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Abstract: 

 

Co(OH)2@MnO2 nanosheet arrays were directly grown on nickel foam by two-step 

electrodeposition method with subsequent heat treatment at 170 oC. The hybrid electrode, 

where the electrodeposited Co(OH)2 and MnO2 nanosheets were inlayed with each other, and 

employed as binder free anode material for lithium-ion battery (LIB) and electrode for super 

capacitor (SC). For both application: LIB and SC, the Co(OH)2@MnO2 nanosheet electrode 

exhibited appreciable cycling stability with high specific capacity as well as specific 

capacitance and rate capability. The excellent electrochemical performances of this hybrid 

nanosheets electrode were probably ascribed to their unique 3D architecture which provides 

large active sites for efficient electrochemical reactions, and the synergistic effects of the two 

active materials. The electrodeposition method appears to be suitable for fabrication of 

binder-free, nanostructured, hybrid arrays, and as demonstrated here the Co(OH)2@MnO2 

nanosheet could potentially be used as high-performance LIB and SC electrode material.  
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Introduction 

The present state of art lithium-ion batteries (LIBs) and super capacitors (SCs) have emerged 

as the preferred energy storage technologies for portable electronics, stationary energy 

storage and all electric (EVs) as well hybrid electric vehicles (HEVs), in addition to a range 

of specialized applications in sensors and other measurement devices. Still, there are 

numerous challenges to be solved with these technologies, related to more environmentally 

friendly materials and fabrication, cost, life-time as well as energy and power density. For 

meeting these requirements, transition metal oxides have been intensively exploited as 

potential electrode materials owing to their higher theoretical capacity and capacitance values 

[1-4]. 

Unfortunately, challenges like their inherent low electric conductivity results in 

unsatisfactory supercapacitor performance and enormous volume change during lithiation/de-

lithiation processes leading to poor cycling stability [5, 6]. In order to cope with these 

problems, one effective strategy is to design hybrid structures by integrating different metal 

oxides. These hybrid electrodes have many competitive advantages such as high electron/ion 

diffusion efficiency, rich accessible electroactive sites, improved cycle life and superior rate 

performance due to the synergetic effects between the two components [7, 8]. Moreover ,  

these hybrid electrodes will show enhanced properties which are difficult to realize in a single 

component, such as the ability to buffer the volume changes and to react with large number 

of lithium ion reversibly. Hence, in the hybrid electrodes can take advantage of both 

components and offer special properties through a reinforcement or modification of each 

other. Therefore, a range of hybridized nanostructures including FeCo2O4@MnO2, 

MnCo2O4@MnO2, SnO2/NiO CoSe2/Ni0.85Se, NiS/Ni3S4, Ni3S2@Ni(OH)2 etc. have been 

intensively studied [9-14].  

 



Another approach is to fabricate electrodes with a unique 3D architecture such as nanosheets 

directly grown on the current collector with desired mesoporosity [15, 16]. These binder free 

nanosheets with enhanced structural integrity have demonstrated superior rate capability by 

providing high accessible surface area, and promoting Li+ and electron transport across the 

nanosheets [17, 18].  Moreover, the open space among the interconnected nanosheet structure 

can buffer volume change during electrochemical charge/discharge and facilitate the access 

to electrochemically active sites [19, 20]. The presence of well-defined pores on the surface 

of hybrid array favor better exposure of active sites and easier electrolyte access. 

Furthermore, by direct growth on current-collector, the electrical resistance of the binder can 

be avoided, and promote fast electron transport to current collector which improves the 

supercapacitive properties of the electrode. For example, Fan et al. [21] deposited porous 

Mn3O4 nanosheet arrays on porous Cu and used as binder free anode for LIB. These 

electrodes exhibited a reversible capacity of 667.9 mA h g–1 even after 1000 cycles at 1.0 A 

g–1 . Zhou et al. demonstrated the excellent lithium storage properties of vertically aligned 

MoS2 nanosheets on a Ti substrate [22]. In another recent report, Chen and his co-workers 

demonstrated Mo-doped SnS2 nanosheets grown on carbon cloth [23]. This Mo-doped SnS2 

nanosheet anode coupled with LiCoO2 cathode also delivered high capacity and cycling 

stability. In some other reports, the excellent electrochemical performances of many binder 

free anodes such as stainless steel@Mn3O4 nanoflower [24], NiMn @Ni3S2 [25] and 

mesoporous ZnCo2O4 nanosheets [26], and NiCo2S4 nanosheets [27] has been reported.  

