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Two dimensional (2D) carbonaceous materials such as graphene and its derivatives, e.g., graphdiyne, have
enormous potential possibilities in major fields of scientific research. Theoretically, it has been proposed
that the perfect atomic lattice arrangement of these materials is responsible for their outstanding
physical and chemical properties, and also for their poor magnetic properties. Experimentally, it is
difficult to obtain a perfect atomic lattice of carbon atoms due to the appearance of structural disorder.
This structural disorder is generated during the growth or synthesis of carbon-related materials.
Investigations of structural disorder reveal that it can offer both advantages and disadvantages
depending on the application. For instance, disorder reduces the thermal and mechanical stability, and
deteriorates the performance of 2D carbon-based electronic devices. The most interesting effect of
structural disorder can be seen in the field of magnetism. Disorder not only creates magnetic ordering
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Accepted 8th January 2020 within 2D carbon materials but also influences the local electronic structure, which opens the door for
future spintronic devices. Although various studies on the disorder induced magnetism of 2D carbon

DOI: 10.1039/c9n200663) materials are available in the literature, some parts of the above field have still not been fully exploited.
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1 Introduction

Carbon (a p-block element) is the plentiful sixth element in the
universe with two well-known allotropes: graphite and dia-
mond. ¢ and 7 bonds bind the carbon atoms to form a mole-
cule. Thus, the number and nature of the bonds determine the
properties and geometries of the carbon allotropes. After the
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This review presents existing work for the future development of 2D carbon-based devices.

