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Abstract
A small external magnetic field of 0.072 T was reported to significantly influence the specific
capacitances of the supercapacitor with magnetic carbon - metal (iron, cobalt or nickel) oxides
microtubular nanocomposite fabrics as flexible electrodes. The decorated metal oxide
species and annealing method (microwave-assisted vs. conventional tubular annealing) were
discovered to play important roles in the increase or decrease of the capacitance. All the
electrodes demonstrated excellent cycling retention performances, for example, upto �350%
for nickel oxide doped carbon nanocomposite electrodes. The corresponding mechanism for the
magnetic field influence on the capacitance has been interpreted in term of a synergistic effect
of three internal resistances, solution resistance in electrolyte solution, charge transfer
resistance at electrode/electrolyte interface and leakage resistance in electric double layer
region. The applied magnetic field is able to change the solution resistance due to the
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magnetohydrodynamic phenomena as well as the electrode resistance (directly corresponds to
charge transfer resistance) by the magnetoresistance (MR) behavior.
& 2014 Elsevier Ltd. All rights reserved.
Introduction

The ever increasing demand for high-power energy resources
in hybrid electric vehicles has triggered great interest in the
development of supercapacitors due to their high power
supply, long term stability and environmental benign nature
[1]. The commercial supercapacitors usually suffer from low
energy density and poor cycling stability due to the low
electrical conductivity of electrode material and structural
damage at electrode surface owing to the insufficient toler-
ance of volume change during charge/discharge processes
[1–4]. Tremendous efforts have been made to overcome the
energy storage limitation through synthesizing new materials
and designing new capacitor configurations [5–9]. To achieve
high energy density in supercapacitors, electrode materials
are often required to exhibit large specific surface area and
high electrical conductivity. Recently, pseudoactive materials
are often integrated in electrodes to generate large redox
current during charge/discharge processes. The major theme
is to incorporate pseudoactive metal oxides [10–17] or con-
ductive polymer nanostructures [18–24] into a conductive
carbon matrix. With combined merits of pseudoactive materials
(large faradic capacitance) and carbon (high conductivity and
large specific surface area), these composite electrodes have
demonstrated an enhanced electrochemical capacitance
performance. To allow more electrolyte ions accessible to
the active sites of the electrode surface and generate larger
current density, porous or tubular-structured electroactive
materials are attracting ever increasing attention in recent
years. Most of the current methods to synthesize porous/
tubular structures rely on the template method, and various
porous nanostructures have been synthesized including Ni–
NiO core–shell inverse opals [25], mesoporous Co3O4 [26],
porous graphitic carbon [27], etc. However, this template
approach usually suffers from high cost and complicated
operations. Methods to prepare carbon based metal oxide
nanocomposites include thermal decomposition [28,29], self-
assembly [30,31], electrochemical deposition[32,33] and
layer-by-layer technique [34]. Even though the nanostruc-
tures can be well controlled from these methods, they either
are not highly efficient for scale-up production or require
multiple skillful processes for successful synthesis. Until now,
it is still a challenge to synthesize high-performance hybrid
electrode materials from a facile and cost-effective process.

Microwave with its extremely fast heating and cooling rates
has been demonstrated as a highly efficient energy source for
the preparation of organics [35] and inorganic nanostructures
[36–40]. The average microwave power absorption value or
the heating potential [41] depends on the material dielectric
property, microwave frequency, and the used electric field
intensity [42–44]. For a given reaction, the reactants and
intermediates can have different dielectric constants at
different reaction stages. Microwaves can selectively interact
with the intermediate in the transient state and overcome the
high activation energies for product formation [45,46].
Besides, the microwave heating reduces the overall thermal
gradients and thus yields more uniform products in the
reaction [47,48]. Our previous study has demonstrated the
feasibility of using microwave energy to synthesize novel
carbon/Co@Co3O4 hybrid structures for electrochemical
energy storage [41]. This facile and cost effective method is
very general and could be extended to prepare other hybrid
materials for applications in various fields [49–51].

Besides the aforementioned electrode materials, many
other factors including electrolyte, separator, and assembling
structure of the capacitor affect its final performance in
different ways. For example, organic electrolytes can provide
a larger voltage window than regular aqueous electrolytes
such as H2SO4, KOH and Na2SO4 [2]. Researchers recently
develop an asymmetrical electrode configuration using one
carbon electrode and the other pseudoactive electrode, which
gives higher energy and power density than their correspond-
ing symmetric configuration [8,52]. All the efforts trying to
improve the energy density and power density until now are
all focusing on the inside of the capacitor including new
electrode material synthesis and novel capacitor configuration
design. Our previous research reveals that external magnetic
field (MF) could enhance the capacitance of Fe2O3/graphene
nanocomposites significantly after applying a small external
MF [10]. However, it is still not clear how external MF affects
the electrochemical capacitance. It is critically important to
reveal the underlying mechanism and guide future technology
advancements in practical device applications.

