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a b s t r a c t

Developing hybrid supercapacitor-battery energy storage devices for applications in electric vehicles is
attractive because of their high energy density and short charge/discharge time. In this study, flexible
MnO2 nanoparticle-coated air-oxidized carbon nanotube (MnO2/aCNT) electrodes are fabricated by the in
situ redox reaction of KMnO4 and aCNTs at room temperature. The MnO2 nanoparticles have diameters of
~10 nm. There is a strong chemical interaction between the MnO2 active material and aCNTs as a result of
the MneOeC linkage. The flexible aCNT network can alleviate the strain from the MnO2 volume change
and maintain the electrode integrity during rapid charge/discharge. The aCNT framework also provides a
continuous and rapid electron pathway and ensures uniform dispersion of the MnO2 nanoparticles. The
presence of MnO2 nanoparticles provides short pathways for Li-ion diffusion and allows interfacial
capacitive lithium storage for ultrafast and reversible lithium storage. We report the best high-current
performance to date for MnO2/C electrodes, of 395.8mA h g�1 at 10 A g�1, and 630.2mA h g�1 after
150 cycles at 2 A g�1. The excellent electrochemical performance, combined with the capacitive domi-
nating process of the electrode, will further the design of high-performance hybrid supercapacitor-
battery energy storage devices.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Rechargeable energy storage devices (e.g. lithium-ion batteries
and supercapacitors) are attractive for applications in portable
electronics and electric vehicles. Such technologies will help to
meet increasing demands for environmentally friendly energy de-
vices. Lithium-ion (Li-ion) batteries typically provide a high energy
density of 150e200Wh kg�1, which is achieved through lithium
insertion and extraction reactions at a high cell voltage (� 3V).
However, the power performance of Li-ion batteries (≪1 kWkg�1)
remains far below theoretically predicted levels [1]. Practical ap-
plications such as transportation and grid storage require the rapid
nd Tsinghua-Foxconn Nano-
ing, 100084, PR China.
).
delivery or receiving of large amounts of energy on the timescale of
seconds. Electrochemical supercapacitors can achieve a high power
density (>10 kWkg�1). They do so through adsorbing ions onto the
electrode/electrolyte interface to act as electrical double-layer ca-
pacitors and also by exploiting fast faradic surface redox reactions
to act as pseudocapacitors [2]. However, supercapacitors are
limited by their low energy density (<10Wh kg�1), because charge
is confined to the surface. It is desirable to develop an electro-
chemical energy storage device that combines the advantages of
the high energy density of batteries and the high power density of
supercapacitors [3].

Nanostructured transition metal oxides such as Co3O4, TiO2,
Fe3O4, MnO, MnO2, and Mn3O4 have been intensively studied as
electrode materials in Li-ion batteries. They can potentially provide
a high power density, because of their capacitive lithium storage
behavior and high theoretical capacitance [4e12]. The application

mailto:jpwang@tsinghua.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2018.06.046&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2018.06.046
https://doi.org/10.1016/j.carbon.2018.06.046
https://doi.org/10.1016/j.carbon.2018.06.046


D. Wang et al. / Carbon 139 (2018) 145e155146
of transition metal oxides for high energy density at high rates is
currently limited by their poor electronic conductivity, low Li-ion
(Liþ) diffusion coefficient, slow reaction kinetics, and poor struc-
tural stability during cycling. A strategy for overcoming these
challenges is to design nanoparticles that combine rapid surface
redox processes and solid-state lithium diffusion to deliver high
power densities [3,13,14]. Nanostructured active materials have
advantages for realizing high-power Li-ion batteries [13,15e18].
First, the nanostructure provides short Liþ diffusion pathways,
which provide fast diffusion kinetics and thus enhance current-rate
capability. Second, the large surface area of the nanoparticles en-
ables the electrode to accommodate the strain and mechanically
buffer the volume change during the charge/discharge process,
thus maintaining the electrode integrity and promoting cycling
stability. Many nanostructured transition metal oxides and porous
materials have been fabricated and investigated as advanced en-
ergy storage devices, which exhibit the behavior of both super-
capacitors and batteries. These include g-Fe2O3, V2O5/carbon
nanotubes (CNTs), MnO/reduced graphene oxide (rGO), and metal-
organic frameworks [15,19e21]. However, there are two major
problems for the electrodes containing nanostructured active ma-
terials. First, nanoparticles often aggregate into larger particles that
have limited contact with conductive additives and current col-
lectors. This prevents full utilization of the active material during
cycling [22]. It is important to develop conductive frameworks in
which nanostructured active materials can be uniformly loaded.
The conductive frameworks should provide three-dimensional
(3D) electron and ion transport pathways for the active materials
[23]. Second, many binders cannot accommodate the strain of
electrodes generated at ultrahigh current densities. This is a result
of the weak van der Waals interactions between the binders and
active particles, which can result in electrode fracture and pro-
nounced capacity fade [24,25]. A strong chemical interaction be-
tween the active materials and conductive framework is important
for providing robust mechanical adhesion, and thus improving the
rate capability and cycling life [26].

Super-aligned CNTs (SACNTs) possess a large aspect ratio (>104),
clean surface, high conductivity, good mechanical strength, and
flexibility. SACNTs can be assembled into a continuous conductive
framework to fabricate free-standing composite electrodes with
transition metal oxides such as Co3O4, Mn3O4, and Fe3O4 [27e30].
MnO2 is a widely used pseudocapacitive material that shows great
promise in simultaneously achieving high-energy and high-power
performance [31]. The advantages of MnO2 include a high theo-
retical capacity (1233mAh g�1), natural abundance, and environ-
mental benignity. The application of MnO2 is limited by its intrinsic
low electrical conductivity and mechanical instability [8].

