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Cyclic voltammetric performance of magnetic graphene composites expanded at 90, 900 and 2000 °C and their
composites with polyaniline and carbon dots was monitored under external magnetic ﬁelds at maximum 1191
Gauss generated from 7 A current supply. These composites showed the enhanced performances accompanied by
the increase of magnetic ﬁeld strength. The enhancement of the capacitance was further achieved, when iron
oxide nanoparticles were further added on magnetic graphene composites, when polyaniline was in-situ combined with magnetic graphene composites or when carbon dot was hydrothermally loaded on magnetic graphene composites. These results clarify the remarkable eﬀect of the external magnetic ﬁeld on the electrochemical performance of magnetic graphene composites. This research should oﬀer a breakthrough on the
adoption of the magnetic ﬁeld in energy science and technology.

1. Introduction
Nowadays magnetic nanoparticles play very important roles in
many ﬁelds. Especially, the use of magnetic nanoparticles is remarkable
in medical ﬁelds including drug delivery systems [1], magnetic resonance imaging [2–4], hyperthermia [5], computed tomography,
tissue engineering and other techniques [6]. The use of the magnetic
properties in these medical techniques enables an accurate sensing,
diagnosis and treatment of many diseases [7]. Moreover, in the industrial applications, chemical sensor [8], catalysis [9], data storage
[10], recycling and water puriﬁcation [11] are among chief applications of the magnetic nanoparticles. Besides, the magnetic materials
have successfully contributed to existential applications including telephone systems [12], magnetic cards and maglev vehicles. Nevertheless, they are still out-of-focus elements for the energy-related applications except a few cases [13] and thus their common usage on
energy systems is challengeable due to their less conductivity compared
to rare earth metals [14]. However, when the magnetic materials are
hybridized with graphene-based carbon materials, the composite can
exert high performance for supercapacitor [15].
We have exfoliated the FeCl3-graphite intercalation compounds
(GIC) by means of alkyl amine, followed by rapid heating at 900 °C in

air and then 2000 °C in argon atmosphere [16–18]. The obtained nondefective graphene sheets displayed the capacitance properties contributed by the degree of exfoliation. Meanwhile, the as-prepared graphene sheets possessed superparamagnetic properties due to the remaining iron oxide nanoparticles and thus this character might be
useful to raise electrochemical properties under the magnetic ﬂux. Up
to now, there is only one report where an external 720 Gauss of magnetic ﬁeld was applied on graphene and magnetic graphene composites
[19].
Herein, cyclic voltammetric (CV) investigations were performed for
thermally exfoliated magnetic graphene composites with the superparamagnetic properties derived by coexisting iron oxide nanoparticles
under the addition of suitable external magnetic ﬁelds. Then, the
electrochemical performance of magnetic graphene composite is expected upon applying external magnetic ﬁeld. Moreover, magnetic
graphene composites were hybridized with conductive polymer (polyaniline, PANI), carbon dots and Fe3O4 nanoparticles and investigated
under the external magnetic ﬁelds. These investigations will provide a
very simple, easy and eﬀective way for enhancing the capacitance
performance of the magnetic graphene composites.
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2. Experimental section
2.1. Reagents and instruments
Indium tin oxide (ITO) glass was purchased from Uni-Onward Co.
Polyvinylidene ﬂuoride was a product from Sigma Aldrich. N-methylpyrrolidone, aniline, ammonium persulfate, citric acid and ethylenediamine were purchased from Acros organics. FeCl3·6H2O, FeCl2·4H2O,
and an ammonia solution were purchased from Sigma Aldrich, Alfa
Aesar and Fisher scientiﬁc, respectively. All materials were used as
provided.
Morphological images were captured by ﬁeld emission scanning
electron microscopy (FE-SEM) (JEOL JSM6500F) at an accelerating
voltage of 10 kV. The spacemen were sputtered by platinum nanoparticles before the measurement to allow better resolutions. The nitrogen adsorption-desorption isotherms were examined using BELSORB
MAXI, Japan. The samples were degassed at 300 °C for 3 h under vacuum condition prior to measurement.
2.2. Preparation of composites
Exfoliated magnetic graphene compounds are same as previously
synthesized and characterized ones: The product by amine-exfoliation
of stage-1 FeCl3-GIC [16] was named G-90, the heat-exfoliated product
at 900 °C from G-90 [17] was called G-900 and G-900 heated at 2000 °C
under inert atmosphere was termed G-2000 [18]. G-90, G-900 and G2000 included iron components of 20, 40, and 10 wt%, respectively.
Aniline was in-situ polymerized on G-900 as the previous report
[17]. Brieﬂy, aniline was dispersed in ethanolic 1.0 M H2SO4 solution,
G-900 and ammonium persulfate were then added to the dispersion and
stirred for one day. The product named as G-900-PANI was ﬁltered,
rinsed by ethanol and dried overnight in vacuum at 50 °C.
G-900 (8 mg) was mixed with citric acid (800 mg) and ethylenediamine (400 µl) in water (50 ml). The mixtures were respectively heated at 183 °C for 16 h in an autoclave [20–22]. The product was ﬁltered, washed, and dried in oven at 60 °C for 1 h. The products were
named G-900-Cdot. The characterization of carbon dot was performed
in the previous works [20–22].
G-90 (45 mg) were mixed with iron(III) chloride hexahydrate
(140 mg) and iron(II) chloride tetrahydrate (70 mg), stirred in ethanol
at room temperature for 2 h, followed by rapid addition of an ammonia
solution to the mixture. The color of the reacting dispersion turned
black once ammonia was added. The dispersion was continuously
stirred for one day. The product was named G-90-Fe.
As-synthesized graphene-based materials and the synthesis routes
are drawn in Scheme 1.

