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Melting and freezing of spherical bismuth nanoparticles
confined in a homogeneous sodium borate glass
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The melting temperature and the crystallization temperature of Bi nanoclusters confined in a sodium borate
glass were experimentally determined as functions of the cluster radius. The results indicate that, on cooling,
liquid Bi nanodroplets exhibit a strong undercooling effect for a wide range of radii. The difference between
the melting temperature and the freezing temperature decreases for decreasing radius and vanishes for Bi
nanoparticles with a critical radius R=1.9 nm. The magnitude of the variation in density across the melting
and freezing transitions for Bi nanoparticles with R=2 nm is 40% smaller than for bulk Bi. These experimen-
tal results support a basic core-shell model for the structure of Bi nanocrystals consisting of a central crystalline
volume surrounded by a structurally disordered shell. The volume fraction of the crystalline core decreases for
decreasing nanoparticle radius and vanishes for R=1.9 nm. Thus, on cooling, the liquid nanodroplets with
R<1.9 nm preserve, across the liquid-to-solid transformation, their homogeneous and disordered structure

without crystalline core.
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I. INTRODUCTION

Metallic nanoparticles have been the object of a growing
interest due to their often interesting chemical and physical
properties.! A clear understanding of the structure and ther-
mal behavior of these nanocrystals is worth because, in many
cases, their properties are strongly dependent of the structure
and structural stability of these nanomaterials. In a previous
investigation? we have studied the crystal-to-liquid transition
of spherical Bi nanoclusters embedded in a sodium borate
glass as a function of the nanocrystal radius, by simultaneous
small angle x-ray scattering (SAXS) and wide angle x-ray
scattering (WAXS) experiments. In the present work, we
have studied, by using the same experimental techniques, the
whole cycle of heating and cooling of a similar Bi-glass
nanocomposite, allowing us to determine both the liquid-to-
crystal transition temperature 7. and the crystal-to-liquid
transition temperature 7, and thus precisely characterize un-
dercooling effects as a function of the nanocrystal radius.
The procedure applied here,> in which a single sample is
analyzed, yields experimental results with a good accuracy,
even in the determination of small differences between
T,(R) and T.(R), that have been here actually observed for
very small nanoparticles.

The melting and the crystallization temperatures of
spherical Bi nanoparticles were determined as functions of
their radius by analyzing experimental data obtained from
simultaneous measurements of SAXS and WAXS intensities.
The measurements were performed in situ, on a single
sample containing spherical Bi nanoclusters with a rather
wide radius distribution, over the temperature range between
300 and 550 K.

II. EXPERIMENT

The glass sample containing Bi nanoparticles was pre-
pared by using the melt-quenching technique followed by an
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isothermal treatment at a temperature favoring a controlled
nanoparticle growth.> The raw material was a mixture of
powdered Na,CO;, B,O3, Bi,03, and SnO. SnO was used as
a reducing agent for Bi,O;. The mixture of powders was
melted in an electrical furnace under vacuum (10! mbar) at
1300 K during 1 h. The nominal composition of the melt
after evaporation of volatiles, in the mol%, was
27Na,0-69B,05-Bi,03-3Sn0O. The melt was then fast
quenched down to room temperature using the splat-cooling
technique. As a result we have obtained a thin glass plate
(150 wm thick) transparent to visible light in which Bi at-
oms were homogeneously dispersed.

An x-ray fluorescence analysis of a glass sample with the
same composition as the glass matrix of the sample studied
here, but prepared under air atmosphere, yielded essentially
the same nominal composition.* Nevertheless, in the present
study, in which the raw material was melted under vacuum,
some changes in composition may occur due to probable
losses by evaporation. We have not chemically analyzed the
Bi content of the studied Bi-glass nanocomposite. However,
we previously determined the volume fraction of Bi nano-
clusters from the results of measurements of SAXS intensity
in absolute units.? This volume fraction was determined to be
~107%, i.e., smaller than the fraction expected from the
nominal Bi content. This indicates that the portion of melt
poured into the splat-cooling device that yielded the studied
glass thin plate is poorer in Bi than the average volume. This
is a consequence from the expected effect of gravity that
tends to concentrate the heavier Bi atoms near the bottom of
the crucible. Anyway, the observed decrease in volume frac-
tion of the Bi nanoclusters and the probable change in the
matrix composition are not expected to significantly affect
the conclusions of this investigation.

