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A hierarchical nanocomposite based on MnO2 nanowire/CoAl

layered double hydroxide/carbon fibers is fabricated by a facile

two-step method as a high-performance supercapacitor. The

CoAl-LDH nanocrystals grown on flexible carbon fibers were

prepared via an in situ hydrothermal method, followed by loading

of MnO2 nanowires through a direct redox reaction between the

Co2+ species and MnO4
2. The hierarchical MnO2/LDH/CFs elec-

trode as a supercapacitor displays a high specific capacitance (944

F g21 at 1 A g21) and rate capability, good stability and excellent

long-term cycling life.

To meet the urgent need for sustainable and renewable power
sources, in modern electronic industries many efforts have
been made in developing flexible, lightweight and environ-
mentally friendly energy storage devices.1,2 Electrochemical
capacitors, also known as supercapacitors,3 are the most
promising candidates for various portable systems and
automotive applications owing to their high power density,
excellent pulse charge–discharge characteristics and long
cycle life.4–6 Pseudocapacitive transition-metal oxides, MnO2

for instance, have been extensively used in supercapacitors
due to their high capacitance, low cost and environment-
friendliness.7,8 Given that the poor conductivity of MnO2

(1025–1026 S cm21) limits the charge–discharge rate for high-
power applications,9,10 further efforts have been directed at
incorporating MnO2 nanostructures with carbon-based mate-
rials or conductive polymers.11–14 Another problem of MnO2

materials arises from the dense packing and inaccessible
surface area as a high loading is applied, which leads to a
remarkable increase in contact resistance and the resulting
decrease in specific capacitance. Therefore, taking into
account the efficient utilization of the pseudocapacitance of
MnO2, it is highly essential to achieve a hierarchical

morphology and reliable electric connection for the purpose
of obtaining high-performance MnO2-based supercapacitors.

Recent efforts have been devoted to exploring composite
pseudocapacitive materials, such as binary metal oxides/
hydroxides15,16 and mixed metal oxides,17,18 by combining the
unique properties of individual constituents. It was reported
that the synergistic effect between different compositions can
be achieved through suitable micro-/nanostructure
design.19,20 Therefore, more advanced and complex hetero-
structures have been fabricated to improve the pseudocapa-
citive performance, such as core–shell structures,21,22 tube-
structured arrays,23–25 coaxial nanowires26 and conductive
carbon/polymer supported metal oxides/hydroxides compo-
sites.27–32 It is believed that an ideal electrode material
consists of a three-dimensional (3D) interpenetrating network
of electron and ion pathways for efficient mass/electron
transport.33–35 A key challenge in this direction is to develop a
desirable electrode architecture that favors sufficient expo-
sure of the electroactive species for the Faradaic redox
reaction, and simultaneously enhance the kinetics of ion/
electron transport throughout the electrode. Based on the
above consideration, one promising route is to rationally
design and construct the hybridization of pseudocapacitive
oxides/hydroxides with sophisticated nanoarchitectures,
which provides a highly-accessible surface area, fast ion
diffusion and excellent electronic conductivity.

Herein, we demonstrate the design and fabrication of a novel
nanocomposite (MnO2/LDH/CFs) by loading MnO2 nanowires
onto CoAl layered double hydroxide (LDH) nanowalls grown on
flexible carbon fibers (CFs) for high-performance supercapacitors.
The single-crystalline LDH with a highly accessible surface area
serves uniquely as a reductant and the framework for anchoring
the MnO2 nanowires simultaneously. Both LDH and MnO2 are
employed as the active species, which contribute to the total
specific capacitance; while the conductive CFs with appropriate
channels guarantee effective electron/ion transport throughout the
electrode. By virtue of the synergetic contribution from individual
constituents and the sophisticated configuration, the resulting
MnO2/LDH/CFs composite exhibits a highly boosted specific
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capacitance, superior to its single-component samples (LDH/CFs
and MnO2/CFs). In addition, this integrated electrode manifests a
remarkable rate capability and excellent long-term cycling stability.
Therefore, the control over the multi-composition and bottom-up
architecture demonstrated in this work offers a promising strategy
for the fabrication of supercapacitor materials used in electro-
chemical energy storage.

