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Ni(OH)2 coated on Ni porous films are facilely fabricated by anode oxidation of 3D hierarchical porous 

Ni films which prepared through a hydrogen bubble template electro-deposition method. The highly 

porous nickel films function as effective 3D conductive network current collectors and scaffolds to in-

situ form thin layer of Ni(OH)2 active material. The electrochemical capacitive performances are 

investigated by cyclic voltammetry (CV) and galvanostatic charge-discharge technique in 6 M KOH 

electrolyte. The 3D porous Ni(OH)2/Ni integrated electrodes demonstrate a much higher specific 

capacity of 828 mF/cm2 than 126 mF/cm2 for the smooth Ni(OH)2/Ni electrode at a current density of 10 

mA/cm2. The 3D porous Ni(OH)2/Ni integrated electrodes also display a good capacity retention of  95% 

after 1000 cycles. The superior capacitive properties of 3D porous Ni(OH)2/Ni electrodes might result 

from the thin layer Ni(OH)2 active materials in-situ formed on the highly 3D porous Ni metallic current 

collector with large surface area, low contact resistance between Ni(OH)2 active material and Ni current 

collector, and fast electron/ion conduction. 

 

 

Introduction 

Supercapacitors, also named as electrochemical capacitors, are 

considered as promising energy storage devices due to the 

advantages including high power density, long cycle life, fast charge-

discharge process, and lower maintenance cost.1-4 Electrode material 

with high performance and low cost is a key for the practical 

application of supercapacitors. Transition metal oxides/hydroxides 

have attracted increasing attention as capacitive electrode materials 

in recent years owing to their large specific capacitance.5-7 Among 

them, Ni(OH)2 (nickel hydroxide) has been widely used as the 

positive electrode material of nickel-based secondary batteries for 

many years.8 Ni(OH)2 is also identified as one of the most promising 

electrode materials for supercapacitors because of its high theoretical 

specific capacitance, easy synthesis, low cost, environmental 

compatibility, and good rate capability.9-11 Unfortunately, Ni(OH)2 

still suffers from lower capacity especially at high rate compared to 

the theoretical value owing to its too poorly conducting to support 

fast electron transport.12 Furthermore, the traditional strategy to 

fabricate electrodes used conductive agent, polymer binder and 

active materials to coat on the nickel foam, which would decrease 

the contact area of active material to the current collector and 

electrolyte solution, hamper the electron/ion transport rate, increase 

the total electrode mass and decrease the capacity.13,14 

Growth of Ni(OH)2 directly on the conductive substrates is an 

effective method to address the above problems. Lots of conductive 

materials have been developed to support Ni(OH)2 active materials, 

such as carbon nanotubes,15
 graphene nanosheets,16 3D graphene 

foams,17
 mesoporous carbon,18  graphite sheets,19 graphite foam,20 

and Ni foams.5-7 These conductive substrate materials can improve 

the electrical conductivity of the composites and shorten the electron 

and ion diffusion pathways thus to efficiently utilize the Ni(OH)2 

active materials and improve the electrochemical performance.21
 

Especially, highly conductive 3D continuous porous matrixes could 

provide high surface area for loading Ni(OH)2 active materials, 

greatly facilitate the fast electron transport from Ni(OH)2 active 

materials to the current collectors. Moreover, it would not need 

conductive agent and polymer binder for the integrated electrodes of 

coating of Ni(OH)2 active materials on the conductive current 

collector.22 3D porous metal films prepared by a hydrogen bubble 

template have attracted much interest for their high surface area, 

open porous structures and facile fabrication.23-28
 But there are few 

reports about hydrogen bubble template to prepare 3D porous 

metallic current collectors supported capacitive materials, especially 

3D porous Ni(OH)2/Ni capacitive electrodes.29
  

Herein, we fabricate binder-free integrated porous Ni(OH)2/Ni 

film capacitive electrodes through a simple in-situ anode oxidation 

of 3D porous Ni film current collector which prepared by hydrogen 

bubble template electrochemical deposition. The 3D porous 

Ni(OH)2/Ni electrodes demonstrate greatly higher specific 
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capacitance of 828 mF/cm2 than that of smooth Ni(OH)2/Ni 

electrode (126 mF/cm2). And the 3D porous Ni(OH)2/Ni electrodes 

also exhibit outstanding capacitance retention of 95% after 1000 

charge-discharge cycles at a current density of 10 mA/cm2. 

