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The nickel foam-supported porous NiO-Ni nanocomposite synthesized by electrostatic spray deposi-
tion (ESD) technique was investigated as anodes for lithium ion batteries. This anode was demonstrated
to exhibit improved cycle performance as well as good rate capability. Ni particles in the composites
provide a highly conductive medium for electron transfer during the conversion reaction of NiO with
Li* and facilitate a more complete decomposition of LiO during charge with increased reversibility
of conversion reaction. Moreover, the obtained porous structure is benefical to buffering the volume
expansion/constriction during the cycling.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Carbon-based materials like graphite have been employed as
anodes in commercial available lithium ion batteries (LIBs) since
1991 due to their high deliverable operation potential, good elec-
tronic conductivity, high Li* chemical diffusion coefficient and low
volume changes during Li* intercalation/de-intercalation [1]. How-
ever, their limited capacities (theoretical capacity of graphite is
372mAhg-1) could not match the urgent need in recent high
energy density and power density rechargeable LIB applications
for hybrid and plug-in hybrid electric vehicles [2,3]. On the one
hand, various carbon nanostructures, such as porous carbon, are
still under intensive development because they can provide fast
kinetics and are structural stable during charge/discharge [4]. On
the other hand, some new promising anode materials, like rock
salt structured transition-metal oxides (MxOy, M =Ni, Co, Cu, etc.)
[5,6], Sn [7], Si [8], and SnO, [9], recently draw tremendous inter-
est due to their higher theoretical capacities than graphite anode. Si
anode has the highest theoretical energy capacity (4200mAhg-1),
but the large volume change (>300%) during lithium alloying/de-
alloying results in poor cyclability [8]. Transition metal oxides have
long been disregarded as possible reversible anode materials for
LIBs because they have no intercalation/de-intercalation sites in
their crystal structures, furthermore, they are not available to form
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alloys with lithium during charge and discharge [10]. Recently,
Tarascon and co-workers revisited this issue and proposed the pos-
sibility of using the transition metal oxide materials as anodes in
LIBs [5,6]. To distinguish such anodes from the other types regard-
ing the charge-discharge mechanism with lithium, conversion
reaction mechanism has been introduced [11-13], which is differ-
ent from classical Li* intercalation/de-intercalation in graphite or
alloying/de-alloying reactions of metallic or semimetallic anodes
(such as Sn, Ge, Si, etc.) with lithium [14].

Among transition metal oxides, NiO anode shows the high theo-
retical capacity up to 718 mAh g~1. Its density, 6.81 gcm~3, is much
higher than that of graphite, 2.268 gcm—3, which results in volu-
metric energy density of NiO anode as about 5.8 times as theoretical
value of graphite. Therefore, NiO has been regarded as one of the
promising anodes for LIBs. However, NiO is an antiferromagnetic
semiconductor with a wide band gap of ~3.6eV and low electri-
cal conductivity (less than 10-13 Q-1cm~! at room temperature)
[15,16]. Recently, it was reported that nanostructured NiO-carbon
composites show better capacity retention than pristine NiO due
to the introduction of carbon with good electrical conductivity
[17-19]. Carbon with the low density in the composites occupying
extra space limits the specific volumetric capacity of NiO anode. To
circumvent this challenge, some metals like Au and Ag as additives
were employed to create transition metal oxides—-metal composite
[20-23]. The reaction of NiO anode with Li* leads to the forma-
tion of metallic Ni and Li;O nanoparticles accompanied with the
large volume expansion/constriction for the conversion reaction.
An “earthquake” created in the anode electrode during conversion
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reaction [24] is another drawback affecting the application of NiO
anode for LIBs because it causes the pulverization and degradation
of NiO anode, resulting in serious capacity degradation and poor
cycling performance [25-28]. One effective method to alleviate the
problem is to create porous structure to buffer the volume change
upon cycles [29-31].