In order to promote the formation and growth of Bi liquid
droplets the sample was annealed for 1 h at 823 K, well
above the melting temperature of bulk Bi (544.5 K). Finally,
in order to study the freezing (or crystallization) process, the
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Bi nanocrystals-glass sample was cooled down to room tem-
perature at a rate of 2.2 K/min and then heated at a rate of 2.3
K/min to also characterize the melting transition.

Our simultaneous in situ SAXS and WAXS study of the
Bi nanocrystals confined in sodium borate glass was per-
formed at the SAXS beamline of the Brazilian Synchrotron
Light Laboratory (LNLS), Campinas, Brazil.> SAXS and
WAXS data were recorded using two one-dimensional gas
x-ray position sensitive detectors. The SAXS intensity was
measured as a function of the modulus of the scattering mo-
mentum transfer g=4 sin #/\; 0 being half of the scatter-
ing angle and A being the used wavelength of the x-ray beam
(0.1608 nm).

III. RESULTS AND DISCUSSION

The SAXS power (in absolute units) of a diluted set of
spherical nanoparticles with a spatially constant electron
density p, embedded in a homogeneous matrix with a con-
stant electron density (p) is given by®

2 o
ISAXS(Q)=r%(Pp_<p>)2<4iT> f N(R)[F(gR)’R%dR,

3 0
(1)

where ¢ is the modulus of the scattering vector, r
=0.281 793 X 10~'* m the classical electron radius, N(R)dR
the number of nanocrystals per unit volume with radius be-
tween R and R+dR, and F(gR) is defined by®

sin(gR) — gR cos(gR)
(gR)?

The radius distribution N(R) is determined by measuring the
scattering power and numerically solving Eq. (1).

We are also interested in determining the mass density of
the nanoparticles as a function of the temperature 7. The
integral in the reciprocal space of the isotropic SAXS inten-
sity at different temperatures is given by:®

F(gR)=3

(2)

©

Osaxs(T) = 47TJ

q=0

—(PTe(T[1 - e(1)]. 3)

In our case the volume fraction occupied by the particles
phase ¢ is very small (0.01%) and thus ¢(1-¢)= ¢. From
the three-dimensional (3D) integrals Qgaxs(7) of the experi-
mental SAXS intensity determined at different temperatures
and by applying Eq. (3), we have derived the temperature
dependence of the electron density of Bi nanoparticles p,,.
The mass density of Bi nanoparticles is simply given by
pu(T)=p,(T)A/(N4Z). A and Z being the Bi atomic weight
and atomic number, respectively, and N, the Avogadro num-
ber.

The analysis of the integrals of the main Bragg peak of
WAXS spectra of crystalline Bi, determined at different tem-
peratures, allowed us to calculate the variation of the volume
fraction of crystalline nanoparticles V.. The details of this
procedure were described elsewhere.”

Isaxs(q.T)q*dq = 87 p,(T)
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FIG. 1. Experimental SAXS and WAXS results during (a) heat-
ing and (b) cooling processes. Above: Integral of SAXS intensity in
the reciprocal space Qgaxs. Below: Integral of the main (012) Bi
WAXS Bragg peak Qwaxs- Osaxs and Owaxs before the phase
transition (left-side of the curves) are normalized to unity. The hori-
zontal dashed lines represent the Ogaxs values expected for bulk Bi
(a) after melting and (b) after crystallization. The relative variation
expected for Qgaxs through the whole phase transition assuming
the density of the Bi nanoparticles equals to that of bulk Bi is ~6%.

