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G
raphene, a single sheet of sp2-hybri-
dized carbon atoms in a honeycomb
lattice, has unique physical and

structural properties and has captured the
attention of a large number of researchers
as a strong candidate for a variety of elec-
tronic and energy-related devices and struc-
tures. Sincemechanical exfoliation of highly
ordered pyrolytic graphite for the isolation
of graphene sheets was first reported by the
Manchester group,1 many approaches have
been developed to synthesize graphene,
including sublimation of epitaxial SiC,2 che-
mical exfoliation of graphite,3 and chemical
vapor deposition (CVD) using a metal
catalyst.4�6 Among these techniques, the
CVD method using a Ni or Cu catalyst is a
promising approach for the synthesis of
graphene because of its scalability and
ease of processing. The Ni-assisted CVD
method7,8 involves bulk carbon diffusion
and segregation based on the high solubi-
lity of carbon in Ni at high temperatures. In
contrast, the Cu-assisted CVD9,10 method
involves a surface catalytic process due to
the low solubility of carbon in Cu. Recently,
large-area, high-quality graphene sheets
have been synthesized using both Ni and
Cu catalysts.11,12

Three-dimensional (3D) structured gra-
phene is of considerable interest because
of its potential applications in sensors, super-
capacitors, and catalytic electrodes.13�15

However, the preparation of 3D structured
graphene using both chemical exfoliation
and CVDmethod remains challenging. We
developed a simple and scalable method
for the synthesis of hollow graphene balls
(GBs) via template-directed carbon segrega-
tion using a Ni nanoparticle (Ni-NP) template.

We presented the effective carburization
process of Ni-NPs and the carbon segrega-
tion to synthesize GBs with controllable
graphene thickness and their size and in-
vestigated the mechanism of GB synthesis.

RESULTS AND DISCUSSION

GB preparation consists of three steps:
(i) carburization process where carbon
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ABSTRACT

Three-dimensional (3D) structured graphene is a material of great interest due to its diverse

applications in electronics, catalytic electrodes, and sensors. However, the preparation of 3D

structured graphene is still challenging. Here, we report the fabrication of multilayer graphene

balls (GBs) by template-directed carbon segregation using nickel nanoparticles (Ni-NPs) as

template materials. To maintain the ball shape of the template Ni-NPs, we used a

carburization process using polyol solution as the carbon source and a thermal annealing

process to synthesize graphene layers via carbon segregation on the outer surface of the

Ni-NPs. The resulting GBs were hollow structures composed of multilayer graphene after the

removal of core Ni-NPs, and the thickness of the graphene layers and the size of GBs were

tunable by controlling the graphene synthesis conditions. X-ray diffraction analysis and in situ

transmission electron microscope characterization revealed that carbon atoms diffused

effectively into the Ni-NPs during the carburization step, and that the diffused carbon atoms

in Ni-NPs segregated and successfully formed a graphene layer on the surface of the Ni-NPs

during thermal annealing. We also performed further heat treatment at high temperature to

improve the quality of the graphene layer, resulting in highly crystalline GBs. The unique

hollow GBs synthesized here will be useful as excellent high-rate electrode materials for

electrochemical lithium storage devices.

KEYWORDS: graphene . graphene balls . carbon segregation . carburization
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diffused into the starting Ni-NPs using a polyol solution
aided by the catalytic reaction of Ni to prepare carbon-
incorporated Ni-NPs; (ii) formation of multilayer gra-
phene (MLG)-encapsulated Ni-NPs via carbon segrega-
tion by thermal annealing of carbon-incorporated
Ni-NPs; and (iii) dissolution of the core Ni-NPs using
an acidic solution (Figure 1a) to obtain hollow GBs.
Starting Ni-NPs with a ball shape and monodisperse
size distribution were treated in a polyol solution at
250 �C. Ni effectively decomposes polyol into carbon
atoms due to catalytic activation. The decomposed
carbon atoms diffuse into the Ni-NPs, resulting in the
formation of carbon-incorporated Ni-NPs, the so-called
carburization process. As shown in Figure 1b, the
carbon-incorporated Ni-NPs retained their original
shape and size after the carburization reaction because
the carburization reaction was performed at the low
temperature of 250 �C to prevent deformation or