In this work, porous NiO-Ni nanocomposite was deposited on
porous nickel foam by electrostatic spray deposition (ESD) tech-
nique. The specific surface area of nickel foam is much higher
than that of conventional thin foil, thus depositing anode materi-
als on a nickel foam substrate is an attractive method to prepare
anode electrodes for LIBs [32,33]. On the one hand, during the
reversible reaction of NiO with Li*, the conversion reaction mech-
anism involves the reduction and oxidation of Ni nanoparticles,
thus the existence of nanoscale Ni in the NiO-Ni nanocomposite
has the possibility to facilitate the decomposition of Li, O increas-
ing the columbic efficiency of NiO anode. On the other hand,
as-prepared porous Ni foam supported-porous NiO-Ni compos-
ite was employed as anode materials for LIBs without conductive
agent and binder, thus the energy density of LIBs can be increased
while the anode resistances are efficiently reduced. Furthermore,
the special porous structure can effectively reduce the agglom-
eration of nanoscale particles during cycling. It is expected that
porous Ni foam supported-porous NiO-Ni composite can improve
the electrochemical performance as anode for LIBs.

2. Experimental

NiO-Ni composite anode was synthesized by using a vertical
ESD setting-up schematically illustrated in Fig. 1. Nickel acetate
was dissolved in the 80 vol% of butyl carbitol and 20 vol% of ethanol
as precursor solution. The precursor solution was atomized at a
high DCvoltage of 4.0-6.0 kV. Commercially available porous nickel
foam (Changsha Lyrun Material Co., LTD) was used as the substrate
due to its high surface area. The nozzle-to-substrate distance was
set to be 40-50 mm. The deposition temperature was controlled
at 300°C. During the ESD deposition, the precursor solution was
atomized to an aerosol under the static electric force by the high
voltage between the substrate and the tip of nozzle. And then the
aerosol reached the heated substrate, where the NiO-Ni composite
was formed on a nickel foam substrate. The samples before and
after ESD deposition were weighed by a balance with an accuracy
of 0.01 mg to calculate the weight of the deposited NiO on nickel
foam substrate.

X-ray diffraction (XRD) was carried out using a Siemens D5000
from 20° to 90° with Cu K, radiation (A =1.54056 nm). Scanning
electron microscopy (SEM) (JEOL JSM-6330F) with the energy dis-
persive X-ray analysis (EDX) was used to observe the surface

Temperature Controller

1}

Thermocguple

---> Heater

|

High Voltage Substrate

DC Power —T
Supply

Precursor solution
T B |:|

Syringe Pump

Fig. 1. Schematic diagram of electrostatic spray deposition technique.

morphology, confirm the surface uniformity and measure the NiO
content in as-prepared NiO-Ni nanocomposites. The Raman spec-
tra were recorded on an RFS-100 Bruker FT-spectrometer using an
Nd:YAG laser with an excitation wavelength of 1064 nm. Each spec-
trum was the average of 60 repeated measurements, with 150 scans
at aresolution of 2cm!.

The CR-2032-type coin cells were assembled inside an argon
atmosphere glove box with moisture and oxygen levels below
1ppm. NiO-Ni composite was used as working electrode, and
lithium foil as counter electrode and reference electrode. The sepa-
rator film was Celgrad 2400. The liquid electrolyte was 1 M lithium
bis(perfluoroethylsulfonyl)imide dissolved in ethylene carbonate
(EC): diethyl carbonate (DEC): ethyl methyl carbonate (EMC) in
a 1:1:1 volume ratio. Cyclic voltammetry (CV) tests were per-
formed at a scan rate of 0.1mVs~! over a potential range of
0.02-3.00V (versus Li*/Li) using a Versatile Multichannel Poten-
tiostat 3/Z (VMP3). Charge-discharge characteristics were tested
galvanostatically between 0.02 and 3.00V (versus Li/Li*) at room
temperature by a Neware Battery Test System (NEWARE Technol-
ogy Limited, China). In the charge/discharge tests, the reduction of
the NiO-Ni composite is expressed as “discharge” to define the Li*
insertion process.

