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Size dependence of nanoparticle dissolution in a matrix: Gold in bismuth
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We discuss the dissolution of Au nanoparticles in a Bi matrix. The particles were produced by vapor
deposition at room temperature, and they burrowed to minimize their free energy. Using in situ transmission
electron microscopy, we measured the rate of dissolution as a function of particle size and deduced the
activation energy for this process. We also followed the structural changes in the system by high-resolution
electron microscopy and nanobeam diffraction. This study develops an important understanding of the dependence of size on the stability and reactivity of nanoparticles.
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The dissolution of an unstable second phase 共precipitate兲
in a stable matrix dictated by bulk thermodynamics has been
studied extensively.1–3 As has been demonstrated, precipitate
sizes, compositions, densities, and distributions affect the
dissolution kinetics. Dissolution cannot be modeled simply
as the antithesis of growth due to differences in time evolution of the solute concentration profile across the precipitatematrix interface.1
Recent theoretical studies have shown deviations from the
bulk phase behavior for small particles, and this affects precipitate formation and dissolution.4,5 Size affects phase transformations by changing the solid solubility of components,6,7
introducing metastable phases,8 and/or lowering the transformation temperature.9 Transformation kinetics are also enhanced due to modified diffusion channels.10,11 Size enters
through the decreased coordination of atoms at the curved
interface which leads to an increased solute concentration
given by the Gibbs-Thompson equation.12 Size effects have
been observed for supported nanoparticles, where depressions in melting and evaporation temperatures reflect increased vapor pressures around a curved surface.13 The dependence of reactivity on size can be used to obtain their free
energies,14 and this has applications in variety of areas including catalysis.15
Recently, we showed that kinetic processes associated
with growth and burrowing make it possible to assess the
significance of the latter on the size distribution of Au particles formed during the deposition of Au on Bi.16 During
atom deposition at room temperature, Au clusters nucleate
and grow but—because of energy considerations—they burrow into the film after reaching sizes at which concepts such
as surface and interface energies become meaningful. Because this different pathway leads to metastable nanoparticles in a matrix, we are now able to follow the second step
in the thermodynamic pathway, namely, the dissolution of
these particles. In this paper, we examine the size and temperature dependencies of that dissolution using in situ transmission electron microscopy 共TEM兲. From the rate of dissolution, we are able to deduce the energetics of this process.
We also examined the phase transformations using nanobeam electron diffraction 共NBED兲 and followed structural
changes in individual particles using high-resolution TEM
共HRTEM兲.
Sample preparation was performed in an ultrahigh
vacuum chamber with a base pressure below 1 ⫻ 10−9 Torr.
1098-0121/2009/79共14兲/144113共4兲

The substrates were amorphous carbon 共a-C兲 TEM grids degassed at 200 ° C for 5 min and then subsequently heated
during the chamber bake. Bi films were grown at room temperature by vapor deposition at the rate of 1 nm/min. The
films were polycrystalline with preferential 共001兲 orientation
and lateral grain sizes 3 to 4 times the film thickness, consistent with normal grain growth.17 Au was vapor deposited
onto the Bi at a rate of ⬃0.1 nm/ min at room temperature.
Particle distributions were obtained using a 120 keV Philips CM 12 TEM. For in situ annealing studies, the sample
was heated to the desired temperature and held for a short
time 共typically 10 min兲 to minimize thermal drift before recording images at that temperature. Annealing experiments
were performed in the range 130– 170 ° C. Structural
changes, in a randomly chosen area in the sample, were then
imaged at regular intervals to determine the rates of change
in particle radii. Measurements of the rates were carried out
at low magnification so that the electron beam was defocused
to spread over a large area and sample heating was less than
4 ° C.18 This is important because beam heating can cause
melting and phase transformations.19,20
High-resolution imaging and NBED during annealing
were obtained in a 200 keV JEOL 2010F scanning transmission electron microscope 关共S兲TEM兴 and a 200 keV JEOL
2010 LaB6 TEM, respectively. The JEOL 2010 共S兲TEM uses
a field-emission gun to generate a large electron flux, which
is essential for high-resolution imaging. NBED was chosen
over conventional selected area diffraction because it can
obtain structural information from nanometer-sized regions
by using a special condenser lens that generates a nanometersized parallel electron beam.21–23 This enables us to obtain a
comparable signal from the Au nanoparticles and the underlying Bi film with sufficient beam intensity to gain information from the nanoparticles.
As discussed in Ref. 16, free-energy differences for Au
and Bi indicate that it is favorable for Au particles to be
buried in Bi rather than supported on the surface. This state
is metastable below 116 ° C and a two-phase system derived
from Au2Bi and Bi is stable above 116 ° C.24 By annealing
the samples, we can accelerate the kinetics of dissolution so
that real time measurements are possible. For example, Fig.
1 shows the dissolution of Au particles embedded in Bi during annealing at 160 ° C. The particles were formed by depositing 1.5 nm Au on a 20-nm Bi film at room temperature.
This gives particles with an average radius of
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FIG. 1. TEM images of Au particles embedded in Bi at 160 ° C
showing that they dissolved and ultimately disappeared. The disappearance time was roughly proportional to the particle size.
Changes to the Bi film were negligible.