aggregation of the Ni-NPs, thereby ensuring that the
final GBs kept similar shape and size to the starting Ni-
NPs. Generally, Ni is carburized by mixing graphite
powder with Ni at a high temperature (∼1000 �C) in
a vacuum for a long period of time (>1 week).16,17 A
high-temperature carburization process cannot be
applied to Ni-NPs because fine Ni-NPs would be sin-
tered at these high temperatures, and hence it would
be difficult to maintain the shape and size of the initial
Ni-NPs. Therefore, in this work, we developed the
carburization process at low temperature using a liquid
polyol solution to produce carbon-incorporatedNi-NPs
that maintained their original shape and size. After the
carburization process, the carbon-incorporated Ni-NPs
were annealed in an argon atmosphere at 500 �C
to synthesize graphene layer on the surfaces of the Ni-
NPs. During this annealing process, the carbon atoms
diffused by the carburization process were segregated

Figure 1. (a) Schematic illustration of the synthesis of hollow GBs. SEM and high-resolution TEM (inset) images of (b) carbon-
incorporated Ni-NPs, (c) MLG-encapsulated Ni-NPs, and (d) GBs.
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and formed a graphene layer on the surfaces of the
Ni-NPs (Figure 1c). Graphitic layer formation on the sur-
face of Ni by high-temperature annealing of carbon-
containing Ni is a well-characterized process. Recently,
Liu et al.18 reported the synthesis of a graphene layer on
the surface of a Ni film using solid carbon segregation
instead of using a carbon gas. They prepared catalytic Ni
film containing carbon atoms by the deposition of a
Ni�carbon compound source, and the graphene layer
was synthesized on theNi surfaceby annealing at a high
temperature (>1000 �C). In this work, we used the
relatively low annealing temperature of 500 �C to pre-
vent the Ni-NPs from aggregation. We were therefore
able to synthesize MLG-encapsulated Ni-NPs that main-
tained their original ball shapes without aggregation.
Finally, hollow GBs were produced by dissolution of the
core Ni-NPs of the prepared MLG-encapsulated Ni-NPs
(Figure 1d). Note that the hollow GBs maintained their
original ball shape even after the core Ni-NPs were
removed with a wet etching process, as shown in the
scanning electron microscope (SEM) and transmission
electron microscope (TEM) images in Figure 1d.
We used TEM to characterize the structure of the

graphene layer in the GBs. Most GBs in Figure 2a are
hollow ball structures with the same shape of original
Ni-NPs, and the high-resolution TEM image in Figure 2b
shows that the typical graphene layer thickness of the
GBs was about 2.7 nm, indicating that the GBs com-
prised approximately eight layers of graphene. Due to
high carbon solubility of Ni, mostly multilayer gra-
phene was synthesized on the surface of Ni, and

the same behavior occurred in the Ni-assisted CVD
method. Moreover, as mentioned above, graphene
layers did not collapse or deform during the core Ni-
NP etching process. Because of the robust mechanical
properties of graphene and the multilayered struc-
tures, the GBs maintained their ball shape even after
etching out of the core Ni-NPs. In contrast, when only a
few layers of graphenewere synthesized, the graphene
shell collapsed during the core Ni-NP etching process
due to a lack of mechanical robustness, resulting in a
folded and wrinkled graphene layer (see Supporting
Information Figure S1). Raman spectroscopy of the GBs
using a 633 nm laser after the removal of the core
Ni-NPs revealed three main peaks of graphene. As
shown in Figure 2c, D and G peaks appeared in the
Raman spectra of the sp2-carbon material at 1340
and 1580 cm�1, respectively, indicating defects in the
graphitic lattice and the graphitic sp2-structure, and
the 2D band around 2650 cm�1 is known as a second-
order D peak. The prepared GBs had a higher ID/IG ratio
than CVD-grown graphene at high temperature, show-
ing the defective graphene layer of GBs. To prevent the
aggregation of Ni-NPs, we performed the annealing
process at 500 �C rather than at∼1000 �C, which is the
temperature used to prepare conventional CVD-grown
graphene. At this low temperature, the graphene layer
was synthesized with the structural defects and
amorphous carbon. Furthermore, graphene was syn-
thesized on the spherical surface of the Ni-NPs, result-
ing in a very small graphene domain, which also
contributes to the high ID/IG ratio seen in the Raman

