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ABSTRACT: Multicomponent metal oxide hollow-nanosphere decorated reduced
graphene oxide (rGO) composite powders are prepared by spray pyrolysis with
nanoscale Kirkendall diffusion. The double-layer NiFe,O,@NiO-hollow-nanosphere
decorated rGO composite powders are prepared using the first target material. The
NiFe-alloy-nanopowder decorated rGO powders are prepared as an intermediate
product by post-treatment under the reducing atmosphere of the NiFe,0,/NiO-
decorated rGO composite powders obtained by spray pyrolysis. The different diffusion G0 composite
rates of Ni (83 pm for Ni**) and Fe (76 pm for Fe?*, 65 pm for Fe**) cations with
different radii during nanoscale Kirkendall diffusion result in multiphase and double-
layer NiFe,O,@NiO hollow nanospheres. The mean size of the hollow NiFe,O,@NiO
nanospheres decorated uniformly within crumpled rGO is 14 nm. The first discharge
capacities of the nanosphere-decorated rGO composite powders with filled NiFe,O,/
NiO and hollow NiFe,0,@NiO at a current density of 1 A g" are 1168 and 1319 mA h
g~ !, respectively. Their discharge capacities for the 100th cycle are 597 and 951 mA h g™/, respectively. The discharge capacity of
the NiFe,0,@NiO-hollow-nanosphere-decorated rGO composite powders at the high current density of 4 A g™ for the 400th

(8% Double layer
i NiFe,0,@NiO
nanosphere
NiFe,O0,@NiO
-rGO composite

NiFe alloy

Nanoscale Kirkendall diffusion.

cycle is 789 mA h g~".
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B INTRODUCTION

High energy density, high rate capability, and long cycle life are
essential properties of Li-ion batteries (LIBs) for future electric
vehicles and renewable energy storage.l_lo Various transition-
metal oxides have been studied as promising anode materials
for rechargeable LIBs because of their high theoretical
capacities.IF18 In particular, multicomponent transition-metal
oxides having single and multiple phases have been studied to
overcome the poor cycling performance of single-element
ones."” ™%’

Nanostructures with different shapes (such as hollow forms,
yolk—shell arrangements, and nanotubes) were studied to
resolve the issue of volume expansion in metal oxides during
cycling. In particular, hollow metal oxide powders used as
energy storage materials exhibit good electrochemical proper-
ties.”* ™ For example, nanosized hollow metal oxide powders
used as energy storage materials exhibit good electrochemical
properties at high current densities because of their shortened
diffusion length and increased contact area with the electrolyte
for Li* insertion and extraction.”*® Hollow single-component
metal oxide powders, with particles a few nanometers in size,
have been successfully prepared by nanoscale Kirkendall
diffusion using metal nanopowders.”’~** The difference in
the rates of outward diffusion of metal cations through the
oxide layer and inward diffusion of oxygen into the metals
during the oxidation process results in a hollow metal oxide
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nanopowder. However, the preparation of multicomponent
metal oxide hollow powders, with particles a few nanometers in
size, by applying nanoscale Kirkendall diffusion process has
been scarcely studied. To the best of our knowledge, the
electrochemical properties of the multicomponent metal oxide
hollow nanopowders prepared by applying nanoscale Kirken-
dall diffusion process have not been studied.
Single-component nickel oxide and iron oxide materials
showed good electrochemical properties as anode materials for
lithium-ion batteries.>>™>" Therefore, in this study, multi-
component metal oxide hollow nanosphere-decorated reduced
graphene oxide (rGO) composite powders with a 1:1 Ni/Fe
mole ratio are first prepared by spray pyrolysis applying a
nanoscale Kirkendall diffusion process. NiFe alloy nanopowder-
decorated rGO powders were prepared as an intermediate
product by post-treatment under a reducing atmosphere of the
NiFe,0,/NiO-decorated rGO powders obtained by spray
pyrolysis. The transformation of NiFe alloy nanopowders into
hollow metal oxide nanospheres with the nanoscale Kirkendall
diffusion process by post-treatment under air atmosphere
resulted in NiFe,O,@NiO-hollow-nanosphere-decorated rGO
composite powders. rGO layers played a key role as a barrier
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Scheme 1. Formation Mechanism of the NiFe,0,@NiO-hollow-nanosphere-decorated rGO Composite Powder by Nanoscale
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for blocking the growth of NiFe alloy nanopowders and
NiFe,O,@NiO hollow nanospheres during the post-treatment
process. rGO layers also provided excellent support to
NiFe,O,@NiO hollow nanospheres because of their high
conductivity and flexibility.

