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A new MnO2@Co3O4 hybrid with small-sized Co3O4 nanoparticles grown on α-MnO2 nanotubes was 

prepared from a low concentration precursor solution by a facile two-step hydrothermal synthesis, and its 

charge storage properties were investigated by cyclic voltammetry and galvanostatic charge-discharge 

measurements. Due to its hybrid structure, the well-dispersed Co3O4 nanoparticles not only facilitated the 

charge and ion transfer, but also hindered the dissolution of Mn species, this type of hybrid maximized 10 

the electroactivity of both components. The hybrid exhibited a specific capacitance of 234 F/g, which was 

greater than that of pristine α-MnO2 nanotubes and physical mixture of α-MnO2 nanotubes and Co3O4 

nanoparticles at a current density of 200 mA/g. The hybrid also showed good rate capacity and long-term 

cycling performance. 

1. Introduction 15 

The increasing concerns about the limited fossil fuel supply and 

global environmental conservation have stimulated considerable 

research into renewable energy storage and conversion 

technologies.1-3 Due to the high power capability, fast charge-

discharge rates and excellent cycle lifetime, supercapacitors have 20 

attracted extensive attention as it bridges the performance gap 

between high energy density of battery and high power density of 

electrolytic capacitor.4-5 As one of the most promising energy 

storage technologies, supercapacitors have been used in hybrid 

electric vehicles, portable electronic devices and backup power.6-9 25 

In terms of different operating mechanisms, supercapacitors can 

be normally divided into two types: electrical double-layer 

capacitances (EDLCs) (i.e., using carbon-based materials 

including activated carbon, carbon nanotube and graphene etc.)5, 

10-12 and pseudocapacitances (i.e., using transition metal 30 

oxide/hydroxide and conductive polymer etc.).13-17 Unlike the 

EDLCs stemming from the electrostatic accumulation of charges 

in the electric double-layer at the interface of electrode and 

electrolyte, pseudocapacitances store the energy by surface 

faradic redox reactions generating much higher theoretical 35 

capacitance than that of EDLCs. It has been reported that 

amorphous hydrated RuO2 can achieve an ultrahigh value of 1340 

F/g for specific capacitance (measured at the scan rate of 25 mV/s 

by cyclic voltammetry).18 However, despite the remarkable 

performance of RuO2, the high cost as well as its toxicity greatly 40 

hampers the practical applications. Therefore, some inexpensive 

transition metal oxides including MnO2 and Co3O4 were 

employed because of the natural abundance, low cost, 

environmental friendliness and high theoretical specific 

capacitance.19-33 45 

    Owing to the high surface-area utilization, nanosized MnO2 

with different morphology and structure were widely used and 

thus enhanced the capacitive performance.19, 28-32 Yu et al. 

reported the shape-controlled preparation of three-dimensional 

(3D) hierarchical MnO2 nanostructures from sea urchin shaped α-50 

MnO2, α-MnO2 nanorods clusters and 3D clew-like ε-MnO2 

nanostructures with specific capacitance of 46, 100 and 120 F/g 

at a scan rate of 5 mV/s, respectively.19 Zhu et al. fabricated 

several different MnO2 tubular nanostructures by using 

carbonized polyacrylonitrile nanofiber as the sacrificial template 55 

in a hydrothermal synthesis.30 The MnO2 tubular structures 

consisting of ultrathin nanosheets showed an enhanced charge 

storage performance due to its structural features of large specific 

surface area and interconnected one-dimensional tubular 

nanostructure, which allows the electrolyte to effectively interact 60 

with the active materials and shortens the diffusion paths of the 

charge carriers.30 However, the electronic conductivity of MnO2 

is inherently so poor that impedes the charge transfer, then leads 

to extremely severe reduction of rate capacity.28, 31 To overcome 

this drawback, a common strategy is to construct MnO2-based 65 

hybrid capacitors with conductive matrix, such as carbon-based 

materials,34-42 conductive polymers 43-45 and ordered nanowire 

arrays.46-50 Particularly Fan and co-workers reported a promising 

route by building up an integrated smart architecture composed of 

pseudocapacitive metal oxides, in which structural features and 70 

electroactivities of each component could fully contribute to the 

electrochemical energy storage and satisfy the fast ion and 

electron transfer in the meantime.49 Their study strongly testified 

the possibility of designing high-performance pseudocapacitive 

materials without the use of any carbon- or polymer-based 75 

conducting media. Recently, Yang and co-workers designed a 

new hybrid structure with porous α-Fe2O3 branched nanorods 

well aligned on β-MnO2 nanorods backbone. The hybrid 

presented excellent lithium-storage performances that could be 
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assigned to the synergistic effect of different components and the 