Our strategy is schematically shown in Scheme 1. The
preparation process of the MnO2/LDH/CFs composite mainly
involves (i) growing vertically-aligned LDH nanowalls on the CFs
by a facile hydrothermal process and (ii) anchoring the MnO2

nanowires on the LDH/CFs scaffold via an in situ spontaneous
redox reaction between the Co2+ species within LDH and
potassium permanganate (KMnO4) in solution (see the detailed
preparation procedure in the ESI3). Carbon fiber is significantly
advantageous as a current collector and support of pseudocapa-
citive materials in lightweight supercapacitor towards portable and
transport applications.36 Fig. 1a shows the typical SEM and optical
images of the primary CFs used in this study; the well-
interconnected CFs with a rather smooth surface with a diameter
of y7.5 mm provide an electrically conductive network. The SEM

image of the as-prepared LDH/CFs (Fig. 1b) displays a high density
and uniform coating covering the skeletons of the CFs. The
corresponding X-ray energy dispersive spectroscopy (EDS) spectra
(Fig. 1b, inset) demonstrates the presence of cobalt, aluminum
and oxygen elements in the coating, with a Co/Al molar ratio of
1.97, in line with the nominal ratio (Co : Al = 2 : 1). Fig. 1c shows a
single carbon fiber coated with integrated nanowalls standing
perpendicularly while intersecting each other, creating a highly
open and porous structure. The thickness of one single LDH
platelet is estimated to be y10 nm (Fig. 1c, inset). The fabrication
of the LDH nanowalls can significantly enlarge the specific surface
area from 1.875 m2 g21 for bare CFs to 12.102 m2 g21 for LDH/CFs
(Fig. S13). A typical TEM image (Fig. 1d) displays the thin
hexagonal morphology of a single LDH nanocrystal; the corre-
sponding selected area electron diffraction (SAED) pattern (Fig. 1d,
inset) exhibits hexagonally arranged spots, indicating the high
crystallinity of the LDH nanowalls (its XRD pattern is shown in
Fig. S23).

The vertically-aligned and cross-linked LDH nanowalls grown
on the CFs can serve as a robust and conductive scaffold for the
loading of an additional pseudoactive material. The controlled
deposition of MnO2 onto the hierarchical LDH/CFs was amazingly
triggered by simply immersing the LDH/CFs sample into a KMnO4

aqueous solution at room temperature without stirring; a
spontaneous redox reaction occurs between the Co2+ in LDH

Scheme 1 Schematic illustration for the fabrication of MnO2/LDH/CFs nanocom-
posite as high-performance supercapacitor.

Fig. 1 (a) SEM and optical (the inset) images of the CFs; SEM images of the LDH/CFs
at (b) low magnification (inset: the corresponding EDS results) and (c) high
magnification (inset: the enlarged image); (d) TEM image of an individual LDH
nanocrystal grown on the CFs (inset: the corresponding SAED pattern).

Fig. 2 (a–c) SEM images of the MnO2/LDH/CFs heteronanostructure (inset of
Fig. 2b: the corresponding EDS results) and (d) EDS mapping results from a single
MnO2/LDH/CFs structure; (e) TEM image of an individual MnO2/LDH composite
(inset: the corresponding FFT pattern); (f) Raman spectra of MnO2, LDH/CFs and
MnO2/LDH/CFs.
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and MnO4
2 in solution. As can be seen from the SEM images

(Fig. 2a–c), a uniform and dense MnO2 nanowire coating was
deposited onto the surface of the LDH nanowalls, resulting in a
well-defined structure with sophisticated configuration. Elemental
mapping in the scanning SEM mode (Fig. 2d) and the
corresponding EDS pattern (Fig. 2b, inset) confirm a homo-
geneous distribution of a MnO2 phase throughout the hierarchical
structure. It was verified by BET measurements that the specific
surface area of the LDH/CFs framework was further increased
from 12.102 m2 g21 to 37.836 m2 g21 after coating with the MnO2

layer (Fig. S13). The resulting MnO2/LDH/CFs heterostructure
fabricated by the two-step strategy exhibits a fully-integrated
structure in which the CFs provide a 3D backbone and the
densely-packing LDH nanowalls serve as both a reductant and
support for the homogeneous distribution of nanoscaled MnO2.