B RESULTS AND DISCUSSION

The formation mechanism of the NiFe,O,@NiO-hollow-
nanosphere-decorated rGO composite powders with the
nanoscale Kirkendall diffusion process in spray pyrolysis is
described in Scheme 1. The NiFe,0,/NiO-decorated rGO
composite powder with a 1:1 Ni/Fe molar ratio was prepared
directly by spray pyrolysis (Scheme 1-®). The ultrafine NiO
and NiFe,O, nanocrystals, several nanometers in size, were
uniformly distributed over the crumpled rGO structure. The
reduction and alloying processes of the NiFe,0,/NiO nano-
crystals under a reducing atmosphere produced the NiFe alloys
(Scheme 1-®). The growth of the NiFe alloy nanocrystals was
confined by the rGO nanosheets. Therefore, the ultrafine NiFe-
alloy-decorated rGO composite powders were prepared by
post-treatment of the precursor powders obtained by spray
pyrolysis under a reducing atmosphere. The ultrafine NiFe alloy
nanocrystals transformed into the hollow NiFe,O,@NiO
nanospheres by the nanoscale Kirkendall diffusion process
through an oxidation process under an air atmosphere. In the
early oxidation step, NiFe—metal-oxide nanopowder with a
core—shell structure was first formed. The Fe (Fe**, 76 pm;
Fe®*, 65 pm) cations with small radii diffused outward more
quickly than the inward diffusion of oxygen anions (O*7, 140
pm) to form the Ni,Fe,_ @metal oxide nanopowder with inter-
voids (Scheme 1-®). The iron-rich metal oxide layer was
formed during the early stage of the nanoscale Kirkendall
diffusion process. The large-radius Ni cations (Ni**, 83 pm)
diffused outward to form the Ni-rich metal oxide layer covering
the iron-rich metal oxide layer (Scheme 1-®). The reaction of
iron oxide with a partial amount of nickel oxide during the
nanoscale Kirkendall diffusion process formed the iron-rich
NiFe,O, solid solution. The void volume inside of the
nanopowder formed by nanoscale Kirkendall diffusion
increased with increasing oxidation time. Consequently, the
NiFe,0,/NiO-decorated rGO composite powder prepared by
spray pyrolysis transformed into the NiFe,0,@NiO-hollow-

nanosphere-decorated rGO composite powder by this two-step
post-treatment process (Scheme 1-®).

The morphologies of the NiFe,0,/NiO-decorated rGO
composite powders with a 1:1 Ni/Fe molar ratio prepared by
spray pyrolysis are shown in Figure 1. The decomposition of Ni

Figure 1. Morphologies and elemental mapping images of NiFe,O,/
NiO-decorated rGO composite powders: (ab) SEM images, (c,d)
TEM images, () HR-TEM image, and (f) elemental mapping images.
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and Fe salts and the thermal reduction of GO layers inside the
tubular reactor maintained at 500 °C resulted in the formation
of NiFe,0,/NiO-decorated rGO composite powders. The
SEM and TEM images show the crumpled structure of the
composite powders due to the presence of rGO. The high-
resolution TEM image in Figure 1d shows the ultrafine
nanocrystals with sizes below 3 nm uniformly dispersed over
the rGO layers. The high-resolution TEM image in Figure le
shows the clear lattice fringes separated by distances of 0.21 and
0.26 nm, which correspond to the (200) and (311) crystal
planes of the NiO and NiFe,O, phases, respectively. The XRD
pattern of the powders directly prepared by spray pyrolysis in
Figure S1 shows the mixed crystal structures of the NiO and
NiFe,O, phases. The elemental mapping images in Figure 1f
show the uniform distributions of Ni, Fe, and C components,
which are originated from NiO/NiFe,0,, NiFe,O,, and rGO,
respectively, all over the composite powder.

