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ABSTRACT: The crystal phase of nanostructured metal
oxide can be effectively controlled by the hybridization of
gallium oxide with reduced graphene oxide (rGO) at variable
concentrations. The change of the ratio of Ga2O3/rGO is quite
effective in tailoring the crystal structure and morphology of
nanostructured gallium oxide hybridized with rGO. This is the
first example of the phase control of metal oxide through a
change of the content of rGO hybridized. The calculations
based on density functional theory (DFT) clearly demonstrate
that the different surface formation energy and Ga local
symmetry of Ga2O3 phases are responsible for the phase
transition induced by the change of rGO content. The
resulting Ga2O3−rGO nanocomposites show promising electrode performance for lithium ion batteries. The intermediate Li−Ga
alloy phases formed during the electrochemical cycling are identified with the DFT calculations. Among the present Ga2O3−rGO
nanocomposites, the material with mixed α-Ga2O3/β-Ga2O3/γ-Ga2O3 phase can deliver the largest discharge capacity with the
best cyclability and rate characteristics, highlighting the importance of the control of Ga2O3/rGO ratio in optimizing the
electrode activity of the composite materials. The present study underscores the usefulness of the phase-control of
nanostructured metal oxides achieved by the change of rGO content in exploring novel functional nanocomposite materials.
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1. INTRODUCTION

As an emerging member of nanostructured carbon species,
reduced graphene oxide (rGO) attracts a great deal of research
activity due to its unique physicochemical properties such as
high electrical and thermal conductivity and high mechanical
strength, as well as its valuable functionalities for diverse
energy- and biorelated applications.1,2 The expanded 2D
surface of rGO nanosheet renders this material an effective
matrix to immobilize diverse chemical species such as
inorganic/organic nanostructures, polymers, and biomole-
cules.2−6 The hybridization with rGO is quite effective in
improving the functionalities of metal oxides such as electro-
chemical activity, catalytic activity, and mechanical strength.7−14

Additionally, the hybridization of metal oxide on the 2D surface
of rGO nanosheet has significant influence on its growth habit
and crystal size, leading to the enhanced stability of the layered
crystal structure and sheet-like morphology of metal oxides.15

As a consequence, the rGO nanosheet can serve as a catalyst for
accelerating the synthesis of 2D nanostructured metal oxide.15

Such a prominent effect of hybridization with rGO would
originate from a significant modification of the surface energy

of hybridized metal oxides. Taking into account that nano-
structured metal oxides possess a large proportion of surface
species, the relative phase stability of these materials can be
remarkably altered by the hybridization with rGO. This effect
would make possible a tunable phase transition of hybridized
metal oxides via the change of rGO content. Because many
functionalities and properties of metal oxides strongly depend
on their crystal structure, it is of prime importance to freely
tailor the crystal phase of nanostructured metal oxides for their
efficient applications. Although the hybridization with rGO is
widely used for improving the electrical conductivity and
porosity of metal oxides and for stabilizing the sheet-like
morphology of metal oxides,15 we are aware of no other report
on the phase-tuning of hybridized metal oxides via the change
of rGO content. Like other post-transition metal oxides, gallium
oxide is expected to have a high reactivity for lithium ions,
suggesting its applicability as electrode for lithium ion batteries.
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Because there are several polymorphs of gallium oxide, the
hybridization with rGO is supposed to significantly alter the
relative stability of these Ga2O3 phases.

16 Thus, gallium oxide
can be a good candidate for probing the effect of rGO content
on the phase stability and electrochemical properties of metal
oxide hybridized with rGO. The control of Ga2O3/rGO ratio
can provide opportunity not only to tailor the crystal structure
and crystal morphology of gallium oxide but also to optimize
the electrode functionality of the gallium oxide−rGO nano-
composites. To the best of our knowledge, the nanocomposite
electrode material consisting of nanostructured Ga2O3 and rGO
has not been studied yet.
In the present study, a phase- and morphology-tunable

synthesis of mesoporous Ga2O3−rGO nanocomposites can be
achieved by the crystal growth of GaOOH in the presence of
graphene oxide (GO) precursor and the following phase
transition at elevated temperature. Because the GO precursor is
reduced to rGO during the synthesis, the resulting nano-
composites can be described as Ga2O3−rGO nanocomposites.
To probe the effect of rGO content on the structural and
electrochemical properties of the nanocomposites, the Ga2O3−
rGO nanocomposites are synthesized with several Ga/GO mass
ratios of 2, 4, 6, and 8. Along with the experimental studies,
DFT calculations are applied for elucidating the effect of crystal
phase on the surface energy of Ga2O3 materials and for probing
intermediate phases formed during the electrochemical cycling
of Ga2O3.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Nanocomposites. The aqueous colloidal

