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In this study, we synthesized a powder consisting of core-shell-structured Ni/NiO nanocluster-decorated
graphene (Ni/NiO-graphene) by a simple process for use as an anodic material for lithium-ion batteries.
First, a crumpled graphene powder consisting of uniformly distributed Ni nanoclusters was prepared by
one-pot spray pyrolysis. This powder was subsequently transformed into the Ni/NiO-graphene composite
by annealing at 300°C in air. The Ni/NiO-graphene composite powder exhibited better electrochemical
properties than those of the hollow-structured NiO-Ni composite and pure NiO powders. The initial
discharge and charge capacities of the Ni/NiO-graphene composite powder were 1156 and 845 mA h g™',
respectively, and the corresponding initial coulombic efficiency was 73%. The discharge capacities of the Ni/
NiO-graphene, NiO-Ni, and pure NiO powders after 300 cycles were 863, 647, and 439 mA h g™/,
respectively. The high stability of the Ni/NiO-graphene composite powder, attributable to the unique
structure of its particles, resulted in it exhibiting long-term cycling stability even at a current density of
1500 mA g~', as well as good rate performance. The structural stability of the Ni/NiO-graphene composite
powder particles during cycling lowered the charge transfer resistance and improved the Li-ion diffusion
rate.

ver since transition metal oxides were first found to be suitable as anodic materials for lithium-ion batteries

(LIBs), a number of metal oxides with different structures have been studied extensively'""”. Generally,

metal oxides that exhibit high theoretical capacities have poor Li* storage/release properties, owing to the
large changes that occur in their volume during cycling and because of their low electrochemical conductivit-
ies'"". Of the various transition metal oxides being investigated, NiO has attracted particular attention as a
promising anodic material for LIBs, as it is abundantly available, and exhibits low toxicity, high volumetric
energy density, and superior safety'®~*'. However, NiO also exhibits poor rate performance and cyclability owing
to slow kinetics of its conversion reaction and its low electronic conductivity'®*'. NiO-Ni composite materials
have been studied in order to improve upon the electrochemical properties of NiO'**. Composites comprising
ultrafine Ni nanoclusters embedded in an active NiO matrix exhibit high initial Coulombic efficiency, facilitating
the decomposition of Li,O and the solid-electrolyte interface (SEI) film formed during the charge/discharge
process'®°. In addition, Ni can improve the electrochemical properties of NiO as NiO-Ni composite materials
exhibit high electronic conductivities. Consequently, Ni when used as an additive results in NiO-Ni composite
materials that exhibit high reversible discharge capacities, initial Coulombic efficiencies, cycling stabilities, and
rate capabilities as anodic materials in LIBs'®~*°. In recent years, graphene-based metal oxide composites have also
been studied widely for use as high-capacity anodic materials for LIBs****”. Graphene, owing to its excellent
mechanical, thermal, and electrical properties, can be used to improve the electrochemical conductivities of metal
oxides and can be exploited as a buffer layer in anodic materials. Thus, NiO-graphene composite materials, which
exhibit high capacities, have also been investigated for use as anodic materials for LIBs****>. However, to the best of
our knowledge, NiO-graphene composite materials that show long-term stability and high rate performances
have not yet been reported.

In this study, we fabricated a powder consisting of graphene decorated with core-shell-structured Ni/NiO
nanoclusters (Ni/NiO-graphene) by a simple process for use as anodic materials for LIBs. The detailed formation
mechanism of the novel-structured Ni/NiO-graphene composite powder was also investigated. First, a powder of
crumpled graphene uniformly covered with Ni nanoclusters was prepared by one-pot spray pyrolysis in a
nitrogen atmosphere. Then, this Ni-graphene composite was transformed into the NiO/Ni-graphene composite
through annealing at 300°C in air. The electrochemical properties of the NiO/Ni-graphene composite powder
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were compared with those of a hollow-structured NiO-Ni composite
as well as with those of a pure NiO powder prepared by the same
process in the absence of graphene. It was found that Ni metal as well
as graphene improved the electrochemical properties of NiO.

