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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� The porous Co3O4 nanowires provide 
more paths for ions diffusion. 
� NiMn layered double hydroxide nano

sheets provide large surface areas. 
� Co3O4@NiMn-LDH/Ni electrode ex

hibits excellent supercapacitive 
properties.  
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A B S T R A C T   

The hierarchical nanostructure hybrids of porous Co3O4 nanowires coated NiMn layered double hydroxide 
nanosheets array on Ni foams (Co3O4@NiMn-LDH/Ni) are designed and prepared via the two-step hydrothermal 
reactions with a combination of annealing process. The Co3O4 nanowires can be utilized as backbone to grow the 
NiMn-layered double hydroxide (NiMn-LDH) nanosheets, which provide a large surface area and leading to the 
enhanced capacitive performance owing to the effective ion/electron diffusion rates. The areal capacitance of the 
as-prepared Co3O4@NiMn-LDH/Ni electrode reaches 19.7 F cm� 2 (5419.7 F g� 1) at 2 mA cm� 2 (0.56 A g� 1). 
Moreover, a high capacitance retention (93.25% of capacitance maintained after 6000 cycles) and a low internal 
resistance Rs (0.62 Ω) can be acquired. Additionally, an all-solid-state asymmetric supercapacitor (Co3O4@NiMn- 
LDH/Ni//AC ASC) based on the Co3O4@NiMn-LDH/Ni as positive electrode and activated carbon (AC) as 
negative electrode is successfully obtained. The Co3O4@NiMn-LDH/Ni//AC ASC shows a high energy density of 
47.15 Wh kg� 1 at 376 W kg� 1. Additionally, a LED can be lit up for 12 min when three ASCs are connected in 
series. Therefore, this novel Co3O4@NiMn-LDH/Ni with outstanding electrochemical performance should 
envision potential practical applications in high energy storage appliances.  
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1. Introduction 

High-efficient energy storage technology is crucial for fully usage of 
traditional fossil energy and renewable energy [1–4]. As an essential 
electrochemical energy storage device, supercapacitors (SCs) have ob
tained great attention due to their fast charge-discharge capability, high 
power density and remarkable recyclability [5–8]. Typically, the SCs 
can be classified into two sorts according to charge storage mechanisms: 
electrical double-layer capacitors (EDLCs) and pseudocapacitors. The 
charges are mainly adsorbed electrostatically on the boundary surface of 
electrode/electrolyte and a variety of materials like porous carbon 
nanosheets [9] and reduced graphene oxide [10] have been adopted as 
electrode materials for EDLCs. However, the carbon-based materials are 
usually suffer from a series of drawbacks such as the uncontrollable pore 
size and shape, insufficient electronic conductivity and long 
ion-diffusion distance (>5 μm), leading to compromised specific 
capacitance [11–14]. Compared with EDLCs, pseudocapacitors store 
energy by the faradaic redox reactions inside electrode material, whose 
electrodes are usually made of transition metal oxides/hydroxides and 
conducting polymers [15]. Recently, a variety of materials are designed 
to enhance the electrode properties, among which the transition metal 
oxides exhibited remarkable superiority owing to the high specific 
capacitance, good conductivity and large surface area [16]. 

Currently, various metal oxides like NiO, Fe2O3, WO3 and Co3O4 are 
widely applied to electrode materials for supercapacitors owing to their 
high theoretical specific capacitances and abundant reserves. Among 
these metal oxide nanomaterials, cobalt oxide (Co3O4) has obtained 
extensive attention due to its special nanostructures, environmental 
friendliness and strong redox activity [17,18]. However, the single 
component of Co3O4 applied as supercapacitor electrode usually 
exhibited the poor electrode stability, low specific capacity (much lower 
than the theoretical value), inferior cyclic stability and so on, which 
significantly restricted its practical applications [19]. To overcome these 
defects, numerous efforts have been contributed to the ingenious design 
of nanocomposites with various structures and morphologies. It has 
been reported that the 3D hierarchical CoWO4/Co3O4 composite 
arrayed on Ni foam by a facile microwave hydrothermal process and 
utilized as the electrode material of supercapacitors showed superior 
specific capacitance (1728 F g� 1 at 2.7 mA cm� 2 or 1 A g� 1), well rate 
capability and outstanding cycling stability (85.9% capacitance main
tained after 3000 cycles) [20]. Moreover, a 2D Co3O4@NiCo2O4 nano
wires composite arrayed on Ni foam via hydrothermal process and 
applied to the electrode material of supercapacitors revealed a specific 
capacitance of 9.12 F cm� 2 at 2 mA cm� 2, remarkable cycling stability 
and superb energy density (75.6 Wh kg� 1 at 1053 W kg� 1) [21]. Mean
while, an effective strategy for preparing Co3O4-electrode materials with 
satisfactory electrochemical performance was utilized to construct the 
expected core/shell architecture. For example, the Co3O4@CoNi-LDH 
core/shell nanosheets were arrayed on Ni foam and used for electrode 
material of supercapacitor, which displayed large specific capacitance 
(2676.9 F g� 1 at 0.5 A g� 1), excellent cycling stability and remarkable 
energy density (61.23 Wh kg� 1 at 750 W kg� 1) [22]. Additionally, the 
Co3O4@NiO core/shell nanoarrays were obtained by a hydrothermal 
process and applied as the electrode material of supercapacitor, 
revealing a specific capacitance of up to 2018 mF cm� 2 at 2 mA cm� 2 

and significant cycling stability (75.3% of capacitance maintained after 
10 000 cycles) [23]. Notably, although plenty of efforts have been 
devoted to make a significant promotion in electrochemistry perfor
mance, essential studies to enhance the electrochemistry performances 
of Co3O4-based materials are still in great demand [24–26]. Recently, 
layered double hydroxides (LDH) have been widely explored as elec
trode materials for SCs, which exhibit excellent electrochemical per
formances owing to their tunable chemical composition, high redox 
reduction activity and large specific surface area [27,28]. Especially, the 
NiMn LDH nanosheet not only provides the large specific surface area 

but also exhibits the benign conductivity, which significantly increases 
the storage capacity. Therefore, combining Co3O4 with NiMn LDHs 
should be a well strategy to prepare the electrochemical active materials 
with desired performance. 