3. Results and discussions
In this research, XRD technique was carried out in order to

examine the product deposited by the ESD method. The XRD pat-
tern of obtained film is shown in Fig. 2a. Five obvious diffraction
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Fig.2. (a)Atypical XRD spectrum and (b) Raman spectra of NiO-Ni composite anode
compared to bare Ni foam substrate.
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Fig. 3. Typical SEM images (a, b) and an energy dispersive X-ray (EDX) spectrum (c) of the NiO-Ni nanocomposite anode.

peaks located at 37.2°, 43.3°, 62.8°, 75.4° and 79.3° well agree with
cubic structure NiO (101), (012), (110), (113) and (202) plane,
respectively (JCPDS 44-1159). Furthermore, three Ni planes, (11 1),
(200),and (220), were observed to locate at 44.5°,51.9° and 76.4°,
respectively (JCPDS 4-850). It can be concluded through the XRD
result that NiO-Ni composites were formed after the ESD process.
NiO formation was further confirmed by Raman spectra shown in
Fig. 2b. There are no Raman peaks observed for Ni since it has
no active vibrational Raman mode. NiO-Ni composite shows an
obvious and broad peak in the Raman spectrum located at about
510cm™! that can be assigned to the vibration modes of Ni-O bonds
[34], which indicates the NiO existence in the NiO-Ni composite.
EDX spectrum of NiO-Ni composite is shown in Fig. 3c. Specified
peaks corresponding to Ni and O can be clearly observed. Based
on the atom ratio (57:43) of Ni and O, NiO content was roughly
calculated to be 79.6% in the NiO-Ni composite. It was reported
that nickel acetate can decompose into NiO and Ni under air atmo-
sphere [35-38]. As it was reported by Hussein et al. [35], nickel
acetate decomposes through two exothermic processes: (1) solid
phase NiO and gas phase acetone and CO,, are formed first; (2) then
some of NiO is reduced to Ni through an endothermic process, most
likely involving a CO-reduction step, thereby, the decomposition of
nickel acetate results in a mixture of NiO and Ni. However, further
study needs to be done to accurately assess the composition of the
NiO-Ni composite.

During the ESD process, as shown in Fig. 1, the high potential
at the nozzle tip induced the surrounding air ionized, resulting in
a large amount of positive ions (e.g., 0%, 02*) with high-velocity.
These ions then charged the Ni(OAC), solution by their bombard-
ment in the surrounding area of the nozzle outlet when they moved
towards the substrate. Thereby the Ni(OAC), solution was atom-
ized and dispersed into tiny droplets with the help of electrostatic
repulsion force. The resultant droplets moved towards the sub-
strate due to the effect of the electrical field. When the droplets
hit the substrate surface, part of the droplets had enough time to
spread on the heated substrate before the solvent completely evap-

orated. The local temperature at the edge of a landed droplet was
higher than that of in the centre as soon as the heat transferred
from the substrate to the droplets, which resulted in the faster
solvent evaporation at the edges. Simultaneously, both the evapo-
ration of the solvent and the decomposition of Ni(OAC), occurred
at the edges. There is an inhomogeneous concentration profile in
the droplets inducing the solution in the middle flowing towards
the edge [39]. Further evaporation of the solvent and the decompo-
sition of Ni(OAC), at the edges can form porous structure as shown
in Fig. 3a and b. The porous feature was with a size of about 100-
300 nm. Because the substrate temperature was 300 °C higher than
the boiling point (231°C) of butyl carbitol, some particles were
likely produced during the flight of the droplets to the nickel foam
substrate. These particles arrived at the substrate and attached to
the formed porous structure.