In the current study, a strategy based on the redox reaction of
KMnO4 and air-oxidized SACNTs (aCNTs) is used to synthesize
MnO2 nanoparticles anchored on aCNTs. The resulting MnO2/
aCNT electrodes exhibit excellent high-rate performance. The
nanostructured MnO2 particles with diameters of approximately
10 nm provide a short Liþ diffusion path length, and allow rapid
capacitive-controlled lithium storage. The 3D aCNT matrix serves
as a supporting framework, providing continuous electron path-
ways for the MnO2 nanoparticles. There is a strong chemical
interaction between the MnO2 particles and aCNT framework, as a
result of the MneOeC linkage. This strong interaction ensures
that the MnO2 particles are strongly attached to the aCNTs, which
promotes mechanical stability and maintains the electrode
integrity during cycling. These features in the free-standing
MnO2/aCNT electrodes lead to favorable lithium pseudo-
capacitance with high-rate capability. These findings will pro-
mote the development of hybrid supercapacitor-battery energy
storage devices.
2. Experimental

2.1. Fabrication of CNTs

SACNT arrays with a CNT diameter of 20e30 nm and an array
height of 300 mmwere synthesized by low-pressure chemical vapor
deposition (LP-CVD), wherein iron was used as the catalyst and
acetylene as the precursor. Details of the synthetic process can be
found in previous papers [27]. The pristine SACNTs were heated to
550 �C in air at a rate of 15 �C min�1, and then held at 550 �C for
30min to introduce negatively charged oxygenated functional
groups [32]. The resulting air-oxidized SACNTS are hereafter
referred to as aCNTs. Pristine SACNTs (pCNTs) and commercially
available randomly oriented multi-walled CNTs (rCNTs, with di-
ameters of 20e50 nm, Shenzhen Nanotech Port Co., P. R. China)
were used to prepare comparative samples.

2.2. Fabrication of MnO2/aCNT electrodes

MnO2/aCNT nanocomposites were synthesized by the redox
reaction of KMnO4 and aCNTs. 100mg of aCNTs or pCNTs were
dispersed in deionized water via ultrasonication, which disrupted
their super-aligned structures. 1.0 g of KMnO4 was added to the
suspension under mixing, which was then magnetically stirred for
3 days at 25 �C. After collection by filtration and drying in an oven at
120 �C, a free-standing MnO2/aCNT or MnO2/pCNT electrode was
obtained. No additional current collectors or binders were intro-
duced. The MnO2 loading and content in the composite were
1.5mg cm�2 and 50wt%, respectively. The thickness and area of the
electrode were 100 mm and 0.6e0.8 cm2, respectively. The tap
density of the electrode was 0.3 g cm�3. An aCNT electrode without
MnO2 was also prepared for comparison, using the same filtration
and drying method. pCNTs or rCNTs were also treated with KMnO4
to prepare MnO2/pCNT or MnO2/rCNT electrode with a 50wt%
MnO2 loading. The rCNTs and MnO2 particles could not form a self-
supporting composite electrode in the absence of adhesives. Thus,
the rCNTs loaded with MnO2 particles were mixed with carbon
black (Super-P, 50 nm particle diameter, Timcal Ltd., Switzerland)
and poly(vinylidene difluoride) (PVDF) in N-methyl-2-pyrrolidone
(NMP) solvent. The resulting mixture was then coated onto a Cu
current collector. MnO2 electrodes containing MnO2, Super-P, and
PVDF at a weight ratio of 5:4:1 were also prepared using the same
casting method.

2.3. Characterization

The morphologies of the MnO2/CNT electrodes were character-
ized using scanning electron microscopy (SEM; Sirion 200, FEI) and
transmission electron microscopy (TEM; Tecnai G2F20, FEI). The
MnO2 contents in the nanocomposites were determined using
thermogravimetric analysis (TGA; PerkinElmer, USA) at a heating
rate of 10 �C min�1. Raman spectra of the MnO2 powder, aCNTs,
MnO2/aCNT, MnO2/pCNT, and MnO2/rCNT composites were recor-
ded using a Horiba spectrometer (514 nm Ar laser, 24mW). X-ray
photoelectron spectra (XPS) of the MnO2 powder, aCNTs, and
MnO2/aCNT composites were recorded using a PHI Quantera II
surface analysis equipment. X-ray diffraction (XRD) patterns of the
MnO2/aCNT composites were collected using an X-ray diffractom-
eter (Rigaku, Cu Ka radiation) at a scan rate of 2� min�1. A surface
area and porosity analyzer (ASAP 2020 HD88, BET) was used to
measure the specific surface area and pore size distribution of the
pCNTs, aCNTs, and MnO2/aCNT composites.

Coin-type (CR 2016) half-cells were assembled in an Ar-filled
glove box, using the above-prepared nanocomposites as the
working electrode and lithium foil as the counter electrode. A
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polypropylene film (Celgard 2400) was used as the separator. The
electrolyte was 1M LiPF6, with an ethylene carbonate (EC): diethyl
carbonate (DEC) weight ratio of 1:1. Galvanostatic charge-discharge
tests were carried out using a Land battery test system (Wuhan
Land Electronic Co., P. R. China) with cut-off voltages of 0.01e3.0 V.
Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) measurements were carried out using a Galvanostat
instrument (EG&G Princeton Applied Research 273A).

