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Abstract—Synthesis of bismuth nanoparticles in the interpenetrating channels of porous glass limiting the size
of the obtained particles includes the stages of anchoring the insoluble bismuth oxide inside the glass, the oxide
reduction with glycerol, and release of the metal nanoparticles from the pores volume. Hexagonal crystallites
have been found in the sub-micron powder of bismuth along with its stable rhombohedral form. The prepared
powders exhibited the reduced temperature and enthalpy of melting.
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Rapid development of methods of synthesis and
study of nanosized metal bismuth are due to its
potential application to the preparation of materials
with enhanced thermoelectric efficiency [1-3]. Much
attention has been attracted by the quantum-size
metal-semiconductor transition observed for bismuth
nanoparticles [3—5]. The improvement of resolution
(contrast) of the X-ray images is another promising
application of bismuth nanoparticles in medicine
[6, 7]

Liquid-phase reduction of bismuth salts is among
the chemical methods of producing its nanosized
particles [5—12]; the preservation of small metal
nanoparticles is a complicated problem due to the
negative effect of collective recrystallization. In this
regard, the reaction media should exhibit increased
viscosity or incorporate certain organic additives
preventing aggregation of the synthesized particles
(and sometimes affecting their shape) [5-12]. Sphe-
rical and rod-like bismuth nanoparticles have been
obtained via reduction of sodium bismutate at 200°C
in polyethylene glycol or glycerol containing addition-
nally varied amounts of poly-N-vinylpyrrolidone, acetone,
and water [12]. The high affinity of the reaction
medium components to the small particles surface
complicated their isolation in the pure form [5-12].

This work was inspired by the suggestion to use the
interpenetrating channels of porous glass as the reac-

tion space (nanoreactor) in order to limit the size of the
synthesized bismuth particles. Glycerol could be used
as the reducing agent and the medium viscosity
modifier [12]. One of the synthesis schemes includes
anchoring bismuth oxide inside the glass as the
insoluble precursor, followed by its reduction with
glycerol into metal and release of the so formed
nanoparticles from the pores.

The two types of porous glass in the form of plates
(membranes) with the porous structure parameters
listed in Table 1 were prepared according to the
procedure described in [13]. The pre-defined content
of Bi,0O5 (Table 1) at the walls of the interpenetrating
channels was ensured via impregnation of the porous
glass with Bi(NO;); aqueous solution followed by
elimination of water and thermal decomposition of the
salt. The yellow plates rapidly turned dark-grey upon
dipping of the washed and dried porous glass—Bi,Os
specimens in glycerol and gradual heating to =200°C,
thus evidencing the Bi,O; reduction into the metal.
Further maintaining the plates at 200°C resulted in
their gradual discoloration, likely due to the sponta-
neous release of the metal nanoparticles into the liquid
phase. Transparency of the external glycerol phase was
explained by the small size and low concentration of
the particles.

In order to identify the metallic nanostructures and
to determine their size and shape, the bismuth—glycerol
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100 nm

Fig. 1. Atomic force microscopy images of primary bismuth particles synthesized using porous glasses (a) 1 and (b) 2.

colloids were applied onto an atomically smooth mica
surface, heated in a vacuum at 180°C till complete
evaporation of glycerol, and studied by means of
atomic force microscopy. The typical images (Fig. 1)
revealed the spherical shape of bismuth particles and
confirmed their size limitation by the porous
morphology of the nanoreactors. The particles formed
in the porous glass matrix 1 with the prevailing
channels diameter of 9 nm were of 5-8 nm, whereas
the reduction in the larger pores (~100 nm) of glass 2
resulted in the formation of the 50-80 nm particles.

The observed displacement of the metal from the
pores of the glass was evidently due to the high
concentration gradient at the interphase boundary and
the labile (confined) state of the solvated nanoparticles
in the narrow silica channels. Displacement of the
primary bismuth particles into the glycerol phase in the
amounts sufficient for further examination was prac-
tically impossible due to the small size of the metal
formations and high viscosity of the medium.

Accumulation of the metal particles in the liquid
phase was attained by using several porous glass—
Bi,0; plates and longer reduction. As a result, the
primary particles were united in visible aggregates that
could be isolated via centrifugation. The so prepared

Table 1. Specific surface area, pores volume, and diameter
of channels in the porous glassed; content of Bi,O; (Q)

Porous glass | Sy, m’/g Vs cm’/g | d,nm 0,gleg
1 80 0.16 9 0.182
2 20 0.44 100 0.196

powders were thoroughly washed with ethanol and
then studied by means of atomic force and scanning
electron microscopy as well as by X-ray diffraction.

According to the electron microscopy examination
of the bismuth powder prepared using the glass 1
containing narrower pored, the spherical submicron
particles prevailed (Fig. 2a). At the same time, the
atomic force microscopy image of the isolated grains
of the powder on mica showed that they consisted of
numerous particles (subgrains) of ~10 nm (Fig. 2b).
We therefore suggested that aggregation of the primary
small (=7-8 nm) bismuth particles occurred pre-
dominantly due to adhesion, the collective recrystal-
lization being limited. The so formed grains were
agglomerates of the individual particles linked
together. The similar process of enlargement of the
50-70 nm particles isolated from the porous glass 2—
Bi,0;—glycerol system resulted in the formation of the
coarse-grained bismuth powder exhibiting broad
distribution of the aggregates size reaching tens of pm.
Hence, the morphology of powder bismuth samples
was largely determined by the size of the constituting
primary particles, the latter being in turn limited by the
diameter of channels in the porous glass.