Here, both conventional and microwave-assisted anneal-
ing methods are used to prepare magnetic microtubule
nanocomposites (MMNs) from widely available starting
materials of cotton fabric and inorganic salts including Fe
(NO3)3, Ni(NO3)2, and Co(NO3)2. Products noted as Fe–M,
Ni–M, Co–M and Fe–C, Ni–C, Co–C indicate that they are
decorated with Fe, Ni and Co via microwave (M) and
conventional (C) annealing, respectively. The nanostructure
morphology and crystalline structure from both processes
are comparatively investigated and their electrochemical
energy storage properties are also evaluated. More impor-
tantly, a small external MF could affect the electrochemical
properties of these 1D tubular hybrids significantly and the
behind mechanisms are revealed from both experimental
results and theoretical analysis.
Experimental

Magnetic microtubule nanocomposites preparation

The magnetic microtubule nanocomposites (MMNs) were pre-
pared as follows. First, the commercially available cotton
fabric (CF) was dried at 80 1C in a regular oven for 6 h and
immersed in 40 mL 1.0 M Fe(NO3)3, 1.0 M Ni(NO3)2 and 1.0 M



Figure 1 Photograph of (a) cotton fabric, and cotton fabric after immersing in salt solutions of (b) 1.0 M Fe(NO3)3, (c) 1.0 M Ni(NO3)2,
and (d) 1.0 M Co(NO3)2, respectively. (e) Scheme of conventional heating and microwave heating used to manufacture magnetic
microtubule nanocomposites in this work, and (f) the nanocomposite fabric still maintains its flexibility after thermal treatment.
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Co(NO3)2 solution, respectively. After 2 h, the fabric was
further impregnated at 700 mm Hg vacuum for 4 h. Then,
the impregnated cotton fabrics were taken out of the solution
and dried at 80 1C overnight. The photographs of the fabric
before and after immersing in different inorganic salts are
shown in Figure 1(a–d). Finally, the above prepared fabrics
were thermally treated using microwave and conventional
heating at 850 1C for 2 h in nitrogen atmosphere. The details
of the annealing processes refer to our previous publication
[53]. Both microwave and conventional heating schemes are
shown in Figure 1(e). More importantly, the magnetic micro-
tubule fabrics after thermal treatment still maintain its
flexibility, Figure 1(f), which can be bent over without break-
age. This is especially important for creating flexible energy
storage devices.
Structure and property characterizations

The morphology of the MMNs was characterized using
scanning electron microscopy (Hitachi S-3400 scanning
electron microscopy). The TEM was done using JEOL 2010F
with field-emission gun at 200 kV, which was equipped with
a Gatan Image Filter for elemental mapping. The images
and diffraction patterns were acquired using a Gatan Orius
CCD camera. The powder X-ray diffraction analysis of the
MMNs was carried out with a Bruker AXS D8 Discover
diffractometer with GADDS (General Area Detector Diffrac-
tion System) operated with a Cu-Kα radiation source filtered
with a graphite monochromator (l=1.5406 Å). The Raman
spectra of MMNs were measured using a Horiba Jobin-Yvon
LabRam HR Confocal Microscope with 633 nm (Laser Filter:
D 0.3) laser excitation at 1.5 cm�1 resolution. The Raman
spectrum was collected in the spectral region from 400 to
3000 cm�1 with a grating of 300 grooves/mm and confocal
pinhole of 200 μm. The compositions of all the samples were
analyzed by X-ray photoelectron spectroscopy (XPS). XPS
measurements were conducted on a Kratos AXIS 165 system.
Analysis of each sample started with a quick survey scan in
the binding energy range from 1200 to 0 eV at the pass
energy level of 40 eV to check all the possible elements
existing in the sample, followed by the high-resolution scan
of each element at the pass energy level of 160 eV to obtain
the compositional results. Both survey and high resolution
scans were carried out with a Mono Al X-ray source at the
anode of 10 kV and beam current of 15 mA. The magnetic
properties of the MMNs at room temperature were mea-
sured in a 9 T physical properties measurement system
(PPMS) by Quantum Design. Room temperature magnetore-
sistance (MR) was carried out on a compressed disk-shaped
sample with the same composition of the electrode using a
standard 4-probe technique.
Electrochemical characterization

