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A  hierarchically  porous  NiO  film  on  nickel  foam  substrate  is prepared  by a facile  ammonia-evaporation
method.  The  self-assembled  film  possesses  a  structure  consisting  of  NiO  triangular  prisms  and  randomly
porous  NiO  nanoflakes.  The  pseudocapacitive  behaviors  of the  porous  NiO  film  are  investigated  by cyclic
ccepted 17 October 2011
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eywords:
ickel oxide
lectrochemical capacitor

voltammograms  and  galvanostatic  charge–discharge  tests  in  1  M  KOH.  The  hierarchically  porous  NiO  film
exhibits  a high  discharge  capacitance  and  excellent  rate  capability  with  232  F g−1, 229  F  g−1, 213  F  g−1 and
200  F  g−1 at  2,  4, 10,  and  20 A g−1, respectively.  The  specific  capacitance  of  87%  is  maintained  from  2  A  g−1

to  20  A  g−1.  The  porous  NiO  film  also  shows  rather  good  cycling  stability  and  exhibits  a  specific  capacitance
of  348  F  g−1 after  4000  cycles.
orous film

. Introduction

Electrochemical capacitors (ECs), also called supercapacitors,
epresent an emerging energy storage technology that offers high
ower density, long cycling life and fast recharge ability. ECs store
nergy using either ion adsorption (electrochemical double layer
apacitors) or fast surface redox reactions (pseudo-capacitors)
1,2]. Redox-based ECs materials have shown the potential to com-
ine the high energy density of conventional batteries and the
igh power capabilities of electrostatic capacitors [3].  Transition
etal oxides such as RuO2 [4–7], MnO2 [8–11], Co3O4 [12–14]

nd NiO [15–17] are considered as the most promising pseudo-
apacitor candidate materials due to their high capacitances with
everal times larger than carbonaceous materials [18]. ECs based
n RuO2 are capable of delivering specific capacitance ranging from
20 to 860 F g−1 (for a single electrode system) [6].  However, apart
rom being toxic, RuO2 is quite expensive for extensive commer-
ial applications. Therefore, great efforts have been devoted to
earching for inexpensive alternative materials with good capac-
tive characteristics similar to RuO2.

Among the explored systems, NiO is of particular interest
wing to its easy availability, cost effectiveness, and good pseu-
ocapacitive behavior. There have been a variety of reports

f the synthesis of different NiO nanostructures including
orous nano/microspheres [19] nanoflowers [20,21], nanosheets
r nanoflake [22–24],  nanotubes [25,26] and nanofibers [27,28].

∗ Corresponding author. Tel.: +86 571 87952573; fax: +86 571 87952856.
E-mail addresses: tujp@zju.edu.cn (J.P. Tu), wangxl@zju.edu.cn (X.L. Wang).
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And it has been shown that their morphology plays an important
role in capacitance enhancement. It is well accepted that pseu-
docapacitance is an interfacial phenomenon tightly related to the
morphology of electroactive materials. The porous structure could
provide a very short diffusion pathway for ions as well as large
active surface area, leading to enhanced electrochemical proper-
ties [18,19,29,30].  Therefore, it is believed that the porous NiO
film could exhibit superior pseudocapacitor performance. Recently,
self-assembled synthesis of hierarchically structured NiO parti-
cles such as sandwich-like triangular NiO film has been developed
[31]. Nevertheless, there is little literature into self-assembled syn-
thesis of hierarchically porous NiO film and their application for
ECs. Herein, we  report a nickel foam-supported hierarchical NiO
film consisting of triangular prisms NiO and randomly porous NiO
nanoflakes. As a cathodic electrode material, the self-assembled
NiO film exhibits superior pseudocapacitive performance with
excellent capacity retention and high-rate capacity.

2. Experimental

All the reagents were analytical grade and were used without
further purification. 30 ml  aqueous ammonia (25–28%) was  added
to 30 ml  aqueous solution of 0.1 M Ni(NO3)2·H2O with vigorous stir-
ring. Nickel foam substrate with a size of 2 cm × 3 cm was pressed
to thin plate by 10 MPa  and cleaned ultrasonically in ethanol for
10 min. Its top side was protected for solution contamination by

uniformly coating with a polytetrafluoroethylene tape. Then, it was
immersed into the reaction solution. After heated at 90 ◦C for 5 h,
the nickel foam substrate was covered with a green film. This green
precursor film was  washed with deionized water for several times,

dx.doi.org/10.1016/j.jpowsour.2011.10.065
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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Fig. 1. XRD patterns of films (a) before and (b) after heat treatment.

nd dried. Then the film was heated in a tube furnace at 300 ◦C for
 h in flowing argon.