Results

The formation mechanism of the powder consisting of graphene
decorated with core-shell-structured Ni/NiO nanoclusters (i.e., the
Ni/NiO-graphene powder) is described in Figure 1. First, a Ni
nitrate-graphene oxide composite powder was produced by drying
droplets of a nickel nitrate solution containing graphene oxide sheets
in a nitrogen atmosphere. The decomposition of nickel nitrate into
nickel oxide was also performed in a nitrogen atmosphere, and the
reducing atmosphere, attributable to the graphene sheets, reduced
the nickel oxide nanoclusters into nanoclusters of Ni metal.
Graphene was formed by the thermal reduction of the graphene
oxide sheets at the high temperature of 800°C. The graphene
oxide/graphene sheets prevented the growth of the NiO/Ni
nanoclusters within the composite powder. The graphene powder
with spherical particles and a uniform distribution of Ni nanoclusters
could be prepared by one-pot spray pyrolysis even when the reaction
time was as small as 10 s. The Ni-graphene composite powder was
then annealed at the low temperature of 300°C in air, resulting in the
partial oxidation of the Ni nanoclusters. This also prevented the
decomposition of the graphene. The oxidation of the outer part of
the Ni nanoclusters resulted in the formation of the Ni-NiO core-
shell nanoclusters. Consequently, the annealing of the Ni-graphene
composite powder resulted in the fabrication of the core-shell-struc-
tured Ni/NiO nanocluster-decorated graphene (Ni/NiO-graphene)
powder.

The hollow-structured NiO-Ni composite powder was prepared
by the one-pot spray pyrolysis of a solution of nickel nitrate and
sucrose. The decomposition of the sucrose and nickel nitrate in a
nitrogen atmosphere produced a hollow-structured NiO-carbon
composite as an intermediate product in the front part of the reactor.
Simultaneously, sucrose was oxidized by the nitrate anions, resulting
in carbon dioxide, nitrogen, and nitrogen dioxide, as well as water, in
large amounts®®. The abrupt evolution of these gases owing to the
decomposition of sucrose and nickel nitrate was what produced the
hollow-structured powder particles. The reduction of NiO into Ni
owing to the consumption of carbon occurred at the rear of the
reactor. The fact that the carbonization of sucrose produced carbon
in an insufficient amount is what resulted in the hollow-structured
carbon-free NiO-Ni composite powder. Finally, a hollow-structured
NiO powder was prepared by the spray pyrolysis of a solution of
nickel nitrate that did not contain either graphene oxide or sucrose.
The thermal decomposition of this nickel nitrate solution in a nitro-
gen atmosphere resulted in the fabrication of a powder consisting of
hollow-structured NiO particles with thick shells.

The XRD patterns of the powders prepared from the various types
of spray solutions, obtained before and after annealing in air, are
shown in Figure S1. The particles of the powders prepared by the

one-pot spray pyrolysis of solutions containing graphene oxide and
sucrose primarily had crystal structures similar to those of Ni and
NiO, respectively, while the particles of the powder prepared using
the spray solution that did not contain a carbon source had a pure-
NiO-like crystal structure. In the case of the Ni-graphene composite
powder, the oxidation of a large amount of Ni into NiO occurred
after annealing at 300°C in air, resulting in the formation of the Ni/
NiO-graphene composite powder, as shown in Figure S1b. On the
other hand, the hollow-structured NiO-Ni composite powder did
not undergo oxidation because of the dense structure of its particles,
which were impermeable to the gases produced during the process.
The Ni nanoclusters embedded in the NiO matrix were stable at the
low annealing temperature of 300°C. Therefore, the hollow-struc-
tured NiO-Ni powder particles exhibited the same crystal structure
before and after the annealing treatment. The XRD pattern of the
NiO powder prepared from the spray solution of nickel nitrate that
did not contain graphene oxide or sucrose was similar to that of pure
NiO. Figure S2 shows the XPS spectrum for the Ni/NiO-graphene
composite powders. The peak at 854.2 eV binding energy was very
close to those for the corresponding peaks in the Ni 2p;/, spectrum
for pure NiO***. The XPS spectrum did not show a shoulder peak at
852.9 eV, attributable to metallic Ni. Therefore, Ni metal did not
exist on the surface of the Ni/NiO nanocrystals dispersed all over
the graphene*’. However, the XRD pattern, as shown in Figure S1,
indicated that the Ni/NiO-graphene composite powders contained
Ni and NiO mixed crystal structures. Taken together, the XPS and
XRD spectra demonstrated that the Ni/NiO nanocrystal core-shell
structure was dispersed all over the graphene.