3. Results and discussion

Fig. 1a shows a schematic of the strategy to fabricate the free-
standing MnO2/aCNT electrodes. TEM images of the pCNTs,
aCNTs, and MnO2 nanoparticles on aCNTs are shown in Fig. 1b, c,
and d, respectively. These images show the morphological changes
that occurred during the fabrication process. The pristine SACNT
array was heated in air, and thus aCNTs were obtained with etching
defects on the tube walls as indicated by the red arrow in Fig. 1c.
aCNTs were dispersed in deionized water via a sonication-assisted
method as reported previously [33]. When the KMnO4 solutionwas
mixed with the aqueous aCNT dispersion at room temperature,
KMnO4 was gradually reduced by aCNTs according to 4MnO4

� þ
3CþH2O/ 4MnO2þ CO3

2� þ 2HCO3
� [8,34]. During the slow redox

process, MnO2 particles with an average diameter of 10 nm either
Fig. 1. (a) Schematic of the process for fabricating the MnO2/aCNT electrode. TEM images o
figure can be viewed online.)
anchored on the aCNT surface or were encapsulated between
adjacent aCNTs (Figure S1 a) (Please change to Fig. S1 a). MnO2
nanoparticle agglomeration was not observed outside of the aCNT
bundles. The nanosized MnO2 particles provided a large fraction of
surface atoms to directly contact with the electrolyte, which pro-
vided short Liþ diffusion pathways and thus allowed for rapid Liþ

transport. The flexible aCNT network served as a conductive bridge
between the insulating MnO2 nanoparticles and maintained the
stability of the electrode structure.

Nanoparticles on the aCNTs were identified as d-MnO2 by the
XRD pattern (Fig. 2a). The strong XRD peak at around 26� was
attributed to the (002) crystal plane of the graphite lattice in the
aCNTs [29]. Other XRD peaks were consistent with those of the
birnessite-type d-MnO2 phase (JCPDS No. 80e1098). An interplanar
d100 spacing of 0.25 nm was observed from a high-resolution TEM
image of the MnO2 nanocrystals (Fig. 2a inset), which was also
consistent with literature values for monoclinic birnessite-type d-
MnO2 [35,36].

The hybridization changes and structural information in the
MnO2/aCNT composites were investigated by Raman spectroscopy.
Fig. 2b shows peaks at 1348 cm�1 (D band, defects or structural
disorder) and 1582 cm�1 (G band, sp2 carbon domains) in the
Raman spectra of the aCNTs and MnO2/aCNT composites. These
results indicated that the structure of the aCNTs was maintained
f (b) pCNTs, (c) aCNTs, and (d) MnO2 nanoparticles on aCNTs. (A colour version of this



Fig. 2. (a) XRD pattern of the MnO2/aCNT composite. Inset: High-resolution TEM image of MnO2 nanocrystals. (b) Raman spectra of the aCNTs, MnO2 powder, and MnO2/aCNT
composites. (c) Pore size distributions and (d) nitrogen adsorption-desorption isotherms of the pCNTs, aCNTs, and MnO2/aCNT composite. (A colour version of this figure can be
viewed online.)
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during the redox reaction. The increased intensity ratio of the D
band to G band (ID/IG) in the Raman spectrum of the MnO2/aCNT
composites compared to the aCNTs suggested a higher defect
concentration due to the oxidation by KMnO4. The Raman peaks at
560‒570 cm�1 (Fig. 2b) in the spectra of the MnO2 powder and
MnO2/aCNT composites were attributed to the y3 (MneO)
stretching vibration with F2g symmetry, owing to the presence of
Mn4þ. The Raman peaks at 634 cm�1 (MnO2) and 650 cm�1 (MnO2/
aCNT composites) were related to the y2 (MneO) symmetric
stretching vibrations of the [MnO6] octahedron [37]. There was a
slight frequency difference between these peaks in the spectra of
MnO2 and the MnO2/aCNT composites. This correlated to the
shorter Mn‒O bonds in the MnO2/aCNT composites, owing to the
local lattice distortion by incorporating Kþ into the interlayer space
[38].

N2 adsorption/desorption experiments were conducted to
investigate the microstructures of the pCNTs, aCNTs, and MnO2/
aCNT composites. Pore size distributions and isotherm loops are
shown in Fig. 2c and d, respectively. The specific surface areas were
134.5m2 g�1, 301.3m2 g�1, and 83.3m2 g�1 for the pCNTs, aCNTs,
and MnO2/aCNT composites, respectively, as calculated from the
isotherm loops. For the pCNTs, the two peaks at 3e5 nm and
40e70 nm in the pore size distribution were assigned to the in-
ternal diameter of the nanotubes and pores between neighboring
bundles, respectively. In comparison with the pristine CNTs, the
aCNTs possessed a much higher specific surface area (2.24 times
that of the pCNTs), and a more pronounced pore peak at 3e5 nm.
These observations corresponded to the increased surface area
resulting from the oxidation defects on the tube walls. The profiles
of the isotherms of the pCNTs and aCNTs differed in the P/P0 range
of 0.4e1.0 (Fig. 2d). This further confirmed that extra pores were
created during the air oxidation process. After the redox reaction
between KMnO4 and the aCNTs, MnO2 nanoparticles anchored on
the aCNTs. The specific surface area decreased to 83.3m2 g�1s, and
pores of 3.7 nm in diameter became almost absent. This
corresponded to the encapsulation of MnO2 nanoparticles in the
abundant mesopores on the aCNT surface. The similar isotherm
profiles of the pCNTs and MnO2/aCNT composites indicated their
same mesoporous structures. This implied that the MnO2 nano-
particles preferred to reside in the mesopores introduced into the
aCNTs during the air oxidation process. The above results were
consistent with the TEM observations of the MnO2/aCNT
composites.