5.14⫾ 2.06 nm and density ⬃1011 cm−2, with a typical particle containing ⬃30 000 atoms. Analysis showed that the
disappearance time was roughly related to the particle size.
Similar results were obtained between 130 ° C and 170 ° C.
The disappearance time decreased with increasing temperature for particles of a given size, indicating a thermally activated process. No Au precipitates appeared during cooling,
indicating that the solid solubility of Au in Bi was not exceeded, and there were no changes in the Bi films. We also
carried out annealing experiments in the growth chamber,
prior to imaging, to confirm that dissolution occurred in the
absence of the electron beam 共annealed at 150 ° C for 1 h兲.
The high-resolution TEM images of Fig. 2 show the structural changes of a Au particle at 130 ° C over an interval of
25 min. The Bi lattice had a d spacing of 0.227 nm corresponding to 共110兲 planes. The Au particle had an initial radius of 8 nm with d spacing of 0.236 nm corresponding to
共111兲 planes. Thus, the Au-Bi lattice mismatch for this particle was 3.8% and the interface was incoherent. This difference in the in-plane d spacing led to the formation of moiré

FIG. 2. HRTEM images of a Au particle at 130 ° C collected
over a 25 min period. The particle orientation, as measured by the
spacing in the moiré pattern in the first two images, and the in-plane
spacing do not change.

FIG. 3. 共Color online兲 NBED data during a constant rate heating
experiment. The data are plotted as normalized intensity vs distance, vertically displaced for clarity. The Au particles were formed
by depositing 1 nm of the material on 20 nm Bi. The annealing rate
was 3 ° C / min. Initially, at room temperature, peaks corresponding
to Bi and Au are visible. With an increase in temperature Au peaks
go down in intensity and ultimately disappear, while new peaks
corresponding to Au2Bi are formed. No visible changes are observed in the Bi peaks.

patterns,25 which are manifest as fringes in the particle with
a center to center spacing of 5.5 nm. The lattice spacing did
not change as the particle size decreased. Scanning across the
interface also indicated that an abrupt transition from Au to
Bi was maintained, i.e., there was no reorientation or shrinking of the spacing in the particle to match with the Bi lattice
and the interface remained incoherent. In Fig. 2, the moiré
patterns were visible in the first two images but became less
clear as the particle dissolved.
The annealing experiments described above were carried
out above the bulk equilibrium formation temperature of
Au2Bi 共116 ° C兲.24 Hence, the disappearance of the Au particles should be related to the formation of Au2Bi. To confirm this, we performed NBED experiments during heating at
a constant rate of 3 ° C / min. Figure 3 summarizes the NBED
data as plots of normalized diffraction intensity vs distance
关using the Bi 共110兲 peak as reference兴. The data were collected from a random area in the sample containing an ensemble of Au nanoparticles embedded in a Bi grain. The
particles were formed by depositing 1 nm Au on 20 nm Bi.
The peaks for Bi correspond to diffraction from 共001兲 zone
axis grains. With increased temperature, the Au peak decreased and ultimately disappeared as peaks corresponding
to Au2Bi appeared. No changes were evident in the Bi features, and none were expected below the melting point
共270 ° C兲. The sample was constantly monitored and corrected for thermal drift during this measurement.
The NBED and high-resolution TEM results indicate that
the particles disappear due to the solubility of Au in Bi at
elevated temperatures, with Au2Bi formation occurring in a
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FIG. 4. 共Color online兲 Plot of the disappearance time as a function of particle radius and temperature. The disappearance time defined as the first TEM image in which the particle is no longer
visible is obtained from TEM images such as those of Fig. 1. The
time increases nonlinearly with particle size but decreases with temperature for particles of a given size. The lines through the data
points represent fits obtained using Eq. 共4兲.