Experimental 

Preparation of 3D porous Ni film current collectors 
The 3D porous Ni films were prepared by a hydrogen bubble 
template electrochemical deposition.23 All the reagents were 
analytical grade and were used without further purification, and all 
solutions were prepared with secondary deionized (DI) water. Nickel 
foil was cleaned five minutes with 1 M HCl, ethanol and DI water. 
Then it was used as the cathode for porous Ni film deposition, and a 
large area of nickel foil was processed as above as the anode. The 
distance between cathode and anode was kept at 2 cm. Porous Ni 
was deposited on the surface of the Ni substrate under a constant 
current density of 5 A/cm2 for 60 s by using DC power PSW80-13.5 
with electrolyte consisting of 0.2 M NiCl2 and 2 M NH4Cl at room 
temperature. After the electrochemical deposition, the porous Ni was 
thoroughly rinsed with DI water in order to remove the electrolyte 
solution from inside the pores for five times, dried first with an 
airflow and then in a vacuum oven at 50 oC for 5 h.  

Preparation of 3D porous Ni(OH)2/Ni integrated electrodes 
A three-electrode cell was used in preparing the porous Ni(OH)2/Ni 
film, containing the as-prepared porous Ni film or smooth Ni foil  
with 1cm×1cm surface area as the working electrode, a large area 
platinum foil as the counter electrode, and a Hg/HgO electrode as the 
reference electrode. Potentials were reported with respect to the 
Hg/HgO reference electrode. The electrochemical deposition 
experiments were performed in a freshly prepared 1 M KOH 
solution under quiescent conditions by a ZahnerZennium 
electrochemical workstation (Germany). Electrochemical anode 
oxidation of porous Ni to in-situ form outside Ni(OH)2 thin layer 
was carried out potential dynamic method by subjecting the working 
electrode to potential cycling in the potential range of -0.1 V – 0.6 V 
at a scan rate of 25 mVs−1 for 50 cycles. Then the films were rinsed 
with DI water in order to remove the electrolyte solution for five 
times and then dried with airflow for morphology and 
electrochemical characterization. The Ni(OH)2 film formed on the 
porous Ni film was called 3D porous Ni(OH)2/Ni, and Ni(OH)2 film 
formed on the smooth Ni foil was named smooth Ni(OH)2/Ni. 
Characterization and electrochemical measurement 

The crystalline phase of samples were characterized by X-ray 
powder diffraction (XRD) using a Rigaku X-ray Diffractometer with 
Cu-Ka (1.5418 Å) radiation from 10 to 90° at a scanning speed of 5° 
min-1 operating at 30 kV and 20 mA. The morphology was observed 
using a Field Emission Scanning Electron Microscopy (FESEM, 
Nova NanoSEM 450). XPS analysis was recorder on a PHI 5800 

XPS system, where Al Kα excitation source was used. 

Before electrochemical measurements were performed, all 
samples were immersed in 6 M KOH solution for 5 h. 
Electrochemical measurements were carried out with a 
ZahnerZennium electrochemical workstation (Germany) using the 
conventional three-electrode electrochemical cell with 6 M KOH 
solution as electrolyte at room temperature. The as-prepared 
electrode was used as the working electrode, the potential was 
referred to a Hg/HgO reference electrode and a large area platinum 
foil was set as the counter electrode.  

Cyclic voltammetry was conducted on each sample at various 
scan rates over a range of 0.01–0.1Vs−1 in a potential range of 0–0.5 
V. Galvanostatic charge–discharge experiments were carried out at 
different current densities from 1 mA/cm2to 10 mA/cm2. The 

charge–discharge cycle performance was examined at a current 

density of 10 mA/cm2 for 1000 cycles. 

Results and discussion 

Fig. 1 illustrates the fabrication process of 3D porous Ni film current 
collector by a hydrogen bubble template electrochemical deposition.  
As a large current density of 5 A/cm2 is applied on the cathode of Ni 
substrate, numerous H2 bubbles would be generated on the cathode 
substrate for the water electrolysis. At the same time, the Ni2+ ions in 
the electrolyte would be also electrochemically reduced and 
deposited on the cathode substrate. The deposited metal Ni atoms 
can only grow between H2 bubbles then build 3D porous three-

dimensional metal skeleton connected to the Ni substrate as the 
electrochemical reaction progress.  

