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a b s t r a c t

Three-dimensional porous NiO is prepared on Ni foam by a thermal treatment method at various
temperatures. The morphology and structure of porous NiO are characterized by X-ray diffraction,
scanning electron microscopy and transmission electron microscopy. The electrochemical properties
of three-dimensional porous NiO anode are evaluated by galvanostatic discharge–charge cycling, cyclic
voltammery, and impedance spectral measurements on cells with lithium as the counter and reference

−1
eywords:
hree-dimensional
orous
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electrodes. Results show that porous NiO delivers a stable capacity of 520 ± 20 mAh g with no notice-
able capacity fading up to 30 cycles when cycled in the voltage range 0.05–3.0 V at rate of 0.2 C. The porous
NiO exhibits higher reversible capacity, better cycleability, as well as higher rate capability in compari-
son to NiO foil. The observed cyclic voltammograms and impedance spectra are analyzed and interpret
a redox reaction of NiO–Ni0 with formation and decomposition of Li2O. The excellent electrochemical

iO ca
and t
ithium-ion batteries performance of porous N
of NiO reaction interface,

. Introduction

The increasing demand for higher capacity batteries in electron-
cs devices has promoted an intense research effort to develop new

aterials with high gravimetric and volumetric charge capacity and
xcellent cycleability suitable for high-energy capacity lithium (Li)
atteries. Due to their high theoretical energy densities, a number
f transition metal oxide MO (such as CoO, CuO, NiO, etc.) electrode
aterials, based on a novel conversion mechanism, have also been

nvestigated as candidates for negative electrodes in the past few
ears [1–3]. However, most of the transition metal oxides usually
uffer from the problems of poor electronic conduction and poor
apacity retention performance using as anode materials.

Using of nanostructured electrode materials could partly solve
hese problems for the high specific surface which increase the
ontact of active material with carbon additives, short Li diffusion
ath and excellent accommodation of the strains of Li inser-
ion/extraction [1,4–6], whereas, the high surface area increased
he decomposition of electrolyte on active materials which causes

high level of irreversible capacity and poor cycleability [7].

ecently, three-dimensional structure electrodes have attracted
reat interest in both fundamental as well as applied research areas
ue to their large surface area and short ion diffusion distance
ompared to two-dimensional plate electrodes [8,9]. Construc-
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E-mail address: chinawangchong@126.com (D. Wang).
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n be attributed to its large surface area, which lowers the current density
hen an alternative anode is provided for lithium-ion batteries.

© 2010 Elsevier B.V. All rights reserved.

tion of well-ordered, various models of 3D structures electrodes
and realization of their potential applications have resulted in
intensive research for the past few years. In these, fabricating three-
dimensional porous electrodes has provided a simple but efficient
approach to improve the reversible capacity and rate capability
of MO anodes [10,11]. For example, Yu et al. [12] demonstrated
that Ni foam supported CoO–Li2O exhibited excellent electrochem-
ical performance in lithium-ion batteries. Furthermore, Gillot et
al. reported that the growth of carbon-free, self-supported nickel
diphosphide onto Ni foam, which showed enhanced capacity reten-
tion and rate capabilities [13].

In this paper, we reported a thermal treatment method to suc-
cessfully synthesize three-dimensional porous NiO electrodes on Ni
foam substrate as a superior anode material for lithium-ion batter-
ies. It is found that porous NiO electrode exhibited not only excel-
lent cycling stability and high reversible capacity, but also high-
rate performance in comparison to foil structure electrodes. As a
result, the as-prepared porous NiO exhibited high specific capac-
ity (520(±20) mAh g−1 at 0.2 C), significantly improved cycling
performance, and high-rate performance compared to NiO foil,
suggesting its potential use as anode electrode for Li-ion batteries.

