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a binder-free electrode for high performance
supercapacitors†

Hai Wang, *ab Xingping Xua and Anne Nevilleb

Transition metal oxide (TMO) nanomaterials with regular morphology have received widening research

attention as electrode materials due to their improved electrochemical characteristics. In this study we

present the successful fabrication of an Fe3O4/TiO2 nanocomposite grown on a carbon cloth (Fe3O4/

TiO2@C) used as a high-efficiency electrochemical supercapacitor electrode. Flexible electrodes are

directly used for asymmetric supercapacitors without any binder. The increased specific surface area of

the TiO2 nanorod arrays provides sufficient adsorption sites for Fe3O4 nanoparticles. An asymmetric

supercapacitor composed of Fe3O4/TiO2@C is tested in 1 M Na2SO3 electrolyte, and the synergistic

effects of fast reversible Faraday reaction on the Fe3O4/TiO2 surface and the highly conductive network

formed by TiO2@C help the electrode to achieve a high areal capacitance of 304.1 mF cm�2 at a current

density of 1 mA cm�2 and excellent cycling stability with 90.7% capacitance retention at 5 mA cm�2 after

10 000 cycles. As a result, novel synthesis of a binder-free Fe3O4/TiO2@C electrode provides a feasible

approach for developing competitive candidates in supercapacitor applications.
1. Introduction

Energy storage devices which provide a clean and efficient
energy source have been extensively explored in recent years to
meet the needs of sustainable development. Converting
renewable energy (such as wind energy, solar energy, etc.) into
electrical energy is an efficient and convenient energy storage
strategy.1 Electrochemical capacitors, also known as super-
capacitors (SCs), are energy storage devices integrated in
rechargeable batteries and conventional capacitors.2,3 SCs have
drawn signicant attention for their advantages of higher power
density, faster charge/discharge and good cycling stability and
can be widely used in electric vehicles, renewable energy power
generation systems, aerospace and other elds.4–6 SCs have
become one of the most important energy conversion and
storage systems in renewable and sustainable nanotechnology
ineering, China University of Petroleum
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in recent years. Electric double-layer capacitors (EDLCs) repre-
sented by carbon-based materials (MWCNT, rGO, AC, etc.)
physically store charges via reversible ion adsorption on
electrode/electrolyte interfaces for energy storage.7–10 Enhanced
specic surface area, low cost and compatibility with various
electrolytes make EDLCs suitable candidates for commercial
supercapacitors. In order to achieve higher capacitance than
EDLCs, electrochemically active materials are also developed
for supercapacitors applications, which are categorized as
pseudocapacitors (PCs).11,12 Different from the non-Faraday
process on the EDLC surface, PCs relay on reversible faradic
oxidation–reduction reactions at active sites to accumulate
pseudo-capacitance for energy storage. Due to the existence of
multiple redox states, transitions such as NiOX, RuO2, MnO2

and TiO2 have shown immeasurable potential in the exploita-
tion of electrode materials for PCs owing to high specic
capacitance, low internal resistance and exibility in shape
management.13–16 Among them, nanosized magnetite (Fe3O4) is
one of the promising materials that has potential prospects in
applications such as high-efficiency sodium-ion batteries (SIBs)
and supercapacitors.17,18 Apart from Fe3O4, titanium dioxide
(TiO2) has been recognized as a promising alternative for elec-
tronic applications due to its advantages of low cost, low
toxicity, natural abundance and chemical stability.19–21 Addi-
tional efforts towards increasing the exposed area and achieving
better electrochemical performances have been made to take
full advantages of TiO2. To address this issue, one-dimensional
RSC Adv., 2021, 11, 23541–23549 | 23541

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra04424a&domain=pdf&date_stamp=2021-07-03
http://orcid.org/0000-0001-6526-3993
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04424a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011038


