarbon-based membranes in sep
aration processes is underpinned by their advanced physical properties 
and the mechanisms that govern their function. Key properties include 
the high surface area, which provides ample space for molecular in
teractions, and the ability to tailor pore size for specific separation tasks. 
The mechanical strength and flexibility of these materials ensure dura
bility under various operational conditions, while their chemical and 
thermal stability make them suitable for a wide range of applications. 
The main mechanism for achieving gas separation is kinetic diameter 

exclusion for porous membranes and diffusion when considering dense 
membranes [239]. Concerning water separation, the primary mecha
nisms include size exclusion, where molecules larger than the mem
brane’s pore size are mechanically blocked, and selective adsorption, 
where specific molecules are preferentially adsorbed due to the unique 
surface characteristics of the nanocarbon material. Charge-based sepa
ration and hydrophilicity also play crucial roles, where these properties 
facilitate the efficient removal of contaminants and the passage of clean 
water. These nanocarbon-based membranes exhibit remarkable prop
erties such as high mechanical strength, chemical stability, and unique 
transport characteristics, making nanocarbon-based sheets highly 
effective in separation processes. 

6.1. Applications in gas separation 

One of the critical applications of nanocarbon-based membranes is in 
gas separation. The intrinsic porosity and tunable interlayer spacing of 
graphene sheets, for instance, enable selective permeation of specific gas 
molecules. This selectivity is crucial for applications like carbon dioxide 
capture from industrial emissions and the purification of natural gas. 
Graphene oxide membranes, with their laminar structures and func
tional groups, can be engineered to allow the fast passage of small gas 
molecules like hydrogen while effectively blocking larger molecules 
such as nitrogen or methane [240]. Climate-change has expedited the 
need for efficient capture of greenhouse gases, such as CO2. GO-based 
membranes have been tested for such an application due to their 
permselective function of CO2 over other gases. This was recently 
investigated by molecular dynamics studies [241] that showed GO 
membranes with varying pore sizes displaying permselectivity between 
N2 and CO2 gases. The authors proposed that N2 molecules are more 

Fig. 9. a, b, c) SEM images of graphene sheets deposited on Al with ESD d, e) SEM images of annealed samples in high temperatures f) Photograph of graphene 
papers before and after annealing. Reproduced from Ref. [232]. 

Table 4 
Cumulative table outlining the properties of thermally conductive nanocarbon-based sheets, where reported.  

L (μm) Reduction method Tr (oC) C/O ratio k//(W/m/K) k┸ (W/m/K) Characterization Method Ref. 

105 Heating/Press 3000 443.1 1940 – IR imaging [176] 
0.1–10 Press/Heating 2000/2750 – 1200 – Laser flash [174] 
<2 Chemical/Press/Heating 1000/2800 95.62 933.4 6.27 Laser flash [228]  

Heating 1000 93.62 1389 – Laser flash/DSC [180] 
35–45 Heating/Press 2800 – 1224 – Laser flash [182] 
2–7 Chemical/Heating/Press 3000 – 2025 – Raman/Finite Element Analysis [181] 
– Chemical/Heating 800 23.66 1032 – Laser flash [193] 
– Press/Heating 2800 – 802.3 – Laser flash [189] 
– Microwave/Heating/Chemical 2800 – 1352 – Laser flash [191] 
– Chemical/Heating RT/3000 – 1584 – Laser flash [192] 
– Hydrothermal/Pressing 180/100 – 836.8 0.058 Laser flash [227] 
50–100 Pressing/Heating 800/2800 – 1053 – Laser flash [190] 
– Heating/Graphitization 1000/ – 1331 – Laser flash/DSC [194] 
1–50 – – 81 1428 150 Laser flash [238] 
>6 μm Chemical/Pressing/Heating 2850 >1000 3200 14 DRT/ITB/PPR [177] 
15–20 Chemical/Thermal/Joule 300/2433 50.4 1285  HR IR imaging [222]  

Heating 250/2800 – 1056 335 Laser flash/DSC [229]  
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likely to adopt a direct pathway through the membrane pores than CO2 
molecules that preferentially diffuse on the graphitic layers of GO. This 
effect is experimentally demonstrated by the work of Zhou et al. [242], 
where selective permeation of H, He and N2 gases over CO2 was ach
ieved using lamellar GO/amine membranes fabricated by the scalable 
method of Layer-by-Layer (LbL) ink-jet printing on polymeric supports. 
Specifically, apart from kinetic diameter exclusion, CO2 retention was 
enhanced by the addition of layers consisting of CO2-philic amine 
molecules. Enhancement of CO2 retention was also achieved by 
Widakdo et al. [243] on GO-based membranes that employed melamine 
molecules as cross-linking agents between GO flakes. Similar to the work 
by Zhou et al. [242] the amine-based cross-linkers enhanced CO2 
adsorption and by extension displayed increased CO2/O2 and CO2/N2 
selectivities for increased melamine contents. 