2. Experimental
2.1. Preparation of three-dimensional porous NiO

Ni foam with NiO film was synthesized by thermal treatment
method. Ni foam (100PPI pore size, 500 g m−2 surface density, Inco

dx.doi.org/10.1016/j.jpowsour.2010.04.090
http://www.sciencedirect.com/science/journal/03787753
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o., China) with thickness of 300 �m was used both as supporting
ubstrate as well as source of metal precursor for the growth of
iO film. In typical procedure, prior to thermal treatment, Ni foam
as washed with ethyl alcohol and deionized (DI) water for sev-

ral times, and dried in a cool air stream. The pretreated Ni foams
ere then put into the center of heating quartz tube. The growth

f NiO film was then initiated by step increase oxidation temper-
ture (10 ◦C min−1) in air. After growth, the samples were cooled
own naturally to room temperature. Growth of film was carried
ut over a temperature range of 500–700 ◦C. Different surface mor-
hologies were found at different thermal treatment temperatures
f 500–700 ◦C. After growth, the shiny metallic surface of the nickel
oam turned greenish yellow, indicating the presence of NiO film.
he surface area per apparent unit area of porous NiO was approx-
mately 120 m2 m−2 measured by the BET method.

.2. Measurement of structural and electrochemical properties

The morphology and microstructure of the as-synthesized
hree-dimensional porous NiO electrodes were characterized using
eld emission scanning electron microscopy (FESEM, Hitachi,
-4700) and transmission electron microscopy (Hitachi, S-4700-
650), X-ray diffraction (XRD) was performed on Rigaku D/MAX-RC
-ray diffractometer with Cu K�1 (45 kV, 50 mA, step size = 0.02◦,
0◦ < 2� < 100◦) monochromated radiation in order to identify
he crystalline phase of the materials. For electrochemical mea-
urements, three-dimensional porous NiO was used as working
lectrode, Li metal foil (200 �m thick; China) was used as the
ounter (anode) and reference electrodes, and 1 M LiPF6 (battery
rade) dissolved in a mixture of ethylene carbonate (EC, bat-
ery grade) and dimethyl carbonate (DMC, battery grade) (1:1
y volume) was used as the electrolyte. And a Celgard 2300
polypropylene) was used as the separator. Coin-type test cells (size
025) were fabricated in an argon-filled glove box (Nanjin, China).
he mass of active NiO was determined by the method described
n Ref. [14]. The active mass of the material was calculated to be
bout 2–10.0 mg by the method described in Ref. [14]. The cells
ere aged overnight before measurement. Charge–discharge per-

ormance of the cell was characterized galvanostatically on BTS
V/10 mA battery testing system (Neware, Shenzhen, China) at
bout C/5 charge–discharge rate between 0.05 and 3.0 V (vs. Li/Li+),
nd cyclic voltammetry (CV) was measured on an electrochemical
orkstation (CHI 630B) at a scan rate of 0.05 mV s−1 between 0.05

nd 3.0 V (vs. Li/Li+), respectively. Electrochemical impedance mea-
urements were carried out with an electrochemical workstation
CHI 660B). The frequency range was from 100 kHz to 0.01 Hz with
n ac signal amplitude of 5 mV.

. Results and discussion

.1. Characterization of porous NiO

Fig. 1 shows the XRD patterns of as-prepared porous NiO at
ifferent thermal treatment temperatures. The diffraction peaks
f the surface film thermal treated above 500 ◦C represent the
ypical character of a face-centered cubic (fcc) NiO phase [JCPDS 47-
049, space group: Fm3m (2 2 5)]. No impurity peaks are observed

n the XRD patterns excluding Ni substrate diffraction peaks.
ell crystallized structure was obtained when thermal treated at

00–700 ◦C, and with the temperature increasing, the intensities

f the diffraction peaks become intense and sharp, indicating the
igher crystallinity. The crystallite sizes of the porous NiO are esti-
ated with the Scherrer equation, D = 0.94�/(B cos �), indicate that

he average crystallite sizes of the porous NiO are approximately
8.7, 40.1 and 50 nm for thermal treatment at 500, 600 and 700 ◦C,
Fig. 1. XRD patterns of three-dimensional porous NiO thermal treated at various
temperatures.

respectively (D: average dimension of crystallites, �: wavelength
of X-ray, B: full width at half maximum of a reflection located at
2�) indicating the crystal size increases with the increase in the
annealing temperature.