The working electrodes were prepared by mixing 80 wt%
sample (Fe–C, Fe–M, Ni–C, Ni–M, Co–C and Co–M) powders
with 10 wt% acetylene black and 10 wt% polyvinylidene
fluoride (PVDF) binder. The loading of the active materials
on the nickel foam was calculated from the weight differ-
ence before and after loading the materials. The prepared
electrode was soaked in 1.0 M KOH solution overnight
before the electrochemical test. Electrochemical charac-
terization was carried out in a three-electrode cell using
platinum wire and Hg/HgO (SCE) as the counter and
reference electrode, respectively. 1.0 M KOH was used as
electrolyte. All electrochemical measurements were con-
ducted using a VersaSTAT 4 potentiostat (Princeton Applied
Research). Cyclic voltammograms (CV) measurements were
performed at different voltage scan rates in a range from
5 to 100 mV/s. Galvanostatic charge/discharge measure-
ments were carried out at different current density from
0.5 to 10.0 A/g. To test the electrochemical property of the
MMNs in a magnetic field, the whole electrochemical cell was
fixed between the two magnetic poles of an electromagnet



Figure 2 Microstructure of the MMNs. SEM of (a) Co–M, (b) Fe–M, and (c) Ni–M; high resolution TEM of typical individual (d) Co–M,
(e) Fe–M, and (f) Ni–M nanoparticles.
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(EM4-HVA H-Yoke, Lake Shore Cryotronics, Inc. USA). Testing
fixture refer to our previous publication [10]. The magnetic
field flux density can be controlled through tuning the
magnitude of the current. In this work, the magnetic field
strength was fixed at 0.072 T, which was measured by a Guass/
tesla meter (7010 Gauss/tesla Meter, Sypris).
Results and discussion

Figure 2(a–c) displays the SEM microstructures of Co–M, Fe–M
and Ni–M, respectively. These images clearly show that the
MMNs exhibit microtubular structure with an out-diameter
of about 10.0–15.0 μm and wall thickness of 1.0–1.5 μm. The
tube length can be easily extended to above hundred
micrometers without breakage, Figure S1(a, c and e). More
importantly, the MMNs fabrics still remain excellent flex-
ibility, which is critically important for manufacturing
wearable energy storage devices. It is observed that the
nanoparticles have been successfully synthesized and are
uniformly grown inside the carbon microtube wall as well as
adhered to the wall surface. The average nanoparticle size
for each composite is observed to be 30–50 nm. The
nanostructure morphology and crystalline structure of the
nanoparticles in each composite have been characterized
using high resolution TEM, Figure 2(d–f). In Figure 2(d), the
clear lattice fringes of 2.05 and 2.42 Å indicate the Co (111)
(PDF#15-0806) and Co3O4 (311) (PDF#42-1467) crystal
planes. Nanoparticles with core–shell structure can be
clearly observed in Fe–M, Figure 2(e), where the shell inter-
layer distance of 2.52 Å corresponds to Fe2O3 (311), and the
core interlayer distance of 2.03 Å corresponds to Fe (110)
(PDF#39-1346). Highly crystalline Ni (111) (PDF#00-004-
0850) and porous graphitized carbon (marked with dash
circle) are observed in Ni–M, Figure 2(f). All these results
confirm the efficient conversion of inorganic salt to crystal-
line magnetic nanoparticles using microwave energy. Under
conventional annealing, similar microtubule structures
could be obtained except that the Ni–C shows a much
rougher surface, Figure S1(d). These MMNs are able to offer
much larger specific surface area than the corresponding
solid structures, which allow more metal oxide nanoparti-
cles participating in the electrochemical reaction and
potentially generate larger capacitance. Besides, the tubu-
lar structure provides additional micro-channels for elec-
trolyte ions diffusion and thus facilitates the electron
transfer at the electrode/electrolyte interface. Benefits
from the hybrid structure, the carbon matrix serves as a
cushion to reduce the structural damage from the volume
change of the nanoparticles during the charge/discharge
process, and thus yields a potential long-term cycling
stability. Raman spectra show the typical D, G and 2D bands
of graphitized carbon, Figure S2, indicating the cotton fabric
has been completely converted to graphitized carbon from both
microwave and conventional annealing processes. The crystal-
line structure and oxidation states of the nanoparticles have
been further verified by X-ray diffraction (XRD, Figure S3) and
X-ray photoelectron spectroscopy (XPS, Figure S4) techniques.