Scheme 1. A roadmap of synthesis of graphene-based composite materials.

The magnetic ﬁeld was generated via small DC batteries that provide a stable and ﬁne DC current. The battery was connected to a solenoid coil with a known ﬁxed cycle number and length (65 cycle and
480 cm length). Diﬀerent current batteries were equipped on the same
coil. The coil was directly placed on the top of the electrochemical cell
(Scheme 2). The magnetic ﬁeld was applied simultaneously with CV
measurement. The magnetic ﬁeld was generated from diﬀerent DC
current supplies at 3, 5, 6, 6.5, 7 A, corresponding to 510, 850, 1020,
1106, 1191 Gauss, respectively. The calculation of the magnetic ﬂux
density H was based on an equation H = µ(IN)/L, where µ is the
magnetic permeability constant, I is the applied current, N is the
number of cycles of the solenoid and L is the length of the wire in the
circuit. In this equation, if the coil is ﬁxed, the magnetic ﬁeld strength is
mainly dependent on the applied current and, therefore, the applied
current can be described instead of the magnetic ﬁeld strength. The
measurement was performed at room temperature and atmospheric
pressure.

2.3. CV measurements under magnetic ﬁeld
CV measurement was performed on a Zahner Zennium E electrochemical workstation. The working electrodes were prepared by mixing
as-synthesized graphene-based composites (20 mg) with polyvinylidene
ﬂuoride (2.0 mg) in suitable amount of N-methylpyrrolidone. The
mixture (slurry) was stirred, homogenized and dried on the ITO substrate [17,18].
The CV curves were measured in an aqueous electrolyte (1.0 M
NaCl) solution at room temperature using a three-electrodes system
with Ag/AgCl as a reference electrode and a platinum foil as a counter
electrode. The cycling range was between −1.0 and 1.0 V, and the scan
rates were varied from 5 mVs−1 to 30 Vs−1.
The capacitance (C) was calculated according to the equation of
C = i/s, where i is the average current density in Ag−1 unit and s is the
sweep rate in s unit. The current density was calculated as the integration of area of CV curve. The values of current density and capacitance were normalized by the mass of the graphene-based composites,
which were 1.0 ~ 1.5 mg on the 1.0 × 0.5 cm2 ITO electrode.