The powders obtained after post-treatment of the NiFe,0,/
NiO-decorated rGO composite powders at 400 °C under a
10% H,/Ar atmosphere for 3 h had the crystal structure of the
NiFe alloy, as shown in Figure S1 in the Supporting
Information. The alloying reaction of Ni and Fe, formed by
the reduction of the NiO and NiFe,O, nanocrystals,
respectively, produced the NiFe-alloy-decorated rGO compo-
site powders. The crumpled structure of the precursor powders
was maintained after the reduction process, as shown by the
SEM and TEM images in Figures 2a—c. However, the highly
aggregated ultrafine NiFe,0,/NiO nanocrystals transformed
into aggregation-free NiFe alloy nanocrystals, as shown by the
TEM image in Figure 2d. The high-resolution TEM image in
Figure 2e shows the single crystal structure and clear lattice
fringes separated by a distance of 0.21 nm, which corresponds
to the (111) crystal plane of NiFe alloy. The mean size of the
NiFe alloy nanocrystals measured from the high resolution
TEM image is 7 nm. The elemental mapping images in Figure
2f show the uniform distributions of Ni, Fe, and C components
all over the composite powder. rGO layers protected the crystal
growth of NiFe alloys during the reduction process.

The NiFe-alloy-decorated rGO composite powders were
post-treated under an air atmosphere at 300 °C for different
times to form the NiFe,O,@NiO-hollow-nanosphere-deco-
rated rGO composite powders. The morphologies of the
composite powders obtained after 5 h of oxidation are shown in
Figure 3. The NiFe,O,@NiO hollow nanosphere decorated
rGO composite powders obtained after the nanoscale
Kirkendall diffusion process have similar overall morphology
to those of the NiFe,0,/NiO- and NiFe alloy-decorated rGO
composite powders shown in Figures 1a and 2a. However, the
TEM images in Figure 3c,d show that the hollow nanospheres
are uniformly dispersed over the rGO layers. The NiFe alloy
nanopowders transformed into the hollow NiFe,O,@NiO
nanospheres by the nanoscale Kirkendall diffusion process. The
mean size of the hollow NiFe,O,@NiO nanospheres measured
from the high-resolution TEM image shown in Figure 3d is 14
nm. The mean size of the nanopowders is increased twice after
void formation by the nanoscale Kirkendall diffusion process.
The high-resolution TEM images in Figure 3e show the clear
lattice fringes separated by distances of 0.26 and 0.21 nm,
which correspond to the (311) and (200) crystal planes of
NiFe,0, and NiO phases, respectively. The different diffusion
rates of Ni (Ni**, 83 pm) and Fe (Fe?*, 76 pm; Fe*, 65 pm)
cations with different radii resulted in the multiphase and
double-layer NiFe,0,@NiO nanospheres.*”* In Figure S1 in

Figure 2. Morphologies and elemental mapping images of NiFe-alloy-
decorated rGO composite powders post-treated under a 10% H,/Ar
atmosphere: (a,b) SEM images, (c,d) TEM images, () HR-TEM
image, and (f) elemental mapping images.

the Supporting Information, the XRD pattern of the powders
obtained after the nanoscale Kirkendall diffusion process and
directly prepared by spray pyrolysis shows the mixed crystal
structure of NiFe,O, and NiO phases. The crystalline peaks of
NijFe alloy are also observed in the XRD pattern of the powders
obtained after the nanoscale Kirkendall diffusion process.
However, the XRD pattern has broad peaks due to the ultrafine
crystallite size of the nanocrystals consisting of the hollow
nanosphere with a shell thickness of 5 nm. The XRD patterns
of the powders obtained at different oxidation times of the
NiFe-alloy-decorated rGO composite powders were inves-
tigated to show the progress of the nanoscale Kirkendall
diftusion process with the oxidation time. The crystal peaks of
the metal oxide were observed from the XRD pattern of the
powders obtained at a short oxidation time of 1 h. However,
the peak sharpness of the XRD pattern increased negligibly
with the oxidation time, as shown in Figure S2 in the
Supporting Information. The elemental mapping images shown
in Figure 3f revealed the uniform distribution of Ni, Fe, and C
components all over the NiFe,O,@NiO-hollow-nanosphere-
decorated rGO composite powder. The combustion of rGO did
not occur during the oxidation process of NiFe alloy by the
nanoscale Kirkendall diffusion process to form the NiFe,O,@
NiO-hollow-nanosphere-decorated rGO composite powder.
The rGO content of the NiFe,O,@NiO-nanosphere-decorated
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Figure 3. Morphologies and elemental mapping images of NiFe,O,@
NiO hollow-nanosphere-decorated rGO composite powders obtained
by nanoscale Kirkendall diffusion: (a) SEM image, (b—d) TEM
images, (e) HR-TEM images, and (f) elemental mapping images.

rGO composite powders estimated by TGA shown in Figure S3
in the Supporting Information is 9.0 wt %.