In this work, we design and prepare the porous Co3O4 nano
wires@NiMn layered double hydroxide nanosheets array on three- 
dimensional conductive Ni foam (Co3O4@NiMn-LDH/Ni) by the two- 
step hydrothermal reactions with a combination of annealing process. 
Subsequently, the obtained Co3O4@NiMn-LDH/Ni is directly applied to 
prepare binder-free electrodes which possess numerous virtues, such as 
larger quantity of active sites, higher utilization efficiency of active 
materials and faster ion/electron diffusion rates. The prepared 
Co3O4@NiMn-LDHs/Ni electrode shows an outstanding capacitance up 
to 19.7 F cm� 2 (5419.7 F g� 1) at 2 mA cm� 2 (0.56 A g� 1) in a three 
electrodes system, which are significantly superior to those of NiMn- 
LDH/Ni and Co3O4/Ni electrodes. A high capacitance retention 
(93.25% of capacitance maintained after 6000 cycles at 20 mA cm� 2) 
and a low internal resistance Rs (0.62 Ω) can be achieved. Furthermore, 
an asymmetric supercapacitor (Co3O4@NiMn-LDH/Ni//AC ASC) is 
prepared by applying the Co3O4@NiMn-LDH/Ni as the positive elec
trode and activated carbon (AC) as the negative electrode. The 
Co3O4@NiMn-LDH/Ni//AC ASC shows a high energy density of 
47.15 Wh kg� 1 at a power density of 376 W kg� 1 and can be able to light 
up a LED indicator for 12 min by connecting three Co3O4@NiMn-LDH/ 
Ni//AC ASCs in series, demonstrating the potential for practical 
applications. 

2. Experimental section 

2.1. Reagents 

The Ni foam was purchased from Shanghai Zhongwei New Material 
Co., Ltd. Ethanol (AR) and hydrochloric acid (HCl) were supplied by 
Tianjin Fuyu Fine Chemical Co., Ltd. Cobalt nitrate hexahydrate (AR), 
hexamethylenetetramine (AR), ammonium fluoride (AR), nickel 
dichloride (AR), manganese (II) chloride tetrahydrate (AR), urea (AR), 
potassium hydroxide (AR), conductive acetylene black (AR) and arkema 
HSV900 PVDF binder (AR) were all purchased from Sinopharm Chem
ical Reagent Co., Ltd. All aqueous solutions were prepared using 
deionized water with a resistivity of 18.2 MΩ cm� 1. 

2.2. Synthesis of porous Co3O4 nanowires array on Ni foam (Co3O4/Ni) 

Before experiments, the Ni foam (1.0 � 1.0 cm2) was ultrasonically 
cleaned with HCl solution (30 wt %), ethanol and deionized water for 
30 min individually to remove the surface oxide layer and dried at 60 �C 
for 8 h in a drying oven. The porous Co3O4 nanowires were prepared by 
a hydrothermal reaction and calcination treatment. Typically, 1.164 g 
Co(NO3)2⋅6H2O, 1.200 g CO(NH2)2 and 0.296 g NH4F were dissolved in 
70 ml deionized water, the resulting mixture was stirred for 30 min to 
obtain a homogeneous pink solution. Subsequently, the pretreated Ni 
foam was immersed into the above mixed solution and reacted in a 
100 mL teflon-lined stainless steel autoclave at 120 �C for 8 h. During the 
reaction, Co2þ can react with F� to form intermediate product of 
CoFx

(x� 2)-. Meanwhile, urea can dissolve in water and provides both 
carbonate and hydroxyl anions. Subsequently, the CO3

2� and OH� react 
with CoFx

(x� 2)- to generate cobalt hydroxide carbonate species 
(Co2(OH)2CO3⋅nH2O) [29,30]. Moreover, NH4F plays a significant part 
in the activation and self-assembly process for the construction of 
nanowires structure. The involved reactions can be illustrated by 
following equations [31]:  

Co2þ þ x F� → [CoFx](x� 2)-                                                                    

CO(NH2)2 þ H2O → 2 NH3 þ CO2                                                         
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CO2 þ H2O → CO3
2� þ 2Hþ

NH3⋅H2O → NH4
þ þ OH�

2 [CoFx](x� 2)- þ 2 OH� þ CO3
2� þ H2O → Co2(OH)2CO3⋅nH2Oþ 2x F�

Then, the resulting product was washed with ethanol and deionized 
several times and dried at 80 �C for 6 h in a vacuum drying oven. Finally, 
the dried product was calcined at 400 �C under air atmosphere for 3 h to 
obtain porous Co3O4 nanowire arrays. The Co2(OH)2CO3⋅nH2O arrays 
were transferred into Co3O4 nanowires arrays via the dehydration pro
cess of Co2(OH)2CO3⋅nH2O. The involved reactions can be illustrated by 
the equation below (the heating process is marked by “Δ”) [32]: 