 

In this work, we report on the design of an advanced electrode architecture of 

Co(OH)2@MnO2 nanosheet (NS) arrays grown on Nickel foam by electrodeposition, where 

the NSs are interconnected laterally, forming a highly open and porous structure, and firmly 

adhere to the underlying Ni foam. These arrays are further investigated with respect to 



application as electrodes for supercapacitors and lithium ion batteries. The thin NSs with 

surface porosity can better accommodate the stress due to the volume changes during 

lithiation/delithiation process. This advanced architecture can shorten the path lengths for 

electronic and ionic transport. As anticipated, in view of the aforesaid superior properties, the 

bicomponent NSs displayed high specific capacity and capacitance, improved rate capability, 

and good cycling stability in both the lithium ion cell and the supercapacitor applications. 

Therefore, our result demonstrated that the binder free Co(OH)2@MnO2 NSs electrode has 

great potential as next generation LIB anode and SC electrode. 

 

Experimental  

 

Co(OH)2 NSs were deposited by electrodeposition, which was performed in a standard three-

electrode system using an electrochemical workstation (Biologic VMP3), a piece of Nickel 

foam (NF) as working electrode, a Pt sheet as the counter electrode, and a saturated calomel 

electrode (SCE) as the reference electrode. The electrolyte was a mixture of 0.05 M aqueous 

solutions of Co(NO3)2 and 0.1 M NaNO3  (10:1 volume ratio). The deposition was carried out 

at a current constant density of 10 mA cm-2 for 5 min. Then the electrodeposited NFs were 

rinsed with distilled water and dried at 50 oC under vacuum overnight.  

In order to deposit MnO2, the Co(OH)2 nanosheets covered NF was used as the working 

electrode, a platinum wire as counter electrode and 0.05 M manganese acetate (Sigma 

Aldrich, analytical grade) aqueous solution as electrolyte. The electrodeposition was 

conducted at room temperature at a constant voltage of 3 V for 1 min using a power supply 

(Nortelco AS, Norway). After deposition, the Ni foam was thoroughly rinsed with de-ionized 

water and heated at 170 oC for 5 hours. The mass loading of deposited nanosheets was in the 

range 1.1-1.5 mg cm-2. 



Field emission scanning electron microscopy (FE-SEM) images were collected using Zeiss 

Ultra 55 LE. Transmission electron microscopy images (TEM) were collected from 

JEOL2100 microscope operating at 200kV and Hitachi S5500 microscope operating at 30kV. 

Samples for TEM analysis were prepared by dispersing the materials in  ethanol after 

scratching from Ni foam and drop 50 µl over formvar Cu TEM grid. In order to get X-ray 

diffraction patterns (XRD), the deposited nanosheets were scratched from the nickel foam 

surface. Bruker Da Vinci2 diffractometer with Cu Kα radiation (λ=1.5418 Å) was used for 

collecting XRD patterns. X-ray photoelectron spectroscopy (XPS) analyses were performed 

using a Kratos Axis Ultra DLD spectrometer (Kratos Analytical, UK), equipped with a 

monochromatized aluminum X-ray source (Al, hυ = 1486.6 eV) operating at 10 mA and 15 

kV (150 W). 

The electrochemical performance for application as battery electrodes was evaluated by 

cyclic voltammetry (CV), galvanostatic charge/discharge technique and electrochemical 

impedance spectroscopy (EIS) using a Biologic VMP3 battery tester. The tests were made 

using 2016 type coin cells with the Ni foam supported Co(OH)2@MnO2 NSs array as 

working electrode and Li metal as counter electrode. The electrolyte consists of LiPF6 

dissolved in EC: DEC (1:1 vol%). Celgard 2400 membranes were used as separator. The cells 

were assembled in an argon filled glove box (MBRAUN, Germany) where the moisture and 

oxygen levels were kept below 0.1 ppm.  

