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Abstract

Reduced Graphene Oxide (rGO) and rGO-ZnO nanocomposites have been successfully prepared by hydrothermal and sol-
vothermal method, respectively. Powder XRD and Raman spectroscopy studies confirmed the formation of nanocomposites.
The nanostructures of samples were imaged and found that ZnO nanoparticles covered over rGO sheets. The reduction of
various oxygen containing functional groups attached on the few layered graphitic planes and the presence of oxygen vacan-
cies in nanocomposites were confirmed by XPS. The relative contribution of PL emission bands in composites arises due
to the existence of intrinsic defects. The M—H curve of rGO sheets and rGO-ZnO nanocomposites exhibit ferromagnetic
behavior. The decrease of magnetization in composites owing to increases the rGO ratio leads to decrease the oxygen vacan-

cies in the surface of ZnO nanopaticles.

1 Introduction

Materials comprising both semiconducting and magnetic
features have been potential candidates for the field of spin-
tronics [1]. In the past decade, lot of research works have
been done on semiconductors holding a small amount of
magnetic impurities (Fe, Co and Ni) called diluted magnetic
semiconductors (DMS) [2]. The origin of ferromagnetism in
DMS materials are controversial, whether the ferromagnetic
ordering comes from magnetic ions at the substitution sites
or arises from segregation of magnetic impurities or occur-
rence of secondary magnetic phases [3-5]. In particularly,
Zinc oxide (ZnO) is a wide band gap (3.3 eV) semiconductor
with large exciton binding energy (60 meV) at room temper-
ature, which also exhibits room temperature ferromagnetism
by doping with either magnetic or non-magnetic elements
[1, 5, 6]. Additionally, the existence of surface (intrinsic)
defects in pure ZnO nanostructures also induces ferromag-
netism. Moreover, high surface to volume ratio and intrin-
sic defects in ZnO nanostructures generate large number of
uncompensated surface spin, which give rise to long range
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ferromagnetic order [7, 8]. Hence, defects levels in the band
gap of semiconductor has localized states which induces
spin polarization results in ferromagnetism. Various mech-
anisms have been used to explain the ferromagnetism in
ZnO nanostructures. In specific, grain boundary model was
proposed to explain the source of ferromagnetism in ZnO
thin films [9]. It is a result of strongest magnetic interaction
between those isolated magnetic moments in grain boundary
surface induces room temperature ferromagnetism. Further,
tunable ferromagnetism was achieved in carbon doped ZnO
nanostructures due to the charge transfer mediated between
Zn 4s and C 2p orbitals and breaks the carbon—carbon inter-
action mediated by oxygen. This result confirmed that the
decrease of saturation magnetization while the content of
carbon atom increases in ZnO lattice. It may be ascribed
to non uniform distribution of carbon that forms magnetic
inactive defects [10].

Organic molecules covered over defective ZnO nanostruc-
tures have drawn considerable attention for future spintronics
[11, 12]. In literature, tunable room temperature ferromag-
netism was achieved by various organic molecules capped
on ZnO nanoparticles [13, 14]. These results reveal that the
wrapping of organic molecules may alter the electronic con-
figuration of ZnO nanoparticles. Recently, graphene/rGO
sheets are used instead of organic molecules to modify the
electronic states of ZnO nanoparticles [15, 16]. Generally,
graphene is a single layer of sp>-hybridized carbon atoms
which are packed in hexagonal (honeycomb) structure. It is
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a two-dimensional sheet with a 0.34 nm thickness that has
remarkable electrical, mechanical, thermal and high surface
area properties [17]. But, pure graphene is non-magnetic
due to delocalized n-bonding network which restricts its
magnetic behavior, but theoretically it is predicted that the
existence of defects such as topological, vacancy and zigzag
edges states are exhibit ferromagnetism [18, 19]. Experi-
mentally, graphene/rGO sheets induce ferromagnetism have
been reported [20]. It is attributed to cutting of graphite crys-
tal during oxidation process, as well as reduction of various
oxygen functional groups (-OH, -O—, -COOH and C=0) on
GO, which breaking the & bond network to create localized
electronic states at their grain boundaries [21]. Compared
with organic shells molecules, rGO sheets have unsaturated
© orbitals (p,) and lack of band gap [22]. This is favorable
for electronic interaction with 3d orbitals of transition-metal
ions in oxide semiconductors. It has been recently reported
that rGO-semiconducting oxide nanocomposites such as
rGO—ZnO [23], rGO-SnO, [24] and rGO-WO; [25] dem-
onstrates the tunable ferromagnetic behavior. It arises due
to spin polarized electron transport occurred by interfacial
charge transfer across the semiconductor nanosrystals and
rGO sheets. However, there is no significant work on ZnO
nanoparticles covered on various ratios of rGO sheets for the
tunable room temperature ferromagnetism.

