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The incorporation of Mo and CNTs in a ZnO@MnO2 nanoarray enabling
flexible asymmetric supercapacitor with ultra-high rate capability
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Zhong Jin3*

ABSTRACT Manganese dioxide possesses a high theoretical
specific capacitance, low cost and environmental friendliness
as a supercapacitor electrode material, but its low electrical
conductivity and utilization impede its potential capacity.
Here, ZnO nanorod arrays electrochemically grown on flexible
carbon cloth were fabricated as the electrode substrate. Mo
species and carbon nanotubes (CNTs) were anodically coe-
lectrodeposited onto MnO2 film that epitaxially grew on the
surface of ZnO nanorods by a facile electrochemical method,
achieving a highly conductive and accessible MnO2 nanoarray
electrode (denoted ZnO@Mo-CNT-MnO2 NA). The flexible
ZnO@Mo-CNT-MnO2 NA electrode exhibits a superior spe-
cific capacitance of 237.5 F g−1 at an extremely high charge-
discharge rate of 100 A g−1 and a high capacitance retention of
86% after 10,000 cycles. The aqueous asymmetric device as-
sembled with our ZnO@Mo-CNT-MnO2 NA electrode in a
bent state obtains a high energy density of 1.13 mW h cm−3 at
a high power density of 132.35 mW cm−3 (5 mA cm−2) and a
high capacitance retention of 88% after cycling 7600 times at a
charge-discharge rate of 5 mA cm−2. The architecture of the
MnO2-based NA provides a novel avenue to enhance con-
ductivity and utilization for the design and fabrication of
flexible metal oxide supercapacitor electrodes.

Keywords: nanoarray, MnO2, coelectrodeposition, Mo species,
CNT, supercapacitor

INTRODUCTION
Today, various smart electronic devices have completely inte-
grated into our human life and require energy storage in the
form of secondary batteries [1–4], supercapacitors (SCs) [5–9],
fuel cells [10–12], and other storage types [13]. SCs possess the
merits of a fast charge/discharge process, excellent rate cap-
ability, long cycle life (>10,000 times), high power density, low
maintenance cost and high safety, which satisfy various needs
[14–21]. Transition metal oxides [22–27] as SC electrode
materials usually suffer from sluggish electrochemical reaction

kinetics and poor electron conductivity, resulting in unsa-
tisfactory cycling stability and rate capability [28]. Therefore, the
key issue for SCs is material innovation and in-depth research
into the kinetics [29,30].
Manganese dioxide (MnO2), a typical surface redox pseudo-

capacitive material, has been extensively studied for SC elec-
trodes due to its abundant resources, nontoxicity, low price,
environmental friendliness and high theoretical capacitance
(1370 F g−1) [31–36]. However, due to the surface pseudocapa-
citive properties of MnO2, the thickness of the substrate with
“useless volume and weight” per unit area increases when the
loading increases, thus greatly reducing the mass specific capa-
citance [37,38]. Currently, research on MnO2-based electrodes
for SCs mainly focuses on high specific capacity at low charge-
discharge rates; however, due to the poor conductivity of MnO2
(10−7–10−3 S cm−1) [39], the specific capacity sharply decreases
at large charge-discharge rates. Mondal et al. [40] synthesized α-
MnO2 nanoparticles with a high copper doping concentration by
applying a modified hydrothermal technique, which achieved
specific capabilities of 334.2 and 240.7 F g−1 at charge-discharge
rates of 0.5 and 3 A g−1, respectively. Lan et al. [41] fabricated
Sn-doped MnO2 samples using a simple hydrothermal method,
obtaining specific capabilities of 243.6 and 89.6 F g−1 at charge-
discharge rates of 1 and 50 A g−1, respectively. Ramesh et al. [33]
achieved manganese oxide@N-doped graphene oxide/poly-
pyrrole (MnO2@NGO/PPY) composites by employing an effi-
cient hydrothermal chemical reaction and achieved excellent
supercapacitive performance of 480 and 120 F g−1 at charge-
discharge rates of 0.5 and 2.5 A g−1, respectively. Zhang et al.
[32] obtained Ni-doped manganese dioxide (Ni-MnO2) for SC
electrode materials by a coprecipitation method with varying
magnification times, achieving a high specific capacitance of
389.6 and 299.0 F g−1 at charge-discharge rates of 1 and 5 A g−1,
respectively. Ye et al. [42] fabricated metal-ion (Fe, V, Co, and
Ni)-doped MnO2 ultrathin nanosheets electrodeposited on car-
bon fiber paper using a facile anodic codeposition method,
which achieved a low overpotential of 390 mV to reach
10 mA cm−2 in 1 mol L−1 KOH for the oxygen evolution reac-
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tion. Zhao et al. [43] fabricated the Cr-doped δ-MnO2 for SC
electrode materials by a hydrothermal synthesis method, exhi-
biting large specific capacitances of 250 and 150 F g−1 at charge-
discharge rates of 0.2 and 10 A g−1, respectively. Jia et al. [44]
demonstrated the aqueous asymmetric SC (ASC) assembled by
employing NiCo2S4@Fe2O3 nanoneedle array and MnO2
nanosheet array, displaying a high supercapacitive characteristic.
In our study, nanoarray (NA) structures were fabricated by the

