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요 약

본 연구에서는 그래핀과 다중벽 탄소나노튜브를 포함하는 하이브리드 소재의 제조 및 슈퍼캐패시터 전극물질로의 활용에 

관한 내용이 진행되었다. 이를 위하여 산화그래핀과 아민(-NH2) 그룹이 치환된 다중벽 탄소나노튜브를 산 촉매 하에서 반

응시켜, 새로운 이민(-C=N-) 결합이 도입된 하이브리드 복합체를 합성하였다. 상기 제조된 하이브리드 소재를 슈퍼캐패시

터 전극 물질로 사용하고자 수산화칼륨 전해질 기반의 3상 전극 시스템을 활용하여 전기화학적 특성을 살펴보았다. 또한 하

이브리드 소재에 존재하는 그래핀과 다중벽 탄소나노튜브의 비율 변화 실험을 통하여, 그래핀/탄소나노튜브의 질량비가 

7.5/1일 때 그 특성이 최적화가 됨을 알 수 있었다. 최적화된 전극은 높은 비축천용량(132 F/g)을 나타내었을 뿐만 아니라, 반
복된 충방전 실험에서 높은 안정성(95%, retention after 5000 cycles)을 나타내었다. 

주제어 : 그래핀, 다중벽 탄소나노튜브, 하이브리드 소재, 슈퍼캐패시터, 비축전용량

Abstract : We have developed a versatile method for the preparation of chemically linked graphene/multi-walled carbon 
nanotubes (MWNTs) hybrid materials via simple acid-catalyzed dehydration reaction between graphene oxide (GO) and amine- 
functionalized MWNTs (af-MWNTs). In this condition, ketone (-C=O) groups in GO and primary amine (-NH2) moieties in 
af-MWNTs readily react to form imine (-C=N-) linkage. The chemical structures of graphene/MWNTs hybrid materials have 
been investigated using various microscopic and spectroscopic measurements. As a result of the synergetic effects of hybrid 
materials such as improved surface area and the superior structural restoration of graphitic networks, the hybrid materials demon-
strate improved capacitance with excellent long-term stability. Furthermore, controlled experiments were conducted to optimize 
the weight ratio of graphene/MWNTs in hybrid materials. The highest capacitance of 132.4 F/g was obtained from the GM7.5 
material, in which the weight ratio between graphene and MWNTs was adjusted to 7.5/1, in 1M KOH electrolyte at a scan rate of 
100 mV/s.
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1. Introduction

Owing to increasing demands for the development of clean 
and renewable energy resources in order to solve emerging 
energy-related problems, various energy conversion and storage 
systems such as solar cells, fuel cells, lithium-ion batteries, and 
supercapacitors have attracted a great deal of interest in both 
academia and industry [1-3]. In particular, supercapacitors, also 
known as ultracapacitors or electrochemical capacitors, have 
become of great importance. This is because of their great po-
tential as electrical storage units in portable electronic devices 
and electric vehicles, owing to their superior power density, high 

charge/discharge rate, and enhanced cycle life [4,5]. Based on 
their energy storage mechanism, supercapacitors can be cate-
gorized into three types: (i) electrical double-layer capacitors 
(EDLCs), in which the electrostatic charge is accumulated on 
the surface of the electrode by the formation of an electrical 
double-layer, (ii) pseudocapacitors with fast and reversible Fa-
radaic charge transfer processes on or near the electrode surface, 
and (iii) hybrid capacitors in which the EDLCs and pseudo-
capacitors can work together. In general, carbon-based nano-
materials with a high specific surface area, for example, activated 
carbon, carbon nanotubes (CNTs), and graphene, have been 
widely used in EDLCs [4]. This is because the surface area 
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Figure 1. Synthesis of graphene/MWNTs hybrid materials.

of the electrode plays an important role in the performance of 
EDLCs. Furthermore, composite electrodes composed of carbon- 
based nanomaterials, together with conducting polymers or metal 
oxides have usually been applied to pseudocapacitors [4].

Among various carbon-based nanomaterials, graphene, as a 
two-dimensional single layer of graphite with carbon networks, 
has emerged as an ideal electrode for supercapacitors. This is 
because of its high specific surface area, excellent electron mo-
bility, and superior mechanical properties [6]. Although the 
theoretical maximum double-layer capacitance of graphene can 
attain a value of up to 550 F/g [4], most graphene-based super-
capacitors have limited capacitances. This is because of the 
structural and morphological defects of graphene sheets, such 
as the significant reduction in electrical conductivity and the 
ease of formation of large clusters, with reduced specific surface 
area. To solve these problems, the incorporation of CNTs into 
graphene networks has been suggested by several researchers 
[7-10]. In this condition, the significant reduction of electrical 
conductivity in graphene networks can be considerably mini-
mized and the restacking of graphene sheets can be efficiently 

prevented by CNTs. However, most graphene/CNTs composites 
are prepared by physical adsorption or electrostatic forces, in 
which the interactions between graphene and CNTs are rela-
tively weak and unstable. Therefore, it is necessary to develop 
alternative methods in order to enhance their relationship within 
composites.