suspension of GO nanosheets was prepared by modified Hummer’s
method.17 The precursor GaOOH−rGO nanocomposites with several
Ga/GO ratios were prepared by the hydrolysis of Ga(NO3)3·xH2O
(Sigma-Aldrich 99.9%) in the presence of colloidal GO suspension
containing urea. In a typical synthesis, Ga(NO3)3·xH2O was dissolved
in the aqueous colloidal suspension of 0.05 wt % exfoliated GO
nanosheets. After 15 min of stirring, urea (12 times larger moles than
gallium nitrate) was slowly added and kept stirring for another 15 min.
The bath temperature was slowly increased to 95 °C and maintained
for 1 h under reflux condition. The product was centrifuged and
washed with distilled water, which was followed by repeated washing
with 2-propanol to completely remove residual urea. The obtained
product was dried overnight at 50 °C. After the completion of the
reaction, the remaining supernatant solution became transparent. The
addition of ammonium hydroxide into the residual solution caused no
precipitation of gallium oxide, confirming the complete incorporation
of gallium ions into the nanocomposite lattice. The transformation of
GaOOH component in the obtained nanocomposites into Ga2O3 was
achieved by heat-treatment at 600 °C for 6 h in Ar atmosphere. As a
reference, unhybridized α-Ga2O3 nanorod was prepared with the same
synthesis process except the absence of GO nanosheets. The reference
β-Ga2O3 was prepared by heating GaOOH at 600 °C for 12 h. To
prepare the reference γ-Ga2O3, diluted aqueous ammonia (50% v/v in
ethanol) was dropwise added to the ethanolic solution of Ga(NO3)3·
xH2O with constant stirring at room temperature until no further
precipitation. The obtained precipitate was washed thoroughly with
ethanol, dried under vacuum, and finally heated at 300 °C for 30
min.18

2.2. Characterization. The powder X-ray diffraction (XRD)
analysis was done using a Rigaku diffractometer with Ni-filtered Cu Kα
radiations. The thermogravimetric analysis (TGA) data were recorded
on TA Instruments SDT Q600 at a rate of 10 °C min−1 in ambient
atmosphere. The transmission electron microscopic (TEM) and field
emission-scanning electron microscopy (FE-SEM) micrographs were
captured on Jeol JEM-2100F and Jeol JSM-6700F electron micro-
scopes, respectively. The N2 adsorption−desorption isotherms were

recorded at liquid nitrogen temperature using Micromeritics ASAP
2020. The samples were degassed at 150 °C for 5 h under vacuum
before the adsorption measurement. X-ray photoelectron spectro-
scopic (XPS) data were recorded with a PHI 5100 PerkinElmer
spectrometer. Micro-Raman spectra were collected with Horiba Jobin-
Yvon LabRam Aramis spectrometer using diode laser with a
wavelength of 785 nm as the excitation source. X-ray absorption
spectra (XAS) at Ga K-edge were collected with extended X-ray
absorption fine structure (EXAFS) facility installed at beamline 10C at
the Pohang Accelerator Laboratory (PAL, Pohang, Korea). The
voltage and current of synchrotron electron beam were 2.5 GeV and
180 mA, respectively. The present XAS data were collected in a
transmission mode from the thin layer of powder samples deposited
on transparent adhesive tapes using gas-ionization detectors. All the
present XAS data were carefully calibrated by measuring the reference
spectrum of Ga2O3 simultaneously. The data processing was done
using Ifeffit (version 0.9.13) program.

2.3. Electrochemical Measurements. The electrochemical
measurements were carried out with cells consisting of Li/1 M
LiPF6 in ethylene carbonate/diethyl carbonate (EC/DEC) (50:50 v/
v)/composite electrode. The working electrodes were prepared by
pasting slurry on copper foil, which was followed by vacuum drying at
120 °C for 12 h. The slurry was composed of active electrode material,
Super P, and polyvinylidenefluoride (PVDF) in the weight ratio of
75:15:10 in N-methyl-2-pyrrolidene (NMP). The working electrode,
Li counter electrode, and separator were assembled into 2016 coin-
type cells in an argon-filled glovebox. The charge−discharge cycle data
were recorded in a voltage window of 0.01−2.5 V at 25 °C using a
MACCOR series 4000 cycler. Cyclic voltammogram (CV) data were
recorded on an electrochemical workstation IVIUMSTAT in the
potential range of 0.01−2.5 V with a scan rate of 0.2 mVs−1.
Electrochemical impedance spectroscopy (EIS) data were measured
using IVIUM impedance analyzer in the frequency range of 100 kHz
to 10 mHz at open circuit potential. The fitting analysis for the EIS
spectra was performed using the ZView2 program.

2.4. DFT Calculations. All the DFT calculations were performed
using Vienna Ab initio Simulation Package (VASP) using the choice of
exchange-correlation functional of Perdue−Burke−Ernzerhof
(PBE).19,20 The DFT optimized structures of gallium oxide phases
with computational details are presented in the Supporting
Information (Figure S1 and Tables S1−S3). To construct a
stoichiometric model of γ-Ga2O3 phase from inorganic crystal
structure database (ICSD) structure consisting of partial occupancies
of Ga, we used 1 × 1 × 3 supercell of primitive cell structure. Then, we
randomly selected 4 “Ga” positions from 36 “Ga” sites having partial
occupancy of 0.122 (4/36 = 0.111), 7 “Ga” positions from 12 “Ga”
sites having partial occupancy of 0.569 (7/12 = 0.583), and 5 “Ga”
position from 6 “Ga” sites having partial occupancy of 0.797 (5/6 =
0.833), yielding γ-Ga2O3 model structure composed of 16 “Ga” atoms
and 24 “O” atoms in the simulation cell.

