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he rate of aggregation and coales-

cence of metal nanostructures are

key determinants of their stability
and robustness both in and out of the
laboratory.' "3 Once in contact, a pair of
nanoparticles will coalesce in order to re-
duce their surface energy, as confirmed by
in situ observations,* ¢ and by molecular dy-
namics simulations.” '° Typically, the par-
ticles will rapidly form a neck, followed by
slower neck growth, and then eventual re-
laxation to a spherical shape.* Below the
melting temperature, surface diffusion is ex-
pected to be the dominant mass transport
mechanism for the coalescence of nanopar-
ticles' and thus surface processes will con-
trol the time scale for coalescence. While
the continuum theory of surface
diffusion’ '3 makes predictions about the
rate of the coalescence process and its de-
pendence on temperature and particle size,
it is not clear that the classical continuum
models, which assume isotropic surface ten-
sion and surface diffusion constants, are
valid for faceted nanostructures below the
roughening transition.'

More recently, surface diffusion on fac-
eted nanoparticles has been investigated
by kinetic Monte Carlo (KMC) methods.'#~ 16
Combe et al.’' used KMC to study the re-
laxation of face-centered cubic (fcc) nano-
crystallites as a function of size and temper-
ature. Below the roughening temperature,
they found that relaxation was governed by
the time scale for nucleation of new islands
on a facet. This time scale depends on the
barriers for nucleation of new islands, which
in turn depends on the particular crystal fac-
ets present. As yet, the relevance of these
ideas to nanoparticle coalescence has not
been tested, but it is evident from these
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ABSTRACT We report on a real-time in situ TEM study of the coalescence of individual pairs of decahedral

gold nanoparticles, which have been synthesized in solution. We observe the rate of growth of the neck that joins

two particles during coalescence and compare this to classical continuum theory and to atomistic kinetic Monte

Carlo simulations. We find good agreement between the observations and the simulations but not with the

classical continuum model. This disagreement is attributed to the faceted nature of the particles.
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early studies that the faceted structure and
relative orientation of the particles will be
important at temperatures well below the
particle melting point.

In this article, we report on a real-time
in situ TEM study of the coalescence of indi-
vidual pairs of decahedral gold nanoparti-
cles, which have been synthesized in solu-
tion."” We observe the rate of growth of the
neck that joins two particles during coales-
cence and make comparison with both con-
tinuum theory and atomistic KMC simula-
tions. We find good agreement between
the observations and the simulations but
not with the classical continuum model. We
attribute the differences between the ex-
periment and the continuum model to the
faceted nature of the particles.

RESULTS

We focus on the coalescence of two ad-
jacent gold particles initially separated by a
distance of ~15 A. Figure 1a shows the gold
nanoparticles as spheres at low magnifica-
tion. The nanoparticles are nearly monodis-
perse with an average diameter measured
to be 9.5 = 0.5 nm. Spatially isolated pairs of
the nanoparticles could be easily identified
as those marked with circles in Figure 1a.
The pairs have an average interparticle
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Figure 1. (a) Low-magnification TEM image of a group of gold deca-
hedral nanoparticles deposited on an amorphous carbon substrate (a
TEM grid). The inset shows a typical decahedral nanoparticle in detail
at high resolution; (b) power spectrum calculated from the FFT trans-
formation of the inset image; (c) simulated electron diffraction pattern
of a decahedral gold crystal viewed down the [110] direction. The dif-
fraction pattern is a superimposition of five fcc gold diffraction pat-
terns. The five diffraction patterns were generated, starting with five
identical electron diffraction patterns of a fcc gold crystal viewed
down the [110] direction. Rotating four of the five in a sequence of
72, 144, 216, 288°, relative to that at 0° (or 360°) gives the five diffrac-
tion patterns to be superimposed; (d) simulated HRTEM image of a
gold decahedron model viewed down [110] and (e) the power spec-
trum calculated from image (d).

distance of ~15 A. The interparticle spacing of 15 A is
in good agreement with a 16 A spacing reported for
dodecanethiol-capped silver nanoparticles packed in a
hexagonal 2D array.'®

At high magpnification, the nanoparticles can be
seen to be decahedral in shape. The inset in Figure 1a
shows a typical decahedral gold nanoparticle with five-
fold symmetry of the twin boundaries clearly visible.
The occurrence of decahedral nanocrystals of gold and
silver with five-fold twins is well-documented in the lit-
erature, as both metals have low twinning energies and
low surface energy anisotropy.'® 2
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The power spectrum (power spectrum 1, Figure 1b)
obtained from the Fourier transform (FT) of the high-
resolution image is shown as an inset in Figure 1a. To in-
terpret the power spectrum, we compare it first to the
diffraction pattern constructed by superposition of five
identical single-crystal diffraction patterns of fcc gold
viewed down the [110] direction, rotated by 0, 72, 144,
216, and 288°.2° The rather complicated power spec-
trum (Figure 1b) is well-matched to the simulated dif-
fraction pattern (Figure 1c). We have also simulated a
HRTEM image (Figure 1d) of a model gold Marks deca-
hedron consisting of 4570 atoms viewed down the
[110] direction.?* The FT of this image gives the power
spectrum 2 (Figure 1e), which is related to the expected
electron diffraction pattern of the model decahedron.
An excellent match is found between power spectrum
1 and 2, again confirming that the particles observed
are decahedral in shape. In this study, we have exam-
ined pairs of gold particles identified to be decahedra.