Fig. 2e shows a typical TEM image of an individual MnO2/LDH
nanostructure, in which numerous MnO2 nanowires, of y0.8 nm
in diameter, are finely-dispersed on the LDH support, introducing
an additional interconnected porosity. The hexagonal diffraction
in the corresponding fast Fourier transformation (FFT) pattern is
attributed to the {1010} crystalline planes of the LDH phase
(Fig. 2e, inset), indicative of the maintenance of the LDH structure
upon the immobilization of MnO2. No MnO2-related diffraction
pattern can be found, indicating the amorphous nature of the
MnO2 coating, which is further demonstrated by the XRD studies
(Fig. S23). It has been reported that amorphous MnO2 is more
favorable for supercapacitor applications compared with the
crystalline MnO2 coatings.37,38 The Raman spectra are shown in
Fig. 2f, further testifying the presence of the MnO2 phase. The
evolution of MnO2 nanowires was examined by conducting a time-
dependent growth method. SEM images clearly display a gradual
enhancement both in particle size and coverage of MnO2

nanowires along with the increase of deposition time (Fig. S33;
their CVs are shown in Fig. S43). The sample with a deposition
time of 120 min possesses the largest capacitance (mass ratio of
MnO2/LDH is 0.11), therefore it was chosen for further studies
(Fig. S3f3).

Typical XPS spectra of LDH/CFs and MnO2/LDH/CFs are shown
in Fig. 3. For the sample of MnO2/LDH/CFs, the peaks of Mn 2p3/2

and Mn 2p1/2 (Fig. 3A, curve b) are located at 642.1 and 653.9 eV
respectively, with a spin energy separation of 11.8 eV, which is in
good agreement with the reported data of Mn 2p states in
MnO2.29,39 The Co 2p core lines of the LDH/CFs sample split into
Co 2p3/2 (780.5 eV) and Co 2p1/2 (796.7 eV) peaks accompanied

with two satellite bands at 785.5 and 802.1 eV (Fig. 3B, curve a),
indicative of a high-spin Co2+ state in the LDH/CFs.40 After the in
situ deposition of the MnO2 layer, both the Co 2p3/2 and Co 2p1/2

peaks shift to lower energy levels (779.9 and 796.2 eV, respectively),
along with a slight decrease in the intensity of satellite bands
(Fig. 3B, curve b). Such an observation indicates the occurrence of
a partial valence change from Co2+ to Co3+,41,42 implying that the
driving force for the immobilization of MnO2 arises from the
redox reaction between MnO4

2 in solution and Co2+ in LDH
phase. In this work, the integrated LDH/CFs network plays the
roles of both a 3D support and reductant, ensuring the cleanness
of the MnO2/LDH interface without impurities. In addition, the
specific structure of the LDH phase provides an ordered
arrangement of Co2+ for a sufficient reduction of MnO4

2,43,44

imparting a good microenvironment for the nucleation and
stabilization of MnO2. Therefore, the facile spontaneous deposi-
tion strategy in this work affords the clean and well-dispersive
MnO2 nanowires anchoring to the LDH scaffold, combining
unique properties of individual constituents.