The chemical state and molecular environment of the filled-
NiFe,0,/NiO- and hollow-NiFe,0,@NiO-nanosphere-deco-
rated rGO composite powders were characterized by XPS. The
binding energy patterns associated with Ni 2p in NiFe,0,/
NiO- and NiFe,O,@NiO-decorated rGO composite powders
are similar, as shown in Figure S4ab in the Supporting
Information. The two composite powders have the Ni 2p;,,
spectrum fitted by considering two spin—orbit doublets
characteristic of Ni** and Ni** and two shakeup satellites
(identified as “Sat”). NiFe,O, has shown n-type or p-type
electronic conductivity depending on the different synthesis
techniques and crystal sizes. The p-type behavior has been
attributed to the presence of Ni** and hole-hopping from Ni**
to Ni?*."”*® In the Ni 2p spectrum of NiFe,0,/NiO-decorated
rGO composite powder shown in Figure S4a in the Supporting
Information, the main peaks observed at binding energies of
8559 eV for Ni 2p;,, and 8734 eV for Ni 2p,;,, are the

characteristic Ni** peaks of NiO and NiFe,0,.""~>" The peaks
observed at binding energies of 855.9 eV for Ni 2p;,, and 873.4
eV for Ni 2p,,, are the characteristic peaks of NiFe,O,. The
NiO layer covered the NiFe,O, core in the NiFe,O,@NiO-
decorated rGO composite powders. Therefore, the intensity of
the peak observed at a binding energy of 855.9 eV for Ni 2p;,
of the NiFe,O,@NiO-decorated rtGO composite powders is
higher than that of the NiFe,0,/NiO-decorated rGO
composite powders. The Fe 2p spectra shown in Figure
S4b,e in the Supporting Information can also be best fitted by
considering the two spin—orbit doublets characteristic of Fe>*
and Fe*. The Fe 2p spectra of the two composite powders
show two main peaks at binding energies of 711.0 eV for Fe
2p3/, and 724.5 eV for Fe 2p,,,, which are the characteristic
peaks of NiFe,0,.>"">* In the case of NiFe,0,/NiO-decorated
rGO composite precursor powders, a weak peak is found at
702.8 eV, which can be ascribed to Fe’. The reducing
atmosphere around the powders due to rGO layers during
the spray pyrolysis process under an N, atmosphere resulted in
the partial reduction of the Fe component into iron metal. The
C 1s peaks shown in Figure S4c,f in the Supporting Information
can be attributed to sp>-bonded carbon (C—C), epoxy and
alkoxy groups (C—O), and carbonyl and carboxylic (C=0)
groups, which correspond to peaks at 284.9, 286.7, and 287.6
eV, respectively. The sharp XPS peaks at 284.6 eV indicate the
thermal reduction of GO into rGO for both the filled-NiFe,0,/
NiO- and the hollow-NiFe,O,@NiO-nanosphere-decorated
rGO composite powders.””>* The BET surface areas of the
filled-NiFe,0,/NiO- and hollow-NiFe,0,@NiO-nanosphere-
decorated rGO composite powders are 121.8 and 113.4 m* g™*,
respectively. The ultrafine NiO and NiFe,O, nanocrystals
transformed into the large-size NiFe,0,@NiO hollow nano-
sphere having a gas-impermeable shell after the second-step
post-treatment process. Therefore, the NiFe,O,/NiO-deco-
rated rGO composite powder prepared directly by spray
pyrolysis had a higher BET surface area than that of the
NiFe,0,@NiO-hollow-nanosphere-decorated rGO composite
powder.

The CVs of the filled-NiFe,0,/NiO- and hollow-NiFe,O,@
NiO-nanosphere-decorated rGO composite powders during
the first five cycles at a scan rate of 0.07 mV s™" in the voltage
range of 0.001—3 V are shown in Figure 4a,b. The first cathodic
scan of the NiFe,0,/NiO-decorated rGO composite powders
shows two peaks located at 1.2 and 0.7 V, which can be
attributed to Li insertion into the structure and the reduction of
Fe®" and Ni*" to Fe® and Ni’, respectively, and the formation of
amorphous Li,0.>7® The clear reduction peak at around 1.2
V has been rarely observed in the first cathodic scan of the
NiFe,O0,@NiO-hollow-nanosphere-decorated rGO composite
powders. The two broad oxidation peaks observed at around
1.5 and 2.3 V in the first charging process of the two composite
powders are attributed to the oxidation of Ni’ to Ni** and of
Fe® to Fe** and Fe**.>*™>% From the second cycle onward, the
cathodic and anodic peaks in the CV tests overlapped
substantially, indicating that the electrodes of the two
composite powders have outstanding cycle ability for the
insertion and desertion of Li ions.

