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The effects of dangling bonds on the magnetic properties of graphene oxide (GO) were studied
experimentally by creating nanoholes on GO nanosheets. GO with more nanoholes (MHGO) and less
nanoholes (LHGO) on graphene oxide nanosheets were synthesized. Results showed that nanoholes
brought new dangling bonds for GO and the increase of the dangling bonds on GO could be adjusted
by the amounts of the nanoholes on GO. The magnetism of GO was enhanced with increased density of
nanoholes on GO (MHGO > LHGO > GO). Furthermore, the increased dangling bonds induced magnetic
coupling between the spin units and so converted paramagnetism GO to ferromagnetism (MHGO,
LHGO). The easy generation and adjustment of GO dangling bonds by nanoholes on GO nanosheets will
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Introduction

Graphene, as a two-dimensional, atomic-scale, hexagonal lattice
in which one atom forms each vertex, has attracted significant
attention due to its unique electronic, optical, thermal,
mechanical and chemical properties, etc.* Graphene has a lot
of possible applications in various fields like batteries, sensors,
solar panels, electronics and more.* Taking advantage of
magnetism of graphene is of particular interest since it could
open up a new way to design spintronic devices.>®

Ideal graphene is intrinsically nonmagnetic due to a delo-
calized 7 bonding network but the chemical structures of gra-
phene could be changed for its application into the different
fields by oxidation, chemical doping and so on.*** All the
changes of the graphene chemical structures will break of the
perfect structure of the m bonding network.'” In the other
words, the chemical processes happened on the graphene
enriched the point defects on the edge of graphene,"** such as
vacancies,'>'® zigzag edges,"” sp® functionalization." Moreover,
these defects directly changed the electronic status and prop-
erties of graphene while the magnetic properties which is the
most closely related to the electronic status altered intensely in
electronic changed process.>*>' G. Z. Magda et al.'’ and L.
Salemi et al** adjusted the both electronic and magnetic
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properties of graphene nanostructures by controlling the edges
of graphene nanoribbons. Tao Tang et al. modified hydroxyl
groups on the GO sheets.”® Takaaki Taniguchi et al.>* used the
photo reduced graphene oxide. Kousik Bagani et al.** also re-
ported the random epoxy groups in the native GO to investigate
the relationship between the magnetization of the GO sheet and
the defects of hydroxyl groups, C-H bonding, carbon vacan-
cies** and epoxy groups® on the graphene nanosheets. Blonski
Piotr et al. verified that N-doping GO had high magnetization of
ca. 1.66 emu g .2* Among all the chemical methods to change
the graphene's nanostructures, chemical groups or hetero-
atoms were introduced.””** Holey graphene (HG) is a novel
graphene structure with amounts of nanopores on the conju-
gated carbon surface.’*'**'-** HG not only retains the excellent
properties of graphene, but also exhibits enriched edge and
localization effects. Therefore, HG has potential applications in
energy storage, gas separation, and magnetic and electronic
devices.**® Especially, creating nanoholes on the graphene
carried in no other elements in the graphene samples and so
suitable to investigate the effects of chemical defects on elec-
tronic magnetic properties of graphene.

Where were nanoholes on the GO nanosheets, there were
many dangling bonds which are unsatisfied valences on
immobilized carbon atoms.** In this work, nanoholes were
made on the graphene and the different amounts of the
dangling bonds were adjusted by controlling the density of
nanoholes on the graphene nanosheets. GO with more nano-
holes on the graphene oxide nanosheets (MHGO) and GO with
less nanoholes on the graphene oxide nanosheets (LHGO) were
synthesized, respectively. The generation of dangling bonds and
regulation of graphene electronic magnetic properties by

This journal is © The Royal Society of Chemistry 2020
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creating nanoholes on GO provide a very convenient method for
the development of graphene-based electromagnetic materials.

