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Abstract: Carbon-based nanostructured materials are very promising for spintronic applications due 

to their weak spin-orbit coupling and potentially providing a long spin lifetime. Nanostructured 

carbons are not magnetic materials, but intrinsic magnetic behavioral nanostructure carbon materials 

could be fabricated through qualitative alterations. On alterations of carbon nanostructured materials, 

it changes their critical temperature and magneto-crystalline anisotropy energy that could be useful 

as favorable magnetic materials for different magnetic/electromagnetic device-based applications. 

Different processes are used for the alteration of nanostructure carbon materials like chemical doping, 

introducing defects, changing the density of states, functionalization, intercalation, forming 

heterostructure and fabricating nanocomposites layered semiconductor materials. Among the 

carbon-based derived nanostructured materials, the graphene oxide (GO) gets attracted towards the 

magnet forming in the spin-like structure across the area of the magnet. Due to its magnetic 

behaviour, it is used for the adsorption of metals and radionuclides and to make nonconductive 

oxide-metal. In this review article, the basics of magnetic behavioral change of the carbon-based 

GO/GO-nanocomposites nanostructured materials are described by gathering information from the 

literature that were/are reported by different researchers/research groups worldwide.   
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1. Introduction 

Carbon is one of the most abundant elements on earth, forming millions of chemical compounds. 

Among them, graphene-based carbon compounds such as graphite (few million layers of graphene) 

have been used in many industries, and they still hold the attention of physical and chemical 

engineers owing to their outstanding properties such as high specific surface area, lubricating ability, 

sorption, catalytic characteristics, and deaccelerating effects [1]. Graphene, the mono-layer of 

graphite (extracted from graphite) has been one of the most popular research topics in the past two 

decades because of its unique structure and properties [1–6] and has potential applications in many 

areas, e.g. spintronics, electronics, electrical, magnetic, catalysis, and energy storage, because of its 

high charge-carrier mobility and high specific surface area. In addition to these applications of 

grapheme, graphene oxides (GO)/reduced GO (r-GO) (also known as graphite oxide sheets) which 

are the derivatives of graphene are also widely used in electrochemical DNA biosensors [7,8], 

recyclable nano-catalysts [9], electro-analytical nano-sensors [10], electrochemical sensors [11–13], 

fuel cells [14] and voltametric sensors [15–18].  

Graphite oxide sheets, now called graphene oxide (GO), can be made from chemical exfoliation 

of graphite by reactions that have been known for more than 150 years with the first instance carried 

out by B.C. Brodie in 1859. With oxygenated functional groups attached to its basal plane and edges, 

GO is insulating but can be readily dispersed in water. GO is commonly “reduced” by thermal 

annealing or chemical reducing agents to partially restore some of the favourable electrical, 

mechanical and thermal properties of the pristine graphitic sheets. 

The most commonly used commercial method to synthesize large quantities of graphite-oxide, 

graphene-based sheets GO from graphite, is based on the Hummers and Offeman method [19]. 

Moreover, graphite-oxide and GO also could be synthesized by others methods viz. Brodie [20], 

Staudenmaier [21] or some modification of these methods. The dispersion of GO in water is 

ultrasonicated and can be readily exfoliated into single-layers called GO-sheets. The reduction 

methods of GO are mainly categorized into chemical reduction and thermal reduction. Typical 

chemical reduction of GO often requires strong reductants, such as hydrazine [22], sodium 

borohydride [23] and HI [24]. Other chemical reduction methods, such as photocatalyst reduction [25], 

electrochemical reduction [26,27] and solvothermal reduction [28], were also demonstrated for GO 

reduction. GO can also be directly reduced by thermal or electrochemical methods. Sometimes a 

combination of chemical and thermal methods is also applied for efficient reduction. The GO has a 

wrinkled-layered structure with greater interlayer separation than graphite. These layers are the 

combination of oxidized and non-oxidized regions those are randomly distributed and their relative 

size depends on the degree of oxidation. The oxidized regions contain mainly four oxygen functional 

groups viz. -epoxide (C–O–C), hydroxyl (–OH), carbonyl (–C=O) and carboxyl (–COOH); where the 

sp
2
 carbon network is completely changed. It is attributed that the cutting of graphite crystal during 

the oxidation process, as well as the reduction process these oxygen functional groups (–OH, –O–, 

–COOH and C=O) breaks the π bond network on GO to create localized electronic states at their 

grain boundaries. In the non-oxidized regions the original sp
2
 carbon network is preserved. In the 

oxidized regions, the epoxide and hydroxyl groups are bonded on both sides of the layer, where 

carbonyl (–C=O) and carboxyl (–COOH) occur at the edges of the layer. On the reduction process, 

the functional groups are partially removed and the sp
2
 carbon network is partially restored. On 

reduction GO is changed into reduced graphene oxide or simply r-GO. The r-GO is not the same as 
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pristine graphene because a significant amount of oxygen still remains in r-GO [29]. GO is 

electrically insulated due to the strong disruption of the sp
2
 carbon network, whereas r-GO is a low 

conductor compared to graphene due to the partial restoration of the sp
2
 network and has the same 

types of defects occur as in GO. The main difference between graphite oxide and graphene-oxide is 

the number of layers. While Graphite oxide is a multilayer system and composed of carbon, oxygen, 

and hydrogen in variable ratios in a graphene-oxide dispersion a few layers flakes and monolayer 

flakes can be found. However, graphite-oxide and graphene oxide are chemically very similar, but 

structurally, they are very different. The main difference between graphite-oxide and graphene oxide 

is the interplanar spacing between the individual atomic layers of the compounds, caused by water 

intercalation. 

 Graphite-oxide: A compound of multilayer system and composed of carbon, oxygen, and hydrogen 

in variable ratios. 

 Graphene-oxide: A compound of single layer or few layer system and composed of carbon, oxygen, 

and hydrogen in variable ratios. 

Theoretically and experimentally it is roughly known that the intrinsic magnetism can exist in 

graphene [30–35] and their related derivatives materials i.e. GO/r-GO. And, even covalent 

functionalization of GO/r-GO can induce magnetic moments [36,37]. Moreover, observing the 

ferromagnetism hysteresis loops of GO/r-GO, it is proved experimentally that the GO/r-GO are 

ferromagnetic in nature [38–44]. But the origin of the ferromagnetic behaviours are not completely 

conclusive due to lack of effective interactions between magnetic moments attributed mainly either 

to “OH”-groups [38–44] or the mixed hybridization of sp
2
-sp

3
 [42,43]. Interaction between randomly 

distributed magnetic moment in the single-layer GO structural matrix are known as surface defects 

that produces antiferromagnetic ordering [42,45]. These magnetic ordering are ineffective in the 

defected GO/r-GO/graphene-like regions due to enhancement of conduction electrons. Again, 

ferromagnetic ordering in zigzag graphene ribbons functionalized by an epoxy (C–O–C) pair-chain 

has been shown theoretically [46] that it exhibits very charming electronic and magnetic properties, 

and shows great promising applications in electronics and optoelectronics devices; but, the edge 

ferromagnetism in GO/r-GO are usually not considered because the edges of the graphite-oxide 

layers became functionalized in the oxidation process. Such an approach does not take into account 

that exfoliation results in GO flakes smaller than the original graphite layers because exfoliation 

methods include ultrasound irradiation that crack the GO/r-GO layers along linear defects, 

functionalized by epoxy groups which are often along zigzag directions [47]. However, numerous 

reports have suggested that oxygen-containing (carbonyl (C=O), carboxyl (–COOH), epoxy (C–O–C) 

etc.) and/or hydroxyl (–OH) groups are the origin of magnetism in graphene and their related 

materials [40,48–55]. Boukhvalov et al. suggested that the presence of hydroxyl (–OH) clusters 

favours magnetism in graphene and proposed that the most stable magnetic configuration in 

graphene sheets involves the high-spin hydroxyl groups that are formed on top of wrinkles or ripples 

structure [56]. Santos et al. [52] used density functional theory (DFT) to calculate the local spin 

moments of the carboxyl and hydroxyl groups that are adsorbed on the surface of graphene are 1.0 

μB and 0.56 μB, respectively (μB = Bohr magneton). Wang et al. [38] also used DFT calculations to 

reveal that the hydroxyl group is mostly responsible for ferromagnetism in GO. It was further 

proposed that the presence of two hydroxyl groups bound to non-neighbouring carbon atoms that are 

separated by one carbon atom favours the magnetic moment of 1.0 μB is developed in GO. Hence, 

such moments developed due to hydroxyl groups are to be considered along with the moments 
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developed due to the defects as in graphene. If the moments are not coupled, weak para-magnetism 

will be observed in GO. If they are coupled by interactions, ferromagnetic, anti-ferromagnetic or 

super-para-magnetic behaviours will be observed in GO. However, Bagani et al. [57] presented 

opposing arguments for various magnetism between GO and r-GO. Bagani et al. [57] proposed that 

the density of wrinkles in the GO-sheets decreased upon chemical reduction at high temperature 

(600 °C) owing to the removal of many epoxy groups, increasing the number of zigzag edges/edge 

states, causing r-GO to have greater magnetism than GO. The increase in magnetic moment is due to 

the increase in the number of zigzag edges/edge states after high temperature reduction (so called 

annealing) of GO, which are stable with the same spin to minimize the Coulomb repulsion energy. 

The role of oxygen-containing functional groups and hydroxyl groups in inducing magnetization in 

GO and r-GO sheets remains a matter of controversy and, no spatially-resolved experimental 

measurement to compare chemical states (or oxygen-containing and hydroxyl groups) between 

wrinkle and flat regions before and after chemical reduction have been conducted. Specifically, no 

measurement has provided any clear evidence concerning whether the high-spin hydroxyl clusters 

(or oxygen-containing functional groups) are truly responsible for the high magnetization on the top 

of wrinkles on GO-sheets, or whether the number of oxygen-containing and hydroxyl groups at the 

wrinkle and/or flat regions can be reduced by the reduction process. Therefore, either to enhance or 

to reduce the magnetic moment in GO or r-GO is not clear; so element-specific 

high-spatial-resolution chemical analysis is a desirable tool for directly examining the role of 

oxygen-containing and hydroxyl groups in particular regions, to elucidate further the difference 

between chemical states in specific (wrinkle or flat) regions on the surfaces of GO and r-GO sheets.  

Considering all above challenges, different researchers/research groups have different opinions 

and have various observations that the GO/r-GO behaves like ferromagnetic or antiferromagnetic, 

paramagnetic and/or superparamagnetic materials. Based on these challenges, here in this work, it is 

reviewed, gathered most possible authentic information from the experimental observations of 

different researchers/research groups and hence elucidate the basics magnetic behaviours of 

GO/r-GO and their nanocomposites with a view on different spintronics/magnetic-based device 

applications. The magnetism in GO/r-GO materials is quite unique in itself as it arises from only s 

and p orbital electrons along with different oxygen functional groups unlike the magnetism, which 

arises more intuitively from the 3d or 4f electrons in traditional magnetic materials. The change in 

the magnetic properties have been observed as a function of sp
2
-content and the presence of oxygen 

functional groups introduced in the structures on oxidation or reduction process. Magnetic 

applications of GO can no longer be considered as an emerging technology but as a rapidly 

expanding one. They possess a wide range of electromagnetic properties that have positioned them as 

serious contenders for alternative magnetic materials in the science and technology. Research in this 

research field, i.e. magnetic/electromagnetic applications of GO is not explored too much and their 

activities are limited with limited number of peer reviewed articles and conferences/workshops. This 

review work will provide knowledge and contributions to the emerging body of experimental and 

theoretical data related to magnetism and/or electromagnetism in the GO/r-GO based nanostructure 

materials. This review work also will be very useful for upcoming young researchers who are intend 

to explore the magnetic behavioural changes occurs in GO/r-GO for different most possible device 

based applications in science and technology community.  
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2. Experimental details 

2.1. Preparation of graphene oxide (GO) 

The GOs used in this work were synthesized mainly by the oxidation of graphite powder using a 

modification of Hummers’ method [19] and further diluted to the required concentration using 

de-ionized water for further uses. In this method, 200 mg graphite powder, 100 mg sodium nitrate 

and ~5 mL concentrated H2SO4 were mixed and cooled to 0 °C. Then the solution was kept under 

vigorous stirring. Afterwards, 600 mg KMnO4 was added to this solution in stepwise manner so that 

the temperature was <20 °C during these KMnO4 addition steps. After the complete addition of 

KMnO4 the temperature of the solution was slowly raised to 35 °C and kept in this condition     

for 30 min. A brownish grey paste was formed. Next, ~10 mL de-ionized water was added to the 

whole solution and the solution turned brownish yellow. The temperature of the solution was 

increased to 98 °C during water addition and this temperature was maintained for 15 min. The whole 

solution was then mixed with 28 mL of warm water followed by addition of 500 μL 3% H2O2 that 

reduces the residual permanganate. The light-yellow particles were washed thoroughly with warm 

water 7–8 times. The solid was air dried and dissolved in ~20 mL distilled water by 15 min 

sonication. Then it was centrifuged at 3000 rpm for 30 min. The supernatant was collected as 

graphene oxide (GO) solution and used for further uses. 

2.2. Preparation of r-GOs 

Synthesized GO by the oxidation of graphite powder using a modification of Hummers’   

method [19] is diluted to the required concentration using de-ionized water for further uses. To make 

r-GO from GO, initially 20 mL of GO-solution with a concentration of 1 mg/mL were transferred to a 

Teflon-lined autoclave. The pH of the solution was adjusted to 6.5 by the addition of 0.01 M sulfuric 

acid. Then hydrothermal treatments were conducted at various annealing temperatures (120–180 °C) 

and durations (3–24 h) for making r-GOs. The chemically modified r-GOs were washed using 

de-ionized water for purification. To fabricate the samples for lateral analysis, all purified r-GOs were 

deposited on Si substrates by drop casting at 100 °C. In another process, synthesized GO using the 

modified Hummers method, moderated reduced (M-rGO) and highly reduced (H-rGO) were obtained 

by PT-reduction process of GO [59]. In this case, aqueous GO solutions were placed on a hot (150 °C) 

Si-substrate and irradiated under a steady-state Xe lamp (500 W) for 3 and 6 h. under ambient 

conditions to prepare M-rGO and H-rGO [59], respectively.  

2.3. Preparation of polymer coated GO (P-GO) 

Different sets of 2 mL micro-centrifuge tubes were used. In one of them, 100 μL of 

N-(3-aminopropyl) methacrylamide hydrochloride solution (1.8 mg dissolved in 1 mL water) was 

inserted. In a similar way, 100 μL of polyethyleneglycol methacrylate (360 μL dissolved in 1 mL 

water), 100 μL of bis[2-(methacryloyloxy)-ethyl] phosphate (50 μL dissolved in 1 mL of H2O)    

and 100 μL of 3-sulfopropyl methacrylate potassium salt (245 mg dissolved in 1 mL water) were 

inserted separately in three other micro-centrifuge tubes. Then, 0.5 mL of Igepal and 1.4 mL of 

cyclohexane were added to each micro-centrifuge tube and the solutions were shaken vigorously to 

http://www.chemspider.com/Chemical-Structure.22688.html
http://www.chemspider.com/Chemical-Structure.22811.html
http://www.chemspider.com/Chemical-Structure.8550448.html
http://www.chemspider.com/Chemical-Structure.10756916.html
http://www.chemspider.com/Chemical-Structure.11199534.html
http://www.chemspider.com/Chemical-Structure.7787.html
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make them optically clear. Next, monomeric reverse micelle solutions of the four micro-centrifuge 

tubes were added to a three-neck flask containing 2 mL of cyclohexane. Then 500 μL of concentrated 

aqueous grapheme oxide solution was added to the reaction mixture and 100 μL of organic base 

(N,N,N,N-tetramethyl ethylenediamine) was added to the reaction mixture. The whole solution was 

optically clear and was kept under magnetically stirred conditions and purged with nitrogen for ~15 min 

to make the reaction mixture O2 free. After that, ammonium persulfate solution (3 mg dissolved     

in 100 μL of H2O) was injected to the reaction mixture as initiator. The reaction was continued for 1 h 

in N2 atmosphere and then was quenched by adding a small amount of ethanol. Ethanol addition 

precipitates the polymer coated grapheme oxide which was washed repeatedly with CHCl3 and 

ethanol. Next, they were dissolved in doubly distilled water. In order to remove the unbound polymer, 

this solution was then centrifuged at 16,000 rpm for 10 min and the precipitated particles were 

redispersed in fresh water. This solution was used for further applications. 