Similarly, CNT membranes, known for their smooth inner surfaces 
and uniform pore sizes, provide an ideal pathway for the rapid transport 
of gas molecules, offering high permeability and selectivity in gas sep
aration processes [244,245]. The random networks developed within 
CNT-based membranes give rise to pores following size distributions of 
variable width. The width of the pore size distributions relies primarily 
on the length and diameter of the CNTs [246] and on the process used to 
chemically modify the outer surfaces of the particles [19,23]. The high 
porosity of such membranes allows high gas permeability. On the other 
hand, selectivity is important in gas separation applications. To this end, 
Li et al. [247] studied the increase of the selectivity of CNT membranes 
by the incorporation of poly (amic acid) (PAA). The subsequent pyro
lytic treatment of CNT/PAA membranes led to the development of 
carbon/CNT hybrid membranes that displayed enhanced selectivity of 
CO2 over methane (CH4) (two molecules with similar kinetic diameters 
[248]). 

6.2. Desalination and wastewater reprocess 

One of the main concerns in the on-going environmental crisis is the 
depletion of natural fresh water sources, which comes as a result of 
urban overpopulation, increased irrigation for crops, usage for food 
production [249] and industrial processes [250,251] and contamination 
from pharmaceuticals close to inhabited areas [252]. Scientific interest 
for water treatment and separation techniques for reducing fresh water 
contamination and converting sea or brackish water to potable, has 
known a tremendous increase during the last decades. Water purifica
tion can be achieved through a variety of approaches such as adsorption 
[253] or flocculation and sedimentation [254] of contaminants, while 
desalination is achieved through phase-change [255] and separation 
processes. Membrane separation is a process in which a semipermeable 
barrier is used to retain certain molecules between two liquid phases. 
The retention of molecules depends on a variety of characteristics 
including molecular diameter, charge and solubility [256]. Separation 
processes are in general less energy demanding than thermal ones 
[257–259] and show versatility concerning the salinity of the source 
water and the type of compounds retained (see Table 4 above). 

Table 5 contains a description of the various water treatment 
methods used in literature. 

6.3. Reverse osmosis (RO) and Nanofiltration (NF) 

Reverse osmosis, a process employed for crossflow filtration, is the 
most popular separation process for desalination. Over the last five de
cades, RO has gained popularity owing to the process’ potential to 
effectively desalinate a wide range of water types, ranging from brackish 
to sea water [260,261], with smaller energy burdens than phase-change 
processes [257,262]. However, RO use still carries an impact on the 
environment due to the electric energy needed to create hydraulic 
pressure for the feed water [262] and also due to the nature of the 
concentrate produced which has higher salinity than the source water 
and contains the contaminants of the purification process [263,264]. For 

RO, a thin film composite (TFC) is typically used as membrane, which 
employs a thin active layer (commonly polyamide (PA) [265], poly 
(vinyl pyrrolidone) (PVP) [266] or polyimide [267]) on a microporous 
polymer substrate. This kind of membrane is easily damaged from 
chlorine or sodium hypochlorite (NaClO) which is used to inhibit 
bio-fouling during water treatment [268–271]. 