Experimental
Materials

Natural graphite power (99.9%, Qingdao Hensen Graphite Co.,
Ltd), HNO; (BV-III) was purchased from Beijing Chemical
Reagent Research Institute Co., Ltd. All of the other chemicals
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Deionized (DI) water obtained from a Millipore water purifica-
tion system was employed in all experiments.

Preparation of GO

GO was prepared according to the modified Hummer's
method.? Briefly, graphite (0.25 g) was added to concentrated
H,S0, (11 mL) at 0 °C. Then, KMnO, (0.75 g) was added grad-
ually at lower than 20 °C with stirring and kept for 5 h. After
that, the reaction system was transferred to a 35 °C water bath
for 30 min. Then, 12 mL H,O was added slowly to the above
solution to keep the temperature below 100 °C. After stirring for
30 min, DI water (30 mL) was added to terminate the reaction.
Then, H,0, (2 mL, 30%) was added to remove unreacted
KMnO,. The mixture was centrifuged and washed with 5% HCI
solution and DI water for 3 times, respectively. The obtained
brown precipitation was dispersed in DI water through soni-
cation for 60 min and then centrifuged at 12 500 rpm for
30 min, and the supernatant was collected and dried by freeze
drying. This product was the prepared GO sample.

Preparation of holey graphene oxide (HGO)

HGO was prepared according to a solution method. Briefly,
10 mg as-prepared GO was dispersed in 10 mL 30% H,O, by
sonication and then heated at 100 °C for 2 h and 2.5 h respec-
tively. The as-prepared HGO was purified by centrifugation and
washed by DI water for 3 times to remove the residual H,O,.
Then, the precipitate was dried by freeze-drying. The HGO
reacted for 2 h and 2.5 h were marked as LHGO and MHGO for
the generation of less nanoholes and more nanoholes on GO
nanosheets, respectively. According to the precise control of
reaction time, the amount of nanoholes on GO nanosheets
could be controlled.

Characterization

The ESR measurements were operated at about 9.1 GHz
microwave frequency, 100 kHz field modulation frequency, and
at 22 °C. To measure ESR spectra of a series of GO solid
samples, the powder of about 20 mg samples was filled in 5 mm
ESR tubes. The ESR signals were obtained using 1 mW incident
microwave power. The g value was calibrated by using an
external marker.

Magnetization measurements of the GO and HGO samples
were performed using a physical property measurements
system (PPMS) equipped with a vibrating sample magnetometer
(VSM) from Quantum Design, USA. Hysteresis loops were
measured in the temperature range from 5 to 300 K under static
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external magnetic fields ranging from —50 to +50 kOe.
Temperature profiles of the mass magnetic susceptibility, Xmass,
were recorded in a sweep mode in the temperature range from 5
to 300 K in a field of 1 kOe after cooling in a field of 1 kOe. All
the solid samples were obtained by freeze drying, and about
20 mg of each dry powder was sealed in a capsule with negli-
gible magnetism.

All magnetic resonance experiments were carried out on
a 4.7 T/30 cm Bruker Biospec scanner (Ettlingen, Germany). The
longitudinal relaxation time (7;) measurements were per-
formed with an inversion-recovery spin echo imaging sequence.

Atomic force microscopy (AFM) images were characterized
by using a scanning probe microscope (Bruker, Dimension
Edge), operated at tapping mode. X-ray photoelectron spec-
troscopy (XPS) analysis was performed on AXIS-Ultra instru-
ment from Kratos Analytical with monochromatic Al Ko
radiation (Av = 1486.6 eV). Fourier transform infrared (FTIR)
spectra were recorded with Thermo Scientific Nicolet iN10 MX.
UV-vis absorption spectra were obtained by a UV-vis-NIR spec-
trophotometer (Aglient Technologies, Carry 5000). Raman
spectra were recorded on a Microscopic confocal Raman
microscope (Jobin Yvon, LabRam ARAMIS), using a 532 nm
laser beam. The residual metal content in the GO, LHGO, and
MHGO samples was analyzed by inductively coupled plasma
mass spectrometry (ICP-MS) (PerkinElmer, Nexlon 300D).

