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Abstract

Nanometer-sized bismuth particles were prepared using an inverse microemulsion method. To prevent air-oxidation, an in
situ polymerization technique using methyl methacrylate (monomer) and 2-hydroxyethyl methacrylate (co-monomer) with
cross-link agent was employed, and polymeric network was formed around the water droplets. Our characterizations reveal
that very highly crystalline bismuth particles on the order of 20 nm can be obtained within this polymeric network.
Comparison with a similar microemulsion procedure without polymer indicates that the polymeric network protected the
bismuth particles against oxidation, especially during post-synthesis annealing. The current investigation demonstrates a
feasible route to produce single phase, air-sensitive metal nanocrystallites using this modified microemulsion technique.

© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Crystalline materials exhibit a variety of interest-
ing optical, electronic and magnetic effects when the
physicad size of the crystalite approaches the
nanometer scale in at least one dimension; these
phenomena are collectively known as quantum con-
finement effects. The most studied quantum-confined
materials have been, of course, semiconductors and
metals, but more recently the semimetal bismuth has
received attention because of its highly anisotropic
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electronic behavior, low conduction-band effective
mass and high electron mobility [1]. In bulk Bi, the
three conduction-band minima at the L point lie
= 40 meV lower than the single valence-band maxi-
mum at the T point [1,2]. Quantum confinement has
been shown to convert Bi from a semimetal to a
semiconductor in thin Bi layers grown by molecular
beam epitaxy [3]. This size-induced semimeta to
semiconductor transition and related quantum con-
finement effects are potentialy useful for certain
optical and electro-optical device applications [4]. In
fact, thin films of Bi and Bi,_,Sb, aloys have been
shown to have among the largest third-order optical
nonlinear susceptibilities at infrared wavelengths [5].
In addition to films, bismuth nanowires with 13 nm
in diameter and 30-50 wm in length have been
successfully prepared by injecting liquid Bi into
nanometer scale channels of a porous anodic alumina
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template [6] or by electrodepostion of Bi into a
porous aumina template [7]. The magnetoresistance
of these materials has been studied [7-9] and it has
been suggested that such a nanoscale bismuth system
is attractive as a potential thermoelectric material
[10].

Because of the intense interest in quantum-con-
fined semimetal systems, we explore a low tempera-
ture, chemical approach for synthesizing nanometer-
sized bismuth crystallites. Previoudly, colloidal bis-
muth particles (~ 20 nm in size) were produced by
the radiolytic reduction of agueous solutions [11].
However, these particles were investigated in solu-
tion and no attempt was made to extract the particles
and study their structural properties. One difficulty is
that the nanosized bismuth powder is quite unstable
inair. Without protection against air, nanometer-sized
bismuth particles are easily oxidized not only during
the nucleation and growth process but also during
the post-growth treatment stages. Therefore, it is
worth designing a *‘ coating layer’’ for protecting the
nanoparticles.

In this letter, we demonstrate a technique to syn-
thesize and isolate nanometer-sized bismuth parti-
cles. The particles are formed from the reduction of
Bi sdlts in inverse micelles (water-in-oil inverse mi-
croemulsion). To limit oxidation of the fine Bi parti-
cles and prevent agglomeration, monomer precursors
of poly(methyl methacrylate) (PMMA) are added to
the ail phase of the microemulsion and polymerized
in situ resulting in a polymeric network which sur-
rounds and protects the Bi nanoparticles. The mor-
phology and crystal structure of the crystallites is
investigated with transmission electron microscopy
(TEM) and X-ray diffraction (XRD). The results are
compared to bismuth nanoparticles formed from a
similar microemulsion route with no polymer encap-
sulation. We find that the polymer is effective in

Table 1

protecting the particles against oxidation, especially
during post-synthesis annealing.