2.4. Preparation of GO/r-GO and other oxide nanocomposites like r-GO:ZnO, r-GO:TiO2; 

GO:MoS2-NPs etc. 

In this case, initially aqueous solution of r-GO is deposited on the Si-substrate by spin coating 

process and dried in open environment. After the preparation of r-GO on Si-substrate, the oxides like 

ZnO, TiO2 etc. are deposited on r-GO and dried overnight. After deposition of layer by layer r-GO and 

metallic oxide films on Si-substrate the samples are vacuum annealed in specific temperatures 

depending on the nature of metallic oxide materials. 

2.5. Functionalization of “Au-NP”, “Fe/Fe2O3” and other metal and non-metal with GO/r-GO 

Synthesized graphene-oxide (GO) by the modified hummer’s process is subsequently reduced it 

with gold-nanoparticles (Au-NPs) using silica coated colloidal Au-NPs and hydrazine monohydrate 

solutions to form r-GO:Au-NPs nanocomposites and hence studied the magnetic properties. In case 

of metal/non-metal functionalization different metal/non-metal-compounds were used. 

2.6. Measurements 

Room-temperature/below room-temperature hysteresis characteristics M-H loop measurements 

were made by different researchers/research groups using either superconducting quantum 

interference devices (SQUID) having Quantum Design MPMS 1802 magnetometer and/or Physical 

Property Measurement System (PPMS), when a magnetic field was applied in the out-of-plane 

direction. The optical density images along with corresponding stack mapping STXM images, C 

K-edge STXM images of GO along with XANES were obtained in different beamlines from 

synchrotron radiation. Other measurement techniques are discussed in the respective/specific 

sections.  

 

 

 

 

http://www.chemspider.com/Chemical-Structure.7787.html
http://www.chemspider.com/Chemical-Structure.218.html
http://www.chemspider.com/Chemical-Structure.682.html
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3. Results and discussion 

3.1. Magnetism of graphite-oxide and heated graphite-oxide 

Graphite is not a magnetic material. Each of its carbon atoms has six electrons: three of these 

spin pointing up while the other three point down. So, the magnetic moment of each atom is zero, 

making graphite diamagnetic. However, as discussed in the introduction section that graphite-oxide 

has a layered structure with greater interlayer separation and have two types of regions: oxidized 

regions and non-oxidized regions. They are randomly distributed and their relative size depends on 

the degree of oxidation. The oxidized regions contain four oxygen functional groups: -epoxide (–O–), 

hydroxyl (–OH), carbonyl (–C=O) and carboxyl (–COOH), where the sp
2
 carbon network is 

completely changed. The epoxide and hydroxyl groups are bonded on both sides of the layer while 

the other occur at the edges of the layer. In the non-oxidized regions the original sp
2
 carbon network 

is preserved. Delocalized π electrons in aromatic rings of graphite layered structures materials 

generally exhibit diamagnetic properties because a current along the ring produces diamagnetism 

when an external magnetic field is applied. But, in graphite-oxide, the π electrons develop 

ferromagnetism due to the unique structure of the material. The π electrons are only mobile in the 

graphitic regions of graphite-oxide, which are dispersed and surrounded by sp
3
-hybridized carbon 

atoms.  

 

Figure 1. M-H hysteresis loops of (a) graphite-oxide and (b) graphite-oxide and heated 

graphite-oxide [1]. 

Different research groups have studied the magnetic properties of graphite-oxide. A typical M-H 

hysteresis loops of graphite-oxide is shown in Figure 1a that implies ferromagnetic as well as 

antiferromagnetic in nature. However, Lee et al. [1] have studied the magnetic properties of 

graphite-oxide synthesized by the Staudenmaier process [21]. Lee et al. [1] also studied in the same 

time the effect of change of magnetism, when graphite-oxide is heated at 250 °C for 24  h (known as 

heated graphite-oxide). Lee et al. [1] observed that the graphite-oxide is S-shaped in the M-H curve 

as shown in Figure 1b that exhibits ferromagnetic as well as antiferromagnetic mixed behaviours; 
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whereas heated graphite-oxide exhibits a linear curve in the M-H curve indicates destroyed the 

magnetic nature during the heat treatment (see Figure 1b). The saturation magnetization of 

graphite-oxide and heated graphite-oxides are 6 × 10
−3

 emu/g and 0.45 × 10
−3

 emu/g, respectively. It 

was discussed above that the graphite-oxide materials are composed of oxidized and non-oxidized 

regions. The non-oxidized regions are known as graphitic regions and these graphitic regions are 

damaged on thermal treatment implying more defects are produced, hence the heated graphite-oxide 

becomes more conductive and less magnetic in their nature [1].  

3.2. Magnetism of graphene-oxide (GO) and reduced-GO (r-GO) 

3.2.1. GO, Moderate (M) r-GO and Heavily (H) r-GO 

As discussed above, the graphite-oxide and heated graphite-oxides are ferromagnetic as well as 

antiferromagnetic mixed in nature. The graphene-oxide (GO) (monolayer and/or few layer) also 

shows magnetic behaviour due to presence of defects and binding of O-atoms to the carbon network. 

The magnetic behavioural changes of GO depends on different degrees of reduction process to form 

r-GOs [58]. Wang et al. [59] studied and elucidated elaborately the transformation of ferromagnetic 

behaviours of GO into paramagnetic r-GOs on reduction. In this study, GO was synthesized using the 

modified Hummers method [19] and synthesized GO is reduced into r-GO by the photothermal 

reduction process at different levels. In the reduction process, synthesized aqueous GO solutions 

were placed on a hot (150 °C) Si-substrate and irradiated under a steady-state Xe lamp of 500 W  

for 3 h, and 6 h respectively under ambient conditions to prepare moderate (M), and heavily (H) 

r-GO, respectively [59]; herein denoted as M-r-GO and H-r-GO respectively. The photo-thermal 

treatment changes the surface morphology as observed in field-emission SEM and TEM images 

shown in Figure 2a–c, and Figure 2d–f respectfully. These images show that the GO, M-rGO and 

H-rGO sheets are randomly stacked. In Raman spectra analysis [59], all Raman active mode viz. 

D-band, G-band, D′, 2D, (D + D′) etc. [60,61] were observed and their relative intensities ratio, say 

(ID/IG) and (I2D/IG) are changed significantly indicating the structural change occurs. The (ID/IG) 

ratios are changed from 0.91(GO)  1.02 (M-rGO)  0.98 (H-rGO) and (I2D/IG) ratio are changed 

from 0.22 (GO)  0.15(M-rGO)  0.32 (H-rGO), respectively. The variation of these (ID/IG) ratios 

(i.e. sp
2
/sp

3
 contents) is related to structural distortion, surface rippling and wrinkle-structures as also 

observed in SEM images (Figure 2a–c) and are formed in the graphene lattice by the restoration of C 

sp
2
 bonds and de-oxidation upon reduction. The variations of (I2D/IG) suggested that the presence of 

multi-layered graphene sheets [62] in GO, M-rGO and H-rGO structure. In the PL spectra    

analysis [58], the width of PL lines reduced due to reduction in the number of disorder-induced 

defects in the π-π* gap and the change in sp
2
  sp

3
 ratio upon reduction process. Figure 2g shows 

the normalized magnetization-hysteresis (M-H) curves of GO, M-rGO and H-rGO at room 

temperature after the diamagnetic contribution from the Si substrate is subtracted revealing that the 

ferromagnetic coercivity and saturation magnetization of GO are ~150  Oe and 3,000  Oe, 

respectively. The ferromagnetic behaviour of GO gradually weakens as the PT-reduction proceeds, 

exhibiting a paramagnetic behaviour for M-rGO and to an even greater extent for H-rGO, although 

the GO is typically considered to be spin-half paramagnetic [63]. The variation of M-H curves in 

Figure 2g, as described in the literature [40,48–55], if the ferromagnetism of the GO is dominated by 

the oxygen-containing and/or hydroxyl groups in the GO sheets, especially in the wrinkle regions, 



775 

AIMS Materials Science                                                     Volume 10, Issue 5, 767–818. 

then the photo thermal-reduction of GO to M-rGO and H-rGO, must have removed a rising 

proportion of oxygen-containing and/or hydroxyl groups from GO sheets. 

 

Figure 2. Field Emission Scanning Electron Microscopy images of (a) GO, (b) M-rGO 

and (c) H-rGO. Transmission Electron Microscopy images of (d) GO, (e) M-rGO and (f) 

H-rGO. (g) Room-temperature [M(H)/M(1T)]-H curves of GO, M-rGO and H-rGO after 

subtraction of diamagnetic background that arises from silicon substrate. Inset in Figure 

(g) plots M-H curves (without background subtraction) of GO, M-rGO and H-rGO [58]. 

Hence, the M-rGO and H-rGO sheets, with fewer oxygen-containing and/or hydroxyl groups, 

are paramagnetic in nature. If this argument is true, then the magnetism in GO is primarily caused by 

the C that is π-bonded with oxygen-containing and/or hydroxyl groups (–OH), changing the 

ferromagnetic behaviour of GO into the paramagnetic behaviours of M-rGO and H-rGO, as the 

proportion of oxygen-containing and/or hydroxyl groups varies with the degree of 

photothermal-reduction. To overcome this puzzle, Wang et al. [59] used X-ray microscopic and 

spectroscopic techniques to examine the role of oxygen-containing and hydroxyl groups in wrinkle 

and flat regions as well as the relationship between the C 2p states with defects and magnetic 

behaviours in GO, M-rGO and H-rGOs. For microscopic study, the optical density (OD) images of C 

K-edge Scanning Transmission X-ray Microscopy (STXM) stack mappings are shown in panel-I and 

panel-II in Figure 3. The decomposed STXM mappings are also shown in panels III–VI. The bright 

areas in the OD images represent thick regions; dim areas represent thin regions and grey areas 

represent the regions of intermediate thickness, as observed in GO, M-rGO and H-rGO (panel Ia–c) 

respectively. Based on the OD, the selected regions of GO, M-rGO and H-rGO are typically 

attributed to wrinkle, medium and flat regions. As presented in panels Ia–c, the brightest region of 

H-rGO has a higher average OD (1.29) than does GO (0.93) or M-rGO (0.64), suggesting that the 

thickest regions were preferably formed in the H-rGO sheets, even though they were the most 

heavily reduced. The various colours shown in the C K-edge STXM stack mapping in panels II(a–c) 

of Figure 3 correspond to the randomly varying thickness of GO, M-rGO and H-rGO. The 
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decomposed STXM stack mappings (panels III–VI) are shown in four region viz. blue (background), 

yellow (flat), red (medium) and green (wrinkle), which are directly related with various thicknesses [64] 

to the regions. The background is shown in blue; the OD or absorbance of the background is nearly 

zero, corresponding to the near-null intensity of the C K-edge STXM spectrum. A more intense 

average spectrum generally indicates a thicker region, where thickness are increasing from flat 

region medium region  wrinkle region. All chemical species in these regions can affect 

thickness and the thick regions are typically attributed to wrinkle regions of GO sheets. Panels IV–VI 

in Figure 3, the flat, medium and wrinkle regions are present at random locations on the surface of 

GO, M-rGO and H-rGO. GO cannot be formed with a perfectly flat geometry because the wrinkle 

geometry of GO sheets is generally more stable than their flat geometry [65,66], so the formation of 

wrinkle regions of GO sheets is simply observed in both GO and r-GOs. Figure 3d,e present the C 

K-edge STXM-XANES spectra, which are the sum of the XANES spectra from the yellow, flat and 

green, wrinkle regions in panels IV and VI in Figure 3, respectively. The difference between the 

STXM-XANES spectra clarify the relationship between the chemical states that involve 

oxygen-containing and hydroxyl groups in flat and wrinkle regions and the magnetic behaviours of 

GO, M-rGO and H-rGO. The C K-edge STXM-XANES can be attributed to electron transitions from 

the C 1s core-level to the 2p final unoccupied states of GO, M-rGO and H-rGO. The magnified π* 

region in the insets in Figure 3d,e clearly shows the excited state of C=C (feature C1) at ~285 eV and 

the wide features of C2-C5 in the range ~286–290 eV between the features π* and σ* of C–C, 

corresponding to specific oxygen-containing and hydroxyl groups in both flat and wrinkle regions of 

GO, M-rGO and H-rGO. These features C2-C5 to specific chemical states that are typically attributed 

to the chemical states of the C 2p that is bound to oxygen and hydrogen atoms [67–70]; which are 

specified as π*(C–OH) at ~286.4 eV, to (C–O–C) at ~287.2eV, to C=O in the –COOH bond at 

~288.5 eV and to C=O at ~290.0 eV respectively [64,71,72]. However, based on the intensities of 

specific oxygen-containing and hydroxyl groups in both flat and wrinkle regions (higher/lower 

contents) of GO, M-rGO and H-rGO, if the magnetism in GO is mainly determined by the presence 

of oxygen-containing and/or hydroxyl groups, then the intensity of the corresponding features in the 

C K-edge STXM-XANES spectra should be significantly affected by the transformation from 

ferromagnetic GO to paramagnetic M-rGO and H-rGO, as seen in Figure 2g M-H curves. However, 

according to the insets in Figure 3d,e, after heavy-reduction, the intensities of features associated 

with oxygen-containing and hydroxyl groups in the wrinkle regions of H-rGO surfaces are close to 

those of GO, whereas those in flat regions are higher than those of GO, suggesting that the presence 

of the C 2p(π*) states that are bound with oxygen-containing and hydroxyl groups may not be the 

main cause of the ferromagnetic behaviour in GO. However, the intensities of features associated 

with the C 2p(σ*)-derived states and the above features decrease with the PT-reduction of GO to 

M-rGO and then to H-rGO, implying the correlation between the numbers of C 2p(σ*)-derived states 

and the transformation of ferromagnetic GO into paramagnetic M-rGO and then H-rGO. This finding 

combined with the result that the width of the PL line-shapes is significantly reduced from GO to 

M-rGO and then to H-rGO, suggests that the reduction in the number of defects as reduction 

proceeded may importantly affect the magnetic behaviour in GO, M-rGO and H-rGO [59]. 
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Figure 3. OD images and corresponding stack mapping from STXM images of GO, M-rGO and H-rGO are shown in panels I and II. 

Panels III-VI present stack mappings from C K-edge STXM images of GO, M-rGO and H-rGO, which are decomposed into blue, 

yellow, red and green regions that are associated with the different thicknesses of samples. Spectra of all samples typically present 

background (blue), flat (yellow), medium (red) and wrinkle (green) regions. Figure (d) and (e) presents the C K-edge 

STXM-XANES spectra of GO, M-rGO and H-rGO at flat and wrinkle regions respectively. These are the sums of XANES spectra of 

yellow and green regions of flat and wrinkle regions in panels IV and VI. Insets magnify 284–290 eV region of STXM-XANES 

spectra of flat and wrinkle regions [58].
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3.2.2. Magnetism of graphene-oxide (GO) paper and GO-flakes 

Strzelczyk et al. [53] studied the ferromagnetism caused at the edge of GO that become 

one-dimensional molecular magnets at high temperature. For this study, Strzelczyk et al. [53] 

synthesized GO from natural graphite using the modified Hummer’s method as discussed above. 

Most of GOs are in suspension were monolayer. Strzelczyk et al. [53] have extracted two types of 

GO: (i) GO-paper and (ii) GO-flacks. GO paper was obtained by drying the GO suspension. The 

monolayers GO-flacks were prepared by sonication under moderate ultrasound power for 1–60 min. 