The characteristic features of the bismuth samples
were reflected in their crystal structure. The X-ray
diffraction pattern of the coarse-grained powder
(Fig. 3a) reliably confirmed the rhombohedral bismuth
structure, other reflections being absent [1-6]. Hence,
the metal particles were highly pure and, consequently,
stable against oxidation under conditions of the
experiment. The high intensity of the reflections at
20 = 27.11°, 37.89°, and 39.55° pointed at the
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Fig. 2. (a) Scanning electron microscopy and (b) atomic force microscopy images representing the result of aggregation of primary

bismuth nanoparticles shown in Fig. 1a.

predominant orientation of the crystallite along their
[012], [104], and [110] planes.

The bismuth powder prepared using the porous
glass 1 revealed the complex X-ray diffraction pattern.
The peaks characteristic of the rhombohedral structure
were accompanied by six additional reflections
(Fig. 3b, Table 2). The dominating strong major peak
(26 = 10.80°) left out the possible assignment of the
additional pattern to bismuth oxide or high-pressure
bismuth modifications. The small angle corresponding
to the basic reflection suggested the presence of the
hexagonal structure, its features being expressed by

Eq. (1) [14]:
sin®0,y = A(h* + hk + %) + CP, (1)

with 4 = 3*/3a°; C = A*/Ac’; hki, the Miller indices of
the crystallographic planes; M(Cuk,) = 1.5406 A; a and
¢, the lattice constants. Solution of Eq. (1) for the
corresponding reflections (Table 2) gave the following
parameters: 4 = 8.859 x 107, C =3.222 x 107, a =
9.450 A, and ¢ = 13.570 A. Validity of the
identification was confirmed by the close values of the
interlayer distances (Table 2) determined from the
peaks positions in the X-ray diffraction curve (dex, =
M2sinf) and those calculated using the quadratic
Eq. (2) for hexagonal structure [14].

Vdge = 40 + hk + K2)/3a” + P/, ©)

A special feature of the phase characterized with
the indices was the c/a ratio of 1.436, noticeably smaller
than that for ideal hexagonal packing (1.633 [14]).
That deviation marked the decreased distance between
the bismuth layers in the primary nanoparticles formed
in the confined reaction volume. Hence, the influence
of the narrow channels of porous glass 1 was reflected
in both the size and the structural features of bismuth

nanoparticles. The fraction of the hexagonal phase deter-
mined from the ratio of the total intensities of the
reflections (Fig. 3b) was about 35%.

(b)
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Fig. 3. X-ray diffraction patterns of bismuth powders
prepared using porous glasses (a) 2 and (b) 1.
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Table 2. Comparison of experimental and calculated inter-
layer spacing of hexagonal structure of bismuth nanoparticles

Run 1,

no. 20, deg rel. units hkl dexp, A due A
1 10.8028 | 320.2 100 8.1831 | 8.1841
2 12.6193 7.4 101 7.0090 | 7.0083
3 21.8171 20.0 200 4.0704 | 4.0920
4 25.4422 3.7 202 3.4981 | 3.5041
5 33.0735 3.1 005 2.7063 | 2.7141
6 59.3465 2.6 331 1.5560 | 1.5645

The known fact that the nanosized forms of metals
melt at lower temperature than the bulk phase [15],
was confirmed by the study of the prepared bismuth
powders. Contrary to the expectations, the two samples
revealed only slight difference between the melting
points. The thermograms of the fine- and coarse-
grained bismuth powders showed practically the same
melting onsets (265.1+£0.4°C), significantly lower as
compared to the crystalline bismuth powder (270+0.2°C).
The broadened DTA curves of the prepared samples
could be due to the sintering of the nanoparticles
constituting the grains preceding the grains melting.
The most prominent difference was revealed for the
melting enthalpies calculated from the peak areas with
respect to the powder mass. The nanosized bismuth
forms exhibited the close values of AH,, = 5.6+0.5 kJ/mol,
twice lower as compared to their polycrystalline
analog (11.2+0.3 kJ/mol).

The dimensional effect on the melting behavior of
the samples was fairly distinct; however, the numerical
values of the melting point and enthalpy should be
carefully examined. Their deviation from the corres-
ponding reference data for the bulk bismuth (271.4°C
and 11.05 kJ/mol [16]) could be caused by the quality
of the used specimen, its dispersity, apparent density,
and distribution of the particles. As expected, X-ray
diffraction patterns of the specimens after melting
contained exclusively the reflections corresponding to
the rthombohedral metal structure.

EXPERIMENTAL

The prepared bismuth samples were analyzed using
the equipment installed at Center for Joint Usage,
Herzen State Pedagogical University of Russia.

The bismuth nanoparticles were visualized using a
Solver P-47 atomic force microscope and a Zeiss EVO-
40 scanning electron microscope. X-ray diffraction patterns
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were registered using a Dron-7 diffractometer equipped
with copper anode. Differential thermal analysis was
performed using an STA 449 F3 Jupiter instrument.

Parameters of porous structure of the used glass
plates 1 and 2 are collected in Table 1.

Bismuth oxide Bi,O; was prepared as follows. The
porous glass was soaked with 2.0 mol/L aqueous
solution of Bi(NOs);; the samples were first dehyd-
rated at 120°C, and then the incorporated salt was
completely decomposed via annealing at 500°C in air.
The formation of the Bi,O; oxide in the porous glass
was monitored by weighing (Table 1). In order to keep
the oxide amount constant for both glasses, the above-
described modification of the glass 1 with the lower
pores volume was repeated three times. The pores
were then filled with the reducing agent (glycerol) as
follows. First, glycerol rose via the capillaries from
one of the planar surfaces of the sample, the air being
released from the pores on the opposite surface. The
plates were then dipped in the beaker filled with
glycerol, and the mixture was heated at 200°C. The
reaction course (reduction of the oxide particles and
release of the products) was monitored visually,
observing the modified glass plates discoloration.
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