unique structure, suggesting the importance of chemical 

component selection and the hierarchical structure in the hybrid 

design.51  

    Therefore, in order to further improve the properties of 5 

supercapacitor, it is favourable to fabricate the active materials 

that take advantages both of the large specific area for high 

activity and the manipulated structure for fast electron transport 

and short ion diffusion path. Herein we have successfully 

prepared a novel hybrid for high-performance supercapacitor by a 10 

simple two-step synthesis. In the first step, α-MnO2 nanotubes 

were synthesized through a hydrothermal method. The high 

surface area of α-MnO2 nanotubes enabled nucleation sites of 

nanoparticle. In the second step, Co3O4 nanoparticles were grown 

on the surface of α-MnO2 nanotubes without any pretreatment of 15 

α-MnO2 nanotubes. Both of Co3O4 nanoparticles and α-MnO2 

nanotubes could participate into the pseudocapacitive reaction. 

Owing to the lower resistivity of Co3O4, the controlled loading of 

Co3O4 nanoparticles was considered to benefit the charge transfer 

without affecting the high surface area and the ion penetration 20 

into α-MnO2 nanotube backbone. Such a well-designed 

hierarchical structure offers effective utilization of active 

materials, and thus exhibits much better electrochemical 

performance than that of pure MnO2 nanotubes and physical 

mixture of α-MnO2 nanotubes and Co3O4 nanoparticles. This 25 

work has demonstrated an alternative approach to constructing 

supercapacitor materials with high capacitive performance. 

2. Experimental section 

2.1 Chemicals 

Potassium permanganate (KMnO4, ≥ 99.0%), hydrochloric acid 30 

(HCl, 37%), cobalt nitrate hexahydrate (Co(NO3)2·6H2O, ≥ 98%), 

ammonium fluoride (NH4F, ≥ 98%), urea (CO(NH2)2, ≥ 98%), 

potassium hydroxide (KOH, ≥ 98%), polyvinylidene difluoride 

(PVDF, average Mw ≈ 534,000), N-methyl-2-pyrrolidone (NMP, 

≥ 99.5%), cobalt oxide nanopowder (Co3O4, < 50 nm in particle 35 

size) and graphitized carbon black (particle size < 200 nm) were 

purchased from Sigma Aldrich, Australia. All chemicals were 

used without further purification. 

2.2 Synthesis of α-MnO2 nanotubes 

In a typical synthesis, 0.912 g of KMnO4 and 2 ml of HCl (37%) 40 

were dissolved in 70 ml of distilled water under magnetic stirring. 

The precursor solution was then transferred into a 125 ml of 

Teflon-lined stainless steel autoclave. The autoclave was sealed 

and kept in an oven at 140 oC for 12 h. After cooling to room 

temperature naturally, a brown precipitate was washed with 45 

distilled water for several times, collected by centrifugation and 

dried at 80 oC in air overnight. The resulting products were α-

MnO2 nanotubes. 

2.3 Synthesis of the hybrids: in situ growth of Co3O4 
nanoparticles on α-MnO2 nanotubes 50 

Co3O4 nanoparticles were in situ grown on α-MnO2 nanotubes 

(denoted as MnO2@Co3O4). 100 mg of as-prepared α-MnO2 

nanotubes were added in 50 ml of aqueous solution containing 

0.291 g of Co(NO3)2·6H2O, 0.3 g of urea and 0.074 g of NH4F. 