Fig. 2 shows the low- and high-magnification SEM images of
porous NiO electrodes prepared at different thermal treatment
temperatures (Fig. 2(a and d) 500 ◦C, (b and e) 600 ◦C, (c and f)
700 ◦C). As-prepared porous NiO electrodes from 500 ◦C thermal
treatment show a uniform and crackless surface oxide film. The
TEM image as shown in the insert image in Fig. 2d exhibits the film
consisted nanoparticle subunits, which are approximately 100 nm
in dimension. For the porous NiO from 600 ◦C thermal treatment,
the film morphology is significantly different. From the magni-
fied image, a dense and uniform oxide film is found. The film was
micrometer scale in thickness (cross-side images are not shown in
this paper). A rough film can be observed from the magnified images
of porous NiO electrodes prepared at 700 ◦C. The film is nanopores
structure consists of NiO nanowalls with thickness of several hun-
dred nanometers. Different morphology can be formed at various
thermal treatment temperatures. Poizot et al. suggest that for each
metal oxide system there is an optimum precursor particle size
and hence the best electrochemical performance [1]. So the differ-
ence morphology and surface particle size of porous NiO prepared
at various thermal treatment temperatures will strongly affect the
electrochemical performance.

3.2. Electrochemical studies

3.2.1. Galvanostatic cycling
The electrochemical performance of as-prepared porous NiO

electrodes for Li-ion batteries was evaluated by galvanostatic dis-
charge/charge cycling and cyclic voltammetry. The voltage vs.
capacity curves of as-prepared porous NiO electrodes prepared
at 600 ◦C are shown in Fig. 3a. The first discharge/charge cycle
curves for different thermal treatment temperatures are shown in
Fig. 3b. As shown in Fig. 3a and b, the voltage decreased rapidly
to about 0.6 V during the first discharge, and a plateau region
maintained until a capacity of 794 mAh g−1 was reached which
corresponds to a consumption of 2.0 mol of Li per mol of NiO.
The first charge profile of porous NiO shows voltage plateaus at
2.2 V. The second and following discharge curves differed from

the first, suggesting drastic, lithium driven, structural or textu-
ral modifications [1]. The capacity vs. cycle number curves at
different thermal treatment temperatures are shown in Fig. 3c.
The first discharge–charge capacities were 772 and 588 mAh g−1,
794 and 567 mAh g−1, 886 and 588 mAh g−1 for thermal treat-
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ig. 2. SEM images of three-dimensional porous NiO thermal treated at different te
he TEM images of porous NiO prepared at 500 ◦C).

ent at 500, 600 and 700 ◦C, respectively. The irreversible capacity
osses were 184, 227 and 298 mAh g−1, respectively. The results

howed that charge/discharge performance and cycleability of
orous NiO prepared at 500 ◦C were better than 600 and 700 ◦C,
hich indicates that low thermal-treatment temperature and small

rystallite size could contribute to the enhanced electrochemi-
al performance. Irreversible capacity loss during first cycle is

ig. 3. (a) Charge/discharge curves of three-dimensional porous NiO (600 ◦C thermal trea
ycleability of three-dimensional porous NiO, cycled between 3.0 and 0.05 V vs. Li/Li+, at c
nodes.
atures: (a and d) 500 ◦C, (b and e) 600 ◦C, and (c and f) 700 ◦C (insert image in (d) is

most caused by formation of solid electrolyte interface (SEI) and
incomplete decomposition of Li2O at the first discharge [15,16]. A

previous report on the electrochemical performance of 2D struc-
ture NiO electrode showed a discharge capacity around 750 and
300 mAh g−1 at the end of the 2nd and 30th cycles respectively,
cycled between 0.01 and 3.0 V, at a rate of 0.1 C [17]. In the present
study, porous NiO exhibiting less than 7% capacity fade between

tment), (b) the first charge/discharge curves of three-dimensional porous NiO, (c)
urrent density 0.2 C and (d) rate performance of cells with NiO foil and porous NiO
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Fig. 4. CV curves of three-dimensional porous NiO; scan rate 0.05 mV s−1.