The assessment of supercapacitive performance of the hybrid electrodes in aqueous 

solution was carried out in a three-electrode electrochemical cell using the mesoporous NSs 

array as working electrode, a platinum wire as counter electrode and Ag/AgCl as reference 

electrode. The electrochemical performance was evaluated by cyclic voltammetry (CV), and 

galvanostatic charge-discharge technique using a Biologic VMP3 battery tester. All the tests 



were made at room temperature in a 3 M KOH aqueous solution. The potential window was 0 

to 0.45 V (vs. Ag/AgCl). Specific capacitances were calculated using the equation below: 

                                                                                                                    (I) 

Where I is the discharge current, Δt is the discharging time, ΔV is the potential window, and 

m is the mass of the active material. 

 

Results and Discussion.  

 

 

Figure1. FE-SEM  images: (a and b) for Co(OH)2 and (c and d) for the Co(OH)2@MnO2 

NSs networks on the Ni 

 



FE-SEM was employed to investigate the morphology and microstructure of the 

electrodeposited electrodes. Fig. 1 displays the FE-SEM images of the as-deposited Co(OH)2 

and Co(OH)2@MnO2 NS networks on the Ni foam substrates. As seen in low-magnification 

FE-SEM images in the Fig. 1(a, c), NS are grown uniformly on the Ni foam substrate. Fig. 

1b, d show the high-magnification FE-SEM images of Co(OH)2 and Co(OH)2@MnO2 NSs 

arrays. It is observed that, in both cases, all the NSs are interconnected with each other 

forming a three dimensional network. Such architectures would allow Li-ion and electrolyte 

to access the active materials from both sides of the nanosheets and facilitate the fast ion and 

electron transportation. In the same time, the open space between the nonsheets will act as 

buffer space to alleviate the volume change during the electrochemical process.  

Figure 2a shows electrochemically deposited Co(OH)2 NS over nickel (Ni) foam. The sheet 

appears to be very thin because of its transparent behaviour under electron beam. High 

resolution TEM images and its Fourier transform (FT) indicate the formation of a crystalline 

sheet over Ni foam (Figure 2a). The measured interplanar spacing (~0.43 nm) corresponds to 

(100) plane and matched with hexagonal Co(OH)2. EDS analysis was performed to confirm 

the chemical composition of the sheet. The results showed that the sheet is formed from 

oxygen (O) and Co (Figure 2c).  The presence of copper (Cu) and carbon (C) peaks in the 

spectrum come from the Cu TEM grid. 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. a) TEM image of Co(OH)2 NS grown over nickel foam, b) high resolution TEM of 

Co(OH)2 NS (inset is FT pattern) and c) EDS (energy dispersive spectroscopy) spectrum of 

sheet. 

We synthesized a core@shell sheet by depositing a layer of MnO2 NS over the Co(OH)2 NS 

/Ni foam. The transparent nature of core@shell NS sheet confirms that the NS remained thin 

even after the deposition of MnO2 (Figure 3a). The grown MnO2 NS is also crystalline in 

nature as it is evident by high resolution and its FFT pattern. A careful FT analysis indicates 

the cubic structure of MnO2 i.e., equal distance of six bright spots from the centre spot. 

Furthermore, the measured interplanar spacing (0.46 nm) correspond to the (111) plane, 



which also match the cubic MnO2 phase.  The chemical composition of the core@shell sheet 

was analysed with TEM-EDS. Figure 3c shows EDS spectrum confirming the presence of 

Mn and Co peaks. The cross-sectional line profile of core@shell NS sheet also revealed the 

presence of Mn and Co (Figure 4a). The elemental mapping analysis showed the uniform 

distribution of Co and Ni in the sheet (Figure 4b). This rules out the possibility of surface 

segregation of atoms after the deposition of MnO2 and subsequent heat treatment. 