The initial discharge and charge curves of the filled-NiFe, 0,/
NiO- and hollow-NiFe,O,@NiO-nanosphere-decorated rGO
composite powders at a current density of 1 A g™' are shown in
Figure 4c. The first discharge capacities of the filled-NiFe,0,/
NiO- and hollow-NiFe,O,@NiO-nanosphere-decorated rGO
composite powders are 1168 and 1319 mA h g™/, respectively,
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Figure 4. Electrochemical properties of filled-NiFe,0,/NiO- and hollow-NiFe,0,@NiO-nanosphere-decorated rGO composite powders: (a,b) CV
curves, (c) initial charge—discharge curves, (d) cycling performances and Coulombic efficiencies, (e) rate performances, and (f) long cycling

performance and Coulombic efficiencies.

and their initial Coulombic efficiencies are 69% and 77%. The
cycling performances of the two samples at a current density of
1 A g™' are shown in Figure 4d. The capacity fadings of the
filled-NiFe,O,/NiO- and hollow-NiFe,O,@NiO-nanosphere-
decorated rGO composite powders are observed during the
initial S0 and 10 cycles, respectively. The electrochemical
grinding effect during cycling led to the partial structural
destruction of the powders and provoked capacity fading during
the initial 10 cycles of the NiFe,O,@NiO-hollow-nanosphere-
decorated rGO composite powders.””* The continuous
capacity fading of the NiFe,0,/NiO-decorated rGO composite
powders during the further 40 cycles revealed the structural
instability during repeated lithium insertion and desertion
processes. The discharge capacities of the NiFe,O,@NiO-
hollow-nanosphere-decorated rGO composite powders increase
slightly from the 22nd cycle up to 951 mA h g™* for the 100th
cycle due to the formation of a polymeric gel-like film on the
active material.’”*> The discharge capacity of the filled-
NiFe,0,/NiO-decorated rGO composite powders for the
100th cycle is 597 mA h g~'. The rate performances of the
two composite powders are shown in Figure 4e, in which the
current density is increased stepwise from 1 to S A g~' with a
step size of 1 A g_l. The filled-NiFe,0,/NiO- and hollow-
NiFe,O,@NiO-nanosphere-decorated rGO composite powders
had final discharge capacities of 716, 581, 498, 441, and 399 mA
h ¢! and 1008, 920, 844, 773, and 694 mA h g™' at current
densities of 1, 2, 3, 4,and S A g_l, respectively. The long-term
cycling performance and Coulombic efficiencies of the
NiFe,O,@NiO-hollow-nanosphere-decorated rGO composite
powders at the high current density of 4 A g™' are shown in
Figure 4f. The discharge capacities of the composite powders
for the first and 400th cycles were 1308 and 789 mA h g7,

16846

respectively, and their capacity retention measured from the
second cycle is 80%. The hollow-NiFe,O,@NiO-nanosphere-
decorated rGO composite powders showed high Coulombic
efficiencies of above 99.0% from the 10th cycle onward at high
current densities of 1 and 4 A g~' as shown in Figure 4 parts d
and f, respectively. The impedance measurements of the
composite powders were carried out at room temperature
before and after 1 and 100 cycles at a current density of 1 A g™"
Electrochemical impedance spectroscopy of the NiFe,O,@
NiO-hollow-nanosphere-decorated rGO composite powders
was conducted to evaluate their electrochemical properties. The
resulting Nyquist plots in Figure S5 in the Supporting
Information show semicircles in the medium-frequency range
that are assigned to the charge-transfer resistance of the
electrodes. The charge-transfer resistance of the composite
powders decreased after cycling due to the transformation of
the crystalline structure into an amorphous structure after the
first cycle. The charge-transfer resistances of the NiFe,O,@
NiO-hollow-nanosphere-decorated rGO composite powders
with high structural stability during repeated lithium insertion
and desertion processes increased slightly during the 100 cycles.
The morphologies of the NiFe,0,@NiO-hollow-nanosphere-
decorated rGO composite powders obtained after 100 cycles at
a current density of 2 A g™ are shown in Figure S6 in the
Supporting Information. The hollow structure of the nano-
spheres consisting of the composite powder was well-
maintained even after repeated lithium insertion and desertion
processes.