galvanostatic anodic electrodeposition method, which alleviated
the problem of ineffective MnO2 volume due to thick stacking
and improved the ion transfer ability. The synergistic effect of
codeposition by doping Mo ions and carbon nanotubes (CNTs)
in MnO2 bulk can rapidly improve the rate capability. MnO2,
Mo-doped MnO2 (Mo-MnO2) and Mo and CNT codoped MnO2
(Mo-CNT-MnO2) were successfully electrodeposited on the
surface of ZnO nanorod arrays grown on flexible carbon cloth
(CC) substrates (denoted ZnO@MnO2 NA, ZnO@Mo-MnO2
NA and ZnO@Mo-CNT-MnO2 NA, respectively), realizing a
new architecture of flexible NA electrodes with ultrahigh rate
capability for flexible ASCs.

EXPERIMENTAL SECTION

Reagents and materials
CC (HCP 330N) and a NKK-MPF30AC-100 separator were
purchased from Guangdong Canrd New Energy Technology
Co., Ltd. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), sodium
sulfate anhydrous (Na2SO4) and sodium dodecyl sulfate
(C12H25SO4Na, SDS) were purchased from Xilong Scientific Co.,
Ltd. Manganese acetate tetrahydrate (MnC4H6O4·4H2O) was
purchased from MACKLIN Co., Ltd. Hexamethylene tetramine
(C6H12N4) was purchased from DAMAO Co., Ltd. Sodium
molybdate (Na2MoO4·2H2O) was purchased from Tianjing No. 4
Chemical Reagent Factory. The multi-walled CNTs (MWCNTs)
and dispersants (TNWDIS) were purchased from Chengdu
Organic Chemical Co., Ltd., Chinese Academy of Sciences. All
reagents and materials were of analytical grade and were used
without further purification.

Electrode preparation

Pretreatment
The flexible CC was sequentially ultrasonically treated with
acetone, ethanol and distilled water for 30 min. Then, the CC
was soaked in an aqueous solution of 6.0 mol L−1 HCl at 70°C
for 1 h, removed and rinsed with distilled water.

ZnO NA
ZnO NA was fabricated on a flexible CC substrate using
cathodic electrodeposition in an electrolyte of 0.01 mol L−1

Zn(NO3)2·6H2O and 0.01 mol L−1 C6H12N4 at a temperature of
70°C with a stirring rate of 125 r min−1 at a current density of
0.8 mA cm−2 for about 60 min. The CC, saturated calomel
electrode (SCE) and carbon rod were employed as the working
electrode, reference electrode and counter electrode, respec-
tively.

ZnO@MnO2 NA
ZnO NA was used as the working electrode, and a mixed
solution of 0.05 mol L−1 Na2SO4 and 0.01 mol L−1 MnC4H6O4·
4H2O was used as the electrolyte. ZnO@MnO2 NA was prepared

by anodic electrodeposition at 70°C, 125 r min−1, and
0.5 mA cm−2 for about 65 min.