Scheme 2. An electrochemical cell equipped with magnetic ﬁeld.
2
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Fig. 1. CV curves for G-90 under (a) 0 A, (b) 3 A, and (c) 7 A current supplies. Scan rates were 5 mVs−1 to 6 Vs−1 for (a) and 5 mVs−1 to 30 Vs−1 for (b) and (c). (d)
Speciﬁc capacitances at diﬀerent current supplies as a function of scan rate.

capacitance (90 Fg−1 at 5 mVs−1) of G-2000 without applying any
external magnetic ﬁeld [18], the capacitance at the same scan rate
achieved 130, 153 and 469 Fg−1, upon applying 3, 5 and 6 A, respectively (Fig. 2c). These results indicated 144, 170 and 521% increase,
respectively, compared to the result for G-2000 without applying
magnetic ﬁeld.
The electrochemical performance under the eﬀect of the magnetic
ﬁeld has been reported by Zhu et al. [19], who have applied the
magnetic ﬁeld through a sophisticated instrument to allow a stable
current ﬂow and obtained the capacitance values of 50 Fg−1 at scan
rate of 2 mVs−1 for the electrode consisting of iron oxide nanoparticles
anchored on the functional groups of graphene oxide. The magnetic
nanoparticles allow the eﬀect of the external magnetic ﬁeld on the
electrochemical cell. Herein, the external magnetic ﬁeld was applied
through a homemade electric circuit connected to a known solenoid
coil, which provided a cheap and eﬀective magnetic ﬁeld supply.
Moreover, the graphene (G-90, G-900 or G-2000) used in the present
investigation does not have any defects or functional groups, and the
iron oxide nanoparticles existed within the graphene layers. This stable
coexistence allows the composite to be more durable and eﬃcient for
energy storage and provides better performance and stability under a
severe magnetic ﬁeld condition.

3. Results and discussion
3.1. Eﬀect of external magnetic ﬁeld on cyclic voltammetry of exfoliated
magnetic graphene composites
CV curves of G-90 were measured under magnetic ﬁelds from 0, 3,
5, 6 and 7 A current supplies. CV curves of G-90 without magnetic ﬁeld
showed both electric double layer capacitance (EDLC) and pseudocapacitor (PC) proﬁles in the range of −1.0 ~ 1.0 V with a minor PC
performance at −0.5 ~ 0 V in all investigated scan rates
(5 mVs−1 ~ 6 Vs−1) (Fig. 1a). This PC performance became dominant
with increasing the applied magnetic ﬁelds up to 7 A current supply as
illustrated in Fig. 1b, c. Hence speciﬁc capacitance values were increased by increasing the applied current as seen in Fig. 1d, where the
speciﬁc capacitances calculated from CV curves at diﬀerent current
supplies are plotted as a function of scan rate.
It should be noted that the speciﬁc capacitance at 7 A was remarkably higher than those at lower current supplies (Fig. 1d). In details, the speciﬁc capacitance at 5 mVs−1 was only 5 Fg−1 before applying magnetic ﬁeld, but it reached 8, 12 and 30 Fg−1 in response to
applied magnetic ﬁelds at 3, 5 and 6 A current supplies, respectively.
Furthermore, it drastically increased to achieve 204 Fg−1 upon applying 7 A. That is, the applied magnetic ﬁelds increased the CV performance, being directly proportional to increase the speciﬁc capacitance.
Further examination of CV behaviors under magnetic ﬁeld was
performed for heat-exfoliated magnetic graphene composite (G-2000)
(Fig. 2a, b). The applied magnetic ﬁeld (3, 5 and 6 A) was eﬀective on
increasing the CV performance and generating the EDLC character superior to the PC property, being diﬀerent from a case of G-90. At the
same time, the applied magnetic ﬁeld eﬃciently increased the achieved
CV area at all investigated scan rates (5 mVs−1 ~ 30 Vs−1) at diﬀerent
applied magnetic ﬁelds. These enhanced performances can be shown
through the more quadrangular CV shapes at higher magnetic ﬁeld and
higher scan rate with a stable electrode eﬃciency. Against the speciﬁc