The electrochemical property of NiO-Ni nanocomposite as
anode for LIBs was examined by cyclic voltammetry. Fig. 4a
presents the CV curves of NiO-Ni anode at the 1st, 2nd,
10th, and 20th scanning cycles. In the first cathodic scan, a
reduction peak related to the decomposition of NiO into Ni
(NiO+2Li*+2e~ — Ni+Li,0) was observed at around 0.2V. The
resultant Ni particles might have the sizes of several nanometers
[5,6,40,41], resulting in the reduction potential shifts to 1.2V in
subsequent cathodic scan [42]. The oxidation peaks, resulting from
the reactions where nanosized Ni is re-oxidized to nanosized NiO
(Ni+LipO — NiO +2Li* +2e™) at different cycles [43], show similar
potentials at different cycles. It is confirmed that the reversible
electrochemical reaction between Li* and NiO-Ni nanocomposite
anode from the CV results.

Fig. 4b shows the charge and discharge voltage profiles as a
function of the specific capacity for the NiO-Ni composite anode
at a current density of 286 mAg~! at the 1st, 2nd, 50th and 100th
cycles, respectively. In the first discharge (Li* insertion), the poten-
tial of NiO-Ni anode rapidly falls, followed by an obvious plateau
at about 0.5V corresponding to the decomposition of NiO into Ni.
It delivered a discharge capacity of 503 mAhg-! and a reversible
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Fig. 4. (a) CV curves of the NiO-Ni composite anode at a scan rate of 0.1 mVs~': (i) the first discharge, (ii) the second scan, (iii) the 10th scan, and (iv) the 20th scan; (b)
charging-discharging curves for the NiO-Ni/Li half cell cycled between 0.02 and 3V at a current density of 286 mAg~: (i) the first discharge, (ii) the first charge, (iii) the
second discharge, (iv) the second charge, (v) the 50th discharge, (vi) the 50th charge, (vii) the 100th discharge, and (viii) the 100th charge, respectively.

charge (Li* deinsertion) capacity of 314mAhg~! in the first cycle.
The irreversible capacity is mainly ascribed to the formation of the
solid electrolyte interphase (SEI) film on the surface of NiO anode
[44]. Asit was reported for NiO anode in many Refs.[6,42,45,46], the
second discharge profile is different from the first one. In the sec-
ond discharge, the plateau was distinctly higher and more sloped
than the main feature of the first discharge, which indicates that
the Li* insertion in the second cycle is easier and is the feature of
a single phase reaction. Under the electrochemical reaction in the
first discharge process, NiO can be changed into the fine particles
with a size of several nanometers [5,6,40,41]. Therefore, in the sub-
sequent discharge, the related reaction potential shifts to higher
voltage due to the fast kinetic of the nanomaterials. It is worth not-
ing that the second charge profile is very similar to the first charge.
From the second cycle, the electrochemical reaction of the electrode
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is improved reversibly. However, an obvious voltage hysteresis is
still observed between discharge and charge due to the nature of a
conversion reaction. The reversible discharge and charge capacities
at the 50th cycle are 397 mAhg~! and 387 mAhg-1, respectively.
Its columbic efficiency is about 97.5% similar to that of the 100th
cycle. In the NiO-Ni nanocomposites, Ni has no contribution for
energy capacity; as a consequence, the Ni existence decreases the
specific capacity of NiO anode for lithium ion batteries.