and 30 cycles at a current density 0.2 C rate. Fig. 3d is rate
erformance of cells with different anodes charged/discharged at
arious rates. It can be seen that capacity decreased as discharge-
harge rate increased. However, the capacity of cells with NiO foils
node dropped more rapidly than that of porous NiO anode. At
ate of 1 C, only 54% discharge capacity of 0.2 C rate was obtained
or cell with NiO foil anode, while cell with porous NiO anode
as able to retain 82% discharge capacity, suggesting that porous
iO anode favors high-rate charge/discharge application. The as-
repared porous NiO shows a larger surface area compared to its
iO foil counterpart, which makes the enhanced electrochemical
erformance of porous NiO. A previous reports on the electrochem-

cal performance of NiO film electrode showed a discharge capacity
round 330 mAh g−1 at the end of 30th cycles at a rate of 0.11 C
18]. In the present study, 3D porous Co3O4 did not exhibited obvi-
us capacities fade up to 50 cycles with a high current density of
18 mA g−1 (1 C), which could be attributed to its unique 3D porous
tructure which can offer a larger materials/electrolyte contact
rea and accommodate the strain induced by the volume change
uring charge/discharge. It should be noted that though a three-
imensional porous structure may improve the electrochemical
erformance of electrodes, it may also decrease the specific vol-
me capacity of lithium batteries. However, the reversible capacity
f porous NiO is approximately 2 times that of commercial graphite
lectrodes. This high capacity compensates the decreased volume
apacity caused by the porous structure substrate itself. Further-
ore, the thickness of NiO films on nickel foam can be increased
ith longer process time. Therefore, the volume capacity decrease
ue to the porous structure will be limited compared to commercial
raphite electrodes [18].

.2.2. Cyclic voltammetry (CV)
The CV curves of the porous NiO were tested at a scan rate of

.05 mV s−1 in the voltage range 0.05–3.0 V, as shown in Fig. 4. A
mall continuous reactive current and a small reactive peak can
e found in the first catholic scan started from open circuit voltage
OCV 3.0 V) (inset figure in Fig. 4) indicating the formation of surface
lm (SEI) has already started above 2.0 V during the first cathodic
can. A large cathodic current peak started at 0.6 V corresponding
o the initial reduction of Ni2+O to metallic Ni, accompanying the
ormation of Li2O. In the first anodic scan, one anodic peak at 2.2 V
s found, which corresponding to the NiO formation, accompany-
ng the decomposition of Li2O [19,20], which all well correspond to

he discharge/charge plateaus displayed in Fig. 3b. Compared with
he first cycle, a set of broad peaks at 1.2 and 2.2 V were observed,
espectively. It worth noted that a small peak started at about 0.5 V
n the second cycle appeared which corresponded to incomplete
ctivation of electrode materials at first cycle. After the electrode
rces 195 (2010) 7432–7437 7435

activation during first cycle, the well-overlapped of the second and
third cycles curves indicated the stable electrochemical process has
been set up. The CV curves of the porous NiO are qualitatively sim-
ilar to the results obtained by Varghese et al. [19], and the reaction
mechanism is shown as follows [1,19]:

NiO + 2Li+ + 2e− → Ni0 + Li2O + polymeric layer formation
electrolyte reduction

(1)

Ni0 + Li2O → NiO + 2Li+ + 2e− (2)