J. Zhu et al.184
XRD results indicate that the Co–M and Co–C exhibit similar
cobalt (111) and (200) crystalline planes (PDF#15-0806). The
existence of Co3O4 has been verified by Raman spectra, Figure
S2(B). With regard to Fe and Ni doped composites, Fe (110 and
100) and Ni (111 and 200) crystalline peaks are observed in Fe–M
and Ni–M, respectively. Even though the oxides cannot be
clearly detected by XRD, the XPS evidence (Figure S4) proves
the existence of Fe2O3 and NiO in Fe–M and Ni–M, respectively.
Using conventional annealing, additional Fe2O3 and NiO crystal-
line peaks from XRD diffraction patterns are observed in Fe–C
and Ni–C, respectively, Figure S3(b and d).

To evaluate the performance of these hybrid electrode
architectures in supercapacitor applications, the electro-
chemical tests were carried out with a three-electrode
configuration. The electrode preparation and testing details
are provided in the Supporting information, S1.4. The same
cell configuration was then placed in a small external MF of
0.072 T to study the MF effect on the electrochemical
performance. Figure 3(a) shows the cyclic voltammograms
(CVs) of the Fe–M, Ni–M and Co–M at a voltage scan rate of
20 mV/s. The shape of the CV curves for these MMNs
indicates that the capacitive characteristic is a typical
pseudocapacitor, which is different from that of an electric
double-layer capacitor (EDLC) that exhibits a rectangular CV
curve [2]. Pairs of well-defined cathodic and anodic peaks
Figure 3 Electrochemical performance of Fe–M, Ni–M and Co–M ele
scanning rate of 20 mV/s, (b) galvanostatic charge/discharge curve
and Co–M, and (d) Nyquist plot of Fe–C, Ni–C and Co–C. Solid lines we
with the presence of MF.
are clearly observed over the entire potential range from
�0.3 to 0.5 V, Figure 3(a). Typically, Fe–M and Ni–M show
symmetric CV curve and single redox peak, indicating a
reversible reaction occurred on each electrode:

Fe2O3þ3H2O⇌2FeðOHÞ2þ2OH� ðiÞ
[54,55]

FeðOHÞ2þOH� þH2O⇌2FeOOHþe� ðiiÞ

NiOþOH�⇌NiOOHþe� ðiiiÞ
[56]

Co–M gives two redox peaks, which correspond to the
reversible reactions between different cobalt oxide states
according to the following reactions:

Co3O4þOH� þH2O⇌CoOOHþe� ðivÞ
[57,58]

CoOOHþOH�⇌CoO2þH2Oþe� ðvÞ
CV is one of the most important techniques for investi-

gating the effect of MF on redox reactions and mass
transport processes such as convection, diffusion, and
migration [59,60]. When MF is externally imposed on an
electrochemical unit, the mass transport of electrolyte at
the electrolyte/electrode interface is altered, which
ctrodes with/without MF. (a) Cyclic voltammograms at a voltage
s at a current density of 2.0 A/g, (c) Nyquist plot of Fe–M, Ni–M
re measured in normal condition and dash lines were measured
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Co–C at 290 K. Disk shaped samples were prepared by mixing
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and Co–M) powders with 10 wt% acetylene black and 10 wt%
polyvinylidene fluoride (PVDF) binder. The samples were immersed
in 1.0 M KOH electrolyte overnight before testing to mimic the real
electrochemical condition.
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changes the electrical double layer at the electrode surface
[60]. These changes are mainly attributed to the magneto-
hydrodynamic (MF generates current in a moving conductive
fluid, which in turn creates forces on the fluid and the MF)
phenomenon, which accelerates the ion transportation rate
within the electrolyte solution and the electron exchange at
the electrolyte/electrode interface [61]. The CV curves in
MF, as indicated by dash lines in Figure 3(a), show an
obviously enlarged current density of the redox peaks in
Fe–M and Ni–M. These results reveal that more electrolyte
ions transport to the electrode surface with the assistance
of the applied MF. The additional electrolyte ions are
induced by the disturbed electrolyte transport process due
to the significant interaction between MF and the electric
double layer structure [59]. A similar increased charge
transfer current within MF was also observed in a copper
deposition process [62,63]. Less obvious effect of MF is
observed on Co–M that the dash line deviates from the solid
line slightly. In addition, the anodic peaks in MF are shifted
to positive potential (Fe–M: 0.377–0.421 V; Ni–M: 0.454–
0.457 V; Co–M: 0.198–0.214 V, second anodic peak is out of
scanning potential range) while the cathodic peaks are
shifted toward negative potential (Fe–M: 0.302–0.289 V;
Ni–M: 0.299–0.285 V; Co–M: 0.307/0.03–0.283/0.026 V).
Different from the microwave annealed samples, the con-
ventionally annealed Ni–C exhibits much larger CV current
density than Fe–C, Figure S5(a). In addition, the MF even
splits a single reduction peak into two different peaks,
indicating that another oxidation product, Ni2O3, is also
formed together with NiOOH during the oxidation reaction.
The Co–C only shows one pair of redox peak and the CV
curve shape is significantly different from that of Co–M.
These unique phenomena reveal that both the annealing
method in material preparation and the applied MF during
electrochemical characterization could significantly change
the electrochemical behavior of these MMNs.