ZnO@Mo-MnO2 NA
ZnO NA was used as the working electrode, and a mixed
solution of 0.05 mol L−1 Na2SO4, 0.021 mol L−1 MnC4H6O4·
4H2O and 0.003 mol L−1 Na2MoO4·2H2O was used as the elec-
trolyte with a 7:1 ratio of Mn:Mo on the basis of experimental
optimization (see Table S1 and Fig. S1). ZnO@Mo-MnO2 NA
was prepared by anodic electrodeposition at 70°C, 125 r min−1,
and 0.5 mA cm−2 for about 55 min.

ZnO@Mo-CNT-MnO2 NA
ZnO NA was used as the working electrode, and a mixed
solution of 0.05 mol L−1 Na2SO4, 0.021 mol L−1 MnC4H6O4·
4H2O, 0.003 mol L−1 Na2MoO4·2H2O, 0.3 g L−1 TNWDIS,
0.5 g L−1 CNTs and 1 g L−1 SDS was used as the electrolyte.
ZnO@Mo-CNT-MnO2 NA was prepared by anodic electro-
deposition at 70°C, 125 r min−1, and 0.5 mA cm−2 for about
55 min.

Fabrication of ASC
The aqueous ASC was assembled with ZnO@Mo-CNT-MnO2
NA (1 cm × 1 cm) as the positive electrode and electro-
chemically activated CC (ECC) [45] as the negative electrode. To
prepare the ECC electrode, the flexible CC (exposed area
1 cm × 1 cm) was anodically activated in a mixed solution of
7.4 mol L−1 HNO3 and 8.2 mol L−1 H2SO4 under a constant
voltage of 3 V. A separator (NKK-MPF30AC-100) was sand-
wiched between the two electrodes, and a 0.5 mol L−1 Na2SO4
solution was used as the electrolyte.

Material characterizations
X-ray diffraction (XRD, D8ADVANCE-A25) was used to dis-
tinguish the phases of the as-prepared electrodes. The surface
morphology and structure of the as-prepared electrode were
characterized by field emission scanning electron microscopy
(SEM, Nova Nano SEM 450) and transmission electron micro-
scopy (TEM, FEIG2-20-TWIN). The functional group distribu-
tion was measured through X-ray photoelectron spectroscopy
(XPS, XPSINCA 250 X-max 50). A microelectronic balance
(Mettler Toledo, XS205 Dual Range) was employed to weigh the
loading amount of the composited electrode with an accuracy of
0.1 mg. A CHI 660C electrochemical workstation (Chenhua
Shanghai) was used in electrochemical characterizations such as
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD),
and electrochemical impedance measurements, which were
processed in a conventional three-electrode cell. The assembled
cells were tested using Arbin BT-2000 (#169483).

Electrochemical measurements
The electrochemical performance of all as-prepared electrodes
was examined using a three-electrode configuration on an
electrochemical workstation (CHI660C) in a 0.5 mol L−1 Na2SO4
solution at room temperature. The as-prepared electrode, a
platinum plate and SCE, were used as the working electrode,
counter electrode and reference electrode, respectively. The CV
measurements and GCD tests were performed at charge-dis-
charge rates of 2–500 mV s−1 and 0.5–100 A g−1, respectively.
Electrochemical impedance spectroscopy (EIS) was performed in
the frequency range of 100 kHz–0.01 Hz with an amplitude of
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5 mV.