Figure 2 shows the morphology of the Ni/NiO-graphene compos-
ite powder prepared by the two-step process. The SEM and low-
resolution TEM images shown in Figures 2a-2c suggest that the
composite powder particles had a crumpled structure. Ni/NiO
nanoclusters several nanometers in size were uniformly distributed
all over the graphene powder particles, as shown in the TEM and dot-
mapping images. In addition, Ni and carbon were also uniformly
distributed all over the particles of the composite powder, as can be
seen from the dot-mapping images. Figure S3 shows the thermogra-
vimetric (TG) curves of the powder. The total decrease in the weight
of the Ni/NiO-graphene composite powder at 700°C was 4 wt%. The
decrease in its weight owing to the decomposition of graphene was
reduced because of the weight increase resulting from the oxidation
of Ni into NiO. Therefore, the graphene content of the composite
powders was higher than 4 wt%. The EDX spectrum of the Ni/NiO-
graphene composite powders as shown in Figure S4a shows the clear
peak of carbon. The two peaks in the Raman spectrum of the Ni/
NiO-graphene composite powder (see Figure S5), observed at 1350
and 1590 cm™', correspond to the D and G bands of graphene,
respectively. Graphene was formed by the thermal reduction of gra-
phene oxide during the preparation of the Ni/NiO-graphene com-
posite powder via spray pyrolysis.

Figure 3 shows the morphology of the hollow-structured NiO-Ni
composite powder prepared from the spray solution containing

Step 1 Step 2
(Spray pyrolysis) (Box furnace) NiO
€ Ni
Drying 300°C_3 hour Col\rlf*—//;{l;ll -
1/INX
—_— —_—
Decomposition Ni oxidation

GO and Ni ion
in a droplet

Ni-graphene
composite

Ni/NiO-graphene
composite

Figure 1| Formation mechanism of core-shell structured Ni/NiO nanocluster-decorated graphene (Ni/NiO-graphene) composite powder.
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Figure 2 | Morphologies and dot-mapping images of the Ni/NiO-
graphene composite powders prepared by two-step process: (a) SEM, (b)-
(d) TEM, and (e) dot-mapping images.

nickel nitrate and sucrose. The SEM and TEM images show the
powder particles had a hollow structure and thin walls. The high-
resolution TEM images shown in Figures 3¢ and 3d reveal that the
nanocrystals, which were several tens of nanometers in size, did not
form large aggregates. The high-resolution TEM image inset in
Figure 3d reveals that the clear lattice fringes of the powder were
separated by 0.24 nm; this value corresponds to the (111) crystal
plane of NiO**. The carbon component was could barely be detected
in the dot-mapping images shown in Figure 3e. Figure S4b shows the
EDX spectrum of the NiO-Ni composite powder that is shown in
Figure 3e; in this case too, the carbon component originating from
the carbon grid was not observed. No carbon-related peaks were
observed in the spectrum. The weight increase of the NiO-Ni com-
posite powder owing to the oxidation of Ni into NiO was 3.2 wt%, as
determined from the TG curve shown in Figure S3. The Ni/NiO
weight ratio of the NiO-Ni composite powder as calculated from
the TG data was 12/88. Figure S6 shows the morphology of the pure
NiO powder prepared directly by the spray pyrolysis of a solution of
nickel nitrate that did not contain a carbon source. The SEM image
shows that the particles of the NiO powder had a hollow structure.
The mean sizes of the particles of the NiO-Ni and NiO powders
shown in Figure 3 and Figure S6 were 2.2 and 1.3 um, respectively.
The gases that evolved during the decomposition of sucrose
increased the mean size and degree of hollowness of the NiO-Ni
powder particles.

The electrochemical properties of the three powder samples are
shown in Figure 4. Figure 4a shows the cyclic voltammograms (CVs)
of the Ni/NiO-graphene composite powder for the first three cycles
at a scan rate of 0.1 mV s™' for voltages of 0.001-3 V. A single
primary anodic peak was observed at approximately 0.53 V; this
corresponded to the initial reduction of NiO to metallic Ni and the

Figure 3 | Morphologies and dot-mapping images of the hollow
structured NiO-Ni composite powders: (a) SEM, (b)-(d) TEM, and (e)
dot-mapping images.