Results and discussion

AFM was used to characterize the morphologies of as-prepared
samples. The samples were first deposited on new cleaved mica
surfaces by corresponding aqueous dispersions and then dried
in a vacuum at room temperature before AFM studies. As shown
in Fig. 1, the height of GO and HGO was both about 1 nm,
indicating the nanosheets of GO and HGO were single layer. GO
showed a smooth and clean surface (Fig. 1a). In contrast, the
obviously varied density of nanoholes were observed in the GO
planes and denominated LHGO (Fig. 1b, 2.5 nanoholes per 100
square nanometers) and MHGO (Fig. 1c, 3.5-4.5 nanoholes per
100 square nanometers). This indicated that the number of
nanoholes on the GO nanosheet could be controlled by
precisely controlling the reaction conditions (see the Experi-
mental section). The size of nanosheets of LHGO and MHGO
had not changed, but the average sizes of the nanoholes in the
surface of LHGO and MHGO were 9-10 nm and 11-12 nm,
respectively. Particularly, nanoholes greatly increased the edge
structure of HGO, and MHGO had more edge structures
compared to LHGO due to the increased size and density of
nanoholes on the nanosheets of GO. All of the change was
resulted by simply extending the etching condition. In the
process, dangling bonds present at the edge of nanoholes.
Moreover, extending the reaction time could enhance the
degree of etching, and so enlarging the nanohole size and
increasing the amount of nanoholes on GO. Since the dangling
bonds have an important contribution to the edge magnetism
of graphene,* could the number of dangling bonds of GO be
controlled by the size and density of nanoholes on the nano-
sheets and so adjust and enhance the magnetism of GO?

RSC Adv, 2020, 10, 36378-36385 | 36379
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Fig. 1 AFM images of as-prepared GO (a), LHGO (b) and MHGO (c) nanosheets, respectively.

Electron spin resonance (ESR) were used to detect unpaired
electrons i.e. dangling bonds in materials from both qualitative
and quantitative aspects.*®*' The ESR signal intensity and the
spin counts per mg of as-prepared solid samples were detected
by the protocol in the section of Characterization. As shown in
Fig. 2a, the same single, intense, and sharp ESR signal wave at
around 337-338 mT was found in the ESR magnetic field,
indicating ESR signals of GO, LHGO and MHGO originating
from the unpaired electrons trapped on carbon vacancies,
which also provides the direct evidence for the existence of
dangling bonds on edge of GO. Since the ESR signal intensity
can quantify the unpaired electrons, that is, quantify the
dangling bonds, and the unit quality signal intensity of as-
prepared samples increased with the increased size and
density of nanoholes on GO (MHGO > LHGO > GO) (Fig. 2b), so
dangling bonds are mainly from the edge of nanoholes. More
importantly, the MHGO sample had the most dangling bonds
per mg, followed by LHGO, and finally the GO, indicating the
number of dangling bonds could be adjusted by controlling the
nanoholes in the basal of GO, which could be realized by precise
adjusting reaction time and temperature.