3Co2ðOHÞ2CO3⋅nH2Oþ O2!
Δ 2Co3O4þ3CO2þ 3

�
nþ 1ÞH2O  

2.3. Fabrication of porous Co3O4 nanowires coated NiMn layered double 
hydroxide nanosheets array on Ni foam (Co3O4@NiMn-LDH/Ni) 

0.713 g NiCl2⋅6H2O, 0.198 g MnCl2⋅4H2O and 0.700 g hexamethy
lenetetramine (HMT) were dissolved in 40 mL deionized water, the 
resulting mixture was stirred for 30 min to obtain a homogeneous so
lution. Then the as-obtained porous Co3O4/Ni was immersed into the 
mix solution and reacted in a 100 mL Teflon-lined stainless steel auto
clave at 90 �C for 6 h. During the reaction, HMT can act as hydrolysis 
agent to alkalize aqueous solution and generate OH� , then the Ni2þ and 
Mn2þ can react with OH� to generate (Ni1-xMnx)(OH)2 nanosheets under 
an alkaline environment. Meanwhile, HMT plays a significant role in 
facilitating the formation of NiMn-LDHs with high crystallinity at a 
moderate temperature [33]. The involved reactions can be illustrated by 
the following equations [34]:  

(CH2)6N4 þ 10H2O → 6 HCHO þ 4 NH4
þ þ 4 OH�

(1-x) Ni2þ þ x Mn2þ þ 2 OH� → (Ni1-xMnx)(OH)2                                   

After cooled naturally, the Co3O4@NiMn-LDH/Ni was washed with 
ethanol and deionized water for several times and then dried at 60 �C for 
8 h in a vacuum drying oven. For comparison, the NiMn layered double 
hydroxide directly arrayed on Ni foam (NiMn-LDH/Ni) was prepared at 
the same condition. The total mass loading of Co3O4@NiMn LDH arrays 
grown on the Ni foam was calculated to be 3.6 mg cm� 2. 

2.4. Characterizations 

A JEOL JSM-6700F scanning electron microscope (SEM) with an 
accelerating voltage of 5 kV was utilized to verify the morphology of 
samples. Transmission electron microscopy (TEM), high resolution 
transmission electron microscopy (HRTEM), energy dispersive X-ray 
spectroscopy (EDS) and element mapping images were performed on a 
JEOL2011 microscope operated at an acceleration voltage of 200 kV. 
The chemical structures of the materials were studied by X-ray photo
electron spectroscopy (XPS), a Kratos Axis Ultra DLD spectrometer 
employing a monochromated Al Ka X-ray source (h ¼ 1486.7 eV). 
Moreover, the crystallographic structures of the materials were analyzed 
by a powder XRD system (DX-2700, λ ¼ 0.15406 nm). 

2.5. Fabrication of electrodes and electrochemical measurements 

All the electrochemical measurements were measured on an elec
trochemical workstation (CHI 760E) at ambient temperature. Electro
chemical performances of the samples were carried out in a three- 
electrode system with a platinum tablet as counter electrode and the 
Hg/HgO as reference electrode, respectively. In addition, the as- 
prepared Co3O4@NiMn-LDH/Ni (1.0 � 1.0 cm2) was served as the 
working electrode and 6 M KOH aqueous solution as the electrolyte. 
Cyclic voltammetry (CV) tests were carried out at different scan rates of 

10, 20, 30, 50 and 100 mV s� 1, respectively. Galvanostatic charge/ 
discharge (GCD) curves were carried out at different current densities of 
2, 3, 4, 5, 8 and 10 mA cm� 2, respectively. Moreover, electrochemical 
impedance spectroscopy (EIS) was carried out in the frequency response 
range from 100 kHz to 0.1 Hz with an open circuit potential a 5 mV AC 
perturbation. The specific capacitance of the electrodes was calculated 
by the following equation (1) [35]: 

CA ¼
I
R

Vdt
sV2 (1)  

where I (A) represents the discharge current, Δt (s) represents the 
discharge time, ΔV (V) represents the potential window, and s (cm2) 
represents the effective area of electrode, respectively. 

2.6. Fabrication and electrochemical measurements of asymmetric 
supercapacitor (ASC) 

To prepare an active carbon (AC) electrode, active carbon, acetylene 
black and polyvinylidene fluoride (PVDF) were dissolved in ethanol 
with a mass ratio at 8 : 1: 1 to obtain a suspension mixture. Acetylene 
black and PVDF were utilized as a conductive agent and binder, 
respectively. Then, the obtained mixture was placed in a vacuum drying 
oven for drying treatment at 60 �C for 6 h. Lastly, the mixture was placed 
onto two nickel foams, followed by the pressing under 15 MPa for 5 s. 
The ASC device was prepared by applying Co3O4@NiMn-LDH/Ni 
(1.0 � 2.0 cm2) as the positive electrode and AC as negative electrode, 
respectively, while 6 M KOH performed as the electrolyte. In order to 
obtain an all-solid-state ASC with excellent electrochemical perfor
mances, the relationship (qþ¼ q� ) of charge balance among the two 
electrodes should be required. q represents the stored charge of the 
electrode, which can be calculated by the equation (2): 

q¼C � m� ΔV (2)  

where C (F g� 1) represents the specific capacitance of the electrode, m 
(g) represents the mass of the active material and ΔV (V) represents the 
potential window. According to equation (2), the ideal mass ratio of 
electroactive material on the positive to that on negative electrodes in an 
all-solid-state ASC (mþ/m-) can be calculated by the equation (3): 

mþ =m� ¼ C� ΔV � =CþΔVþ (3)  

where Cþ (F g� 1) and C� (F g� 1) represent the specific capacitance of 
Co3O4@NiMn-LDH/Ni and AC electrodes, respectively. ΔVþ (V) and 
ΔV� (V) represent the voltage range of Co3O4@NiMn-LDH/Ni and AC 
electrodes, respectively. The specific capacitance (Cs) of the ASC was 
calculated by the equation (4): 

