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Abstract
Graphene oxide (GO) was synthesized via a simple electrochemical exfoliation of graphite in a surfactant-containing 
aqueous solution. A novel custom-made surfactant, 1,4-bis (neopentyloxy)-3-(neopentyloxycarbonyl)-1,4-dioxobutane-
2-sulfonate (TC14) was used to assist the exfoliation process. The structural and magnetic properties of prepared GO 
were examined using electron microscopies, micro-Raman, and Fourier transform infrared spectroscopies, and vibrat-
ing sample magnetometer (VSM). Room temperature VSM measurement showed a diamagnetic response of pristine 
GO under a high magnetic field. This indicated the low defect and the absence of any impurities in the synthesized GO. 
Simple mixing of GO and carbon nanotubes (CNTs) was also done to study their magnetic properties. CNTs were initially 
synthesized from waste engine oil using thermal chemical vapour deposition. It was found that the addition of magnetic 
CNTs has successfully induced the ferromagnetism in the GO sample. The saturation magnetization and average coercivity 
of GO/CNTs were observed to be 6.13 memu and 345.12 G, respectively. This study offers a low cost and simple method 
to induced magnetism in GO as compared to the common chemical modifications of GO.
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1 Introduction

Graphene has been known with its outstanding proper-
ties and wide range applications. A derivative of graphene 
namely graphene oxide (GO) also has received enormous 
attention because it is easily synthesized, modified or 
chemically reduced for mass production of graphene 
and offers many practical applications. Graphene and its 
derivatives also show potential in spintronic applications 
due to their excellent carrier mobility and long spin dif-
fusion length arise from the weak spin–orbit coupling of 
carbon atom [1, 2]. However, it is known that perfect gra-
phene is intrinsically diamagnetic [1, 3]. The presence of 
defects such as vacancies, impurity, dislocations and grain 
boundaries in graphene can induce the spin polarization 
and increase its magnetism [4, 5]. Hence, several studies 

have been done to enhance the magnetic properties of 
GO such as nanocomposite with metallic or magnetic 
materials [6, 7] and chemical activation [4]. Meanwhile, 
GO produced from the Hummers method and chemically 
reduced GO (RGO) was reported [8, 9] to show ferromag-
netism response without any further treatments. It was 
believed that nature uses of acids during the synthesis 
process using Hummers method has contributed to the 
magnetic properties of GO.

Modification of another carbon material namely carbon 
nanotubes (CNTs) is also seen can improve their properties 
and expand their applications. Pistone et al. [10] reported 
the synthesis of CNTs from isobutene using Fe/Al2O3 
based catalyst decorated with  Fe3O4 magnetite nanopar-
ticle. They use of metal-based catalyst and the addition 
of magnetite nanoparticle has successfully induced the 
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magnetization in CNTs sample. Magnetic carbon materials 
offer many potential applications such as magnetic data 
storage, nanoprobe in magnetic force microscopy [10], 
adsorbent [11] and biosensor [12].

Moreover, the use of surfactant in stabilizing the car-
bon nanostructures also gained much attention due to 
its natural role of surfactant [13, 14]. Previous works have 
implemented the triple-tails surfactant, TC14 in various 
nanocomposites applications including CNTs/natural rub-
ber latex and graphene-based rubber [15–17]. However, 
so far, there is no work reported on the use of triple-tails 
surfactant, TC14 in the magnetic properties study of GO 
incorporated with CNTs.

Therefore, in this study, GO synthesized via an elec-
trochemical exfoliation process was directly mixed 
with magnetic CNTs synthesized from waste engine 
oil (WEO) in the presence of ferrocene  (C10H10Fe). A 
novel custom-made surfactant, 1,4-bis (neopentyloxy)-
3-(neopentyloxycarbonyl)-1,4-dioxobutane-2-sulfonate 
(TC14) [18] was used to assist the exfoliation process 
during the synthesis of GO. The use of ferrocene catalyst 
did contribute to the magnetic properties of CNTs. As 
compared to the conventional routes to induce the mag-
netic properties of GO, we offered a simpler, greener and 
cheaper process by avoiding the use of hazardous chemi-
cals such as acid treatment. Moreover, the mixing of GO 
and CNTs which were both carbon-based materials did 
not give additional contaminations or impurities to the 
nanocomposite sample.