Although widely used for their low cost, Cl-based cleaning solutions 
are responsible for presence of hypochlorous acid (HClO) [272,273], a 
substance which reacts with PA membranes through a variety of 
mechanisms [272], to affect their salt rejection performance. Nano
carbons exhibit a free radical scavenging mechanism that contains 
electron-transfer processes [274,275] and adduct formation [276]. GO 
also exhibits free radical absorbing capabilities [277] together with an 
excellent affinity to water due to the presence of oxygenated functional 
groups [278]. Over the course of the last decade researchers have 
focused on using GO either as an additive in the active layer [277, 
279–281] or as thin film on top of the active layer [282–284] to coun
teract the issues of sensitivity to chemicals and increased fouling that 
plagued membranes for RO. Stacked GO flakes can form a thin mem
brane that allows for water flux between layers and is held together 
through hydrogen bonding between the hydroxyl and carboxyl groups 
present [285]. Ion sieving is achieved through size exclusion [286], 
electrostatic interaction [287] and ion adsorption effects [286]. Acting 
either as nanofiller or as over-layer, GO has been shown to reduce the 
surface roughness [282,288] and enhance the hydrophilicity of PA 
active layers [289]; the two main factors known to affect membrane 
fouling [290]. Furthermore, GO has been reported to imbue the layer 
with antimicrobial properties [288,291]. 

Parallel to RO, nanofiltration (NF) has also been extensively 
researched for water separation. Although commercial NF membranes 
are, similarly to RO membranes, formed through phase inversion, they 
present some key differences. First, along with size exclusion, electro
static (Donnan exclusion) and dielectric effects play a role to separation 
by NF [292]. Secondly, NF membranes operate in lower pressures (2–5 
bars) than those used for RO (seawater: 55–65 bar, brackish water: 
10–30 bar) [293], a fact which renders them attractive for use as as
sistive systems to RO-based processes [294,295]. The most interesting 
difference of NF to RO is the selective rejection of divalent over mono
valent salts [296] while still presenting a molecular weight cut-off 
(MWCO) of 300–500 Da. The latter property comes of use to the 
textile industry where it is common for inorganic salts to be used as dye 
pickup enhancers for textiles [297]. The fractionation of dye/salt 

Table 5 
Brief overview of water separation methods.  

Separation Method Description 

Distillation Separates water from impurities by boiling and condensation 
based on the differences in boiling points. 

Reverse Osmosis Uses a semi-permeable membrane to separate water from 
dissolved solids and contaminants by applying pressure. 

Forward Osmosis Uses a semi-permeable membrane to extract water from a 
feed solution into a more concentrated draw solution through 
osmosis. 

Ion Exchange Involves the exchange of ions between a solid resin and water 
to remove dissolved salts and other ions. 

Filtration Passes water through a physical barrier (e.g., sand, activated 
carbon, or membranes) to remove impurities. 

Pervaporation Utilizes a membrane to separate water from volatile 
components in a liquid mixture based on differences in vapor 
pressure. 

Electrocoagulation Uses an electric current to destabilize and aggregate 
suspended particles and colloids for removal 

Flocculation Adds chemicals (flocculants) to water to create larger 
particles (flocs) that can be easily removed by sedimentation 
or filtration 

Biological 
Treatment 

Utilizes microorganisms to break down and remove organic 
compounds and pollutants through biological processes. 

Adsorption (AD) Uses adsorbents (e.g., activated carbon) to attract and remove 
contaminants from water through surface interactions.  
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mixtures is necessary as high salinity of used water hinders either the 
biodegradation of organic dyes by microorganisms or the reuse of dying 
agents [298]. 

Along with size and charge selectivity [299], stacked GO membranes 
also exhibit higher rejections of divalent and multivalent ions over 
monovalent ions [299,300], highlighting the membranes’ usefulness in 
NF applications like water softening [301] and dye/salt mixture frac
tionation [298]. 

GO films have been documented to exhibit the undesirable tendency 
to swell under contact with water, resulting in an increase of water flux 
and a decrease of salt rejection [302]. Moreover, as interlayer distance is 
determined by the electrostatic interactions between the functionalities 
of GO [303], the property can be affected by the pH level or ion con
centration in the feed solution [304,305]. The effect has been shown to 
be modulated by feed water pressure [306,307]. Accordingly, signifi
cant research effort has focused on ensuring the stability of the distance 
between comprising flakes through covalent cross-linking using either 
urea [308], meta-phenylenediamine (MPD) [309] or various dicarbox
ylic acids [310]. Diamines have been used extensively for the formation 
of cross-links between individual GO lamellae. The size of the 
cross-linking molecule controls the interlamellar distances and hence 
the flux and rejection performance of the corresponding membrane 
[309,311–313]. Covalent crosslinking has also been suggested for sta
bilization of GO stacked films over the active layer of the membrane 
[314,315]. 