3. RESULTS AND DISCUSSION

3.1. TGA and Powder XRD Analyses. To determine the
amount of rGO component, the thermal behaviors of the
Ga2O3−rGO nanocomposites are studied with TGA. All the
Ga2O3−rGO nanocomposites display a small mass loss of <2%
below 150 °C, which is attributed to the removal of surface
functional groups of the rGO (Figure S2). This mass loss
becomes greater with the increase of rGO content. In the
higher temperature region of 470−600 °C, all the present
nanocomposites show significant mass loss corresponding to
the combustion of graphitic carbon species. Beyond 600 °C,
there is no significant mass loss, confirming the complete
combustion of rGO species below this temperature. On the
basis of the present TGA results, the content of rGO is
estimated to be 25, 14, 10, and 6% for the nanocomposites with
the Ga/GO mass ratios of 2, 4, 6, and 8, respectively.
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The crystal structures of the as-prepared GaOOH−rGO
nanocomposites and their calcined derivatives are studied with
powder XRD analysis. The as-prepared nanocomposites, except
the materials with lowest Ga/rGO ratio, show distinct Bragg
reflections of α-GaOOH phase, indicating the formation of
gallium oxyhydroxide (Figure S3).21 Although carbon usually
acts as a reductive species for metal oxide,22,23 the use of GO
precursor in the present study does not cause the reduction of
Ga3+ ions during the synthesis of the nanocomposites. This is
attributable to the presence of oxygenated groups in the GO
precursor. As the ratio of Ga/rGO decreases, the Bragg
reflections of gallium oxyhydroxide become less distinct,
showing the decrease of the crystal size and crystallinity of α-
GaOOH upon the increase of rGO content. This observation is
attributable to the provision of more seeding sites by the
incorporation of larger amount of rGO nanosheets.
To induce a phase transition from gallium oxyhydroxide to

gallium oxide, the as-prepared GaOOH−rGO nanocomposites
are calcined at 600 °C. As plotted in the left panel of Figure 1,
after the heat-treatment, the GaOOH component in the as-
prepared nanocomposites changes to α-/β-/γ-Ga2O3 phases
depending on the content of rGO nanosheet, indicating the
profound effect of rGO nanosheet on the crystal growth of
hybridized Ga2O3. The obtained Ga2O3−rGO nanocomposite
with 25% rGO shows two broad but distinct Bragg reflections
of γ-Ga2O3, whereas well-developed XRD peaks of β-Ga2O3
phase are clearly discernible for the nanocomposite with 14%
rGO.16,21 A further decrease of the rGO content leads to the
formation of pure α-Ga2O3 (JCPDS-85-0988) in the nano-
composite with 6% rGO and main α-Ga2O3 phase with small
amount of β- and γ-Ga2O3 phases in the nanocomposite with
10% rGO. As illustrated in the middle panel of Figure 1, this
result clearly demonstrates the tunability of the crystal structure
of hybridized Ga2O3 through the change of the rGO content.
To the best of our knowledge, this is the first example of the
phase control of metal oxide via the change of hybridized rGO
content. Because α-Ga2O3 forms at low temperature of <700
°C and β-Ga2O3 is stable at higher temperature, the presence of
α-Ga2O3 in the Ga2O3−rGO nanocomposite with 6% rGO
prepared at 600 °C seems to be consistent with the reported
phase transition behavior.21 The phase transformation from α-
Ga2O3 to β-/γ-Ga2O3 upon the increase of rGO content clearly
demonstrates the stabilization of high-temperature phases via

the hybridization with rGO nanosheets. In contrast to the
Bragg reflections of Ga2O3 phases, no rGO-related XRD peaks
are observable for all the nanocomposites, indicating the good
dispersion of rGO nanosheets without phase segregation.
In addition to the crystal structure, the content of rGO

nanosheet has significant influence on the crystal size of the
Ga2O3. According to the crystal size calculation based on
Scherrer formula, the average crystal size of the hybridized
Ga2O3 is estimated to be 2, 11, 19, and 26 nm for the
nanocomposites with the rGO contents of 25, 14, 10, and 6%,
respectively. This result provides strong evidence for the
control of particle size by changing the ratio of Ga/rGO, which
can be ascribed to the provision of more seeding sites by the
increase of rGO content.
The DFT calculations are utilized to understand the effect of

rGO content on the phase stability of Ga2O3. According to the
DFT analysis, β-Ga2O3 is only 0.15 eV f.u.−1 more stable than
α-Ga2O3 and γ-Ga2O3 is more unstable than the other two
phases (0.42 eV f.u.−1 more unstable than β-phase).24 In
contrast to the similar stability of the α- and β-phases, the
surface formation energy of β-Ga2O3 is much lower than that of
α-Ga2O3 (24.61 meV Å−2 for (100) surface of β-Ga2O3 vs 76.63
meV Å−2 for (110) surface of α-Ga2O3). This tendency can be
attributed to the higher concentration of undercoordinated Ga
on the surface of α-phase; for α-Ga2O3 consisting of only
octahedral Ga in the bulk, all surface Ga atoms are
undercoordinated. Conversely, for β-Ga2O3 consisting of
octahedral Ga and tetrahedral Ga in the bulk, only octahedral
Ga atoms are undercoordinated while the tetrahedral Ga atoms
remain intact at the surface (Figure S4). Taking into account
the decrease of crystal size upon the increase of rGO content,
the β-Ga2O3 becomes more stable than the α-Ga2O3 one for
the Ga2O3−rGO nanocomposites with lower Ga2O3/rGO
ratios. This may explain the experimentally observed phase
tunability achieved by varying rGO contents, because the
surface stability becomes critical in determining the phase
stability of nanoparticles due to the substantially increased
surface-to-volume ratio caused by the decrease of particle size.
Due to the presence of considerable Ga partial occupancy in γ-
Ga2O3, it is difficult to exactly calculate the surface formation
energy of this phase. However, like the β-Ga2O3, the
hybridization with a large amount of rGO nanosheet can
induce the stabilization of the most unstable γ-Ga2O3 phase in