Cs ¼
IΔt

mΔV
(4)  

where I (A) represents the discharge current, Δt (s) represents the 
discharge time, ΔV (V) represents the potential window, and m (g) 
represents the total mass of active materials on both electrodes. The 
coulombic efficiency (η), the energy density E (Wh kg� 1) and power 
density P (W kg� 1) of ASC were calculated by the equations (5)–(7) [20, 
36]: 

η ¼ Δtd

Δtc
(5)  

E ¼
1
2

CsΔV2 (6)  

P ¼
E
Δt

(7)  

where Δtc represents the charging time, Δtd represents the discharging 
time. 
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3. Results and discussion 

The stepwise preparation of Co3O4@NiMn-LDH arrays grown on Ni 
foam (Co3O4@NiMn-LDH/Ni) is schematically illustrated in Fig. 1a. The 
Co3O4@NiMn-LDH/Ni was designed and prepared by the two-step hy
drothermal reactions with a combination of annealing process. Firstly, 
the fascicular and spinous Co2(OH)2CO3 arrays were anchored on Ni 
foam via a hydrothermal synthesis treatment (Step I). Secondly, the 
porous Co3O4 nanowires arrays were then obtained through the calci
nation process in an air atmosphere under 400 �C (Step II). Finally, the 
NiMn-LDH nanosheets were generated on the pre-prepared porous 
Co3O4 nanowires by the hydrothermal synthesis process under 90 �C 
(Step III). The microstructures of as-obtained samples were firstly 
investigated by scanning electron microscopy (SEM). The corresponding 
photographs of Co2(OH)2CO3 precursor/Ni, Co3O4/Ni and Co3O4@
NiMn-LDH/Ni are shown in the inset of Fig. 1b, e and h, respectively. It 
can be seen from Fig. 1b–d, the Co2(OH)2CO3 precursor arrays are 
uniformly anchored on Ni foam, forming a fascicular and dense spinous 
structure. In addition, the SEM images of the pretreated Ni foam are 
displayed in Fig. S1. It is observed that the newly exposed surface of Ni 
foam is highly rough which is beneficial to the growth of Co2(OH)2CO3 
precursor arrays [37]. As displayed in Fig. 1e–g, the prepared sheet-like 
naostructure was assembled by the porous Co3O4 nanowires after the 
calcination in air, which is different from the fascicular and dense 

spinous structure of Co2(OH)2CO3 precursors as displayed in Fig. 1c. 
Additionally, the porous Co3O4 nanowires are made up of plentiful 
nanoparticles as displayed in Fig. S2. These porous nanowires can not 
only utilize as skeleton support for growing the NiMn-LDHs nanosheets, 
but form an intricate transportation network to provide more paths for 
ions diffusion. It can be seen from Fig. 1h–j the NiMn-LDHs nanosheets 
are arrayed on the surface of porous Co3O4 nanowires to form a multi
layer structure. Moreover, the thickness of NiMn-LDHs was further 
confirmed by atomic force microscope (AFM) and the thickness was 
measured to be about 4 nm as shown in Fig. S3. From the SEM image as 
displayed in Fig. 1j, it also can be seen that the thickness of NiMn-LDHs 
is approximately 4 nm, which is accord with the result of AFM. The 
hybrid arrays provide large surface areas and enormous active sites, 
which can act a significant factor in enhancing the electrochemical 
performance. The cross-sectional SEM images (as displayed in Fig. S4) 
demonstrate that the NiMn-LDHs are uniformly anchored on the whole 
surface of the porous Co3O4 nanowires. Additionally, the SEM images of 
NiMn-LDH/Ni are displayed in Fig. S5. 

Moreover, in order to further understand the evolution processes of 
the synthesized hierarchical and porous Co3O4@NiMn-LDH arrays, the 
synthesis of NiMn-LDHs was carried out with different reaction times 
and the SEM images of corresponding products are displayed in Fig. 2. 
The pure Co3O4 nanowires (Fig. 2a) with spinous structure can be served 
as the backbones for the growth of NiMn-LDHs arrays. NiMn-LDHs 