After ultrasonic treatment for 2 h, the solution was added into a 55 

Teflon-lined stainless steel autoclave. The autoclave was heated 

to 95 oC for 8 h. The resulting material (MnO2@Co3O4-L) was 

collected by centrifugation, rinsed with water and ethanol and 

dried at 80 oC in air overnight. For comparison, the hybrid was 

also prepared at high concentration (MnO2@Co3O4-H) with the 60 

precursor solution including 100 mg of α-MnO2 nanotubes, 0.582 

g of Co(NO3)2·6H2O, 0.6 g of urea and 0.148 g of NH4F. In 

addition, the syntheses without adding NH4F (and α-MnO2 

nanotubes) were also carried out with the same procedures 

mentioned above. In addition, a physical mixture of 40 mg of 65 

Co3O4 nanoparticles and 100 mg of α-MnO2 nanotubes 

(MnO2+Co3O4) was prepared for electrochemical measurements.  

2.4 Characterization 

Raman spectra were recorded from an Ar laser (Renishaw Invia) 

with an excitation line at 514 nm at room temperature. The X-ray 70 

diffraction (XRD) was conducted on a Bruker D8 Advance X-ray 

diffractometer with Cu Kα radiation. The morphology of the 

composite was examined by field-emission scanning electron 

microscopy (SEM, JEOL JSM-7100F) and a transmission 

electron microscope (TEM, JEM-2100) operated at 200 KV. 75 

2.5 Electrochemical measurements 

Electrochemistry measurements were investigated by cyclic 

voltammetry (CV), electrochemical impedance spectroscopy 

(EIS) and galvanostatic charge-discharge in 1 M KOH solution 

by using an Autolab 2 instrument. The KCl saturated Ag/AgCl 80 

was used as reference electrode, and graphite rod was used as 

counter electrode. The working electrode for electrochemical 

measurement was prepared by mixing 80 wt% active material, 10 

wt% carbon black and 10 wt% PVDF in NMP solvent. The 

resulting mixture was placed in an ultrasonic bath for about 1 h to 85 

make a homogeneous solution and subsequently dispersed and 

yielded 0.8 mg/cm2 of active materials onto 1 cm2 of carbon 

paper (TGPH-030, Toray), which was used as current collector 

rather than Ni foam in our study (The comparison between 

carbon paper and nickel foam is shown in Fig. S1). Finally, the 90 

working electrode was dried in air at 80 oC for 24 h. EIS 

measurements were tested in the frequency range from 0.1 Hz to 

100 kHz at open-circuit potential with an ac perturbation of 0.1 

V.  

    The specific capacitance of the electrode was calculated by 95 

Equation 1 (CV curves) and Equation 2 (galvanostatic 

charge/discharge curves): 
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where C1 and C2 is the specific capacitance (F/g), m is the mass 

of the active materials (g), ν is the scan rate of CV curves (V/s), 

(Va−Vc) represents the potential window (V), I is the discharge 

current (A), ∆V is the potential drop excluding the IR drop (V), 105 

and ∆t is the total discharge time (s). 

3. Results and discussion 
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The component and morphology of α-MnO2 nanotubes and 

MnO2@Co3O4 hybrids were examined by XRD, SEM and TEM. 

As shown in Fig. 1a, the as-synthesized α-MnO2 nanotubes have 

tetragonal open ends and the length of individual nanotube is 

about 1- 3 µm. Fig. 1b clearly shows the nanotubes with outer 5 

diameter of about 80 nm and wall thickness of several 

nanometers. In addition, the diffraction spots shown in the 

electron diffraction pattern (the left lower corner) indicate the 

single crystal structure of MnO2 nanotube, and the lattice spacing 

of 0.49 nm (the left upper corner inset) corresponds to the (200) 10 

planes of the tetragonal α-MnO2, revealing the growth orientation 

is along the [100] direction.52 The XRD pattern of as-synthesized 

MnO2 nanotubes (Fig. 2a) can be indexed to the pure tetragonal 

phase of α-MnO2 (JCPDS 44-0141), and both of MnO2@Co3O4-

H hybrid (Fig. 2b) and MnO2@Co3O4-L hybrid (Fig. 2c) are 15 

composed of tetragonal α-MnO2 phase and face-centered cubic 

Co3O4 phase (JCPDS 42-1467). 