Figure 2. (a) TEM and (b) high-resolution TEM image of GBs. (c) Raman spectrum at a laser excitation wavelength of 633 nm,
and (d) photographs of the MLG-encapsulated Ni-NP powder (left) and GB powder (right).
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spectra of the GBs. These results were also attributed to
the formation of wavy and discontinuous layered
graphene structure, as shown in Figure 2b. Despite
the high ID/IG ratio, a clear 2D peak was detected in the
GBs. These results imply that carburization of a polyol
solution and thermal annealing at 500 �C resulted in
efficient synthesis of GBs despite the fact that the
synthesized graphene layers had defective structures.
We took further steps to improve the defective gra-
phene structures, which will be discussed in detail later.
The prepared sample powders of MLG-encapsulated
Ni-NPs and GBs (the latter obtained after the removal of
the core Ni) are shown in Figure 2d. The left image of the
MLG-encapsulated Ni-NPs clearly shows that the particles
moved toward the wall of the vial in response to a
magnetic force exerted by amagnet due to the existence
of core Ni, whereas particles in the latter sample (hollow
GBs structureswithout aNi core) werenot attracted to the
magnet. Note that our proposed GB synthesis method is
simple and scalable to produce a large amount of GBs.
To study the carburization of Ni-NPs using polyol

solution, we first characterized the phase changes of
Ni-NPs by examining the X-ray diffraction (XRD) pat-
terns of untreated Ni-NPs and carbon-incorporated

Ni-NPs after various carburization times at 250 �C, as
shown in Figure 3a. The untreated starting Ni-NPs had
cubic phaseNi havingmainly (111) phase (markedwith
the open diamond). After 2 h of carburization, a new Ni
phase started to appear in the Ni-NPs (marked with
filled circles). Examination of the peak position and
intensity ratio of the new phase led us to assign the
new phase to hexagonal nickel carbide (Ni3C) (JCPDS
77-0194). As the carburization time increased, the
diffraction peak intensity of the cubic phase dimin-
ished, while the hexagonal nickel carbide peak inten-
sity increased. After 12 h of carburization, the cubic
phase peak finally disappeared, and only the Ni3C
phase was detected, which indicates that the Ni-NPs
were converted into nickel carbide nanoparticles by
the carburization process in polyol solution. With
regard to the carbon content in the carbon-incorpo-
rated Ni-NPs, we integrated the diffraction area for
each phase from the XRD patterns and also measured
the carbon content using a C/S analyzer. As shown in
Figure 3b, the carbon content calculated from the XRD
data was consistent with the carbon contentmeasured
directly using the C/S analyzer; the carbon content
increased linearly for the first 6 h of carburization and
was saturated at 6.31 wt % of carbon content after 12 h
of carburization, at which stage only nickel carbide NPs
existed. This saturation value is in good agreement with
the stoichiometric carbon content in Ni3C of 6.39 wt %.
These results clearly indicate that the starting Ni-NPs
reacted with polyol to effectively induce the cleavage of
the C�C bonds of polyol, thereby decomposing it into
carbon fragments that diffused into the Ni-NPs, resulting
in the formation of the Ni3C phase during carburization.
Thermal annealing of the carbon-incorporated

Ni-NPs is another crucial process for GB formation by
the carbon segregation. The Ni3C phase is known to be
unstable at temperatures above 325 �C; at high tem-
peratures, it decomposes into a mixture of phase-
separated nickel and graphite phases due to carbon
segregation.19,20 We characterized the carbon segre-
gation behavior of the carbon-incorporated Ni-NPs by
in situ X-ray diffraction. The XRD patterns at various
annealing temperatures after in situ thermal annealing
of the samples in an X-ray diffractometer under a
nitrogen atmosphere are shown in Figure 4a. The
heating rate was 10 �C/min, and the holding time
was 20 min at each temperature. At 350 �C, the hexa-
gonal Ni3C phase peaks of the carbon-incorporated
Ni-NPs started to decrease and the cubic nickel phase
appeared. Above 450 �C, all hexagonal phase peaks
disappeared and only cubic nickel phase peaks were
observed, as shown in the XRD patterns in Figure 4a.
These results were confirmed by the selected area
electron diffraction (SAED) patterns (see Supporting
Information Figure S3). It reveals that the hexagonal
phase of Ni-NPs before the thermal annealing was
transformed into the cubic phase after the carbon