discovery of the 21% century’s first 2D carbon material, known
as graphene, it is anticipated that graphene could form the
basis of other carbon allotropes like 0D fullerenes and 1D
carbon nanotube materials. Graphene is an sp>bonded one-
atom-thick sheet with a honeycomb crystal lattice. It has
extraordinary properties such as high theoretical specific
surface area (2630 m* g %), high thermal conductivity (1500~
2500 W m ' K1), superior intrinsic mobility (~200 000 cm?
V™' s7! at a carrier density of 1012 ¢cm™?) even at room
temperature, high mechanical stability (tensile strength
~130.5 GPa), excellent optical transmittance (~98% observed
for red light), extremely high electrical conductivity (10°
Q7' em™1), etc., because it exhibits Dirac-like electron excita-
tions which result in unusual properties.”> Quantum
mechanically, it is anticipated that confinement of electrons in
single layer carbon materials increases transport phenomena,
resulting in the quantum Hall effect® which favors a non-zero
Berry phase of graphene (i.e., a topological phase). Various
attractive phenomena like the Casimir effect," and the
quantum magneto-optical Faraday and Kerr effects® can be
seen in graphene due to the linear energy dispersion relation.
How to make a versatile and cost-effective material which can
be tuned according to requirements has always been the
subject of puzzlement in the fabrication of materials for
energy storage, biomedicine and electronic devices. In the
science community, graphene has been accepted as one of the
most desirable materials due to its light weight, unusual
properties and ease of synthesis. In modern technology,
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magnetic materials are crucial for various applications such as
spintronics, biomedicine, magnetic (bio) separation, micro-
wave absorption, etc. Spintronics is an emerging area of
condensed matter physics and is of particular interest in the
field of quantum and neuromorphic computing. Spintronics is
quite similar to electronics, except it uses electron spin
degrees of freedom instead of the electrical charge of the
electron used in electronics, and that is why it is also known as
spin electronics. Spin is an inherent property of particles.
Thus, the use of electron spin degrees of freedom provides
a logic bit, which increases the data processing speed, energy
efficiencies and integration densities of the information
storage and logic operations and also decreases the power
consumption. Spin-polarization can be achieved in magnetic
materials. In general, magnetic materials are metals in which
imbalance between unpaired spin-up (1) and spin-down ()
electrons leads to ferromagnetism. Magnetism occurs in both
the d- and the f-block elements of the periodic table, e.g., the
transition metals Fe (3d°4s®), Co (3d”4s®), and Ni (3d%4s?)
contain partially filled d orbitals and are renowned ferro-
magnets at room temperature. Super-exchange interactions
are responsible for magnetic coupling between the spins of the
metal ions and can be expressed by the isotropic Heisenberg
Hamiltonian: H = Z JiiSiSj, where J;; is the coupling constant
i<j
between the i™ spin and the j™ spin. In comparison with
metals, semiconductors have long relaxation times and
lengths which make them ideal for spintronics applications.
In this area, Heusler alloys and diluted magnetic semi-
conductors (DMSs) are commonly used to make spin based
devices such as spin-light emitting diodes, spin injection and
spin-transfer torque devices, spin field-effect transistors, large
magneto-resistance spin valves, etc.® The problem with Heus-
ler alloys and DMSs is the formation of complex interfaces due
to high carrier-doping levels. Thus, for superior storage
devices, we aim to achieve ferromagnetism in DMSs by
reducing the doping level in the semiconductor materials.
Apart from this, heavy weight, high cost and corrosion related
problems also hinder the use of metal/semiconductor mate-
rials. Now let us think about the second period elements in the
periodic table. The p-block elements possess several attractive
properties, including biocompatibility, low density and plas-
ticity, which are desirable for several potential applications.
Moreover, light element based composites demonstrate weak
spin-orbit and hyper-fine splitting phenomena which are
accountable for the spin relaxation process and decoherence
of electron spins. Nonetheless, magnetism is not common in
light p-block elements like carbon, although it can occur in
various molecular structures. The lack of d or f shell electrons
in p-block elements makes them magnetically neutral, which
is a major issue for condensed matter scientists. Therefore, d°
magnetism has attracted attention from physicists. Resulting
from structural defects such as vacancies, adatoms are a well-
known example of d° magnetism. It is noteworthy that a suit-
able combination of structural defects and host can make
graphene an active magnetic material. Magnetic centers
within graphene can even be modulated by varying the defect
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concentration, since the coordination number in the 2D
lattice arrangement can be reduced by low concentrations of
defects that weaken the coupling. This can be achieved with
artificial defects. Nevertheless, increasing the number of
defects cannot be considered an agreeable solution. This is
because a high concentration of defects may perturb the
crystal structure and result in unwanted physical properties.
Another way of inducing d° magnetism is the doping of
materials with a p-type 2D host matrix. Some researchers have
observed that p-type impurities like magnetic ions can induce
magnetic moments in some semiconductors. Therefore, d°
magnetism can be achieved by doping, which controls the
magnetism in the p-type host. It was seen that dopants with
smaller radius, compared with the host material, result in
higher on-site stability of the localized spins, similar to d- or f-
type” dopants. Thus, the atomic radius is an important factor
in tuning d® magnetism by controlling the wavefunction tails
of localized electrons. Therefore, two-dimensional d° magne-
tism can be achieved even by first-row element adatoms in
graphene.® Previous reports on the possible magnetism of
carbon structures show controversy due to the poor repro-
ducibility of experimental results for carbon materials. But the
situation has improved over the last few years because modi-
fication can be achieved by chemical treatment, grafting of
defects and vacancies, anchoring of magnetic impurities, etc.,
which all lead to magnetism in carbon-based materials.
Observations reveal that magnetism can also be tuned by an
external gate voltage (V,) that influences the Fermi energy. A
recently published paper showed that gate-tunable magne-
tism could even be attained by putting C adatoms in the gra-
phene structure.” When the impurity spins couple with the
conduction electron spins, as shown in Fig. 1, different kinds
of magnetism, like paramagnetism, ferromagnetism, antifer-
romagnetism or spin glass type behavior, can be obtained in
2D carbon based composites according to the coupling of the
spins within the material. Now the question is why 2D carbon
based composites are more desirable than the wide range of
other 2D materials such as transition metal dichalcogenides,
for example MoS,, VS,, WS,, TiSe,, TiS,, NbS,, etc.,"* even
though these materials have remarkable and desirable elec-
tronic, optical and mechanical properties. Also, transition
metal dichalcogenides (TMDCs) have potential applications in
energy storage devices including hydrogen evolution devices,
light-emitting devices, sodium-ion batteries, and various
other energy conversion applications. In comparison to
TMDCs, 2D carbon based composites can be considered
a better choice because the conductivity of 2D carbon based
composites varies from the metallic to the semiconductor
state, and their bio-compatibility and ease of synthesis make
them appealing for exciting applications in broad scientific
areas. For example, good microwave materials could be ob-
tained by balancing the relative complex permittivity and
permeability because the dielectric loss and magnetic loss
have complementary relations." The intrinsic surface
impedance in relation to the complex permittivity (¢ = ¢’ +i¢”)
and permeability (v = ' + ju”) for a given medium can be
written as'
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Fig. 1 A schematic representation of magnetic interactions attained by 2D carbon related materials.
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Here ¢ is the conductivity of the material and fis the frequency.
Microwave absorption is represented in terms of reflection loss:

Zm - ZO

(2)

Here Z, is the impedance of air, and Z;, is the input impedance
of the absorber. Minimum reflection loss (RL,;,) occurs when
the impedance of free space and the impedance of the
composite match. The ideal impedance matching condition is
Zin = Zy = 377 Q. Thus, tuning of the electrical and magnetic
properties is crucial, and depending on the application this can
easily be achieved in 2D carbon materials rather than in
TMDCs.

The present review provides a brief overview of current
research into the magnetic behavior of graphene based nano-
structures. Firstly, the theoretical aspects according to the
mean-field Hubbard Hamiltonian are briefly presented, and
secondly, the obtained experimental results in this field are
summarised. In addition, we discuss experimental tools for
studying the magnetic nature of 2D carbon based composites. It
is anticipated that the present review would be helpful in
understanding the critical magnetic behavior of 2D carbon
based composites and would pave the way for the fabrication of
memory, spintronics and other energy storage devices.

2 Carbonaceous materials
2.1 Graphene

Graphene contains simple sp> hybridized carbon atoms in
a honeycomb structure. Its Hamiltonian (H) is described by the
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Dirac equation in relativistic quantum mechanics in terms of
the mass-less Dirac fermion. H is expressed by the following
Weyl equation:

H = vgop (3)

where vp and p are the Fermi velocity and the momentum,
respectively. ¢ is the pseudo-spin. Thus, the electronic structure
of pristine graphene consists of two Dirac cones located at the K
and K points in the Brillouin zone. The positions of the Dirac
cones are accountable for graphene’s unique electronic struc-
ture and make it a semi-metal. This electronic structure with
linear dispersion controls most of the physical properties of the
material. Graphene has wide applications in printed electronics
and conductive coatings owing to its extraordinary properties as
explained in an earlier section. Graphene was first discovered in
2004 by Novoselov and Geim, who used Scotch tape to obtain
the graphene sheet through the mechanical exfoliation method.
If the graphene sheet is cut, zig-zag and armchair edges are
produced as depicted in Fig. 2(a—c). These edges greatly influ-
ence the electronic structure of graphene. The geometry of the
edges determines the effect of the edges on the physical prop-
erties of graphene materials. For instance, longer zig-zag edges
(more than 3-4 units) are recognized to be highly localized and
independent of the shape of the edges (regular or irregular).” It
was reported that zig-zag edges have nonbonding m-electron
states with localized spins in the zig-zag region, simply called
edge states, but that armchair edges do not possess these edge
states. The presence of edge states is an outcome of the split
symmetry of the pseudo spin at the zig-zag edge. On the other
hand, this pseudo spin symmetry remains preserved in the
armchair edges. It is expected that edge irregularities, even
defects, located at the bounding edges in 2D carbon materials

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Graphene structure, (b) zig-zag type- and (c) armchair types of graphene.