Because the observed ESR signal is assigned to the unpaired
electrons localized on carbon vacancies which generate
magnetic moments, the magnetic properties of as-prepared GO,
LHGO, and MHGO were studied with a physical property
measurement system (PPMS) equipped with a vibrating sample
magnetometer (VSM).*»** In order to exclude the effect of 3d
metal impurities on the magnetic properties of as-prepared
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Fig. 2 (a) ESR spectra for solid-state GO, LHGO and MHGO obtained
on an X-band spectrometer. (b) The ESR signal intensity for GO, LHGO
and MHGO.
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samples, ICP-MS was employed. The total concentration of Fe,
Co, Ni and Mn as the main magnetic impurities was below
70 ppm (see Table S1 in ESIT), thence the total xmass of Fe, Co,
Ni and Mn was estimated to 2 orders smaller than as-prepared
GO, SGO, and DGO in a 1 kOe field (Fig. 3 and 4), and so their
contributions to magnetism could be negligible.”® As shown in
Fig. 3a, the temperature evolution of ymass measured for the GO
sample obeyed the Curie law x = C/T. Insert is the corre-
sponding 1/x-T curve, which is a line and so indicates the
purely Curie-like paramagnetism of GO. No significant ferro-
magnetic signal is observed in the M-H curve even at 5 K
(Fig. 3b), also indicating that the GO sample is paramagnetic.
The saturation magnetization Ms of GO is about 0.14 emu g *
which is similar to the value reported.**
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Fig. 3 Magnetic properties of GO measured by PPMS. (a) Typical x—T
curve measured from 5 to 300 K under the extra field H = 1 kOe. Inset
is the corresponding 1/x—T curve. (b) M—H curve measured at 5 K.
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Fig. 4 Magnetic properties of as-prepared LHGO and MHGO
measured by PPMS. (a) Typical M—H curve measured at 5 K. Inset is the
enlarged part of the magnetization curve. (b) x—T curve measured
from 5 to 300 K under the extra field H = 1 kOe.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05945e

Open Access Article. Published on 02 October 2020. Downloaded on 12/9/2025 8:05:29 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(a) (c)

0.39.

e
w
o

0.384

>
5037

S
@
g

Intensity
o
8

[
L0.36.
=

=2
W
R

0.35-

"

0.34.
0.00 0.05 0.10 0.15
Concentration (ug/mL)

1
03% 50 065 010 0.15

000 005 010 0.15
Concentration (pug/mL) Concentration (ug/mL)

Fig. 5 (a), (b), (c) are magnetic properties of as-prepared GO, LHGO,
and MHGO on 4.7 T MRl scanner, respectively. The upper part of figure
is the T;-weighted MR images of GO (a), LHGO (b), MHGO (c) in
aqueous solutions at different concentrations.

Unlike GO, MHGO and LHGO behaved different magnetic
properties. Fig. 4a showed the typical mass magnetization (M-
H) curve of LHGO and MHGO measured at 5 K. The isothermal
magnetization curve clearly showed hysteresis with a coercivity
of ~151 Oe and ~118 Oe for MHGO and LHGO (inset of Fig. 4a),
respectively, and saturation magnetization reaching 0.21 emu
g', 0.17 emu g~ ' for MHGO and LHGO, respectively. Inter-
estingly, the increase of magnetization from 0.14 and 0.17 to
0.21 emu g~ ' was accompanied by the size and density of
nanoholes on the nanosheets of GO increased. In the other
hand, the increase of magnetization correlated with the number
of dangling bonds on GO that was adjusted by the generating
and increasing of nanoholes. Since the dangling bonds can
generate localized magnetic moments, the distance between the
magnetic moments decrease with the increased dangling
bonds. It has been demonstrated that owing to the long
distance between magnetic moments, graphene with low
magnetization shows pure Curie-like paramagnetism.***” And
the magnetic coupling between magnetic moments is the
preliminary existence of ferromagnetic ordering for GO. Thus, it
can be assumed that nanoholes increased the amounts of
dangling bonds on GO, and so lead to the enhancement of GO
magnetism and the generation of GO ferromagnetism. Subse-
quently, the x-T measurement of both MHGO and LHGO was
performed and no T, was found from 5 K to 300 K (Fig. 4b),
implying the 7. of the MHGO and LHGO was above the
temperature of 300 K.

In order to further prove the magnetic properties of as-
prepared samples, magnetic resonance imaging (MRI) of as-
prepared samples was applied. Typical T;-weighted MR
images recorded for GO, LHGO, and MHGO in aqueous solu-
tions clearly demonstrated all the samples had excellent T;
relaxation properties (Fig. 5), and the linear correlations were
very strong between the sample concentrations and the 1/T;.

Table 1 The relaxation of GO nanosheets
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Fig. 6 High-resolution Cls XPS patterns of GO, LHGO, and MHGO,
respectively.