formation of amorphous Li,O and a solid-electrolyte interface (SEI)
layer**’. In addition, two broad oxidation peaks were observed, at
1.5 and 2.3 V, respectively, during the first charging process; these
corresponded to the oxidation of the Ni nanograins to NiO and the
subsequent decomposition of the SEI layer***°. The main reduction
peak shifted to approximately 1.2 V after the first cycle. From the
second cycle onward, the reduction and oxidation peaks exhibited
substantial overlap. Figure 4b shows the first and second charge/
discharge curves of the Ni/NiO-graphene and NiO-Ni composite
powders. The operating cut-off voltages were 0.001 and 3 V, respect-
ively, at a constant current density of 1500 mA g~ . The potential of
the NiO-Ni composite powder decreased sharply to 0.5 V and then
remained constant over the rest of the initial discharge curve.
However, the potential of the Ni/NiO-graphene composite powder
decreased gradually to 0.53 V during the initial discharging process.
The fact that Li could be inserted readily into the particles of the Ni/
NiO-graphene composite powder at high voltages was due to the fact
that ultrafine NiO/Ni nanoclusters were dispersed in the graphene
matrix, resulting in high electrical conductivity. During the first
discharge and charge processes, the NiO particles transformed into
amorphous NiO nanocrystals, irrespective of their original structure.
Therefore, the second discharge curves of the Ni/NiO-graphene and
NiO-Ni composite powders had similar shapes, unlike those corres-
ponding to the first discharge cycle. In the second cycle, the wide
potential plateau, which can be seen in the first discharge curve, was
replaced by a sloping curve that extended from 1.7 V to 0.8 V. The
initial discharge and charge capacities of the Ni/NiO-graphene com-
posite powder were 1156 and 845 mA h g™’ respectively, and the
corresponding initial Coulombic efficiency was 73%. The initial dis-
charge and charge capacities of the NiO-Ni composite powder were
1009 and 759 mA h g7', respectively, and the corresponding initial
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Figure 4 | Electrochemical properties of the three type samples: (a) cyclic voltammograms of the Ni/NiO-graphene, (b) first and second charge/
discharge curves of the Ni/NiO-graphene and NiO-Nj, (c) cycling performances at a current density of 1500 mA g~', and (d) rate performance and

Coulombic efficiencies of the Ni/NiO-graphene composite powders.

Coulombic efficiency was 75%. The Ni/NiO-graphene composite
powders showed slightly lower initial Coulombic efficiency than
the NiO-Ni composite powders because of the graphene component,
which showed low initial Coulombic efficiency. However, the low-
graphene-content Ni/NiO-graphene composite powders showed
higher initial Coulombic efficiencies than those previously reported
for NiO-graphene composite powders®>.

Figure 4c shows the cycling performances of the three powders ata
current density of 1500 mA g~'. The discharge capacities of the NiO-
Ni composite powder, which had a high Ni/NiO weight ratio,
increased for the first 5 cycles, and then decreased sharply for the
next 70 cycles. This decrease in the discharge capacity was inevitable,
given the microscale structural damage that is incurred by NiO
powders at high current densities, starting at the first cycle.
Therefore, the increase in the discharge capacities of the NiO-Ni
composite powder was due to the gradual activation of the Ni metal
during the first 5 cycles as shown in Figure S7. The step-by-step
activation of Ni retarded the decrease in the discharge capacity of
the Ni/NiO-graphene composite powder for the first several cycles.
The discharge capacity of the pure NiO powder also increased
slightly for the first 4 cycles. In the case of the pure NiO powder,
the incomplete lithiation of the thick NiO layer at a high current
density of 1500 mA g~ during the first discharge process increased
the discharge capacity during the first 4 cycles. However, an increase
in the discharge capacity was not observed in the case of the Ni/NiO-
graphene composite powder, owing to its low Ni content. The
decrease in the discharge capacity of the Ni/NiO-graphene compos-
ite powder was lower than those in the cases of the NiO-Ni composite
and pure NiO powders during the first 70 cycles. This was because of
the structural stability of the Ni/NiO-graphene composite powder.
The graphene layers reduced the change in the volume of the core-
shell structured Ni/NiO nanoclusters and prevented the growth of Ni
crystals during cycling. The discharge capacities of the Ni/NiO-gra-
phene, NiO-Ni, and pure NiO powders after 300 cycles were 863,
647,and 439 mA h g™’ respectively. The Coulombic efficiency of the
Ni/NiO-graphene composite powder is also shown in Figure 4c. The
Coulombic efficiency of the Ni/NiO-graphene composite powder
stayed high, at greater than 99%, after the 3™ cycle. Figure S8 shows

SEM images of the Ni/NiO-graphene and NiO-Ni composite pow-
ders after they had been subjected to 300 charge/discharge cycles ata
current density of 1500 mA g~'. The overall structure of the Ni/NiO-
graphene composite powder particles remained unchanged even
after 300 cycles. On the other hand, the spherical particles of the
NiO-Ni composite powder, which had smooth surfaces, transformed
into particles with a crumpled structure after cycling. Owing to its
high structural stability, the Ni/NiO-graphene composite powder
exhibited long-term stability even at a current density of 1500 mA
g~ ". The highly dispersed Ni nanoclusters in the Ni/NiO-graphene
composite resulted in the more complete decomposition of the Li,O
formed during the discharging process. The decomposition process
can be represented by the following reaction: Ni + Li,O — NiO +
2Li" + 2e7)'*?°. The Ni nanoclusters in the Ni/NiO-graphene com-
posite powder acted as highly conductive pathways for electron
transfer during the conversion reaction of NiO with Li***°.