3.2. Eﬀect of external magnetic ﬁeld on cyclic voltammetry of exfoliated
magnetic graphene composites with additives
Exfoliated magnetic graphene composites were hybridized with
additives such as Fe3O4 nanoparticles, conductive polymers and carbon
dots, and the CV performance of the hybrids under the external magnetic ﬁeld were compared, since the synergetic eﬀect of polyaniline on
carbon material and the enhancement of iron-based nanoparticles and
carbon dots on supercapacitor have been reported [20,21].
G-90 was hybridized by depositing additively iron oxide nanoparticles. Under diﬀerent magnetic ﬁelds, the CV curves of an obtained
composite (G-90-Fe) showed at least two-pair redox peaks dominated
3
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Fig. 2. CV curves for G-2000 at scan rates of 5 mVs−1 to 30 Vs−1 under (a) 0 A
and (b) 6 A current supplies. (c) Speciﬁc capacitance at diﬀerent current supplies as a function of scan rate.

Fig. 3. CV curves for G-90-Fe at scan rates of 5 mVs−1 to 30 Vs−1 under (a) 0 A
and (b) 6 A current supplies. (c) Speciﬁc capacitance at diﬀerent current supplies as a function of scan rate.

by the PC behavior (Fig. 3a, b). During the charge/discharge cycles,
redox peaks at higher potential were diminished and redox peaks at
lower potential became predominant. These two pairs may originate
from two types of magnetite; One is incorporated on the process of the
synthesis of graphene from FeCl3-GIC and another is additionally incorporated to prepare G-90-Fe. While G-90-Fe without the addition of
any magnetic ﬁeld achieved the speciﬁc capacitance of 116 Fg−1 at
5 mVs−1, the capacitance under the magnetic ﬁeld reached 320, 525,
560, 590 Fg−1 at the same scan rate under 3, 5, 6 and 6.5 A current
supplies, respectively (Fig. 3c). These results indicate the predominant
eﬀect of the magnetic ﬁeld on the magnetite-rich composites in comparison of the pristine magnetic graphene composites. In other words,
the higher content of magnetite drives the higher eﬃciency of the
magnetic ﬁeld.
The hybrid of G-900 with PANI achieved an eﬃcient performance of
speciﬁc capacitance of 253 Fg−1 at 5 mVs−1 [17], and this capacitance
was 6 times higher than that (42 Fg−1 at 5 mVs−1) of pristine G-900
[17]. Under the magnetic ﬁeld from 7 A current supply, the CV curves
of G-900-PANI were quite similar to those of G-900 and displayed rather EDLC feature at all investigated scan rates (5 mVs−1 ~ 30 Vs−1),
and the achieved capacitance value of the composite was almost double
(525 Fg−1 at 5 mVs−1) compared to it without magnetic ﬁeld (Fig. 4). It