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/9
/2

02
6 

1:
46

:4
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(1D) nanostructured TiO2 with a larger surface area and more
active sites could provide the electrode framework with an
optimal ion diffusion path through the electrolyte and into the
solid center, thereby reducing internal resistance and
improving pseudo-capacitance performance.22–24 Homogeneous
and vertically arranged nanorods have many advantages in
energy storage applications. Raj25 reported the optimization of
carrier density of the TiO2 nanotube electrodes for super-
capacitor applications with an ultra-high carrier density of 2.73
� 1022 cm�3, and a remarkable area capacitance of 20.09 mF
cm�2 was observed at the discharge rate of 0.1 mA cm�2. Gu26

deposited TiO2 nanowires (TiO2@CC) arrays on carbon cloth
using a solution-based technique at 80 �C and in an open
atmosphere. The high specic surface area and good pore
structure give the TiO2@CC electrode an areal capacitance of
1204.8 mF cm�2. Moreover, the TiO2@CC supercapacitor also
shows good stability and exibility. Wang27 synthesized TiO2–

C@polyaniline (PANI) exible electrode on the surface of
carbon cloth (CC), in which TiO2–C nanowire array (NWAS) was
used as a supporting framework to enhance the mechanical
stability and PANI coated TiO2–C NWA helped form a core–shell
structure. TiO2–C@PANI has a remarkable capacitance of 1818
F g�1 at current density of 1 A g�1 and a capacity retention of
80% aer 5000 cycles. Combining the superior advantages of
TiO2 nanorod arrays with other components in manufacturing
Metal–Organic Framework (MOF) or Covalent Organic Frame-
work (COF) proves to be an effective way to improve capacitance
strategically. Although there have been research reports on the
combination of Fe3O4 and TiO2 nanorod arrays, few research
has been focused on improving their electrochemical perfor-
mance. On the other hand, particle agglomeration and limited
ion diffusion movement are still the main reasons restricting
the utilization of Fe3O4/TiO2 materials in energy storage
applications.

Herein, we report the in situ preparation of a 3D inter-
connected Fe3O4/TiO2@C porous structure for supercapacitor
electrodes on a carbon cloth substrate by hydrothermal and
chemical deposition, in which TiO2 nanorod arrays are grown
vertically on a carbon cloth by hydrothermal method and then
immersed in FeCl3 solution and calcined in a mixture of Ar and
H2. Nano-sized Fe3O4 grows on the dendrite of TiO2 micro-
owers and forms a conductive network between TiO2–C
nanowires. TiO2 nanorods with a diameter of 100 nm are
assembled into porous micro-owers which induces TiO2

nanorods to vertically grow on substrate. Investigations on the
morphology, microstructure and electrochemical properties
show that Fe3O4/TiO2@C is an integrated electrode with high
energy density and cyclic stability. This simple and effective
synthesis of Fe3O4/TiO2@C electrodes offers new opportunities
for rational design and manufacture of high-performance TiO2-
based materials for energy storage devices.

2. Materials and methods
2.1 Material preparation

Iron(III) chloride hexahydrate (FeCl3$6H2O) was purchased from
VWR Chemicals (USA). Titanium butoxide (C16H36O4Ti),
23542 | RSC Adv., 2021, 11, 23541–23549
hydrochloric acid (HCl) were purchased from Sigma-Aldrich,
carbon cloth was purchased from HeShi New Materials Co.,
Ltd. All the chemicals were used as received without further
purication.

2.2 In situ synthesis of Fe3O4/TiO2@C composites

TiO2 nanorod arrays were rst grown on the carbon cloth by
a hydrothermal method as follows. The carbon cloth substrate
was rst cleaned with acetone and deionized water for 5 min
respectively then placed in reaction solution. The reaction
solution consisted of HCl (20 mL), H2O (20 mL) and different
amount of titanium butoxide (0.5 mL, 1 mL, 2.5 mL and 5 mL).
Aerwards, the solution was poured into a Teon-liner stainless
steel autoclave with the carbon cloth substrate and kept at
250 �C for 6 h. Aerward, the sample was rinsed and annealed
at 450 �C for 1 h in Ar atmosphere. Then, the Fe3O4 was
anchored on the above TiO2 nanorod arrays by a chemical
deposition method. The TiO2 nanorod arrays were immersed
into FeCl3 solution (0.1 mol L�1) for 3 h and then rinsed and
dried. Finally, the sample was annealed at 400 �C in Ar (95%) +
H2 (5%) for 1 h to obtain TiO2/Fe3O4 composite arrays. The
samples were named as Fe3O4/TiO2@C-1, Fe3O4/TiO2@C-2,
Fe3O4/TiO2@C-3 and Fe3O4/TiO2@C-4 respectively according
to the increasing amount of titanium butoxide added in the
reaction solution.