The electrochemical tests were performed in a three-electrode
electrochemical cell at room temperature with a Pt plate counter
electrode and a Hg/HgO reference electrode in 1.0 M LiOH
aqueous electrolyte. Fig. 4a shows the cyclic voltammograms (CVs)
of the MnO2/LDH/CFs electrode, in comparison with the samples
of LDH/CFs and MnO2/CFs (MnO2 nanowires directly electro-
deposited on CFs; Fig. S53). The quasi-rectangular CV curve for the
MnO2/CFs electrode (green curve in Fig. 4a) is attributed to the
reversible intercalation/de-intercalation processes of Li+ from the
electrolyte.9,39 Given that the electrolyte penetration depth is
approximately 20 nm, the ultrathin morphology of the LDH
nanocrystals (y10 nm in platelet thickness) favors a high
capacitance, by effectively shortening the proton diffusion
distance.45 Two pairs of redox peaks at y0.2 and 0.55 V are
clearly observed for the LDH/CFs electrode (red curve in Fig. 4a;

Fig. 3 XPS spectra of (A) Mn 2p and (B) Co 2p: (a) LDH/CFs and (b) MnO2/LDH/CFs.

Fig. 4 (a) CVs of MnO2/LDH/CFs, LDH/CFs and MnO2/CFs electrodes at a scan rate
of 20 mV s21; (b) Galvanostatic discharge curves of MnO2/LDH/CFs at various
discharge current densities; (c) the specific capacitance of MnO2/LDH/CFs, LDH/CFs
and MnO2/CFs at various current densities; (d) cycling performance of the MnO2/
LDH/CFs and LDH/CFs (the specific mass loading is y1.2 mg cm22).
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Fig. S63), which correspond to the reversible reactions of Co2+/Co3+

and Co3+/Co4+ associated with OH2:21,46

Co(OH)2 + OH2 « CoOOH + H2O + e2 (1)

CoOOH + OH2 « CoO2 + H2O + e2 (2)

In the case of the MnO2/LDH/CFs electrode, its CV curve
displays four peaks which are all assigned to the LDH phase, with
approximately rectangular shape and much higher currents than
either single component (blue curve in Fig. 4a; Fig. S73). This CV
shape change is attributed to the introduction of amorphous
MnO2, which can afford an extra reversible intercalation/de-
intercalation process of Li+ from the electrolyte.9,19,29 Since the
contribution from the CFs to the capacitance is negligible (Fig.
S83), the total capacitance of the MnO2/LDH/CFs sample originates
from the redox pseudocapacitance of both the LDH and MnO2

species, accounting for the largely enhanced charge storage
capability.

A series of galvanostatic charge–discharge measurements were
performed on the MnO2/LDH/CFs electrode at various currents
(Fig. 4b), from which the discharge curves exhibit a typical
pseudocapacitive behavior, in accordance with its CV results. The
obtained specific capacitances of the nanocomposite are 944, 871,
801, 717, 674 and 610 F g21 at the current of 1, 1.5, 2, 4, 9 and 20 A
g21, which are higher than those of many previous MnO2-based
conducting matrix compound electrodes8,11–14 and hybrid pseu-
docapacitive materials.19–21 Fig. 4c further displays the specific
capacitances of the LDH/CFs, MnO2/CFs and MnO2/LDH/CFs
electrodes as a function of the applied current density (their
discharge curves at 1 A g21 are shown in Fig. S93). Within the
whole current density range, the MnO2/LDH/CFs electrode yields a
substantially higher specific capacitance than that of the two
comparison samples. For instance, the gravimetric capacitance
reaches 944 F g21 at a current density of 1 A g21, which is highly
superior to that of the individual LDH/CFs (442 F g21) and MnO2/
CFs (118 F g21) samples. The capacitances of LDH/CFs and MnO2/
CFs decrease quickly as the charging–discharging rate increases
from 1 to 20 A g21, i.e., only 49.8% and 10.1% retentions can be
obtained, respectively. In contrast, for the MnO2/LDH/CFs
electrode, 64.6% of the capacitance is maintained, indicating its
superior rate capability for high power applications.