 
Fig. 1. SEM (a) and TEM (b) images of single-crystal α-MnO2 nanotubes. 

The inset in (a) shows the high-magnification image and the insets in (b) 20 

show the high-magnification TEM image and corresponding electron 

diffraction. 

 
Fig. 2. XRD patterns of α-MnO2 nanotubes (a), MnO2@Co3O4-H hybrid 

(b) and MnO2@Co3O4-L hybrid (c). 25 

    Fig. 3 shows SEM and TEM images of MnO2@Co3O4 hybrids 

prepared under low and high concentrations. At the high 

concentration, MnO2@Co3O4-H hybrid displays a bead-on-string 

structure with bigger nanoparticles (~120 nm) aligning with the 

MnO2 nanotubes (Fig. 3a). However, some bare nanowire 30 

clusters or nanoflakes appear when NH4F is not added, which are 

marked by arrows in Fig. S2a-c. At the low concentration, the 

nanotubes are fully covered by small nanoparticles (Fig. 3b). In 

comparison, in the absence of NH4F, only a few nanoparticles 

with sizes of 10-20 nm are dispersed on the side facets of α-35 

MnO2 nanotubes (Fig. S2d). The TEM image of MnO2@Co3O4-

H in Fig. 3c shows the bead-on-string structure and almost no 

other structural by-products (such as nanowire clusters and 

nanoflakes) exist. In contrast, very small nanoparticles are 

uniformly located on the surface of MnO2 nanotubes for 40 

MnO2@Co3O4-L (Fig. 3d and e), although some big 

nanoparticles with the diameter of ~100 nm are occasionally 

located on the MnO2 nanotubes. Jiang et al. pointed out that after 

introducing F- anion, Co2+ could be gradually released into the 

reaction system and facilitate the formation of nuclei on 45 

substrates, resulting in tight adhesion between Co3O4 and 

substrates.53 Therefore, it is believed that NH4F has a great 

influence on the hybrid synthesis that promotes the nucleation of 

Co3O4 uniformly grown on α-MnO2 nanotubes. In addition, based 

on the experimental results, the low concentration of precursor 50 

solution facilitates the smaller Co3O4 nanoparticles grown on 

MnO2 nanotubes, which will benefit the charge storage 

performance discussed later. The d-spacing values of 0.235, 

0.247 and 0.276 nm (Fig. 3f) correspond to the planes of 

MnO2 (211) , Co3O4 (113)
− −

and Co3O4 (220) , respectively, and 55 

the crystal orientation perpendicular to the Co3O4 particle 

surfaces is determined as [110]
−

. To further investigate the 

influence of NH4F on the morphology of resulting materials, in 

another experiment, without adding α-MnO2 nanotubes and 

NH4F, the products exhibit a nanowire cluster morphology (Fig. 60 

S3a and b) and the related XRD result (Fig. S3c) indicates the 

nanowire clusters should be Co(CO3)0.5(OH)·0.11H2O. Co3O4 

nanoflakes could be produced in the presence of Co(NO3)2 and 

CO(NH2)2 in the hydrothermal reaction according to the previous 

study,26 thus the by-products in the synthesis are considered to 65 

result from the fast reaction of Co(NO3)2 and CO(NH2)2 if NH4F 

is not added. It should be noted that no pre-treatment or post-

treatment is required as compared to the preparation of carbon-

based materials or the modification of carbon nanotube in the 

other one-dimensional composites with complex steps.30, 39, 54-58 70 

Our method possesses significant advantages including 

simplicity, cost-efficiency and good reproducibility.  

 
Fig. 3 SEM images of MnO2@Co3O4-H (a) and MnO2@Co3O4-L (b). 

TEM images of MnO2@Co3O4-H (c), MnO2@Co3O4-L (d, e), and high 75 

magnification TEM image of MnO2@Co3O4-L (f). The insets of (a)(b) 

show the corresponding high-magnification SEM images.  