contribute to the total edge state magnetism. Theoretically,
graphene has a bipartite lattice of sublattices A and B and
intrinsically possesses zero magnetic moments. However, the
second law of thermodynamics demonstrates the presence of
some disorder in the crystal lattice system. Even quantum
mechanics predict the zero point energy at T = 0 K. If this is
true, then there is a possibility of there being disorder in gra-
phene in the form of vacancies, defects or other imperfections.
It has been demonstrated that structural disorder always
remains in crystalline graphene if it arises during the growth of
the material. Therefore the different aspect of graphene
magnetism has been proposed by the researchers over the last
decades rather searching is continued. There are many factors
like gate voltage, doping, the interactions of atoms, etc. that
affect the electronic and magnetic properties of graphene.
Among them, structural disorder, such as defects, impurities or
patterning, and chemical treatment of the material are known

to be excellent sources of local magnetic moments. The
concentration of structural disorder depends on the fabrication
method. Several methods have been reported to synthesize
graphene. They all belong to two major categories: (1) bottom-
up approach and (2) top-down approach, as shown in Fig. 3.
These different approaches offer graphene of different size and
quality according to the specific application. Some top-down
approaches are mechanical exfoliation, chemical exfoliation,
chemical reduction, etc., and each has some benefits and some
drawbacks. The large scale production of graphene is not
possible by mechanical exfoliation, while chemical oxidation
disturbs the electronic structure of graphene, which limits its
application in device fabrication even though it is considered
favorable for some applications like electromagnetic interfer-
ence shielding.*” Also, as a result of chemical treatment, some
organic species and defects remain on the zig-zag or basal
planes of graphene. These structure peculiarities create

//
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Fig. 3 Abbreviated description of the synthesis methods for graphene.
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Fig. 4 Fabrication methods for graphene oxide.

localized states which break the pseudo-spin symmetry of gra-
phene and give rise to localized spins. Bottom-up approaches
include CVD and epitaxial growth, which can produce large-size
graphene with tunable thickness. The major hindrance of using
these techniques is the dependency on the substrate, which can
limit the dimensions and increase the cost. Thus it is antici-
pated that it cannot fulfil the requirements for commercial
consumption of elevated-quality graphene.*>'*"” Additionally,
the pseudo-spin symmetry is conserved in this case due to the
lack of defects/vacancies and adatoms, which is a major
problem for memory devices and spin-based devices. Tucek
et al. have shown that the controlled sp® functionalization of

OPOMK
OPOPL

Graphite
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graphene to make zig-zag conjugated sp> carbon chains can
provide a suitable matrix for strong ferromagnetic ordering up
to room temperature. This is because of the combination of
super exchange interactions and contributions from itinerant
m-electrons.'® From this, it can be concluded that the synthesis
method plays an important role in tuning d° magnetism.

2.2 Graphene oxide

Graphene oxide (GO) is a typical graphene derivative. Moreover,
GO is well recognized as an oxygen functionalized highly
disordered graphene sheet which is not stoichiometric. GO can
exist as a monolayer or as a few stacked layers. It is proposed
that the energetically favorable places for oxygen-containing
groups such as ~-OH (hydroxyl), -O- (epoxy), -COOH (carboxyl)
and -C=0 (carbonyl) groups are the basal planes and edges of
graphene sheets. The presence of these functionalities makes it
hydrophilic, unlike graphene, which is hydrophobic. This
property of GO makes it easy to disperse in most solvents and
increases its applicability in various applications. Compared to
fluorographene, GO is less stable and can be reversibly trans-
formed into the unoxidized state by chemical or thermal
reduction. Also, GO has a high porosity, high surface area,
excellent mechanical strength, and high chemical stability.
Fig. 4 shows the synthesis methods for GO. Brodie (1859) first
carried out the oxidation of graphite, using potassium chlorate
(KCl10;) and fuming nitric acid (HNO3). Later, the above method
became known as the Brodie method. In 1898, Staudenmaier
improved this protocol by adding H,SO, along with fuming
nitric acid. In 1937, Hofmann made a change to this method by
using concentrated HNO; in place of fuming nitric acid,
concentrated H,SO, and KClO;. Nevertheless, these methods