Figure 3(b) shows the galvanostatic charge–discharge
curves of MMNs measured at a current density of 2.0 A/g
within the potential range of �0.3 to 0.5 V. The discharge
curves display a small potential drop at the very beginning
of the discharge process, which was caused by the internal
resistance of the electrode [64]. The subsequent slower
potential decay demonstrates the pseudocapacitive feature
of the electrode that is responsible for longer discharge
duration. Apparently, the charge/discharge duration of
Fe–M and Ni–M is longer after applying the MF, which is
consistent with the enlarged CV area in Figure 3(a). The MF
increases the discharge time of Fe–C as expected that is
similar to Fe–M, while it surprisingly decreases the discharge
time of Co–C obviously, Figure S5(b). The charge/discharge
curve of Co–M in MF is almost overlapped with the one in
regular condition, indicating that the MF has negligible
effect on Co–M at the current density of 2.0 A/g. However,
it does not necessarily mean that the MF has negligible
influence on Co–M at other testing conditions. A systematic
study has been conducted and discussed in the following
sections.

Electrochemical impedance spectroscopy (EIS) was exam-
ined in Figure 3(c and d) to better understand the electro-
chemical behavior of the MMNs. The Fe–M and Ni–M show
much larger impedance (Figure 3c) than Co–M (inset of
Figure 3c), revealing the larger internal resistance of Fe–M
and Ni–M. This well explains their lower current density in
the CV curves than Co–M as well as their shorter discharge
durations since the low resistance is required for obtaining
higher discharge duration. With the presence of MF, the EIS
curve for each composite even shifts towards higher resis-
tance value, which is attributed to the magnetoresistance
(MR, defined as resistance change under an applied MF [65–
67]) phenomena. To study the resistance change of each
electrode after exposing to MF, the MR measurement was
conducted on electrodes, which were pre-dipped by elec-
trolyte (1.0 M KOH) to mimic the real electrochemical
testing condition, Figure 4. Since very small MF of 0.072 T
has been applied, the MR behavior at low field is more
indicative in current study. Most of the electrodes including
Fe–M, Fe–C, Ni–M and Co–M are observed to exhibit large
positive MR (resistance increases with increasing MF), the
resistance increased by upto �6% in large MF of 9.0 T. The
Co–C shows a negative MR, indicating that the resistivity
decreases with increasing MF. More interestingly, the MR of
Ni–C continuously decreases to �0.8% with increasing field
to 4.0 T. After that, MR increases gradually to positive and
reaches 2% at MF of 9.0 T. As aforementioned, low resistance
electrodes are normally required to achieve high capacitance.
It seems that the external MF is going to decrease the
capacitance since the resistance has been increased after
applying MF except for Co–C and Ni–C (at low MF). However,
the enlarged CV area and elongated discharge time (Fe–M, Fe–
C and Ni–M) reveal the enhanced capacitance with the
presence of MF. Therefore, MF may affect the electrochemical
unit in some other ways, and contributes to the capacitance
enhancement rather than MR behavior of the electrodes.

To further explore the MF effect on the capacitance, an
equivalent circuit is explored to fit the impedance spectra
with the aim to disclose the internal resistance change of
the electrochemical system upon applying MF, Figure S6.
The fitting results for the three internal resistances,
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solution resistance in bulk electrolyte Rs, electrode/elec-
trolyte interfacial charge transfer resistance Rct, and low
frequency leakage resistance Rleak (resistance of small
leakage current flowing across the double layer at the
electrode–electrolyte interface) are summarized in
Table 1. The scheme of the capacitance internal resistances
is illustrated in Figure 5(a). Without MF, the electrolyte ions
transport towards the electrode surface under an electro-
static force. While in MF, additional Lorentz force will be
applied on the moving ions transverse to the magnetic field
lines, which is also called magnetohydrodynamic phenom-
enon. Consequently, the electrolyte ions will move following
a circular pattern towards the electrode surface, which
actually brings electrolyte convection in the bulk electro-
lyte and thus reduces the Rs. The simulation results in
Table 1 further confirm this phenomenon that decreased Rs
Table 1 Simulated results of electric impedance spectra
in normal condition and in MF.