B CONCLUSIONS

Multicomponent NiFe,O,@NiO-hollow-nanosphere-decorated
rGO composite powders were prepared by spray pyrolysis
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applying nanoscale Kirkendall diffusion process. The filled-
NiFe,0,/NiO-decorated rGO composite powders prepared by
one-pot spray pyrolysis transformed into the NiFe,O,@NiO-
hollow-nanosphere-decorated rGO composite powders by a
two-step post-treatment process under reducing and oxidating
conditions. rGO layers played a key role as a barrier for
blocking the growth of NiFe alloy nanopowders and NiFe,O,@
NiO hollow nanospheres during the post-treatment process. To
conclude, the crumpled rGO powders uniformly decorated with
ultrafine NiFe,O,@NiO hollow nanospheres, showing superior
cycling and rate performances for lithium ion storage, were
successfully prepared. This simple process can be successfully
applied in the preparation of multicomponent hollow metal
oxide nanosphere-decorated rGO composite powders with
different compositions for a variety of applications including
energy storage.

B EXPERIMENTAL SECTION

Sample Preparation. A three-step process was applied to the
preparation of NiFe,O,@NiO-hollow-nanosphere-decorated rGO
composite powders. The NiFe,0,/NiO-decorated rGO composite
powders were prepared by a simple spray pyrolysis process using a
spray solution of nickel nitrate hexahydrate (Ni(NO;),-6H,0), iron
nitrate nonahydrate (Fe(NO;);9H,0), and graphene oxide (GO)
nanosheets. GO nanosheets were synthesized from graphite flakes
using a modified Hummers method, as described in our previous
report.>® As-synthesized GO nanosheets were redispersed in distilled
water and then exfoliated by ultrasonication. Samples containing 0.015
M of Ni(NO;),-6H,0 and 0.015 M of Fe(NO,);9H,0 were
dissolved in 500 mL of 1 mg mL™' exfoliated GO dispersion to
fabricate the NiFe,0,/NiO-decorated rGO composite powders. In the
spray pyrolysis process, droplets were generated using a 1.7-MHz
ultrasonic spray generator consisting of six vibrators. The droplets
were carried to a quartz reactor with a length of 1200 mm and a
diameter of S0 mm using N, as the carrier gas at a flow rate of 10 L
min~". The reactor temperature was maintained at 500 °C. The first
step in the post-treatment process was carried out at 400 °C for 3 h
under a 10% H,/Ar reducing atmosphere; this produced NiFe-alloy-
decorated rGO composite powders. The second step in the post-
treatment process of the NiFe-alloy-decorated rGO composite
powders was carried out at 300 °C for 5 h in air atmosphere to
produce NiFe,O,@NiO-hollow-nanosphere-decorated rGO compo-
site powders.

Characterization. The crystal structures of the powders were
investigated using X-ray diffractometry (XRD, X’pert PRO MPD) with
Cu—K,, radiation (1 = 1.5418 A) at the Korea Basic Science Institute
(Daegu, Korea). The morphologies of the powders were investigated
using field-emission scanning electron microscopy (FE-SEM, Hitachi
$-4800) and high-resolution transmission electron microscopy (HR-
TEM, JEOL JEM-2100F) at a working voltage of 200 kV. The specific
surface areas of the powders before and after post-treatment at various
temperatures were calculated by a Brunauer—Emmett—Teller (BET)
analysis of nitrogen-adsorption measurements (TriStar 3000). The X-
ray photoelectron spectroscopy (XPS) of the powders was performed
using ESCALAB-250 with Al Ka radiation (1486.6 eV). To determine
the amount of reduced graphene oxide in the NiFe,0,@NiO-hollow-
nanosphere-decorated rGO composite powder, we performed a
thermogravimetric analysis (TGA, SDT Q600) in air at a heating
rate of 10 °C min~".

Electrochemical Measurements. The electrochemical properties
of the powder were analyzed using a 2032-type coin cell. The anode
was prepared by mixing the active material, carbon black, and sodium
carboxymethyl cellulose in a weight ratio of 7:2:1. Li metal and
microporous polypropylene film were used as the counter electrode
and the separator, respectively. The electrolyte was 1 M LiPFq
dissolved in a mixture of fluoroethylene carbonate—dimethyl carbonate
(FEC/DMC; 1:1 v/v). The discharge and charge characteristics of the
samples were investigated by cycling in the potential range of 0.001—3

V at various current densities. Cyclic voltammograms (CVs) were
measured at a scan rate of 0.07 mV s~
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