Figure 1. (Left) Powder XRD patterns of references (i) α-Ga2O3, (ii) β-Ga2O3, and (iii) γ-Ga2O3 and of the Ga2O3−rGO nanocomposites with rGO
contents of (iv) 25, (v) 14, (vi) 10, and (vii) 6% with Bragg reflections of (○) α-Ga2O3, (●) β-Ga2O3, and (△) γ-Ga2O3 phases. Schematic models
for (middle) phase transition of Ga2O3 induced by hybridization with rGO and (right) the stabilization of Ga2O3 phase by oxygenated group of rGO.
Three-dimensional crystal structures represented by (blue) octahedral Ga, (yellow) tetrahedral Ga, and (red) O atoms with (line) a unit cell.
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the nanocomposite with 25% rGO through the decrease of
particle size, since the γ-Ga2O3 has many partially occupied Ga
sites implying low surface formation energy. Also the
coordination of Ga3+ ions by oxygenated surface functional
groups of rGO helps to stabilize the γ-Ga2O3 and β-Ga2O3
phases having many partially occupied Ga sites, as depicted in
the right panel of Figure 1. This stabilization effect is mainly
responsible for the formation of unstable γ-Ga2O3 and β-Ga2O3
phases upon the hybridization with large amount of rGO
nanosheet.
Although all the present data were obtained from the

Ga2O3−rGO nanocomposites prepared with the GO precursor,
we also adopted the rGO precursor to probe the effect of
graphene precursor on the phase transformation behaviors of
the Ga2O3−rGO nanocomposites. According to the powder
XRD analysis (Figure S5), the Ga2O3−rGO nanocomposites
prepared with the rGO precursor experience distinct depend-
ence of the crystal structure of Ga2O3 component on the ratio
of Ga2O3/rGO precursors, which are different from the phase
transition behavior of the homologues prepared with the GO
precursor; the Ga2O3−rGO nanocomposite prepared with the
25% rGO precursor shows the presence of mixed α- and β-
Ga2O3 phases, which is sharply contrasted with the formation
of γ-Ga2O3 phase for the nanocomposite prepared with the
25% GO precursor. This reflects that the use of GO precursor
helps to stabilize γ-Ga2O3 through the coordination by surface-
oxygenated groups. On the contrary, only the β-Ga2O3 phase is
formed for the other nanocomposites with the rGO precursors
(14, 10, and 6%). Additionally, beyond the rGO content of
14%, a distinct rGO-related peak appears in the XRD pattern,
indicating the phase segregation of rGO phase. This is due to a
stronger π−π interaction of the rGO nanosheets, as compared
with the GO nanosheets. The present findings clearly
demonstrate an inferior role of the rGO nanosheet as a
precursor for the phase-tunable synthesis of the Ga2O3−rGO
nanocomposites with homogeneous composite structure.

3.2. TEM and FE-SEM Analyses. Figure 2A represents the
TEM images of the present Ga2O3−rGO nanocomposites
prepared with the GO precursor and the Ga2O3 references with
α-, β-, and γ-phases. The unhybridized α-Ga2O3 reference
displays 1D nanorod-type morphology with needle-like ends,
which originates from the fast growth of gallium oxide along the
[001] direction.21 The aspect ratio of α-Ga2O3 nanorod is
determined to be ∼6 with the diameter of ∼140−180 nm and
the length of ∼0.75−1.25 μm. A close inspection reveals that
each nanorod is polycrystalline and composed of primary
crystallites of 25 nm in size, as estimated from powder XRD
analysis. Similarly, the reference β-Ga2O3 material displays 1D
nanorod morphology with a diameter of ∼370−550 nm and a
length of ∼1.40−2.20 μm, which correspond to an aspect ratio
of 3.5−5. Both the α-Ga2O3 and β-Ga2O3 references display
large numbers of nanosized surface pores with a diameter of
∼15 and ∼20 nm, respectively, which are formed by the
removal of hydroxyl groups in the precursor gallium oxy-
hydroxide.21 In contrast to the present α-Ga2O3 and β-Ga2O3

materials, the reference γ-Ga2O3 is composed of very small
crystallites with a size of ∼5 nm.
The nanocomposite with 25% rGO shows the stabilization of

Ga2O3 nanocrystals (the diameter of <5 nm) on the surface of
rGO nanosheet, reflecting the formation of γ-Ga2O3 material.
In the nanocomposites with rGO contents of 14 and 10%, the
1D nanorods with the diameter of ∼200 nm and the length of
∼750 nm are anchored on the rGO nanosheet together with
smaller amount of nanocrystals of ∼10 nm, suggesting the
presence of α-/β- and γ-Ga2O3 phases. The nanocomposite
with 6% rGO shows the anchoring of 1D nanorods on the
surface of rGO nanosheets, indicating the formation of α-
Ga2O3 phase. The decrease of rGO content in the nano-
composites gives rise to the distinct enlargement of Ga2O3

nanocrystals/nanorods. The sizes of primary gallium oxide
crystals in the present nanocomposites determined by the TEM

Figure 2. (A) TEM micrographs and (B) FE-SEM micrographs of references (i) α-Ga2O3, (ii) β-Ga2O3, (iii) γ-Ga2O3, and the Ga2O3−rGO
nanocomposites with rGO contents of (iv) 25, (v) 14, (vi) 10, and (vii) 6%.
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analysis are in good agreement with those calculated with
Scherrer formula.
The FE-SEM images of the Ga2O3−rGO nanocomposites are

illustrated in Figure 2B, as compared with the unhybridized
Ga2O3 references. All the present nanocomposites display
mesoporous stacking structure composed of sheet-like
crystallites, which becomes less prominent with the increase
of Ga/rGO ratio. This strongly suggests the significant
contribution of rGO nanosheets in forming the mesoporous
stacking morphology of the nanocomposites. The present FE-
SEM data exhibit gradual variations of the crystal shape and size
of Ga2O3 in the nanocomposites, which is in good agreement
with the TEM results.
Summarizing the present XRD, TEM, and FE-SEM results,