2.3 Material characterisation

The morphology of the products was observed by scanning
electron microscopy (SEM, JSM7610plus), the crystal structure
of the composites was obtained using X-ray photoelectron
spectroscopy (XPS, Thermal Scientic ESCALAB Xi+) and X-ray
diffraction (Rigaku XRD ULTIMA IV). The structure and
elemental composition of the products was characterized by
ultraviolet absorption spectrum (UV, PerkinElmer Lambda 35)
and electron energy-dispersive X-ray spectroscopy (EDX,
Thermo Scientic UltraDry EDS).

2.4 Fabrication of a supercapacitor electrode

The product Fe3O4/TiO2@C can be directly used as electrode
without any binder or post-processing for supercapacitors. In
order to calculate the areal capacitance, the electrode was cut
into a square chip (area ¼ 1 cm � 1 cm). Consequently, the area
of Fe3O4/TiO2@C electrode was calculated as 1 cm�2 for deter-
mining areal capacitance. The loading mass of the active
material is measured by the weight difference before and aer
in situ synthesis to calculate specic capacitance.

2.5 Electrochemical characterization of Fe3O4/TiO2@C
supercapacitor

Electrochemistry tests were conducted in a standard three-
electrode system. The electrolyte is 1 mol L�1 Na2SO3 solu-
tion with the platinum foil as the counter electrode and
a saturated silver/silver chloride as the reference electrode.
The galvanostatic charge/discharge tests (GCD) at various
current densities, cyclic voltammetry (CV) and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of fabrication process of Fe3O4/TiO2@C electrode.
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electrochemical impedance spectroscopy (EIS) tests were
performed at room temperature using an CS150H electro-
chemical workstation (Wuhan Corrtest Electronics Instru-
ments Co., Ltd.). For the Fe3O4/TiO2@C electrode, CV
measurement was performed at a potential range of �1.1 V
and 0.15 V versus silver/silver chloride. The AC impedance
test frequency ranged from 100 kHz to 10 mHz.

The specic capacitance is calculated from GCD according to
the following equation:28

Cs ¼ I
Dt

sDV
(1)

where Cs (mF cm�2) is the areal capacitance, I (A) represent the
discharge current, s (cm�2), DV (V) and Dt (s) represent the area
of the electrode, the potential drop during discharge and the
total discharge time, respectively.

The specic capacitance calculated from CV curve is illus-
trated as the following equation:29

Ca ¼
Ð V2

V1
IðVÞndV

sðV2 � V1Þn (2)

where Ca is the areal capacitance (mF cm�2) according to CV,
the integral represents the area under CV curve, s (cm�2) is
the area of the electrode, V2 is the charge potential (V) and V1
Fig. 2 (a)–(d) Lowmagnification SEM images of Fe3O4/TiO2@C-3, and (e

© 2021 The Author(s). Published by the Royal Society of Chemistry
(V) is the discharge potential and n is the scanning rate (mV
s�1).

3. Results and discussion
3.1 Microstructure and morphology characterizations

As is shown in Fig. 1, the Fe3O4/TiO2@C electrode was fabri-
cated by a simple two-step process. The displacement TiO2

nanowire arrays were grown vertically on the surface of the
carbon cloth through a hydrothermal process, and then
calcined in Ar atmosphere at 450 �C to obtain TiO2–C. Aer-
wards, magnetic Fe3O4 nanoparticles were xed on vertically
grown TiO2 nanorod arrays via chemical depositionmethod and
the product was annealed at 400 �C in Ar (95%) + H2 (5%) to
obtain the nal product Fe3O4/TiO2@C. The carbon cloth with
staggered structure is used both as substrate and collector,
which simplies the fabrication process and enhances
exibility.

The crystal structure, morphology and microstructure of
Fe3O4/TiO2@C composites were studied by XRD, SEM, XPS and
UV spectra. The SEM images of Fe3O4/TiO2@C-3 composites are
provided in Fig. 2(a)–(e). It can be clearly seen that the titanium
dioxide nanorod array with high density and orderly arrange-
ment were formed on the carbon cloth substrate. The TiO2

nanorods are uniform in length, with an average diameter of
) and (f) highmagnification SEM images of Fe3O4/TiO2@C-3 composite.