Sample Simulated internal resistance (ohm)

Rs Rs-MF Rct Rct-MF Rleak Rleak-MF

Fe–M 1.25 1.10 8.95 27.98 140.50 282.80
Fe–C 1.38 1.26 19.46 22.10 103.00 212.20
Ni–M 1.99 1.80 9.48 26.95 84.76 388.30
Ni–C 1.69 1.44 10.03 1.27 479.3 0 43.33
Co–M 1.80 1.60 1.06 1.88 1.22 0.63
Co–C 1.33 1.23 5.81 2.07 249.10 288.00

Figure 5 Schematic illustration of (a) capacitor internal
resistances include solution resistance Rs in bulk electrolyte,
leakage resistance Rleak in double layer region and charge
transfer resistance Rct at electrode/electrolyte interface, RE
is the electrode resistance and (b) internal electron transporta-
tion before and after applying a magnetic field. VE represents
the electrolyte ion transportation under electrostatic force,
VMF represents ion transportation with Lorentz force in MF, V0 is
the ion transportation under electrostatic force and Lorentz
force. The purple curvature at electrode surface represents the
double layer area. Magnetohydrodynamic, magnetoresistance
(MR), electrode resistance without MF, RE(0), electrode resis-
tance with a field H, RE(H).
has been observed in all electrodes after applying MF. This
MF induced electrolyte convection also pushes the electro-
lyte ions deeper to reach extra electrode surface areas that
are not accessible in a conventional approach, Figure 5(b).
The enlarged active surface area causes two major benefits
of (1) helping to generate larger specific capacitance of the
electrodes; (2) building up a complete double layer that
restricts free electrons passing through the double layer and
thus increasing the Rleak. This is the reason for the observed
capacitance enhancement in Fe–C, Fe–M, Ni–C and Ni–M
electrodes. Rct reflects the resistance at electrode surface,
which is closely related to the resistance of the electrode
itself (RE). Positive MR means that RE increases with
increasing MF, RE(H)4RE(0), and negative MR indicates
RE(H)oRE(0). Experimental results in Figure 4 reveal that
Fe–M, Fe–C, Ni–M and Co–M show positive MR at low field,
which is highly consistent with the simulation results of the
increased Rct after applying MF, Table 1. In addition, the two
electrodes of Ni–C and Co–C, showing negative MR at low MF,
give reduced Rct as predicted by theory. These results
confirm that the MR characteristics of the electrodes play
a significant role in interfacial charge transfer during
charge/discharge. The leakage resistance, Rleak, is much
more complex in these carbon/metal oxide pseudoactive
electrodes than that of pure carbon electrode. Two contrary
contributions are involved. One is positive contribution from
electrolyte convection that helps to build up the double
layer and thus increases Rleak. On the other side, pseudoac-
tive metal oxide involves Faradaic current passing through
the double layer during charge/discharge and therefore
decreases the Rleak. Either enhanced Rleak or reduced Rleak is
observed, Table 1, depending on a variety of factors such as
the specific surface area of electrodes, ratio of metal oxide
to carbon, pseudoactivity of the metal oxides etc.

The final capacitive performance of the electrodes is
determined by the total internal resistance and fraction of
contribution from each of the three resistance terms. Gen-
erally, after applying a small external MF, the smaller Rs, Rct
and larger Rleak are helpful to improve the energy storage
performance. In this work, the slightly reduced Rs in MF does
not account for the significant change of capacitance. The Rct
and Rleak dominate the interfacial charge carrier exchange
between electrode and electrolyte at the electrode surface.
This is especially true for pseudoactive electrodes that redox
reactions dominate the electron transfer at electrode surface.

Figure 6(a) shows the specific capacitance of each MMNs
calculated at different voltage scan rates using Eq. (1)

Cs ¼
R
idV

2�m� ΔV � S
ð1Þ

where Cs is the specific capacitance in F/g,
R
idV is the

integrated area of the CV curve, m is the mass of the
electrode material in g, ΔV is the scanned potential window
in V, and S is the scan rate in V/s. The CV curves of each
electrode at different voltage scan rates are displayed in
Figures S7–S9. Co–M exhibits relatively higher capacitance
than other materials at various voltage scan rates except
that Co–C reaches the highest capacitance of 100.0 F/g at a
scan rate of 5 mV/s. Microwave annealing helps to attain
higher capacitance of Fe and Co doped electrodes, while
conventional annealing is more favorable for producing high
capacitive Ni doped electrodes. Different from Fe and Ni



Figure 7 The Ragone plot of the nanocomposite electrode.
Circled symbols indicate the energy density–power density
maps for existing energy storage systems for comparison.