Magnetic M-H hysteresis loops of GO-paper were recorded at 5 K and 300 K within the magnetic 

field range of ±0.5 T, shown in Figure 4a. Temperature dependences of magnetization were also 

measured within the range of 2–300 K under zero-field cooling (ZFC) and field cooling (FC) at the 

magnetic field 0.03 T, as shown in Figure 4b. The M-H loops indicates that the superimposition of 

diamagnetic and paramagnetic components and the paramagnetic component is much weaker than 

the diamagnetic one.  

 

Figure 4. (a) Hysteresis loops for GO paper at 5 K and 300 K. (b) Temperature 

dependences of magnetization at the magnetic field 0.03 mT for GO paper and GO flakes 

deposited on MgO (Reproduced from Ref. [53] with permission). 

The ZFC and FC curves as shown in Figure 4b show that the blocking temperatures are 65 K 

and 75 K for GO flakes and GO paper. Below the blocking temperature, thermal fluctuations 
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influence neither the ordered magnetic moments nor the values of the FC magnetization. However, 

the strong temperature dependences is observed below 20 K and cannot be explained by 

paramagnetic impurities as the total diamagnetic and paramagnetic contribution to magnetization 

estimated at 5 K and 0.03 mT is −9 × 10
−4

 Am
2
/kg. The observed dependences suggest that the fully 

ordered ferromagnetic state exists below 2 K but is destroyed at higher temperatures. Regardless of 

the ordering process, the measured magnetization of GO flakes is 3-times higher than that of GO 

paper. 

3.3. Magnetism of metal-functionalized graphene-oxide (GO) 

3.3.1 Magnetism of “Au” functionalized graphene-oxide (GO) 

Idisi et al. [73] have synthesized graphene-oxide (GO) by the modified Hummer process and 

subsequently reduced it with gold-nanoparticles (Au-NPs) using silica coated colloidal Au-NPs and 

hydrazine monohydrate solutions to form r-GO:Au-NPs nanocomposites and hence studied the 

magnetic properties. TEM images of typical r-GO and r-GO:Au-NPs composites materials are shown 

in Figure 5a,b. The TEM image of r-GO:Au-NPs composites shows that the distribution of Au-NPs 

on the surface of r-GO is not homogeneous. This non-uniform distribution may be due to aggregation 

of some particles and/or Au-NPs preferentially attached to the edge of r-GO. Details of the 

distribution/attachment-mechanism could be available elsewhere [74] where it is stated that the 

Au-NPs attachments to r-GO is due to the electrostatic interactions between r-GO and Au-NPs, and 

covalent-bond formation through reaction of different oxygen functional groups present on the r-GO 

surface on the gold nanoparticle surfaces. Idisi et al. [73] magnetic properties were studied using 

M-H hysteresis curve measured by a superconducting quantum interference device (SQUID)-type 

magnetometer. The M-H curves for the pristine r-GO and r-GO:Au-NPs were evaluated from    

−10 kOe < H < 10 kOe at room temperature ~300 K and at ~40 K. Figure 5c shows the measured 

M–H loops for the r-GO and r-GO:(Au-NPs)4.88; with high concentration Au-functionalized 

r-GO:Au-NPs displaying the higher magnetization. Suda et al. [75] studied the magnetization of two 

different sized Au-NPs (1.7 nm and 5.0 nm in diameter) and found that the smaller particles were 

ferromagnetic and the larger ones were diamagnetic in nature. In this study, Au-NPs show completely 

diamagnetic in nature, which may be due to comparatively larger size; whereas the r-GO is 

ferromagnetic as also found in our earlier studies [76,77]. 

However, the magnetization of r-GO:Au-NPs is ferromagnetic and is higher than r-GO 

confirming that the ferromagnetism is enhanced on Au-functionalized r-GO. The origin of 

magnetisation in Au-functionalized r-GO/graphene is still controversial and not known. However, in 

this present case Idisi et al. [73] have found that the r-GO:(Au-NPs)4.88 have higher graphitic in 

nature and even presence of higher number of oxygen functionalized groups that could be 

responsible for the higher magnetization. Besides the Au-NPs-content in the structures C-Au bond is 

also formed as observed in XPS study that induces more defects in the GO:(Au-NPs)4.88 structure and 

enhanced magnetization. Figure 5d shows a linear in two cycles, within the range +1 V to −1 V. From 

this nature, it is clear that the conductivity decreases when Au-NPs is incorporated with r-GO. High 

current for r-GO can be attributed to presence of high number of sp
2
-clusters. The current is reduced 

in r-GO:(Au-NPs)0.22/r-GO:(Au-NPs)4.88 composites due to reduction of sp
2
-clustered by the 

atomic/structural re-arrangement as observed in Raman, XANES and XPS results. It is observed that 
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the magnetization is enhanced with reduction of electrical conductivity because the concentration of 

Au-NPs is higher due to formation of C–Au bonds and Au–O in the r-GO:Au-NPs nanocomposite 

structures. The weak attachment of Au-NPs and reduction of C–C sp
2
 atoms are responsible for low 

mobility that leads to a drop in conductivity. As a result, the magnetization of r-GO:Au-NP 

nanocomposite is enhanced.  

 

Figure 5. A typical transmission electron microscopy (TEM) image of (a) r-GO and (b) 

r-GO:Au-NPs nanocomposites. (c) Magnetic moment (M) versus magnetic field (H) 

curves of r-GO and r-GO:Au-NPs nanocomposites and (d) Current (I)-voltage (V) 

characteristics of r-GO and r-GO:Au-NPs nanocomposites (Reproduced from Ref. [73] 

with permission). 

3.3.2. Magnetism of “Fe/Fe2O3” functionalized graphene-oxide (GO) 

In the “Fe/Fe2O3” functionalized graphene-oxide (GO) structure, the TEM images of Fe-NPs 

and of r-GO:Fe/Fe2O3 nanocomposites are shown in Figure 6a,b, respectively. The morphology 

indicated that Fe–NPs are completely dispersed in r-GO and have formed their iron-oxide 

nanocomposites [78]. The images show spherical composites of the nanoscale range with an average 

size of Fe–NPs as ∼8–10 nm. Images do not show the agglomeration of the composites but a 

homogeneous dispersibility of the r-GO–Fe2O3 nanocomposites. The formation of r-GO–Fe2O3 

nanocomposites can be observed from Figure 6b with different particles in the composites. The 

current-voltage (I–V) measurements were recorded at a sweeping voltage loop of 0 to +1 V and then 

from +1 to −1 V and then −1 to 0. The results are presented in different ways to understand the 

conduction mechanism of the composites. Figure 4c,d show the linear I–V loops, and Figure 4e,f 

show the ln I–V loops of r-GO and r-GO:Fe/Fe2O3 nanocomposites, respectively. Both r-GO and 
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r-GO:Fe/Fe2O3 nanocomposites show the semiconducting behaviours with r-GO:Fe/Fe2O3 

nanocomposites having higher conductivity. Two successive (I–V) cycle measurements show the 

presence of a very weak ferroelectric behaviour. The semiconducting behaviours of r-GO originate 

from the polarization of adsorbed molecules and the defects that might be introduced in the GO sheet 

during the reduction process. 

The reduction in the conductivity of the first and second loops is attributed to the Coulomb 

blockade originating electron-hole recombination and electron tunnelling resistance. The variation in 

the electrical conductivity proves the importance of tuning the relationship of conductivity and 

relative intra-extracellular fluid volumes in tissues of MRI applications [79,80]. Idishi et al. [81] have 

measured the M-H hysteresis loops of GO, r-GO, and r-GO:Fe/Fe2O3 nanocomposites at different 

temperatures, viz., 1.8 K, 40 K, and 300 K to correlate the electrical behaviour with magnetic 

properties of GO as shown in Figure 6g–i. A slight dependence of magnetization on the field 

indicated a superparamagnetic behaviour at 300 K. It is shown that the magnetization increases with 

a decrease in the measurement temperature due to the atomic spins that tend to get easily aligned at 

low temperature [40,82,83]. GO and r-GO nanocomposites show a weak ferromagnetic behaviour, 

whereas the r-GO:Fe/Fe2O3 nanocomposite shows a superparamagnetic behaviour. The values of 

saturation magnetization (Ms) for r-GO:Fe/Fe2O3 nanocomposites is ≈0.68 × 10
−3

 emu/g (300 K)  

and 0.93 × 10
−3

 emu/g (1.8 K). These values are smaller than that of the bulk Fe ≈220 emu/g. The 

value of Ms for the nanocomposites with graphene and Fe2O2 contents is due to the Fe-particle size 

and the loading of Fe2O3 on the surface of graphene. Figure 6a,b reveals that the particle size of the 

naked Fe-loaded nanoparticles is similar indicating an inconsiderable effect of particle size on Ms, so 

the value of Ms depends on the loading content of Fe nanoparticles. The quantification of Fe 

nanoparticles was 5 at% that was estimated from XPS analysis. Super-para-magnetism makes 

magnetic nanoparticles disperse easily in r-GO:Fe/Fe2O3 nanocomposites as observed in the TEM 

image of Figure 4b possessing negligible magnetic interactions between each other and avoid 

magnetic clustering. Idishi et al. [81] have obtained the coercivity (HC) of r-GO:Fe/Fe2O3 

nanocomposites as ≈11 Oe and is higher than bulk Fe ≈ 0.9 Oe at room temperature (300 K) [83] 

comparable with superparamagnetic behaviour. The low coercivity observed in the r-GO:Fe/Fe2O3 

nanocomposites signifies the characteristics of a soft magnet of SPIONs, which are a good candidate 

for MRI applications [84]. The origin of the magnetization may be attributed to the vacancies created 

by the hydroxyl/oxygen attached to the surface and basal plane of GO/r-GO [85]. The increase in the 

magnetization of r-GO:Fe/Fe2O3 nanocomposites with respect to GO is a consequence of defect 

generation due to the functionalization [86]. The defect induced from functionalization increases the 

crystalline size from 8 nm (GO) to 10 nm (r-GO:Fe/Fe2O3) and decreases Raman ID/IG values 0.46 

(GO) → 0.43 (r-GO:Fe/Fe2O3). This inevitably leads to the formation of new bonds (Fe–C, C–Fe, 

and N=C) as indicated by XPS. Superparamagnetic behaviour has been reported previously in 

nanocomposites having a diameter range of 3–50 nm with a single domain magnetic particle [87]. 

The origin of the magnetization of r-GO:Fe/Fe2O3-nanocomposites may be due to the contributions 

of Fe–NPs atoms’ presence in Fe2O3 because the Fe falls under 3d transition metals which are 

ferromagnetic by nature. The exchange of atoms between atoms of carbon/Fe could be the result of 

magnetism in r-GO:Fe/Fe2O3 nanocomposites. This possibility of manipulating the 

superparamagnetic nanoparticles of the composites by applying a magnetic field is extremely 

important for applications in biological and biomedical fields, particularly for magnetic resonance 

imaging (MRI) applications.  
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Figure 6. Transmission electron microscopy of (a) Fe-NPs and (b) r-GO:Fe/Fe2O3 

nanocomposite. Current (I)-voltage (V) linear relationships of (c) r-GO and (d) 

r-GO:Fe/Fe2O3 nanocomposites; log(I)–(V) relationships of (e) r-GO and (f) 

r-GO:Fe/Fe2O3 nanocomposites. Magnetization vs applied magnetic field at different 

temperature, viz., 300 K, 40 K, and 1.8 K of (g) GO, (h) r-GO, and (i) r-GO:Fe/Fe2O3 

nanocomposites (Reproduced from Ref. [73] with permission). 

3.3.3. Magnetic behaviours of r-GO:M (Bi, Pt, Ni,band Pt-Ni)-nanocomposites 

Sahoo et al. [88] studied magnetic properties of r-GO along with different metal viz. (Pt-Ni)-, 

Bi-, Pt-, and Ni-nanocomposites materials. The magnetization (M) vs magnetic field (H) curve of 

r-GO, r-GO:Bi, r-GO:Pt, r-GO:Ni, and r-GO:(Pt-Ni) nanocomposites measured at 300  K are shown 

in Figure 7a–e; whereas zero-field-cooled (ZFC) with field-cooled (FC) magnetization of r-GO:Bi, 

r-GO:Ni, and r-GO:Pt-Ni nanocomposites are shown in Figure 7f–h, respectively. It is observed that 

the r-GO, r-GO:Ni, r-GO:Bi and r-GO:Pt-Ni nanocomposites exhibits ferromagnetism; whereas 

r-GO:Pt nanocomposite shows diamagnetism in nature. The ferromagnetic behaviours of r-GO come 

from the long-range coupling of sp
2
 carbon (i.e. defects) that are formed by the removal of 

O-functional groups under reduction process. The Bi-metal nanocomposite i.e. r-GO:Bi exhibits 

lower ferromagnetism compared to that of r-GO because Bi-nanoparticles are diamagnetic in nature 

that causes a decrease in the value of magnetization of r-GO. The r-GO:Pt nanocomposite shows a 

diamagnetic behaviour because the elongated C–C bond conducts a much stronger coupling between 

the orbitals (5d and 6s) of Pt and the carbon atoms that makes diamagnetic behaviour [89,90]. In case 

of r-GO:Ni nanocomposite, M-H curve shows non-zero coercivity (HC = 103 Oe), which is higher 

than bulk Ni (0.7 Oe) [91] and non-zero remanence (Mr = 2.3 emu/g) that confirms that the r-GO:Ni 

nanocomposite is highly ferromagnetic in nature. 

The saturation magnetization (MS) of 20.4  emu/g is lower than the bulk Ni metal       

(58.57  emu/g) [92] and is due to small crystallite grain size. This decrease in saturation 

magnetization in nanoparticles compared to the bulk metals is due to surface spin disorder [93] or 
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small size of the particles [94]. In case of r-GO:Pt-Ni nanocomposite, no M-H hysteresis loop 

indicates the superparamagnetic relaxation and the non-collinear moment of surface spins in the 

smaller particle assembly of Ni-Pt [95].  

The zero-field-cooled (ZFC) and field-cooled (FC) plots of r-GO:Bi, r-GO:Ni, and r-GO:Pt-Ni 

nanocomposites, respectively measured at 100  Oe are shown in Figure 7f–h. All of the curves show 

a sharp increase in magnetization at low temperature (<25  K). This behaviour at low temperature 

looks characteristic of reduced graphene oxide. Such magnetic phenomenon is found when 

antiferromagnetic correlations compete with ferromagnetic order states. It is possible that the data 

correspond to a percolation type of situation, where different types of magnetic states coexist. Recent 

theoretical calculations indeed predict the presence of antiferromagnetic states in the sheets and 

ferromagnetic states at the edges of graphene [96,97]. In addition, r-GO:Ni and r-GO:Pt-Ni 

nanocomposites exhibit a drop also following the sharp increase. A well-defined maxima or a narrow 

peak around 12  K in the ZFC curve for both r-GO:Ni and r-GO:Pt-Ni nanocomposites is normally 

called the blocking temperature TB [98]. There is a divergence between the FC and ZFC data in all 

r-GO:M nanocomposites, which is comparable to that in magnetically frustrated systems such as 

spin-glasses and superparamagnetic materials [96].  

 

Figure 7. Magnetic hysteresis loops of (a) r-GO, (b) r-GO:Bi, (c) r-GO:Pt (d) r-GO:Ni, 

and (e) r-GO:Pt-Ni nanocomposites at 300  K. The ZFC and FC magnetization curves 

from 5 to 300 K under 100 Oe for the (f) r-GO:Bi, (g) r-GO:Ni, and (h) r-GO:Pt-Ni 

nanocomposites [78]. 