2  Materials and methods

GO was initially synthesized via an electrochemical 
exfoliation method as similarly reported in [19, 20]. 
A custom-made surfactant, 1,4-bis (neopentyloxy)-
3-(neopentyloxycarbonyl)-1,4-dioxobutane-2-sulfonate 
(TC14) with concentration of 0.1 M was used to assist the 
GO dispersion in deionized (DI) water. The graphite elec-
trodes were connected to the voltage source of 7.0 V for 
24 h synthesis process. CNTs were separately synthesized 
using thermal CVD method from waste engine oil as car-
bon source with a ferrocene catalyst of 17.99 wt% [21]. 
For the preparation of GO/CNTs sample, 0.05 g CNTs and 
0.5 wt% TC14 was dispersed in 10 ml deionized water and 
stirred for 30 min. GO solution was then simultaneously 
mixed into CNTs dispersion with volume ratio of 1:1 and 
sonicated for 30 min in an ultrasonic bath. The mixture 
was further stirred in a water bath system at 85 °C for 1 h. 
The prepared dispersion was then repeatedly centrifuged 
at 5000 rpm and the precipitation was further dried in an 
oven to form a fine GO/CNTs powder. The samples were 
characterized using field emission scanning electron 

microscopy (FESEM-Hitachi SU 8020), high-resolution 
transmission electron microscopy (HRTEM- FEI Tecnai 
F30 200 kV), micro-Raman spectroscopy (Renishaw InVia 
Raman Microscope), Fourier transform infrared spectros-
copy (FTIR-Thermo scientific Nicolet 6700 FTIR spectrome-
ter), and vibrating sample magnetometer (VSM-LakeShore 
7404).

3  Result and discussion

FESEM analysis was performed to observe the morphology 
of pristine GO, pure CNTs and GO/CNTs nanocomposites 
as seen in Fig. 1. Pristine GO (Fig. 1a) presented a lateral 
surface area, crumple, and typical wrinkle structure. The 
edges part exhibited a highly roll-up structure due to the 
intra-planar interaction between the layers of GO sheets 
[22]. Meanwhile, a dense quasi aligned CNTs from WEO 
precursor with a diameter at around 31–33 nm was pre-
sented in Fig. 1b. Hollow tube CNTs were observed to be 
covered between the crumple GO sheets in the GO/CNTs 
nanocomposite sample (Fig. 1c–d). The diameter of the 
CNTs in the GO/CNTs sample was consistent with pristine 
CNTs. The formed nanocomposites between GO and CNTs 
shows a thick flake-like shape with wrinkles and hollow 
tube structure similar to the reported of GO/CNTs com-
posites [23]. However, both GO and CNTs structures were 
slightly deformed after the mixing process due to the stir-
ring and sonication processes to produce a uniform GO/
CNTs dispersion. This might be due to the π–π bonding 
in-between CNTs and GO, thus altered the size of the nano-
structures [22, 23].

The morphology of pristine GO and GO/CNTs nanocom-
posites was further investigated by high-resolution trans-
mission electron microscopy (HRTEM) as shown in Fig. 2. 
Figure 2a shows a pristine GO consisted of multi-layers of 
graphene sheets (< 10 layers) due to its natural wavy and 
stacked characteristics. Meanwhile, GO/CNTs nanocom-
posites image in Fig. 2b revealed the CNTs structure was 
distributed over the GO surfaces. It is clearly shown in all 
regions that the end-tubes of CNTs were pulled out from 
the GO structures, thus confirmed the nanocomposites 
are well-attached due to the higher compatibility of GO 
led by the stabilization of triple-tails surfactant within the 
nanocomposite.

Micro-Raman spectroscopy was used to investigate 
the carbon structure ordering of the sample (Fig. 3a). A 
typical micro-Raman spectrum of GO was observed with 
strong D (disorder) and G (graphitic) peaks at ~ 1359 and 
1597 cm−1, respectively and ID/IG ratio of 0.91. A slightly 
broad and intense peak at 1361 cm−1 was due to the 
defects contributed by the oxygenesis group at GO 
edges, indicating a successful oxidation and intercalation 
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process [24]. Meanwhile, for CNTs synthesized from WEO, 
the ID/IG ratio showed a slightly lower (0.90) than the GO 
sheets, which is consistent with the typical crystallinity 
of CNTs in previous work [21]. After the incorporation of 
GO and CNTs, the ratio was slightly increased up to 1.09. 

