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ABSTRACT Three-dimensional (3D) self-assembled hierarchical bismuth oxide architectures were prepared via a solution precipitation
synthesis at 85 °C in 45 min with the aid of polyethylene glycol-8000 (PEG-8000) as a capping agent. The morphology and crystalline
phase evolution was studied versus reaction time and capping agent concentration and interpreted in terms of growth mechanisms.
At higher capping agent concentrations, the as-grown 3D hierarchical flowerlike bismuth oxide was crystalline cubic γ-phase that
was previously formed only at temperatureg640 °C. The morphology and crystal structure of these 3D cubic γ-phase bismuth oxide
flowers were not changed with calcining up to 600 °C. Photoluminescence was attributed to emission from the Bi3+ ion by a 3P0,1f
1S0 transition and from defects. The γ-phase flowerlike bismuth oxide shows better ion conductivity than that of rodlike bismuth
oxide formed without the capping agent. The flowerlike morphology was attributed to modification of the nucleation and growth
kinetics by the capping agent.
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INTRODUCTION

Anumber of applications of bismuth oxide have been
widely studied, including optical coating, gas sensor,
solid-state electrolytes, microelectronics, and electro-

ceramic, because of its opto-electronic, catalyst, photolumi-
nescence, and ion-conducting properties (1-5). Bismuth
oxide is a complex material with four main polymorphs that
are denoted by R- (monoclinic), �- (tetragonal), γ- (body-
centered cubic), and δ-Bi2O3 (face-centered cubic), along
with a new modification, ε-bismuth oxide (6). Each poly-
morph is characterized with distinct structural, optical and
electrical properties. The R and δ phases are the stable
phases at room temperature and high temperature (between
729 °C and the melting point at 824 °C), respectively. The
others are high-temperature metastable phases and usually
transform into the stable monoclinic R-Bi2O3 (7, 8). Among
them, δ-Bi2O3 has the best known oxide ion conductivity
which makes it appealing for fuel cell and sensor applica-
tions, but its narrow stable temperature range of 729-824
°C along with cracking and deterioration during phase
transitions limits its use. The addition of rare-earth dopants
can stabilize the cubic phase, but the conductivity drops by
two orders of magnitude and stability remains an issue.

Several studies have been reported on the synthesis of
R-Bi2O3 in the form of spheres or one-dimensional structure
using techniques such as chemical bath deposition (CBD),
electrospinning, hydrothermal synthesis, flame spray py-
rolysis (FSP), and microemulsion methods (9-13). In addi-
tion, δ-Bi2O3 has been synthesized by epitaxial electrodepo-
sition onto cubic Au single-crystal substrates or by introducing
VO3

- into the reaction system (1, 14). However, there are
no reports of γ-phase Bi2O3 having been synthesized at low
temperatures in short reaction times without subsequent
heat treatment. Several methods have been reported for the
synthesis of Bi2O3 nanoparticles, nanowires, nanotube,
nanofibers and nanohooks (12, 13, 15-17), but there are
only a few reports on the synthesis of three-dimensional (3D)
hierarchical structures. To date, strategies for synthesis of
these materials with higher dimension structures under
template-free and cost-effective conditions remain a chal-
lenge. In this work, 3D flowerlike γ-Bi2O3, composed of 2D
building blocks, was synthesized via a facile solution pre-
cipitation method using low reaction temperatures and short
times with the aid of polyethylene glycol-8000 (PEG-8000).
Structural, photoluminescence, and conductivity properties
of hierarchical γ-Bi2O3 are reported.

EXPERIMENTAL SECTION
All chemicals were analytical grade and used as received

without further treatment. The typical solution precipitation
procedure was begun by dissolving 1.94 g of Bi(NO3)35H2O in
20 mL of HNO3 (1 M) to form a clear solution, followed by
adding 200 mL of deionized water. The precursor mixture was
heated to 85 °C and different concentrations of PEG-8000
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(designated as “C” and defined as the volume ratio of PEG-8000
to the total precursor solution) was added to the solution with
vigorously stirring until a homogeneous clear solution was again
obtained. Then 60 mL of NaOH (4M) solution was added to the
precursor mixture with continuous stirring to generate a col-
loidal solution. After various reaction times, the precipitate was
collected by washing with DI water and centrifuging several
times, followed by oven-drying at 80 °C for 2 h. As-prepared
and calcined (600 °C for 2 h in air) samples were characterized
by X-ray diffraction (XRD) (Philips APD 3720) with Cu KR
radiation (λ ) 1.5418 Å). The XRD pattern was collected from
dried powder samples in a step scan (0.02° per step) mode with
a small grazing incident angle (∼2°) over a 2θ scan range of
20-70°. The morphology and size of Bi2O3 were determined
with high-resolution transmission electron microscopy (HR-

TEM; JEOL 2010F) and with field-emission scanning electron
microscopy (FE-SEM; JEOL 6335F). Photoluminescence (PL) and
photoluminescence excitation (PLE) spectra were measured at
room temperature using a JASCO FP-6500/6600 spectropho-
tometer with a 150 W xenon lamp. Conductivity was deter-
mined by two-point probe electrochemical impedance spec-
troscopy (EIS) using a Solartron 1260 over the frequency range
of 1 Hz to 1 MHz and between 300 and 600 °C in air.