RSC Adv., 2021, 11, 23541–23549 | 23543
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Fig. 3 (a) XRD patterns of Fe3O4/TiO2@C composites, (b) mass fraction of Fe3O4/TiO2 with various titanium butoxide precursor.
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about 100 nm and a rectangular cross-section. Fe3O4 is attached
to the titanium dioxide nanorods and they are composed of
smaller nanocrystals. As the framework of Fe3O4, TiO2 nanorods
interconnect with Fe3O4 to form a network structure.30 TiO2

nanorods array provides a larger exposed area, promoting
electrolyte penetration and reducing resistance in charge
transport, which is benet for ion diffusion and storage on the
electrode surface. Besides, the carbon cloth substrate provides
a charge transfer channel with high conductivity for TiO2/Fe3O4.
The adhesion between TiO2/Fe3O4 and the carbon cloth
substrate can be produced by van der Waals interaction.31,32 UV-
vis absorption spectra in Fig. S1 in the ESI† showed a strong
absorption band from 250 nm to 310 nm, which was related to
the band edge absorption of TiO2.

The XRD pattern of the prepared Fe3O4/TiO2@C composites
with different amount of precursor solution is shown in
Fig. 3(a). Characteristic peaks at 2q ¼ 27.4, 35.9, 41.31, 54.4,
Fig. 4 High resolution XPS spectra of Fe2p, Ti2p, O1s and C1s of Fe3O4/

23544 | RSC Adv., 2021, 11, 23541–23549
56.7, 64.0 and 69.1� can be well indexed to (1 1 0), (1 0 1), (1 1 1),
(2 1 1), (2 2 0) (3 0 1) and (3 0 1) crystal surface of TiO2 respec-
tively, which agrees well with the standard rutile phase of TiO2

(JCPDS 21-1276). Peaks at 2q ¼ 30.1�, 35.5�, 43.1�, 56.9�, 62.5�

and 74.5 are assigned to (2 2 0), (3 1 1), (4 0 0), (5 1 1), (4 4 0) and
(5 3 3) planes of a typical magnetite phase Fe3O4 (JCPDS no. 19-
0629).33,34 No additional impurity peaks were detected, indi-
cating the high purity of Fe3O4/TiO2 and highly crystallized
degree. The broad peak near 25 degrees is caused by the
incomplete annealing of few TiO2 at the calcination tempera-
ture of 400 �C.35 As larger amount of titanium butoxide is added
during hydrothermal process, the peak intensity of rutile phase
increases compared with magnetite, indicating a higher mass
fraction of TiO2 content in the Fe3O4/TiO2@C composite.
Specic amount of Fe3O4 and TiO2 were calculated by XRD
tting peak quantitative analysis in Fig. 3(b). The mass fraction
of Fe3O4 were 8.6%, 17.2%, 23.6% and 36.3% for Fe3O4/
TiO2@C-3.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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TiO2@C-1, Fe3O4/TiO2@C-2, Fe3O4/TiO2@C-3 and Fe3O4/
TiO2@C-4 respectively, whereas the mass fraction of TiO2 was
91.5%, 82.8%, 76.4% and 63.7%. As the titanium butoxide
increases from 0.5 mL to 5 mL, the mass fraction of TiO2

increases correspondingly.
EDX element mapping of Fe3O4/TiO2@C-3 electrode was

employed to investigate element distribution in Fe3O4/TiO2@C
composites and is shown in Fig. S2 attached in the ESI.†
Chemical composition of fabricated material is conrmed by
uniform distribution of Ti, Fe, C and O in the scanned area,
which indicates that Fe3O4 is evenly distributed on the surface
of TiO2 nanoarray, and carbon cloth is fully covered by Fe3O4/
TiO2 nanosized composites.