Another important requirement for supercapacitor applications
is cycling capability. The cycling life tests for both the MnO2/LDH/
CFs and LDH/CFs electrode were carried out at 4 A g21, as shown
in Fig. 4d. After 6000 charge–discharge cycles, the MnO2/LDH/CFs
electrode shows a 98.2% capacitance retention, much higher than
that of the LDH/CFs sample (93.4% retention). This is further
verified by the stable charge–discharge curves for the last 30 cycles
(Fig. S10a3: with y98.9% Coulombic efficiency). After long-term
cycling, the structural integrity and hierarchical morphology of the
MnO2/LDH/CFs composite are overall preserved with no obvious
deterioration (Fig. S10b3). In this respect, the MnO2 nanowires are
proposed to serve as a protection layer to maintain the structural
integrity and prevent any significant collapse or disassembly
during the harsh long-term reaction. To further highlight the
superior electrochemical stability of the nanocomposite, the

cycling performance was recorded at programmed current
densities (Fig. S113). The stepwise testing reveals that the MnO2/
LDH/CFs material can remain electrochemically stable even after
exposure to sudden current changes. Furthermore, after storage of
the MnO2/LDH/CFs electrode in the electrolyte for one month,
y97.6% of the initial capacitance can still be maintained after
another 850 cycles without a noticeable decrease. Additionally, six
electrodes based on the MnO2/LDH/CFs nanocomposite were
fabricated independently under the same conditions, which show
an acceptable reproducibility of the specific capacitance with an
RSD of 2.1% (Fig. S123). The results demonstrate the excellent
supercapacitive capability of this hierarchical composite electrode,
which meets the requirements of both high capacitance and long
cycling life for high-performance energy storage devices.

Based on the results above, it can be concluded that the
rational combination of MnO2 and LDH into a unique integrated
architecture can substantially improve the electrochemical proper-
ties. The MnO2/LDH/CFs structure and energy storage mechan-
ism, taking advantage of the sophisticated 3D configuration and
synergistic contribution from the individual species, are illustrated
in Scheme 2. Firstly, by a spontaneous deposition method, the
MnO2 nanowires are well distributed onto the LDH nanowalls,
forming an enlarged surface area and a hierarchically porous
structure (Fig. S13), which can minimize the solid-phase ion
diffusion length and serve as ‘‘ion reservoirs’’ to steadily supply
adequate OH2 and Li+. This substantially guarantees the sufficient
Faradaic reaction in both the internal LDH and external MnO2

layer at high current densities. The electrochemical impedance
spectroscopy results (Fig. S133) also demonstrate that the MnO2

coating leads to a significant decrease in charge–transfer
resistance and ion diffusion resistance compared with the LDH/
CFs sample, thus improving the electrochemical kinetics.
Secondly, the as-grown LDH nanowalls for the loading of
nanoscaled MnO2 build up a 3D macroporous scaffold with an
electrolyte-filled network, enhancing the ionic conductivity greatly
and ensuring a high utilization of electrode material. Thirdly, the
CFs backbone (current collector) with good electronic conductivity
allows efficient charge transport of the composite. In addition, the

Scheme 2 Schematic representation of the energy storage mechanism for the
MnO2/LDH/CFs composite.
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pore channels formed between the numerous long fibers provide
an accessible ion percolation path, further facilitating the mass
transport of electrolytes, which is critical to the high power
density.

In summary, a facile, cost-effective and potentially scalable
technique was developed to fabricate MnO2/LDH/CFs electrodes
for flexible supercapacitors. In this hierarchical structure, the 3D
LDH nanowalls are coated with a MnO2 nanowire shell by a direct
redox reaction between LDH and MnO4

2, offering a largely
enhanced surface area and porous network. Owing to the
synergistic effect of the active materials and the unique
hierarchical structure, the resulting MnO2/LDH/CFs composite
electrode allows facilitated mass/electron transport and accord-
ingly exhibits a large specific capacitance, good rate capability and
excellent long-term cycle stability. The synthetic approach
presented here can be extended for the fabrication of other
multifunctional heterostructures by the use of one- and two-
dimensional building units, which can be used as promising
candidates in sensors, catalysis and energy storage devices.
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