Another way to remedy the swelling of GO membranes in water is 
through partial reduction. For this task, rGO/TiO2 and rGO/TiO2/CS 
membranes have been developed via photoreduction of corresponding 
membranes consisting either of GO and TiO2 flakes or GO, TiO2 flake 
and chitosan [316]. The operating principle of desalination using 
nanoporous graphene and the water transport/salt rejection mechanism 
in rGO membranes through nanoslits, nanopores and nanochannels are 
shown in Fig. 10. 

6.4. Forward osmosis (FO) 

Contrary to RO and NF, forward osmosis (FO) does not rely on the 
use of pumps for pushing the feed solution through the membrane, but 
the movement rather relies on the osmotic pressure caused by a draw 
solution of greater salinity than that of the feed solution [319]. This 
means that FO not only provides an energetically less demanding 
approach to desalination, but it can also be used in an auxiliary manner 
by using the concentrate from RO processes as a draw solution and thus 
reducing the operation costs of RO plants [320]. Additionally, the 
organic fouling layer that accumulates on FO membranes over time, is 
much more loosely adhered and thus easier to remove. This is because, 
in contrast to RO, which relies on hydraulic pressure that contributes to 
the formation of a compact fouling layer that reduces permeate flux, FO 
relies on an osmotic pressure gradient to drive the separation and is 
more sensitive to concentration polarization effects than the primer 
[319,321]. For an asymmetric membrane – one that employes separate 

active and supporting layers – to operate in FO mode, the active layer 
must face the feed solution. External concentration polarization (ECP) is 
developed due to the accumulation of solute on the side of the mem
brane of the feed solution causing its concentration to be higher than 
that in the draw solution. Thus, the differential osmotic pressure and 
solvent flow are decreased. Internal concentration polarization (ICP) 
appears within the supporting layer on asymmetric membranes and is 
affected by the thickness t, porosity ε and tortuosity τ of the layer as 
described by the parameter S [319,322]. 

S=
tτ
ε (10) 

While ECP can be easily counteracted by changing the flow condi
tions, ICP cannot be easily minimized as it occurs within the supporting 
layer [319,322]. Hence, efficient desalination by FO membranes re
quires simultaneous satisfaction of the conditions of hydrophilicity for 
reduction ECP, small thickness of the active layer for increased flux, high 
selectivity and minimal thickness of supporting layer for low S param
eter values. 

Stacked GO membranes are an attractive choice for FO and pressure- 
retarded osmosis (PRO) as they offer a very thin and selective structure 
that is hydrophilic, highly permeable to water and with rejection effi
ciency controlled by thickness. However, interlayer spacing increases 
when membranes are wet, especially in the presence of Na+, which leads 
to decreased salt rejection. Stabilization of interlayer spacing through 
cross-linking of GO flakes that comprise the membrane has been also 
employed in the case of FO processes [309,323,324]. To that end, LbL 
deposition of GO and various molecules has been suggested [325,326]; 
the added benefit of the method is the ability to control the membranes’ 
rejection performance through adjustment of the number of deposited 
layers. 

Another route to weaken the effect of certain ions to the interlayer 
spacing of GO membranes is their partial reduction. Loss of negatively 
charged oxygen functionalities entails that the comprising flakes will 
have a reduced interaction with ions wherein, along with the beneficial 
increased stability of rGO membranes, water flux is facilitated due to 
reduction of water side-pinning effects [327]. When in contact with HI 
vapors or after thermal treatment, GO membranes will be partially 
reduced with a definite increase of contact angle [327–330]. Partially 
reduced membranes have been examined as free-standing FO mem
branes [328,329] or as a stable interlayer between pDA active layer and 
support layer [330]. The absence of a supporting layer, as shown by Yan 
et al. [329], was connected to increased water permeation performance 
through non-supported membranes. Insufficient water flux was attrib
uted to ICP effects that hinder the development of high osmotic pressure 
difference between the feed and draw sides of the supported membrane. 