2. Experimental procedure

The starting materials used in the present investi-
gation include bismuth (I11) nitrate (> 98% in pu-
rity), sodium borohydride (99.0% in purity), cyclo-
hexane (> 99.9% in purity), methyl methacrylate
(hereafter MMA) (99.0% in purity), 2-hydroxyethyl
methacrylate (hereafter HEMA) (> 99.0% in purity),
ethylene glycol dimethacrylate (98.0% in purity),
2,2-dimethixy-2-phenylacetophenone (99.0% in pu-
rity, all above chemicals were from Aldrich, USA),
ammonia solution (concentration: 28.0-30.0 wt.%,
GR solution from EM Science), nitrate acid (con-
centration: 68.0-70.0 wt.%, GR solution from EM
Science), and mixed poly (oxyethylene); nonyl phe-
nol ether (hereafter NP5) and poly (oxyethylene),
nonyl phenol ether (hereafter NP9) (in weight ratio:
2:1, Albright and Wilson Asia, Singapore).

To prevent from the formation of BiO* (bi-
smuthyl ion) which isinsoluble in water, the bismuth
nitrate solution is made dightly acidic by adding
nitric acid. The [0.20 M Bi(NO,), + 1.50 M HNO,]
solution was prepared by dissolving 4.856 ¢
Bi(NO,); - 5H,0 into 25.0 ml 3.0 M HNO; and
such solution was diluted up to 50.0 ml using dis-
tilled water. The as-prepared solution was subse-
quently degassed using argon before the reaction. In
order to increase the solubility of sodium borohy-
dride in water and to neutralize the excess acid
during the reaction, fresh [1.00 M NaBH, + 2.00 M
NH, - H,0] was prepared as well using argon-de-
gassed distilled water.

Nanocrystalline bismuth was synthesized via two
microemulsion processing routes. A simple mi-

Weight ratio of each component in both microemulsion processing routes

System Aqueous solution (12.0 wt.%) Oil phase (66.0 wt.%) Surfactant (22.0 wt.%)
ME-A 0.20 M Bi(NO3); + 1.50 M HNO; pure cyclohexane 14.7% NP5 + 7.3% NP9
ME-B 1.00 M NaBH , + 2.00 M NH3H,0
PME-A 0.20 M Bi(NO3); + 1.50 M HNO4 49.8% cyclohexane + 12.4% MMA + 3.1%

HEMA + 0.6% x-linker 4+ 0.07% UV initiator
PME-B 1.0 M NaBH , + 2.00 M NH3H,0
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croemulsion route (hereafter ME) was used in which
pure cyclohexane was employed as oil phase. An in
situ polymerization—microemulsion synthesis
(hereafter PME) was also used which contained a
mixture of cyclohexane and monomers (in weight
ratio of 3.2:1) as the oil phase. For each synthesis
method, ME and PME, two microemulsion systems
are prepared separately, one containing the dissolved
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Bi®*" and the other containing the NaBH, reducing
agent. The weight ratio of each component in each
route is given in Table 1.

The procedure for establishing a partial phase
diagram at room temperature for the ternary system
consisting of oil phase (either pure cyclohexane or
mixture of monomer components and cyclohexane),
NP5 + NP9 and an aqueous solution has been de-
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Fig. 1. Partid phase diagrams established at room temperature for the ternary systems consisting of (NP5 + NP9) surfactants, as well as
various oil phase and agueous solution. (a) oil phase: cyclohexane; agueous solution: 0.20 M Bi(NO3); + 1.50 M HNO;. (b) oil phase:
cyclohexane; agueous solution: 1.00 M NaBH, + 2.00 M NH3H,O. (c) oil phase: 76 wt.% cyclohexane + 24 wt.% (4 MMA + HEMA);
aqueous solution: 0.20 M Bi(NOj); + 1.50 M HNO;. (d) oil phase: 76 wt.% cyclohexane + 24 wt.% (4 MMA + HEMA); agueous sol ution:

1.00 M NaBH , + 2.00 M NH4H 0.
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tailed elsewhere [12,13]. To locate the demarcation
between the microemulsion (transparent) and non-
microemulsion (turbid) regions, the clear region was
determined visually by titration of the agueous solu-
tion into a mixture of oil and surfactant in given
ratios in a screw-capped tube. Thorough mixing of
the three phases was achieved using a Vortex mixer.
Microemulsion compositions appear optically trans-
parent when the size of aqueous droplets isin the 5
to 15 nm range, due to the fact that the nanosized
aqueous droplets do not cause a substantial degree of
light scattering. A series of such demarcation points
(transgition from transparent to turbid) were obtained
by varying the weight ratio of oil phase to surfactant.
The resulting phase diagrams are given in Fig. 1. In
the following synthetic work, al the chosen mi-
croemulsion composition points are marked by “‘ x’’
in Fig. 1(a,b,c,d) and are tabulated in Table 1.

In the ME route, two types of inverse microemul-
sions (designated ME-A and ME-B) were prepared.
ME-A and ME-B contained two common compo-
nents: the mixed non-ionic surfactants of NP5 and
NP9 (in the weight ratio 2:1) and cyclohexane. The
ME-A microemulsion consisted of an aqueous solu-
tion of 0.20 M Bi(NO;), and 1.50 M HNO;, whereas
the ME-B microemulsion consisted of freshly pre-
pared 1.00 M NaBH, in 200 M NH;-H,0 solu-
tion. The two microemulsions, ME-A and ME-B,
were gradually mixed under argon gas while stirring.
Two reactions occurred simultaneously: H* was
neutralized by ammonia hydroxide, and Bi®** was
reduced into Bi by sodium borohydride resulting in
very fine bismuth metal in black color. The pH value
of final mixture was adjusted to pH = 8. After this
colloidal system was destabilized by adding high
purity ethanol, product was purified by centrifuga-
tion, followed by repeatedly washing using ethanol,
distilled water and acetone successively, and a fine
powder was obtained by vacuum-drying the sample
for 24 h.

In the PME route, two inverse microemulsions
were prepared as in the ME route. Microemulsion
PME-A contained an agueous phase of the bismuth
ions and PME-B contained an aqueous phase of the
borohydride. However, here the cyclohexane was
partially replaced by polymerization agent in each
microemulsion system as indicated in Table 1. MMA
and HEMA were chosen as monomer and co-mono-

mer, respectively, ethylene glycol dimethacrylate as
the cross-linker, and 2,2-dimethixy-2-phenyl-
acetophenone as UV initiator. When equal amounts
of two microemulsions were similarly mixed under
argon gas, the system was aso irradiated with UV
light for 20 min. In this case, nanoparticles of bis-
muth would form rapidly from the reduction, whilst
polymerization takes place much more slowly. Poly-
mer-coated nanosized bismuth could therefore be
retrieved by performing post-purification as outlined
above.

The as-dried specimens were annealed in argon at
various temperatures, up to 240°C, for 2 h, followed
by phase analysis and crystallite size estimation us-
ing XRD (CuK «, Philips X’pert Systems) at room
temperature. For TEM characterizations all speci-
mens were sparingly dissolved in organic solvent
(chloroform or a mixture of toluene and chloroform
in 1:1) under ultrasonification. A drop of the result-
ing solution was dried onto a carbon coated TEM
grid. A Jeol 2010 transmission electron microscope
was employed to observe the particle morphology
and to analyze the crystalinity.