Figure 6 (a) Specific capacitance of MMNs at different voltage
scanning rates, (b) MF induced capacitance change of MMNs at
different scanning rates.
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doped MMNs where MF has significantly enhanced the capaci-
tance at different scan rates (except Ni–C at a scan rate of
100 mV/s), Co–M and Co–C show an opposite trend that their
capacitance decreases after applying MF, Figure 6(a). Figure 6
(b) illustrates the MF effect on the capacitance variation for
each material at different scan rates. Magnetocapacitance
(MC) is defined as the ratio of capacitance change after
applying a magnetic field to the capacitance without MF. MC
was used as an indicator to quantify the MF effect on
electrode capacitance that can be calculated using Eq. (2):

MC¼ CsðHÞ�Csð0Þ
Csð0Þ

� 100% ð2Þ

where Cs(H) is the capacitance obtained with an applied
external MF of H in F/g, Cs(0) is the capacitance without MF
in F/g. The Fe and Ni doped electrodes annealed form both
microwave and conventional processes exhibit similar pat-
terns that the MC increases with decreasing the scan rate.
Moreover, the microwave annealed materials (Fe–M and Ni–M)
are more sensitive to MF and the MC is much higher than the
conventional annealed materials (Fe–C and Ni–C). Noticing
that the MF even decreases the capacitance of Ni–C at a high
scanning rate of 100 mV/s, i.e., MCo0. Similar phenomena
are more obviously observed in Co–M and Co–C that MF
decreases the capacitance by less than 15% at all scan rates.
All these results indicate that the MF effect on the
electrochemical process is related to both the electrode
materials and the electrochemical testing conditions. Even
though these MMNs acquire different saturated magnetiza-
tion, coercivity and electrical conductivity, Figures S10 and
S11, a solid correlation between magnetic property and MC
performance could not be obtained.

Energy density (E) and power density (P) of the electrode
materials are calculated from Eqs. (3) and (4) [68].

E ¼ 1
2
CðΔVÞ2 ð3Þ

P¼ E
t

ð4Þ

where Cs is the specific capacitance calculated from the
charge/discharge curve in F/g, ΔV is the potential drop during
discharge in V, E is the energy of the electrode in W h/kg, and
t is the discharge time in h. All the electrode materials can be
divided into two groups, one is distributed in the double layer
capacitor region in Figure 7, typically Fe–C, Fe–M and Ni–M, the
energy density level is similar to double layer capacitor and
can be increased after applying MF. The other group, Ni–C,
Co–M and Co–C, obtains an energy density larger than double
layer capacitors and ultracapacitors. While Ni–C exhibits a
tremendous energy drop at high power density, indicating its
unstable rate performance [69,70]. The high power density is
attributed to the fast kinetic reaction between electrolyte
ions and electrode, which arose from the hollow tubular struc-
ture of the nanocomposites that permits a fast diffusion of
electrolyte ions to reach the active sites and provides a short
diffusion distance to accelerate the reaction. The experimen-
tal results were compared with data from other energy
storage units such as lead-acid battery, double layer capaci-
tors, ultra capacitors and conventional capacitors, Figure 7
[68,71]. The Ni–C, Co–C and Co–M electrodes demonstrate
much higher energy density than double layer capacitors, ultra
capacitors and comparable to lead-acid batteries, but signifi-
cantly larger power density than batteries. Besides, the



Figure 8 Cycling stability of (a) Fe–C, Ni–C and Co–C, (b) Fe–C, Ni–C and Co–C in MF, (c) Fe–M, Ni–M and Co–M, (d) Fe–M, Ni–M and
Co–M in MF.
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economic raw materials, facile processing technique and
satisfactory capacitance performance make these nanocom-
posite electrodes advantageous over others in terms of
manufacturing cost and long term stability. These results
suggest a promising electrode material that may lead to a
new class of energy storage devices.