Fig. 2 presents the typical XRD patterns of the porous Ni film 
and porous Ni(OH)2/Ni film. There are strong diffraction peaks of 
porous Ni film at 2θ = 44o, 52o, 76o, which are in good agreement 
with the values from the standard card (JCPDS No.04-0850) of Ni 
metal. Except the strong Ni metal diffraction peaks, some new weak 
diffraction peaks appear at 2θ=19.2°、33°、38.5°、59°, 62.7° for 
porous Ni(OH)2/Ni film. These new weak peaks are indexed to 
Ni(OH)2 (JCPDS No.14-0117), confirming the formation of Ni(OH)2 
by anode oxidation of Ni substrate in the KOH solution. Ni is an 
active metal, which can be in-situ electrochemically oxidized to form 
Ni(OH)2 outside coating layer in alkaline solution according to the 
previous report.30 In addition, the low intensity of Ni(OH)2 peaks 
relative to the remained Ni metal peaks indicate that the Ni(OH)2 

Fig. 2 XRD patterns of (a) 3D porous Ni films and (b) 3D 

porous Ni(OH)2/Ni films.

Fig. 1 Schematics illustrating the fabrication process of 3D porous 

Ni film current collector by hydrogen bubble template 

electrochemical deposition  
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layer is very thin on the surfaces of the porous nickel substrates.31 To 

investigate the surface Ni sate of the electrodeposited 3D porous 

Ni(OH)2/Ni film, the XPS analysis is performed, and measured 

results are shown in Fig.3. The typical Ni2p3/2 and 2p1/2 peaks of 3D 

porous Ni(OH)2/Ni film with two shake-up satellites (denoted as 

“sat.”) are obtained at 873.9 eV and 856.3 eV, respectively (Fig. 3a). 

The spin-energy separation of 17.6 eV indicates characteristic of the 

Ni(OH)2 phase, and in good agreement with previously reported32, 33 

The peak at 531.7 eV that are assigned to O1s photoelectrons (Fig. 

3b), consisting of two oxygen bonds (533.4 eV and 531.6 eV), which 

can be associated with physi- and chemi- absorbed molecular water 

and Ni(OH)2. This result is also in consistent with the XRD analysis, 

confirming the in-situ formation of Ni(OH)2 capacitive materials on 

the 3D porous Ni skeleton.  

Fig. 4 shows the SEM images of the as-prepared Ni-based film 
electrodes. Comparing the smooth Ni film substrate (Fig. 4a), the 
gray villous morphology is retained and more or less evenly coat on 
the surface of Ni film after formation of Ni(OH)2 thin layer  (Fig.4 b, 
c). SEM images in Fig. 4(d-f) clearly illustrate the as-prepared 
porous Ni film with 3D highly hierarchical porous network structure 
composed of numerous interconnected particles and interspaces. It 
can be observed in the large magnification SEM images (Fig. 4e, f) 

that there are lots of interconnected small pores and gaps in the 
surface and the large pore walls. The pore size of large pores is 
mainly in the range from 5 to 20 µm, whereas the small pores/gaps 
are usually less than 1 µm even 100 nm. After electrochemical 
deposited, the 3D porous structure is well maintained and shows no 
obvious change comparing to the original 3D porous Ni films as 
shown in Fig. 4(g-i). It suggests the in-situ formed Ni(OH)2 layer 
uniformly on the porous Ni  scaffold. Comparing to the previous 

reported works about commercial low porous Ni foam due to 

large pore size (even more than 300 µm) and smooth wall for 

support Ni(OH)2 capacitive thin film,5-7 the as prepared Ni 

current collector skeleton with 3D highly and hierarchically 

porous architecture would be expected to exhibit excellent 
electrochemical performance due to the high surface area and open 
porous structure for easily electrolyte penetration/diffusion as well 
highly porous interconnected Ni metallic network for fast electron 
conduction.34 In addition, the Ni(OH)2 active material is in-situ 

formed by anode oxidation of thin layer of outer 3D highly 

porous nickel skeleton itself while not obtained by deposition 

on Ni current collector, which might have better adhesion and 

low resistance between the Ni(OH)2 capacitive material and Ni 

current collector. 