Motivation of the present work is to realize the origin
of ferromagnetic nature in rGO sheets and ZnO nanoparti-
cles separately. Discussed elaborately, the inclusion of rGO
sheets influences the electronic band structure of defective
ZnO nanoparticles which exhibit tunable ferromagnetism.
Hence, in this study a systematic investigation of both rGO
sheets and rGO-ZnO nanocomposites were carried out in
order to understand the room temperature ferromagnetism.

2 Experimental section
2.1 Materials

Graphite microcrystal with particle size of 3—15 um
(99.999%), Zinc acetate dehydrate and dimethylformamide
(DMF) were purchased from Alfa Aesar. NaNO;, KMnO,
(Extrapure AR), H,SO, (98%, GR Proanalysis), H,0, (30%
GR Proanalysis) and HCI (35% GR Proanalysis) were pur-
chased from MERCK and used as received without further
purification. Millipore water (H,O) was used as solvent dur-
ing experiments.

2.2 Hydrothermal reduction of GO
Graphene Oxide (GO) was obtained from microcrystalline

graphite by modified Hummer’s method [24]. In a typical
procedure, one of the ratios of GO powder (160 or 320 mg)

was dispersed in 160 ml of Millipore water and ultrasonicated
for 1 h. After, highly dispersed GO solution was transferred
into 200 ml of Teflon coated stainless steel autoclave and kept
at 180 °C for 8 h. The obtained product was washed using
vacuum filtration with ethanol and dried at 60 °C for 5 h in
vacuum oven. Hydrothermally reduced 160 mg of GO dis-
persed (1 mg/1 ml) product was named as 1HrGO and 320 mg
of GO dispersed (2 mg/1 ml) product was named as 2HrGO.

2.3 Preparation of rGO-ZnO nanocomposites

In a typical procedure, 40 mg of GO was uniformly dis-
persed in 40 ml of DMF by ultrasonication for 30 min. About
0.92 g of Zinc acetate dehydrate [Zn (CH,COO),-2H,0] was
dissolved in 200 ml of DMF, subsequently GO solution was
added into the above solution and continually stirred until
the formation of a stable precursor. The mixed solution was
heated at 95 °C and maintained at that temperature for 5 h.
The color of mixture was changed from white to grey. After
aging, the product was extracted from column chromatogra-
phy using silica gel and washed with ethanol by centrifuga-
tion. The final product was obtained after drying in vacuum
at 55 °C and labeled as SrGO-ZnO nanocomposite. Above
procedure was followed for IHrGO and 2HrGO samples in
DMF and were labeled as 1HrGO-ZnO and 2HrGO-ZnO
nanocomposites, respectively. Pure ZnO was prepared by the
same procedure without adding GO.

2.4 Characterization techniques

The Powder X-ray diffraction of all the samples were
carried out by Bruker D2 PHASER X-Ray Diffractom-
eter using CuK, (1.5418 A) radiation in the 26 range of
10°-80°. Raman spectra were recorded using LabRAM HR
(Horiba-Jobin) with the excitation wavelength of 514 nm by
Argon-ion laser. The crystal structure and morphology of the
nanocomposites were examined using high-resolution trans-
mission electron microscopy (HRTEM, JEOL JEM-2010,
Japan). X-ray photoelectron spectroscopy (XPS) spectra
were recorded using KRATOS analytical equipment with
AlKa radiation (hv=1486.6 eV). The photoluminescence
(PL) spectra were recorded using Perkin-Elmer spectropho-
tometer with an excitation wavelength of 385 nm. The mag-
netic behaviors of the samples were analyzed using Lake-
shore vibrating sample magnetometer (VSM-7410).