The results in Fig. 5 also indicated that GO nanosheets exhibi-
ted a regularly enhancement in MRI signals. The transverse
relaxivities (R,) of GO, LHGO, and MHGO were measured to be
210, 223 and 253 mg mL ™" S™' on the 4.7 T MRI scanner by the
x-axis of the GO concentration (mg mL™') in Table 1. From
Table 1, R, values of GO samples were enhanced with the
increasing amount of nanoholes. The possible reason may be
that the increasing amount of nanoholes resulted in the
dangling bonds increasing and oxygen-containing groups
decreasing.

To accurately investigate the content of the hydrophilic
groups on the as-prepared GO, LHGO, and MHGO, high-
resolution Cls XPS spectra were recorded for as-prepared
samples (Fig. 6 and Table 2). In comparison, although the C1s
XPS spectra of LHGO and MHGO exhibited the same oxygen
functional groups, their peak intensities were lower than those
in GO. The results indicated the partial removal of the oxygen-
containing functional groups in HGO. In addition, MHGO
removed little more oxygen-containing functional groups than
LHGO. The content of oxygen-containing functional groups
decreased with the increase of nanoholes on GO. In addition, it
has been reported that O contributed little to the increase of the
magnetization.*” Therefore, the enhancement of R; of GO was
only related to the dangling bonds on GO.

FTIR was also used to characterize the functionalized groups
of the as-prepared samples. As shown in Fig. 7, the absorption
intensities of the HGO peaks at 2500-3700 cm ™' (-OH groups),

o,

Table 2 The peak area ratios (%) of C—C bonds and the oxygen-
containing bonds for GO, LHGO, and MHGO

Relaxivity Concentrations (mg 0=C-0
Samples (Ry) R mL ™) Samples C-C (%) C-0 (%) C=0 (%) (%)
GO 210.13 0.993 0.00498-0.167 GO 61.1 13.6 17.1 8.2
LHGO 223.03 0.979 0.00498-0.167 LHGO 78.3 10.2 8.0 3.5
MHGO 253.33 0.973 0.00498-0.167 MHGO 79.8 10.0 7.6 2.6

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 FTIR spectra of as-prepared GO, LHGO and MHGO.

1730 cm™'(C=O0 groups), and 1225 cm ™~ '(C-OH groups) were
decreased compared to the intensity of corresponding group
peaks of GO,* indicating the reduction of graphene sheets.
Furthermore, the content of hydrophilic groups of MHGO
decreased a little more than that of LHGO as the number of
nanoholes on the GO surface increased, which was consistent
with the corresponding XPS spectra (Fig. 6).

GO showed a strong peak at 230 nm in UV-vis spectrum, and
the peak was blue-shifted as the density and size of nanoholes
on the basal plane of GO increased (Fig. 8). Because the peak
was aroused by w-* transition of the sp® C of GO, the blue shift
of the peak of HGO indicated that the presence of nanoholes on
the GO nanosheets reduced the size of aromatic domains (sp*
C) and so increased the proportion of sp® C in HGO. In addition,
the peak at 230 nm of MHGO was more blue-shifted than
LHGO, indicating that nanoholes on GO nanosheets reduced
the proportion of sp> C and relatively increased the proportion
of sp® C in GO. Therefore, the number of dangling bonds and/or
chemical groups increased with the nanoholes on the GO
raised. Combined with the magnetism, XPS, FTIR, it indicated

—GO

-7
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200 300 400 500 600 700
Wavelength (nm)

800

Fig. 8 UV-vis spectra of GO, LHGO and MHGO.
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Fig. 9 Raman spectra of as-prepared GO, LHGO, and MHGO.

that the amounts of dangling bonds increased with the number
of nanoholes increased and could be adjusted by nanoholes on
GO.