6.5. Pervaporation 

Water-alcohol separation processes are important for the environ
ment because they simultaneously ensure the conservation of clean 
water and the recycling of alcohols which are produced at the costs of 

Fig. 10. a) Schematic representing desalination using nanoporous graphene (reproduced from Ref. [317]). b) Water transport and salt rejection mechanism in rGO 
membranes through nanoslits, nanopores and nanochannels (reproduced from Ref. [318]). (A colour version of this figure can be viewed online.) 
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energy and natural resources. Alcohol/water mixtures turn azeotropic at 
certain water molar fractions where mixture vapors contain the same 
water fractions as the liquid phase [331]. This renders complete dehy
dration of alcohols via distillation practically impossible. Pervaporation 
(PV) is a membrane process for separating liquids by employing a 
selectively permeable (permselective) filter to separate the permeate in 
vapor form from a feed solution preheated below the boiling point and 
pressurized over its bubble point [332]. As new hydrophilic materials 
emerge for use in separation technologies, PV processes are also being 
introduced as valid options for desalination [333]. Water adsorbed on 
the feed solution diffuses within the membrane where the 
liquid-to-vapor phase change takes place and is desorbed in vapor form 
at the permeate side leaving behind up to 99.9% of dissolved salts [332]. 

The hydrophilicity and favorable water diffusion mechanism of 
water through stacked GO membranes highlight them as excellent 
candidate materials for PV. Moreover, GO displays a preferential inter
action with water over alcohols [278] and various organic solvents 
[334]. GO membranes deposited via filtration on polyacrylonitrile 
substrates were shown to produce 99.5 wt% water permeate from a 70 
wt% IPA/water mixture at a relatively low temperature of 70 ◦C [331]. 
Subsequent research on alcohol and water mixtures provided excep
tional water purities on the permeate side of the membrane [335–337]. 

7. Catalysis 

The role of nanocarbon-based materials, particularly graphene and 
carbon nanotubes (CNTs), has become increasingly significant in the 
field of catalysis. These materials, characterized by their unique struc
tural and chemical properties, offer new avenues for catalytic applica
tions [338]. This section delves into how nanocarbon-based sheets are 
utilized as catalysts and catalyst supports, highlighting their high sur
face area, electrical conductivity, and specific surface functionalities. 

The exceptional electrical conductivity, alongside a high surface area 
make graphene an ideal candidate for catalytic applications, particularly 
in electrocatalysis [339]. Graphene’s conductivity facilitates electron 
transfer, enhancing the efficiency of electrocatalytic reactions [340]. Its 
large surface area allows for a higher density of catalytic sites, 
improving reaction rates [341]. For example, graphene has been 
employed as a support material for metal nanoparticles in fuel cell re
actions. The metal nanoparticles, dispersed on the graphene sheet, 
benefit from enhanced electron transfer, improving the overall effi
ciency of the fuel cell [342]. Xuning Li et al. [343]. provided compelling 
evidence of graphene’s exceptional qualities for catalytic applications, 
specifically showcased in the development of an efficient Fenton-like 
catalyst. In this catalyst design, the high surface area is utilized to an
chor single cobalt atoms and to create dual reaction sites on porous 
nitrogen-doped graphene. This configuration significantly improves re
action rates, as seen in the efficient degradation of organic contami
nants. In their effort it is highlighted not only the graphene’s potential in 
electrocatalysis but also its practical application in environmental 
remediation, affirming the text’s assertion of graphene’s suitability for 
catalytic uses. 

Similarly, carbon nanotubes, with their cylindrical nanostructure 
and remarkable electrical properties, have found significant applications 
in catalysis. Their unique structure enables efficient electron transfer, 
which is crucial in various catalytic processes [344]. CNTs have been 
used as supports for metal catalysts in reactions such as hydrogenation 
and oxidation [345]. In catalysis, hydrogenation and oxidation are key 
processes. Hydrogenation involves the addition of hydrogen (H2) to 
compounds, using metal catalysts (e.g. palladium or platinum) to 
convert unsaturated bonds (double or triple) into saturated (single) 
bonds. Conversely, oxidation involves adding oxygen or removing 
hydrogen, often catalyzed by metal oxides, changing the oxidation state 
of molecules. The high surface area of CNTs allows for the dispersion of a 
large number of metal nanoparticles, thereby increasing the active sites 
available for catalysis [345]. Additionally, the strong interaction 