E,:,f;} _ Graphite
Sonication

Fig. 5 A schematic representation of the synthesis of GO by chemical methods.
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were hazardous to humans due to the generation of toxic gases
like ClO,, which is explosive. In 1958, Hummer introduced
a simple method for the oxidation of graphite in the presence of
concentrated sulphuric acid (H,SO,), KMnO, and NaNOs,
known as Hummer’s method. In all the above methods, inter-
calation of compounds such as KClO;, KMnO, and NaNOj;
weakens the van der Waals forces within the graphitic layers
and gives rise to the breaking of these layers into small pieces,
as depicted in Fig. 5. Presently, Hummer’s method is regarded
as the most agreeable method in comparison with the Brodie
and Staudenmaier methods. Also, GO has been used in various
modified forms. GO is composed of a crystalline region and
a non-graphitic region owing to the oxidized groups which
break the conjugated network and prevent m-electron conduc-
tivity, which makes GO insulating. Oxidized graphene is
hydrophilic, contains many hydroxyl groups, and forms
hydrogen or ionic bonds with polymers. The available literature
on oxidized graphene-based composites indicates their broad
applications in catalysis, supercapacitors, drug introduction,
and the flexible film making industry."*** Moreover, graphene
oxide can be used as a selective membrane through which only
water molecules can pass.”* The magnetic behavior of GO has
been observed in the limits of diamagnetism (DM) and ferro-
magnetism (FM) depending on the degree of graphitization and
the individual nature of the functional groups. In this context,
the GO preparation method plays a crucial role in controlling
these functionalities, and the extent of these functionalities
decides the magnetism in GO. Some examples of the magnetic
interactions observed in GO are shown in Table 1.

2.3 Reduced graphene oxide

Among all graphene derivatives, reduced graphene oxide (rGO
or RGO) can be believed to be the best candidate for potential
applications due to its ease of synthesis and structural similarity
with graphene. Reduced graphene oxide (RGO) is the form of
GO that can be obtained after the removal of oxygen function-
alities from GO by applying chemical, thermal or other treat-
ment. The physical properties of RGO strongly depend on the

View Article Online
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degree of reduction. Thus, RGO demonstrates both insulating
and conducting behavior, according to the percentage of oxygen
remaining on the graphene, and GO exhibits fully insulating
behavior. Even though RGO has significantly lower conductivity
and mobility (5000 cm® V™' s7') than high-quality graphene
obtained by mechanical exfoliation or synthesized by another
high accuracy preparation method, it has a reasonably large
surface area, good biocompatibility, a reliable and cost-effective
synthesis, and the possibility of a large number of remaining
organic groups and defects, and it offers a broad range of
benefits compared with other graphene derivatives. Reduced
graphene oxide is widely used in energy storage applications
like supercapacitors, Li-ion batteries, solar cells, electro-
catalysis, photocatalysis and many others. To date, several
methods of reducing GO into RGO have been published, as
shown in Fig. 6. y-irradiation, UV irradiation, green approaches,
chemical reduction and annealing have been adopted by
researchers to restructure the characteristic graphitic sp®
network from oxidized graphene, along with some other
approaches. Among all processes, the chemical reduction
method is believed to be a more convenient and inexpensive
way for the mass formation of RGO with good capacity, partic-
ularly compared with other reduction methods such as thermal
reduction, which has minimum equipment and laboratory
requirements for annealing. Apart from this, this method can
even be performed at room temperature. Thus, the chemical
procedure is supposed to better than the others. In the chemical
reduction process, reducing agents like sodium hydroxide
(NaOH), sodium borohydride (NaBH,), hydrazine monohydrate
(NH,NH, H,0), hydroxylamine (NH,OH), hydroquinone
(CsHgO,), phenylenediamine (C¢HgN,) and hydrohalic acid (HX
where X = fluorine, chlorine, bromine) are used to expel the
oxygen functionalities.?®*?® Table 2 shows the magnetic behavior
of some RGO materials.