    Fig. 4 presents the Raman spectra of α-MnO2 nanotube, 

MnO2@Co3O4-H and MnO2@Co3O4-L. For the α-MnO2 

nanotubes, the strong peak of 657 cm-1 is attributed to Mn3O4 80 

induced in the Ar laser irradiation. The weak peak of 575 cm-1 is 

assigned to the Mn-O lattice vibration in MnO2, and the weak 

peaks at 317 and 370 cm-1 arise from the formation of Mn2O3 or 

Mn3O4 and correspond to the bending mode of Mn-O-Mn.59 Four 

new peaks located at 188, 462, 514 and 675 cm-1 emerge in the 85 
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spectrum of MnO2@Co3O4-L, which are considered as F2g, Eg, 

F2g and A1g Raman active modes of Co3O4 nanocrystals, 

respectively.49 For the MnO2@Co3O4-L hybrid, the peak at 575 

cm-1 becomes stronger and a new peak of 675 cm-1 appears as 

compared to MnO2@Co3O4-H. Furthermore, the peak of 657 cm-1 5 

related to the laser heating of exposed α-MnO2 disappears, 

implying the surface of MnO2@Co3O4-L hybrid is fully covered 

by small-sized Co3O4 nanoparticles, which is in good agreement 

with the SEM and TEM observations. In addition, the Co3O4 

nanoparticles could form a dense layer to avoid the possible 10 

structure deformation and enhance the stability of these 

supercapacitor materials.51  

 
Fig. 4 Raman spectra of α-MnO2 nanotube, MnO2@Co3O4-H and 

MnO2@Co3O4-L. 15 

The electrochemical measurements of α-MnO2 nanotubes, 

MnO2@Co3O4-H, MnO2@Co3O4-L and MnO2+Co3O4 were 

conducted by using a three-electrode configuration on the 

Autolab 2 instrument in 1 M KOH aqueous solution. Fig. 5a 

presents the CV plots ranging from 0.1 to 0.5 V at the scan rate of 20 

2 mV/s. The CV of α-MnO2 nanotubes shows the typical quasi-

rectangular shape ascribed to the intercalation/extraction of 

protons (H3O
+) or alkali cations (K+) into the oxide.46 It could be 

observed that a pair of redox peaks A/A’ appeared in both of CV 

plots for MnO2@Co3O4-H and MnO2@Co3O4-L, which was 25 

attributed to the surface Faradic effect described as follows:21 

 

Co3O4 + OH- + H2O ↔ 3CoOOH + e-               (3) 

CoOOH + OH- ↔ CoO2 + H2O + e-                   (4) 