 

 

Figure 3. a) TEM image of MnO2 NSs grown over Co(OH)2 NSs deposited on nickel (Ni) 

foam, b) high resolution TEM of MnO2 NSs (the inset is FT pattern) and c) EDS (energy 

dispersive spectroscopy) spectrum of sheet. 

 



 

 

Figure 4. a) EDS line profile the sheet (inset is the dark field TEM image of the sheet) and b) 

dark field STEM-EDS elemental mapping of Co and Mn in the NSs grown over Ni foam. 

(STEM: scanning transmission electron microscopy). 

 

Figure 5 shows XRD pattern for MnO2 NSs electrodeposited over Co(OH)2 NSs/Ni. The 

peaks at 2θ values of 31.24, 36.30, 54.19, 56.19 and 64.96 corresponds to the phase ε-MnO2 

(PDF: 00-012-0141) as indicated by * in Figure 5. The peaks at other 2θ values originate 

from background substrates (i.e Co(OH)2/Ni substrate). For comparison, XRD pattern of 

Co(OH)2 NSs/Ni is presented in Figure S1, where peaks are ell agreement with the Co(OH)2. 



 

Figure 5. XRD pattern of electrodeposited Co(OH)2@MnO2 NSs.  

 

 

Figure 6. XPS spectra of electrodeposited Co(OH)2 NSs: a) Co 2p and  b) O1s. XPS spectra 

of electrodeposited Co(OH)2@MnO2 NSs: c) Mn 2p and d) O1s. 



To investigate the chemical state of electrodeposited Co(OH)2 and Co(OH)2@MnO2 NSs, X-

ray photoelectron spectroscopy (XPS) was used. In the high-resolution XPS spectrum of Co 

2p, five deconvoluted peaks at 780.1, 782.1, 786.2, 796.4 and 802.8 eV are attributed to the 

existence of Co2+ reported for Co(OH)2 in the literature (Figure 6a) [28, 29]. The broad 

shoulders  at 786.2 and 802.8 eV are satellite peaks, which are always observed in the 3d 

transition metal compounds. In the O1s spectrum, the main peak cantered at 531.2 eV 

corresponds to OH bonding to Co(II) , and two additional intensity peaks at lower and high 

binding energies i.e 529.5 and 532.9 eV can be assigned to CoO and OH, respectively [28, 

29] (Figure 5b). For electrodeposited Co(OH)2@MnO2 NSs, the high-resolution XPS 

spectrum of Mn 2p can be fitted with five peaks (Figure 6c). In this spectrum, the main peaks 

centred at 642.1 and 653.2 eV can be attributed to the presence of Mn4+ in MnO2 [29, 30]. 

The peak at lower binding energy (640.6 eV) can be assigned to the presence of Mn2+, 

however the intensity of this peak is relatively low compared to peaks at 642.1 and 653.2 eV, 

indicating the dominant chemical state of Mn4+ in the electrodeposited MnO2 film. The broad 

and weak shoulder peaks at higher binding energies (644.4 and 656.2 eV) are satellite peaks 

attributed to Mn4+ state. The three peaks at binding energies of 529.8, 531.5 and 534.1 eV in 

the high-resolution spectrum of O1s can be assigned to Mn-O-Mn, Mn-OH and OH [30] 

(Figure 6d).  

In order to evaluate the electrochemical performance with respect to application in lithium-

ion batteries, the electrodeposited Co(OH)2 and Co(OH)2@MnO2 NSs anode were directly 

used as the binder-free electrodes. Figure 7a and b shows the CV curves of the Co(OH)2 and 

Co(OH)2@MnO2 NSs electrode for the first four cycles in the potential range from 3.0 to 0.0 

V (vs Li+/Li) at a scan rate of 0.2 mV s–1. The quite different curves shapes and redox peaks 

of these two electrodes clearly demonstrate the MnO2 nanosheets play a significant role in the 

electrochemical performance.  