3 Results and discussion
3.1 XRD analysis

Figure 1 shows the XRD patterns of Graphite, GO, IHrGO
and 2HrGO samples. The diffraction peak of pure graphite
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appears at 26.5° (20) corresponding to the interlayer spacing
of dyj, =0.335 nm and consisted with the (002) peak of gra-
phitic systems. After the oxidation of graphite in the strong
acid medium as GO, a diffraction peak appeared at 11.28°
(20) and the interlayer distance increased from 0.335 nm
(graphite) to 0.79 nm (GO). During the oxidation process
of graphite, various oxygen containing functionalities like
hydroxyl, epoxy, carbonyl and carboxyl groups attached on
the basal plane and edges of GO sheets. After hydrother-
mal reduction of GO, (002) planes of GO sheets are shift to
higher angle (20) around 25° as rGO sheets. The calculated
interlayer distances of 1HrGO and 2HrGO sample are 0.38
and 0.36 nm respectively. These values are much lower than
that of GO precursor (0.79 nm) at the same time a little
higher than that of natural graphite (0.335 nm). These results
suggest that the presence of residual oxygenated functional
groups which present in GO sheets were removed and the
layers got formed. The broad XRD peak of both 1HrGO and
2HrGO also indicates the poor ordering of graphene network
along their stacking direction to form the framework of few-
layer stacked graphene sheets [26]. Further, XRD patterns
of pure ZnO and rGO-ZnO nanocomposites are shown in
Fig. 2. The diffracted peaks of pure ZnO at 20 values of 31.9,
34.5, 36.4, 47.6, 56.7 and 63 are assigned to (100), (002),
(101), (102), (110) and (103) planes, which are consistent
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Fig. 1 Powder XRD pattern of (a) GO, () 1HrGO and (c¢) 2HrGO
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with the standard JCPDS data [PDF no. 36-1451] and con-
firmed the wurtzite structure of hexagonal ZnO. All diffrac-
tion patterns of nanocomposites (SrGO-Zn0O, 1HrGO-ZnO
and 2HrGO-ZnO) are consistent with the wurtzite structure
of ZnO; since the presence of rGO sheets does not affect
the diffraction peaks of ZnO. The characteristic diffraction
peaks of rGO is not observed in composites, which is due to
the self-reassembling of exfoliation of layered GO as well
as low amount and relatively weak intensity of rGO sheets
compared with ZnO. The crystallite average size of pure
ZnO was 8 nm as measured by Scherrer formula; mean-
while ZnO on rGO sheets had same crystallite average size
of 8 nm. Hence, the incorporation of rGO sheets does not
affect the size of ZnO crystallites [27].

3.2 Raman analysis

Raman spectroscopy is effective tool to identify the
order—disorder parameters of carbon nanostructures. The
typical Raman spectra of GO, 1HrGO and 2HrGO are
shown in Fig. 3 (top). Two distinct peaks of GO appeared
at 1356 and 1592 cm™! are assigned to D and G band of
graphite. The graphitic layer of G band is ascribed to the
first-order scattering of E,, symmetry and the D band cor-
responds to defects/disorder of graphitic structure with the
k-point phonons of A, symmetry. The intensity ratio (I/
I5) of sample is frequently used to estimate the structural
changes during the oxidation and reduction of GO sheets.
After hydrothermal process of GO, the G band of 1HrGO
and 2HrGO samples peaks were shift to lower wavenum-
ber, which indicates the reduction of GO. The calculated
intensity ratio (Ip/I;) of GO, 1HrGO and 2HrGO are 1.1,
0.97 and 0.92 respectively. The decrease of intensity ratio
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Fig.2 Powder XRD pattern of (a) pure ZnO, (b) SrtGO-ZnO, (c)
1HrGO-ZnO and (d) 2HrGO-ZnO nanocomposites
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Fig.3 Raman spectra of (a) GO, (b) 1HrGO and (c¢) 2HrGO (top),
Raman spectra of (a) pure ZnO, (b) StGO-ZnO and (¢) IHrGO-ZnO,
(d) 2HrGO-ZnO nanocomposites (bottom)