RESULTS AND DISCUSSION
To determine the effects of a surface capping agent on

crystal growth and morphology, we added different volume
concentrations of PEG-8000 to the precursor solution with
other experimental parameters held constant. SEM micro-
graphs show that the morphology of Bi2O3 was changed
significantly by increased PEG concentration (Figure 1). The
morphology was microrods when either zero or low con-
centrations of PEG-8000 (C e 0.05) were used, as shown in
Figure 1a. With an increased volume concentration of PEG-
8000 (C ) 0.1 or 0.2), the morphology evolved from mi-
crorods into flowerlike crystals (Figure 1b,c, respectively).
On the basis of the Gibbs-Curie-Wulff theorem, the mor-
phology can be explained by the relative growth kinetics of
different facets of the crysta l (18, 19). Introduction of a
capping agent into the reaction can tailor the growth kinetics
by modulating the relative free energies of various crystal-
lographic facets. A similar growth mechanism was proposed
to explain the growth of ZnO nanocones and FeCo nanocubes
in the presence of PEG (20, 21).

Figure 2 shows the XRD spectra as a function of PEG-
8000 volume concentration, which indicates that the two
distinct morphologies are associated with different crystal
structures. The spectrum in Figure 2a indicates that the
micro-rods formed at C e 0.05 are monoclinic R-phase
(JCPDS card 71-2274; Figure 2d). However, when the vol-

FIGURE 1. SEM images of morphology evolution as a function of PEG-8000 volume fraction, C ) (a) 0.05, (b) 0.1, and (c) 0.2 (reaction temperature
) 85 °C, time ) 45 min).

FIGURE 2. X-ray diffraction (XRD) pattern from bismuth oxide as a
function of PEG-8000 volume fraction, C ) (a) 0.05, (b) 0.1, and (c)
0.2 (reaction temperature ) 85 °C, time ) 45 min). (d) Diffraction
peaks from JCPDS for monoclinic R-bismuth oxide. (e) Diffraction
peaks from JCPDS for cubic γ-bismuth oxide.

FIGURE 3. Evolution of the morphology of bismuth oxide as a function of reaction times of (a) 1, (b) 10, and (c) 45 min (C ) 0.2, reaction
temperature ) 85 °C).
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ume concentration of PEG-8000 was increased to C ) 0.1
and then to 0.2, the diffraction patterns in Figure 2b,c were
from both the monoclinic R and body-centered cubic γ
phases, but γ was dominant for the flowerlike morphology
from C ) 0.2 (JCPDS card 81-0563; Figure 2e). Previously,
γ-Bi2O3 was reported to form at temperatures of ∼640 °C
or higher (7).

To investigate the morphology evolution and formation
mechanisms of the 3D self-assembled hierarchical architec-
ture, a growth-time analysis was performed with XRD and
SEM. The morphology and size of the 3D flowerlike bismuth
oxide structure as a function of reaction time from 1 min to
45 min (reaction temperature ) 85 °C, C ) 0.2) are shown
by the SEM micrographs in Figure 3. The morphology
evolved from ∼60 nm nanospheres after 1 min reaction
time (Figure 3a), to agglomerated submicrometer clusters
after 10 min (Figure 3b), to predominantly 3D flowers after
45 min (Figure 3c). Figure 4 shows the XRD spectra from
as-prepared samples for reaction times from 1 to 45 min.
Figure 4a shows a broad peak with a large full width at half
maximum (FWHM) that is attributed to amorphous nano-
sized grains. The XRD patterns for reaction times of 10 and
45 min are shown in panels b and c in Figure 4, respectively.
Two XRD spectra are shown in Figure 4c, with the black
spectrum being from a sample grown for 45 min, and the
red spectrum from a sample grown for 45 min then calcined
at 600 °C in air for 2 h. Both the as-prepared (black) and
calcined samples (red) show a strong crystalline pattern
matched by the γ-Bi12.8O19.2 phase (i.e., γ-Bi2O3), which is
composed of umbrellalike [BiO3] groups and void tetrahedral
(JCPDS 81-0563; Figure 4d). In addition, the morphology was
not changed by calcining (see Figure S1 in the Supporting
Information).