Figure 3. (a) X-ray diffraction patterns of the startingNi-NPs
(top) and the particles obtained after various carburization
times in polyol. (b) Carbon content of the carbon-incorpo-
rated Ni-NPs as a function of the carburization time.
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segregation by the thermal annealing. More detailed
investigations were performed using a synchrotron
X-ray source; a trace of a graphite (002) peak at 2θ =
26� clearly appeared after thermal annealing at 500 �C,
whereas no graphite peak was found before annealing
(Figure 4b). Moreover, high-resolution TEM images
showed that graphitic layers formed on the Ni-NPs'
surface after thermal annealing (Figure 4e,f); in contrast,
no clear graphitic layers were found on the carbon-
incorporated Ni-NPs (Figure 4c,d). These results indicate
that carbon atoms that diffused into the Ni-NPs during
the carburization process segregated and diffused out
to form thin graphene layers on the surfaces of the
Ni-NPs by the thermal annealing at 500 �C.
To directly observe the formation of graphene

layers on the Ni-NP surfaces, we performed in situ

TEM characterization. Carbon-incorporated Ni-NPs
were annealed on a heating stage inside a TEM cham-
ber, and we directly observed graphene layer forma-
tion on annealing. In situ TEM images of the graphene
layers that formed on the surfaces of the Ni-NPs during
annealing of the sample are shown in Figure 5. Due to
thermal vibration of the particles during in situ TEM
observations, precise focusing was extremely difficult
andwe therefore took snapshotmicrographs at certain
temperature points. Figure 5 confirmed that carbon
atoms within the carbon-incorporated Ni-NPs segre-
gated onto the surfaces of the Ni-NPs and successfully
formed graphene layers during thermal annealing, and
TEM images clearly showed that the number of gra-
phene layers increased in proportion to the annealing
temperature. Graphene layers did not form initially

Figure 4. (a) X-ray diffraction patterns of the carbon-incorporated Ni-NPs after in situ thermal annealing under a nitrogen
atmosphere in an X-ray diffractometer. (b) Synchrotron X-ray diffraction patterns of the starting carbon-incorporated Ni-NPs
(bottom) and after in situ thermal annealing in an X-ray diffractometer. (c,d) TEM images of the starting carbon-incorporated
Ni-NPs, and (e,f) TEM images after in situ thermal annealing in an X-ray diffractometer.
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around 380 �C but increased rapidly above 395 �C
(Figure 5f). Moreover, we demonstrated that the num-
ber of graphene layers can be controlled by controlling
the annealing time at a given annealing temperature
(see Supporting Information Figure S2a�c); the thick-
ness of the graphene layers increased as the annealing
time at 500 �C increased. These results confirms that,
for a given carbon content of theNi-NPs, the amount of
carbon atoms that reach the surface of the Ni-NPs was
determined by the diffusion length, which is limited by
the diffusion time. Various sizes of GBs were also
obtained by synthesizing GBs using starting Ni-NPs
with various diameters (see Supporting Information
Figure S2d�f); the diameter of GBs increased as the
diameter of starting Ni-NPs increased.
As shown in Figure 2c, the crystallinity of the as-

prepared GBs was still low, considering the high ID/IG
ratio in the Raman spectra and the defective layered
structure in the TEM images. There were amorphous
carbons and structural defects in the graphene crystal
such as pentagons, heptagons, and vacancies due
mainly to our use of a thermal annealing temperature
of 500 �C. It is well-known that, for metal-assisted CVD
graphene growth, a low ID/IG ratio is generally ob-
served for graphene grown at temperatures >900 �C.
To remove the defects and enhance the crystallinity of
the GBs, we performed the heat treatment with the
hollow GBs at 900 and 1200 �C. Figure 6a shows GBs
after the heat treatment at 900 �C for 1 h. The heat-
treated GBsmaintained their spherical ball shape with-
out deformation and aggregation. The detailed obser-
vation of their graphene layers by TEM (Figure 6b)