RESULTS AND DISCUSSION
Fig. 1a shows a schematic diagram of the fabrication process of
ZnO@Mo-CNT-MnO2 NA grown on flexible CC. The Mo ions
and CNTs are co-doped into the MnO2 bulk, which can greatly
improve the electrical conductivity and rate capability as an
electrode material for SCs. Undoubtedly, the NA formation of
MnO2-based electrodes is favourable for increasing the utiliza-
tion of active meal oxide. Fig. 1b shows the XRD patterns of CC,
ZnO NA, ZnO@MnO2 NA, ZnO@Mo-MnO2 NA sand ZnO@-
Mo-CNT-MnO2 NA. Apparently, the two characteristic peaks at
26.2° and 44.4° correspond to C derived from CC (JCPDS No.
75-1621). These diffraction peaks located at approximately 31.8,
34.5, 36.3, 47.6, 56.7 correspond to the facets of (100), (002),
(101), (102) and (110), respectively, belonging to ZnO NA
(JCPDS No. 75-0576). As shown in Fig. 1b, the diffraction peaks
at approximately 35.1°, 41.6°, 45.0° and 70.0° correspond to the
(310), (120), (220) and (112) facets, respectively, which belong to
the structure of γ-type MnO2 (JCPDS No. 82-2169). Compared
with pristine ZnO@MnO2 NA, the peak intensities of ZnO@Mo-
MnO2 NA and ZnO@Mo-CNT-MnO2 NA located at 35.1° and
44.3° are smaller, which should be attributed to the incorpora-
tion of Mo and CNTs in the MnO2 bulk, resulting in lower
crystallinity or smaller crystal size [46].
The chemical constituent and bonding state of ZnO@MnO2

NA, ZnO@Mo-MnO2 NA and ZnO@Mo-CNT-MnO2 NA
composite electrodes were determined by XPS. The Zn, Mn, Mo,
C and O elements in the XPS spectrum were confirmed by
Fig. S2. Fig. 2 shows the XPS spectra of Mo 3d, Mn 2p, O 1s and
C 1s for ZnO@MnO2 NA, ZnO@Mo-MnO2 NA and ZnO@Mo-
CNT-MnO2 NA samples. The XPS spectra of Mo 3d for the
samples of ZnO@Mo-MnO2 NA and ZnO@Mo-CNT-MnO2 NA
in Fig. 2a have two deconvoluted peaks of Mo6+ 3d5/2 (232.3 eV)
and Mo6+ 3d3/2 (235.6 eV), indicating that Mo elements were
successfully doped into ultrathin MnO2 nanosheets. The Mn 2p
spectra of ZnO@Mo-MnO2 NA and ZnO@Mo-CNT-MnO2 NA

in Fig. 2b can be distinguished as two peaks of Mn 2p3/2 at
approximately 642.2 eV and Mn 2p1/2 at approximately 654.0 eV,
respectively, belonging to MnO2, which are consistent with the
literature [47–49]. There is a clear positive shift of Mn 2p3/2 and
Mn 2p1/2 in ZnO@Mo-MnO2 NA and ZnO@Mo-CNT-MnO2
NA compared with ZnO@MnO2, indicating that the Mo and
CNT co-incorporation changes the electron structure of the Mn
atom. The O 1s spectra of ZnO@MnO2 NA in Fig. 2c can be
distinguished as three peaks of Mn–O–Mn, Mn–O–OH and
C–O at binding energies of approximately 529.7, 531.2 and
532.7 eV, respectively. The ZnO@Mo-MnO2 NA and ZnO@Mo-
CNT-MnO2 NA also have a clear shift of Mn–O–Mn, Mn–O–
OH and C–O towards a higher binding energy in comparison
with the ZnO@MnO2 NA, which is attributed to the Mo and
CNT co-incorporation in MnO2 NA. Fig. 2d shows the C 1s
spectra of ZnO@MnO2 NA, ZnO@Mo-MnO2 NA and ZnO@-
Mo-CNT-MnO2 NA, which can be deconvoluted into four
characteristic peaks C=C sp3 (284.8 eV), C–O–C (286.2 eV),
C–O (288.4 eV) and C=O (289.8 eV). Clearly, the C–O and C=O
for carboxyl functional groups and carboxyl functional groups
deriving from CNTs, respectively, have a higher peak intensity in
comparison with ZnO@MnO2 NA and ZnO@Mo-MnO2 NA
[50–52], indicating the successful incorporation of CNTs in the
MnO2 bulk.
Fig. 3 shows the field emission SEM (FESEM) images of ZnO