3.4. Magnetism of non-metal functionalized graphene-oxide (GO) 

3.4.1. Magnetism of nitrogen-functionalized graphene oxide  

Graphene oxide could be easily functionalized with nitrogen atoms. Nitrogen could also be 

doped with nitrogen chemically. Chemical doping/functionalization is a fascinating way to 
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intrinsically modify and improve the magnetic properties of graphene-oxide. Notably, among the 

potential dopants, the N atom is considered as an excellent candidate because it has comparable 

atomic size and contains five valence bonds with carbon atoms. Magnetism of graphene-oxide is of 

particular interest since the lightweight magnets could open up new ways to design adaptable and 

flexible information storage systems [99]. Especially, the greatly potential application of 

graphene-oxide magnets in spintronics is promising, since GO has extraordinary carrier mobility and 

may provide an easy way to integrate spin and molecular electronics [100]. However, GO is usually 

intrinsically non-magnetic and lacks of localized magnetic moments due to a delocalized π bonding 

network, which limits its applications in spintronic devices [101]. The point defects such as 

vacancies, zigzag edges and foreign atoms can induce localized magnetic moments in GO.  

 

Figure 8. Typical M-H curve of (a) GO, (b) GO-N measured at ~2 K and (c,d) 

corresponding M-T curve [63], (e) Magnetic M-H hysteresis loops obtained for GO-Nx 

at room temperature (300 K) (Reproduced from Ref. [76] with permission). 

Liu et al. [63] studied the magnetization increases from 0.11 emu/g (GO) to 1.66 emu/g 

(N-doped GO) and generated ferromagnetism with Curie temperature (TC) of 100.2 K. For this study, 

N-doped graphene oxide (GO:N) was synthesized directly by annealing of GO in ammonia at 500 °C. 

For GO, two factors have important influence on N content: few-layer ratio and O content of GO.    

Liu et al. [63] confirm that oxygen groups in GO favour the reactions with NH3 and C–N bond 

formation, and directly annealing GO in ammonia can obtain high content of GO:N, which are 

responsible for the magnetic behaviour of GO-N. Figure 8a,b shows the typical magnetization (M–H) 

hysteresis curve of GO and N-GO measured at ~2 K, and corresponding M-T curves are shown in 

Figure 8c,d. The highest coercive field (Hc) and remnant magnetization (Mr) of 160 Oe and    

0.039 emu/g, respectively are obtained from the M-H curve shown in Figure 8a, the solid evidence 

for ferromagnetism. The M–T measurement shows that the GO is paramagnetic in nature, whereas 

GO-N shows ferromagnetism and Curie temperature TC ~100.2 K (see Figure 8c) that indicate that 

the Tc is above the liquid N2 temperature of ~77 K. Sarma et al. [76] studied the change of magnetic 

properties of Hummer’s method synthesized graphene oxide (GO), when different NX (at%) is 
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functionalised with graphene oxide (GO-Nx). In this study, the M–H curves for the pristine GO and 

nitrogen functionalized GO:Nx were measured at room temperatures (300 K) at magnetic field (H) 

10 kOe. Figure 8e shows the measured M-H loops for the GO:N1.30 displaying the strongest 

ferromagnetic behaviour with a saturation magnetization (Ms)  5.3 × 10
−3

 emu/g
 
and a coercivity 

(Hc) of 10 Oe. On the other hand, the magnetic saturation of GO:N0.65 is Ms  4.9 × 10
−4

 emu/g and 

the coercivity (Hc)  19 Oe, higher than that of pristine GO having Ms = 6.8 × 10
−5

 emu/g with 

coercivity (Hc) ~38 Oe. The origins of magnetisation in N-doped GO/graphene are still controversial 

wherein ferromagnetism in N-doped GO has been ascribed to pyrrolic groups which can provide a 

net magnetic moment of 0.95 μB/N atom [102–105]. In contrast, Ito et al. [104] have observed that 

the presence of pyrrolic groups lead to a reduction in the magnetisation values. Sarma et al. [76] have 

found in this study that the GO:N1.30 have higher graphitic in nature and is responsible for the higher 

magnetization. Besides the N-content, GO:N1.30 become more disordered, i.e. enhancement of 

sp
2
-content in the GO structure and hence magnetization is enhanced. The magnetisation in sp

2
 

carbon structures also originate from defects as well. Moreover, the valence band photoemission 

spectra of GO/GO-Nx [76] shows that the electronic density of states (DOS) of GO-Nx is 

significantly higher than the GO as a result of the magnetic properties also enhanced on GO-Nx. In 

another report, Ghosh et al. [77] studied the magnetic behavioural change of nitrogen functionalized 

graphene oxide (GO-Nx) using four different nitrogen (N) precursors viz. ammonium hydroxide 

(NH4OH), hexamethylenetetramine (C6H12N4), acetonitrile (C2H3N), and carbamide (CH4N2O) and 

found that the C6H12N4 based-GO-Nx shows higher magnetic behaviour. Ghosh et al. [77] further 

functionalized the C6H12N4 based-GO-Nx with iron oxide using three different iron (Fe) precursors 

viz. ferric oxide (Fe2O3), ferrous oxide (Fe3O4), and iron oxide-hydroxide (FeOOH) to tune this room 

temperature ferromagnetism (RTFM). Iron can be present in graphene oxide composites in the 

elemental form or as Fe-core/oxide shell nanoparticles, iron oxides and among others. The ratio of 

iron nanoforms in different oxidation states depends, in particular on O-containing groups (-Epoxide 

(C–O–C), Hydroxyl (–OH), Carbonyl (–C=O) and Carboxyl (–COOH)) present in the GO-surface, 

use of reductants, and other conditions. These iron-containing nanoparticles are loaded on the GO 

and their growth mechanism. XRD, SEM and TEM measurements shows the structural and surface 

morphological study as shown in Figure 9a–d, whereas Magnetic M-H hysteresis curves are shown 

in Figure 9e–f. XRD results show that the synthesized C6H12N4 based “GO-Nx” and Fe2O3-based 

“GO-Nx:Fe” composites, respectively are the characteristic peak corresponding to the reflection from 

the C (002) plane in the graphitic structures. The increase in the full width at half maximum (FWHM) 

of the peak of C (002) plane in the Fe2O3-based “GO-Nx:Fe” indicates the nominal disorder induced 

by Fe-particles. The C (002) diffraction peak also shifted that related to the change in the stress 

caused by imperfections within the “GO-Nx:Fe” lattice, such as interstitials and stacking faults. A 

few peaks marked by “Δ” is coming from the “Fe” and/or oxides of “Fe” present in the “GO-Nx” 

structure. Figure 9b shows the field emission scanning electron microscopy (FE-SEM) image of the 

C6H12N4 based “GO-Nx”. Figure 9c,d shows the TEM images of synthesized C6H12N4 based “GO-Nx” 

and Fe2O3-based “GO-Nx:Fe”, respectively. Comparing the TEM images of “GO-Nx” and “GO-Nx:Fe” 

confirms the formation of composite materials with the characteristic of two dimensional (2D) layer 

structure of graphene-oxides. Images also show that the “GO-Nx:Fe” decreases the contrast of 

individual “GO-Nx” structure and covered with Fe-particles. The measured magnetic M-H hysteresis 

curve within the magnetic field range −10,000  Oe  <  H  <  +10,000  Oe at room temperatures   

(300  K) of those four types of “GO-Nx” that are shown in Figure 9e. 
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The magnetization of “GO-Nx” does not only depend on the content of carbon and/or nitrogen, 

but also strongly depends on different N-precursor. Figure 9f shows that the highest magnetization 

was obtained in “GO-Nx” synthesized with C6H12N4-precursor, with the saturation magnetization (Ms) 

value of 0.0057 emu/g and a coercivity (Hc) of 53  Oe; whereas the lowest magnetization was found 

(Ms  =  0.0031 emu/g and Hc  =  31  Oe) in “GO-Nx” synthesized with CH4N2O-precursor. This 

magnetic behaviour also depends on the formation of different N-functional groups, like pyridine-N, 

pyrrolic-N, graphitic-N and N-oxide, different carbon-carbon bond and carbon-oxygen functional 

groups such as –OH, –COOH, C–O/C=O that are attached with the “GO-Nx” matrix during the 

formation of “GO-Nx” [106]. However, the origin of this magnetization in N-doped GO is still 

controversial [107,108]. There are some reports on ferromagnetism in N-doped GO that has been 

ascribed due to pyrrolic-N group which can provide a net magnetic moment of 0.95 μB/N atom [103]. 

In contrast, Ito et al. have observed that the presence of a pyrrolic group leads to a reduction in the 

net magnetization value of nitrogenated GO [104]. 

 

Figure 9. (a) XRD of synthesized C6H12N4 based “GO-Nx” and Fe2O3-based “GO-Nx:Fe” 

respectively (△ are “Fe” and/or oxides of “Fe”); (b) FE-SEM image of as synthesized 

C6H12N4 based “GO-Nx”; (c) TEM image of as synthesized C6H12N4 based “GO-Nx” and 

(d) TEM image of as synthesized Fe2O3-based “GO-Nx:Fe”. Magnetization M-H loops of 

(e) NH4OH-based “GO-Nx”, C6H12N4-based “GO-Nx”, C2H3N-based “GO-Nx” and 

CH4N2O-based “GO-Nx”; (f) Magnetization M-H loops of Fe2O3-based “GO-Nx:Fe” 

composites, FeOOH-based “GO-Nx:Fe” composites and Fe3O4-based “GO-Nx:Fe” 

composites (Reproduced from Ref. [77] with permission).  

3.5. Magnetism of polymer-functionalized graphene-oxide (GO) 

Ganya et al. [109] studied the magnetism of pure polymer-functionalized GO and established a 

correlation with electrical behaviour of these materials. In this study, utilizing a reverse micelle 

process, Ganya et al. [109] have grafted polyacrylate (P) on graphene oxide (GO) to realize 
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polyacrylate grafted graphene oxide (P-GO) nanocomposites and hence upon subsequent reduction, 

polyacrylate grafted reduced graphene oxide (P-rGO) nanocomposites were achieved and studied the 

electrical and magnetic behaviour. For the electrical measurements, the linear current-voltage (I–V) 

relationship for GO/r-GO/P-rGO were obtained (Figure 10a,c,e) by sweeping the voltage in the 

sequence 0 → + 1 → 0 → − 1 → 0 V using a step voltage of 0.01  V. As expected, GO showed poor 

conductivity and highly insulating behavior owing to the heavy oxidation of the carbon lattice. With 

the subsequent removal of oxygen functional groups and an increase in the sp
2
 content of the films 

(as confirmed by XANES and Raman spectroscopy), the r-GO films showed a significantly enhanced 

(~10
6
 times higher) current response. The grafting of polyacrylate, a nonconducting polymer, onto 

GO (P-GO) leads to lower (~10
4
 times than r-GO) current response owing to the extended polymer 

chains hindering the charge flow as well as the higher sp
3
 content. However, P-rGO current response 

is nearly ∼10
2
 higher than that of GO, albeit still lower than r-GO, which can be attributed to the 

lower amount of oxygen functional groups [81,110]. The corresponding log I–V curves for 

GO/r-GO/P-rGO are shown in Figure 10b,d,f in which the GO shows a symmetric log I–V curve, 

which has a small hysteresis loop on the positive voltage side and ranges between 0 V and 0.5  V, 

while P-rGO displayed a small hysteresis loop on the positive voltage side in the range 0.25–0.75  V. 

The hysteresis effects usually arise from deeply trapped charges due to the presence of defects in 

P-GO as the escape time for the trapped charges is longer than the time it takes to make the semi-log 

sweep [111]. Ganya et al. [109] observed that the sheet resistances of GO, r-GO, and P-rGO are    

4  × 10
9
  Ω/sq, 2.5  ×  10

3
  Ω/sq, and 3.3  ×  10

7
  Ω/sq, respectively, that are comparable with the 

reported values [112].  

The measured magnetic behaviour via M-H hysteresis loops at 2 K and M-T characteristics 

curve at 500 Oe are shown in Figure 10g,h. A weak paramagnetic behaviour was observed for GO 

with a saturation magnetization (MS) 4.6 × 10
−3

 emu/g and 5.6 × 10
−3

 emu/g for r-GO with low 

coercive field values (HC). For both GO and r-GO, the observed magnetic behaviour arises due to the 

contributions of defects and the nonbonding π-electron states localized at the graphene layer edges, 

i.e., dangling bonds at the edge planes, as corroborated by XANES measurements [86,113,114]. For 

both cases, a variety of defects including topological defects, vacancies, adatoms, wrinkles, 

corrugations, etc., besides the binding of oxygen atoms to the carbon lattice can give rise to magnetic 

moments [86,113,114]. In the case of GO, the hydroxyl group bonded to C-atom of the sublattice too 

can induce a local magnetic moment. In fact, Wang et al. [52] have shown that a magnetic moment  

of 1.2 μB is developed in the case when a hexagonal graphene ring is bonded to two hydroxyl groups. 

Such a magnetic moment developed due to oxygen moieties should be considered along with the 

defect induced magnetic moment for the total magnetic behaviour of GO. Extensive literature reports 

suggest that not only the de-oxygenation itself but also its underlying process, i.e., hydrazine [63], 

thermal [57], or Birch [115] reduction, strongly influence the magnetic properties of the resulting 

r-GO. However, Ganya et al. [109] used a strong reducing agent like hydrazine hydrate that 

introduces significant defects as well as N-dopants into the r-GO graphitic lattice that generates a 

localized magnetic moment [63]. It has been argued earlier as well that as compared to GO reduced 

in a hydrogen environment, the use of ammonia (nitrogen) conditions leads to the oxygen 

concentration being more efficiently reduced with simultaneous introduction of N-defects leading to 

higher magnetization [116]. It has also been shown by Taniguchi et al. [117] that localized electronic 

states in r-GO also add spin moments to the sp
2
 nanodomains, which result in singly occupied 

molecular orbital levels in the π-π* gap leading to the emergence of magnetism. For both GO and 
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r-GO, an increase in the magnetization with the reduction of temperature was observed owing to the 

ease of the alignment of magnetic spins at low temperatures ~2 K. However, for both GO and r-GO, 

as the magnetic moments are not coupled, only weak para-magnetism is observed (MS  4.6×10
−3

 

and 5.6 × 10
−3

 emu/g for GO and r-GO, respectively). However, had the magnetic moments been 

coupled by long-range interactions, ferromagnetic, antiferromagnetic, or superparamagnetic 

behaviour should have been observed. The measured values of GOs are similar to those reported by 

Qin et al. [116]. The grafting of diamagnetic polyacrylate on its own is not expected to enhance the 

magnetic response of the composites, and indeed the maximum magnetization of the P-GO (MS 5.5 

× 10
−3

 emu/g) is very similar to that of r-GO. However, upon reduction of P-GO into P-rGO, a near 

doubling of the MS value to 9.6 × 10
−3

 emu/g was observed. Furthermore, considering P-rGO, the 

saturation magnetic moment was found to be 2.79 × 10
−3

 emu/g with a remanent magnetization 

value of 8.6 × 10
−6

 with a coercivity value of nearly 12 Oe. As mentioned earlier, despite their 

suitable applications in bioimaging, the lack of magnetic moment renders pristine GO is not suitable 

for MRI applications. However, the possibility of improving its magnetic response by introducing 

defects or manipulating oxygen functionalities renders it an excellent candidate for MRI contrast 

agents [118]. Enayati et al. [118] reported on the variation of the magnetic properties of GO produced 

by strong and weak oxidizing agents, which were then further exposed to 1.23 MeV γ-rays. It was 

observed that as compared to weak-GO (Ms  0.013 emu/g), strong-GO showed higher magnetization 

(Ms  0.023 emu/g), which was further expressed upon its reduction (MS  0.033 emu/g) [118]. 