3.2.3. Electrochemical impedance spectroscopy
Impedance measurements were carried out at room temper-

ature on cells with porous NiO at selected discharge capacity in
the range of 0.05–3.0 V at a charge/discharge current density of
356 mA g−1 during the first discharge/charge cycle. The cells were
discharged or charged to a particular discharge capacity value
(mAh g−1) and relaxed for 1 h and the impedance was measured.
The Nyquist plots at various discharge capacity values during the
first discharge cycle are shown Fig. 5a. The inset figure is the zoom
part at the range of high frequency. The impedance spectra of
the cells are composed of two merged semicircles and a straight
sloping line which corresponding to the resistance of the surface
film, charge-transfer resistance and the Warburg impedance. The
impedance data were analyzed by fitting to an equivalent elec-
trical circuit similar to other reports [21], which is made up of a
serial connection of Re, Rsf//Csf, Rct//Cdl, Zw and Cini as shown in
Fig. 5c. It consists of electrolyte (Re), surface film (Rsf) and charge-
transfer resistance (Rct), Warburg impedance (Zw) and intercalation
capacitance (Cini), respectively.

The fresh cell (at OCV) shows a single broad depressed semicircle
in the high-frequency region (>1 kHz). It indicates that the porous
NiO at OCV state has larger polarization resistance which attributed
mainly to larger surface film resistance (Rf) and the curve fitting
was carried out using R(sf+ct) combination. Spectrum measured at
the discharge depth of 179.5 mAh g−1 differs markedly from the
initial one. The semicircle decreases drastically with the deepen-
ing of discharge, and then drops to a relative steady value which
indicates the formation of stable surface film. At the same time, a
new semicircle appeared with the deepening of discharge which is
related to the charge-transfer resistance at interface (Rct) and Rct

comes into prominence because of the initiation of the intercala-
tion/decomposition reaction of lithium into porous NiO. Due to the
observed two semicircles, the experimental data are simulated by
an electrical equivalent circuit composed of two C//R (Csf//Rsf and
Cdl//Rct) elements in series. The Rct should not increase since more
active reaction sites and conductive Ni atoms are produced with
the deepening of discharge. The spectra measured in the discharge
depth range 179.5–538.5 mAh g−1 are qualitatively similar. On the
other hand, the spectrum recorded at 0.05 V, the deep discharge
limit, shows a large-diameter semicircle. The impedance spectra
during the first charge cycle are qualitatively similar and are shown
in Fig. 5b.

The XRD patterns of cycled electrodes in their charged and dis-
charged state are shown in Fig. 6a, and SEM images of the electrode
in the charged and discharge state (after 30 cycles) are shown in
Fig. 6b and c. The results show that only the diffraction peaks of the
nickel substrate can be identified, no NiO diffraction peaks were
found after discharge/charge cycling. The initial NiO film structure
(shown in Fig. 2) has been modified during cycling and some tex-

ture structures on initial film disappeared. The XRD patterns and
SEM images of cycled electrodes in their charged or discharged state
suggest that initial NiO film (as shown in Fig. 2) has transformed
to amorphous/nanosized particles during cycling. Similar structure
and morphology variations are reported in literatures [1,19,22–24].
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Fig. 5. (a) Nyquist plots of three-dimensional porous NiO during the first discharge, and (b) first charge, at various discharged state, the inset figure is the zoom part at high
frequencies region; (c) equivalent electrical circuit.

F d stat
(

4

f
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ig. 6. (a) XRD patterns of three-dimensional porous NiO at full charged/discharge
b) discharged to 0.05 V and (c) charged to 3.0 V.
. Conclusion

A simple thermal treatment method to prepare large sur-
ace area porous NiO directly on Ni foam was presented. The
s-prepared porous NiO was characterized by SEM, TEM and
es. SEM images of three-dimensional porous NiO at full charged/discharged states,
XRD. Electrochemical properties of porous NiO showed high
discharge/charge capacity, excellent capacity retention and rate
performance in comparison to NiO foil, which makes porous NiO
a promising anode material for high power Li-ion batteries. The
high capability and cycleability of porous NiO electrodes are better
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