(Ip/Ig) in rGO samples (1HrGO and 2HrGO) compared
with GO due to the restored more fragmentation of sp>
domain by defect repairing mechanism [28]. Moreover, the
various intensity ratios (I/I;) of these samples are associ-
ated to structural distortion and surface rippling, which are
occurred in the graphene lattice by the restoration of carbon
sp2 bonds and de-oxidation under reduction [29]. Since, it
is clearly observed that the formation of defects in graphitic
layer during the oxidation and removal of various functional
groups attached on the plane of rGO sheets which induces
disorder. The strong D band in rGO samples may be favora-
ble for the occurrence of ferromagnetism. Further, Raman
spectra of ZnO, rGO-ZnO nanocomposite are depicted
in Fig. 3(bottom). Insert Fig. 3(bottom) shows pure ZnO
in which there are five vibration peaks at 377, 435, 537,
581 and 664 cm™~ ', which correspond to vibration mode of
A(TO), E,(H), 2B (L), E;(LO) and TA+LO. Among these,
the highest intensity of E, (H) mode confirmed the wurtz-
ite structure of ZnO. The E;(LO) and 2B (L) mode arise
owing to induced surface defect such as oxygen vacancies
on the surface of ZnO nanoparticles [7]. Further, carbon
and ZnO vibrations are observed in rGO-ZnO nanocom-
posites. These results are indicated that ZnO covered over
rGO sheets and confirmed the vibration modes of ZnO and

rGO sheets [30]. The calculated intensity ratio (Ip/I) of
rGO sheets in SrGO-ZnO, 1HrGO-ZnO and 2HrGO-ZnO
nanocomposites are 0.99, 0.95 and 0.90 respectively. These
results also reveal that the interaction between rGO sheets
and ZnO particles during solvothermal process.

3.3 HRTEM analysis

The bright-field HRTEM images of ZnO and rGO-ZnO
composites are shown in Fig. 4. The enlarged sight of the
HRTEM image of ZnO nanoparticles with average particle
size of 8 nm illustrate in Fig. 4a. The interplanar spacing of
ZnO is 0.26 nm as observed in Fig. 4b, which is matched
with previous XRD (002) planes of ZnO. The Selected Area
Electron Diffraction (SAED) patterns of ZnO nanoparticles
have shown the ring patterns which matched to crystallo-
graphic Bragg’s planes and indexed, confirms wurtzite struc-
ture as shown in Fig. 4c. ZnO nanoparticles covered on the
surface of rGO sheets and corresponding to SAED pattern
shows the existence of rGO and ZnO planes are denoted in
Fig. 4d, f. It is clearly seen that rGO sheets does not affect
the crystalline structure and size of ZnO nanoparticles [31].
The ZnO nanaporticles coated over hydrothermally reduced
GO samples (1HrGO and 2HrGO) are seen in Fig. 4g, j, cor-
responding to SAED pattern in Fig. 4i, 1. It is possible that
ZnO nanoparticles decorated over the different aspect ratio
of rGO sheets and ensure that the size and shape of ZnO
nanoparticles remains unchanged, only systematic influence
of different rGO ratio. It is also observed that the incorpora-
tion of rGO sheets does not deteriorate/alter the preferential
orientation and crystallinity of ZnO surface [31].

3.4 XPS analysis

XPS is an important tool for detection of chemical com-
position, oxidation state and defect nature on the surface
of samples. The survey spectra of GO and 2HrGO samples
are shown in Fig. 5a, b, only two peaks appeared around
284.5 and 531.3 eV are indexed to C 1s and O 1s which
confirm the chemical composition of carbon and oxygen.
From these survey spectra, the peak intensities of O 1s
of 2HrGO sample are greatly weak compared with O 1s
of GO. This result clearly indicates that the decreases of
oxygen functional groups in 2HrGO replicate the forma-
tion of layered graphene network. In Fig. 5¢ depict C 1s
peak of GO was deconvoluted into two broad peaks at 285.3
and 287.8 eV, which are related to sp3 C—C and C=0 (car-
bonyl) respectively. The resultant of sp* C—C occurred due
to broken of sigma carbon bonds during the oxidation of
micro-sized graphite have large amount of oxygen func-
tional groups attached on the surface. In Fig. 5d, the C 1s
spectra of 2HrGO were deconvoluted into three peaks at
284.5, 285.7 and 288.6 eV which are assigned to sp2 C-C,
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Fig.4 HRTEM image of a ZnO, d StGOG-ZnO, g 1HrGO-ZnO and j 2HrGO-ZnO nanocomposite and corresponding lattice fringe pattern (b,
e, h, k), as well as SAED pattern of ¢ ZnO, f StGO-ZnO, i IHrGO-ZnO and 1 2HrGO-ZnO