The structure and morphology of the film were charac-
erized by X-ray diffraction (XRD, RigakuD/max-3B), scanning
lectron microscopy (SEM, D/Max-2550) and transmission elec-
ron microscopy (TEM, JEOL JEM200CX). The surface area of
he film scratched from the substrate was determined by BET
Brunauer–Emmett–Teller) measurements using a NOVA-1000e
urface area analyzer. Electrochemical measurements were car-
ied out in a three-electrode electrochemical cell containing 1 M
OH aqueous solution as the electrolyte. Cyclic voltammetry

CV) measurements were performed on a CHI660c electrochem-
cal workstation (Chenhua, Shanghai) at room temperature, with
he NiO film as the working electrode, Hg/HgO as the reference
lectrode and a Pt foil as counter-electrode. The galvanos-

atic charge–discharge tests were conducted on a LAND battery
rogram-control test system.

Fig. 2. SEM images of NiO film annealed at 300 ◦C for 2 h.
Fig. 3. TEM images of NiO film annealed at 300 ◦C for 2 h.

3. Results and discussion

XRD patterns of films before and after heat treatment are shown
in Fig. 1. For the precursor film (pattern a), excluding three strong
peaks from the nickel foam substrate, all the diffraction peaks cor-
respond to well-crystallized �-phase hexagonal nickel hydroxide
(JCPDS 14-0117). The diffraction peak at 19.3◦ indexed to (0 0 1)
plane of �-Ni(OH)2 is much stronger than the others. It implies that
the preferable growth of �-Ni(OH)2 along 〈0 0 1〉 direction. After

annealing at 300 ◦C, the �-Ni(OH)2 precursor film converts into NiO
phase (JCPDS 47-1049) (pattern b).
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ig. 5. Electrochemical characterizations of the hierarchically porous NiO film. (a)
urrent  densities, (c) discharge curves of Ni foam at different discharge current den
ensity vs. energy density).

Fig. 2 shows SEM images of the as-prepared NiO film annealed at
00 ◦C for 2 h. Notice that the nickel foam substrate is fully covered
y numerous homogeneous small triangular prisms (Fig. 2a). And
he overall size of those triangular prisms is usually in the micron
ange. Interestingly, as shown in a magnified SEM image (Fig. 2b),
ach prism consists of two parts including regular stacking of tri-

ngular platelets and randomly porous NiO nanoflakes. These NiO
anoflakes grow vertically on the triangular platelets forming the
orous surface. The special morphological characteristics are sup-
orted by TEM results. Obviously, the regular triangular platelets
rves at different scan rates, (b) discharge curves of NiO film at different discharge
(d) cycling performance of NiO film and Ni foam at 2 A g−1, (e) Ragone plots (Power

are uniformly decorated by nanoflakes with a thickness of approx-
imately 100 nm (Fig. 3a). The individual nanoflake is composed of
nanoparticles with diameters of 5–10 nm (Fig. 3b).

Formation of �-Ni(OH)2 by ammonia-evaporation method has
been studied in earlier works [18,31,32].  The formation of �-
Ni(OH)2 arises from the competition balance between reactions (1)

and (2).

Ni2+ + 6NH3 → [Ni(NH3)6]2+ (1)
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Ni(NH3)6]2+ + 2OH−90 ◦C−→ Ni(OH)2 ↓ +6NH3 (2)

In a typical �-Ni(OH)2 molecule, the metal cation Ni2+ is located
n the central spaces of oxygen octahedral from six hydroxyl groups.
hese octahedral then share their edges to form two dimensional
2D) sheets. Ammonia plays the major role in controlling the hierar-
hically porous NiO film during the self-assembly growth process.
he nanostructures grow in a dynamic process with a gradual
ecreasing of pH value and ammonia concentration in the solu-
ion. In the beginning, the high concentration of dissolved ammonia
n the initial solution brings excess NH4

+ and NH3, reacting with
i2+ to form [Ni(NH3)6]2+. Ammonia begins to evaporate at 90 ◦C,
nd the hydrolysis of [Ni(NH3)6]2+ occurs and leads to the forma-
ion of Ni(OH)2 platelets. Under the function of ammonia, those
latelets stack into triangular prism. When ammonia concentration
ecreases, the nanoflakes randomly grow on the triangular prisms.
fter annealing, the NiO keeps the hierarchically porous morphol-
gy of precursor Ni(OH)2 film. In order to further investigate the
ierarchically porous NiO film, a nitrogen adsorption–desorption
echnique was used. The N2 adsorption–desorption isotherm of
iO is given in Fig. 4 with pore size distribution in the inset. The

sotherm demonstrates the porous nature of NiO sample. According
o Brunauer–Emmett–Teller (BET) analysis, a total specific sur-
ace area of 196.8 m2 g−1 is obtained. The pore size distribution
uggests that the NiO film synthesized by ammonia-evaporation
ethod contains a distribution of macropores in the range of

3–42 nm,  which is similar to that obtained from SEM. The hierar-
hical structure provides larger surface area and more active sites
or electrochemical reactions.