Furthering their work, the irradiated samples were further annealed at various temperatures 

(200–800 °C) to enhance their magnetism. It was observed that at 600 °C, the saturation 

magnetization not only reached a maximum value of nearly 0.16 emu/g but the r-GO samples 

showed no toxicity when measured using an MTT 

[(3(4-(4,5-dimethylthiazol-2-yl)−2,5-diphenyl-tetrazolium bromide)] assay and as such has been 

proposed as an alternative MRI contrast agent [118,119]. Considering the GOs prepared in this work, 

as the GO itself is nonstoichiometric, consequently the resulting P-rGO system too is chemically 

quite complex, where it includes a variety of oxygen and nitrogen surface moieties and topological, 

adatoms, and structural defects, all of which can contribute to the magnetic moment. In terms of the 

defects, it has been previously reported by He et al. [120] that the magnetization of HOPG is closely 

correlated to the defect density with an almost linear relationship observed between the ID/IG ratio 

(i.e disorder and graphitic) and magnetization. Indeed, P-rGO shows the highest defect density value. 

Considering this along with the quantification from the XPS analysis, P-rGO shows the highest 

nitrogen content (~1.9 at%), and as such, the highest magnetization is expected arising due to the 

extra π-electron from nitrogen making the structure electron-rich, thereby enhancing the magnetic 

coupling between magnetic moments [63,121,122].  
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Figure 10. Linear current (I)-voltage (V) relationship for (a) GO, (c) r-GO, and (e) 

P-rGO samples with the corresponding log (I)-(V) relationship shown in (b), (d), and (f) 

respectively. (g) Magnetization (M) vs applied magnetic field (H) loops obtained at a 

temperature of 2  K and (h) magnetization (M) vs temperature (T) curve obtained at an 

applied field of 500  Oe (Reproduced from Ref. [109] with permission).  

However, there is still debate in terms of the effect of the various nitrogen functional groups, 

especially the pyrrolic and pyridinic nitrogen moieties, and how they affect the magnetization of 

graphene. Ito et al. [104] have observed that the presence of pyrrolic groups lead to a reduction in the 

magnetization. Miao et al. [103] have observed enhanced ferromagnetism in N-doped graphene with 

high pyrrolic content, which was shown to include a net magnetic moment of 0.95 B/N-atom. 

Theoretical calculations also reveal that graphitic N does not contribute to the magnetism in 

graphene and in the case where there are paired defects, such as graphitic-graphitic, 

graphitic-pyrrolic, and graphitic-pyridinic N pairs, the system prefers a nonmagnetic state [123]. 

Simultaneously, it was shown that pyrrolic nitrogen in the carbon lattice becomes more stable when 

the defect site is bonded to hydroxyl or carbonyl groups [123]. From Raman and XPS measurement, 

it was observed that a small amount of pyrrolic nitrogen was only observed in the case of P-GO and 

P-rGO, which had a higher defect ratio and amount of carbonyl groups. Density functional theory 

calculations have shown that when pyridinic nitrogen is bonded to oxygen, then the system becomes 

spin-polarized [62] with a magnetic moment of 0.56 μB. Considering that P-rGO still contains a 

considerable amount of oxygen (20 at%), there is a high possibility that the pyridinic nitrogen can 

interact with some of the oxygen groups either in the r-GO lattice or indeed in the polyacrylate itself 

or that the magnetic behaviour is more expressed due to the parallel spin orientation between the 

nitrogen and oxygen radicals, especially at low temperatures [124]. Thus, the enhanced 

magnetization in P-rGO can be ascribed to high defect density, N-doping, and enhanced magnetic 

coupling between the magnetic moments. Ganya et al. [109] believed that the possibility of 
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manipulation of this magnetic behaviour along with the abundance of surface functional groups 

makes both P-GO and P-rGO highly conducive for deriving water-soluble functionalized graphene 

by linking affinity molecules with polyarylate backbone for future biological and biomedical 

applications. Ganyn et al. [125] also studied the magnetism of conducting polymer functionalized 

graphene oxide. In that work, Ganyn et al. [125] synthesized GO/r-GO by the same conventional 

Hummer’s method [19] and functionalized with PEDOT-PSS (CP-rGO) composites. This method of 

preparing the composites was used due to its simplicity, cost effectiveness, and also to avoid 

agglomeration of nanoparticles [126]. The scanning electron microscopy (SEM) micrographs of GO, 

rGO, and CP-rGO composite structures are shown in Figure 11a–c, respectively. The GO exhibits 

multi-layered flaky structures which are aggregated, reflecting the multi-layered microstructure. GO 

sheets are not well connected, crumpled, and have a high surface area with smooth morphology. This 

observation indicates adequate exfoliation of graphite during the chemical oxidation process. The 

r-GO micrographs consist of flaky structures, scale-like layered structures that are evenly distributed 

and overlapping to form a compact structure. This observation exhibits the restoration of the 

graphene plane as the oxygen-related functional groups are removed due to the reduction process of 

GO to r-GO [127]. CP-rGO exhibits flaky structures that are not as overlapping as in rGO and the 

flakes have a large surface area. CP-rGO also presents a porous 3D network structure with a few 

folds indicating rGO nanosheets being homogeneously coated by PEDOT-PSS to form sandwich-like 

structures. 

 

Figure 11. SEM images of (a) as-synthesized graphene oxide (GO), (b) reduced 

graphene oxide (rGO), and (c) conducting-polymer coated graphene oxide (CP-rGO). (d) 

XRD patterns for GO, rGO, CP-GO, and CP-rGO. (e) Magnetization (M) versus applied 

magnetic field (H) loops obtained at a temperature of 2 K of GO, r-GO, CP-GO, and 

CP-rGO (Reproduced from Ref. [125] with permission). 

The XRD patterns for GO, rGO, CP-GO, and CP-rGO nanocomposites are shown in Figure 11d. 

A sharp C (002) peak was observed at ~12.7º with a full width at half maxima (FWHM) of ~2.19º. 

This peak corresponds to an interlayer d-spacing of 0.697 nm. The increased d-spacing in GO with 

respect to graphite results from the formation of oxygen-containing functional groups between 
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graphene layers making them thicker and possibly intercalation of water molecules trapped between 

adjacent GO sheets [128,129]. In contrast to GO, r-GO displayed a broad C (002) peak at ~24.3º 

(d-spacing = 0.366 nm) with a high FWHM of ~9.14º, indicating the presence of defects/     

strains [129,130]. The r-GO exhibits a pristine graphite structure considering its smaller d-spacing 

value resulting from the formation of very thin r-GO layers when GO is reduced with hydrazine 

hydrate [128]. Broad peaks were observed at 23.6º (d-spacing  0.377 nm) with an FWHM of 8.97º 

and 23.9º (d-spacing  0.371 nm) with an FWHM of 10.27º for CP-GO and CP-rGO, respectively. 

The slightly higher d-spacing values for CP-GO and CP-rGO can be attributed to the presence of 

oxygen-containing functional groups and the formation of defects and PEDOT-PSS coating on the 

GO/rGO sheets by polymers [109]. In GO, the main contributor to its magnetism is the magnetic 

moment developed due to the presence of oxygen moieties like the hydroxyl group bonded to the 

C-atom of the sublattice [52]. As for r-GO, its magnetic properties are strongly influenced by the 

reduction process, of which in our case, the strong hydrazine hydrate reducing agent introduces 

significant defects through attaching nitrogen dopants onto the r-GO graphitic lattice thereby 

generating a localized magnetic moment [116]. Considering that r-GO had pyridinic-N bond only 

and these bonds lead to an increase in the defect structures, this resulted in r-GO recording a 

maximum Ms value [86,131]. It was observed that the magnetization of GO and r-GO increases with 

decrease in temperature at 2 K, due to the ease in alignment of magnetic spins at low temperature. 

Notably, the measured Ms values for GO and r-GO are of the same order (but show better 

magnetization) as those reported by Idisi et al. [81]. Singh et al. [132] studied the GO/r-GO-coating 

PEDOT-PSS materials and observed the lowering of highly magnetic materials, and as expected, 

CP-GO recorded a low Ms value of 2.9 × 10
−3

 emu/g, whereas CP-rGO had a relatively high Ms 

value of 5.1 × 10
−3

 emu/g. Considering that CP-GO had a very low ID/IG ratio as compared to GO, 

this implied that CP-GO had a lower defect density; hence, less magnetic behaviour as expected is 

observed. On the same note, CP-GO had a lower defect density as compared to rGO, thus resulting in 

a relatively lower saturation magnetization than rGO. Regardless of the low defect density in 

CP-rGO in comparison to GO, a higher saturation magnetization was observed in CP-rGO as a result 

of high nitrogen content (~3.2 at%) leading to enhanced magnetic coupling between magnetic 

moments [121,133]. Importantly, the observed weak para-magnetism observed in all our samples 

results from magnetic moments not being coupled by long-range interactions; otherwise, 

ferromagnetic, anti-ferromagnetic, or super-paramagnetic behaviour should have been observed. In 

addition, the electrical measurements show that the sheet resistance of GO, rGO, CP-GO, and 

CP-rGO are ~4.0 × 10
9
, ~2500, ~1.0 × 10

5
, and ~9.0 × 10

5
 Ω/square, respectively. The sheet 

resistance of rGO decreased upon reduction as compared to that of GO due to the removal of oxygen 

functional groups and a subsequent increase in the sp
2
 content (as verified by XANES and Raman 

spectroscopy). Also, the PEDOT-PSS-coated GO recorded a lower sheet resistance as compared to 

the starting GO due to incorporation of PEDOT-PSS a conducting polymer. The rGO with a work 

function of ~4.0 eV had the lowest sheet resistance, whereas the PEDOT-PSS-coated 

nanocomposites with relatively lower work functions had sheet resistance of the order 10
5
 Ω/square. 

Elk et al. [134] reported on lower conductivity as a result of higher density of states, which is in 

agreement with our results where PEDOT-PSS-coated nanocomposites indicate an increase of DOS 

at/near VBM or EF and resulted in higher sheet resistance as compared to rGO. These electrical 

properties are the most suitable properties for electrical and electrochemical biosensor applications. 

The measured magnetic behaviour through M-H hysteresis loops from −10 to +10 kOe at ~2 K 
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curves is shown Figure 11e, Paramagnetic behaviour was displayed by GO and r-GO with a 

saturation magnetization (Ms) of 4.5 × 10
−3

 and 5.6 × 10
−3

 emu/g, respectively. As for rGO at 2 K, 

it had a remanent magnetization value of 6.2 × 10
−6

 emu/g and a low coercive field value (HC) of 

about 5 Oe. The observed magnetic behaviour for both GO and rGO emanates from lattice defects 

and nonbonding π-electron states localized at the graphene layer edges, i.e., dangling bonds at the 

edge planes, as evidenced by our XANES measurements [131]. The defects observed in GO and rGO 

are mainly vacancies/voids, zig-zag edges, adatoms, wrinkles, corrugations, etc. [86,121,131].  

3.6. Magnetic properties of GO/r-GO-nanocomposites  

3.6.1. Magnetic behaviour of Fe3O4:r-GO nanocomposites  

See et al. [135] studied the magnetic behaviour of the magnetically separable r-GO/Fe3O4 

nanocomposites. In this work, different weight ratios of GO and Fe3O4 were used for the preparation 

of rGO:Fe3O4 composites materials and vibrating sample magnetometer (VSM) was used to carried 

out the M-H loops at room temperature (300 K) for both the bare Fe3O4-nanoparticles and the r-GO: 

Fe3O4 nanocomposites, and the results are shown in Figure 12. The bare Fe3O4 nanoparticles and the 

r-GO/Fe3O4 nanocomposites showed typical S-like curve magnetization hysteresis loops with no 

coercivity, inferring that they exhibit super-para-magnetism, while their magnetization behaviours 

were removed in the absence of the applied magnetic field. The saturation magnetization (Ms) of the 

r-GO:Fe3O4 nanocomposites increased from 1.63 emu/g to 30.30 emu/g with an increase in the 

content of Fe3O4 nanoparticles in the r-GO sheets. The saturated magnetization value observed for 

the pristine Fe3O4 nanoparticles was 58.70 emu/g, which was higher than that of the magnetic 

r-GO/Fe3O4 nanocomposites. This can be attributed to the presence of graphene in the 

nanocomposites [136]. 

 

Figure 12. Magnetization M-H curves of GO:Fe2O3 (1:2), GO:Fe2O3 (1:5), GO:Fe2O3 

(1:10), GO:Fe2O3 (1:20) and Fe2O3 [135]. 

Tanwar et al. [137] studied the magnetic behaviours using the magnetic material, magnetite 



793 

AIMS Materials Science  Volume 10, Issue 5, 767–818. 

(iron oxide) with GO and rGO nanocomposites within the applied magnetic field −5 kOe to +5 kOe. 

In this study, Tanwar et al. [137] found that the GO and r-GO are diamagnetic behaviour [138] at 

room temperature which gets converted into superparamagnetic behaviour upon magnetite doping as 

confirmed by S-like curves of magnetic hysteresis loops that both nanocomposites behaves 

super-para-magnetism at the room temperature. Incorporation of magnetite-nanoparticles in the 

GO/r-GO affect the stability of nanocomposites in the presence of an external magnetic field shows 

magnetic response of the nanocomposites. Saturation magnetizations are 3.45  emu/g and 3.92  

emu/g for magnetite (iron oxide)-GO and magnetite-rGO nanocomposites respectively and are 

smaller than the reported value of bulk Fe3O4 of 92  emu/g [139] due to the relatively low amount of 

magnetite loaded on GO/r-GO. Thapa et al. [140] engineered the magnetic GO in the nanocomposite 

form of iron oxide nanoparticles-graphene oxide (GO) and studied the magnetic behaviours. These 

nanocomposite of magnetic iron oxide (magnetite) nanoparticles with GO/r-GO have a large number 

of applications in various fields such as drug delivery [141], imaging [142], batteries [143,144], 

catalysis and environmental remediation [145].  

3.6.2 Magnetic performance of r-GO thin film deposited on “ZnO-NR:ncAu 

Ray et al. [146] studied ferromagnetic performances of r-GO composites with ZnO-NR:ncAu. 

In this study, the M-H hysteresis loops are measured at/below room temperature (~300 K/2 K), 

which are shown in Figure 13a–d, whereas Figure 13e–h shows M-T during field cooling (FC) and 

zero-field cooling (ZFC) at the applied magnetic field of 2500 Oe. Comparing the earlier reported 

results about the ferromagnetic behavior of pure ZnO-NR and nc-Au/ZnO-NRs [147], it is confirmed 

that the corresponding ferromagnetism performance of ZnO-NR:r-GO and (nc-Au/ZnO-NRs):r-GO 

is significantly enhanced. For a comparable study, we have obtained different magnetic parameters, 

viz., the saturation magnetization (Ms), and coercivity (Hc) values from the M-H hysteresis curve. It 

was believed that the magnetic performances are enhanced in (nc-Au/ZnO-NRs):r-GO composites 

due to the formation/interaction between magnetic nc-Au and O vacancies and/or zinc vacancy (V Zn) 

or zinc interstitial (Zni) present at the interface of (nc-Au/ZnO-NRs):r-GO [147]. It is attributed to 

the cut of the r-GO crystal during the oxidation/reduction process of various oxygen      

functional groups (–OH, –O–, –COOH, and C=O) that break the π bond network at grain  

boundaries [1,148–151], inducing the magnetic domain. The r-GO sheets have unsaturated π orbitals 

(pz) and a lack of bandgap. This is favourable for the electronic interaction with 3d orbitals of 

transition-metal ions in oxide semiconductors and, hence, enhances the magnetizations. It is also 

energetically favourable to place the epoxy groups on the opposite side of hexagonal rings that 

induce a magnetic moment. At the same time, a high concentration of sp
3
 type defects (OH) 

remained on the basal plane of r-GO sheets, which effectively induced magnetic moments. 

Figure 13e–h show the dependence of magnetic susceptibility on temperature for a 

nanocomposite ZnO-NRs/rGO in ZFC and FC modes at an applied magnetic field H = 2500 Oe. 