is estimated that the magnetic nanoparticles embedded in the G-900
agitate the eﬀect of the magnetic ﬁeld to reach the capacitance performance in addition to the enlargement of capacitance by conductive
PANI. Although the addition of PANI (PC material) to graphene-based
compound (EDLC material) has been reported to enhance the capacitance [17,20], it was proved in the present work that the capacitance
can be further enhanced under the magnetic ﬁeld.
Because carbon dot is an allotrope of graphitic carbons and possesses the quantum character, carbon dot is eﬀective for enhancing the
biomedical, chemical and physical properties [20–22]: The addition of
carbon dot decreased the band gap of semiconductive materials and
intensiﬁed the capacitance of conductive polymers. Alternatively, G900 was hybridized with carbon dot and investigated its CV curves
(Fig. 5). The achieved CV curves of G-900-Cdot showed the eﬃcient
capacitance activity at all investigated scan rates (5 mVs−1 ~ 5 Vs−1).
The CV shapes were identical with the EDLC-major shape at 0 A current
supply but added the PC feature with increasing the applied magnetic
ﬂux (Fig. 5a, b). Moreover, the capacitance values reached 67, 73, 165,
200 and 225 Fg−1 at 5 mVs−1 under 0, 3, 5, 6 and 7 A current supplies,
respectively. These capacitance values indicated the eﬀect of the external magnetic ﬁeld on the electrochemical performances. The speciﬁc
capacitance values at 5 mVs−1 for all composites examined in this work
4
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Fig. 4. (a) CV curves for G-900-PANI at scan rates of 5 mVs−1 to 30 Vs−1 under
7 A current supply. (b) Speciﬁc capacitance at a 7 A current supply as a function
of scan rate.

are listed in Table 1 and displayed graphically in Fig. 6.
In addition, the columbic (faradaic) eﬃciency of G-90, G-2000 and
G-900-Cdot under the magnetic ﬁeld was investigated at 20 Ag−1 for
9000 cycles (Fig. 7). The stability of G-90 under 7 A reached 99%, and
G-2000 achieved 96% under 6 A. Moreover, even G-900-Cdot at 6 A
achieved the capacitive retention of 95%. All these results conﬁrm the
stable contribution of the magnetic ﬁeld on the electrochemical performance of magnetic graphene composites.
The charge transfer rate studies were tested through the electrochemical impedance spectroscopy (EIS). The EIS curves (Fig. 8) of the
magnetic materials on ITO glass were investigated within the frequency
range 100 mHz to 100 kHz at the open circuit potential and 5 mV as an
amplitude. It should be noticed that the semi circuit region indicates the
electron transfer resistance of the material [20,21]. This phenomenon
was clearly observed in G-900, G-900-PANI and G-900-Cdots, whereas
G-90 and G-90-Fe didn't show such behavior and the behavior of G2000 was between two cases. The simulation circuit composed of four
elements of the series resistance (Rs), the charge-transfer resistance
(Rct), the electrical double-layer capacitance (Cdl), and Warburg diﬀusion impedance (Wd), as displayed in the inset of Fig. 8. The values of
series resistance and charge transfer resistance are listed in Table 1. The
values of the electron transfer resistance were higher in the order of G90, G-900 and G-2000 and the additives increased the electron transfer
resistance. These results indicate that the charge transfer rate of the
present magnetic materials is inverse of their electrochemical performances. Thus, the motivation for enhancing speciﬁc capacitance should
be another factor except the charge transfer. The variation of series
resistance was also independent of the variation of the electrochemical
performance, although the additives on G-90 or G-900 decreased the
series resistance, indicating the faster charge transfer and thus the affecting on the capacitance increase.
The morphologies of magnetic compounds were examined through
FE-SEM (see Fig. 9). While G-90 is a plat sheet [16] and Fe3O4 is a
spherical particle of around 9 nm size, the images of G-90-Fe showed a
granular structure of 300–500 nm. Granules may be formed from Fe3O4

Fig. 5. (a) CV curves for G-900-Cdot at scan rates of 5 mVs−1 to 5 Vs−1 under
(a) 0 A and (b) 7 A current supplies. (b) Speciﬁc capacitance at diﬀerent current
supplies as a function of scan rate.
Table 1
Lists of speciﬁc capacitances under the diﬀerent applied current supplies, capacitance retention, resistance and speciﬁc surface area of composites.
Material

Speciﬁc capacitance
(Fg−1) at 5 mVs−1
0A
3A
5A
6A
6.5 A
7A
Capacitance retention
(%)
series resistance (Ω)
Charge transfer
resistance (Ω)
Speciﬁc surface area
(m2g−1)