Figure 1 displays the 3D integral of SAXS curves
QOsaxs(T) and the integral of the main crystalline Bi (012)
Bragg peak Qwaxs(T) as functions of the temperature for
both heating [Fig. 1(a)] and cooling [Fig. 1(b)] processes. A
continuous decrease in the integral of the main Bi (012)
Bragg peak associated to the progressive melting of the
nanocrystals is observed in Fig. 1(a) (below) over the same
temperature range (325-425 K), for which a continuous in-
crease in the Qgaxs(7) function can also be noticed in Fig.
1(a) (above). This implies that the melting of the whole set of
nanocrystals takes place over a wide range of temperature
(~100 K). This obviously occurs because Bi nanoparticles
with different radius melt at different temperatures.>

Since the density of crystalline Bi at the melting tempera-
ture (9.649 g/cm?) is lower than the density of liquid Bi
(10.050 g/cm?), the radius of the nanoparticles are expected
to increase during solidification and decrease during the
melting transition. The increase in the Qgaxs value of the
sample under heating [Fig. 1(a), above] is the expected con-
sequence of the increase in the mass density of the nanopar-
ticles, and thus of Ap*=(p,—(p))*, during the crystals melt-
ing transition. An opposite behavior—increasing trend of the
integral of the Bi (012) Bragg peak [Fig. 1(b), below] and
simultaneous decreasing trend of the integrated SAXS inten-
sity [Fig. 1(b), above]—is observed during the cooling pro-
cess. This last (freezing) transformation, however, occurs at
lower temperatures and over a range about three times
smaller (~30 K) than that observed for the whole melting
transition (~100 K).

From the variation in the integral of SAXS intensity
Qgaxs through the whole melting transition that was experi-
mentally determined [Fig. 1(a), above], the relative variation
in mass density of the Bi nanoparticles Ap,,/p,, was derived
(Ap,,/ p,=0.019+0.003). This variation is about 40%
smaller than the expected variation for mass density of bulk
Bi [Ap,,/p,,(bulk)=0.0311]. Nearly the same (in this case
negative) variation is observed for the crystallization transi-
tion [Fig. 1(b), above].
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These experimental SAXS results support a previously
proposed simple structural model” for which the nanocrystals
are heterogeneous, i.e., they are composed of two phases,
namely, a crystalline core and an external disordered shell.
We will name it as the core-shell model. Under this assump-
tion, our experimental results can be nicely understood be-
cause only the crystalline core (and not the whole volume)
would noticeably change its mass density through the melt-
ing and crystallization transitions.

The size distribution of the set of spherical Bi nanopar-
ticles confined in the borate glass sample studied here
N(R)—derived from the experimental profile of the SAXS
pattern by numerically solving Eq. (1)—is a single-mode
function with radii ranging from about 1.1 nm up to 4.2 nm
and an average radius (R) equal to 2.30 = 0.01 nm. The rela-
tive radius dispersion o/(R)=0.21=0.01 calculated from the
radius distribution function N(R) is equivalent to the value
predicted by the theoretical model proposed by Lifshitz and
Slyosov® and Wagner? that describe the growth of the nano-
particles along the coarsening stage.

A careful analysis of the SAXS intensity curves recorded
at different temperatures, in 300-550 K range during heating
and cooling processes, indicates the presence of slight
changes in the scattering profiles. In fact, small changes are
actually expected as a consequence of the variation in nano-
particle mass density and consequently in the droplet radii
during melting and crystallization. Due to the small variation
in the volume during the liquid-to-solid and solid-to-liquid
phase transitions, this contraction only slightly affects the
radius distribution of the particles determined from Egs. (1)
and (2).

The radius dependences of the melting and freezing tem-
peratures of spherical Bi nanoparticles were derived from the
temperature dependence of the volume fraction of crystalline
Bi V,(T) and the radius dependence of the volume fraction of
crystalline Bi V,(R). These functions were determined from
experimental WAXS and SAXS data, respectively, as de-
scribed elsewhere.?