sp> C—C and O—C=0 (carboxyl) respectively. It is observed  in 2HrGO samples. Further, to understand the typical O 1s
that most of the sp® C—C restored into sp?> C—C during  spectra of GO and 2HrGO are depicted in Fig. Se, f. The O
hydrothermal methods, but small amount of sp®> C—C exist Is spectra of GO were deconvoluted into two main peaks
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Fig.5 XPS spectra of a survey scan of GO, b survey scan of 2HrGO, ¢ C 1s of GO, d C 1s of 2HrGO, e O 1s of GO and f O 1s of 2HrGO

at 531.1 and 533.3 eV which are related to hydroxyl, car-
boxyl groups. Since, carboxyl groups typically located at
sheet edges and the OH groups is covalently bond to the
basal-plane of carbon atoms to form sp*-type defects. The
O 1s spectra of 2HrGO were deconvoluted into two main
groups at 530 and 532.6 eV are corresponding to C—O and

C-O-C (epoxy groups). Hence, the restored from sp® to sp>
carbon during reduction of GO, which create vacancies and
topological defects with unpaired electron spins contribute
the ferromagnetism [32].

The XPS survey spectra of ZnO and 2HrGO-ZnO
nanocomposite are shown in Fig. 6a. It is revealed that the
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indexed peaks correspond to oxygen, carbon, and zinc.
The double spectral lines of Zn 2p at the binding energy
of 1022.7 eV (Zn 2p;,,) and 1045.7 eV (Zn 2p,,,) with a
spin—orbit splitting of 23 eV, which confirm the zinc is pre-
sent as Zn>", as seen in Fig. 6b. The peak position of Zn
2p in 2HrGO-ZnO sample were slightly moved to higher

energy by anion exchange, which suggested that the fluc-
tuation in the interfacial zinc-carbon bonding states leads
to increase spin—orbit splitting 23.2 eV, as Fig. 6b. Hence,
the presence of rGO sheets is not affected the chemical state
of Zn** in composites [33]. Asymmetric peak of O 1s of
ZnO sample was deconvoluted into two peaks by fitting of
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Fig.6 XPS spectra of a survey scan of ZnO and 2HrGO-ZnO nanocomposite, b Zn 2p of ZnO and 2HrGO-ZnO, ¢ O 1s of ZnO, d O 1s of

2HrGO-ZnO, and e C 1s of 2HrGO-ZnO
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Gaussian distribution as depict in Fig. 6d. The main peak is
located at 531.1 eV assigned to the O®~ ion in the wurtzite
structure bounded by the zinc ions with their full balance of
nearest-neighbor O?~ ions. The peak at 533 eV is attributed
to loosely bound oxygen, absorbed O, or adsorbed H,O on
the ZnO surface [34]. From the Fig. 6e, O 1s core-level peak
of 2HrGO-ZnO spectra can also be resolved into three com-
ponents centered at 530.9, 531.8, and 533.4 eV by a Gauss-
ian function with a slightly lower energy as compared to
ZnO. The carbon is bonded at oxygen site in ZnO, hybridiza-
tion and delocalized 2p of carbon and 4s of Zn orbital’s to
create charge transfer in composites. These interpretations
belief that the support of ZnO nanoparticles is acutely cov-
ered over rGO sheets and allow minimum oxygen contribu-
tion on the surface of ZnO nanoparticles. Figure 6¢, the C 1s
spectrum of 2HrGO—ZnO sample is deconvoluted into two
different peaks centered at 284.4 and 288.6 eV correspond-
ing to C-C, O—-C=0 (carboxyl groups) respectively [21].
It is clearly seen that the absence of hydroxyl, epoxy and
carbonyl functional groups on the rGO sheets, only restored
sp? (C—C) and small amount of carboxyl (O—~C=0) groups
on rGO sheets in 2ZHrGO-ZnO samples.