Whether induced magnetism appears in the RGO sheet
depends on the fabrication process of the RGO sheet. If the
reduction process of GO to RGO left defects in the graphene
sheet, then the induced magnetism may be significant.
However, sometimes chemical modifications are not able to

Table 1 XPS ratios of sp?, hydroxyl (C—O), carbonyl (C=0) and carboxyl (C-O-0) groups, and the magnetic nature of GO

(c=C) (C-0) (C=0)*/ Magnetic Moment Spin density

Material Synthesis sp” (area%) (%) (C-0-0) (%) sp’/sp® nature (emu gm™ ') (spins per g) Ref.
GO Brodie method 73.7 17.3 9% 2.8 SG — 22 and 156
GO Brodie method 86.7 10.2  3.1%* 6.52 PM — 23 and 156
(heated for 24 h, 180 °C)
NaOH treated GO Brodie method 55.8 32 12.2* 1.26 PM — 23 and 156
GO Brodie or and Hummer’s 23.32 45.33 1.48/10.94% 1.23 PM + DM 0.75 20.2 x 10'® 22 and 157

method
GO Pyrolysis of silk cocoon — — — — (FM) 0.005 — 24
BGO Brodie method — - = — (AFM) + (PM) — 2 x 10" 25
HGO Hummer’s method — — — — (AFM) + (PM) — 2 x 10" 25
Monolayer GO Oxidative cutting 59.5 2.5 0.5%305  — PM + FM 0.159 5.7 x 10"® 26
quantum dots
GO Modified Hummer’s — — — — SG — — 27

method

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Methods of reducing graphene oxide to reduced graphene oxide.

affect the magnetic properties of RGO sheets due to better
reconstruction of the sp> bonding network. For example, Felix
et al. reported a diamagnetic nature of RGO similar to that of
pristine graphene. They synthesized the RGO by thermal
reduction of GO and found a negative susceptibility of —2.17 x
10° m® kg™' in the as-prepared RGO.** Moreover, the
diamagnetism was found to decrease further on moving from
30 K to a lower temperature (~10 K), which indicates that
surface modification could not alter the magnetic properties of
the as-prepared RGO. On the other hand, Sarkar et al. obtained
super-paramagnetism (SPM) and hysteresis at 5 K and 300 K in
NaBH, -reduced RGO.** The region may contain abundant
defects that were attained by the chemical reduction process. It
is anticipated that clusters of defects that couple ferro-
magnetically behave like a single domain at low temperature,
leading to the SPM. While at room temperature, other defects
also effectively induce a magnetic moment, which gives rise to
ferromagnetism but with a lower magnetic moment.*®

2.4 Graphdiyne

Nowadays a synthetic 2D carbon allotrope, named graphdiyne
(GDY), has attracted significant attention from researchers due
to its planar structure.**** GDY can be made from the graphene
structure just by inserting a diacetylenic linkage between two

benzene rings, in contrast to the linear acetylenic chains in the
graphyne structure. It is the most stable non-natural carbon
allotrope containing diacetylene bonds. It consists of sp and sp>
hybridized carbon atoms which make it different and fasci-
nating compared with other carbon allotropes containing sp>
hybridized carbon atoms such as graphene and carbon nano-
tubes (CNTs). In 2010, Li et al. first reported the successful
synthesis of GDY with a direct band gap (0.46 eV), in contrast to
graphene with zero band gap, and significant carrier mobility at
room temperature (10* to 10° ecm® V' s7'). Interestingly, GDY
shows stacking (AA, AB and ABC stacking) dependent physical
properties in the case of multilayers.*® Afterwards, this moti-
vated extensive studies on potential applications in water
remediation, electronic devices, gas separation, Li-battery
storage, metal free -catalysis,”*** sensors and solar cell
devices.**** Unlike graphene, graphdiyne can be considered
a promising material, particularly in spintronics. This is due to
easily achievable modification in the form of substitution or
doping, which provides a tunable band gap and conductivity.
For instance, Chen and coworkers have shown that Cr and Mn
adatoms could be easily introduced on the corner sites of GDY
due to high migration barriers.*® Fig. 7 shows some reported
methods for preparing GDY. They belong to two categories: dry
and wet methods. The top-down, CVD, and explosion methods