Fig. 5 presents the CV curves of the different Ni-based 

electrodes at the scan rate of 10 mV·s−1 in the potential range 

from 0 V to 0.5 V in 6 M KOH electrolyte. In the first case, a 

pair of strong redox peaks is obviously observed for all the Ni-

based electrodes. It is a typical pseudocapacitance faradaic 

redox behavior, which is very distinguished from the electric 

double layer capacitancethat normally close to an ideal 

rectangular shape of CV curve.35 The redox peaks of the 

Ni(OH)2 electrodes correspond to the conversion between 

Fig. 5 Cyclic voltammograms of Ni-based electrodes recorded at 

10 mV•s−1

Fig.4 SEM images of (a) smooth Ni substrate, (b and c) smooth 

Ni(OH)2 /Ni films, (d-f) 3D porous Ni films and (g-i) 3D porous 

Ni(OH)2/Ni films. 

Fig. 3 (a) XPS peaks of Ni 2p of the 3D porous Ni(OH)2/Ni film 

electrode, and (b) XPS peaks of O 1s of the 3D porous Ni(OH)2/Ni 

film electrode.
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Ni(OH)2 and NiOOH, which can be simply expressed as 

follows:36 

Ni(OH)2 + OH−
⇔NiOOH + H2O + e− 

The anodic peak is due to the oxidation of Ni(OH)2 to NiOOH, 
and the cathodic peak is for the reverse process.23 The symmetric 
characteristic of anodic peak and cathodic peak reveals the excellent 
reversibility of the Ni(OH)2electrodes. The porous Ni and smooth Ni 
electrodes also illustrate similar CV curves to that of Ni(OH)2 since 
metallic Ni could be electrochemical oxidized to Ni(OH)2 in KOH 
solution as the in situ preparation of Ni(OH)2 layer on the porous Ni 
films. The 3D porous Ni(OH)2/Ni electrodes demonstrate stronger 
current response in comparison with the porous Ni metallic film 
electrodes, implying that the pseudocapacitance mainly results from 
the Ni(OH)2 film.31 Moreover, the peak currents of the 3D porous 
Ni(OH)2/Ni composite film electrodes are also much higher than that 
of the smooth Ni(OH)2/Ni electrodes, indicating superior capacitance 
of the porous Ni(OH)2/Ni electrodes due to the large area surface of 
Ni(OH)2 on the porous Ni metallic film current collectors. 

Fig. 6a shows the cyclic voltammograms (CV) of the 3D porous 

Ni(OH)2/Ni composite film electrodes at scan rates from 10 to 100 

mV·s−1 in the range between 0 and 0.5 V. Apparently, the shape of 

all the curves revealed that the capacitance mainly resulted from the 

pseudocapacitive capacitance. The shapes of CV curves are not 

significantly influenced by the increasing of the scan rates, 

indicating the improved mass transportation and electron conduction 

and the stable electrochemical capacitive behavior of the 3D porous 

Ni(OH)2/Ni electrode. Moreover, the symmetry of two sets of redox 

peak reveals the good reversibility of the redox in the system. 

Furthermore, Fig. 6b shows the relation between oxidation/reduction 

peak current and the voltage scan rate of CV. The linear relationship 

between them reveals that the fast redox reaction of Ni(OH)2 is 

controlled by surface absorption while not diffusion limitation.24, 25 It 

also indicates that the as-prepared porous Ni(OH)2 electrodes 

possess highly porous structure for electrolyte fast diffusion.  

Fig. 7 illustrates the constant current charge/discharge curves of 

the 3D porous Ni(OH)2/Ni electrodes in 6 M KOH aqueous solution 

at various current densities within the potential window of 0 to 0.5 

V. All the curves exhibit one couple of obvious charge and discharge 

plateaus, resulting from the transition between Ni(OH)2 and NiOOH, 

indicating a typical pseudocapacitance behaviour, which is 

consistent with the results of CV test.10
 The specific capacitance can 

be calculated from the following equation: 

Cs = 
����

����
 

Where Cs is the areal specific capacitance (F/cm2) relative to the 

geometric area of capacitive electrodes, I is the discharge current 

(A), ∆t is the discharge time (s), ∆V is the potential range during 

discharge (V), and S is the geometric area of the electrode. 