spatially separate region. In order to quantify the dissolution
process, we determined the rate of change in particle size
with temperature through TEM images in a fixed area in the
sample. Figure 1 represents the results from one such measurement, and the data in Fig. 4 summarize the results for
particles of different sizes. The disappearance time is defined
as the time stamp of the first TEM image when the particle is
not seen. This time increases nonlinearly with size and decreases with temperature for a given size, as expected for a
thermally activated process.
To model the dissolution process, we used a modified
form of a one-dimensional diffusion equation originally used
by Aaron and Kotler1 to study the dissolution of micronsized precipitates in a matrix. A similar formalism was
adopted by Morgenstern et al.26 in their analysis of decay of
bilayer Ag islands on Ag 共111兲. Our system is threedimensional spherical particles embedded in a matrix. The
rate of decay of a particle is

冉冊

dR
CI D
=−2
,
dt
CP R

共1兲

where CI is the concentration of the solute at the interface
between the solute and matrix and C P is the concentration of
the solute in the precipitate. D is the diffusivity of solute
atoms in the matrix and R and t represent particle radius and
time, respectively. The curvature of the particle leads to an
increase in the solute concentration at the interface compared
to a bulk phase 关CI共⬁兲兴. This increase is given by the GibbsThompson equation12
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where ␥ is the particle interfacial energy, V p is the molar
volume of the precipitate, and kB is the Boltzmann constant.
From Eqs. 共1兲 and 共2兲

FIG. 5. The slope of ln关DCI共⬁兲兴 vs 共kBT兲−1 gives the activation
energy of dissolution, where DCI共⬁兲 was obtained from the fits of
the dissolution time to the particle radius at different temperatures,
using Eq. 共4兲. The energy of 0.69 eV represents the total energy for
an Au atom to detach from the particle and diffuse into the matrix.
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Solving to get the total time required for a particle of initial
size R0 共t = 0兲 to dissolve completely 共R = 0, t = t f 兲 gives
tf =

冋 冉 冊

␤ 2␥ 2
␤␥
Cp
⌫ 0,
4DCI共⬁兲 T2
R 0T
− R0

冉

冊 冉 冊册

␤␥
␤␥
− R0 exp −
T
R 0T
␤=

Vp
.
k BC P

,

共4兲

Here, ⌫ represents the gamma function and the other terms
have the same meaning as given above. Equation 共4兲 can be
fitted to the experimental dissolution time. V p is the molar
volume of Au, 16.9⫻ 10−3 nm3. C p the solute concentration
of the precipitate is 1 since the precipitate is pure Au. For the
interfacial free energy of a Au particle in Bi ␥, we used
0.46 J m−2.16 The fits in Fig. 4 can be used to obtain DCI共⬁兲.
The bulk solubility and diffusivity of Au in Bi are not known
and, hence, it is not possible to separate the two terms. However, each term can be written as the product of a preexponential part and an activation energy. Accordingly, a plot
of ln关DCI共⬁兲兴 vs 共kBT兲−1 should be linear with a slope of
−Ea, which represents the total activation energy for dissolution. From Fig. 5, we conclude that this value is
0.69⫾ 0.06 eV.
This activation energy is the sum of the dissolution 关represented by CI共⬁兲兴 and the diffusion barrier 共represented by
D兲. For coherently formed precipitates, the decay occurs by
the formation and movement of ledges.2 A similar decay
mechanism was observed for homoepitaxial two-dimensional
共2D兲 Ag islands27 with an activation energy of 0.71 eV for an
atom to detach from a single height step. For Au-Bi, with an
incoherent interface, the ledge mechanism can be ruled out.
However, vacancies are formed during the burrowing of the
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Au particle due to the disordered motion of atoms at the
interface.28 Hence, the dissolution likely occurs by atoms
moving from the particles into vacancy sites and then diffusion into the matrix. The dissolution energy can be estimated
by multiplying the interfacial energy of the particle in the
matrix 0.46 J m−2, by the area per atom ⬃0.07 nm2, giving
a value of ⬃0.20 eV 共entropy effects in the particle are
minimal, since we are much lower than the melting point of
Au兲. Since the total activation energy is 0.69 eV, the difference 0.49 eV is the energy required for an Au atom to diffuse
from the interface. An estimate of the activation energy for
the bulk diffusion of Au in Bi obtained from melting point
correlations gives ⬃1.5 eV.29 This is much higher than the
activation energy obtained from our dissolution experiments.
Special diffusion channels have been observed in thin films,
e.g., Ostwald ripening of Si nanoparticles in Al proceeds by
diffusion along dislocation cores, lowering the activation energy compared to the bulk diffusion.10 It is possible that
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