NA and ZnO@Mo-CNT-MnO2 NA. As shown in Fig. 3a and
Fig. S3a, b, a ZnO nanorod array with hexagonal morphology
grown on the substrate of flexible CC was successfully fabricated
as the electrodeposited substrate. It is evident from Fig. 3b, c that
the Mo-CNT-MnO2 films with a thickness of approximately
300 nm are epitaxially grown on the surface of ZnO nanorods,
forming a perfect nanorod array of ZnO@Mo-CNT-MnO2.
Obviously, there is a same morphology of ZnO@Mo-CNT-
MnO2 NA deposited on the inner and outer surface of carbon
fiber cloth (see Fig. S4). Fig. S3c, d also show that the MnO2 film
cannot be formed on the surface of ZnO nanorods using the
same electrodeposition parameters. However, the Mo-MnO2
film in the electrolyte can epitaxially grow on the surface of ZnO
nanorods and CC, as shown in Fig. S3e–h, which is attributed to
the influence of Mo species during electrodeposition. Clearly,
the ZnO@MnO2 NA without the incorporation of Mo species
possesses a fibrous morphology of MnO2. With the addition of
Mo to the electrodeposition solution, the length of fiber-like
MnO2 electrodeposited on the surface of the ZnO nanorods
drastically shortened, which is favourable for epitaxial growth of
the ZnO surface, greatly increasing the specific surface area
[46,53–55].
Fig. 4 shows the TEM image of ZnO@Mo-CNT-MnO2 NA. As

shown in Fig. 4a, b, the Mo-CNT-MnO2 film completely over-
lapped the entire surface of the ZnO nanorods, which is con-
sistent with the FESEM analysis. Clearly, the CNTs in Fig. 4a
have been incorporated into the MnO2 film. The three-dimen-
sional (3D) interconnected structure can further improve the
conductivity of MnO2 and decrease the electron transfer resis-
tance. There are two interplanar spacings of 0.201 and 0.217 nm
in Fig. 4c, d corresponding to the (220) and (120) facet of γ-
MnO2, which are consistent with the XRD analysis. The energy
dispersive X-ray spectroscopy (EDX) elemental maps in
Fig. 4e–h demonstrate the uniform distribution of Mn, Mo, O
and Zn atoms in the as-prepared sample, further indicating the
homogeneous structure of Mo-CNT-MnO2 NA. Altogether, the

Figure 1 (a) Schematic illustration of the fabrication process of ZnO@Mo-
CNT-MnO2 NA grown on flexible CC. (b) XRD patterns of MnO2, Mn-Mo,
Mn-Mo@CNT electrodes grown on ZnO.
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CNT and Mo species have been successfully incorporated into
the MnO2 bulk, which is beneficial for enhancing the electrical
conductivity and supercapacitive performance.
Fig. 5a shows the CV curves of ZnO NA, ZnO@MnO2 NA,

ZnO@Mo-MnO2 NA and ZnO@Mo-CNT-MnO2 NA electrodes
at scan rates of 100 mV s−1 in 0.5 mol L−1 Na2SO4 aqueous

Figure 3 (a) FESEM image of ZnO NA. (b–d) FESEM images of the
ZnO@Mo-CNT-MnO2 NA at different magnifications.

Figure 4 (a) TEM image, (b) scanning TEM image, (c, d) high-resolution
TEM images and the illustration of selected area electron diffraction of
ZnO@Mo-CNT-MnO2 NA. (e–h) EDX elemental mappings of Mn, Mo, O
and Zn of ZnO@Mo-CNT-MnO2 NA.

Figure 2 XPS survey spectra of ZnO@MnO2, ZnO@Mo-MnO2 NA and ZnO@Mo-CNT-MnO2 NA. (a) Mo 3d, (b) Mn 2p, (c) O 1s and (d) C 1s regions.
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solution. The ZnO NA electrode has almost no anodic and
cathodic current densities, indicating nonsupercapacitive prop-
erties owing to the non-Faraday intrinsic nature. Apparently, the
CV curves of ZnO@MnO2 NA, ZnO@Mo-MnO2 NA and
ZnO@Mo-CNT-MnO2 NA electrodes have nearly quasi-rec-
tangular shapes, indicating excellent supercapacitive character-
istics. In particular, ZnO@Mo-CNT-MnO2 NA exhibits higher
anodic and cathodic current densities than ZnO@MnO2 NA and
ZnO@Mo-MnO2 NA electrodes, indicating better pseudocapa-
citive behavior and higher ion transfer capability owing to the
co-incorporation of Mo species and CNTs in the MnO2 bulk.
Fig. 5b shows the GCD curves of ZnO@MnO2 NA, ZnO@Mo-