Fig. 1. (a) Schematic illustration for the step-wise preparation of Co3O4@NiMn-LDH arrays on Ni foam. (b–d) The SEM images of the Co2(OH)2CO3 precursor arrays 
with different magnifications. (e–g) The SEM images of porous Co3O4 nanowires arrays with different magnifications. (h–j) The SEM images of Co3O4@NiMn-LDHs 
with different magnifications. 
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nanosheets were generated and fully covered on the surface of Co3O4 
nanowires after 1 h reaction (Fig. 2b). Then the NiMn-LDHs nanosheets 
became dense and connected each other with the reaction time 
increasing to 2 h as displayed in Fig. 2c. After 4 h, the interconnected 
NiMn-LDHs nanosheets were further grown to become volume- 
expanded nanosheets as displayed in Fig. 2d. After 6 h reaction 
(Fig. 2e), the NiMn-LDHs nanosheets were expanded completely. After 
8 h, the NiMn-LDHs nanosheets began to aggregate to form the spherical 
structures with uneven sizes (Fig. 2f). Additionally, the electrochemical 
performance of corresponding products from different reaction periods 
(Fig. S6) was further investigated by cyclic voltammetry (CV) and gal
vanostatic charge/discharge (GCD). As displayed in Fig. S6i, the 
Co3O4@NiMn-LDH/Ni obtained at 6 h exhibited the longest discharge 
time and the areal capacitance was measured to be 19.7 F cm� 2, which is 
much larger than those of other samples from 1 h (0.61 F cm� 2), 2 h 
(0.69 F cm� 2), 4 h (11.4 F cm� 2) and 8 h (11.1 F cm� 2) reactions, 
respectively. The multilayer structure of NiMn LDHs nanosheets ob
tained from 6 h reaction can not only expose enormous active sites for 
the redox reactions, but provide effective channels for electrolyte ion 
diffusion. For comparison, the weight ratios obtained from different 
reaction times between Co3O4 and NiMn materials are displayed in 
Table S1. It can be seen that the Co3O4@NiMn-LDH/Ni with optimized 
weight ratio of 1 : 2 for Co3O4: NiMn exhibits the superior capacitance 
than those with other different weight ratios. 

To better understand the chemical composition of the as-fabricated 
porous Co3O4@NiMn-LDH/Ni, transmission electron microscopy 
(TEM), high resolution transmission electron microscopy (HRTEM), 
selected area electron diffraction (SAED) and energy dispersive X-ray 
spectroscopy (EDX) measurements were performed. Fig. 3a exhibits the 
TEM image of the porous Co3O4 nanowires. The nanowire composed of 
nanoparticles is highly porous, which is accord with the SEM images in 
Fig. 1g. The existed micropore structure provides more channels for ions 
shuttling and is beneficial to the intercalation of ions into the interior 
space of nanowires which further improves the reaction efficiency. From 
the HRTEM image of porous Co3O4 nanowires as displayed in Fig. 3b, 
the lattice fringes with spacings of 0.13, 0.17, 0.24 and 0.30 nm should 
be ascribed to the (440), (511), (311) and (220) facets of the cubic 
Co3O4, respectively. Moreover, the element mapping images of porous 
Co3O4 nanowires as displayed in Fig. S7, demonstrate that the Co and O 
elements are homogeneous existed in Co3O4 nanowires. Fig. 3d shows 
the well formation of thin NiMn-LDHs. Fig. 3e reveals the lattice spacing 
of 0.23 and 0.26 nm, which should be attributed to the (015) and (012) 
planes of NiMn-LDH phase, demonstrating the formation of NiMn-LDHs 
[38]. 

In addition, the SAED patterns reveal well-defined diffraction rings 
as displayed in Fig. 3c and f, demonstrating the polycrystalline structure 
of obtained porous Co3O4 nanowires and NiMn-LDHs, respectively. 
Moreover, the chemical composition of Co3O4@NiMn-LDH/Ni was 
studied by energy-dispersive X-ray spectroscopy (EDS). As displayed in 
Fig. 3g–i, the Co3O4@NiMn-LDH/Ni is consisted of Co, O, Ni and Mn 
elements, which are uniformly distributed. Moreover, the element 
mapping images of NiMn-LDHs are displayed in Fig. S8, which reveal the 
homogeneous distribution of Ni, O and Mn elements in NiMn-LDHs. 

The phase composition and crystallinity of Ni foam, Co3O4/Ni and 
Co3O4@NiMn-LDH/Ni were analyzed by X-ray diffraction (XRD). 
Additionally, the detailed XRD spectra for NiMn-LDHs and 
Co2(OH)2CO3 precursor/Ni are shown in Fig. S9. As displayed in Fig. 4a, 
all the as-obtained samples have the three characteristic peaks located at 
2θ ¼ 44.50�, 51.85� and 76.37�, which can be attributed to the (111), 
(200) and (220) planes of the cubic phase metallic nickel (JCPDS 
04–0850), respectively. The Co3O4@NiMn-LDH/Ni shows diffraction 
peaks appeared at 2θ ¼ 31.27�, 36.84�, 59.35� and 65.23�, which should 
attribute to the (220), (311), (511) and (440) planes of the cubic phase 
Co3O4 (JCPDS 42–1467), respectively. In addition, three weak diffrac
tion peaks observed at 2θ ¼ 11.64�, 34.43� and 38.72� can be indexed to 
the (003), (012) and (015) planes of NiMn-LDHs, respectively [39]. 

Furthermore, X-ray photoelectron spectroscopy (XPS) measurement 
was performed to analyze the elemental composition and chemical state 
of Co3O4@NiMn-LDH/Ni. The full survey scan XPS spectrum of 
Co3O4@NiMn-LDH/Ni is displayed in Fig. S10, from which the Co, O, Ni 
and Mn elements can be identified expressly. The spectrum of Co 2p is 
displayed in Fig. 4b, the peaks located at 780.5 eV and 795.8 eV should 
attribute to Co 2P3/2 (Co3þ) and Co 2P1/2 (Co2þ), respectively [40]. For 
O 1s spectrum displayed in Fig. 4c, the strong peak at 529.65 and 
530.45 eV can be related to the O atoms in Co3O4 and hydroxyl group in 
NiMn-LDHs, respectively [41]. Similarly, as displayed in Fig. 4d, the 
peaks located at 854.45 eV and 872.15 eV can be attributed to Ni 2p3/2 
and Ni 2p1/2, indicating the existence of Ni2þ [36,42]. The Mn 2p 
spectrum (Fig. 4e) is deconvoluted into two main peaks at 644.55 eV and 
657.8 eV, which pertain to the characteristic peak of Mn 2p3/2 and Mn 
2p1/2, respectively, demonstrating that the existence of Mn3þ in 
Co3O4@NiMn-LDH/Ni [43,44]. The Brunauer-Emmett-Teller (BET) 
measurement for the Co3O4@NiMn-LDH/Ni material has been carried 
out and the result is displayed in Fig. 4f. The specific surface area of 
Co3O4@NiMn-LDH/Ni was measured to be 310 m2 g� 1, which was 
larger than those of Co3O4/Ni (28 m2 g� 1) and NiMn-LDH/Ni 
(52 m2 g� 1). This large surface area can provide enormous active sites 
for achieving an outstanding electrochemical performance. Meanwhile, 