The MnO2 electrodes, MnO2/rCNT electrodes, and MnO2/pCNT
electrodes were also fabricated and investigated for comparison.
Fig. 3a‒d show SEM images of the MnO2, MnO2/rCNT, MnO2/pCNT,
and MnO2/aCNT electrodes, respectively. The aggregation of both
carbon black and MnO2 particles was apparent in the MnO2 elec-
trode, and the MnO2 nanoflakes tended to aggregate into spheres
(Fig. 3a). Introducing rCNTs did not lead to any obvious improve-
ment to the dispersion of MnO2 particles in the MnO2/rCNT elec-
trode compared to the MnO2 electrode (Fig. 3b). Both MnO2/pCNT
(Fig. 3c) and MnO2/aCNT electrode (Fig. 3d) demonstrated 3D
continuous scaffold structures, and the MnO2/aCNT electrode
exhibited smaller CNT bundles without any MnO2 aggregation.
TEM observations further showed the details of the morphological
difference between the MnO2/CNT electrodes (Fig. S1): Both MnO2/
aCNT (Figure S1 a) and MnO2/pCNT (Fig. S1b) electrodes consisted
of MnO2 nanoparticles uniformly anchored on the surface of the
CNTs, but a small part of MnO2 nanoparticles still agglomerated in
the MnO2/pCNT electrode. In comparison, most MnO2 particles and
rCNTs aggregated into spheres in the MnO2/rCNT electrode
(Fig. S1c). TGA measurements were carried out to evaluate the
contents of MnO2, CNTs, and interlayer water in the MnO2/CNT
electrodes (Fig. S1d). The weight losses occurring in the tempera-
ture ranges of <100 �C, 100e300 �C and >600 �C corresponded to
1.5e2.5wt% physically adsorbed water, 6wt% chemisorbed struc-
tural water and ~50wt% of MnO2 in all the MnO2/CNT composites.

The different morphologies of the MnO2/rCNT, MnO2/pCNT, and
MnO2/aCNT can be ascribed to their corresponding CNT dispersion



Fig. 3. SEM images of the (a) MnO2, (b) MnO2/rCNT, (c) MnO2/pCNT, and (d) MnO2/aCNT electrodes.
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behaviors. Fig. S2 shows SEM and TEM images of rCNTs, pCNTs, and
aCNTs. The highly agglomerated and entangled rCNTs could not
form a continuous scaffold (Figs. S2a and S2b) [39]. Both binders
and current collectors were required to obtain MnO2/rCNT elec-
trodes. In contrast, the agglomeration problem was mitigated for
both pCNTs and aCNTs due to their super-aligned nature during the
synthesis process [27], and thus they were able to assemble and
interweave into continuous 3D mats (Figs. S2cef). The CNT mats
served as self-supporting frameworks, enabling the formation of
freestanding electrodes based on CNTs. Figs. S3a and b showed
digital photographs of a flexible and freestanding aCNT film and a
MnO2/aCNT electrode, respectively. Note that pCNT films and
MnO2/pCNT electrodes demonstrated similar flexibility as aCNT
films and MnO2/aCNT electrodes.

XPS spectra of pCNTs, aCNTs, rCNTs, and their corresponding
MnO2/CNT composites were performed to characterize the chem-
ical interactions. The XPS spectra of the aCNTs (Fig. 4a) were
divided into four components at 284.8 eV, 285.7 eV, 287 eV and
291.2 eV, corresponding to sp2 carbon, sp3 carbon, carbon in CeO/
C¼O groups, and p-p* transition, respectively. The C 1s spectra of
the rCNTs (Fig. S4a) and pCNTs (Fig. S5a) demonstrated similar
patterns of sp2 carbons, sp3 carbons, and p-p* transition, but
without any oxygen-containing moieties. Compared to rCNTs,
pCNTs, and aCNTs, the C 1s spectra of the MnO2/rCNT (Fig. S4b),
MnO2/pCNT (Fig. S5b) and MnO2/aCNT (Fig. 4b) electrodes exhibi-
ted higher CeO/C¼O peak binding energy and higher amount of
oxygenated functional groups, as a result of oxidation of the CNTs
by KMnO4. The presence of Kþ in all the MnO2/CNT composites was
confirmed by peaks at 292.9±0:1 eV and 295.5 eV related to the K
2p3/2 and K 2p1/2 states in the XPS spectra, respectively (Figs. 4b,
S4b, and S5b) [40]. Fig. 4c, Fig. S4c, and Fig. S5c show the core
level binding energies for the Mn 2p peaks in the MnO2/aCNT,
MnO2/rCNT, and MnO2/pCNT composites, respectively. The binding
energies for the Mn 2p3/2 and Mn 2p1/2 states were observed at
642.0 eV and 653.5 eV, respectively, which were similar to those
reported for the Mn4þ oxidation state [8,37].
The XPS spectra of the O 1s region for the aCNTs, MnO2 powder,

and MnO2/aCNT composites are shown in Fig. 4def, respectively. In
the spectrum of the aCNTs, the peaks at 530.8 eV and 532.2 eVwere
ascribed to the C¼O and C‒O bonds, respectively (Fig. 4d). The peak
at 529.6 eV in the spectrum of the MnO2 powder was assigned to
the Mn‒O bonding in [MnO6] octahedra, and the peaks at 530.8 eV
and 532.2 eV originated from hydroxide and waters of crystalliza-
tion (Fig. 4e). The O 1s spectrum of the MnO2/aCNT composites in
Fig. 4f was deconvoluted into four peaks at 529.6 eV, 530.8 eV,
531.5 eV, and 532.2 eV, which corresponded to the O 1s states of
oxide (MneOeMn), hydroxide (MneOeH)/C¼O bonds, MneOeC
linkages, and interlayer water (HeOeH)/CeO bond, respectively
[41,42]. Compared with the O 1s spectra of the MnO2 powder and
aCNTs, the extra peak at 531.5 eV indicated the formation of
MneOeC bridges at the MnO2/aCNT interface. The MneOeC link-
age may have originated from an anion adsorption mechanism, in
which oxygen-containing groups on the carbon template captured
metal anions (such as VO�

3 ; MnO�
4 ; and MoO�

4 ) [43]. According to
this mechanism, MnO�

4 groups were adsorbed by the CeO/C¼O
groups on the aCNTs. The presence of the MneOeC linkage further
confirmed that the MnO2 nanoparticles and aCNTs were chemically
hybridized with each other. This strong chemical connection can
prevent detachment of the active MnO2 nanoparticles from the
aCNTs during rapid cycling. In contrast, neither MnO2/rCNT nor
MnO2/pCNTelectrodes demonstrated theMneOeC linkage in the O
1s XPS spectra (Figs. S4d and S5d), because both rCNTs and pCNTs
did not possess oxygen-containing groups and were unable to
capture metal anions during the oxidation process by KMnO4.
Therefore, MnO2 nanoparticles tended to aggregate (Figs. S1b and
c) instead of closely anchoring on the CNTs due to the absence of
the MneOeC linkage.

The morphology and structure of MnO2 was expected to affect
the degree of polarization and reversibility of the electrodes during
cycling. Fig. 5aed shows discharge curves of theMnO2, MnO2/rCNT,



Fig. 4. XPS spectra: (a) C1s region for the aCNTs. (b) C1s and K2p, (c) Mn2p regions for the MnO2/aCNT composite. O1s region for the (d) aCNTs, (e) MnO2 powder, and (f) MnO2/
aCNT composite. (A colour version of this figure can be viewed online.)
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MnO2/pCNT, and MnO2/aCNT electrodes at 0.2 A g�1, respectively.
The discharge curves of the four electrodes shared common char-
acteristics. Specifically, a slope region from 3.0 V to 0.5 V and a
plateau at 0.4e0.5 V were assigned to the reduction of MnO2 to
Mn(II) and the further reduction of Mn(II) to Mn(0), respectively.
The irreversible capacity loss in the first cycle was attributed to the
formation of a solid electrolyte interphase (SEI) film. The profile of
the MnO2/pCNT and MnO2/aCNT electrodes exhibited three fea-
tures that differed to theMnO2 andMnO2/rCNTelectrodes: (1) Both
MnO2/pCNT and MnO2/aCNT electrodes retained approximately
70% of the initial capacity from the first cycle to the second cycle,
Fig. 5. Discharge curves of the (a) MnO2, (b) MnO2/rCNT, (c) MnO2/pCNT, and (d) MnO2/aCN
can be viewed online.)
which suggested better reversibility than the other two electrodes.
The lower irreversible capacity loss in the first cycle may have
arisen from the reduced SEI formation time. This reduced formation
time arose from the superior wettability of the oxygenated func-
tional groups in the composites and also from the smooth electrode
surface. In the MnO2 and MnO2/rCNT electrodes, the presence of
inactive binders, conductive additives, and rough electrode surfaces
may have hindered SEI formation, resulting in larger initial irre-
versible capacity losses [44]. (2) The small voltage drop DU of the
MnO2/pCNT electrode and MnO2/aCNT electrode (DU1st ¼ 0 V ;
DU2nd <0:25 V ; DU50th <0:10 V) when charging was switched to
T electrodes in the 1st, 2nd, and 50th cycles at 0.2 A g�1. (A colour version of this figure
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discharging reflected a low contact resistance and inhibition of
polarization. These factors reflected the relatively homogenous
dispersion of MnO2 nanoparticles on the CNT framework. The
agglomeration of MnO2 particles in the MnO2 and MnO2/rCNT
electrodes led to severe polarization and relatively high voltage
drops. (3) From the 2nd cycle to the 50th cycle, both the MnO2/
pCNT and MnO2/aCNT electrodes exhibited slight capacity increase,
while the other two electrodes exhibited capacity fading. In gen-
eral, during the initial wetting and activation process, electrodes
exhibit capacity increase until full wetting of the electrode and full
utilization of the active material. The irreversible capacity loss and
reversibility of the electrode reportedly affect the capacity fading
rate [44,45]. The high reversibility enabled the wetting and acti-
vation process dominating the first 50 cycles for the MnO2/pCNT
and MnO2/aCNT electrodes, leading to a capacity increase. The
MnO2 and MnO2/rCNT electrodes also underwent a wetting and
activation process. However, the capacity increase was less signif-
icant than the capacity fade, owing to the poor reversibility of the
electrodes.