between the metal nanoparticles and CNTs prevents the leaching of the 
catalyst, enhancing the stability and reusability of the catalytic system. 
Yi Cheng et al. [346] effectively illustrates the critical role of carbon 
nanotubes (CNTs) in catalysis, aligning well with the established un
derstanding of CNTs’ properties and applications. CNTs, with their 
unique cylindrical nanostructure and remarkable electrical properties, 
are utilized as a support for metal catalysts, specifically single-atom 
catalysts like nickel (Ni) and cobalt (Co). This study showcases how 
the efficient electron transfer capability of CNTs, a consequence of their 
distinctive structure, is crucial in catalytic processes, particularly in the 
electrochemical reduction of CO2. The high surface area of the 
nitrogen-doped CNTs (N-CNTs) used in this research allows for an ul
trahigh dispersion of these metal atoms, significantly increasing the 
number of active sites available for catalysis. This dispersion is instru
mental in achieving the remarkably high metal loading (up to 20 wt% 
for Ni), which is a notable advancement in the field. Moreover, the 
strong interaction between the metal nanoparticles and the CNTs, 
highlighted in the study, prevents the leaching of the catalyst. This 
aspect enhances the stability and reusability of the catalytic system, 
addressing a common challenge in catalyst design. A highlighted 
research that effectively demonstrates how the cylindrical nanostructure 
and electrical properties of CNTs contribute in catalysis, particularly in 
reactions such as hydrogenation and oxidation is being presented by 
Chen et al. [347]. They demonstrated the catalytic prowess of CNTs in 
electrocatalytic ammonia synthesis. Utilizing CNTs as supports for iron 
nanoparticles, the study achieved a remarkable ammonia formation rate 
of 2.2 × 10⁻3 g NH₃ m⁻2 h⁻1 at room temperature and atmospheric 
pressure. The high surface area of CNTs allowed for efficient dispersion 
of iron nanoparticles, increasing active catalytic sites. This setup 
enhanced electron transfer efficiency, as evidenced by a high total 
Faraday efficiency of 95.1%. The strong interaction between the metal 
nanoparticles and CNTs enhanced the catalyst’s stability and selectivity, 
preventing leaching and improving reusability. 

Moreover, the surface chemistry of nanocarbon materials can be 
modified to introduce functional groups, which further enhances their 
catalytic properties. For instance, the introduction of oxygen-containing 
groups in graphene oxide improves its hydrophilicity, which is benefi
cial in aqueous-phase reactions. Similarly, doping CNTs with hetero
atoms like nitrogen or boron can modify their electronic properties, 
making them suitable for specific catalytic reactions [345]. For example, 
Kang et al. demonstrated the impactful role of heteroatom doping in 
modifying the electronic properties of CNTs. Nitrogen doping of CNTs, 
combined with the encapsulation of Ni–Co alloy nanoparticles, creates a 
synergistic effect that significantly enhances both the catalytic activity 
and stability of the CNTs. This modification led to a notably fast reaction 
rate of 0.31 min⁻1 in the catalytic activation of peroxymonosulfate for 
the degradation of ibuprofen [348]. Recent advancements in the field 
have also seen the development of hybrid structures combining gra
phene and CNTs, which leverage the benefits of both materials [349]. 
These hybrids exhibit enhanced electrical conductivity and a larger 
surface area, making them highly effective as catalyst supports. Such 
hybrid structures have been explored in various environmental appli
cations, including water treatment and air purification, where they aid 
in the breakdown of pollutants through catalytic reactions [350]. In the 
research presented by Zamani et al. [351] by applying ammonia treat
ment, the study tunes the nitrogen incorporation into these nano
carbons, enhancing their catalytic activity. The resulting catalyst 
features a robust morphology of porous, 2-D graphene-like structures 
intermixed with 1-D CNTs, enriched with nitrogen and iron species. This 
unique surface chemistry yields impressive results, achieving a 
half-wave potential of 0.81 V, a current density of 77 mA cm2 at 0.8 V, 
and a maximum power density of 335 mW cm2 in H2-air fuel cell testing. 
The study of Pongpichayakul et al. [352] on platinum-loaded reduced 
graphene oxide (rGO) and carbon nanotube (CNT) composites for 
methanol oxidation reaction highlights their exceptional properties in 
catalysis. rGO offers superior electrical and thermal conductivity, large 
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surface area, and mechanical strength, while CNTs provide high con
ductivity and adsorption capacity, enhancing catalyst stability and ef
ficiency. These combined properties make rGO and CNTs excellent 
support materials for electrochemical applications, particularly in 
methanol oxidation reactions. 