3. Results and discussion

Fig. 1(ab) shows the partial phase diagrams es-
tablished at room temperature for the ternary system
consisting of cyclohexane, NP5/NP9 and aqueous
solution containing [0.20 M Bi(NO;); + 1.50 M
HNO,] and [1.00 M NaBH, + 2.00 M NH, - H,0],
respectively. The microemulsion region, which is
marked as shaded area in the diagrams, widens
significantly with increasing NP5+ NP9 to cyclo-
hexane ratio. For a given NP5 + NP9 to cyclohexane
ratio, the microemulsion region in Fig. 2(a) is much
wider than that in Fig. 2(b). This behavior can be
explained by considering the interaction between the
anions of the acidic agueous phase and the hy-
drophillic end of the surfactant molecules compared
to the interaction of the cations in the alkali agueous
phase with the surfactant molecules. In the mi-
croemulsion containing [0.20 M Bi(NO,); + 1.50 M
HNO,] (Fig. 1(a), the ethylene oxide (EO) units
(-O-CH,—CH,-),, of the mixed surfactants were
‘‘charged’” by protonium ions (H,O" from HNO,).
Such repulsion among the charged surfactant
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molecules in the polar ends increases the water
droplet size resulting in a widened microemulsion
region. In the system containing [1.00 M NaBH, +
2.00 M NH; - H,0] (Fig. 1(b)), the cations can form
strong complexes with EO units of the mixed surfac-
tants [14]. In addition, the hydroxides (OH™) may
serve as wesk bridge by linking the complexed
cations of the neighboring surfactant molecules. The
rigidity of the interfacial films of the inverse mi-
croemulsion droplets is thus increased, favoring the
formation of smaller droplets of microemulsions.
Therefore, the microemulsion region becomes nar-
row. Moreover, a previous study of similar mi-
croemulsion systems indicates that the microemul-
sion region would broaden as the concentration of
alkali is decreased [15]. This assures that our mixed
system in which the pH value was maintained around
8 remains a microemulsion as long as the system
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points in two initial systems are controlled within
microemulsion region. The investigation of phase
behavior also reveals that the partial replacement of
cyclohexane by the monomers results in a significant
narrowing of microemulsion region in both the acidic
system (Fig. 1(c)) and alkali system (Fig. 1(d)).

To study structural development of the bismuth
nanoparticles prepared by both the ME and PME
synthetic methods, the specimens were heated for 2 h
under argon and followed by XRD phase analysis at
room temperature. Fig. 2(a,b) are the XRD traces of
both specimens at varying annealing temperatures.
Without annealing treatment, broad XRD peaks can
be observed in ME-derived sample as shown in Fig.
2(a) and these peaks are attributed to the formation
of rhombohedral bismuth according to the standard
ICDD PDF (Card No. 05-0519) even though a con-
siderable amount of amorphous phase was simulta-

T 5 (b)
S =
3
= a 8
g ¢
ﬂ J 240°C
b WJ A 200°C

25°C

206 (degree)

Fig. 2. (a, b) XRD traces of the as-prepared bismuth specimen via (a2) ME and (b) PME process and those annealed at various temperatures
for 2 h under argon atmosphere. (b) All the peaks are in agreement with diffraction peaks from rhombohedral bismuth; the main peaks are
labeled.
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neously indicated from this pattern. Applying the
Scherrer equation [16] to the line broadening of the
(012), (202) and (024) peasks, the average size of
bismuth crystallites of this sample was estimated to
be ~ 17 nm when the shape factor was regarded as
0.9. Fig. 2(a) aso illustrates that the intensity of
bismuth decreases with increased annealing tempera-
ture of the ME-derived specimens, and the peaks
from rhombohedral bismuth phase completely vanish
at after annealing at 160°C. Further increase of the
annealing temperature to 240°C results in a forma
tion of bismuth oxide, which is represented by the
typical peaks at 26 = 33.0° (—122,121) and 46.3°
(041) according to the standard ICDD PDF Card No.
41-1449. These variations in Fig. 2(a) revea that
nanophase of bismuth derived from ME route pos-
sesses a poor crystallinity and it is rather unstable
during heating even in an argon atmosphere.