The relationship between the MnO2 content and capacity
reversibility was investigated. Most reactive sites on the surface of
aCNTs were anchored by MnO2 nanoparticles when the content of
MnO2 was 50wt% in the composite (Fig. S1a). The TGA profiles in
Fig. S6 show that it was not feasible to fabricate MnO2/CNT elec-
trodes with MnO2 content higher than 50wt% even when the
fabrication process was extended to 6 days using aCNTs and excess
KMnO4. Therefore, MnO2/aCNT electrodes with 30wt% and 40wt%
MnO2 loading were fabricated to study the dependence of revers-
ibility on the MnO2 content. Figs. S7a and b show the discharge
curves of the MnO2/aCNT electrodes with 30wt% and 40wt% MnO2
loadings at 0.2 A g�1, respectively. MnO2 content had little effect on
the reversibility in the first cycle, being 66e70% for the MnO2/aCNT
electrodes with MnO2 loading ranging from 30wt% to 50wt%
(Figs. 5d, S7a, and S7b). Moreover, they shared the same feature of
slight capacity increase from the 2nd cycle to the 50th cycle. These
results suggested that the MnO2/aCNT electrodes possessed similar
capacity reversibility when theMnO2 content was lower than 50wt
%.

The MnO2, MnO2/rCNT, MnO2/pCNT, and MnO2/aCNT electrodes
were cycled in the potential window of 0.01e3.00 V at a current
density of 0.2 A g�1 (Fig. 6a). The MnO2/aCNT electrode delivered
discharge capacities of 1043.5/718.3mA h g�1 for the initial and
second cycles, respectively. The capacity kept increasing from the
3rd cycle until the 70th cycle, and a maximum of 843.8mA h g�1

was reached. The MnO2/pCNT electrode exhibited 903.8/
626.6mA h g�1 in the 1st and 2nd cycle, respectively. Capacity in-
crease from the 3rd cycle was also observed. In comparison, the
MnO2/rCNTandMnO2 electrodes exhibited poor performances. The
initial capacities of 1203.8mA h g�1 and 616.5mA h g�1 degraded
to 380.2mA h g�1 and 145.4mA h g�1 after 20 cycles for the MnO2/
rCNT and MnO2 electrodes, respectively. For the MnO2/aCNT elec-
trode, its capacity at the 70th cycle exceeded its theoretical
maximum value. The electrode consisted of aCNTs, MnO2, and
water in a weight ratio of 42:50:8, as determined by TGA (Fig. S1d).
The aCNTs exhibited a capacity of 175.3mA h g�1 at the 70th cycle
(Fig. S8), and the theoretical maximum capacity of MnO2 is
1233mAh g�1 [46e48], assuming Mn4þ to Mn0. Thus, the upper
limit of the discharge capacity of the MnO2/aCNT electrode was
690.1mA h g�1 (i.e. 175.3mA h g�1 � 42 wt% þ 1233 mA h g�1� 50
wt%¼ 690.1mA h g�1), which was 18% lower than the actual ca-
pacity (843.8mA h g�1). The excess capacity may have originated
from capacitive lithium storage behavior at the MnO2/carbon
interface, with the positive charge of Liþ compensated for by
electrons in the aCNTs. Such interfacial excess Liþ storage behavior
has been reported in a similar system involving the LiFePO4/
graphene interface reconstructed by Fe�O�C bonds [49].
Electrochemical impedance spectra (EIS) of the MnO2, MnO2/

rCNT, MnO2/pCNT, and MnO2/aCNT electrodes were performed to
reveal the impedance change and transport kinetics during cycling.
Figs. S9aed shows the Nyquist plots of these electrodes before and
after 50 cycles at 0.2 A g�1. The equivalent circuit model is shown in
Fig. S9e, and the calculated parameters are listed in Table S1. In the
equivalent circuit, RU corresponds to the Ohmic resistance between
the electrode and electrolyte; Rct reflects the charge transfer
resistance; CPEdl is related to the non-ideal capacitance of the
double layer. Due to the formation of SEI during cycling, RSEI and
CPESEI are added to the equivalent circuit, which represent the
resistance and non-ideal capacitance of the SEI layer. The most
important parameter, Rct, is directly related to reaction kinetics.
After 50 cycles, both MnO2/pCNT and MnO2/aCNT electrodes
exhibited lower charge-transfer resistances than their initial values,
indicating improved Li-reaction kinetics during cycling. This can be
attributed to the better contact between electrolyte and active
materials during the initial wetting of the electrode and activation
process, thereby leading to the capacity increase as shown in
Fig. 6a. The Liþ diffusion coefficients were determined by the

following equation: DLi ¼ R2T2

2A2n4F4C2s2 (where R is the gas constant
in the ideal gas equation, T is the absolute temperature, A is the
surface area of the electrode, n is the number of electrons per
molecule during reaction, F is the Faraday constant, C is the con-
centration of Liþ, and s is the Warburg coefficient obtained from
the slopes of Z0 versus u�1=2 in the low frequency region as shown
in Fig. S9 a-d insets) [11]. After 50 cycles, the diffusion coefficient of
the MnO2/aCNT electrode (2.1� 10�12 cm2 s�1) was 60% higher
than that of the MnO2/pCNT electrode (1.3� 10�12 cm2 s�1), and
was approximately three orders of magnitude higher than those of
the MnO2 (1.9� 10�15 cm2 s�1) and MnO2/rCNT
(3.6� 10�15 cm2 s�1) electrodes. These results indicated the ad-
vantages of MnO2/aCNT electrode in facilitating Liþ diffusion, thus
resulting in excellent rate performances.