In Figure 7a, in the first lithiation process, a strong reduction peak with a shoulder, at around 

0.8 V is observed. This peak corresponds to the formation of the SEI layer (irreversible), as 

well as the reduction of Co(OH)2 to Co [31]. During the delithiation process, two oxidation 

peaks at 1.44 V and 2.16 V are associated with the oxidation of Co to Co2+. In the second and 

third cycle, the reduction peak associated with the formation of SEI layer disappears, as 

expected. Meanwhile, a new reduction peak appears around 1.3 V, which indicate that a new 

lithiation process has been activated, as the peak remains in the subsequent cycles.  The exact 

reason for this activation is not known, but it has previously been shown that nanosized α-

Fe2O3 would undergo more lithiation steps compared to micronsized α-Fe2O3 [32]. Recently, 

Zhou et al. suggested different lithium storage mechanism of nanosized Co(OH)2 because of 

its high surface area [33]. However to establish this fact, further investigation is need. In the 

third and fourth cycles, the overlap of the voltammogrmas suggest good reversibility and 

stability of the electrochemical reactions. The cyclic voltammograms are in good agreement 

with those previously reported work on Co(OH)2 [33].  

Figure 7b shows the CV for Co(OH)2@MnO2 NSs, where reduction peaks during the first 

cycle  at 0.75 V corresponds to the formation of the SEI layer, at 0.6 V to the reduction of 

Co(OH)2, whereas the additional peaks at 0.26 V and 0.1 V (first cycle only) are attributed to 

the reduction of MnO2 [19]. The presence of  additional reduction peaks of MnO2 in the CV 

of Co(OH)2@MnO2 NSs indicates that Co(OH)2 core of Co(OH)2@MnO2 NSs structure 

taking part in electrochemical reaction with Li. The similar behavior was also observed for 

some other hybrid anode such as Ni(OH)2@MnO2 NSs arrays on nickel foams [34]. 

Figure 7 c and d shows the 1st, 2nd, 3rd, and 10th charge discharge profiles Co(OH)2 and 

Co(OH)2@MnO2 NSs, at a current density of 250 mA g-1. The specific lithiation and 

delithiation capacity of Co(OH)2 NSs during its initial cycle was determined to be 1464.64 

and 1007 mAh g-1 corresponding to Coulombic efficiency of 68.75%. At the same time, the 



specific lithiation and delithiation capacity of  Co(OH)2@MnO2 NSs yielded a comparatively 

higher value of 1621.33 and 1134.67 mAh g-1 corresponding to Coulombic efficiency of 70 

%. The irreversible capacity loss during the initial cycles in both electrodes is mainly due to 

the formation of a solid electrolyte interface (SEI) layer, related to decomposition of the 

electrolyte, and is rather high due to the high surface area of the electrode. Furthermore, the 

cycling performances at the corresponding current density of the both electrodes are shown in 

Figure 7d. From the Figure 7d it is clear that irrespective the electrode, after initial cycle the 

Coulombic efficiency increases with cycle number and reached almost 99%. The cycling 

stability and specific capacity of Co(OH)2@MnO2 NSs electrode is excellent compared to 

Co(OH)2 NSs electrode. 

A rate capability study of a Co(OH)2@MnO2 NSs electrode and Co(OH)2 NSs electrode can 

be seen in Figure 8a, carried out at various current densities ranging from 50 mA g-1 to 1000 

mA g-1. The achievable average specific reversible capacity values of Co(OH)2@MnO2 NSs 

electrode are 1017.6, 916.5, 690.0, 526.6, 414 and 352.9 mAh g-1 at the current densities of 

50, 100, 250, 500, 750 and 1000 mA g-1, respectively. Whereas for Co(OH)2 NSs electrode, 

the achievable average specific reversible capacity values at these current densities are 862.9, 

785.9, 553.8, 426.1, 303.7 and 246.2 mAh g-1, respectively. Hence, at a current density of 

1000 mA g-1, Co(OH)2@MnO2 NSs electrode exhibit 1.43 times higher capacity value than 