MnO2 NA and ZnO@Mo-CNT-MnO2 NA electrodes at a
charge-discharge rate of 20 A g−1. The GCD curves of
ZnO@MnO2 NA, ZnO@Mo-MnO2 NA and ZnO@Mo-CNT-
MnO2 NA electrodes are triangular, indicating good super-
capacitive properties. Clearly, ZnO@Mo-CNT-MnO2 NA elec-
trode possesses a lower voltage drop of 0.029 V in comparison
with that of ZnO@MnO2 NA (0.053 V) and ZnO@Mo-MnO2
NA (0.035 V) electrodes at a charge-discharge current density of
20 A g−1, further confirming better supercapacitive performance
compared with the other two electrodes. The reason should be
ascribed to a higher conductivity owing to the Mo incorporation
in the bulk in comparison with undoped Mo sample. Fig. 5c

Figure 5 (a) CV curves of ZnO NA, ZnO@MnO2 NA, ZnO@Mo-MnO2 NA and ZnO@Mo-CNT-MnO2 NA electrodes at a scan rate of 100 mV s−1 in
0.5 mol L−1 Na2SO4 aqueous solution. (b) GCD curves of all as-prepared electrodes at a charge-discharge rate of 20 A g−1. (c) Nyquist plots of all as-prepared
electrodes measured over a frequency range of 100 kHz–0.01 Hz. (d) Mass specific capacitance of all as-prepared electrodes calculated at the charge-discharge
rates from 0.5 to 100 A g−1 on the basis of Figs S6–S8. (e) Determination of the b values of all as-prepared electrodes from cathodic current densities. (f) Cycle
stability of ZnO@Mo-CNT-MnO2 NA electrode over 10,000 cycles in the potential window of 0–0.8 V at a charge-discharge rate of 10 A g−1.
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shows the EIS curves of ZnO@MnO2 NA, ZnO@Mo-MnO2 NA
and ZnO@Mo-CNT-MnO2 NA electrodes in the frequency
range of 100 kHz–0.01 Hz. As shown in the above mentioned
figure, the EIS curves of all as-prepared electrodes have a line
that is approximately perpendicular to the X-axis, especially
ZnO@Mo-CNT-MnO2 NA, further indicating the excellent
pseudocapacitive behavior [56].
Fig. 5d shows the mass specific capacitance curves of

ZnO@MnO2 NA, ZnO@Mo-MnO2 NA, and ZnO@Mo-CNT-
MnO2 NA electrodes calculated on the basis of Fig. 5b. With an
increase from 0.5 to 100 A g−1, the mass specific capacitance of
the ZnO@Mo-CNT-MnO2 NA electrode is reduced from 384.5
to 237.5 F g−1 with an excellent retention of 61.8%, achieving the
most superior specific capacitance in the current literature and

that of ZnO@MnO2 NA (33.2%) and ZnO@Mo-MnO2 NA
(50.6%) (Table S2). Overall, the capacitive properties of the
ZnO@Mo-CNT-MnO2 NA electrode for SCs in aqueous Na2SO4
medium are competitive with existing materials (Table S2).
The capacitance of metal oxides is generally composed of

Faraday (diffusion capacitance) and non-Faraday reactions
(surface capacitance). To further explore the capacitance
mechanism, Pu et al. [57] and Shen et al. [58] calculated the
capacitance contribution ratio of electric double layer capaci-
tance and pseudocapacitance based on the CV:
i = k1v + k2v1/2, (1)
where v is the scan rate of different CV curves, k1v is the current
contribution of the capacitive process, and k2v1/2 is the diffusion-
controlled Faradic process.