 30 

 The specific capacitance (C1) of α-MnO2 nanotubes, 

MnO2@Co3O4-H, MnO2@Co3O4-L and MnO2+Co3O4 calculated 

from CV plots is 130, 166, 227 and 148 F/g at the scan rate of 2 

mV/s, respectively. Both MnO2@Co3O4-H and MnO2@Co3O4-L 

hybrids show better charge storage performance than the pristine 35 

α-MnO2 nanotubes and MnO2+Co3O4 physical mixture, which 

should be originated from their specific configurations. On the 

one hand, the Co3O4 nanoparticles of the hybrids directly 

contribute to the higher capacitance and favour the fast charge 

transfer resulting from the lower resistivity of Co3O4, especially 40 

at the high-valance state in charge-discharge process,60 which can 

be confirmed by the bigger diameters of semicircles for α-MnO2 

nanotubes and MnO2+Co3O4 in Nyquist plots (Fig. 5b). The EIS 

results also demonstrate no significant function on charge 

transport as α-MnO2 nanotubes are physically mixed with Co3O4 45 

nanoparticles, leading to the lower specific capacitance of 

MnO2+Co3O4 compared with the MnO2@Co3O4 hybrids. On the 

other hand, compared to the typical CV characterization of 

pristine Co3O4 (overlap in the forward/reverse scan of CV plot at 

the potential range of 0.1-0.3 V),49 the CV plots of the two 50 

hybrids show rectangular feature as of MnO2 ranging from 0.1 to 

0.3 V (Fig. 5a), which reveals that α-MnO2 nanotubes are 

involved in the capacitive reaction. Moreover, MnO2@Co3O4-L 

exhibits the best charge storage performance. In comparison to 

bead-on-string shaped MnO2@Co3O4-H with a bigger Co3O4 55 

particle size, MnO2@Co3O4-L has the lower charge transfer 

resistance (Fig. 5b) that benefits the charge transfer and would 

lead to the superior rate capability of the hybrid. Additionally, 

since the straight line is ascribed to the diffusive resistance 

(Warburg impedance) that is related to the electrolyte diffusion 60 

within the pores of the electrode, according to the EIS results 

(Fig. 5b), MnO2@Co3O4-L almost has the same diffusion 

resistance as that of α-MnO2 nanotubes (parallel to each other at 

the linear part corresponding to the low frequency range) but 

better diffusion property than MnO2@Co3O4-H. Combining the 65 

above SEM and TEM observations (Fig. 3), it is noted that the 

small Co3O4 nanoparticle layer of MnO2@Co3O4-L facilitates the 

ion penetration into α-MnO2 nanotubes to achieve maximized 

utilization of pseudocapacitive materials due to the slightly bigger 

circled area of rectangle part for MnO2@Co3O4-L (at the 70 

potential range of 0.1-0.3 V in Fig. 5a). Upon increasing the scan 

rate to 50 mV/s, the oxidation peaks of the hybrids positively 

shift and the reduction peaks shift negatively (Fig. S4a-c). The 

current density of active materials increases while the specific 

capacitance reduces with the increase of scan rate as shown in 75 

Table 1. The capacitance remains at 75.3% for MnO2@Co3O4-L 

when the scan rate was varied from 2 to 50 mV/s, indicating 

MnO2@Co3O4-L had a better rate capability than that of 

MnO2@Co3O4-H (65.8%), α-MnO2 nanotubes (65.4%) and 

MnO2+Co3O4 (65.5%). 80 

 
Fig. 5 Electrochemical properties of α-MnO2 nanotube, MnO2@Co3O4-H, 

MnO2@Co3O4-L and MnO2+Co3O4 in 1 M KOH aqueous solution: (a) 

CVs at the scan rate of 2 mV/s; (b) Nyquist plots at the range of 0.1 Hz-

100 KHz; (c) galvanostatic charge-discharge curves at a current density of 85 

200 mA/g; (d) galvanostatic discharge curves of MnO2@Co3O4-L at 

different current densities. 
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Table 1 Specific capacitance values of α-MnO2 nanotube, MnO2@Co3O4-

H, MnO2@Co3O4-L and MnO2+Co3O4. 

Scan 

rate 

(mV/s) 

Specific capacitance (F/g) 

α-MnO2 

nanotube 
MnO2@Co3O4-H MnO2@Co3O4-L 

MnO2+

Co3O4 

2 130 166 227 148 
5 115 148 216 138 

10 108 141 203 129 

20 98 126 192 114 
50 85 109 171 97 

 

    The pseudocapacitive property was further estimated by 

galvanostatic charge–discharge measurements. As shown in Fig. 5 

5c, MnO2@Co3O4-L displays the highest specific capacitance at 

the current density of 200 mA/g, it exhibits pseudocapacitance 

(C2) of 234 F/g at 0.2 A/g, 229 F/g at 0.5 A/g, 220 F/g at 1 A/g, 

209 F/g at 2 A/g, 176 F/g at 5 A/g (Fig. 5d) and shows good 

capacitance retention of 89.3% with increasing the current 10 

density from 0.2 A/g to 2 A/g. These obtained specific 

capacitance and rate capability values are higher than those 

reported MnO2-based composites incorporated with carbon- or 

conductive polymer-based materials, such as graphene-

wrapped/MnO2 composites (210 F/g at 0.5 A/g, 70% retention at 15 

5 A/g),54 nitrogen-doped graphene/ultrathin MnO2 sheet 

composites (257.1 F/g at 0.2 A/g, 74.8% retention at 2 A/g),61 

graphene oxide/needle-like MnO2 composites (197.2 F/g at 0.2 

A/g, 56.4% retention at 1 A/g) 38 and mesoporous carbon/MnO2 

composites (205 F/g at 0.2 A/g, 70% retention at 1A/g),62 20 

suggesting this well-designed hybrid offers an excellent charge 

storage performance even though all of the components are 

pseudocapacitive metal oxides. Fig. 6a shows the summary plots 

of specific capacitance values from Fig. 5d, Fig. S4d and e. The 

loss of capacitance follows the order: α-MnO2 nanotube > 25 

MnO2+Co3O4 > MnO2@Co3O4-H > MnO2@Co3O4-L in 

agreement with the CV results by changing the scan rate, which 

indicates the better rate capability of MnO2@Co3O4-L. Besides 

the improved specific capacitance and good rate capability, the 

unique hybrid structure performs outstanding cycling stability. 30 

Fig. 6b shows the charge-discharge cycles at a constant current 

density of 2 A/g in 1 M KOH electrolyte solution. 