In contrast with ME-derived samples, PME-de-
rived bismuth particles demonstrate a much higher
crystallinity with a crystallite size as small as ~ 13
nm, as shown in Fig. 2(b). Increase of annealing
temperature results in an enhancement of crys
tallinity accompanied by a dight increase in crystal-
lite size as expected (see Table 2). A highly crystal-
lized rhombohedral bismuth phase can be detected
from the patterns of samples heated at 200°C or
above. Moreover, no trace of bismuth oxide was
detected in these XRD patterns. Comparison of these
XRD patterns between ME-and PME-derived sam-
plesin Fig. 2 also indicates that in situ cross-linked
polymer in this process becomes a network material
which is able to protect the surface of bismuth
particle from oxidation.

Fig. 3(a,b) show the transmission electron micro-
graph of ME-derived and PME-derived bismuth
powders, respectively. As shown in Fig. 3(a), parti-

Table 2
Crystallite size of bismuth particles estimated from broadening of
the XRD peaks

Annesling temperature

Average particle size (nm)

ME process PME process
As prepared 16.8 132
160°C - 15.3
200°C - 22.6
240°C - 239

&

Fig. 3. TEM images of bismuth particles synthesized from (2) ME
process; (b) PME process.

cle agglomerates occur even though the primary
particles of ME-derived bismuth are considerably
very small. The ambiguousness of this morphology
also indicates the presence of materias in amorphous
phase. This observation is in good agreement with
the XRD pattern in which amorphous phase was
detected as dominant component. In contrast with
ME-derived sample, discrete elongated particles



J. Fang et al. / Materials Letters 42 (2000) 113—-120 119

(rod-shaped) can be observed in the TEM of the
PME-derived sample as shown in Fig. 3(b). The
particles range about ~5 nm X 20 nm in size and
are embedded in the polymeric network.

These observations indicate that in the synthesis
of nanosized bismuth, introduction of an in situ
polymerization process into the microemulsion reac-
tion can efficiently restrict the growth of metal parti-
cles during the reaction, post purification and anneal-
ing processes. As mentioned above, XRD investiga-
tion suggests that highly crystalline bismuth particles
are developed from the PME-derived sample. TEM
dark diffraction aso supports this result. It is not
difficult to understand the difference in crystallinity
between two samples prepared via PME and ME
processes (with and without polymer stabilization).
As suggested by previous researchers, inverse mi-
croemulsions consist of water droplets ranging from
5 to 15 nm [17,18]. Primary particles can be firstly
formed within these water droplets, followed growth
stages due to the dynamic nature and collision pro-
cess among the water domains [19-21]. Eventually,
each water domain in inverse microemulsions may
contain few particles in the later reaction stage.
Oxidation of the out-layer of bismuth particles, of
course, will diminish the crystallinity and purity of
bismuth. While in the case of PME process, since the
formation of bismuth and the polymerization take
place in different media, i.e., agueous phase and oil
phase, respectively, nanosized bismuth particles must
be inlaid in the polymeric chains due to nature of
microemulsion microstructure. If the polymer is
cross-linked in inverse microemulsions, a well-dis-
persed porosity on the nanometer scale can be cre-
ated for containing the bismuth particles. Such porous
cross-linked polymer can actually be regarded as a
networked material with Bi sites, which is shown in
the TEM micrograph of Fig. 3(b). Nanosized parti-
cles of bismuth are thus isolated and protected by the
polymeric network, and this structure can therefore
avoid oxidation and particle growth during the an-
nealing stage.

4, Conclusions

Nanometer-sized bismuth crystallites have been
successfully synthesized using a modified inverse

microemulsion method with in situ polymerization.
The greetly different reaction rates between the metal
reduction (Bi®* — Bi) in the agueous phase and
polymerization in the organic phase alows bismuth
nanoparticles to be grown surrounded by cross-lin-
ked PMMA network. Compared to bismuth nanopar-
ticles synthesized from microemulsion without poly-
mer, the polymer-coated nanoparticles are protected
from oxidation and show high crystallinity and pu-
rity of single phase. This synthesis technique pro-
vides a viable route for the formation of highly
crystalline bismuth nanoparticles which can serve as
the basis for further studies of quantum-confined
bismuth.
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