G-90

G-90-Fe

G-900

G-900PANI

G-900Cdot

G-2000

5
8
12
30
–
204
99 (at
7 A)
76.9
17.7

116
320
525
560
590
–

42
–
–
–
–

253
–
–
–
–
521

67
73
165
200

26.2
19.5

48.5
18.3

120.5
84.0

225
95 (at
6 A)
35.8
35.7

90
130
153
469
–
–
96 (at
6 A)
36.6
32.5

0.5

4

17

24

40

53

particles wrapped with G-90 sheet. However, G-900-PANI maintained
the obvious sheet structure alike G-900, although the pristine PANI took
an amorphous structure [20]. PANI should have preferably stuck to a
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Fig. 8. Electrochemical impedance spectroscopy (EIS) of the magnetic compounds. Inset is the Randles Cell.
Fig. 6. Graphical display of speciﬁc capacitance of composites at 5 mVs−1
under the applied current supplies.

Fig. 7. Capacitance retention at 20 Ag−1 for G-90 at 7 A and G-2000 and G-900Cdot at 6 A.

graphene sheet. Thus, this morphology variation after combined with
Fe3O4 or PANI may be involved to the electrochemical performances
and allow the enhanced capacitance under the applied magnetic ﬁelds.
The N2 adsorption-desorption isotherms are plotted in Fig. 10. The
isotherms of G-90-Fe, G-900-PANI and G-900-Cdot showed a nonporous structure of type II similar to G-90 and G-900 [17], and their
surface areas reached 4, 24, and 40 m2g−1, respectively. Thus, the
addition of Fe3O4, Cdot and PANI increased the speciﬁc surface area,
conﬁrming the contribution of speciﬁc surface area to the enhancement
of speciﬁc capacitance.

Fig. 9. FE-SEM images of (a, b) G-90, (c, d) G-Fe-90, (e, f) G-900 and (g, h) G900-PANI.

developed to achieve the best result using homemade DC current source
connected to a speciﬁc solenoid coil of known parameters. Upon applying external magnetic ﬁeld, the electrochemical performance of
magnetic graphene composite was noted. It was found that all magnetic

4. Conclusions
An external magnetic ﬁeld was applied on electrochemical cells of
iron oxide-composited graphene composites. This technique was
6
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Fig. 10. N2 adsorption-desorption isotherms of G-90-Fe, G-900-PANI and G900-Cdot.

graphene composites showed a distinct enhancement under the eﬀect of
the magnetic ﬁeld. The development under 7 A current supply reached
40 times higher capacitance value at 5 mVs−1 for G-90 than the pristine
value without magnetic ﬁeld due to the existence of the magnetic nanoparticles. Similarly, the achieved capacitance was drastically increased to reach 521% for G-2000 at 5 mVs−1 under 6 A against
without magnetic ﬁeld. Moreover, when G-900 were hybridized with
carbon dot and the 6 A energy supply was applied, the achieved capacitance reached 200 Fg−1 at 5 mVs−1. These results visibly showed the
strong eﬀect of the magnetic ﬁeld to enhance the electrochemical
performance of magnetic graphene composites.
It is well-established that the magnetic ﬁeld could enhance the energy state of the electrons [23]. Hence, the electron transportation
capability will be enhanced and the EDLC resulting from graphene will
be improved [24]. In other words, the external application of magnetic
ﬁeld allows the enhancement of the EDLC performance. This enhancement is expected to be caused by the higher exfoliation of graphene layers, leading to the expanded area for electron transportation
and enhancing the PC eﬀect, since iron oxides are exposed to the larger
electron-transporting area [25]. Thus, the applied high magnetic ﬁeld
plays a role of facile electron transport, which allows easy accessibility
of the electrolyte ions to the electrode through graphene. These results
introduce new methods for enhancing the electrochemical properties of
magnetic composites under the eﬀect of an external magnetic ﬁeld in
energy storage applications. In addition, this idea can provide a useful
hint for new creative applications of magnetic ﬁeld in various nanotechnologies.
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