Raman spectroscopy can be used to characterize structural
information of as-prepared materials.*** Fig. 9 showed the
Raman spectra of as-prepared GO, LHGO, and MHGO. The
peaks around 1342 cm ™' and 1590 cm ™" correspond to the D
and G bands of the carbon materials, respectively. It was
observed that the I/Ig ratio was 1.02, 0.98, 0.95 for GO, LHGO,
and MHGO, respectively. This suggested that the nanoholes on
HGO sheets almost did not repair the aromatic domains of GO.
The crystallite size calculated by the integrated intensity ratio of
D and G peaks also indicated the nanoholes on the nanosheet of
GO nearly did not restore its sp” structure.”® Otherwise, the
overall size of HGO nanosheets was almost unchanged
compared to that of GO nanosheets while the amounts of
functional groups decreased, so most of the nanoholes were
formed at the position of the defects on the GO nanosheets.

In this experiment, we found that (1) the relative content of
C-C bonds increased with the increased amounts of nanoholes
on GO (Fig. 6 and Table 2), (2) the relative amount of C-C sp>
should be decreased and the proportion of sp® C should be
increased in GO with the nanoholes increased because the C-C
bonds were broken due to the nanoholes initiation on the GO
nanosheets, which had been proved by UV-vis spectra (Fig. 8),
(3) the content of oxygen-containing functional groups
decreased with the increasing nanoholes on GO (Fig. 8 and 9).
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Fig. 10 The relations between C—C sp® bonds from XPS spectra and
the spin counts in (a), relaxivities of R1in (b) and magnetic properties in
(c) of GO, LHGO and MHGO, respectively.
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Fig. 11 The schematic diagram of HGO with different nanoholes and
dangling bonds.

Therefore, the relative contents of C-C bonds from the XPS
spectra could stand for the relative amounts of the dangling
bonds on the GO. From Fig. 10, the relative contents of C-C sp*
bonds had obviously positive correlation with the number of
magnetic related properties, such as spins from ESR, relaxivities
of Ry, and magnetic properties Ms of GO, LHGO, and MHGO.
That indicated that the magnetism of GO could be adjusted by
controlling the amounts of dangling bonds on GO.

It was also found that the introduction of nanoholes on
nanosheets of GO by H,0, mainly initiated within the oxygenic
defect regions, leading to the removal of oxygenated carbon
atoms (Fig. 6 and 7) and part sp* carbon atoms and so generate
carbon vacancies and gradually extend into nanoholes in GO.
The removal would bring various edges and defect sites with
dangling bonds on GO.* On the other hand, the generation of
nanoholes in the basal plane of GO could bring new edges and
so produce dangling bonds in where there was no chemical
group (Fig. 11). Therefore, the amount of dangling bonds on GO
could be adjusted by controlling the size and density of nano-
holes on GO. Since the dangling bonds have an important
contribution to the edge magnetism of graphene,® the
magnetism of GO could be regulated by nanoholes on GO.**

It has been confirmed that GO exhibited pure Curie-like
paramagnetism due to the long distance between magnetic
movements. Nanoholes could generate dangling bonds and so
increased density of dangling bonds which led to the shorter
distance between magnetic movements, resulting in enhancing
magnetic coupling that made GO ferromagnetic. In addition,
the ferromagnetism increased more in MHGO than LHGO for
the more density magnetic movements, so there was stronger
magnetic coupling between the magnetic movements induced
by more dangling bonds on MHGO than on LHGO nanosheets.

Conclusion

In conclusion, we have taken advantage of holey graphene oxide
to control and adjust magnetism of GO. The number of nano-
holes on GO (MHGO and LHGO) was controlled by precisely
controlling etching conditions for GO. The amounts of dangling

This journal is © The Royal Society of Chemistry 2020
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bonds on GO could be adjusted by the number of nanoholes on
GO nanosheets and they could be quantitatively measured. The
increased dangling bonds originated in the increasing nano-
holes on the GO nanosheets converted paramagnetism GO to
ferromagnetism with enhancing magnetic coupling between
the spin units. Therefore, the magnetic property of GO could be
adjusted by varied number of holes on the GO through etching.
The present work opens new possibilities way for further
application of GO in spintronic devices, which can further
expand the application of GO in nanoelectronic devices.”
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