Figure 6 (a) CV curves of ECC and ZnO@Mo-CNT-MnO2 NA electrodes evaluated in the 0.5 mol L−1 Na2SO4 electrolyte. (b) CV curves of the ZnO@Mo-
CNT-MnO2 NA//ECC ASC device at different scan rates. (c) GCD curves of the ASC device at different charge-discharge rates. (d) Cycling stability of the ACS
device at a current density of 5 mA cm−2. (e) Ragone plots of the ASC devices. (f) Optical image of the ASC devices lighting a red LED in the folded state.
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Fig. 5e shows that the b (ip = avb. b = 0.5 represents a complete
diffusion-controlled Faradaic process, while b = 1 represents an
electric-double layer capacitive proces) values for ZnO@MnO2
NA, ZnO@Mo-MnO2 NA and ZnO@Mo-CNT-MnO2 NA
electrodes were calculated to be 0.80, 0.88 and 0.82, respectively,
indicating the joint contribution of capacitive and diffusion-
controlled processes. Fig. S5 shows the capacitance ratios of
ZnO@MnO2 NA, ZnO@Mo-MnO2 NA and ZnO@Mo-CNT-
MnO2 NA electrodes at different scan rates. The current con-
tribution of the CV curves consists of the Faradic process con-
trolled by the ion diffusion process and the electric double layer
capacitance process with a scan rate from 2 to 500 mV s−1. As
the scan rate increased, the diffusion capacitance of all as-pre-
pared electrodes tended to decrease, while the surface capaci-
tance accounted for a higher proportion. The electric double
layer capacitance contribution ratio of ZnO@Mo-MnO2 NA
(52.6%) and ZnO@Mo-CNT-MnO2 NA (51.9%) at a scan rate of
5 mV s−1 has a higher capacitance contribution than that of
ZnO@MnO2 NA (46.5%), indicating the important effect on the
capacitive behaviour. When the scan rate reaches 100 mV s−1,
the ZnO@Mo-CNT-MnO2 NA electrode has the lowest con-
tribution ratio of electric double layer capacitance compared
with other electrodes, indicating the superior pseudocapacitance
characteristics at an ultrahigh charge-discharge rate owing to the
co-incorporation of Mo species and CNTs in MnO2 bulk. Fig. 5f
shows the cycling stability of ZnO@Mo-CNT-MnO2 NA elec-
trode over 10,000 cycles in the potential window of 0–0.8 V at a
charge-discharge rate of 10 A g−1. The flexible ZnO@Mo-CNT-
MnO2 NA electrode exhibits a capacitance retention of 86% after
10,000 cycles at a charge-discharge rate of 10 A g−1, indicating its
excellent stability.
The ASC device was assembled by employing the positive

electrode of ZnO@Mo-CNT-MnO2 NA and the negative elec-
trode of ECC. Fig. 6a shows the CV curves of the flexible
ZnO@Mo-CNT-MnO2 NA positive electrode and the ECC
negative electrode at a scan rate of 100 mV s−1 in the operating
window of 0.0–0.8 and −1.0–0.0 V, respectively. The curves of
the ZnO@Mo-CNT-MnO2 NA and ECC electrodes possess an
approximately quasi-rectangular shape at a scan rate of
100 mV s−1, which can ensure the supercapacitive performance
of the ASC device. Fig. 6b shows the CV curves of ZnO@Mo-
CNT-MnO2 NA//ECC ASC at different scan rates from 5 to
100 mV s−1, which possess a quasi-rectangular shape, further
confirming the combined effect of the ion-diffusion Faradaic
process and the surface capacitive process. Fig. 6c shows the
GCD curves of the flexible ZnO@Mo-CNT-MnO2 NA//ECC
ASC at different charge-discharge rates, which exhibit a quasi-
isosceles triangle at charge-discharge rates from 1 to
20 mA cm−2, indicating excellent charge-discharge character-
istics. At charge-discharge rates from 1 to 20 mA cm−2, the
volumetric capacitance decreased from 3.68 to 0.95 F cm−3 and
still had a high capacitance retention of 49.2% (1.81 F cm−3) at a
charge-discharge rate of 10 mA cm−2. Fig. 6d shows the capa-
citance retention curve of the ASC device after cycling 7600
times at a charge-discharge rate of 5 mA cm−2 with a high value
of 88%, indicating that the ASC cell has excellent cycling sta-
bility. A Ragone plot of the ZnO@Mo-CNT-MnO2 NA//ECC
device is shown in Fig. 6e. Clearly, ZnO@Mo-CNT-MnO2 NA//
ECC device has a maximum energy density of 1.66 mW h cm−3