There is no significant difference in magnetic susceptibility in ZnO-NRs:r-GO, and (nc- 

Au/ZnO-NRs-10):r-GO is due to the presence of parallel magnetic moments, whereas in 

(nc-Au/ZnO-NRs-15):r-GO and (nc-Au/ZnO- NRs-30):r-GO, there is a significant difference in their 

magnetic susceptibility due to the possibility of setting some anti-parallel magnetic moments. It is 

observed that two transitions of magnetic moment at ≈250 and ≈35 K exist in these composite 

systems, which may be mainly due to two composites, ZnO-NRs with nc-Au and r-GO, respectively. 
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Figure 13. M-H hysteresis loop of (a) ZnO-NR:r-GO, (b) nc-Au/ZnO-NRs:r-GO 

(Au-4-10-15), (c) nc-Au/ZnO-NRs:r-GO (Au-4-30-10), and (d) nc-Au/ZnO-NRs:r-GO 

(Au-3-10-30). The M-T curve of (e) ZnO-NR:r-GO, (f) nc-Au/ZnO-NRs:r-GO 

(Au-4-10-15), (g) nc-Au/ZnO-NRs:r-GO (Au-4-30-10), and (h) nc-Au/ZnO-NRs:r-GO 

(Au-3-10-30) [146]. 

3.6.3. Ferromagnetism in rGO-ZnO nanocomposites of (r-GO:ZnO) 

Thiyagarajan et al. [152] studied interfacial ferromagnetism in reduced graphene oxide-ZnO 

nanocomposites (r-GO:ZnO). In this study, GO was synthesized using modified Hummer’s method 

and then different forms of GO:ZnO-nanocomposite (labelled as SrGO–ZnO, 1HrGO-ZnO, and 
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2HrGO-ZnO nanocomposites, respectively) were prepared using Zinc acetate dehydrate 

[Zn(CH3COO)2·2H2O] [152] at different conditions. The magnetization M-H hysteresis curves of 

GO, rGO SrGO–ZnO, 1HrGO-ZnO, and 2HrGO-ZnO nanocomposites were measured at room 

temperature within applied magnetic field − 15 kOe  <  H  <  15 kOe are shown in Figure 14. They 

found that GO is weak ferromagnetic with dominant diamagnetic signals. As discussed above, the 

GO is composed of an unreacted graphite (sp
2
) region and a reacted (sp

3
) region with partially 

distorted layers with randomly distributed epoxy, hydroxyl, carbonyl and carboxyl functional groups 

on each plane. Carboxyl and carbonyl groups are located at the edge sites of GO sheets, whereas 

hydroxyl and epoxy groups are adsorbed on the basal plane of GO sheets. The epoxy groups on the 

opposite side of hexagonal ring induce a magnetic moment. The graphitic edge state is magnetically 

active due to the presence of non-bonding with a large local density of states that are populated with 

unpaired electron spin to minimize the coulomb repulsive energy, leading to large moments at the 

zigzag edge boundary. At the same time, high concentration of sp
3
 type defects (OH) on the basal 

plane effectively induced magnetic moments.  

 

Figure 14. M–H hysteresis curve of the ZnO, Sr-GO:ZnO, 1H-rGO:ZnO and 

2H-rGO:ZnO nanocomposites. [Hydrothermally reduced 160 mg of GO dispersed     

(1 mg/1 mL) product was named as 1HrGO and 320 mg of GO dispersed (2 mg/1 mL) 

product was named as 2HrGO (Reproduced from Ref. [152] with permission). 

In this present study, weak ferromagnetism arises due to interaction between separated magnetic 

regions and domains. The diamagnetic contributions are due to the attachment of carbonyl and 

hydroxyl groups located at edge site and on the basal plane of GO, respectively. On reduction of GO 

sheets, remove the functional groups that causes defects in the form of vacancies, structural defects 

and distortion in the lattice of GO, which leads to ferromagnetic behaviour at the zigzag edges in 

1H-rGO/2H-rGO. At the same time, some of the damaged sp
2
 carbon conjugations were restored and 

generated partial coalescing of r-GO sheets that increases the amount of π–π staking sites, which 

increase the density of defects as a result increase spin moment in r-GO sheets. Removal of carbonyl 

groups can compensate the dangling bond and preserve the edge states magnetism. Reduced wrinkles 

contain local magnetic anisotropy energy density and coming out of longer range magnetic 
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interaction/ordering that long range ordering (magnetically coupling) of these spin exists due to a 

tiny crystalline size and a large quantity of grain boundaries among small portions of rGO sheets, 

which contributes to the ferromagnetism. Room temperature M-H hysteresis loops of ZnO and 

rGO:ZnO nanocomposites are shown in Figure 14, where ZnO and rGO:ZnO nanocomposites clearly 

exhibits ferromagnetism. The origin of ferromagnetism in ZnO-nanostructures is associated with 

various kinds of structural defects viz. oxygen vacancies, zinc vacancies, zinc interstitials and oxygen 

interstitials present in the lattice sites that induces magnetic moments. The population of defects in 

ZnO is usually not large and uniform, and the magnetization value of these specimens is very small 

compared to magnetic oxides. The high surface to volume ratio of ZnO has a higher density of 

oxygen vacancies and creates surface spin disorder. These uncontrolled formation of lattice defects 

during preparation processes, forms the isolated spin magnetic moments in lattice site of ZnO.  

3.6.4. Magnetic performance of r-GO thin film deposited on TiO2 (TiO2:r-GO)  

Ray et al. studied the magnetic performances of a TiO2:r-GO nanocomposite [153]. Figure 15a 

shows the magnetization vs applied magnetic field (M-H) hysteresis loops of r-GO, TiO2, and 

r-GO/TiO2 that are measured at room temperature (~300 K) and below the room temperature (~40 K), 

whereas the M-T curve during FC and zero-field cooling (ZFC) are shown in Figure 15b–d. From the 

M-H hysteresis loops and the M-T curve during field cooling (FC) and ZFC, it is very clear that 

magnetization is enhanced when r-GO is deposited on the TiO2 thin film. For a comparative study, 

we have obtained different magnetic parameters, viz., the saturation magnetization (Ms) and 

coercivity (Hc) values from the M-H hysteresis curve of r-GO, TiO2, and r-GO/TiO2 show that the 

(Ms) and coercivity (Hc) have higher values in r-GO/TiO2.  

 

Figure 15. (a) M-H hysteresis loops and (b)–(d) M-T curve of r-GO, TiO2, and 

r-GO/TiO2 composites [153]. 
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These enhanced magnetic performances of r-GO/TiO2 comes from the vacancies/defects that 

induce magnetic moment at the interface of TiO2 and r-GO. The ferromagnetism in the r-GO/TiO2 

composites is associated with various structural defects (O-/Ti-vacancies and O-/Ti-interstitials) 

present in the interface–lattice sites that induce magnetic moments. We believe that the magnetic 

performances are enhanced due to interactivity among magnetic Ti
+
, O

–
, and Ti-vacancies interstitial 

present at the interface of the r-GO/TiO2 composite. It was attributed to the cutting of r-GO crystal 

during the oxidation/reduction process of various oxygen functional groups (–OH, –O–, –COOH, 

and C=O) that break the π bond network at grain boundaries [153] that induce magnetic domain. 

Figure 15b–d show the dependence of magnetic susceptibility on temperature for a composite 

r-GO/TiO2 in the ZFC and FC modes at an applied magnetic field H = 500 Oe. There is a small 

difference in magnetic susceptibility in TiO2 and r-GO/TiO2 due to the possibility of setting some 

anti-parallel magnetic moments.  

3.6.5. Ferromagnetic behavior of graphene oxide (GO) and molybdenum disulphide 

(MoS2)-nanoparticles hybrid nanocomposite (GO:MoS2-NPs) 

In this work, Sarma et al. [154] has been made to explore the magnetic behaviours of GO, 

MoS2-NP and GO:MoS2-NP hybrid nanocomposites. GO:MoS2-NP hybrid nanocomposites exhibit 

low temperature (at 45 K) ferromagnetism (LT-FM) after MoS2-NP (diamagnetic) forming a hybrid 

nanocomposite with GO. Sarma et al. [154] also studied the divergence of field cooling (FC) and 

zero field cooling (ZFC) behaviours of GO:MoS2-NP hybrid nanocomposite and forecast to be useful 

for low temperature magneticities, nuclear orientation and efficient flywheels for energy storage 

device application. For the low temperature magnetic application of these hybrid nanocomposites, M-H 

hysteresis loops for GO, MoS2-NP and GO:MoS2-NP were measured from −10 kOe < H < 10 kOe at 

low temperature at 45 K shown in Figure 16a and the field cooling (FC) and zero-field cooling (ZFC) 

of GO:MoS2-NP hybrid nanocomposites is shown in Figure 16b. It is very interesting that the partial 

self-reversed magnetic hysteresis (SRMH) characteristics is observed in GO:MoS2-NP hybrid 

nanocomposites after making a hybrid nanocomposite GO with MoS2-NP [154–158]. The low 

temperature at 45 K magnetic hysteresis loops are shown in Figure 16a, where the magnetic 

saturation in MoS2-NP and GO:MoS2-NP hybrid nanocomposite is opposite to each other that 

confirms the SRMH effect of GO:MoS2-NP hybrid nanocomposites [159]. The MoS2-NP with Mo ~ 

36%, S ~ 64% and have no C-content exhibits diamagnetic features, whereas GO:MoS2-NP hybrid 

nanocomposite with C ~ 50%, O ~ 20%, Mo ~ 12%, S ~ 18% exhibit ferromagnetic nature. 

Figure 16a shows that the M-H loops of MoS2-NP exhibits diamagnetic behaviour unlike GO 

and GO: MoS2-NP that exhibits LT-FM behaviour. Different magnetic parameters are obtained from 

Figure 3a and found that the saturation magnetization (MS), coercivity (HC) and remnant 

magnetization (MR) of GO:MoS2-NP nanocomposite are 5–10 times higher than GO. All magnetic 

parameters viz. MS, HC, MR of GO and GO:MoS2-NP hybrid nanocomposites are obtained and 

tabulated in Table 1. The saturation magnetization (MS), coercivity (HC) and remnant magnetization 

(MR) of GO:MoS2-NP nanocomposite are 3.6 × 10
−3

 emu/g, 2.5 × 10
−3

 emu/g and 1645 Oe, 

respectively. The GO:MoS2-NP hybrid nanocomposites shows high coercivity (Hc) implying hard 

magnetic materials [160] and have SRHM behavior. The higher ferromagnetic behaviour shown in 

GO:MoS2-NP hybrid nanocomposite is due to composite with GO. On adding of GO with MoS2-NP 

different bonding viz C=C, C–OH, O–H/O–C–O, O–H, C–O and C–O radicals are attached with the 
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MoS2-NPs that are responsible for ferromagnetic behaviours. The field cooling (FC), zero-field 

cooling (ZFC), temperature (T) and dependent magnetization (M) of the GO:MoS2-NP hybrid 

nanocomposite is shown in Figure 16b. Sarma et al. [154] observed divergence in the FC curve and 

ZFC curve at T < 280 T and on increasing the magnetic field the divergence gradually disappears   

at ~280 K [161]. The disappearance of divergence with increased magnetic field is generally seen in 

magnetically frustrated systems, where usually ferromagnetic and antiferromagnetic bonds are 

randomly distributed. These behaviours are generally observed on few-layer 2D-graphene   

materials [162,163]. The appearance of ferromagnetic and SRMH behaviour in GO:MoS2-NP hybrid 

nanocomposites could be very useful in low temperature magneticities, nuclear orientation and 

efficient flywheels for energy storage device application.  

 

Figure 16. (a) Magnetisation (M) versus applied magnetic field (0H) hysteresis loop of 

GO (black), MoS2-NP (blue-forward and green- reverse) and GO:MoS2-NP hybrid 

nanocomposite (red-reverse and wine-forward). (b) Zero field cooling (ZFC) and field 

cooling (FC) magnetization (M)-temperature (T) curve of GO:MoS2-NP hybrid 

nanocomposite [154]. 

3.6.6. Ferro-magnetism of GO and carbon nanotubes (CNTs) nanocomposites 

Nuhafizah et al. [164] studied the magnetic behaviours of the simple mixing of GO and carbon 

nanotubes (CNTs), i.e. GO:CNTs nanocomposites. In this process, graphene oxide (GO) is 

synthesized via a simple electrochemical exfoliation of graphite in a surfactant-containing aqueous 

solution; whereas CNTs are synthesized from waste engine oil using thermal chemical vapour 

deposition. Nuhafizah et al. [164] found that the addition of magnetic-CNTs has successfully induced 

the ferromagnetism in the GO at the room temperature. In this GO:CNTs composite materials, the 

saturation magnetization and average coercivity are observed to be ~6.13 × 10
−3

 emu/g and ~345.12 Oe, 

respectively. The presence of defects in carbonaceous GO and CNTs materials can induce spin 

polarization that enhances the magnetic properties of the GO:CNTs nanocomposites. This study 

offers a low cost and simple method to induce magnetism in GO as compared to the common 

chemical modifications of GO.  
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3.6.7. Magnetic properties of r-GO:La0.9Bi0.1FeO3 nanocomposites  

El-Khawas et al. [165] studied the magnetic behavioural change for the r-GO:La0.9Bi0.1FeO3 

(LBFO) nanocomposites. The ortho ferrite La0.9Bi0.1FeO3 (LBFO) was prepared by the sol-gel 

autoignition method using the metal nitrates, lanthanum nitrate (La(NO3)3∙6H2O), bismuth nitrate 

(Bi(NO3)3∙5H2O) and (Fe(NO3)3∙9H2O) as starting materials; whereas graphene oxide was prepared 

from graphite powder by the modified Hummer’s method. Afterwards, the composites of LBFO and 

r-GO were prepared at different weight ratios of GO. 

To prepare the r-GO:LBFO-nanocomposites, LBFO and r-GO were mixed together in 50 mL 

distilled water and ultrasonic for 1 h and dried in 70 °C for 12 h. The composites were then grinded 

for 30 min and finally annealed at 400 °C for 2 h with a heating/cooling rate of 5 °C/min. The 

field-dependent magnetization (M vs. H) measurements at room temperature of r-GO:LBFO 

nanocomposites at different wt% of LBFO are shown in Figure 17. Figure shows that the r-GO 

enhances the magnetization of r-GO:LBFO nanocomposites. This behaviour can be explained by two 

reasons: (i) graphene can induce structural distortion on perovskite (LaFeO3) crystal structure. This 

distortion originated from the interaction of oxygen functional groups of r-GO with LaFeO3 that 

makes distortion in metal oxide, lead to variation in physicochemical properties [166–168]; (ii) the 

surface anisotropy of orthoferrite LFBO nanoparticles has been changed with the introduction of 

r-GO [169–171]. The exchange interface between r-GO and LFBO leads to modulate the surface spin 

and magnetic exchange anisotropy which leads to a change in values of exchange bias and its 

direction, as a result changes the magnetization of the composites. 

 

Figure 17. M-H hysteresis loops of rGO: LBFO nanocomposites at different LBFO wt% 

measured at room temperature (Reproduced from Ref. [165] with permission). 

4. Discussion with brief theoretical perspective of magnetic performance in GO 

As it is mentioned in the introduction section, the GO has a wrinkled layered with the 

combination of oxidized and non-oxidized regions those are randomly distributed. The oxidized 
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regions have -epoxide (C–O–C), hydroxyl (–OH), carbonyl (–C=O) and carboxyl (–COOH) that 

change the sp
2
 carbon network completely. In the non-oxidized regions, the original sp

2
 carbon 

network is preserved. In the oxidized regions, the epoxide and hydroxyl groups are bonded on both 

sides of the layer, where carbonyl (–C=O) and carboxyl (–COOH) occur at the edges of the layer. In 

reduction processes, the functional groups are partially removed and the sp
2
 carbon network is 

partially restored. On reduction, GO is changed into reduced graphene oxide or simply r-GO. GO is 

electrically insulated due to the strong disruption of the sp
2
 carbon network; whereas r-GO is a low 

conductor due to the partial restoration of the sp
2
 network and have same types of defects occurring 

as in GO. The covalent functionalization of GO/r-GO induce magnetic moments. Interaction between 

randomly distributed magnetic moments in the single-layer GO/r-GO structural matrix is known as 

surface defects that produces antiferromagnetic ordering. The ferromagnetic ordering in zigzag 

graphene ribbons functionalized by an epoxy (C–O–C) pair-chain exhibits very charming electronic 

and magnetic properties. In the process of functionalization of any metal, non-metal, and/or 

(metal/non-metallic)-oxide, these are bonded with an oxygen functional radical and change the 

electronic structure and hence increase/decrease the magnetic performance on the whole. 