The Li* storage performance of NiO-Ni nanocomposite anode for
LIBs was evaluated via the galvanostatic charge/discharge cycling.
At a current density of 286mAg-! in the voltage window of
0.02-3.00V, the relationship of reversible Li* storage capacity vs.
cycle number is shown in Fig. 5a. Obviously, the NiO-Ni nanocom-
posite electrode presents good cyclability during charge/discharge
process, with high capacity retention of 95.1% at 100 cycles. The
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Fig. 5. (a) Specific capacity and columbic efficiency of NiO-Ni composite anode as a function of the cycle number at a current density of 286 mAg-" at a voltage range of
0.02-3.00V at the room temperature; (b) rate capability of NiO-Ni composite anode at various current densities (mAg=1): (i) 286, (ii) 500, (iii) 714, (iv) 867, (v) 1143, and
(vi) 286, respectively; (c) discharge capacity and relative capacity retention of NiO-Ni composite anode as a function of current density from 286 to 1143 mAg-'.
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rate capability is an important parameter of LIBs for many applica-
tions such as electric vehicles, which requires fast discharge/charge
rate [47]. The rate capability of NiO-Ni composite anode at various
current densities from 286 mAg~! to 1143 mA g~! in a voltage win-
dow of 0.02-3.00V at ambient temperature is presented in Fig. 5b.
NiO-Ni composite anode shows relatively steady capacity change
at different current density, even at the high current density of
1143 mAg-1. The charge/discharge capacities decrease with the
increase of current density, which is caused by lower Li* diffusion
rate in the NiO particles. By comparing the discharge capacity of
the second cycle at various current densities, NiO-Ni composite
anode is found to deliver 90.5% capacity retention at 500mAg-!,
83.1%at714mAg~1,77.3%at867mAg1,and 72.3%at 1143 mAg~!
(relative to the capacity at 286 mA g~1), respectively (Fig. 5¢). After
56 charge/discharge cycles under various current densities, NiO-Ni
composite could still work pretty stably and reversibly. It delivers
the discharge capacity of 399 mAhg-! in the 67th cycle, main-
taining 98.8% of the discharge capacity recorded at the 12th cycle
at the same current density. All these results demonstrated that
NiO-Ni is a very promising anode for LIBs showing excellent rate
capability.

For the pristine NiO anode, the Ni nanoparticles can only result
from the decomposition of the starting NiO during the discharge
(NiO +2Li* +2e~ — Ni+Li,0). Most of these Ni nanoparticles can
convert back to NiO during the charge process. For the NiO-Ni
composite, as the NiO particles are decorated with nanoscale Ni
particles, some active Ni particles can be present in the com-
posite anodes during the whole discharge-charge cycle. Highly
dispersed Ni particles in the NiO-Ni composite have some catalytic
effect (Ni+Li;O — NiO +2Li* + 2e~). During the charge process, the
extra active Ni particles among the resultant Li,O particles can
facilitate more complete decomposition of Li, O [22,48]. It is well
known that the poor electrical conductivity of transition metal
oxides is a big obstacle for their application as anodes for LIBs.
Metallic Ni particles in the NiO-Ni composite can provide a highly
conductive medium for electron transfer during the conversion
reaction of NiO with Li*. As a consequence, our porous NiO-Ni
nanocomposites have effectively improved the reversibility. On
the other side, as-prepared porous structure can buffer the large
volume expansion/constriction due to the “earthquake” created
in the transition metal oxide anode during the charge/discharge
process [24,30]. Furthermore, both porous nickel foam and porous
NiO-Ni ensure a large contact area between active material and
the electrolyte with shorter Li* diffusion length [49,50]. Therefore,
our porous NiO-Ni nanocomposite anode has been demonstrated
with effectively improved cycle performance and rate capability.
Further in situ work needs to be done to provide more infor-
mation on if the Ni nanoparticles are uniformly dispersed in the
composite or not and how they buffer the volume change during
cycling.

4. Conclusion

In this work, porous nickel foam-supported porous NiO-Ni
nanocomposite anodes have been successfully synthesized by the
ESD technique. NiO-Ni anode shows the porous structure with typ-
ical pore size of about 100-300 nm attached with nanoparticles at
sizes of 40-60 nm. Our results demonstrated that NiO-Ni nanocom-
posite anode shows good cyclability, good rate capability, and high
capacity retention of 95.1% after 100 cycles. The enhanced elec-
trochemical performance can be attributed to extra nanoscaled
Ni particles as highly conductive medium and catalyst facilitat-
ing more complete decomposition of Li O during charge. Also the
porous NiO-Ni nanocomposite can buffer the large volume expan-
sion/constriction during charge/discharge process.
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