Fig. 2. SEM images of the samples obtained at different reaction times for NiMn-LDHs arrays: (a) 0 h, (b) 1 h, (c) 2 h, (d) 4 h, (e) 6 h and (f) 8 h, respectively.  
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Fig. 3. (a) TEM image, (b) HRTEM image and (c) SAED image of porous Co3O4 nanowires. (d) TEM image, (e) HRTEM image and (f) SAED image of NiMn-LDHs. (g) 
Typical SEM image of Co3O4@NiMn-LDH/Ni and (h) the elemental mapping images for Co, O, Ni and Mn elements. (i) EDS spectrum for Co3O4@NiMn-LDH/Ni. 

Fig. 4. (a) XRD patterns of the Ni foam, Co3O4/Ni and Co3O4@NiMn-LDH/Ni, respectively. Narrow scan spectra for Co 2p (b), O 1s (c), Ni 2p (d), and Mn 2p (e) of 
Co3O4@NiMn-LDH/Ni, respectively. (f) N2 adsorption-desorption isotherm of Co3O4@NiMn-LDH/Ni. 
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the results of Brunauer-Emmett-Teller (BET) measurement tests for the 
Co3O4/Ni and NiMn-LDH/Ni are displayed in Fig. S11. 

The electrochemical performances of Co3O4/Ni, NiMn-LDH/Ni and 
Co3O4@NiMn-LDH/Ni electrodes were performed in 6 M KOH electro
lyte basing on a three-electrode system. The CV curves for Co3O4/Ni, 
NiMn-LDH/Ni and Co3O4@NiMn-LDH/Ni electrodes measured at a san 
rate of 10 mV s� 1 are displayed in Fig. 5a. Compared with the mentioned 
electrode materials, Co3O4@NiMn-LDH/Ni revealed the highest current 
densities and the broadest voltage range, indicating the larger specific 
capacitance. As displayed in Fig. 5b, GCD curves of Co3O4/Ni, NiMn- 
LDH/Ni and Co3O4@NiMn-LDH/Ni electrodes were measured at a cur
rent density of 2 mA cm� 2. The discharge time of Co3O4@NiMn-LDH/Ni 
electrode was derived to be 4924 s, which was much longer than 327 s 
and 478 s derived from Co3O4/Ni, NiMn-LDH/Ni electrodes, respec
tively. Meanwhile, the areal capacitance of Co3O4@NiMn-LDH/Ni was 
calculated to be 19.7 F cm� 2, while the areal capacitance of other 
Co3O4/Ni and NiMn-LDH/Ni was calculated to be 1.305 and 
1.913 F cm� 2, respectively. The Co3O4@NiMn-LDH/Ni electrode ex
hibits much better electrochemical properties than Co3O4/Ni and NiMn- 
LDH/Ni electrodes, which can be ascribed to the larger surface areas that 
offer more activated sites and transmission channels for ion/electron 
store and transfer. 

Furthermore, the electrochemical performance of Co3O4@NiMn- 
LDH/Ni electrode was further investigated systematically with cyclic 
voltammetry (CV), galvanostatic charge/discharge (GCD) and electrical 
impedance spectroscopy (EIS) measurements. Fig. 5c exhibits the CV 
curves of Co3O4@NiMn-LDH/Ni electrode at different scan rates from 10 
to 100 mV s� 1 with the voltage window of 0–0.6 V. The shape of CV 
curves changes only slightly with the scan rate increasing, demon
strating the low equivalent resistance and well rate capability of the 
fabricated Co3O4@NiMn-LDH/Ni electrode [45]. In the alkaline elec
trolyte, the pseudocapacitance behavior can be described by the 
following reactions [46,47]: 

NiðOHÞ2þOH� ⇌NiOOHþ H2Oþ e�

MnðOHÞ2þOH� ⇌MnOOHþ H2Oþ e�

MnOOHþ OH� ⇌MnO2þH2Oþ e�

Co3O4þOH� þH2O⇌3CoOOHþ e�

CoOOHþ OH� ⇌CoO2þH2Oþ e�

Fig. 5d exhibits a good linear relationship among the anodic or 

Fig. 5. Electrochemical performance measurements in three-electrode system. (a) CV curves of the Co3O4/Ni, NiMn-LDH/Ni and Co3O4@NiMn-LDH/Ni electrodes 
measured at a scan rate of 10 mV s� 1. (b) GCD curves of the Co3O4/Ni, NiMn-LDH/Ni and Co3O4@NiMn-LDH/Ni electrodes measured at a current density of 
2 mA cm� 2. (c) CV curves of the Co3O4@NiMn-LDH/Ni electrode at different scan rates ranging from 10 to 100 mV s� 1. (d) The plots of anodic and cathodic peak 
current (A g� 1) against the scan rate (mV s� 1). (e) GCD curves of Co3O4@NiMn-LDH/Ni electrode at different current densities ranging from 2 to 10 mA cm� 2. (f) The 
linear relation of Csp at different current densities. (g) A comparison of specific capacitance with those reported by the literatures. (h) Cycling performance of the 
Co3O4@NiMn-LDH/Ni electrode at 20 mA cm� 2 (The inset shows the GCD curves of the Co3O4@NiMn-LDH/Ni electrode before and after 6000 cycles). (i) Nyquist 
curves of the Co3O4@NiMn-LDH/Ni, NiMn-LDH/Ni and Co3O4/Ni electrodes in the frequency range from 100 kHz to 0.01 Hz, respectively. 
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cathodic peak currents and the square root of scan rate from 10 mV s� 1 