The element composition and valence information in the
samples were detected by X-ray photoelectron spectroscopy
(XPS). The XPS spectrum of Fe3O4/TiO2@C-3 conrmed the
presence of Fe, O, Ti and C in the sample (Fig. 3(a)). Fig. 4(a)
shows the high-resolution spectra of Fe2p in Fe3O4/TiO2@C
composites. The characteristic peaks of Fe2p at 710.8 and
724.4 eV correspond to the spin–orbit peaks of Fe2p3/2 and
Fe2p1/2, which is in good agreement with previous reports.36,37

Two satellite signals of Fe2p3/2 and Fe2p1/2 peaks were observed
at the same time, which can be attributed to the oxidation states
of Fe3+ and Fe2+ in Fe3O4 nanoparticles.38,39 Two strong peaks of
rutile type crystals are shown in the Ti2p spectra (Fig. 4(b)), and
the binding energies are 458.8 eV (Ti3+) and 464.5 eV (Ti4+)
respectively, which correspond to the two chemical energy levels
of Ti2p3/2 and Ti2p1/2. The O1s peak in Fig. 4(c) at 530.7 eV is in
accordance with the Ti–O–Ti bond, conrming the formation of
rutile phase of TiO2.40 The C1s spectrum in Fig. 4(d) at high
resolution can be deconvoluted into three peaks at 284.7, 286.2
and 288.6 eV, indicating the existence of C–C, C]O and O–C]
O. The O1s spectrum can be deconvoluted into a larger oxide
main at 530.1 eV and weaker peaks caused by C–O and C–O–C at
Fig. 5 (a) CV curves of Fe3O4/TiO2@C-3 electrode at various scan rat
densities, (c) CV curves of Fe3O4/TiO2@C-3 electrode at the beginning, (
Fe3O4/TiO2@C-4 and carbon cloth, (e) Nyquist plots of Fe3O4/TiO2@C
capacitances of Fe3O4/TiO2@C-1, Fe3O4/TiO2@C-2, Fe3O4/TiO2@C-3, F

© 2021 The Author(s). Published by the Royal Society of Chemistry
531.4 eV and 533.1 eV. The weaker carbon–oxygen interaction
implies that the oxygen-containing functional groups of Fe3O4/
TiO2@C has been removed during the calcination process. XPS
results revealed the co-existence of rutile phase TiO2 and
magnetite Fe3O4 in Fe3O4/TiO2@C composite.
3.2 Electrochemical measurement

Fig. 5(a) displays the CV curves of Fe3O4/TiO2@C-1 at scanning
rates of 2.5, 5, 10, 25, and 50mV s�1 in 1MNa2SO3 solution with
a potential window from�1.1 V to 0.15 V. The CV curve exhibits
a distorted quasi-rectangular shape at different scan rates. As
the scan rate increases from 2.5 mV s�1 to 50 mV s�1, a similar
rectangular shape is observed without obvious redox peaks,
indicating a rapid charge/discharge process an ideal pseudo-
capacitive behavior.41–43 As the scan rate increases, the shape of
the curve remains unchanged with an increase in the current
density, which is in good agreement with the non-Faraday
behavior. The slight deviation of the CV curve from the ideal
rectangle is caused by the polarization of the hydrated alkaline
particles at a larger scanning rate, which results in insufficient
time for some alkaline particles to adsorb to the surface of
Fe3O4/TiO2@C.44

Galvano-static charge and discharge (GCD) experiments were
also performed to further understand the supercapacitance
properties of Fe3O4/TiO2@C electrode. The current densities of
GCD during charge and discharge are 1 mA cm�2, 2 mA cm�2,
2.5 mA cm�2, 5 mA cm�2 and 10 mA cm�2 and the result is
shown in Fig. 5(b). It can be seen that the GCD curve at all
current densities exhibits a good triangular symmetry, which
proves that the capacity of the material is mainly derived from
the capacitive behavior and is in good agreement with the result
of the CV.45,46 Besides, The GCD curve can be approximated as
linear slope with tiny voltage drop, indicating that Fe3O4/
es, (b) GCD curves of Fe3O4/TiO2@C-3 electrode at various current
d) CV curves of Fe3O4/TiO2@C-1, Fe3O4/TiO2@C-2, Fe3O4/TiO2@C-3,
-1, Fe3O4/TiO2@C-2, Fe3O4/TiO2@C-3 and Fe3O4/TiO2@C-4, (f) areal
e3O4/TiO2@C-4 and carbon cloth.