indicated that the graphene layers became flat and
continuous structures compared to the as-prepared
GBs in Figure 2b, which had a somewhat wavy and
discontinuous layered structure. The heat treatment of
GBs at 1200 �C yielded GBs with some interesting
characteristics. SEM and TEM images of the GBs are
shown in Figure 6c,d after theheat treatment at 1200 �C.
The morphology of the GBs changed from spherical to
polyhedral, and some of them aggregated due to
interdiffusion during heat treatment. High-resolution
TEM images of the wall structure also revealed that the
round morphology of the GBs was transformed into a
faceted morphology due to significantly flat layered
structural development. We attribute these thermally
induced morphological transformations of the GB
structures to density changes in the GBs induced by
an increase of crystallinity and crystalline size, which
creates strain in the confined GBs' structures and
subsequently yields a straight layer of graphene with
a bent structure. This result is consistent with that of a
previous study21 that investigated the effects of heat-
ing multiwalled carbon nanotubes (MWCNTs) at high
temperatures. The authors of that study reported a
change in morphology from wavy layers into straight
layers after high-temperature treatment. These structural
effects of the heat treatment of GBs are in good
agreement with the results of XRD and Raman ana-
lyses. The XRD and Raman spectra of the samples heat-
treated at 900 and 1200 �C are shown in Figure 6e,f. The
(002) peaks of graphite detected in the XRD data were
much sharper than that of the as-prepared GBs in
Figure 4b, indicating the improvement of the layered

Figure 5. In situ TEM characterization of the formation of graphene layers upon heating the carbon-incorporated Ni-NPs, (a)
386 �C, (b) 395 �C, (c) 396 �C, (d) �397 C, (e) 400 �C, and corresponding high-resolution TEM images (insets). (f) Number of
graphene layers grown at various heating temperature. The scale bar represents 10 nm.
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structures of graphene. To determine the peak sharp-
ness quantitatively, we calculated full width at half-
maximum (fwhm) values from (002) peaks of graphite
in the XRD data shown in Figure 6e. As-prepared GBs
had a fwhm value of 1.86, whereas the GBs heat-
treated at 900 and 1200 �C had a fwhm value of 1.12
and 0.95, respectively, suggesting that the crystallinity
and flat layer stack of the GBs was improved by heat
treatment. We confirmed these results by investigating
the Raman spectra, which revealed clearly the decrease
of theD peakwith the increase of the 2Dpeak. The ID/IG
ratio of GBs heat-treated at 1200 and 900 �C was 0.447
and 0.770, respectively, indicating that the defects in
the GBs were removed and recrystallized with larger
crystalline size of graphene after heat treatment at
high temperature. Moreover, the 2D peak at about

2650 cm�1 in Figure 6f, another indicator of the crystal-
linity of graphene, was more prominent in the heat-
treated GBs than the as-prepared GBs. These results
clearly indicate that thermal treatment of GBs effec-
tively increases their crystallinity and crystalline size
and is accompanied by a transition in morphology
from spherical to polyhedral.
As proof-of-concept of one potential application of

the GBs, we evaluated the electrochemical perfor-
mance of the as-prepared GBs and heat-treated GBs
(1200 �C) as anodes for lithium-ion batteries. The
cycle performance of the as-prepared and heat-treated
GBs at various current density conditions is shown in
Figure 7. Both types of GBs showed a certain capacity
fading as the cycle number and current density rate
increased, which we attributed to the formation of a

Figure 6. SEM and TEM images of GBs heat-treated (a,b) at 900 �C for 1 h and (c,d) at 1200 �C for 1 h. (e) X-ray diffraction
patterns and (f) Raman spectra of the GBs heat-treated at 900 and 1200 �C.
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solid electrolyte interface (SEI) film on the electrode
surface of the GBs due to electrolyte decomposition and
the formation of lithium organic compounds. Even at an
extremely high current density rate, the heat-treated and
as-prepared GBs exhibited excellent capacity retention
values of 82.3 and 75.5%, respectively, which could be
due to their unique structure, that is, a hollow ball shape
with thin graphene layers (about 3 nm). These results
indicate that GBs are excellent high-rate electrode mate-
rials for electrochemical lithium storage devices. It should
also benoted that even after the high current density rate
measurements, the specific capacity at each current rate
recovered almost to the initial value of 97.5% for the heat-
treated GBs and to 94.9% for the as-prepared GBs. These
low-capacity GB anodes still have some disadvantages
compared with commercial lithium-ion batteries and
are not competitive with conventional carbon anodes;

however, their excellent high-rate cycle performancewith
high electrochemical reversibility makes these GBs sui-
table for electrochemical applications. Moreover, the
low specific capacity of the GBs could be improved by
modifying the structures of GBs for high surface area
and creating the composite electrodes with high-
capacity electrode materials such as Si or Sn.