to 100 mV s� 1, demonstrating the diffusion controlled process of OH�

[47]. The electrochemical reaction process was also verified from the 
triangle shape of the GCD curves of Co3O4@NiMn-LDH/Ni electrode at 
the different current densities from 2 to 10 mA cm� 2 under the voltage 
window of 0–0.5 V as displayed in Fig. 5e. It is obvious that the 
discharge time decreased gradually with the increasing current density 
from 2 to 10 mA cm� 2. Moreover, the CV and GCD curves of Co3O4/Ni 
and NiMn-LDH/Ni electrodes are displayed in Fig. S12. The areal ca
pacitances of Co3O4@NiMn-LDH/Ni were calculated to 19.7, 18.1, 17.3, 
16.8, 15.1 and 14.2 F cm� 2 at the current densities of 2, 3, 4, 5, 8 and 
10 mA cm� 2, respectively. The relationships between specific capaci
tances and current densities of as-obtained samples are further displayed 
in Fig. 5f. It can be seen that the Co3O4@NiMn-LDH/Ni electrode ex
hibits the higher areal capacitances and rate capability of 72.5% than 
NiMn-LDH/Ni and Co3O4/Ni electrodes. The large specific capacitance 
value of Co3O4@NiMn-LDH/Ni can be attributed to the heterostructures 
of lamellar NiMn-LDHs supported by porous Co3O4 nanowires which 
explore enormous active sites for the redox reactions and provide 
effective channels for electrolyte ion diffusion. Fig. 5g shows that the 
prepared Co3O4@NiMn-LDH/Ni electrode possesses excellent specific 
capacitances of 5419.7 F g� 1 at 0.56 A g� 1, which exhibits superb 
capacitance performance than recently reported electrode materials 
based on Co3O4 [32,48–53]. 

Cyclic stability, a significant evaluation index for supercapacitors, 
can be measured by repeated GCD measurements at a constant current 
density. As displayed in Fig. 5h, the Co3O4@NiMn-LDH/Ni electrode 
reveals an excellent stability and 93.25% of specific capacitance still 
maintains after 6000 cycles measurement at 20 mA cm� 2. The SEM 
images of the Co3O4@NiMn-LDH/Ni after 6000 cycles (Fig. S13) 
exhibited the partially collapsed multi-layered nanostructures. As dis
played in the inset GCD curves in Fig. 5h, the decrease of discharge time 
after 6000 cycles should be attributed to the broken structures of NiMn- 
LDH nanosheets and the loss of active sites which affect the ion diffusion 
during charging-discharging process. 

Electrochemical impedance spectroscopy (EIS) was utilized to 
analyze the internal resistances, charge transfer kinetics and ion diffu
sion process of electrode materials [54]. Fig. 5i clearly displays the EIS 
curves of NiMn-LDH/Ni, Co3O4/Ni and Co3O4@NiMn-LDH/Ni elec
trodes in the frequency range from 100 kHz to 0.01 Hz. It demonstrated 
that the Co3O4@NiMn-LDH/Ni possessed a lower charge-transfer resis
tance Rs of 0.62 Ω than those of Co3O4/Ni (0.85 Ω) and NiMn-LDH/Ni 
(0.92 Ω), indicating that the Co3O4@NiMn-LDH/Ni electrode material 
had the lower internal impedance and better conductivity [21]. More
over, the straight line in the low frequency region is ascribed to Warburg 
impedance (Zw) and the steep slope of the curves demonstrates the lower 
diffusive resistance of Co3O4@NiMn-LDH/Ni electrodes. 

The excellent electrochemical properties of the prepared Co3O4@
NiMn-LDH/Ni can be ascribed to the following superiorities: Firstly, the 
porous Co3O4 nanowires directly grown on the conductive Ni foam 
maintains an efficient contact between the nanowires backbones and Ni 
substrate so as to provide an excellent conductivity to the whole elec
trode; Secondly, the porous Co3O4 nanowires are linked to NiMn-LDHs 
with strong adhesion, which can maintain the mechanical integrity of 
nanostructure and further improve the cycling stability. The mechanical 
stability of Co3O4@NiMn-LDH/Ni was tested in different ultrasonic 
frequencies from 50 Hz to 100 Hz for 80 s. As displayed in Fig. S14, the 
structure of NiMn-LDH nanosheets were only slightly changed, 
demonstrating the well mechanical stability of the Co3O4@NiMn-LDH/ 
Ni. Moreover, the corresponding SEM images of Co3O4/Ni and NiMn- 
LDH/Ni samples from ultrasonications with different frequencies are 
displayed in Figs. S15 and S16, respectively. Thirdly, the ultra-thin 
NiMn-LDHs nanosheets are interconnected, which not only form a 
large area surface but also provide abundant active sites for electro
chemical reactions during the charging-discharging process; Fourthly, 
the linked NiMn-LDHs nanosheets structure can not only provide 

effective channels for electrolyte ions diffusion, but also accelerate the 
transfer rate of electrolyte ions, further improving the electrochemical 
performance of active material. All of these advantages endow the 
Co3O4@NiMn-LDH/Ni with excellent capacitive performance. 