RSC Adv., 2021, 11, 23541–23549 | 23545
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TiO2@C electrode has excellent redox reversibility and good
electrochemical stability.47

Fig. 5(c) describes the variation of CV curve in the initial four
cycles of Fe3O4/TiO2@C electrode at a scan rate of 2.5 mV s�1.
The contour shape of CV curve is basically the same, and the CV
curve of the rst cycle has the largest enclosed area. The most
obvious difference is that the oxidation peak appears around
�0.78 V in the rst cycle and immediately disappears at the end
of the cycle, while the oxidation peak in the subsequent cycles
emerges around �0.7 V and its position remains unchanged.
The rst cycle oxidation peak is caused by the activation of the
electrode surface and the accompanying irreversible redox
reaction, which can be illustrated by the following equation:48,49

TiO2 + Na+ + e� / TiOONa (3)

FeOx(OH)y + dNa+ + de� / NadFeOx(OH)y (4)

In the Fe3O4/TiO2@C structure, Fe3O4 nanoparticles with
high pseudocapacitance signicantly promote the faradaic
reaction on the electrode surface assisted by the TiO2 nanorod
arrays used as high-conductivity scaffold for Fe3O4 nano-
particles. Fully exposed TiO2 increases the electroactive surface
area and shorten the ion diffusion path length, which helps to
achieve the remarkably capacitive performance of the
composite electrode material.

Fig. 5(d) shows the CV curve of Fe3O4/TiO2@C-1, Fe3O4/
TiO2@C-2, Fe3O4/TiO2@C-3 and Fe3O4/TiO2@C-4 at a scan rate
of 50 mV s�1. As can be seen from the gure, the surrounding
area for each electrode follows the order of Fe3O4/TiO2@C-4 <
Fe3O4/TiO2@C-2 < Fe3O4/TiO2@C-3 < Fe3O4/TiO2@C-1 whereas
the Fe3O4/TiO2@C-3 sample with an addition of 2.5 mL tita-
nium butoxide displays the largest integrated area, indicating
the synergistic effect between EDLC and faradaic capacitance of
Fe3O4/TiO2@C reaches maximum under this circumstance. The
capacitance decreases as the titanium butoxide continues to
increase, which may be caused by excess addition that leads to
the formation of more crystal defects.50,51 Fe3O4/TiO2@C-4 with
lowest TiO2 precursor exhibits smallest integrated area of the
CV curve among 4 Fe3O4/TiO2@C electrodes, indicating the
capacitance is largely relied on Fe3O4 and the corresponding
Faraday reaction is the redox reaction of sulfur-containing
anions on the surface of Fe3O4.52 As the content of TiO2

increases, the TiO2 framework can provide more adsorption
Fig. 6 (a) Cycling stability of the Fe3O4/TiO2@C-3 electrode, (b) compa

23546 | RSC Adv., 2021, 11, 23541–23549
sites for Fe3O4 and promote the insertion and extraction of Na+

as well as the movement of Na+ in staggered channels of TiO2.
Electrochemical impedance spectroscopy (EIS) was carried

out to study the electrochemical behavior of Fe3O4/TiO2@C
electrode. The Nyquist plot in Fig. 5(e) is composed of a semi-
circle in the high frequency range and a leaning line in the low
frequency range. The intercept of the Nyquist curve and the
horizontal axis is the solution resistance (Rs), of which the
gures are 5.7 U, 5.3 U, 4.5 U and 5.0 U respectively for Fe3O4/
TiO2@C-1, 2, 3 and 4. The semicircle determines the charge
transfer resistance (Rct) at the interface between the electrode
material and the electrolyte whereas the straight line in the low
frequency region represents the ion diffusion resistance (i.e.
Warburg resistance).53,54 A low series resistance (Rs) was ob-
tained by Fe3O4/TiO2@C due to the in situ growth of TiO2 on the
porous carbon cloth substrate. The Fe3O4/TiO2@C-1 electrode
has the largest semicircle in the high-frequency range, sug-
gesting a higher charge-transfer resistance of the electrode.
Among all electrodes the Fe3O4/TiO2@C-3 has the smallest Rct

and 1.36 U, 1.21 U, 1.05 U and 1.15 U were calculated respec-
tively for Fe3O4/TiO2@C-1, Fe3O4/TiO2@C-2, Fe3O4/TiO2@C-3
and Fe3O4/TiO2@C-4. At the same time, the Fe3O4/TiO2@C-3
electrode shows the largest slope, which means that the ion
diffusion process is the fastest compared with its counterparts.
The favoring feature can be attributed to themesoporous Fe3O4/
TiO2@C nanostructure which increases the specic surface area
and paves an easy and fast road for the ion transition on
electrode/electrolyte interface. The direct contact between the
Fe3O4 loaded TiO2 nanorod arrays and the carbon cloth
substrate also facilitates charge transfer and ensures full elec-
trochemical utilization of electrode material.54