Table 2 Magnetic behavior and reduction routes of reduced graphene oxide

Material Synthesis Reduction method Magnetic nature M, (emu g~ ) Ref.
RGO Modified Hummer’s method, NaBH, (SPM)s x *+ (FM)300 x 0.06 30
chemical route
RGO Modified Hummer’s method, reflux Hydrazine hydrate + NaOH (FM)300 0.007 31
RGO film Modified Hummer’s method Ascorbic acid (DM to FM);4 x — 32
RGO Coconut shell charcoal 700 °C (SPM)300 x 0.2619 33
RGO Modified Hummer’s method 800 °C/2 h (PM)10 x + (DM)z00 — 34
GDY Cross coupling reaction on Cu surface — PM — 35
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Synthesis of
Graphdiyne

Fig. 7 A schematic representation of the syntheses of graphdiyne based composites.

correspond to the first category. On the other hand, the inter-
face assisted and copper-surface mediated techniques corre-
spond to the wet method category. Some other techniques have
also been studied. Among them, the Cu mediated method is the
most studied technique due to the ease of preparation. In this
method, GDY is grown on a copper foil surface. The process
takes place in pyridine through a cross-coupling reaction of the
hexaethynylbenzene monomer. Fig. 8(a) shows the synthesis of
sulfur doped GDY by this reaction. It has been established that
pristine graphdiyne displays typical paramagnetic behavior
with Mg ~ 0.51 emu g~ " at low temperature (2 K), resulting from
the C matrix and sp hybridization of GDY. After the annealing of
pristine GDY at 600 °C, an increment in spin density leads to
antiferromagnetism in GDY. The source of the magnetism in

(a)

—~
O
~
—
(2]
~

annealed GDY is recognized as the hydroxyl groups located in
the chains of the GDY sheet, but the high barrier energy of
1.73 eV for OH hampers the clustering of these groups and
promotes antiferromagnetism in GDY.** Another research
group® prepared pristine GDY by annealing in hydrogen, and
studied the effect of ABC stacking on its electrical and magnetic
properties. They observed a direct band gap (0.64 V) and spin-
half paramagnetism at 2 K for the ABC stacking style, attributed
to residual OH groups on the chains of the GDY sheet, in
contrast to the previously reported direct band gap of 0.73 eV
and nonmagnetic nature of GDY sheets. It is noteworthy that
doping induces a localized state in carbon-related materials. As
a result, paramagnetic N doped graphdiyne showed an
enhanced magnetic moment almost two times greater than that

GDY350 D; |G SGDY Cis Cis S2p S2p,,
S v 3 3 S| sz
s \ &) < < X
> = O1s = C-C(sp?) =
‘@ | SGDY D G 5 5 T
s = S2p c c
2 5] 51 [}
£ 98 ss < = <

. A SGDY ) SGDY =
500 1000 1500 2000 2500 800 600 400 200 0 290 288 286 284 282 280 168 166 164 162 160

Raman shift (cm™) Binding Energy (eV)

Fig. 8

Binding Energy (eV) Binding Energy (eV)

(a) Schematic depiction of the synthesis of GDY by a cross-coupling reaction on the surface of copper, (b) Raman results for GDY-350 and

SGDY. (c) Wide XPS spectrum of SGDY, (d) narrow C 1s XPS spectrum of SGDY and (e) narrow S 2p XPS spectrum of SGDY. Reproduced with

permission from ref. 45, copyright 2019, American Chemical Society.
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of GDY."” Moreover, ferromagnetism with 7, > 350 K was seen in
raw Fe/GDY and annealed Fe/GDY hybrids, resulting from the
presence of low valence Fe ions. Annealing of Fe/GDY increases
the remanent magnetization while decreasing the coercive field
with respect to the raw Fe/GDY hybrid, even at room tempera-
ture. The ferromagnetic nature of GDY based hybrids may bring
forth a new way of making spin devices.