Figure 4d shows the rate performance of the Ni/NiO-graphene
composite powder. The current density was increased from
1000 mA g™' to 3000 mA g ' in a stepwise manner, and then
decreased to 1000 mA g~'. The Ni/NiO-graphene composite powder
exhibited a second discharge capacity of 899 mA h g™' at a current
density of 1000 mA g~'. Even at a high current density of 3000 mA
g, the discharge capacity of the Ni/NiO-graphene composite pow-
der was as high as 700 mA h g™ after 40 cycles, when the current
density was increased in a stepwise manner. The discharge capacity
decreased with an increase in the number of cycles for current densi-
ties of 1500-3000 mA g~'; this was owing to the structural damage
incurred by the powder particles, as described previously (see
Figure 4c). Therefore, the Ni/NiO-graphene composite powder had
a better rate performance than that shown in Figure 4d. Finally, the
Ni/NiO-graphene composite powder exhibited Coulombic efficien-
cies greater than 99% even at high current densities.

Discussion

Electrochemical impedance spectroscopy was performed to elucidate
the Li* ion transfer behaviors of the Ni/NiO-graphene and NiO-Ni
composite powders. The Nyquist impedance plots of the powders,
obtained before cycling and after 100 cycles, are shown in Figure 5. In
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the case of the Ni/NiO-graphene composite powder, the diameter of
the semicircular curve, which is indicative of the charge-transfer
resistance (R.;) and was obtained before cycling for medium-range
frequencies, was greater than that in the case of the NiO-Ni compos-
ite powder, as can be seen from Figure 5a. The R, value of the Ni/
NiO-graphene composite powder, which had a high Brunauer-
Emmett-Teller (BET) surface area, was larger than that of the
NiO-Ni composite powder before cycling. The BET surface areas
of the Ni/NiO-graphene and NiO-Ni composite powders were 40.7
and 10.6 m” g7, respectively. The R, value of the Ni/NiO-graphene
composite powder decreased after cycling because its particles
became amorphous after 100 cycles. On the other hand, the R, value
of the NiO-Ni composite powder increased after 100 cycles. The
decrease in the R, value owing to the formation of particles with
an amorphous structure was diminished by the increase resulting
from the change in particle structure during cycling*"*>. Figures 5c
and 5d show the relationship between the real part of the impedance
(Zy.) and ™" (where o is the angular frequency, @ = 2xf) in the
low-frequency region before cycling and after 100 cycles**™**. That
the slope, o, which is the Warburg impedance coefficient of the Z,.
versus @~ '* curve, was low indicates that the Li-ion diffusion rate of
the Ni/NiO-graphene composite powder was high***>. The struc-
tural stability of the Ni/NiO-graphene composite powder during
cycling lowered the charge-transfer resistance and improved the
Li-ion diffusion rate. The electrochemical properties of the Ni/
NiO-graphene composite powders prepared using spray pyrolysis
were compared to those of the NiO-graphene composite materials
previously reported in the literature, and the results are summarized
in Table S1. The Ni/NiO-graphene composite powders showed
higher initial discharge capacities and better cycling performances
than the previously reported NiO-graphene composite materials.
The highly conductive Ni metal and graphene were responsible for
the superior electrochemical properties of the Ni/NiO-graphene
composite powders.

a) 2000 T T T
= Ni/NiO-graphene
L
1600 - + NiO-Ni composite |
50
* » -
o~
G 12004 40 5 . |
N’
- 30 . .
b *
N 800} , - ’ . 1
woiey 'l I S :
§ 0
W 0 10 20 30 40 50
0 400 800 1200 1600 2000
7'
C) 400 ; ; : :
350 " Ni/NiO-graphene " ]
+ NiO-Ni composite
300 _ Linear fit of Ni/NiO-graphene 7
~ 250 — Linear fit of NiO-Ni composite ~ "
) "
. 200 3
N

Figure 5 | Nyquist impedance plots and relationships between real part of the impedance (Z,.) and @

(a) and (c) before cycling, (b) and (d) after cycling.