As shown in Fig. 5(f), it can be seen that the Fe3O4/TiO2@C-3
composite material has the highest areal capacitance value at
various current densities and a desirable areal capacitance of
304.1 mF cm�2 at current density of 1.0 mA cm�2, which results
from the large specic surface area of the unique structure and
low inner resistance. On the other hand, even at the highest
current density (10 mA cm�2), Fe3O4/TiO2@C-3 still displays
a high capacitance of 186.9 mF cm�2, which is attributed to the
fact that TiO2 nanorod array provides an efficient and fast
electron transport channel and gives full play to the pseudoca-
pacitive effect of Fe3O4. The areal capacitance of other Fe3O4/
TiO2@C calculated according to the GCD results are 217.2 mF
cm�2 (Fe3O4/TiO2@C-1), 251.6 mF cm�2 (Fe3O4/TiO2@C-2) and
rable CV measurement at various cycle stages.

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04424a


Fig. 7 Energy storage mechanism in symmetrical Fe3O4/TiO2@C
supercapacitors.
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279.8 mF cm�2 (Fe3O4/TiO2@C-4) respectively at current density
of 1.0 mA cm�2. At each charge/discharge current density,
specic capacitance of the electrode decreases in the order of
Fe3O4/TiO2@C-3, Fe3O4/TiO2@C-4 Fe3O4/TiO2@C-2 and Fe3O4/
TiO2@C-1. These results are consistent with the order of the
area enclosed by the CV curve in Fig. 5(d).

The long-term cycling stability of Fe3O4/TiO2@C-3 electrode
at a charge/discharge current density of 5.0 mA cm�2 is shown
in Fig. 6(a). The result indicates the areal capacity of Fe3O4/
TiO2@C electrode decreases gradually from 163.97 mF cm�2 to
148.72 mF cm�2 with a capacity retention rate of 90.7% aer
10 000 cycles. For comparison, cycle number of 1, 2500, 5000
and 10 000 were selected to perform ex situ CV measurement
respectively and the result is shown in Fig. 6(b). It can be seen
that the CV curves are approximately coincident with only slight
differences in the enclosed areas. The cycling performance of
Fe3O4/TiO2@C electrode is probably attributed to the combined
effect of TiO2–C nanowire array and Fe3O4 nanoparticles in the
self-assembled electrode. The slight decrease may be attributed
to the repeated expansion and contraction of the electrode
material and the accumulation of structural defects during
charge and discharge. The good cycle stability of the device
indicates that it has practical potential in supercapacitor
applications. To compare experimental data with theoretical
capacity, the result of the integral area and areal capacitance of
each period calculated according to eqn (2) is listed in Table S3
in ESI.†

As is shown in the Table S3,† the areal capacitance calculated
according to the integrated area are 155.24 mF cm�2, 149.67 mF
cm�2, 145.22 mF cm�2 and 138.81 mF cm�2 at cycle number of
1, 2500, 5000 and 10 000 respectively. Calculated capacitance
according to integrated area is in good agreement with the
Table 1 Comparison of the similar electrodes in supercapacitor applica

Electrode Electrolyte Current density

N-Doped TiO2 1.0 M KOH 4.0 mA cm�2

MoS2@TiO2 1.0 M Na2SO4 0.2 A g�1

TiO2@MnO2 0.5 M Na2SO4 0.5 A g�1

Co(OH)2/TiO2 2.0 M KOH 1.0 mA cm�2

Fe3O4/TiO2@C 1 M Na2SO3 1.0 mA cm�2

© 2021 The Author(s). Published by the Royal Society of Chemistry
tested data, and the retention rate 89.4% is approximately the
same as experiment result (90.7%). Combined with the long-
time stability test and ex situ CV measurement, it is
convincing that Fe3O4/TiO2@C has unique advantages in terms
of high capacitance and good cycling stability. Specic capaci-
tance data calculated by load mass is also provided in Table S4†
for comparison with areal capacitance.