Figure 2 displays the melting and freezing temperatures—
derived from our SAXS and WAXS measurements—as func-
tions of the inverse of Bi nanoparticle radius (1/R), together
with previous results reported in the literature for the radius
dependence on the melting temperature of Bi nanoparticles
supported on carbon film'%!! and embedded in a sodium bo-
rate glass.'”> Our experimental results plotted as T,, versus
1/T exhibit a clearly linear behavior as theoretically pre-
dicted by Couchman and Jesser.'> We can qualitatively re-
mark in Fig. 2 that most of the melting temperatures of Bi
nanocrystals reported in the literature exhibit a depression
that is stronger for progressively smaller nanocrystals. The
magnitude of the slope of the straight line in the 7,, X 1/R
plot reported by Itoigawa et al.'? is higher than the slopes
determined in the present study and also in our previous
investigation of the same material.> We have tentatively as-
signed this discrepancy to the probable effect in the Itoigawa
et al. study of systematic errors induced by nanocrystal size
dispersion. These systematic errors are absent in the present
work in which the procedure described in Ref. 2 was applied.
We can also remark that our data in the 7,,X 1/R plot lin-
early extrapolated toward small 1/R values are in good
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FIG. 2. Melting temperature (A) T,, and freezing temperature
(V) T, of Bi nanoparticles embedded in a sodium borate glass as
functions of their reciprocal radius 1/R. The two straight lines were
determined by weighted linear regression. Melting temperatures
previously determined by other authors for Bi nanocrystals sup-
ported on carbon film—([J) Peppiatt (Ref. 10) and (<) Allen ef al.
(Ref. 11)—and embedded in the same glass—(O) Itoigawa et al.
(Ref. 12)—are also plotted.

agreement with those obtained by Allen et al.'' for the melt-
ing temperature of larger Bi nanocrystals. Data reported by
Peppiatt,'® however, exhibit a rather large dispersion and do
not indicate a well-defined radius dependence of the melting
temperature.

Our results displayed in Fig. 2 clearly indicate that the
melting temperature decreases for decreasing radius and is a
linear function of 1/R, i.e., T,,=T,,,—a/R, where T, is the
melting temperature of bulk Bi crystals, in agreement with
the results of our previous investigation.? This type of linear
behavior displayed in Fig. 2 was theoretically proposed by
Couchman and Jesser'® using a simple thermodynamic
model. According to this theory, a is related to surface en-
ergy parameters. We have established for Bi nanocrystals
with R=2 nm that the (7,,-T7,,) difference is as much as
about 200 K.

The crystallization or freezing temperature of bulk Bi T,
is lower than T,,;, (A=T,;,—T.,=151 K). Our experimental
results (Fig. 2) indicate that the freezing temperature of Bi
droplets T, decreases even more for decreasing nanodroplet
radius. The temperature T,.(1/R) decreases linearly for in-
creasing (1/R) at a lower rate than 7,,(1/R), in such a way
that the difference (7,,—T,) progressively decreases for de-
creasing radius. The linear dependence of 7, on (1/R) dis-
played in Fig. 2 can also be explained by using a previously
proposed thermodynamic two-phase core-shell model.'*

Within the accuracy of our experimental results (Fig. 2)
we can conclude that Bi nanoparticles with radius equal to or
smaller than about 1.9 nm melt and freeze at about the same
temperature. The vanishing of the difference between the
melting and freezing temperatures was previously observed
also for very small Pb particles (R=2.5 nm) confined in an
alumina matrix"> and for CuCl nanoparticles (R=1.4 nm)
embedded in glass.'®
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R >1.9nm

crystalline cor i \
disordered shell

FIG. 3. Schematic model for the structure of Bi nanocrystals.
Left: Nanocrystal with R>1.9 nm composed of a crystalline core
surrounded by a disordered shell. Right: Nanocrystal with R
=1.9 nm with only a homogeneous and disordered volume.