the increase of Ga/rGO ratio leads not only to the phase
transformation of γ-Ga2O3 → β-Ga2O3 → α-Ga2O3 but also to
the increase of the crystal size of Ga2O3. The provision of a
larger amount of Ga precursor is responsible for the observed
enlargement of Ga2O3 crystals with increasing the Ga/rGO
ratio. As predicted by the DFT calculation, the increase of
crystal size with the decrease of surface area enhances the
relative phase stability of the α-Ga2O3 phase having octahedral
GaO6 symmetry compared with the β-Ga2O3/γ-Ga2O3 phase
having lower average coordination numbers. Such a variation of
relative phase stability is responsible for the phase trans-
formation caused by the change of Ga/rGO ratio.
3.3. N2 Adsorption−Desorption Isotherm Measure-

ment. The effects of the hybridization with the rGO nanosheet
on the surface area and porosity of Ga2O3 are investigated by
N2 adsorption−desorption isotherm measurements. The
resulting isotherms are presented in Figure 3A. In comparison
with the references α-Ga2O3 and β-Ga2O3, all of the Ga2O3−
rGO nanocomposites demonstrate much more efficient
adsorption of N2 molecules, strongly suggesting the increase
of surface area upon hybridization with rGO. In the pressure
region of ppo

−1 > 0.4, all the present nanocomposites exhibit
more prominent hysteresis than do the unhybridized Ga2O3
references, reflecting the formation of mesopores upon the
hybridization with rGO. The observed isotherms of the

Ga2O3−rGO nanocomposites with the rGO contents of 25,
14, and 10% can be classified as Brunauer−Deming−Deming−
Teller (BDDT)-type I and IV shapes of isotherms and an H2-
type hysteresis loop in the IUPAC classification, demonstrating
the presence of open slit-shaped capillaries with very wide
bodies and narrow short necks.25−27 This type of isotherm is
frequently observed for the mesoporous stacking structure of
sheet-like 2D crystallites.25 The nanocomposite with 6% rGO
exhibits BDDT-type I and IV shape of isotherms with an H3-
type hysteresis loop in the IUPAC classification. The references
α-Ga2O3 and β-Ga2O3 commonly display BDDT-type IV shape
of isotherms and H3-type weak hysteresis loop in the IUPAC
classification, which is typically observed for the aggregates of
plate-like particles with slit-shaped mesopores.25,26 Conversely,
the reference γ-Ga2O3 displays BDDT-type I and V shapes of
isotherms with an H1-type hysteresis loop, which are
characteristics of the agglomerates of uniform spherical
particles.25,26 According to the fitting analysis based on the
Brunauer−Emmett−Teller (BET) equation, the hybridization
with rGO nanosheets leads to the remarkable expansion of
surface area to ∼340, ∼ 264, ∼ 172, and ∼97 m2g−1 for the
nanocomposites with the rGO contents of 25, 14, 10, and 6%,
respectively. This result confirms that the increase of rGO
content causes the increase of surface area. In comparison with
the present Ga2O3−rGO nanocomposites, both the references
α-Ga2O3 and β-Ga2O3 possess much smaller surface area of
∼23 and ∼16 m2g−1, respectively, whereas a comparable surface
area of ∼184 m2g−1 occurs for the γ-Ga2O3 reference.
According to the calculation of pore size distribution on the

basis of the Barrett−Joyner−Halenda (BJH) method, all of the
Ga2O3−rGO nanocomposites possess relatively narrow dis-
tribution of mesopores with an average diameter of ∼3−4 nm
(Figure 3B), confirming the formation of regular mesoporous
materials. The formation of mesopores is attributable to the
house-of-cards-type stacking of nanocomposite of 2D crystal-
lites. In contrast to the present nanocomposites, the reference
α-Ga2O3 shows an additional peak around 15 nm, which
corresponds to the surface pores of Ga2O3 nanorods (Figure
3C). The reference β-Ga2O3 exhibits a peak centered at 20 nm,

Figure 3. (A) N2 adsorption−desorption isotherms and (B and C) pore size distribution curves of references (i) α-Ga2O3, (ii) β-Ga2O3, and (iii) γ-
Ga2O3 and the Ga2O3−rGO nanocomposites with rGO contents of (iv) 25, (v) 14, (vi) 10, and (vii) 6%.
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indicating the enlargement of pore size after the extended heat-
treatment, as found from the TEM images. Conversely, a
narrow distribution of pores with small diameter of ∼6 nm is
observed for the reference γ-Ga2O3.
3.4. XPS, Micro-Raman and FT-IR Analyses. The effect

of composite formation on the chemical bonding nature of the
Ga2O3 and rGO is investigated with the XPS, micro-Raman and
Fourier transformed-infrared (FT-IR) spectroscopies. As can be
seen from Figure 4A, all of the present Ga2O3−rGO

nanocomposites demonstrate an intense peak at ∼284.8 eV
in the C 1s XPS spectra, which is assigned as sp2 carbon
species.28,29 In contrast to the precursor GO showing a
prominent peak at ∼287.0 eV corresponding to the oxygenated
carbon species (Figure S6A), all the present nanocomposites do
not show this peak, clearly demonstrating the reduction of the
GO precursor upon the composite formation with Ga2O3.