CONCLUSIONS

We developed a template-directed method to
synthesize hollow GBs using Ni-NPs as a template.
We performed a carburization process to facilitate
carbon diffusion into Ni-NPs using a polyol solution
and thermal annealing to stimulate carbon segrega-
tion, resulting in graphene layer formation on the
surfaces of Ni-NPs. The prepared GBs maintained their
spherical ball shape and did not aggregate during the
thermal annealing process and even after removal of
the core Ni-NPs, yielding hollow GBs composed of
multilayer graphene. The detailed investigation using
XRD and in situ TEM characterization revealed that the
carburization of Ni-NPs with polyol solution and the
carbon segregation by thermal annealing are reliable
approaches for graphene synthesis on the surfaces of
the Ni-NPs. We also obtained high-quality GBs by
further heat treatment at high temperatures. The
unique hollow structures of GBs make them suitable
for application in future electronic devices, energy
electrodematerials for lithium-ion batteries and super-
capacitors, and as catalysts. Moreover, the template-
directed GB synthesis approach proposed in this work
is a versatile and scalable technique that can be used to
fabricate structured graphene materials.

METHODS
Preparation of GBs. Ni-NPs were prepared by reducing nickel

chloride in aqueous solution. The prepared Ni-NPs were trans-
ferred into polyol solution, which is a triethylene glycol (TEG)
solution that contains a small amount of NaOH aqueous solu-
tion. Keeping the system at a temperature of 250 �C for an
appropriate time finally led to the formation of carbon-incor-
porated Ni-NPs. The prepared samples were placed in a furnace
and annealed in an argon atmosphere at 500 �C, resulting in
MLG-encapsulated Ni-NPs. The hollow GBs were obtained by
dissolving the core Ni-NPs in a dilute hydrochloric acid solution
for 12 h.

Electrochemical Measurements. The electrodes were prepared
by spreading slurries of 40wt%GBs and 60wt%polyvinylidene
fluoride (Solvay Solexis, SOLEF 6020) dissolved in N-methyl-2-
pyrrolidone onto 15 μm thick copper foil current collectors.
After heating at 80 �C for 2 h and pressing by a roll press
machine, circular electrodes (12 mm diameter) with a typical
loading of 1.5 mg/cm2 GC were dried at 120 �C for 2 h in a
vacuum oven. Then, 2032 coin-type cells were used in char-
ge�discharge measurements to study the electrochemical
properties of the GBs. Each coin cell consisted of a working
electrode, a polyolefin separator (Celgard), and a lithium-foil
(FMC Corporations, USA) counter electrode. The electrolyte
was 1.3 M LiPF6/ethylene carbonate diethyl carbonate (EC-
DEC, 3:7, v/v, Panax etec, Korea). The tests were conducted with
steps of constant-current/constant-voltage (CC/CV) charging

(at 0.22 mA/cm2, 0.01 V charging voltage) and CC discharging
(at various rates, end-of-discharge voltage of 2.0 V) using
TOSCAT-5200 (TOYO, Japan).

Material Characterizations. The shape, size, and surface mor-
phology of the starting Ni-NPs, graphene-encapsulated Ni-NPs,
and GBs were investigated using a field-emission scanning
electron microscope (SEM; Hitachi S-4700). The thickness and
structure of the graphene layers were observed using a TEM (FEI
Titan F30). The structure of the graphene layers was also char-
acterized by micro-Raman spectroscopy (Renishaw RM1000-
Invia). An excitation energy of 1.96 eV (632.8 nm, He�Ne laser)
with a Rayleigh line rejection filter, which accepts a spectral
range of 50�3200 cm�1, was used in this study. Structural
evolution of the carbon-incorporated Ni-NPs during high-tem-
perature annealing was verified by using a TEM equipped with
an in situ heating instrument and was performed using a JEOL
atomic resolution microscope accelerated by 1 MeV at KBSI
(Korea Basic Science Institute). Samples were heated up to
350 �C at a rate of 20 �C/min and then 1 �C/min from 350 to
400 �C. Carbon content in the carbon-incorporated Ni-NPs was
measured with a C/S analyzer (Horiba). Phase changes of the Ni-
NPs during polyol treatment and high-temperature annealing
were identified using various X-ray diffractometers, an XRD
(Philips, X'pert) with Cu KR radiation (λ = 1.5418 Å), an XRD
(Rigagu) equipped with an in situ heating instrument and a
high-resolution synchrotron powder XRD on the 8C2 line at
Pohang Light Sources, Korea.

Figure 7. Cycle performances of the as-prepared GBs and
the heat-treated GBs. The current density (C) was 300mA/g.
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