The coincidence of the melting and freezing temperatures
for very small nanoparticles (below a well-defined or critical
radius) can be understood in terms of the thermodynamic
behavior of the surfaces established in previous studies.!’~?2
According to Kofman et al.,”® for very small nanoparticles
composed of a crystalline core and an external disordered
shell—for which the thickness of the surface layer 7, ap-
proaches the value of the nanoparticle radius R (see Fig.
3)—the effect of the external disordered shell is expected to
be predominant. On the other hand, for nanoparticles with
increasing radius, for which also a bulklike core and a disor-
dered surface shell coexist, the bulk characteristics become
progressively more dominant and thus the difference be-
tween the freezing and the melting temperatures is expected
to progressively increase.

As the nanoparticle radii approach macroscopic values
(1/R—0) the asymptotic melting and freezing temperatures
are expected to become equal to those observed for bulk
material. Our results plotted in Fig. 2 indicate that the melt-
ing temperature that we have determined by extrapolating
T,(1/R) down to 1/R=0, (545*3)K, agrees well with the
known value for bulk Bi (7,,,=544.5 K).

On the other hand, the freezing temperature of bulk Bi
T,, that we have determined by linearly extrapolating
T.(1/R) to 1/R—0, according to a previous theoretical
model,'* yields T,, =374 K; this value being 19 K lower
than the freezing temperature of macroscopic volumes of lig-
uid Bi [T,.,=393 K (Ref. 14)]. The reason for this discrep-
ancy can be assigned to (i) an intrinsic limitation of the
simple core-shell model used here to describe the crystal
melting of very small nanoparticles, and/or to (ii) the inher-
ent low accuracy of the crystallization temperature experi-
mentally determined for undercooled bulk liquids; the even-
tual presence of impurities promoting heterogeneous
nucleation and thus decreasing the undercooling effect.
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The radius of the smallest nanocrystals retaining their es-
sential crystalline structure was estimated in a previous work
to be approximately R.=3h, where & is the value of the spac-
ing between atomic layers.?* In the case of Bi h
=0.4072 nm,” thus yielding R,~ 1.2 nm. Taking into ac-
count the rather simplified nature of the proposed model, this
value is in good agreement with the value R=1.9 nm de-
rived from our experimental results.

IV. CONCLUSION

The main conclusions regarding the radius dependence of
the structural features and the melting and freezing tempera-
tures of spherical Bi nanoparticles confined in a sodium bo-
rate glass are as follows: (i) The magnitudes of the relative
changes in the average mass density of Bi nanoparticles dur-
ing nanocrystal-to-liquid and liquid-to-nanocrystal transi-
tions were determined to be 40% lower than for bulk Bi. This
result supports the simple structural core-shell model for
spherical nanocrystals, i.e., a crystalline central core sur-
rounded by a rather disordered shell with a mass density
close to the density of the liquid phase. (ii) The melting and
the crystallization temperatures of Bi clusters exhibit a linear
dependence on the inverse of nanoparticle radius (1/R), both
straight lines meeting at a critical radius R.=1.9 nm, at
which the difference (7,,—T,) vanishes. This finding is also
consistent with the simple core-shell model described above.
(iii) The features of the simple core-shell model suggest that,
for very small Bi nanoparticles with R<<1.9 nm, the volume
of the crystalline core vanishes so as the whole nanoparticle
exhibits a disordered (noncrystalline) structure. Thus, for Bi
nanoparticles with R<<1.9 nm, the liquid-to-solid and solid-
to-liquid transitions become continuous transformations be-
tween two homogeneous and disordered structures without
crystalline core. (iv) The radius of Bi nanodroplets below
which no crystallization occurs (R,=1.9 nm) can be consid-
ered as the critical radius for homogeneous crystal nucle-
ation. This connection was previously argued by Jackson and
McKenna®® to explain the absence of crystallization for very
small molecular clusters confined in a glass containing nan-
opores with subcritical sizes.
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