28,29

In the Ga 2p XPS spectra, see Figure 4B, the Ga2O3−rGO
nanocomposites commonly display a slightly higher binding
energy than does the unhybridized Ga2O3 references, indicating
the increase of the hole density of Ga ions. This can be
understood as a result of the interaction between oxygen ions
of Ga2O3 and rGO nanosheets, leading to the weakening of
Ga−O bond covalency in the Ga2O3. The weakening of Ga−O
bond covalency results in the decrease of electron density in Ga
ions, which is responsible for the observed displacement of the
Ga 2p peaks toward the higher energy side upon hybridization
with the rGO nanosheets. All of the nanocomposites
demonstrate two distinct and intense Raman features related
to rGO species, namely, D band at ∼1302 and G band at
∼1590 cm−1, underscoring the presence of rGO nanosheets in
these materials (Figure 4C).30 The references of α-Ga2O3, β-
Ga2O3, and γ-Ga2O3 exhibit unique phonon lines of metal−

oxygen vibrations in the low wavenumber region (<800 cm−1),
which are characteristics of their own crystal phases.31,32

Conversely, there is no Raman feature of metal−oxygen
vibration in the Raman spectra of all the Ga2O3−rGO
nanocomposites, which is attributable to the complete shielding
of Ga2O3-related Raman features. This clearly demonstrates the
intimate coupling of Ga2O3 domains with highly conductive
rGO species.
As plotted in Figure 4D, the α-Ga2O3 and the Ga2O3−rGO

nanocomposites with the rGO contents of 10 and 6% display a
strong IR band centered at 480 cm−1 corresponding to the
deformation of GaO6 octahedra with α-Ga2O3 phase, whereas
an additional IR band corresponding to the stretching and
bending modes of GaO4 tetrahedra at 672 cm

−1 is observed for
the Ga2O3−rGO nanocomposites with the rGO contents of 25,
14, and 10%.33 The observed variation in FT-IR spectra
depending on the composition is in good agreement with the
phase transition behavior of Ga2O3 in the present nano-
composites probed by the XRD analysis. All of the nano-
composites do not show absorption bands related to the
oxygenated groups in the GO nanosheets, confirming the
conversion of GO to the rGO nanosheets in the composite
formation (Figure S6B).34 Additionally, a small absorption peak
corresponding to the CN stretching mode appears at ∼1560
cm−1 for all the nanocomposites, strongly suggesting the
nitrogen doping in the rGO caused by urea precursor.35

3.5. Ga K-Edge XANES and EXAFS Analyses. The local
atomic arrangement of Ga2O3 in the present Ga2O3−rGO
nanocomposites is investigated with X-ray absorption near-edge
structure (XANES) and EXAFS analyses at Ga K-edge. As
plotted in the left panel of Figure 5, all of the present materials

show main-edge peaks, denoted as A and B, corresponding to
the dipole-allowed 1s → 4p transitions, whose spectral features
provide sensitive measure for the local structure of Ga ions.36

The Ga2O3−rGO nanocomposite with 6% rGO shows only a
peak B corresponding to GaO6 octahedra, indicating the
presence of α-Ga2O3 phase in this nanocomposite.36 Con-
versely, the nanocomposites with rGO contents of 25, 14, and
10% display both the peaks A and B related to GaO4 tetrahedra
and GaO6 octahedra, respectively, reflecting the coexistence of
α-Ga2O3, β-Ga2O3, and γ-Ga2O3 phases or a comibation
thereof.36,37 A weak postedge peak C is discernible at ∼10385
eV for all the present materials, which originates from multiple

Figure 4. (A) C 1s XPS spectra of Ga2O3−rGO nanocomposites with
the rGO contents of (i) 25, (ii) 14, (iii) 10, and (iv) 6%. (B) Ga 2p
XPS spectra, (C) micro-Raman spectra, and (D) FT-IR spectra of (i)
α-Ga2O3, (ii) β-Ga2O3, and (iii) γ-Ga2O3 and the Ga2O3−rGO
nanocomposites with rGO contents of (iv) 25, (v) 14, (vi) 10, and
(vii) 6%.

Figure 5. (Left) Ga K-edge XANES spectra, (middle) experimental Ga
K-edge EXAFS oscillations, and (right) Fourier-transformed EXAFS
spectra of (i) α-Ga2O3, (ii) β-Ga2O3, and (iii) γ-Ga2O3 and the
Ga2O3−rGO nanocomposites with rGO contents of (iv) 25, (v) 14,
(vi) 10, and (vii) 6%.
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scattering effect by neighboring atoms.36 While the nano-
composite with 6% rGO shows the similar postedge spectral
feature C to the α-Ga2O3 reference, the nanocomposites with
the rGO contents of 25 and 14% show distinctly different from
that of α-Ga2O3 but similar to that of β-Ga2O3, γ-Ga2O3, or
both, confirming the formation of β-Ga2O3, γ-Ga2O3, or both
phases with an increase of rGO content.
The overall EXAFS oscillation of the Ga2O3−rGO nano-

composite with 6% rGO is quite similar to the reference α-
Ga2O3 except for the marked depression of amplitude (middle
panel, Figure 5). This result suggests the α-Ga2O3-type local
structure of this material with nanocrystalline nature. In the
case of the nanocomposite with 10% rGO, the overall shape of
EXAFS signal is in midway of α-Ga2O3 and β-Ga2O3, reflecting
the coexistence of both the phases in this material. The
nanocomposite with 14% rGO shows nearly identical EXAFS
oscillation to the reference β-Ga2O3, indicating the β-Ga2O3-
type local structure of this material. The EXAFS oscillation of
the nanocomposite with 25% rGO is almost the same as that of
γ-Ga2O3. The Fourier transformed data of Ga K-edge EXAFS
spectra are presented in the right panel of Figure 5. All the
present Ga2O3−rGO nanocomposites demonstrate two distinct
FT peaks at ∼1.5 and ∼2.8−3.5 Å, which correspond to the
(Ga−O) and (Ga−Ga) coordination pairs.36 The observed
spectral similarities among the present nanocomposites, α-
Ga2O3, β-Ga2O3, and γ-Ga2O3, confirm the gradual phase
transformations of hybridized Ga2O3 from α-Ga2O3 to γ-Ga2O3
with decreasing the Ga2O3/rGO ratio. The present XANES/
EXAFS analysis provides additional strong evidence for the
phase transitions of Ga2O3 identified by XRD analysis (Figure
1).
3.6. Electrochemical Measurements. The present