Furthermore, the sp
2
, sp

3
 and/or their ratio sp

2
/sp

3
 along with number of different oxygen functional 

groups modify the magnetism in GO/r-GO materials.  

It has been observed and discussed that the magnetic behaviour of GO/r-GO in the limits of 

diamagnetism and ferromagnetism dependes on the degree of graphitization and the individual nature 

of the functional groups. In this context, the GO/r-GO preparation method plays a crucial role in 

controlling these functionalities, doping, intercalation, defects, formation of heterostructure, 

formation of nanocomposites and change of their density of states that decides the magnetism in GO. 

Whether induced magnetism appears in the GO/r-GO sheet depends on the fabrication process of the 

RGO sheet. If the reduction process of GO to r-GO left defects in the graphene sheet, then the 

induced magnetism may be significant. However, sometimes chemical modifications are not able to 

affect the magnetic properties of GO/r-GO sheets due to better reconstruction of the sp
2
 bonding 

network. It is anticipated that clusters of defects that couple ferromagnetically behave like a single 

domain at low temperature, leading to the super-para magnetism. While at room temperature, other 

defects also effectively induce a magnetic moment, which gives rise to ferromagnetism but with a 

lower magnetic moment. The incorporation of atoms into GO results in substitutional impurities that 

forms ionic bonding between alkali metal adatoms and GO that have an adverse effect on the 

electronic states of the GO. On the other hand, group-III metals adatom showed mixed covalent 

bonding and ionic bonding that influence the lattice of GO a little bit. Nevertheless, 3d transition 

metal exhibits strong covalent bonding with GO layers. As a result of strong hybridization between 

the 𝑑𝑥2−𝑦2  and  𝑑𝑦𝑧  orbitals of the 3d transition metal atoms and pz orbitals of the carbon atoms, 

charge transfer takes place from the d-metal to the GO that are responsible for the magnetization in 

GO. In these low dimensional magnetic systems like GO, the surfaces, interfaces, thin-films, and 

porous structures, lowered symmetry and coordination number also offers a variety of structural 

change. The huge atomic heterogeneity of high-entropy materials along with a possibility to unravel 

the behaviour of individual components at the atomic scale suggests a great change of electronic 

structure that changes the magnetic performances of the GO/r-GO and/or r-GO-nanocomposites. The 

electronic structure modification in magnetic ordering of native/oxygen vacancy induced 

magnetization and the magnetic ordering is attributed to the asymmetric distribution of spin polarized 
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charge density in the vicinity of oxygen sites and/or sp
2
/sp

3
, which originates unequal from magnetic 

moment values. The change of band gaps and on-site electron correlation energy are also 

consequences on the magnetic properties of GO, r-GO and different oxide/sulphide-nanocomposites 

materials. The size and shape have also been crucial for tuning magnetic properties of GO. For 

instance, cutting of a GO sheet into two parts results in the formation of zigzag or armchair edges 

that alters the electronic properties of the GO sheets and hence magnetization. 

In this structure, GO gets attracted towards the magnet forming the spin-like structure across the 

area of the magnet. The basic magnetic behaviour in GO is diamagnetism, but diverse magnetic 

properties are attributed to zigzag edges, defects, vacancies, adatoms, and various chemical 

functional-groups. It is discussed that the ferrimagnetism, para-magnetism in lower temperatures 

along with ferromagnetism and diamagnetism in higher temperatures exist in the multilayer graphene 

oxide. The transition of magnetic states of GO with changing temperature is discussed based on 

average anisotropy energy and coupling interactions. The wrinkled structure and the defects due to 

the surface functional groups play a significant role in shaping magnetism in GO. The zero-field 

cooling (ZFC)-field cooling (FC) curves also clarifies the picture of various phase transitions it is 

with change in temperature. The ZFC-FC curves are also analysed to explore the system further. 

With decreasing temperature, the magnetization increases reaching its highest value at <5 K. The 

GO/r-GO exhibit ferromagnetism due to the existence of various defects such as vacancy, topological 

defects or frustration, and the possible long-range ordered coupling among them. Defect-defect 

interaction depends on the vacancy location, ferromagnetic for vacancies in the same sublattices and 

antiferromagnetic for the different sublattices. The edge condition and surface functional groups or 

defects play a crucial role in terms of magnetic performances. The strong ferromagnetism is observed 

for GO flakes while the weak residual ferromagnetism of GO paper is due to magnetic moments 

surviving in the closed pores. The magnetization originated from the superimposition of a 

paramagnetic component, more pronounced at low temperatures, and a diamagnetic one, which was 

essentially temperature independent. At <5 K, the magnetization of both GO and r-GO was mainly 

determined by the paramagnetic signal, whereas at higher temperatures, the diamagnetic contribution 

became dominant, and the magnetization acquired negative values. The magnetization for both GO 

and r-GO was analysed using 

M(H,T) = MPM + Mdia = MSBS(x) + χdiaH, 

Where MPM describes the paramagnetic contribution with M0 = NgSμB being the saturation 

magnetization, g the effective g-factor, S the spin angular momentum, N the spin density, kB the 

Boltzmann constant, and BS(x) the Brillouin function with x = gSμBH/kBT, while the second term 

Mdia = χdiaH corresponds to a linear diamagnetic contribution with χdia (i.e. χ = M/H) being the 

diamagnetic susceptibility. This behaviour was further explored by measuring the temperature 

dependence of the magnetization at constant magnetic field. In this case, a clear diamagnetic as well 

as paramagnetic contribution was evidenced at a specific temperature for GO and r-GO. This 

variation could be self-consistently described by the same expression as for the isothermal 

magnetization curves using the corresponding Brillouin function for M(T)H/H at constant magnetic 

field. This procedure could take into account the differences in M/H at different magnetic fields due 

to the nonlinear variation of M(H)T. The magnetic susceptibilities of GO and r-GO could be well 

fitted by essentially the same parameters as for the M(H)T curves, verifying the interplay of 

diamagnetism/para-magnetism for the two systems. The corresponding ZFC-FC magnetization 
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shows 1/(M/H-χdia) vs T for GO and r-GO and the corresponding linear fits to the Curie law indicates 

the nature of magnetism. The ferromagnetism in GO/r-GO is intrinsic and their ferromagnetic 

susceptibility diminishes significantly with air. The magnetization of GO is decreased above >5 K. 

The ferromagnetism of GO/r-GO is correlated at zigzag edges. Transverse spin fluctuations 

accompanied by spin-flips of the magnetic moments of protons from hydroxyl groups cause the rapid 

decrease in magnetization >5 K. At higher temperatures, super-ferromagnetic and superparamagnetic 

states exist due to breaking of zig-zag edges of GO/r-GO.  

4.1. Theoretical perspective of magnetic performance in GO  

Graphene oxide (GO) is highly disordered and can exist as a monolayer or a few stacked layers 

having its basal planes decorated with OH (hydroxyl) and O (epoxy) groups, edges with COOH 

(carboxyl) and C=O (carbonyl) groups. It is insulating, unlike graphene which is highly conducting. 

Many theoretical works have predicted the possible reasons for the evolution of magnetism in 

graphene and graphene oxide. Unlike graphene where delocalized p electrons introduce 

diamagnetism, defects have the major decisive influence for the magnetism in GO. The sp
3
   

network [37,172] along with point defects (vacancies, adatom) [173], extended defects (zigzag edges, 

cracks, voids) [174,175] and topological defects (pentagons, heptagons and their combinations) [176] 

introduces localized magnetic moments in GO. In addition to this, the surface of GO carries ripples 

and corrugations, which also influence the magnetism [177,178]. The sp
3
 network with the dangling 

bonds created by covalent functionalization of graphene acts as a source of magnetism in        

GO [37,116]. The pristine graphene is a half-filled bipartite system: the merger of two triangular 

sublattices A and B. Electrons of respective A and B sublattices correlate antiferromagnetically and 

the net magnetization (M) is proportional to (NA-NB) where NA and NB are the number of electrons 

in the two sublattices [96,179,180]. The GO is as a matrix of graphene decorated with oxygen 

functionalities. The epoxy (–O–), hydroxyl group (−OH) sits on the basal plane of GO and the 

carboxyl (−COOH), carbonyl (–C=O) groups prefer to acquire the edges of the GO sheets 

introducing new covalent bonds [181]. Different magnetic phases are seen at different temperature 

and field range. In the case of GO, the attachment of various mono and divalent functional groups on 

the surface leads to the formation of new bonds, defects and vacancies [181]. The charge transfer 

takes place between the functional groups and C atoms of graphene leading to electron imbalance 

between the two sublattices giving rise to a short-range anti-ferro-magnetism (ferrimagnetic) 

coupling around the defects and vacancies or the adsorbing site making it insulator or semi-metallic 

type [32,180]. In GO, loop opening takes place due to various anisotropy energies playing role on the 

surface of GO. Few of the attached OH groups assemble and forms clusters. These clusters coexist 

along with isolated OH groups on GO surface. The OH clusters carrying a bigger magnetic moment 

compared to isolated OH groups can act as non-interacting, randomly oriented single domain 

particles, responsible for irreversibility and opening of the hysteresis loop [180,181]. Theoretical 

investigations revealed that a major contribution to the ferromagnetism in GO comes from hydroxyl 

group (–OH) and –OH clusters. This random arrangement of –OH groups break the A, B lattice 

symmetry (bipartite system), giving rise to a localized state with uncompensated spin. Hence, a 

single –OH can produce a magnetic moment. If we think about an epoxy (–O–) group in which the 

oxygen bonds with an adjacent carbon atom at the edge, it preserves its symmetry and does not 

contribute to the total magnetic moment. But the epoxy (–O–) group bonds with a C–C bond that 
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breaks the C–C bond and forms ether (C–O–C) structure zigzag or armchair-edges. These 

zigzag-edges are important like defects because at the edge the electrons are energetically degenerate 

with highly localized states and unpaired spins giving rise to local magnetic moments at the edge 

boundaries. Again, GO consists of unreacted sp
2
 regions along with reacted sp

3 
regions. Partial 

distortion of layers results from oxygen groups in the reacted regions that are responsible for the 

magnetic moments. However, the shape, strain and surface anisotropy along with crystal anisotropy 

are expected to regulate the behaviour of M-H curves [57]. However, both the contributions of OH 

clusters and isolated OH groups vary with temperature, so anisotropy energy varies from site to site. 

The OH groups along with positive carbon matrix brings in the dipolar contribution, which leads to 

shape anisotropy. The spherical clusters have no input towards shape anisotropy, as the 

demagnetizing energy is uniform in all directions whereas the non-spherical clusters contribute to 

shape anisotropy. The attached functional groups, dangling bonds put stress to the GO matrix, 

inducing strain anisotropy in terms of magnetostatic energy. The strain and shape anisotropies lead to 

the absence of directions of hard and easy magnetization. The surface of GO is more crumpled 

because of the mismatch of thermal expansion coefficient between oxidized and unoxidized   

islands [178,182,183]. The OH clusters and isolated OH groups behave like spin units (localized 

electrons) with an insulating background. The numbers of spin units on the sheet are large due to the 

more sp
3 network because of which the local anisotropy energies should be large, but the random 

orientation of spins cancel out the effect to some extent. There is always a balance between 

anisotropy and exchange force, which results in a canted ferrimagnetic spin network interacting to 

each other with a short-range super-exchange interaction in the low field region. As the field, the 

nanosized single domain OH clusters along with the isolated ones try to align parallel with the 

external magnetic field, thus interaction among them is almost negligible. It has been observed that 

the complex behaviour of functionalized of GO, results in the large numbers of defects, vacancies, 

functional groups and zigzag edges leading to para-magnetism at low temperature and high field. The 

OH clusters are responsible for non-saturation of the M(H) curve [174,175,184]. Magnetism and the 

mechanism of magnetic coupling in graphene and GO decorated with monovalent and divalent 

adsorbates were investigated by many researchers using first-principles calculations based on spin 

polarized density functional theory. Wang et al. [46] have been investigated the magnetic properties 

of GO using spin-polarized first-principles density functional theory calculations. A series of 

structures with an epoxy-pair chain at various positions on zigzag graphene nanoribbons is 

considered as a model. The results show that this kind of GO is ferromagnetic at the ground state, 

providing great promise in the field of spintronics. During the oxidation process, the epoxy-pair 

structure is more favourable (a lower energy of 2.71 eV) rather than the scenario where an extra 

epoxy group is situated far from the existing epoxy chain. It is also indicated that only an energy   

of 0.1 eV is required to form one epoxy pair or add an epoxy group to extend the epoxy chain on 

graphene. It has been found that there is a high energy barrier of 0.76 eV for the reaction of one 

epoxy pair to form one carbonyl pair, although the existence of one carbonyl pair is 0.45 eV lower 

than one epoxy pair. Moreover, the energy barrier to break two neighbouring epoxy pairs into two 

carbonyl pairs approaches 1.07 eV, indicating that the alignment of epoxy pairs on graphene could be 

a relatively stable state. In comparison with zigzag graphene nanoribbons of the same width, this GO 

is metallic, and its spin density distribution is modified by epoxy pairs at different locations, thus 

rendering some fundamental insights into graphene materials. In order to study the influence of the 

hydroxyl/carboxyl groups on the electronic properties and hence magnetic performance of GO, 
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Hernández Rosas et al. [185] have calculated the gap energies of several structures with and without 

of these radical groups in GO. Hernández Rosas et al. [185] optimized the geometries for the 

different modelled structures and after calculation, it was found that on removing the carboxyl group, 

the gap energy increases up to 1.134 eV, suggesting a semimetal-semiconductor transition; on the 

other hand, on releasing the hydroxyl groups form the surface of graphene oxide, it decreases even 

further (0.404 eV). It is worth noting that on removing the carboxyl group the magnitude of the 

dipolar moment decreases considerably, even below that calculated for formic acid, suggesting that 

the carboxyl group is responsible of the polarity of graphene oxide. The structure of graphene oxide 

becomes unstable when the carboxyl group (COOH) was interchanged by either acid formic 

(HCOOH) or acetic acid (CH3COOH). Furthermore, those functional groups depart from the surface 

by 3.184 and 3.17 Å, respectively. The same effect was obtained when the oxygen atom of the epoxy 

group was removed from the 2D structure. Li et al. [186] analysed the effects of adsorption 

concentration and the electronegativity of the adsorbate species on the magnetic and electronic 

properties. In this case, monovalent chemisorption, the magnetic order originates from the instability 

of p electrons induced by the adsorption, opening a narrow energy gap and resulting in antiparallel 

spin directions on adjacent carbon atoms on the graphene sheet. The magnetic order is only possible 

for the separation between the adsorbing sites of less than 10 Å. On the contrary, divalent 

chemisorption causes long-range magnetic coupling that originates from the exchange interactions 

between localized nonbonding p electrons (spin-polarized) mediated by the conduction p electrons 

around the Fermi energy, similar to the s–d interaction in transition metals. Temperature dependent 

magnetization (Ms), Remanence (MR) and coercivity (Hc) values of different GOs are tabulate in 

Table 1.  

Table 1. Magnetic parameters of different forms of graphene-oxide. 

Sr. 

No. 

GO and/or r-GO Temperature  

(K) 

Saturation 

magnetization (MS) 

(emu/g) 

Remanence (MR)  

(emu/g) 

Coercivity (HC)  

(Oe) 

(Refs.) 