These 3D bismuth flowers have high hierarchy with petals
that are composed of self-assembled nano-triangular and
pyramid structures as shown in Figure 5a. The typical size
of these individual nano-triangles are 600-800 nm. The
nano-triangles form a petal which originates from a single
center to exhibit the flowerlike geometry. The size of an
assembled flower structure is ∼10 µm. Figure 5b shows a
high-resolution TEM image of a bismuth oxide nano-triangle
revealing well-resolved lattice fringes with an interplanar

spacing of 0.256 nm. In addition, the selected area electron
diffraction (SAED) pattern in the inset of Figure 5b shows
single-crystal spots from the cubic γ-phase, consistent with
the XRD patterns. Figure 5c shows a room-temperature
photoluminescence (PL) spectrum from γ-phase as-prepared
flowerlike Bi2O3 (excited at 230 nm). The PL spectrum shows
broad emission (∼400-650 nm) with a peak at ∼465 nm
due to Bi3+ luminescence from the 3P0 and 3P1 excited states
to the 1S0 ground state. The green peak at ∼562 nm is from
an impurity trap associated with oxygen vacancies interact-
ing with interfacial bismuth vacancies (16, 17). The PL
transition observed depends on the charge on the bismuth
ion, and the blue and green emissions are consistent with
trivalent bismuth ions.

The ion conductivities of R-phase microrods and γ-phase
flowerlike Bi2O3 shown in Figure 6 were determined using
impedance spectroscopy. The activation energy can be
obtained from the Arrhenius equation by plotting the con-
ductivity, σ, as a function of inverse temperature, T-1

where A is the pre-exponential factor, Ea is the activation
energy, and k is Boltzman’s constant. The activation energies
determined from Figure 6 are 1.07 and 0.54 eV for rod- and
flowerlike Bi2O3, respectively. Note that the calcined ion
conductivity of flowerlike Bi2O3 is higher than that of rodlike
Bi2O3 by a temperature-dependent factor ranging from ∼2
at 600 °C to ∼32 at 350 °C. The values of the conductivity
of γ-phase Bi2O3 at temperatures <520 °C have not been
reported, but the data in Figure 6 suggest that operation of
a fuel cell at these lower temperatures should be feasible.

In general, the crystalline phase, particle size, and mor-
phology of a solid depend strongly on the competition
between nucleation and growth, the rates of which are
determined by the chemical potentials in the precursor
solution. During the initial reaction, bismuth oxide probably
nucleated as the reagent acid was poured into the precursor
solution, and grew to nanosized particles in < 1 min. With
continued reaction, nanosized particles were oriented and
attached to other nanoparticles, leading to agglomerated
nanoparticles that serve as crystal seeds to grow the
flowerlike structure. PEG-8000 is an amphipathic nonionic
surface active agent from oxyethylene polymerization,
and therefore a PEG-OH bond should form in aqueous
solution and chelate bismuth ions, which would lead to
highly mobile molecules with a large exclusion volume. The
PEG chains result in the morphology of the initially formed
bismuth oxide clusters. Moreover, because of the large
amount of high-molecular-weight PEG-8000, the precursor
solution is viscous leading to the agglomeration of nano-size
bismuth oxide clusters to form submicrometer-triangular
platelets. Finally, PEG-8000 leads to bridging flocculation,
which binds triangular platelets into individual petal-like
structures, resulting in flowerlike γ-Bi2O3.

FIGURE 4. XRD pattern from bismuth oxide as a function of reaction
times of (a) 1, (b) 10, and (c) 45 min (black, as-grown; red, calcined
at 600 °C for 2 h in air; C ) 0.2, reaction temperature ) 85 °C). (d)
Diffraction peaks from JCPDS for cubic γ-bismuth oxide.

σ ) Aexp(- Ea

kT) (1)
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SUMMARY
Unique hierarchical 3D self-assembled flowerlike γ-Bi2O3

was produced in the presence of PEG-8000 via a facile
solution precipitation process without any templates. This
is the first report of the growth of body-centered cubic
γ-phase Bi2O3 at such a low temperature (85 °C) and a short
time (45 min). By varying the reaction time and PEG-8000
capping agent concentration, we investigated the evolution
of morphology and crystal phase of bismuth oxide. The
present data show that the γ-phase Bi2O3 formed at 85 °C
is stable up to at least 600 °C. The photoluminescent
properties and possible growth mechanisms were discussed.
The ionic conductivities of the flowerlike γ-Bi2O3 and rodlike
R-Bi2O3 for temperatures between 350 and 600 °C were
reported, and flowerlike γ-Bi2O3 showed better ion conduc-
tivity than did rodlike R-Bi2O3.
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FIGURE 5. (a) SEM micrograph of an individual “flower” of bismuth oxide. (b) TEM micrograph of the lattice fringes from an individual nano-
triangle with its’ SAED pattern shown in the inset. (c) Photoluminescence spectrum of as-synthesized flowerlike γ-bismuth oxide for excitation
at 230 nm.

FIGURE 6. Ionic conductivities versus 1/T for rodlike R- and flower-
like γ-bismuth oxide.
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