Ga2O3−rGO nanocomposites are applied as anode materials
for lithium ion battery to probe their electrode functionality.
The overall charge−discharge profile and CV of the Ga2O3−
rGO nanocomposite appears nearly identical to that of the
reference α-Ga2O3, strongly suggesting the main contribution
of the Ga2O3 component to the electrochemical activity of the
present nanocomposites (Figure S7). As can be seen from
Figure 6A, both the reference α-Ga2O3 and γ-Ga2O3 materials
deliver a huge initial discharge capacity of ∼1231 and ∼1474
mAhg−1, respectively, which are rapidly decreased to <50 and
166 mAhg−1 after the 40th cycles. The observed serious
capacity fading is ascribed to the irreversible reaction (eq S1)
and also to the formation of solid electrolyte interphase (SEI)
layer. Conversely, the β-Ga2O3 displays large discharge capacity
and better capacity retention (∼263 mAhg−1 for the 40 cycles),
underscoring the better electrode performance of β-phase. Also
the β-Ga2O3 reference shows a higher Coulombic efficiency
than the other phases, confirming its better electrochemical
stability (Figure 6B). The present findings underscore the
importance of the structure control in improving the electrode
performance of gallium oxide. All of the present Ga2O3−rGO
nanocomposites show much weaker capacity fading than does
the unhybridized Ga2O3 references, indicating the improvement
of cyclability upon the composite formation with rGO. Among
the present nanocomposites, the best electrode performance
occurs for the nanocomposite with 10% rGO showing a large
discharge capacity of ∼770 mAhg−1 after the 40th cycle. This
value is comparable to the theoretical reversible capacity of
gallium oxide (769 mAhg−1), which is sharply contrasted with
much smaller capacities of unhybridized Ga2O3 materials. An
increase of the rGO content from 6 to 10% leads to a significant

increase of discharge capacity. As found from the N2
adsorption−desorption isotherm measurement, the increase
of rGO content leads to the increase of the surface area of the
nanocomposites. Thus, the remarkable improvement of the
electrode performance of Ga2O3 upon the hybridization with
rGO is attributable to the facilitation of Li ion diffusion caused
by the expansion of surface area and the formation of
mesopores. However, beyond the 10% rGO, a further increase
of the rGO content induces the decrease of discharge capacity
even with the gradual increase of surface area. This finding can
be interpreted as a result of compromise of the contrasting
concentration changes of electrochemically active Ga2O3 and
highly conductive rGO. In addition, the Ga2O3−rGO nano-
composite with 10% rGO possesses the mixed α-Ga2O3, β-
Ga2O3, and γ-Ga2O3 phases. Taking into account the fact that
the presence of mixed phases is helpful in relieving the volume
change of electrode materials during electrochemical cycling
compared with single phase, the coexistence of three phases of
Ga2O3 would make an additional contribution to the improved
electrode performance of the nanocomposite with 10% rGO.38

As shown in Figure 6B, all the present Ga2O3−rGO
nanocomposites show much larger Coulombic efficiency of
∼100% after the 10th cycle, which is contrasted with the
unhybridized Ga2O3 references showing lower Coulombic
efficiency. This observation provides clear evidence for the
improvement of the electrochemical stability of Ga2O3 upon
the composite formation with the rGO nanosheets. As plotted
in Figure 6C, all of the present nanocomposites retain much
larger discharge capacity under high current density than do the
unhybridized Ga2O3 references, underscoring the merit of
hybridization in improving the rate characteristic of gallium
oxide. Even at the current density of 1 Ag1−, the nanocomposite
with 10% rGO retains the large discharge capacity of ∼320
mAhg−1. This finding clearly demonstrates the usefulness of
hybridization with rGO in improving the rate characteristics of

Figure 6. (A) Capacity retention at a current density of 50 mAg−1, (B)
Coulombic efficiency, and (C) rate capability of the Ga2O3−rGO
nanocomposites with the rGO contents of (pink) 25, (green) 14,
(dark pink) 10, and (cyan) 6% and the unhybridized references
(black) α-Ga2O3, (red) β-Ga2O3, and (blue) γ-Ga2O3.
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Ga2O3 via the enhancement of electrical conductivity. Among
the rGO-free references, β-Ga2O3 also delivers a large discharge
capacity of ∼150 mAhg−1 at the high current density of 1 Ag1−,
confirming its superior electrode performance.
After the electrochemical cycling, both the powder XRD

patterns of the Ga2O3−rGO nanocomposite with 10% rGO and
reference α-Ga2O3 show a complete reduction of Ga2O3 into
amorphous gallium, which supports the proposed reaction
mechanism (eq S1 and Figure S8). The rGO-free α-Ga2O3
reference demonstrates a significant agglomeration of particles
after electrochemical cycling (Figure S9). However, the
nanocomposite with 10% rGO reveals open porous structure
with much less agglomeration of electrode particles (Figure
S9), which is responsible for improved electrode activity and
electrochemical stability compared with the reference α-Ga2O3.
This finding highlights the importance of rGO in upholding the
open porous structure of the electrode with electrochemical
cycling in the nanocomposites.
3.7. Possible Intermediate Phases and DFT Calculated