In regard of water treatment applications, nanocarbon-based cata
lysts are employed to degrade organic pollutants, remove heavy metals, 
and even for disinfection purposes. Graphene and its derivatives, with 
their large surface area, act as excellent platforms for photocatalytic 
reactions [353]. When doped with metals or metal oxides, 
graphene-based catalysts can efficiently generate reactive oxygen spe
cies under light irradiation, which can break down organic pollutants in 
water into less harmful substances [354,355]. This photocatalytic pro
cess is particularly effective in degrading persistent organic pollutants, 
such as pharmaceuticals and personal care products, which are typically 
resistant to conventional water treatment methods [356]. Carbon 
nanotubes also play a significant role in water purification. Their hollow 
and porous structure makes them ideal for adsorbing heavy metals and 
organic contaminants. Functionalized CNTs, where the surface is 
modified with specific chemical groups, can target and remove specific 
pollutants from water [357]. For example, CNTs functionalized with 
amino groups have shown high efficiency in capturing and removing 
heavy metals like lead and mercury from contaminated water [358]. In 
the current review there is an extended section below in regard to the 
water treatment using various nanocarbons as materials. 

In summary, the unique properties of nanocarbon-based sheets, such 
as high surface area, excellent conductivity, and tunable surface chem
istry, make them ideal candidates for catalytic applications. Their use in 
supporting metal nanoparticles, coupled with the ability to modify their 
surface properties, opens up new possibilities in various catalytic pro
cesses. The ongoing research and development in this area promise 
further innovations, potentially leading to more efficient and sustain
able catalytic systems in the future. 

8. Conclusion 

Although mass production and commercialization of pristine gra
phene are not yet mature, the importance of graphitic nanomaterials and 
especially graphene in modern technological applications is already 
apparent. The fabrication of sheets based on nanocarbons such as CNTs 
and graphene and its derivatives, through techniques like cross-linking 
and alignment-induced strengthening, has overcome processing chal
lenges and demonstrated their unique multifaceted performance. These 
sheets find applications in diverse fields such as water treatment, energy 
storage, electromagnetic interference (EMI) shielding and thermal 
management, where they offer valuable assets such as ion selectivity, 
chlorine resistance, solvent separation capabilities, increased energy 
capacity and excellent electrical conductivity. Furthermore, graphitic 
nanomaterials, including graphene and CNTs, exhibit superior thermal 
conductivity compared to traditional materials, hence emerging as 
promising candidates for thermal management in electronic compo
nents. Water treatment for desalination purposes has gained significant 
interest, with reverse osmosis and nanofiltration currently highlighted 
as promising strategies. GO⋅ is highlighted as an auspicious material for 
RO membrane applications, addressing issues of sensitivity to chemicals, 
fouling, and antimicrobial properties, while stacked GO membranes 
show advantages in forward osmosis and pervaporation processes. 
Moreover, the fabrication of high-capacity electrodes for electro
chemical energy storage devices, such as batteries with excellent rate 
capabilities and supercapacitors, can greatly benefit of nanocarbon- 
based porous materials such as buckypapers of graphene and CNTs 
which emerge as ideal candidate materials for supercapacitor electrodes 
and flexible structures for wearable devices. It is apparent that the 
unique properties of graphene and its derivatives and carbon nanotubes 
(CNTs) as well, particularly in terms of high surface area and electronic 
properties, play a crucial role in catalytic mechanisms. These 

nanocarbons enhance technologies in electrocatalysis and environ
mental remediation by facilitating improved electron transfer and of
fering a high density of active sites, which are essential for advanced 
catalytic reactions. These advancements in nanocarbon-based sheets, 
electrode materials, graphitic nanomaterials, catalysis, and water 
treatment technologies collectively hold great promise for a wide range 
of practical applications, addressing challenges in the major current 
concerns of our environment and lives, namely water, energy and 
thermal management, which pave the way for sustainable and efficient 
solutions for the planet. 
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[319] I. Alsvik, M.-B. Hägg, Pressure retarded osmosis and forward osmosis membranes: 
materials and methods, Polymers 5 (2013) 303–327, https://doi.org/10.3390/ 
polym5010303. 