Co(OH)2 NSs electrode. As seen from the cyclic voltammograms, the Co(OH)2@MnO2 NS 

electrode has additional capacity from the MnO2 phase, without compromising the capacity 

from the Co(OH)2 NSs. The enhanced rate-capability of the Co(OH)2@MnO2 NSs electrode 

due to the synergistic effect between the active counterpart (Co(OH)2 and MnO2), which 

helps to improve electronic conductivity. To further prove the cycling stability of 

Co(OH)2@MnO2 NSs electrode at high current density, the electrode was cycled at a higher 

current density of 1000 mA g-1 up to 500 cycles as shown in Figure 8b. It shows the 



stabilization of the reversible capacity to 420 mAh g-1 after 500 cycles and provides good 

cycling performance. Although there was an initial drop in specific capacity during cycling 

process, it still exhibits an excellent prolonged cycling stability. It is relevant to mention that 

the capacity fading is observed at all current densities, which might be due the high loading 

mass of our electrode. High capacities and stability has been reported for Mn3O4 and MoS2, 

but the loading mass is lower than 0.5 mg cm-2 [21, 22].  

Figure S3 shows the Nyquist plots of the Co(OH)2 NSs (a) and Co(OH)2@MnO2 NSs anode. 

The lower values of Rs and Rct for the Co(OH)2@MnO2 NSs anode in comparison to 

Co(OH)2 NSs anode evident that the former has low internal resistance and fast charge 

transfer kinetics [35, 36]. Hence, it is important to mention that the deposition of  MnO2 NSs 

over Co(OH)2 NSs could facilitate the charge transfer process at the electrode/electrolyte 

interface consequently decreasing the overall internal resistance of the cell. These result is in 

agreement with the improved lithium storage properties of Co(OH)2@MnO2 NSs over the 

Co(OH)2 NSs. 

 



 

 

Figure 7. CV curves for the first four cycles at a scan rate of 0.1 mVs-1 between 0.0 V and 

3.0 V of Co(OH)2 NSs (a) and Co(OH)2@MnO2 NSs anode (b); Galvanostatic charge-

discharge profiles for selective cycles at a current density of 250 mAg-1 of Co(OH)2 NSs (c) 

and Co(OH)2@MnO2 NSs anode (d). (e) cycling performance at the current rate of 250 mA g-

1. 



 

 

Figure 8. a) Discharge capacities of Co(OH)2 NSs and Co(OH)2@MnO2 NSs anodes 

subjected to varying current densities between 0.0 and 3.0 V and (b) cycling performance of 

Co(OH)2@MnO2 NSs anodes at the current rate of 1000 mA g-1. 

Motivated by the superior performance of Co(OH)2@MnO2 NSs over Co(OH)2 NSs, we 

further evaluate the supercapacitive performance of Co(OH)2@MnO2 NSs. The 

pseudocapacitive properties of Co(OH)2@MnO2 NSs electrodes are demonstrated by CV at 

different scan rate and galvanostatic charge-discharge measurements at different current 

densities in three electrode configurations.  

Fig. 9a. presents the galvanostatic charge-discharge (GCD) curves of the Co(OH)2@MnO2 

NSs arrays electrode in a potential window of 0–0.5 V at various current densities (20–50 A 

g-1). Almost symmetrical nature of the GCD curves at all current densities indicating the 

outstanding electrochemical reversibility.  

 

 

 

 

 

 



 

 

 

 

 

Fig. 9. (a) GCD curves of the Co(OH)2@MnO2 NSs arrays electrode at different current 

densities of 20–50 A g-1. (b) Specific capacitances at different current densities of 120–50 A 



g-1. (c)  CV curves of the Co(OH)2@MnO2 NSs arrays electrode at different scan rates of 5–

50 mVs-1. (d) Cycling performance at different densities 20–50 A g-1. 

 

To investigate the rate capability of the Co(OH)2@MnO2 NSs arrays electrode, the 

galvanostatic charge-discharge measurements performed at various current densities are 

shown in Fig. 9a. The corresponding calculated specific capacitances of the Co(OH)2@MnO2 

NSs arrays electrode are 927 F g-1, 886 F g-1, 811 F g-1 and 791 F g-1 corresponding to the 

discharge current densities of 20 A g-1, 30 A g-1, 40 A g-1 and 50 A g-1, respectively (Fig. 9b). 