In summary, a powder consisting of crumpled graphene covered
with uniformly distributed core-shell-structured Ni/NiO nanoclus-
ters was prepared by spray pyrolysis. The electrochemical properties
of the Ni/NiO-graphene composite powder were compared with
those of NiO-Ni composite and pure NiO powders prepared by
the same process. The Ni/NiO-graphene composite powder exhib-
ited higher initial discharge and charge capacities and better cycling
performance than those of the NiO-Ni composite and pure NiO
powders. In addition, the NiO-Ni composite powder showed better
electrochemical properties than those of the pure NiO powder, even
though the two had similar morphologies. The Ni metal and gra-
phene of the Ni/NiO-graphene composite were responsible for its
superior electrochemical properties. The graphene layers retarded
the destroy of the core-shell-structured Ni/NiO nanoclusters by large
volume change and prevented Ni crystal growth during cycling.

Methods

Material fabrication. Synthesis of the solution for spray pyrolysis production of Ni/
NiO-graphene composite. Graphene oxide (GO) was synthesized from graphite flakes
by a modified Hummers method'?. Concentrated H,SO, (120 mL) was added to the
graphite flakes (4 g) and cooled to 0°C using an ice bath. KMnO, (12 g) was added
stepwise to keep the reaction temperature below 10°C. After removing the solution
from the ice bath, it was warmed to 35°C and stirred for 30 min, and then distilled
water (120 mL) was slowly added. External heating was introduced to maintain the
reaction temperature at 80°C for 20 min. Then, the solution was cooled and
additional 500 mL of distilled water (5 wt% H,O,) was added. The black precipitate
(graphite oxide) was thoroughly washed to remove completely the residual salts and
acids and then centrifuged at 4,000 rpm. The as-obtained graphite oxide was re-
dispersed in distilled water and then exfoliated to generate graphene oxide sheets by
ultrasonication. Nickel nitrate hexahydrate was dissolved into the colloidal solution
of graphite oxide.

Synthesis of Ni/NiO-graphene composite. The Ni-graphene composite powders were
directly prepared by spray pyrolysis. A schematic diagram of the ultrasonic spray
pyrolysis system is shown in Figure S9. A quartz reactor of 1200 mm length and
50 mm diameter was used, and its temperature was maintained at 800°C. The flow

rate of nitrogen used as carrier gas was 5 L-min~". As-prepared Ni-graphene com-
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posite powders were post-treated at 300°C under an air atmosphere to form the Ni/
NiO-graphene composite powders.

Synthesis of NiO-Ni composite and pure NiO powders. The NiO-Ni composite and
pure NiO powders were directly prepared by spray pyrolysis from the spray solutions
with and without sucrose, respectively, at the same preparation conditions for the Ni-
graphene composite powders.

Characterization. The crystal structures of the powders were investigated by X-ray
diffractometry (XRD, X’pert PRO MPD) using Cu Ko radiation (A = 1.5418 A).
Morphological features were investigated using field-emission scanning electron
microscopy (FE-SEM, Hitachi S-4800, KBSI Suncheon center) and high-resolution
transmission electron microscopy (HR-TEM, JEM-2100F) operating at a working
voltage of 200 kV. The specific surface areas of the Ni/NiO-graphene and NiO-Ni
composite powders were calculated from Brunauer-Emmett-Teller (BET) analysis of
nitrogen adsorption measurements (TriStar 3000). The XPS spectra of the powders
were investigated using X-ray photoelectron spectroscopy (XPS, ESCALAB-210)
with Al Ka radiation (1486.6 eV).

Electrochemical measurements. The capacities and cycling properties of the
powders were determined using a 2032-type coin cell. The electrode was prepared
from a mixture containing 70 wt% active material, 20 wt% Super P, and 10 wt%
sodium carboxymethyl cellulose (CMC) binder. Lithium metal and microporous
polypropylene film were used as the counter electrode and separator, respectively.
The electrolyte was a solution of 1 M LiPF¢ in a 1:1 volume mixture of ethylene
carbonate/dimethyl carbonate (EC/DMC) containing 2% vinylene carbonate. The
charge/discharge characteristics of the samples were determined through cycling in
the 0.001-3 V potential range at a set of fixed current densities. Cyclic voltammetry
(CV) measurements were carried out at a scan rate of 0.1 mV s . Electrochemical
impedance spectroscopy (EIS) was measured using an electrochemical impedance
spectroscopy (EIS) over a frequency range of 0.01 Hz - 100 kHz.
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