Herein, we report a versatile and scalable approach to pro-
duce graphene-based hybrid materials for supercapacitors, using 
graphene oxide (GO) and 4-aminobenzoyl functionalized multi- 
walled carbon nanotubes (af-MWNTs) as precursors. GO and 
af-MWNTs are chemically connected by newly formed imine 
linkage (-C=N-) during the acid-catalyzed dehydration reaction 
between ketone (C=O) groups in GO and primary amine (-NH2) 
in af-MWNTs (Figure 1). In addition, GO can be readily reduced 
to restore the graphitic structure during the acid-catalyzed reac-
tion at high temperature. The chemical structures of graphene/ 
MWNTs hybrid materials have been confirmed by various mi-
croscopic and spectroscopic analyses. Furthermore, the weight 
ratio of graphene/MWNTs in hybrid materials can be simply 
controlled by changing the initial feed ratio. The optimum 
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weight ratio is determined to be 7.5/1. The resultant hybrid 
materials demonstrated not only improved thermal stability but 
also superior capacitance with long-term stability.

2. Material and methods

2.1. Synthesis of materials
Graphite nanopowders (450 nm APS, 99.9% purity) were 

obtained from Nanostructured and Amorphous Materials Inc., 
and were used as a starting material. Firstly, GO was prepared 
from graphite nanopowders, using a modified Hummer’s method 
[11]. The af-MWNTs were synthesized according to procedures 
in literature [12]. Subsequently, GO (300 mg) and varied amounts 
of af-MWNTs, ranging from 20 mg to 300 mg, were reacted 
to produce graphene/MWNTs hybrid materials; these were 
designated as GM1, GM3, GM7.5, and GM15 (the numbers de-
note the weight ratio between GO and af-MWNTs, and the higher 
the number, the larger the amount of graphene). The amount of 
af-MWNTs for the preparation of the GM1, GM3, GM7.5, and 
GM15 materials was 300 mg, 100 mg, 40 mg, and 20 mg, res-
pectively. The experimental procedures are described as follows; 
GO and af-MWNTs were dispersed in a dimethylformamide (40 
ml)/acetic acid (20 ml) mixture under sonication for 1 h. Sub-
sequently, the mixture was reacted with continuous stirring at 
110 ℃ for 24 h. On cooling to room temperature, the reaction 
mixture was filtered with a nylon membrane (0.45 μm) and 
washed several times with methanol and water. The resultant 
hybrid materials were further purified by Soxhlet extraction with 
water, THF, and methanol. Finally, hybrid materials were obtained 
as a black powder after vacuum drying at 50 ℃ overnight. 

2.2. Characterizations

Elemental analysis (EA) was conducted with a Thermo Sci-
entific Flash 2000. Fourier transform infrared (FT-IR) spectro-
scopy was performed on a Perkin-Elmer Spectrum 100 using 
KBr pellets. Themogravimetric analysis (TGA) was performed 
with a TA Q200 (TA Instrument) at a heating rate of 10 ℃ min-1, 
in air. Raman spectra were obtained by confocal Raman micro-
scopy (Alpha 300S, WITec, Germany), in conjunction with atomic 
force microscopy (AFM) with a He-Ne laser (532 nm) as the 
excitation source. The field emission scanning electron microscopy 
(FE-SEM) was performed using a FEI Nanonova 230. Cyclic 
voltammetry (CV) analyses were conducted using a potentiostat 
(IVIUM CompactStat, IVIUM Technologies) with a standard 
three-electrode cell. Glassy carbon electrodes coated with hybrid 
materials were used as working electrodes. A platinum wire and 
an Ag/AgCl (3M NaCl filled) electrode were used as a counter 
and reference electrode, respectively.