The long-term cycling stability of the electrode materials is
another critical requirement for practical applications.
Figure 8(a and c) depicts the capacitance retention as a
function of the cycle number at a current density of 2.0 A/g
for upto 1000 cycles. The cycling performance of the electro-
des with MF is also studied to determine how the MF affects
the energy storage property in the long term, Figure 8(b and
d). All the electrodes show three major retention phenomena:
(1) retention increases with increasing the cycle number, for
example, Fe–C, Fe–M and Ni–M; (2) retention increases initially
to a maximum value and then decreases gradually with
increasing the cycle number, Ni–C; (3) retention decreases
with increasing the cycle number, such as Co–C and Co–M. The
observed retention increase in Fe–C, Fe–M and Ni–M is
attributed to the gradual activation (oxidation) of the electro-
active materials. The oxidized FeOOH and NiOOH are amor-
phous, where OH� ions could easily penetrate into the inner
area of the magnetic particles [72]. Therefore, more metal
components will be oxidized to active metal oxides, which
allow more oxides participate in the reaction and lead to
larger capacitance. Similar activation phenomenon has also
been observed in NiCo2O4 [73]. The metal oxidation of Fe–M
after cycling test has been evidenced by the selected area
electron diffraction (SAED) patterns as revealed in Figure 9(a
and b). The SAED pattern clearly indicates the Fe(110) and Fe
(220) crystal planes before cycling, Figure 9(a). After cycling,
the SAED pattern shows extra Fe2O3 crystal planes (211), (430)
and (444) together with Fe(110) plane, Figure 9(b), revealing
an obvious oxidation after 1000 charge/discharge cycles. This
result has also been confirmed by energy filtered TEM results,
Figure S12(a–c), where oxidation occurs from upright site of
the particle and then diffuses to lower left. Meanwhile, it is
observed that the retention curve increases continuously and
seems unsaturated even after 1000 cycles, which is due to the
good protection of carbon shell that prevents the direct
contact of metal part and electrolyte ions, Figure 9(c) and
Figure S12(d–f). Ni–C shows interesting retention saturation
at cycle number of around 500 and then retention decrease
afterwards, Figure 8(a). This result indicates that the pure
Ni metal part of the nanoparticles has been completely
oxidized after 500 cycles and then degradation occurs due
to the structural damage during charge/discharge, Figure
S13(b). Even though, the retention is still maintained above
200% after 1000 cycles. Co–M and Co–C show only retention
decrease, Figure 8(a and c). As mentioned above, two
reversible reactions are involved during redox reaction,
where CoOOH served as an intermediate between Co3O4

and CoO2. Even though the CoOOH is still penetrable to the



Figure 9 Selected area electron diffraction pattern of Fe–M (a) before cycling and (b) after 1000 cycling test. HRTEM of (c) Ni–M
and (d) Co–M after 1000 cycling tests.
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OH� ions and allows the oxidation occur, the oxidation
product is mainly non-electroactive Co2O3, Figure 9(d). In
other words, the oxidation product does not contribute to
the performance enhancement. On the contrary, the formed
Co2O3 sacrifices the conductivity of the electrode. There-
fore, only retention decrease has been observed.

With the existence of MF, the retention performance of
each electrode has been changed but following the
same pattern as the one without MF. Fe–C and Fe–M show
larger retention of 176% and 137% with MF at 1000th cycle
than that of 160% and 123% without MF, respectively.
While for Ni–C and Ni–M, the MF slows down the oxidation
process. Maximum saturation retention of 350% (same as the
value without MF) is observed in Ni–C with MF, but the
saturation peak delays to the 800th cycle. After that, similar
retention degradation appears but with a higher retention
value of 300% than 200% for the Ni–C under normal condition
at 1000th cycle. Slower oxidation is also observed in Ni–M
that the retention at 1000th cycle reaches 189% with MF,
which is relatively smaller than that of 202% without MF. Co–
M (487%) acquires much larger retention as compared to Co–
C (o76%) with MF or without MF. Especially, MF helps to
further increase the retention of Co–M from 87% to 95%.

Conclusions

In conclusion, a new and cost-effective strategy has been
successfully developed to produce flexible magnetic
microtubule nanocomposite fabrics for supercapacitor
electrode applications. The hybrid structural design concept
is very general and can be readily applied to other materials,
such as manganese oxide, ruthenium oxide, to build nano-
and micron- hybrid structures with high capacitance perfor-
mance, which will be promising for a large spectrum of
energy device applications. MF could either increase or
decrease the capacitance of electrodes, depending on the
interplay between MF and capacitor internal resistances.
Electrodes prepared from microwave assisted annealing show
higher magnetocapacitance and capacitance retention than
the ones prepared from conventional annealing. Magnetic
field induced magnetohydrodynamic phenomena in bulk
electrolyte and magnetoresistance behavior of electrode
are the main reasons for the tuned solution resistance and
charge transfer resistance. In this work, a small external MF
induced capacitance enhancement of upto �70% has been
revealed in nickel oxide doped carbon nanocomposite fab-
rics. This phenomenon promises a significant impact of this
discovery in the energy storage field.
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