[320] V. Yangali-Quintanilla, Z. Li, R. Valladares, Q. Li, G. Amy, Indirect desalination of 
Red Sea water with forward osmosis and low pressure reverse osmosis for water 
reuse, Desalination 280 (2011) 160–166, https://doi.org/10.1016/j. 
desal.2011.06.066. 

[321] S. Lee, C. Boo, M. Elimelech, S. Hong, Comparison of fouling behavior in forward 
osmosis (FO) and reverse osmosis (RO), J. Membr. Sci. 365 (2010) 34–39, https:// 
doi.org/10.1016/j.memsci.2010.08.036. 

[322] N.D. Suzaimi, P.S. Goh, A.F. Ismail, S.C. Mamah, N.A.N.N. Malek, J.W. Lim, K. 
C. Wong, N. Hilal, Strategies in forward osmosis membrane substrate fabrication 
and modification: a review, Membranes 10 (2020) 1–42, https://doi.org/ 
10.3390/membranes10110332. 

[323] L. Jin, Z. Wang, S. Zheng, B. Mi, Polyamide-crosslinked graphene oxide 
membrane for forward osmosis, J. Membr. Sci. 545 (2018) 11–18, https://doi. 
org/10.1016/j.memsci.2017.09.023. 

[324] J. Jang, I. Park, S.S. Chee, J.H. Song, Y. Kang, C. Lee, W. Lee, M.H. Ham, I.S. Kim, 
Graphene oxide nanocomposite membrane cooperatively cross-linked by 
monomer and polymer overcoming the trade-off between flux and rejection in 

forward osmosis, J. Membr. Sci. 598 (2020) 117684, https://doi.org/10.1016/j. 
memsci.2019.117684. 

[325] H. Salehi, M. Rastgar, A. Shakeri, Anti-fouling and high water permeable forward 
osmosis membrane fabricated via layer by layer assembly of chitosan/graphene 
oxide, Appl. Surf. Sci. 413 (2017) 99–108, https://doi.org/10.1016/j. 
apsusc.2017.03.271. 

[326] H. Kang, W. Wang, J. Shi, Z. Xu, H. Lv, X. Qian, L. Liu, M. Jing, F. Li, J. Niu, 
Interlamination restrictive effect of carbon nanotubes for graphene oxide forward 
osmosis membrane via layer by layer assembly, Appl. Surf. Sci. 465 (2019) 
1103–1106, https://doi.org/10.1016/j.apsusc.2018.09.255. 

[327] I. Alam, L.M. Guiney, M.C. Hersam, I. Chowdhury, Pressure-driven water 
transport behavior and antifouling performance of two-dimensional nanomaterial 
laminated membranes, J. Membr. Sci. 599 (2020) 117812, https://doi.org/ 
10.1016/j.memsci.2019.117812. 

[328] H. Liu, H. Wang, X. Zhang, Facile fabrication of freestanding ultrathin reduced 
graphene oxide membranes for water purification, Adv. Mater. 27 (2015) 
249–254, https://doi.org/10.1002/adma.201404054. 

[329] F. Yan, C. Yu, B. Zhang, T. Zou, H. Zhao, J. Li, Preparation of freestanding 
graphene-based laminar membrane for clean-water intake via forward osmosis 
process, RSC Adv. 7 (2017) 1326–1335, https://doi.org/10.1039/c6ra27141c. 

[330] E. Yang, C.M. Kim, J. ho Song, H. Ki, M.H. Ham, I.S. Kim, Enhanced desalination 
performance of forward osmosis membranes based on reduced graphene oxide 
laminates coated with hydrophilic polydopamine, Carbon 117 (2017) 293–300, 
https://doi.org/10.1016/j.carbon.2017.03.005. 

[331] W.S. Hung, Q.F. An, M. De Guzman, H.Y. Lin, S.H. Huang, W.R. Liu, C.C. Hu, K. 
R. Lee, J.Y. Lai, Pressure-assisted self-assembly technique for fabricating 
composite membranes consisting of highly ordered selective laminate layers of 
amphiphilic graphene oxide, Carbon 68 (2014) 670–677, https://doi.org/ 
10.1016/j.carbon.2013.11.048. 

[332] Q. Wang, N. Li, B. Bolto, M. Hoang, Z. Xie, Desalination by pervaporation: a 
review, Desalination 387 (2016) 46–60, https://doi.org/10.1016/j. 
desal.2016.02.036. 
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