and a maximum power density of 529.4 mW cm−3. The
ZnO@Mo-CNT-MnO2 NA//ECC ASC device at a current den-

sity of 5 mA cm−2 obtains the maximum power density and
maximum energy density of 1.13 mW h cm−3 and
132.35 mW cm−3, which are higher than those reported for FeO-
CNT//MnO2 (0.99 mW h cm−3, 14.30 mW cm−3) [59], activated
CC (ACC)-MnO2//ACC (0.78 mW h cm−3, 71.86 mW cm−3)
[60], copper wire@CuO@MnO2//polyvinyl alcohol (PVA)-
KOH//CNT@MnO2 (0.38 mW h cm−3, 25.50 mW cm−3) [61],
MnO2@N-doped carbon nanowire network (N-CNN)//C@Fe2O3
(1.43 mW h cm−3) [62], Ni-doped MnO2 NA@CC
(0.69 mW h cm−3, 31.43 mW cm−3) [63] and Fe-MnO2 nanosh-
eets (1.13 mW h cm−3, 110 mW cm−3) [64]. Fig. 6f shows a
curved ASC lighting up a red light emitting diode (LED). The
half-folded flexible ZnO@Mo-CNT-MnO2 NA//ECC ASC
device successfully lights up a small LED with red light, pro-
viding feasibility for practical applications.

CONCLUSIONS
In summary, the flexible NA electrode was successfully fabri-
cated by a facile electrodeposition method, exhibiting superior
rate capability owing to the co-incorporation of Mo species and
CNTs in MnO2 bulk. The flexible ZnO@Mo-CNT-MnO2 NA
electrode with a capacitance retention of 86% after 10,000 cycles
possesses a specific capacitance of 384.5 and 237.5 F g−1 at a
charge-discharge rate of 0.5 and 100 A g−1, respectively. The
ZnO@Mo-CNT-MnO2 NA//ECC ASC device over a broad
voltage window of 1.8 V achieves a maximum energy density of
1.13 mW h cm−3 at a power density of 132.35 mW cm−3, also
obtaining a high capacitance retention of 88% after performing
7600 cycles at a charge-discharge rate of 5 mA cm−2.
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ZnO@Mo-CNT-MnO2纳米阵列用于构筑超高倍率性
能的柔性非对称超级电容器
庄绍杰1†, 彭新元1†, 裴锋2, 孙骆1, 叶志国1*, 黄军同1, 李多生1,
金钟3*

摘要 MnO2作为超级电容器电极材料具有理论比电容高、成本低、
环境友好等优点, 但其低导电性和低利用率阻碍了其潜在应用. 本研究
首先在柔性碳布上电化学生长ZnO纳米棒阵列作为电极衬底, 然后通
过阳极电沉积法在ZnO纳米棒阵列表面外延生长了Mo和碳纳米管
(CNTs)共掺杂的MnO2薄膜, 可控构筑了有效、高导电性的MnO2纳米
阵列电极(定义为ZnO@Mo-CNT-MnO2 NA). 柔性ZnO@Mo-CNT-
MnO2 NA电极在 1 0 0 A g − 1的大电流充放电密度下比电容可达
237.5 F g−1, 10,000次循环后电容保留率高达86%. 采用ZnO@Mo-CNT-
MnO 2 NA电极组装成水系非对称超级电容器 , 弯曲状态下在
132.35 mW cm−3 (5 mA cm−2)高功率密度下获得了1.13 mW h cm−3的
高能量密度, 5 mA cm−2充放电倍率下循环7600次后电容保留率高达
88%. 本研究构筑的MnO2基纳米阵列电极结构可提高其电导率和利用
率, 为柔性金属氧化物超级电容器电极的设计与制备提供新途径.
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