According to the equation, the specific capacitance of 3D porous 

Ni(OH)2/Ni film electrode can be calculated based on the charge-

discharge curves (Fig. 7a). The discharge specific capacitance values 

of the sample calculated from the discharge curves are 922, 889, 

854, 835, 828 mF/cm2 at the current density of 1,2,5,8 and 10 

mA/cm2, respectively. The variation of the specific capacitance with 

the current density is shown in Fig. 7b. As the current density 

increasing, the decrease in capacitance is owing to the limitation of 

the ion diffusion rate to satisfy the electronic neutralization during 

redox reaction and the inner active sites cannot sustain the redox 

transitions completely at higher current density.26,27 The areal 

specific capacitance retention of the 3D porous Ni(OH)2/Ni is 88% 

as the current density increasing from 1 mA/cm2 to 10 mA/cm2, 

indicating the 3D porous Ni(OH)2/Ni electrodes possess good 

reversibility of electrochemical reaction even at high current density. 

The good rate capability of 3D porous Ni(OH)2/Ni might result from 

Fig. 6 (a) Cyclic voltammograms of 3D porous Ni(OH)2/Ni film 

electrode obtained at various scan rates, and (b) the relationship 

between the peak current and scan rate.  

Fig. 7 (a) The constant charge and discharge curves of 3D porous 

Ni(OH)2/Ni film electrodes at various current density, and (b) the 

relationship between the current density and discharge specific 

capacitance of 3D porous Ni(OH)2/Ni film electrodes. 
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the highly porous structure for efficient electrolyte/ion diffusion and 

the effective micro-interconnected network for fast electron 

conduction. 

To evaluate the long-term cyclic stability of 3D porous 
Ni(OH)2/Ni film electrodes for electrochemical capacitors, 
galvanostatic charge/discharge measurements were carried out for 
1000 cycles at the current density of 10 mA/cm2. As shown in Fig. 8, 
the specific capacitance of the 3D porous Ni(OH)2/Ni film electrode 
gradually decreases in initial 200 cycles, and henceforth tends to 
level off with the electrochemical cycling. Finally, approximately 
5 % loss of specific capacitance after 1000 cycles indicates that the 
repetitive charge-discharges do not induce noticeable degradation of 
the 3D porous Ni(OH)2/Ni film electrodes. All the 3D porous Ni, 
smooth Ni(OH)2/Ni and Ni film electrodes demonstrate good cyclic 
stability, originating from the high redox reaction reversibility of 
Ni(OH)2/NiOOH. The 3D porous Ni(OH)2/Ni film electrodes exhibit 
greatly stable specific capacitance of about 828 mF/cm2 than those 
of 3D porous Ni film electrodes (about 569 mF/cm2), smooth 
Ni(OH)2/Ni film electrodes (about 126 mF/cm2) and smooth Ni foil 
electrodes (about 53 mF/cm2) although the 3D porous structure does 

not improve the cycle stability. It also should be noted that the 

capacitance of porous Ni film, smooth Ni(OH)2/Ni film, and smooth 

Ni foil electrodes increased with the continuous charge-discharge 

cycles in the staring stages. It might be originated from the metallic 

Ni current collector in-situ conversion to Ni(OH)2 active materials in 

the electrochemical cycling.37 

The 3D network structure electrodes with high specific surface 
area and 3D conductive network scaffold to provide a highly 
conductive pathway for electrons and the catalyst of the conversion 
reaction to enhance the reverse reaction, meanwhile its 
interconnected porous network facilitate the rapid ion transport, 
shorten the solid-phase ion diffusion length to minimize the effect of 
sluggish solid-state ion transport and provide more electroactive sites 
for supercapacitor. The 3D porous structure plays a crucial role in 
optimizing superior capacitive performance of the Ni(OH)2 film, 
which is a good candidate as an electrode material for 
electrochemical capacitor. Thus the 3D porous Ni(OH)2/Ni film is a 
promising  electrode for high performance supercapacitors.  

Conclusions 

3D porous Ni(OH)2/Ni integrated film electrodes are fabricated by 

simple electrochemical methods of hydrogen bubble template 

electrodeposition then in-situ anode oxidation. The 3D porous 

Ni(OH)2/Ni integrated film electrodes demonstrate greatly higher 

stable specific capacitance of 828 mF/cm2 than that of smooth 

Ni(OH)2/Ni film electrodes (about 126 mF/cm2) at the current 

density of 10 mA/cm2.The 3D porous Ni(OH)2/Ni integrated film 

electrodes also exhibit excellent cyclic stability and rate capability. 

The high electrochemical capacitive performance of 3D porous 

Ni(OH)2/Ni integrated film electrodes might result from the high 

surface area of Ni(OH)2 layer in-situ directly formed on the highly 

porous interconnected conductive Ni current collectors. 
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