To further evaluate the energy storage performance of Co3O4@
NiMn-LDH/Ni electrode for practical applications, an asymmetric 
supercapacitor (ASC) device (Co3O4@NiMn-LDH/Ni//AC) was suc
cessfully assembled by employing the Co3O4@NiMn-LDH/Ni composite 
as positive electrode and AC as negative electrode, respectively. Fig. 6a 
exhibits the individual CV curves of the positive and negative electrodes 
at the scan rate of 10 mV s� 1 in a voltage range from 0 to 0.5 V and � 1 to 
0 V, respectively. Fig. 6b and c show the CV and GCD curves of the 
Co3O4@NiMn-LDH/Ni//AC ASC performed in different potential win
dows at 50 mV s� 1 and 1 A g� 1, respectively. Obviously, the potential 
windows of Co3O4@NiMn-LDH/Ni//AC ASC can be enlarged to 1.5 V 
and the shapes of CV curves maintained almost the same in different 
potential windows. The high working voltage can decrease the number 
of devices needed to achieve the satisfied output potential, which per
forms a vital significance in practical applications. Meanwhile, all the 
GCD curves exhibit good symmetry and the shapes remained the same in 
different potential windows, which demonstrated the prominent 
capacitive performance. Fig. 6d exhibits the CV curves measured at 
different scan rates ranging from 10 to 100 mV s� 1 in a potential window 
of 0–1.5 V. The GCD curves of Co3O4@NiMn-LDH/Ni//AC ASC device at 
different current densities from 0.5 to 8 A g� 1 are displayed in Fig. 6e. 
The Co3O4@NiMn-LDH/Ni//AC ASC device exhibits a specific capaci
tance of 151.2 F g� 1 at 0.5 A g� 1 and maintains 76.06 F g� 1 at 5 A g� 1 as 
displayed in Fig. 6f, revealing its good rate capability. 

The power density and energy density are important parameters to 
investigate the performance of an energy storage device. A Ragone plot 
of the Co3O4@NiMn-LDH/Ni//AC ASC is displayed in Fig. 6g. The 
Co3O4@NiMn-LDH/Ni//AC ASC device presented a high energy density 
of 47.15 Wh kg� 1 at 376 W kg� 1 and the energy density maintains 
21.47 Wh kg� 1 even at 6750.4 W kg� 1, which are comparable than some 
of the reported devices, such as carbon-coated Ni–Mn layered double 
hydroxide (LNC)//AC (37.7 Wh kg� 1 at 378.15 W kg� 1) [55], 
NiO/NiMn-LDH//AC (27.8 Wh kg� 1 at 401.3 W kg� 1) [56], 
NiMn-LDH/rGO//AC (22.5 Wh kg� 1 at 1000 W kg� 1) [57], NiO/
Co3O4//AC (23.8 Wh kg� 1 at 750 W kg� 1) [58], CoFe2O4@MnO2//AC 
(37 Wh kg� 1 at 470 W kg� 1) [59] and NiMn-LDH/PC-x//AC (37 Wh 
kg� 1 at 225 W kg� 1) [60]. As displayed in Fig. 6h, the fabricated 
Co3O4@NiMn-LDH/Ni//AC ASC device presented a well stability and 
85.65% of capacitance still maintained after 6000 cycles. Moreover, the 
Co3O4@NiMn-LDH/Ni//AC ASC device exhibited an outstanding 
coulombic efficiency which was measured to be about 98.21% after 
6000 cycles. Additionally, the GCD curves have no obvious change (inset 
of Fig. 6h) in the cycles, which further demonstrate a good cycle life of 
the Co3O4@NiMn-LDH/Ni//AC ASC device [61]. Furthermore, a LED 
indicator can be lit up for 12 min by three Co3O4@NiMn-LDH/Ni//AC 
ASCs connected in series as displayed in Fig. 6i, evidencing the potential 
applications of the as-fabricated hierarchical and porous Co3O4@
NiMn-LDH/Ni in high-performance supercapacitors or energy storage 
systems. 

4. Conclusion 

In summary, the Co3O4@NiMn-LDH arrays anchored on Ni foam 
were successful prepared via the two-step hydrothermal reactions with a 
combination of annealing process. Owing to the heterostructure 
assembled by the porous Co3O4 nanowires and the layered structure of 
NiMn-LDHs, the obtained Co3O4@NiMn-LDH/Ni electrode reveals a 
high specific capacitance of 19.7 F cm� 2 at 2 mA cm� 2 (5419.7 F g� 1 at 
0.56 A g� 1) and an outstanding cycling stability (93.25% capacitance 
maintained after 6000 cycles). Furthermore, the self-assembled asym
metric supercapacitor exhibits a high energy density of 47.15 Wh kg� 1 at 
376 W kg� 1 and a well cycling stability (85.65% capacitance maintained 
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after 6000 cycles). Most importantly, the capability to light up a LED by 
three ASCs connected in series reveals that the synthesized Co3O4@
NiMn-LDH/Ni electrode material possesses great potential for practical 
applications. Therefore, it can be envisioned that the novel Co3O4@
NiMn-LDH/Ni electrode should have promising applications in energy 
storage devices and nanotechnology. 
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