3. Results and Discussion

Elemental analyses (EAs) were conducted to investigate the 
chemical compositions of all samples (i.e., GO, af-MWNTs, 
GM1, GM3, GM7.5 and GM15) and the results are summarized 
in Table 1. As expected, the main composition of af-MWNTs is 
carbon (78.56%); however, they also contain noticeable amounts 
of oxygen (10.97%) and nitrogen (5.95%), originating from 
4-aminobenzoyl moieties on the surface [12]. GO possesses a 
high amount of oxygen (44.83%), owing to the existence of 
oxygenated functionalities (such as epoxy, hydroxyl, and car-
boxylic groups), which are generated by the severe oxidation 
process during the modified Hummer’s condition [13]. In com-
parison to GO, dramatic decreases in the oxygen content ac-
companied by a significant increase in carbon and nitrogen atoms 
have been observed in hybrid materials of graphene/MWNTs. 
It is noteworthy that these compositional changes from GO to 
hybrid materials can be attributed to two simultaneous dehyd-
ration reactions in an acidic condition; i.e., the reaction between 
the hydroxyl groups and the adjacent hydrogen atoms in GO, 
and the imine formation between the ketone (C=O) groups in 
GO and primary amine (-NH2) in af-MWNTs. These results in-
dicate that the efficient structural restoration of graphene struc-
tures, in addition to the successful incorporation of MWNTs in 
graphene networks via imine linkage, can take place during the 
acid-catalyzed reaction that was used in this study.

FT-IR measurements using KBr pellets were also conducted 
to investigate the structural changes prior to and after the reac-
tions. Typically, a sp3C-H peak at 2920 cm-1 and a carbonyl peak 
at 1707 cm-1 have been observed in af-MWNTs. In addition, GO 
shows several peaks from various oxygenated functionalities at 
1726 (νC=O), 1624 (νC=C), 1388 (νO-H), 1226 (νepoxy), and 1057 
cm-1 (νC-O), in addition to strong hydroxyl bands (3358 cm-1). 
These observations correlate well with previous reports (Figure 
2(a)) [13]. However, all graphene/MWNTs hybrid materials 
display two distinct peaks at 1581 cm-1 and 1221 cm-1, which 
represent in-plane vibrations of aromatic C=C sp2 hybridized 
carbon combined with C=N stretching vibrations, and C-N st-
retching modes, respectively [14,15]. Therefore, these results

Table 1. Summary of elemental analyses of GO, af-MWNTs, GM1, 
GM3, GM7.5, and GM15

C H O N S Sum
GO 50.98 2.54 44.83 1.53 99.88

af-MWNTs 78.86 2.20 10.97 5.55 97.58
GM1 83.66 1.51 9.34 3.48 97.99
GM3 81.31 1.49 11.78 3.31 97.89

GM7.5 80.44 1.36 12.54 2.81 97.15
GM15 79.53 1.59 13.91 2.77 97.80
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Figure 4. SEM images of GO, af-MWNTs, GM1, GM3, GM7.5, and GM15. Scale bars in the images are 4 µm.

clearly demonstrate the chemical structures of graphene/MWNTs 
hybrid materials, which is coherent with the proposed scheme 
shown in Figure 1. 

Figure 2. (a) FT-IR spectra and (b) TGA thermograms of GO, af- 
MWNTs, GM1, GM3, GM7.5, and GM15. 

The thermal stability of all samples was examined by ther-
mogravimetric analysis (TGA). As demonstrated in Figure 2(b), 
af-MWNTs start to decompose at 450 ℃, while GO exhibits a 
drastic thermal decomposition near 200 ℃, due to the presence 
of large amounts of oxygenated functionalities. Surprisingly, all 
hybrid materials show improved thermal stability regardless of 
the weight ratio between graphene and MWNTs. This can be 
attributed to the efficient restoration of the graphitic structure 
by the removal of various oxygenated groups as well as the for-
mation of imine linkage during acid-catalyzed reactions. These 
results reveal, once again, that the acid-catalyzed reaction used 
in this study is beneficial to the production of high quality gra-
phene/MWNTs hybrid materials.

Raman spectra obtained from all the powder samples are 
shown in Figure 3. The broad and strong D band at 1353 cm-1 
and G band at 1590 cm-1 were clearly observed in GO and af- 
MWNTs. The ratio of the intensity of the D and G bands (ID/IG) 

Figure 3. Raman spectra of GO, af-MWNTs, GM1, GM3, GM7.5, 
and GM15.
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can attain values up to 1.06 and 1.24 for GO and af-MWNTs, 
respectively. This is due to the large structural distortion and 
the reduction in size of the sp2 domains [16]. Similarly, all gra-
phene/MWNTs hybrid materials show D and G bands at 1352 
and 1590 cm-1, respectively, with a relatively high ID/IG ratio 
of 1.10. This indicates the presence of disordered graphitic 
structures within the hybrid materials. However, the almost iden-
tical value of the ID/IG ratio reveals that the amount of af-MWNTs 
on graphene does not introduce a noticeable amount of defects 
in hybrid materials.