The excellent electrochemical performance of Fe3O4/TiO2@C
is revealed by the following aspects. The charge storage capacity
of Fe3O4 nanoparticles was improved when combined with
vertical TiO2 nanorods. Typical EDLC behavior was observed
from the rectangular shape of the CV curve and the linear
dependence of voltage on time in the GCD curve, which
demonstrates pure capacitive behavior and pseudo-capacitance
effect are simultaneously achieved on Fe3O4/TiO2@C electrode.
Fe3O4 anchored TiO2 introduces and redox contribution in the
charge storage mechanism, which is conrmed in CV curve and
GCD measurement. In Fe3O4/TiO2@C, the contribution of
charge storage can be attributed to two synergistic mechanisms.
The rst is the Faraday reaction caused by the insertion and
deintercalation of Na+ and sulfur-containing anions in the
electrolyte, which occurs during the charging and discharging
process of supercapacitors, while the second principle is the
adsorption of Na+ ions on Fe3O4/TiO2@C surface.

Working principle of Fe3O4/TiO2@C in Na2SO3 electrolyte is
illustrated in Fig. 7. The improvement of Fe3O4/TiO2@C sample
performance can be related to the optimized hybrid nanorod
array obtained via hydrothermal process, where the addition of
titanium butoxide promotes the formation of TiO2 nanorod
arrays. As more TiO2 are introduced, the array conguration
begins to gather, and adjacent nanorods are interwoven to form
a micro-ower structure. The micro-ower structure is assem-
bled on the surface of carbon cloth assisted by the non-vertical
growth of TiO2 nanorods, and the unique architecture further
increases the electrochemically active area. Moreover, the
micro-ower structure provides a fast electron transmission
path, thereby increasing the conductivity and reducing charge
transfer resistance. In addition, the nanostructured Fe3O4/TiO2

possesses more electrolyte diffusion channels, which is bene-
cial for the electrolyte ions to fully enter the inside of the active
material. The optimized morphology makes the entry of elec-
trolyte ions more effective and provides more sites for ion
adsorption. Particularly, the direct contact between TiO2 and
the carbon cloth takes full advantages of interfacial bonding
between substrate and Fe3O4/TiO2 nanocomposite and facili-
tating electron migration with minor obstacles.
tion

Specic capacitance Retention rate Reference

177.1 mF cm�2 83.6% 55
428.1 F g�1 97.0% 56
150.9 mF cm�2 71.4% 57
148.0 mF cm�2 82.5% 58
304.1 mF cm�2 93.1% This work

RSC Adv., 2021, 11, 23541–23549 | 23547
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The capacitance of several TiO2-based nanocomposite
supercapacitor used in aqueous environment has been
summarized. Table 1 lists the attained specic capacitance,
retention rate and their comparison with previous reports.
Compared with the other materials from literature, synthesized
Fe3O4/TiO2@C within this work exhibits relatively high areal
capacitance and desirable retention rate, which proves it to be
a competitive candidate for energy storage applications.
4. Conclusions

In summary, Fe3O4/TiO2 nanorod arrays grown on carbon cloth
(Fe3O4/TiO2@C) substrate has been successfully prepared via
a reasonable hydrothermal-chemical deposition method.
Notably, the prepared nanostructured composites are directly
used without binder as exible electrode for asymmetric
sodium-ion supercapacitors. Meanwhile, samples with different
Fe3O4/TiO2 mass ratios were also prepared to explore the
optimum synthesis concentration by adding different TiO2

precursor solutions. Beneting from the efficient pseudocapa-
citive properties of Fe3O4/TiO2 and the interconnected effect
between TiO2 arrays and conductive carbon network, the
assembled asymmetric supercapacitor exhibits areal capaci-
tance of 304.1 mF cm�2 at a current density of 1.0 mA cm�2 in
the operating voltage window from �1.1 V to 0.15 V and excel-
lent cycling stability with only 9.3% capacitance deterioration
aer 10 000 cycles at high current density of 5.0 mA cm�2. The
impressive electrochemical performance can be attributed to
the well-aligned array structure, increased redox-active surface
area and uniformly connected arrangement of the binary metal
oxides. Hence, porous carbon cloth is functionalized as the
conductive framework which provides exibility for binder-free
electrode. Therefore, the presentation of Fe3O4/TiO2@C with
enhanced capacitance and stable cycle life provides a novel
strategy for developing exible electronic devices in energy
storage and conversion applications.
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