3 Experimental tools

The origin of magnetism in 2D carbon based composites is
highly dependent on the presence of disorder as we explained
earlier. Various characterization techniques play an important
role in knowing the extent of defects, adatom positions, doping
concentration, the nature of the dopant, etc., and in deter-
mining the cause of induced magnetism in 2D carbon
composites. Some important techniques are:

3.1 X-ray diffraction (XRD) technique

XRD is a very powerful technique that can be used for the
structural characterization of 2D carbon related composites. It
gives information on phases, structures, crystallinity, grain size,
strain, texture and crystal disorder. Pristine graphite shows the
(002) and (004) reflection peaks at 26 = 26.6° and 26 = 54.5° in
the XRD pattern, with doo, = 3.34 and dyp4 = 1.68 A, as studied
by Sebayang et al.*® After the oxidation of pristine graphite, due
to the oxygen containing functional groups along with water
molecules, the (002) and (004) peaks shift to lower angle values
of 20 = 11.8° (door = 7.49 A) and 260 = 42.2° (dgos = 2.14 A),
respectively. After the reduction of GO to RGO by using different
reducing agents as explained in an earlier section, the (002) and
(004) peaks shift to higher angles of 20 = 24.4° (dgo, = 3.64 A)
and 20 = 42.8°, respectively, due to the removal of oxygen
containing functional groups. The intensity of the (002) peak
plays a crucial role in providing information about the number
of layers. The number of layers (Ni) in GO or RGO sheets can be
estimated by the following Debye-Scherrer equation:

I
Ny = 4
b don @

where ¢, is the thickness of the graphitic stack and dy, is the
interlayer spacing. ¢ is given by
0.92

fo= —— =
s ﬁoozCOS 0

(5)
where S0, is the full width at half maximum (FWHM) that can
be obtained by Lorentzian fitting of the (002) peak.* This means
that greater broadening of the (002) peak indicates a lower
number of graphene layers. Nevertheless, a high intensity (002)
peak for graphite sheets, even in graphite oxide, indicates the
stacking of several sheets.

3.2 Microscopy techniques

Several microscopy techniques including scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
atomic force microscopy (AFM) and scanning tunneling
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microscopy (STM) are used for morphology imaging of 2D
carbon related materials. These are:

3.2.1 Atomic force microscopy (AFM). AFM is widely used
for structural analysis and enables us to identify the number of
layers in graphene sheets. Observations reveal that single-layer
graphene’s thickness varies from 0.3 to 1.5 nm. Interestingly,
the occurrence of functional groups in 2D materials can be
discerned from the thickness variation because interactive
forces between functional groups and the AFM tip in trapping
mode increase the thickness. For example, the thickness of the
layers in GO varies from 3 to 5 nm owing to different oxygen
functionalities such as -O-, -COOH, etc.

3.2.2 Scanning tunneling microscopy (STM). STM gives
topographical information on 2D composites with atomic
resolution. Moreover, STM investigates the charge density
around the Fermi level. The bias voltage between the tip and the
sample decides the occupancy of states around the Fermi level.
For instance, a positive bias voltage probes the lowest unoccu-
pied states, while a negative voltage probes the highest occupied
states of the specimen, depending on the tunneling of electrons
either from the tip into the specimen or from the specimen to
the tip.

3.2.3 Scanning electron microscopy (SEM). The exfoliation
process and re-stacking lead to deformation of GO sheets,
resulting in well defined crumples and ripples in the 3D inter-
connected network of the GO structure. On the other hand, the
morphology of chemically reduced graphene sheets highly
depends on the reduction method. Ob