1 Graphite-oxide 300 6 × 10−3 - - [1] 

Graphite-oxide heated 

at 600 °C 

- 0.45 × 10−3 - - 

2 GO 300 3000 - 150 [59] 

M-rGO  300 paramagnetic - - 

H-rGO 300 paramagnetic - - 

3 r-GO 300 38.8 × 10−2 - 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

[73] 

40 1.10 × 10−2 

r-GO:Au(nc)0.22 300 1.20 × 10−2 

40 1.50 × 10−2 

r-GO:Au(nc)4.88   300 Paramagnetic 

40 Paramagnetic 

Au(nc)  1.7 nm 300 Ferromagnetic 

Au(nc)  5.0 nm 300 Diamagnetic 

Continued on next page 
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Sr. 

No. 

GO and/or r-GO Temperature  

(K) 

Saturation 

magnetization (MS) 

(emu/g) 

Remanence (MR)  

(emu/g) 

Coercivity (HC)  

(Oe) 

(Refs.) 

4 Bulk-Fe 300 220 - 0.90 [80,81] 

r-GO:Fe/Fe2O3 300 0.68 × 10−3 - 11.0 

1.8 0.93 × 10−3 - - 

5 Bulk Ni 300 58.57 - 0.7 [91,92,88] 

r-GO:Ni(nc) 300 20.4 2.3 103 [88] 

6 r-GO:Pt-Ni(nc) 300 Ferromagnetic in 

nature 

- - 

r-GO:Bi(nc) 300 Ferromagnetic in 

nature 

- - 

r-GO:Pt(nc) 300 Diamagnetic in 

nature 

- - 

7 r-GO 2 0.11 - - [63] 

r-GO:N 2 1.66 0.039 160 

8 GO 300 6.8 × 10−5 - 38 [76] 

GO:N1.30 300 5.3 × 10−3 - 10 

GO:N0.65 300 4.9 × 10−4 - 19 

9 “Pyrrolic-N” groups provide a net magnetic moment of 0.95 μB/N atom 

“Pyridinic-N bonded to oxygen” provide a net magnetic moment of 0.56 μB/N atom 

“OH” with graphene provide a net magnetic moment of 0.60 μB/”OH” radical 

[102–105,62,52] 

10 GO-Nx from the 

Precursor(s) C6H12N4 

300 57 × 10−4 - 53 [77] 

CH4N2O 300 31 × 10−4 - 31 

11 GO 2 4.6 × 10−3 - - [109] 

r-GO 2 5.6 × 10−3 - - 

P-GO 2 5.5 × 10−3 8.6 × 10−6 - 

P-rGO 2 9.6 × 10−3  12 

12 GO 2 4.5 × 10−3 - - [125] 

r-GO 2 5.6 × 10−3 6.2 × 10−6 5 

CP-GO 2 2.9 × 10−3 - - 

CP-rGO 2 5.1 × 10−3 - - 

13 Fe2O3 300 58.70 - - [135] 

r-GO:Fe2O 300 1.63 & 30.30 - - 

14 Bulk-Fe3O4 300 92  - - [139] 

Fe3O4-GO 300 3.45 - - 

Fe3O4-rGO 300 3.92 - - 

Continued on next page 
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Sr. 

No. 

GO and/or r-GO Temperature  

(K) 

Saturation 

magnetization (MS) 

(emu/g) 

Remanence (MR)  

(emu/g) 

Coercivity (HC)  

(Oe) 

(Refs.) 

15 ZnO-NR 300 2.73 × 10−3 - 37.1 [146] 

ZnO-NR:r-GO 6.29 × 10−2 55 

ZnO-NR(ncAu) 5.47× 10−3 68.7 

ZnO-NR(ncAu):r-GO 

16 GO 300 3.53 2.08 358 [152] 

ZnO 55.4 2.54 321 

S-rGO:ZnO 40.6 5.38 476 

1H-rGO 9.05 3.51 439 

2H-rGO 15.05 5.20 563 

1H-rGO:ZnO 28.9 7.76 768 

2H-rGO:ZnO 19.9 6.52 893 

17 r-GO:TiO2 300  6.5 × 10−2 6 × 10−2 170 [153] 

40 9.5 × 10−2 8× 10−2 200 

18 GO:MoS2-NPs 45 3.6 × 10−3 2.5 × 10−3 1645 [154] 

19 GO:CNTs 300 6.13 × 10−3 - 345.12 [164] 

5. Conclusion 

The magnetic properties of GO and different GO’s nanocomposites have been reviewed. The 

variation of saturation magnetization of GO and its different nanocomposites are varied with the 

defect density, oxide coverage, hydroxyl/epoxy relation and sp
2
 and sp

3
 domains. The magnetic 

moment at saturation (MS) decreases with increasing oxygen-coverage and decreasing defect density. 

Magnetic saturation decreases with decreasing sp
2
/sp

3
 ratio. This can be attributed to the desorption 

of oxygen-coverage by the thermal decomposition method that are used during synthesis process, 

which increases the defect density and decreases sp
3
 domains. Therefore, an increase in defect 

density, driven by oxygen-coverage desorption results in magnetization enhancement. It is also 

suggested that the origin of this magnetism and the magnetic moments in GO originate from the 

unpaired spins on the carbon radicals, caused by the presence of epoxy groups, whereas the presence 

of hydroxyl bridges in graphene oxide enhances magnetization. Therefore, these results suggest that 

topographic defects, like the boundary defect clusters observed, could be formed at atomic scale 

mainly by graphene decorated with hydroxyl and epoxy bridges. These could pull carbon atoms out 

of the plane of the graphene locally (carbon out-of-plane defect) and therefore uncompensated spins 

in GO systems appear. This effect is a possible mechanism responsible for ferromagnetic order in 

GOs. The stable FM induced by the adsorption of –OH atoms on graphene systems, also suggest that 

GO could play an important role in the development of low-cost graphene and oxidized 

graphene-based technologies. The variation in magnetic behaviour and the origin of ferromagnetism 

in GO is also identified as the C 2p(σ*)-derived states that involve defects/vacancies rather than the 

C 2p(π*) states that are bound with oxygen-containing and hydroxyl groups on GO sheets. These 

results suggest future possibilities of the magnetism approach of GO, r-GO along with their different 

nanocomposites in spintronics of advanced sensors and other different devices applications.  
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70. Pacilé D , Papagno M, Rodríguez AF, et al. (2009) Comment on “Near-edge X-ray absorption 

fine-structure investigation of graphene”. Phys Rev Lett 102: 099702. 

https://doi.org/10.1103/PhysRevLett.102.099702 

71. Ganguly A, Sharma S, Papakonstantinou P, et al. (2011) Probing the thermal deoxygenation of 

graphene oxide using high- resolution in situ X-ray-based spectroscopies. J Phys Chem C 115: 

17009–17019. https://doi.org/10.1021/jp203741y 

72. Zhou SY, Girit ÇÖ, Scholl A, et al. (2009) Instability of two-dimensional graphene: Breaking 

sp
2
 bonds with soft X rays. Phys Rev B 80: 121409. 

https://doi.org/10.1103/PhysRevB.80.121409 

73. Idisi DO, Ali H, Oke JA, et al. (2019) Electronic, electrical and magnetic behaviours of reduced 

graphene-oxide functionalized with silica coated gold nanoparticles. Appl Surf Sci 483: 106–113. 

https://doi.org/10.1016/j.apsusc.2019.03.271 

74. Mondal A, Saha A, Sinha A, et al. (2012) Tunable catalytic performance and selectivity of a 

nanoparticle-graphene composite through finely controlled nanoparticle loading. Chem Asian J 

7: 2931–2936. https://doi.org/10.1002/asia.201200716 

75. Suda M, Kameyama N, Ikegami A, et al. (2009) Size-reduction induced ferromagnetism and 

photomagnetic effects in azobenzene-thiol- passivated gold nanoparticles. Polyhedron 28: 

1868–1874. https://doi.org/10.1016/j.poly.2008.10.021 

76. Sarma S, Ray SC, Strydom AM (2017) Electronic and magnetic properties of nitrogen 

functionalized graphene-oxide. Dia Rel Mater 79: 1–6. 

https://doi.org/10.1016/j.diamond.2017.08.011 

77. Ghosh B, Sarma S, Pontsho M, et al. (2018) Tuning of magnetic behaviour in nitrogenated 

graphene oxide functionalized with iron oxide. Dia Rel Mater 89: 35–42. 

https://doi.org/10.1016/j.diamond.2018.08.006  

 

 

https://doi.org/10.1038/srep02566
https://doi.org/10.1039/c1jm11071c
https://doi.org/10.1021/jp060936f
https://doi.org/10.1016/j.carbon.2013.08.046
https://doi.org/PhysRevB.82.155433
https://doi.org/10.1103/PhysRevLett.101.066806
https://doi.org/10.1103/PhysRevLett.101.066806
https://doi.org/10.1103/PhysRevLett.102.099702
https://doi.org/10.1021/jp203741y
https://doi.org/10.1103/PhysRevB.80.121409
https://doi.org/10.1016/j.apsusc.2019.03.271
https://doi.org/10.1002/asia.201200716
https://doi.org/10.1016/j.poly.2008.10.021
https://doi.org/10.1016/j.diamond.2017.08.011
https://doi.org/10.1016/j.diamond.2018.08.006


812 

AIMS Materials Science  Volume 10, Issue 5, 767–818. 

78. Bhattacharya G, Kandasamy G, Soin N, et al. (2017) Novel π-conjugated iron oxide/reduced 

graphene oxide nanocomposites for high performance electrochemical super- capacitors. RSC 

Adv 7: 327–335. https://doi.org/10.1039/C6RA25630A 

79. Zhang X, Liu J, He B, et al. (2014) Magnetic-resonance-based electrical properties tomography: 

A review. IEEE Rev Biomed Eng 7: 87–96. https://doi.org/10.1109/rbme.2013.2297206 

80. Carmeli I, Skakalova V, Naaman R, et al. (2002) Magnetization of chiral monolayers of 

polypeptide a possible source of magnetism in some biological membranes. Angew Chemie Int 

Ed Engl 41: 761–764. 

https://doi.org/10.1002/1521-3773(20020301)41:5%3C761::AID-ANIE761%3E3.0.CO;2-Z 

81. Idisi DO, Oke JA, Sarma S, et al. (2019) Tuning of electronic and magnetic properties of 

multifunctional r-GO-ATA-Fe2O3-composites for magnetic resonance imaging (MRI) contrast 

agent. J Appl Phys 126: 035301. https://doi.org/10.1063/1.5099892 

82. Ionov AN, Volkov MP, Nikolaeva MN, et al. (2021) The magnetism of a composite based on 

reduced graphene oxide and polystyrene. Nanomaterials 11: 403. 

https://doi.org/10.3390%2Fnano11020403 

83. Cong CJ, Liao L, Liu QY, et al. (2006) Effects of temperature on the ferromagnetism of 

Mn-doped ZnO nanoparticles and Mn-related Raman vibration. Nanotechnology 17: 1520–1526. 

https://doi.org/10.1088/0957-4484/17/5/059 

84. Abdelbasir S, Shalan AE (2019) Intriguing properties and applications of functional magnetic 

materials, In: Sahu D, Functional Materials, IntechOpen, 

https://doi.org/10.5772/intechopen.81386 

85. Goncalves G, Marques PAAP, Granadeiro CM, et al. (2009) Surface modification of graphene 

nanosheets with gold nanoparticles: The role of oxygen moieties at graphene surface on gold 

nucleation and growth. Chem Mater 21: 4796–4802. https://doi.org/10.1021/cm901052s 

86. Yazyev OV, Helm L (2007) Defect-induced magnetism in graphene. Phys Rev B 75: 125408. 

https://doi.org/10.1103/PhysRevB.75.125408 

87. Bozorth RM (1978) Ferromagnetism, Wiley-IEEE Press. 

88. Sahoo PK, Panigrahy B, Li D, et al. (2013) Magnetic behaviour of reduced graphene 

oxide/metal nanocomposites. J Appl Phys 113: 17B525. https://doi.org/10.1063/1.4799150 

89. Aktürk OÜ, Tomak M (2009) AunPtn clusters adsorbed on graphene studied by first-principles 

calculations. Phys Rev B 80: 85417. https://doi.org/10.1103/PhysRevB.80.085417 

90. Krasheninnikov AV, Lehtinen PO, Foster AS, et al. (2009) Embedding transition-metal atoms in 

graphene: Structure, bonding, and magnetism. Phys Rev Lett 102: 126807. 

https://doi.org/10.1103/PhysRevLett.102.126807 

91. Chikazumi S, Charap SH (1964) Physics of Magnetism, New York: John Wiley & Sons. 

92. Danan H, Meyer JP (1968) New determinations of the saturation magnetization of nickel and 

iron. J Appl Phys 39: 669. https://doi.org/10.1063/1.2163571 

93. Lin D, Nunes AC, Majkrzak CF, et al. (1995) Polarized neutron study of the magnetization 

density distribution within a CoFe2O4 colloidal particle II. J Magn Magn Mater 145: 343. 

https://doi.org/10.1016/0304-8853(94)01627-5 

94. Lu AH, Salabas EL, Schüth F, et al. (2007) Magnetic nanoparticles: Synthesis, protection, 

functionalization, and application. Angew Chem Int Ed 46: 1222. 

https://doi.org/10.1002/anie.200602866 

 

https://doi.org/10.1039/C6RA25630A
https://doi.org/10.1109/rbme.2013.2297206
https://doi.org/10.1002/1521-3773(20020301)41:5%3C761::AID-ANIE761%3E3.0.CO;2-Z
https://doi.org/10.1063/1.5099892
https://doi.org/10.3390%2Fnano11020403
https://doi.org/10.1088/0957-4484/17/5/059
https://doi.org/10.5772/intechopen.81386
https://doi.org/10.1021/cm901052s
https://doi.org/10.1103/PhysRevB.75.125408
https://doi.org/10.1063/1.4799150
https://doi.org/10.1103/PhysRevB.80.085417
https://doi.org/10.1103/PhysRevLett.102.126807
https://doi.org/10.1063/1.2163571
https://doi.org/10.1016/0304-8853(94)01627-5
https://doi.org/10.1002/anie.200602866


813 

AIMS Materials Science  Volume 10, Issue 5, 767–818. 

95. Sun XC, Dong, XL (2002) Magnetic properties and microstructure of carbon encapsulated Ni 

nanoparticles and pure Ni nanoparticles coated with NiO layer. Mater Res Bull 37: 991. 

https://doi.org/10.1016/S0025-5408(02)00702-X 

96. Matte HSSR, Subrahmanyam KS, Rao CNR (2009) Novel magnetic properties of graphene: 

presence of both ferromagnetic and antiferromagnetic features and other aspects. J Phys Chem C 

113: 9982. https://doi.org/10.1021/jp903397u 

97. Dutta S, Lakshmi S, Pati SK (2008) Electron-electron interactions on the edge states of 

graphene: A many-body configuration interaction study. Phys Rev B 77: 073412. 

https://doi.org/10.1103/PhysRevB.77.073412 

98. Chen Y, Peng D-L, Lin D, et al. (2007) Preparation and magnetic properties of nickel 

nanoparticles via the thermal decomposition of nickel organometallic precursor in alkylamines. 

Nanotechnology 18: 505703. https://doi.org/10.1088/0957-4484/18/50/505703 

99. Yang X, Xia H, Qin X, et al. (2009) Correlation between the vacancy defects and 

ferromagnetism in graphite. Carbon 47: 1399–1406. 

https://doi.org/10.1016/j.carbon.2009.01.032 

100. Novoselov KS, Geim AK, Morozov SV, et al. (2004) Electric field effect in atomically thin 

carbon films. Science 306: 666–669. https://doi.org/10.1126/science.1102896 

101. Nigar S, Zhou Z, Wang H, et al. (2017) Modulating the electronic and magnetic properties of 

graphene. RSC Adv 7: 51546–51580. https://doi.org/10.1039/C7RA08917A 
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