Reaction Voltage. The galvanostatic charge−discharge
profiles (Figure S7) demonstrate the contribution of two
different types of conversion reactions; (a) irreversible
conversion reaction of gallium oxide (eq S1) and (b) reversible
Li−Ga alloying reaction (eq S2). The reaction energy
associated with eq S1 is calculated as −1.26 eV for α-Ga2O3,
− 1.24 eV for β-Ga2O3, and −1.32 eV for γ-Ga2O3, leading the
theoretical discharge potential of 1.24−1.32 V. From the
present CV data (Figure S7), the reduction potential of gallium
oxide is measured as 0.6 V, strongly suggesting a substantial
amount of overpotential for the Ga2O3−rGO nanocomposites.
This observation is not surprising because the electrode activity
of the present materials is associated with an irreversible
conversion reaction. Several phases of GaLi, Ga2Li3, and GaLi2
can be considered as possible intermediates during Li−Ga
reversible alloying process (Figure S10). All of these phases are
available stoichiometric alloys from ICSD having Li atomic
content of >50%. The following reaction pathways can be
proposed, and the calculated voltage profile is shown in Figure
7:

+ →Ga Li GaLi (1)

+ →GaLi
1
2

Li
1
2

Ga Li2 3 (2)

+ →1
2

Ga Li
1
2

Li GaLi2 3 2 (3)

The evolution of charge-transfer behavior upon the hybrid-
ization with rGO is examined with EIS. In comparison with the
rGO-free α-Ga2O3, all of the Ga2O3−rGO nanocomposites
under investigation demonstrate a significant reduction in the
diameter of the semicircle in the high-medium frequency region
of the Nyquist plots (Figure S11A). The charge-transfer
kinetics of all the materials under investigation are further
analyzed by modeling AC impendence spectra based on the
Voigt-type equivalent circuit (Figure S11B). The parameters
obtained from the fitting analysis are listed in Table S4. The
resulting χ2 function is determined to be very small for all the
materials, confirming the good quality of the present fits. The
Warburg coefficient σw is determined by plotting Zr vs ω

−1/2 in
the Warburg region (Figure S11C). All the Ga2O3−rGO
nanocomposites show much smaller values of Rct and σw
compared with those of the reference α-Ga2O3 (Rct = 438.6
Ω and σw = 1602.0 Ω s−1/2), underscoring the improvement of

the charge-transfer behavior upon the hybridization with rGO.
Despite the better charge-transfer kinetics, the nanocomposite
with 25% rGO displays inferior electrochemical performance
than does the nanocomposite with 10% rGO, which is
attributable to the accompanying decrease of the electrochemi-
cally active Ga2O3 content. The present EIS results confirm that
the excellent electrode performance of the Ga2O3−rGO
nanocomposite with 10% rGO is a result of compromise
between the improvement of charge-transfer kinetics caused by
the incorporation of the rGO nanosheet and the change of the
electrochemically active Ga2O3 content with controlled
structural phases.

4. CONCLUSIONS
A phase-controlled synthesis of the Ga2O3−rGO nano-
composites can be achieved by the hybridization of Ga2O3
with the rGO nanosheets at various Ga2O3/rGO ratios. The
change of the Ga2O3/rGO ratio provides an effective way not
only to tailor the crystal structure, crystal morphology, and
crystal size of Ga2O3 but also to optimize the electrode
performance and charge transport of the Ga2O3−rGO
nanocomposites. This is the first report about the phase
control of metal oxide via hybridization with rGO at variable
concentrations. The observed promising electrode performance
of the present nanocomposites can be ascribed to the
improvement of electron transport property through the
formation of an open porous structure as well as to the control
of crystal structure and morphology through the hybridization
with rGO. The present study highlights the usefulness of rGO
template for the phase-controlled synthesis of nanostructured
metal oxides. Taking into account the promising photocatalytic
activity of gallium oxide,32,39−42 the present nanocomposites
are also applicable as photocatalysts for H2 evolution or the
photooxidation of organic compounds. Our current project is
the synthesis of other rGO−gallium compound nanocompo-
sites containing gallium chalcogenides, pnicogenides, and
hydroxides and their application for electrode materials for
lithium secondary batteries and/or photocatalysis.
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Powder XRD patterns of the hydroxide counterparts of
Ga2O3 and all the nanocomposites. The surface

Figure 7. DFT calculated voltage profile (red dashed line) for the
proposed conversion reaction pathway eqs 1−3, which is compared
with experimental second discharge profile of the nanocomposite with
25% rGO (black line) and that of unhybridized reference α-Ga2O3
(blue line).
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structures of α- and β-Ga2O3 references using DFT
calculations. TGA curves of unhybridized α-Ga2O3 and
all the nanocomposites. XPS and FT-IR spectra of GO
and rGO. DFT optimized crystal structures of α-, β-, and
γ-Ga2O3 references, and lithium intercalated intermediate
stages. Powder XRD patterns and FE-SEM micrographs
of unhybridized α-Ga2O3 and nanocomposite with 10%
rGO after electrochemical cycling. Nyquist plots and
plots of Zr vs ω

−1/2 in the Warburg region for α-Ga2O3
and all the nanocomposites. Lattice parameters of α-, β-
and γ-Ga2O3 references and their Li intercalated phases
with all computational details of DFT calculations.
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