The rate performances of the MnO2, MnO2/rCNT, MnO2/pCNT,
and MnO2/aCNT electrodes at a discharge rate of 0.5 A g�1 are
shown in Fig. 6b. The MnO2/aCNT electrode exhibited the best rate
performance and delivered high reversible discharge capacities of
671.9mA h g�1

electrode, 649.1mA h g�1
electrode,

619.2mA h g�1
electrode, 539.9mA h g�1

electrode, and
395.8mA h g�1

electrode at stepwise charge rates of 0.5 A g�1, 1 A g�1,
2 A g�1, 5 A g�1, and 10 A g�1, respectively. When the charge rate
was set back to 0.5 A g�1, the electrode resumed a capacity of
648.1mA h g�1. The MnO2/pCNT electrode exhibited inferior rate
performances at charge rates of 0.5e2 A g�1, with significant ca-
pacity collapse at 5 A g�1 and 10 A g�1. Both the MnO2 and MnO2/
rCNT electrodes exhibited very low capacities at 0.5 A g�1, and
almost failed at higher rates. The inferior rate performances of
these electrodes might have been attributed to the aggregation of
their active materials due to the absence of MneOeC linkage, and
their separation from the metal current collector or CNTs at high
rates. The rate performance of the MnO2/aCNT electrode was
compared with other MnO2/C electrodes reported in the literature,
including CNS@MnO2, MnO2/rGO, MnO2@CNT, MnO2/C nano-
spheres, and rGO-MnO2@CNT (Table 1) [50e54]. The MnO2/aCNT
electrode in the present study exhibited the best rate performance.
Long-term cycling tests of the MnO2/aCNT electrode were carried
out at high charge/discharge rates of 2 A g�1 and 5 A g�1 (Fig. 6c).
The electrode delivered initial capacities of 824.0mA h g�1 and
718.3mA h g�1 at 2 A g�1 and 5 A g�1, respectively. At 2 A g�1, the
capacity increased until the 150th cycle, with a maximum of
630.2mA h g�1. The electrode exhibited low capacity fading rates of
0.075% and 0.140% per cycle from the 2nd cycle to the 1000th cycle



Fig. 6. (a) Cycling performance of the MnO2, MnO2/rCNT, MnO2/pCNT, and MnO2/aCNT electrodes at 0.2 A g�1. (b) Rate performance at a discharge rate of 0.5 A g�1 and stepwise
charge rates of 0.5 A g�1, 1 A g�1, 2 A g�1, 5 A g�1, and 10 A g�1. (c) Long-term cycling performance of the MnO2/aCNT electrode at high charge/discharge rates of 2 A g�1 and 5 A g�1. (A
colour version of this figure can be viewed online.)

Table 1
Comparison of the rate performance of theMnO2/aCNTelectrodewith otherMnO2/C
electrodes reported in the literature.

Electrode Current density (A g�1) Specific capacity
(mAh g�1)

References

CNS@MnO2 1.0 225.0 [50]
MnO2/rGO 6.2 400.0 [51]
MnO2@CNT 2.0 250.0 [52]
MnO2/C nanospheres 1.0 540.0 [53]
rGO-MnO2@CNT 2.0 480.6 [54]
MnO2/aCNT 5.0 and 10.0 539.9 and 395.8 this study
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at 2 A g�1 and 5 A g�1, respectively.
SEM and TEM images of the MnO2/aCNT electrode after 100

cycles at 2 A g�1 are shown in Fig. S10. MnO2 aggregation was not
observed in the cycled electrode and the diameter of the aCNT
bundles increased due to the formation of SEI (Fig. S10a). MnO2
nanoparticles were still tightly anchored on the CNTs, indicating
the stability of the electrode structure after rapid charge/discharge
processes (Fig. S10b). The structural stability of the MnO2/aCNT
electrode was ascribed to the strong chemical interaction between
the MnO2 particles and aCNT framework by MneOeC bonds. The
presence of the MneOeC linkage during charge/discharge pro-
cesses was confirmed by O 1s XPS spectra of the MnO2/aCNT
electrode after 100 cycles at 2 A g�1 (Fig. S11). Note that the in-
tensity of the CeO/C¼O type species increased compared to the
electrode before cycling due to the deposition of an organic layer
related to the formation of SEI.

The ultrahigh rate performance and long-term cycling stability
of the MnO2/aCNT electrode were ascribed to the electrode struc-
ture. Specifically, (1) the MnO2 nanoparticles allowed a large frac-
tion of surface atoms to contact with the electrolyte, and provided
short diffusion pathways for rapid Liþ diffusion; (2) the free-
standing aCNT scaffold provided 3D continuous electron path-
ways, which allowed efficient electron transfer and the alleviation
of polarization; (3) the robust contact between the MnO2 and
aCNTs by the MneOeC linkage enabled the flexible aCNT network
to accommodate the strain of the electrode, and prevented sepa-
ration of the active materials from the aCNT framework during the
rapid charge/discharge processes.