SEM measurements were performed to investigate the mor-
phological and micro-structural changes during the formation of 
hybrid materials. The unique densely packed sheets of GO and 
tubular structures of af-MWNTs can be observed in Figure 4(a) 
and 4(b), respectively. The entangled MWNTs in good contact 
with the graphene sheets, in addition to the wrinkled paper-like 
structures with relatively high electron transparency, appear in 
the SEM images of the hybrid materials (Figure 4(c)-(f)). In 
addition, the quantity of MWNTs in hybrid materials is almost dis-
proportional to the weight ratio of graphene/MWNTs. Therefore, 
the SEM images clearly demonstrate that the chemically linked 
MWNTs on the graphene surface act as a spacer material to pre-
vent the undesirable coalescence of graphene sheets and it also 
facilitates the control of MWNTs content within the hybrid materials.

To investigate the electrochemical performance of hybrid ma-
terials as electrodes in supercapacitors, cyclovoltametric (CV) 
analyses were conducted in 1 M KOH solution, using a stan-
dard three-electrode cell. As demonstrated in Figure 5(a) and 
Table 2, all hybrid materials exhibit an enhanced current density 
when compared with af-MWNTs, implying a larger specific 
capacitance. In addition, the CV curves of the hybrid materials 
were of almost rectangular geometry, which implies a low contact 
resistance during CV measurements. However, a significant re-
duction in capacitance was observed in the hybrid materials 
with a lower weight ratio of graphene, i.e., GM1 and GN3. The 
limited electrochemical performance was due to the huge ir-
regular aggregation of MWNTs on the graphene layers. Interes-
tingly, the current density of the hybrid materials increased in 
proportion to the weight ratio of graphene/MWNTs, and sub-
sequently finally saturated. When the weight ratio of graphene/ 
MWNTs was 7.5/1, the highest capacitance of 132.4 F/g, at a 
scan rate of 100 mV/s, was obtained (Table 2). These enhance-
ments in the electrochemical performance of the hybrid materials 
can be attributed to their unique 3D architectures. The 3 D ar-
chitectures are composed of highly exfoliated graphene layers, 
owing to the incorporation of MWNTs through chemical linkage. 
These configurations can provide several advantages to super- 
capacitive applications, such as the fast transportation of ions 
and electrons, facilitation of electrolyte penetration, and the 
reduction of energy loss during charge-discharge. Figure 5(b) 

Figure 5. (a) Cyclic voltamograms of af-MWNTs, GM1, GM3, GM 
7.5, and GM15 in 1 M KOH solution at a scan rate of 100 
mV/s; (b) Capacitance of GM7.5 in 1 M KOH solution at 
various scan rates.

Table 2. Capacitance of af-MWNTs, GM1, GM3, GM7.5, and GM15 
in 1 M KOH solution at a scan rate of 100 mV/s.

Samples af-MWNTs GM1 GM5 GM7.5 GM15
Capacitance 

(F/g) 5.8 73.6 113.6 132.4 130.5

shows the CV curves of the GM7.5 material in 1 M KOH solu-
tion, with various scan rates ranging from 5 to 200 mV/s. The 
specific capacitance of the GM7.5 material gradually decreased 
as the scan rate increased; this observation correlates well with 
previous reports [7,8]. Moreover, the GM7.5 material demon-
strates a specific capacitance of 118.1 F/g, even at 200 mV/s. 
This correlates to a retention of approximately 72%, in com-
parison to the value at 5 mW/s. This result demonstrates the 
significant potential of hybrid materials for high rate applica-
tions in supercapacitors. 

The cyclic stability of hybrid materials as electrodes in super-
capacitors was also evaluated by operating the electrochemical 
cell at a scan rate of 100 mV/s for 5000 cycles. As shown in
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Figure 6. Stability test of GM7.5 in 1 M KOH solution at a scan rate 
of 100 mV/s. 

Figure 6, the specific capacitance of the GM7.5 material demon-
strates excellent stability during all cycles, and the retention of 
the initial capacity can reach up to 95%, even after 5000 cycles. 
This high retention value of the hybrid materials originates 
from the efficient prevention of the selling and shrinkage of the 
electrode during the charge-discharge process, owing to the highly 
stable chemical linkages between graphene and af-MWNTs in 
the hybrid materials.

4. Conclusions

We have developed a simple, but efficient method to produce 
graphene/MWNTs hybrid materials via the acid-catalyzed de-
hydration reaction between the most commonly studied GO and 
primary amine-containing MWNTs. The weight ratio between 
the GO and MWNTs in the hybrid materials was varied from 
1/1 to 15/1. A maximum capacitance of 132.4 F/g was obtained 
when the weight ratio was 7.5/1. These hybrid materials show 
not only improved capacitance but also excellent long-term 
stability. The process developed in this study provides new in-
sights into the simple synthesis of graphene/MWNTs hybrid 
structures through stable chemical linkages. Furthermore, it su-
ggests a simple and large-scale production method for high- 
quality graphene/MWNTs hybrid materials for various appli-
cations such as supercapacitors, fuel cells, and optoelectronic 
devices. 
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