With the increase applied current density, specific capacitance gradually decreased because 

of the incremental voltage fall and inadequate active material taking part in the redox reaction 

at a higher current density. Still, nearly 85.3% of the initial capacitance remained even after 

increasing the current density from 20 to 50 A g-1. This excellent rate capability is ascribed to 

the thin structure of the interconnected NSs with the open space and the presence of surface 

pores which are serving as electrolyte reservoirs to shorten the ionic diffusion path and 

providing more active sites. The well-defined redox peaks in CV at all the current rates, 

suggesting the capacitive characteristics of Faradic redox reaction in the composite electrodes 

and the electrochemical reaction could be expressed as follows [35, 36]: 

Co(OH)2 + OH- → CoOOH + H2 O + e- 

 

MnO2+K++e−↔MnOOK 

 

The increasing trend in peak current with an increase in the scan rate confirms that the 

kinetics of interfacial faradic redox reactions and the rates of electronic and ionic transport 

are rapid enough at the present scan rates [37]. Additionally, the clear redox peaks during 

charging and discharging, further suggesting the battery-type electrochemical behavior of 

Co(OH)2@MnO2 NSs arrays electrode [38-40]. Fig. 9d shows the variation of cathodic and 



anodic peak currents as a function of the scan rate which indicates a diffusion-controlled 

process of OH- with rapid redox reactions [41]. 

As the cycling stability of supercapacitor is one of the key parameter for commercial 

application, the cycling stability test of Co(OH)2@MnO2 NSs arrays electrode was carried 

out at different applied current densities continuously up to 10, 000 cycles and presented in 

Fig.9d. As shown in Fig. 9d. when cycling at 20 A g-1, the capacitance value increases with 

cycle number which could be related to the improvement of improved surface wetting and 

gradual activation of the Co(OH)2@MnO2 NSs arrays electrode with time [41]. This type of 

increase in capacitance is also observed in other binder-free electrodes such as graphene, 

amorphous MoSx, Co3O4 etc. This phenomenon can be explained based on the  "electroac-

tivation" of electrode materials via continuous ion interclation/deintercalation, which leads to 

partial re-exfoliation process [42-44]. The calculated capacitance values are 984 F g-1 (after 

2000 cycles), 868 F g-1 (after 5000 cycles), 825 F g-1 (after 8200 cycles) and 790 F g-1 (after 

10,000 cycles) corresponding to the discharge current densities of 20 A g-1, 30 A g-1, 40 A g-1 

and 50 A g-1, respectively. 

Conclusions  

In this work, we designed advanced hybrid electrode: Co(OH)2@MnO2 NSs arrays directly 

grown on nickel foam by two-step electro-deposition method. As an electrode for Li-ion 

batteries, the composite material exhibits a decent reversible capacity, excellent rate 

capability and appreciable cycling stability. The good lithium storage performance of this 

hybrid electrode results from the synergistic effect from two active materials (Co(OH)2 and 

MnO2), as the MnO2 phase contributes to the capacity at lower voltages than the  Co(OH)2 

phase, and without compromising the lithium storage of the latter.  

When tested with respect to application as supercapacitor electrodes, the Co(OH)2@MnO2 

NSs arrays  delivers very high specific capacitance of 984 F g-1 (after 2000 cycles), 868 F g-1 



(after 5000 cycles), 825 F g-1 (after 8200 cycles) and 790 F g-1 (after 10,000 cycles) at 

discharge current densities of 20 A g-1, 30 A g-1, 40 A g-1 and 50 A g-1, respectively. The 

excellent performance is attributed to the unique structural feature, presence of mesopores on 

the surface of nanosheets and the intimate contact between the nanosheets and the current 

collector.  Therefore, the Co(OH)2@MnO2 NSs array electrode  provides a promising option 

as super capacitors electrodes. The results also shows that the electrodeposition method is 

suitable for the fabrication of hybrid, binder free nano-arrays, and it is expected to be 

applicable for other bicomponent metal oxide-based nanostructures. 
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