The high rate performance of the MnO2/aCNTelectrode was also
associated with the capacitive mechanism. The changes in the
capacitive lithium storage behavior during long-term cycling were
identified from discharge/charge voltage profiles (Fig. 6c inset). At
the 2nd cycle, several discharge/charge plateaus were observed,
which corresponded to battery-type diffusion processes. At the
500th cycle, only one discharge plateau was observed. At the
1000th cycle, there was no discharge plateau, and the linear gal-
vanostatic discharge/charge profiles suggested a dominant capac-
itive contribution to the charge storage. These results demonstrated
that the capacitive lithium storage behavior gradually evolved
during long-term cycling.
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The capacitive contribution to lithium storage of theMnO2/aCNT
electrode was further quantified by CV measurements at various
scan rates between 0.2mV s�1 and 20mV s�1 (Fig. 7a). A power law
relationship between the current response (i) and scan rate (v) can
be used to identify the storage mechanism: i ¼ avb, where a and b
are adjustable parameters. When b equals 1, the response current is
proportional to the scan rate, indicating a capacitive process. When
b equals 0.5, the response current satisfies Cottrell's equation,
reflecting a diffusion-controlled process [3,55]. The b value can be
obtained from the slope of the log i versus log v plot (Fig. 7b). The b
values were 0.77, 0.72, 0.85, and 0.85 at 1.6 V, 2.0 V, 2.4 V, and 2.8 V
in the charge process, and 0.87, 0.87, 0.77, and 0.85 at 0.5 V, 1.0 V,
1.5 V, and 2.0 V in the discharge process. The b values between 0.5
and 1.0 implied that the lithium storage process was a hybrid of the
semi-infinite diffusion process and the capacitive surface mecha-
nism. The current response i at each potential can be separated into
the capacitive current (k1v) and diffusion current (k2v1=2):
i(V)¼ k1vþ k2v1=2 [56]. The values of k1 and k2 can be determined
from the slope and intercept of i=v1=2 versus v1=2 plot. The shaded
area in Fig. 7c shows the capacitive current in comparison with the
total current at 20mV s�1. The capacitance contribution (460 C g�1)
accounted for 65.6% of the total capacity (700 C g�1), suggesting
that the MnO2/aCNT electrode was mainly controlled by the
capacitive behavior at a fast scan rate of 20mV s�1. By subtracting
the surface-controlled capacity from the total capacity, the
diffusion-controlled process contributed only 240 C g�1 to the ca-
pacity. The capacitance contribution percentage would be smaller
than 65.6% at lower scan rates. CV measurements of the aCNT
electrode were also conducted at scan rates between 0.2mV s�1

and 20mV s�1, and the capacitance contribution of aCNTs was only
70.5 C g�1 at 20mV s�1 (Fig. S12), compared to 460 C g�1 for the
MnO2/aCNT electrode. Therefore, the dominant capacitive contri-
bution of the MnO2/aCNT electrode originated fromMnO2 particles
instead of aCNTs.

The capacity contribution could also be quantified from the
Fig. 7. Kinetic analysis of the MnO2/aCNT electrode. (a) CV profiles at different scan rates be
CV profile at 20mV s�1. The shaded area represents the capacitive charge storage contribu
discharged state (0.01 V). (A colour version of this figure can be viewed online.)
valence state change of manganese, by measuring the separation
between the twomain peaks in theMn 3s spectrum [57]. TheMn 3s
XPS binding energy region of the MnO2/aCNT electrode was char-
acterized in the fully charged state (3.0 V) and fully discharged state
(0.01 V). The separations of the two main peaks were 5.83 eV and
6.25 eV at 3.0 V and 0.01 V, which corresponded to Mn valences of
2.4 and 2.0, respectively (Fig. 7d). According to Faraday's law, Mn
delivered 700 C g�1 in the diffusion-controlled process

(ð2:4�2:0Þ�9:65�104 C mol�1

55 g mol�1 ¼ 700 C g�1). Given that Mn accounted for

31.6wt% in the MnO2/aCNT composites (55/87� 50wt%¼ 31.6wt
%), a capacity of 222 C g�1 originated from the redox reaction of
manganese (700 C g�1� 31.6wt%¼ 222 C g�1). This result was in
agreement with the kinetic analysis (i.e. 240 C g�1 from the
diffusion-controlled process).

The MnO2/aCNT electrode exhibited a hybrid behavior of a
supercapacitor and battery and outstanding electrochemical per-
formance at ultrahigh current densities. A possible lithium storage
mechanism is proposed. The battery behavior arises from semi-
infinite Liþ diffusion, accompanied by the redox reaction of man-
ganese. The capacitive behavior originates from excess Liþ storage
at the MnO2/aCNT interface, and the positive charge can be
compensated for by the extra electrons on the surface of the aCNTs.
The capacitive process is responsible for instantaneous charge
transfer. Since the capacitive process is the dominating component
to the total capacity at ultrahigh current densities, large amounts of
energy can be rapidly delivered or stored in the MnO2/aCNT elec-
trode. This result makes the anode design promising for hybrid
supercapacitor-battery energy storage applications.
4. Conclusion

A free-standing MnO2/aCNT electrode was fabricated and
applied in a hybrid supercapacitor-battery energy storage device.
MnO2 nanoparticles were uniformly attached to the surface of
aCNTs through MneOeC linkages. The aCNT network was highly
tween 0.2mV s�1 to 20mV s�1. (b) Determination of b-values at different potentials. (c)
tion. (d) XPS spectra of the Mn 3s region at the fully charged state (3.0 V) and fully
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elastic and conductive. This network served as a conductive scaffold
and buffered the volume change of MnO2 during the rapid charge/
discharge processes. The presence of MnO2 nanoparticles facili-
tated the rapid diffusion of lithium ions and interfacial capacitive
lithium storage. The MnO2/aCNT electrode exhibited a reversible
capacity higher than its theoretical maximum value at 0.2 A g�1,
owing to the capacitive lithium storage behavior. The lithium
storage of the electrode was a surface-dominated capacitive pro-
cess. The MnO2/aCNT electrode exhibited outstanding high-current
performance (395.8mA h g�1 at 10 A g�1, 630.2mA h g�1 after 150
cycles at 2 A g�1) and low capacity fading rates (0.075% and 0.140%
per cycle over 1000 cycles at 2 A g�1 and 5 A g�1). These results hint
at the potential of the MnO2/aCNT structure in high-performance
hybrid supercapacitor-battery energy storage systems.
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