MnO2@Co3O4-L can still retain 87.5% of capacitance value after 

2000 cycles compared with 80.8% for α-MnO2 nanotubes, 77.6% 

for MnO2@Co3O4-H and 77.8% for MnO2+Co3O4. In the 35 

charge/discharge process, the intercalation/extraction of ions into 

the active materials causes the electrode stress due to their 

different expansion coefficient, which may greatly weaken the 

connection between Co3O4 nanoparticles and α-MnO2 nanotubes, 

and then result in the big electronic resistance of electrode.35, 63 In 40 

addition, directly mixing α-MnO2 nanotubes with Co3O4 

nanoparticle results in less improvement in conductivity (Fig. 5b). 

MnO2@Co3O4-H shows the close loss of capacitance of 

MnO2+Co3O4, thus the superior cycling performance of 

MnO2@Co3O4-L demonstrates that the thinner Co3O4 45 

nanoparticles loaded on α-MnO2 nanotubes could give rise to 

better structural integrity of hybrids than bigger nanoparticles for 

MnO2@Co3O4-H. Furthermore, the very thin Co3O4 nanoparticles 

can generate a protective layer on the surface of α-MnO2 

nanotubes to prevent the Mn species from dissolving in the 50 

electrolyte solution, thus MnO2@Co3O4-L shows better cycling 

stability than α-MnO2 nanotubes .51 

 
Fig. 6 Summary plots of specific capacitance value at different current 

densities (a) and the cycling performance at a current density of 2 A/g (b) 55 

of α-MnO2 nanotube, MnO2@Co3O4-H, MnO2@Co3O4-L and 

MnO2+Co3O4 in 1 M KOH aqueous solution.  

4. Conclusions 

We have synthesized a novel hybrid composed of α-MnO2 

nanotubes and Co3O4 nanoparticles by a simple hydrothermal 60 

method without involving any surfactants or surface 

modifications. The addition of NH4F and the concentration of 

precursor solution play important roles in the synthesis. 

MnO2@Co3O4-H prepared with a high concentration precursor 

solution shows a bead-on-string morphology with big Co3O4 65 

nanoparticles distributed on α-MnO2 nanotubes. For the 

MnO2@Co3O4-L prepared at a low concentration precursor 

solution, the surface of α-MnO2 nanotube is fully covered by the 

small-sized Co3O4 nanoparticles that could improve the charge 

transfer property, hinder the dissolution of Mn species and allow 70 

the ion transport into the backbone. Therefore, both α-MnO2 

nanotubes and smaller Co3O4 nanoparticles of MnO2@Co3O4-L 

display enhanced electroactivity for charge storage. Owing to the 

unique structure, the specific capacitance and rate capacity of 

MnO2@Co3O4-L are better than those of α-MnO2 nanotubes, 75 

MnO2@Co3O4-H and MnO2+Co3O4. In addition, MnO2@Co3O4-

L can retain 87.5% of capacitance after 2000 charge-discharge 

cycles. In conclusion, this well-designed hybrid exhibits an 

excellent energy storage property, which suggests an alternative 

way of constructing high-performance supercapacitors without 80 

using carbon- or polymer-based conductive materials. 
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A new MnO2@Co3O4 hybrid with small-sized Co3O4 

nanoparticles grown on α-MnO2 nanotubes exhibited much 

improved specific capacitance than pristine α-MnO2 nanotubes 

and the physical mixture of α-MnO2 nanotubes and Co3O4 5 

nanoparticles, and also showed good rate capacity and long-term 

cycling performance. 
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