The electrochemical performance of the hierarchically porous
iO film is elucidated by means of CV and galvanostatic
harge–discharge in 1 M KOH aqueous solution. For NiO as an elec-
rode material, it is well accepted that the surface faradaic reaction
an be expressed as follows:

iO + OH− ↔ NiOOH + e− (3)

A pair of cathodic and anodic peaks is clearly observed in the
V curves (Fig. 5a). The charge process of the film is associated
ith the oxidation peak, whereas the discharge process is associ-

ted with the reduction peak. It indicates that the capacity mainly
esults from the pseudo-capacitance, which is based on a redox
echanism [21,26,33].  With the increase of sweep rate, the shape

f the CV curve changes. The anodic and cathodic peak potentials
hift in more anodic and cathodic directions, respectively, and the
apacitance decreases inevitably, which is further confirmed by the
esult at different discharge current densities (Fig. 5b).

In practice, the ability to discharge at high rate is crucial in
apacitors. The specific capacitances Cs are calculated from the first
ischarge curves using the following equation:

 = i�t

m�V
(4)

here C (F g−1) is specific capacitance, i (mA) represents the cur-
ent applied and m (mg), �V  (V) and �t  (s) designate the mass of
he active materials, potential drop during discharge and total dis-
harge time, respectively. In this way, the specific capacitance of the
orous NiO film at a galvanostatic current density of 2, 4, 10, and
0 A g−1 are 232 F g−1, 229 F g−1, 213 F g−1 and 200 F g−1, respec-
ively (Fig. 5b). The pseudocapacitances are obtained by subtracting
he discharge time of nickel foam. And as shown in Fig. 5c, the
ickel foam only exhibits small capacitance with several discharge
econds.
The rate capability is another important factor required for prac-
ical applications. 87% of capacitance is retained when the current
ensity changes from 2 A g−1 to 20 A g−1. It is much higher than
he result obtained by Song et al. [21], only 41.56% capacitance is
Sources 199 (2012) 413– 417

retained from 2 A g−1 to 10 A g−1. The excellent rate capability is
mainly attributed to the following two reasons: first, the porous
NiO nanoflakes on triangular prisms provide a large specific sur-
face area for electrolyte access and shortens the diffusion path in
solid phase, resulting in fast redox reactions. Second, every prism
grows directly on the foam nickel substrate, which can enhance the
conductivity of the electrode.

Fig. 5d shows the cyclability of the hierarchically porous NiO
film and the NiO film substrate over 4000 cycles between 0 and
0.55 V at a discharging current of 2 A g−1. The porous-structured
NiO electrode shows an obvious increase in the specific capacitance,
from 232 F g−1 to 349 F g−1, during the first 400 cycles, and then a
slight increase to the highest specific capacitance (441 F g−1) until
around 1500 cycles. This phenomenon might be attributed to the
hierarchically porous structure. The first obvious increase of capac-
itance should be the activation process of the randomly porous NiO
nanoflakes and the surface of triangular prisms. The activation pro-
cess of inner active material of triangular prism leads to later slight
increase. In other words, the electrolyte gradually penetrates into
the internal of NiO, and then the inner active materials participate
in the electrical reaction. After 4000 cycles the hierarchically porous
NiO electrode exhibits excellent specific capacitance retention with
348 F g−1. Our values are higher than those obtained from the
electrodeposited nanoporous NiO films (<200 F g−1) [29,34],  and
comparable to mesoporous NiO film (327 F g−1) [35], and macrop-
orous NiO film (351 F g−1) [36]. The capacitance of Ni foam substrate
increases from 16.3 F g−1 to 20.2 F g−1 around 400 cycles, then
increases to 21 F g−1 and 23.5 F g−1 at 1500 cycles and 4000 cycles,
respectively. It indicates that the increased specific capacitance
mostly is due to the activation process of the active material. Fig. 5e
shows the Ragone plots (Power density vs. energy density) of the
hierarchically porous NiO film. The energy and power densities
were derived from the discharge curves of NiO film at different
discharge current densities. Our NiO film delivered a high energy
density of about 30 Wh kg−1 at a high power density of 5.5 kW kg−1.
Based on these results, it is believed that the hierarchically porous
NiO is a good electrode material for supercapacitors.

4. Conclusions

In summary, a hierarchically porous NiO film directly grown on
nickel foam substrate is prepared by a facile ammonia-evaporation
method. The film possesses a structure consisting of NiO tri-
angular prisms and randomly porous NiO nanoflakes. The high
specific capacitance and remarkable rate capability are promis-
ing for applications in supercapacitors with both high energy
and power densities. The enhanced electrochemical capacitance is
mainly due to its hierarchically porous structure.
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