The distortion at G peak indicates the successful interac-
tions between the GO and CNTs [24]. Higher disorder as 
also observed in FESEM analysis showed that the mixing 
process did affect the structure of the nanocomposite 
sample.

Fig. 1  FESEM images of a pristine GO, b WEO-based quasi aligned CNTs, c–d GO/CNTs nanocomposite sample

Fig. 2  HRTEM images of a pristine GO and b GO/CNTs
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In order to affirm the attachment between CNTs and 
GO structures, the FTIR measurement was carried. From 
the FTIR analysis, the noticeable changes were observed 
at several points (Fig. 3b). As the previous report, there 
is no obvious peak presence in the CNTs spectrum [25]. 
Meanwhile, the characteristics peaks around 3352, 2977, 
1381, 1087, 1044 and 884 cm−1 were seen in the GO sam-
ple. The existence of the vibrational bands in the range of 
1000–1400 cm−1 was due to the various oxygen functional 
groups attached at edges GO sheets [26, 27]. Meanwhile, 
the peak appeared at around 800 cm−1 was confirmed the 
stabilized GO sheets assisted surfactant [28]. The presence 
of the intense and broad peaks at 2977 and 3352 cm−1, 
respectively, further supported that the GO solution is 
highly water- soluble [29]. After the addition of CNTs in 
the GO solution, the FTIR spectrum of GO/CNTs exhibits 
all characteristics peaks for GO along with several peaks of 
CNTs. The peaks at below 1000 cm−1 (epoxy group) for GO 

and CNTs sample were disappeared in GO/CNTs nanocom-
posites meanwhile a broad and intense peak at 3440 cm−1 
(hydroxyl group) was observed. This confirmed that the GO 
and CNTs are well-mixed during the mixing process. Mean-
while, the graphitic skeleton peak at 1582 and 1651 cm−1 
further confirmed the functionalization between GO and 
CNTs [30, 31].

The magnetizations of the samples as the function of a 
magnetic field at room temperature are presented in Fig. 4. 
As reported in previous studies [4, 9], without any chemi-
cal modification and treatments, pristine GO was naturally 
diamagnetic. This is also consistent with our result (Fig. 4a) 
where the GO presented a diamagnetic response even 
under a high magnetic field up to 12,000 G. The addition 
of CNTs has successfully induced the magnetic properties 
of GO as seen in Fig. 4b. The ferromagnetic response was 
observed with the measured saturation magnetization 

Fig. 3  a Micro-Raman and b FTIR spectra of pristine GO, pure CNTs 
and GO/CNTs samples

Fig. 4  Magnetic properties of a GO and b GO/CNTs nanocompos-
ites sample
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and average coercivity of 6.13 memu and 345.12 G, respec-
tively. Even though the results obtained is slightly lower 
but the magnetization value of GO composites is still com-
parable with other previous works [32, 33]. As previously 
reported, the CNTs exhibit ferromagnetic hysteresis with a 
saturation magnetization of ~ 30 �emu [34]. The enhance-
ment observed for the GO/CNTs nanocomposite sample 
was probably due to the presence of metallocene cata-
lyst (ferrocene) in CNTs. On the other hand, as presented 
through micro-Raman analysis, the increase of GO/CNTs 
defect also led to the enhancement of their magnetic 
properties. It was known that the presence of defects in 
carbonaceous materials such as graphene can induce spin 
polarization which can enhance the magnetic properties 
of the materials [4, 35, 36].

4  Conclusions

Simple mixing of CNTs with GO has increased the mag-
netic properties of the GO-based nanocomposites. It was 
found that the addition of magnetic CNTs synthesized 
from wastes engine oil has successfully induced the fer-
romagnetism in the GO-assisted TC14 surfactant sample 
which suitably offers the nanocomposites in many sensors 
and photo-catalyst applications.
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