3.5 PL analysis

PL studies reveal that the presence of intrinsic defects in
pure ZnO nanoparticles and rGO-ZnO nanocomposite as
depicted in Fig. 7. All the samples exhibit visible band emis-
sion in the range 400-550 nm, which indicates that several
kinds of intrinsic defects and vacancies are present in these
samples. In literature, these kinds of emission are originated
from zinc interstitial, zinc vacancies, oxygen vacancies hav-
ing different charged state and oxygen interstitials in ZnO
nanostructures, which occur near the blue-green-yellow
emission [35]. The band-to-band emission peak of all sam-
ples could not be observed in the present investigation due
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Fig.7 PL spectra of (a) ZnO, (b) StGO-ZnO, (c¢) 1HrGO-ZnO and
(d) 2HrGO-ZnO nanocomposites

to limitation of PL detection range. A high intense emission
peak of ZnO at 425 nm is assigned to Zinc interstitial level
(Zn;). The high intensity of this peak shows high forma-
tion energy of Zinc interstitial (Zn;) due to the large num-
ber of nanograin boundaries [7]. The blue emission peak at
462 nm originates from neutral oxygen vacancies. The green
emission band at 506 is assigned to zinc vacancy (Vzn) and
534 nm is attributed to singly charged oxygen vacancy which
acts as an electron trap on the surface of ZnO. The presence
of V,, and V,, put together leads to green light emission.
The formation energy of oxygen vacancies is lower than
Zinc vacancies and Zinc interstitial in the surface of ZnO
nanoparticles [36, 37]. Similarly, rGO-ZnO nanocomposites
show same emission peaks, but the intensity of peaks are
decreased compared to pure ZnO. Hence, the presence of
rGO sheets leads to decrease the intrinsic defect density on
the surface of ZnO nanoparticles.

3.6 Magnetic studies

The magnetization versus field (M—H) dependent curves of
GO and rGO sheets are measured at room temperature with
applied field range of — 15 kOe <H < 15 kOe as depicted in
Fig. 8. It has been observed that GO is weak ferromagnetic
with dominant diamagnetic signals. Saturated magnetization
(Ms) of GO is 0.003 emu/g, it matches with earlier reported
value [38]. Generally, GO is composed of an unreacted
graphite (sp?) region and a reacted (sp°) region with partially
distorted layers. There are randomly distributed like epoxy
and hydroxyl, carbonyl and carboxyl functional groups on
each plane in the reacted region of GO. Carboxyl and car-
bonyl groups are normally located at the edge sites of GO
sheets, whereas hydroxyl and epoxy groups are adsorbed
on the basal plane of GO sheets [39-41]. It is energetically
favorable to place the epoxy groups on the opposite side
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Fig.8 M-H curve of (a) GO, (b) 1HrGO and (c) 2HrGO
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of hexagonal ring induce magnetic moment [42]. Moreo-
ver, graphitic edge state is magnetically active due to the
presence of non-bonding with a large local density of states
which act as localized spin and the vacancies with dangling
bonds also have spin units. In addition, edge states are popu-
lated with unpaired electron spin to minimize the coulomb
repulsive energy, leads to large moments at the zigzag edge
boundary. At the same time, high concentration of sp® type
defects (OH) is remained on the basal plane of GO sheets,
which are effectively induced magnetic moments [42, 43].
The saturation magnetization (M,), remanent magnetization
(M,) and coercivity (H,) values of GO and rGO sheets are
listed in Table 1. In our work, weak ferromagnetism arises
in GO by interaction between separated magnetic regions
and domains. The negative slop of GO at high field indicates
strong diamagnetic contribution, which is generated by the
attachment of carbonyl and hydroxyl groups located at edge
site and on the basal plane of GO, respectively. After hydro-
thermal reduction of GO sheets, increase in the number of
zigzag edges in 1HrGO sample had strong ferromagnetism.
Removal of functional groups cause defects in the form of
vacancies, structural defects and distortion in the lattice of
GO which leads to ferromagnetic behaviour. Meanwhile,
some of the damaged sp? carbon conjugations are restored
and generated partial coalescing of rGO sheets which sig-
nificantly increases the amount of n—r staking sites. So, the
existence of high density of defects, which arise net spin
moment in rGO sheets. Moreover, the removal of carbonyl
groups can compensate the dangling bond and preserve the
edge states magnetism [19]. Finally, 2HrGO sample had
high saturation magnetization of 0.015 emu/g and coerciv-
ity of 563 Oe which is higher value comparable to previously
reported value of rGO sheets [44]. Since reduced wrinkles
contain two important effects, which is average local mag-
netic anisotropy energy density and coming out of longer
range magnetic interaction/ordering [45]. The 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 is contribute to
the ferromagnetism.

At room temperature M—H loops of ZnO and rGO-ZnO
nanocomposites are depicted in Fig. 9. The hysteresis loop
of ZnO nanoparticles clearly exhibit room temperature

Table 1 Magnetization values of GO and rGO Sheets

Sample Saturation magneti- Remanent Magneti- Coer-
zation zation civity
(M,) in memu/g (M,) in memu/g (Hy)
Oe
GO 3.53 2.08 358
1HrGO 9.05 3.51 439
2HrGO 15.05 52 563

ferromagnetism. The saturation magnetization (M), rema-
nent magnetization (M,) and coercivity (H,) values of ZnO
nanoparticles and rtGO-ZnO nanocomposites are given in
Table 2. Experimentally, the origin of ferromagnetism in
pure ZnO nanostructures should be associated with vari-
ous kinds of structural defects (oxygen vacancies, zinc
vacancies, zinc interstitials and oxygen interstitials) pre-
sent in the lattice sites; these point defects induce magnetic
moments [46, 47]. Since the population of defects in ZnO
particles is usually not large and uniform, the magnetiza-
tion value of these specimens is very small compared to
magnetic oxides [48]. The high surface to volume ratio of
ZnO nanoparticles have higher density of oxygen vacan-
cies and create surface spin disorder. The intrinsic defects
nature of ZnO was previously confirmed by PL spectra. At
the same time, our XPS and Raman results confirmed that
the oxygen vacancies present in ZnO samples. From these
observations, uncontrolled formation of lattice defects
during preparation may form the ferromagnetic domains.
It is proposed that F-centre exchange mechanism explain
the interaction between isolated spin magnetic moments
in lattice site of ZnO nanoparticles [49]. Experimentally

0.04

0.02

M (emu/g)
o
S

-0.02

-0.04

-0.06 T T T T T v T y T y T
-15000 -10000 -5000 0 5000 10000 15000
H (Oe)

Fig.9 M-H curve of (a) ZnO, (b) StGO-ZnO, (¢) IHIGO-ZnO and
(d) 2HrGO—-ZnO nanocomposites

Table 2 Magnetization values of ZnO and rGO-ZnO nanocomposites

S. No. Saturation mag-  Remanent Mag-  Corceiv-
netization netization ity (H;)
(M) in memu/g  (M,) in memu/g Oe

ZnO 55.4 2.54 321

SrGO-ZnO 40.6 5.38 476

1HrGO-ZnO 28.9 7.76 768

2HrGO-ZnO 19.9 6.52 893
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achieved and reported the highest value M and H_ of pure
Zn0O nanostructures are 6.1emu/g and 360 Oe [50].

Further, the hysteresis loop of rGO-ZnO nanocompos-
ites clearly shows room temperature ferromagnetism. The
saturation magnetization of rGO-ZnO nanocomposites
decreases compared with pure ZnO nanoparticles. It is
attributed to the non-uniform distribution of rGO sheets
form magnetically inactive defects and increase in the shell
layers of rGO sheets covered ZnO core induces a weak
interaction. These thick shell layers of rGO sheets making
C atoms, which leads to crosslink each other within the
shell rather than ZnO core. It may be wrapping of rGO
sheets reduces the oxygen vacancy concentration on the
surface of ZnO [23, 24]. The interparticle interaction of
ZnO nanoparticles also decreases in nanocomposites when
the rGO layer covered over ZnO nanoparticles leads to
lack of long range magnetic interaction [51, 52].

4 Conclusion

A series of rGO sheets and rGO-ZnO nanocomposites
were fabricated by hydrothermal method and solvothermal
route, respectively. The structural and magnetic properties
of samples have been investigated. The XRD analysis con-
firms the formation of nanocomposites and wurtzite struc-
ture of ZnO nanoparticles. Raman spectra also provide the
evidence for the construction of nanocomposites. HRTEM
images clearly seen that the ZnO nanoparticles attached
over rGO layered sheets and SAED pattern reveal that the
co-existence of both ZnO and rGO planes indexed. Chemi-
cal composition, oxidization state of the elements were
identified which confirms the presence of oxygen vacancy
in the prepared samples. The multi-color emission clearly
shows the presence of defects and oxygen vacancy in the
sample. The magnetic studies demonstrate the naono-
composites exhibits room temperature ferromagnetism.
This may be attributed to defects, vacancy and interfa-
cial effects in rGO and rGO-ZnO composites. Hence, it
is concluded that the level of surface carbon atom in rGO
layered adsorption by ZnO nanoparticles must also be
taken into account for the tunable ferromagnetic behavior
in nanocomposites.
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