The coalescence of individual pairs of decahedral
gold nanoparticles was recorded in situ as videos. To
study the coalescence process in detail, still picture
frames were extracted from the videos and arranged
in sequence according to time chronologically. Figure
2 is a collection of such images which depicts the real-
time coalescence process of a pair of decahedral gold
nanoparticles intersecting at (100) lattice planes. Start-
ing at an interparticle spacing of ~15 A, typically ~4—5
min after exposure to an electron beam, coalescence
of the nanoparticles commences. The distance between
two adjacent particles shortens significantly from 15 to
~2 A (Figure 2a, already at ~2 A). The reduction in in-
terparticle spacing is likely due to the loss of oleylamine
surfactant, which initially stabilizes the two particles
against aggregation. The loss of the surfactant, how-
ever, could not be directly observed in the TEM since
the size of the surfactant is below the instrumental reso-
lution. In the case of PbSe nanoparticles, van Huis and
co-workers have reported the removal of surfactants
prior to particle coalescence.?® When they replaced
oleic acid with hexylamine, which has a lower boiling
point than that of oleic acid, the coalescence of PbSe is
found to occur significantly faster and at a lower tem-
perature than it would be in the case of oleic acid
capped particles.

Figure 2b shows the first two “lines” of atoms join-
ing to form the initial physical interface, and as a re-
sult, a neck takes form. Accompanying the neck forma-
tion is the generation of new surfaces at the periphery
of the neck. The surfaces around the initially generated
neck are of high degree of curvature (Figure 2b,c). In
Figure 2, the neck is marked by two arrows at the neck’s
apexes, and the distance between the two arrows is
the neck diameter. By measuring the neck diameters
observed in the picture frames, the neck growth pro-
cess as a function of time could be monitored and the
growth rate quantified.
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Figure 2. Time sequence of images captured during in situ TEM coalescence of two gold decahedral nanoparticles intersect-
ing at (100) lattice planes. Arrows indicate the apexes of the neck, and the distance between the two arrows is a measure
of the neck diameter. The neck diameter increases during the neck growth and the curvature of the surfaces being gener-
ated as the neck growth reduces in magnitude continuously and eventually reaches a plateau as shown from (b) to (i).

The first obvious change is observed at 104 s when
the neck becomes more apparent in the image (Figure
2¢). During the neck growth, the contrast of the neck
becomes darker over time as more gold atoms make up
the growing neck. As time passes, the neck diameter in-
creases (Figure 2b—h), until eventually a plateau in
neck growth is reached and the two particles form a
rod-like oblong shape (Figure 2i).

Throughout the whole coalescence process, lattice
fringes and atoms could be clearly identified around
the neck region, indicating the absence of a liquid
phase. The coalescence therefore proceeds without
the nanoparticles melting.’® Among the several pos-
sible mechanisms for particle coalescence without melt-
ing, inclusive of hydrodynamic flow,
evaporation—condensation, and volume diffusion, sur-
face diffusion is expected to be the dominant mass
transport mechanism in small particles." Surface at-
oms are expected to diffuse from regions of negative
curvature into regions of positive curvature (highly
curved as near the neck in Figure 2). For a pair of spheri-
cal particles coalescing via surface diffusion, the neck di-
ameter, D, is often observed to grow as a function of
time in the form D ~ t%, in which the exponent, g, quan-
tifies the order of the power law of the change of neck
radius."’ Classical continuum theory predicts that the
values of this exponent should be in the range a =
1/6—1/7.1314

To investigate and quantify the rate of the coales-
cence process, we traced the neck growth as a func-
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tion of time. In Figure 3, the results of the two sets of ob-
servations of neck growth are plotted on log—log axes
as the neck grows (note that observation 2 corresponds
to the images shown in Figure 2). From Figure 3, the ex-
ponent, g, for the late-stage neck growth process ob-
served in the experiment was found to be 0.31 in one
case (observation 1) and 0.37 in the other (observation
2). These are both considerably larger than that ex-
pected from the classical continuum theory of surface
diffusion (@ = 1/6—1/7). Note that in the larger pair of
particles (observation 2 as shown in Figure 2) we ob-
served an early-stage neck growth exponent of 0.95 be-
tween 100 and 200 s.

To gain further insight into the neck growth pro-
cess, we performed lattice KMC simulations of the coa-
lescence of a pair of faceted nanoparticles. Our goal was
to compare the general form of the neck growth pro-
cess in the experimental and simulated systems. There-
fore, we were less concerned about matching the time
scales of the simulated coalescence process to that of
the experimentally observed process. Indeed, this
would be a difficult and not very informative exercise,
as the gold particles are contaminated by oleylamine
and will be heated by the electron beam. The coales-
cence process will also be sensitive to the initial condi-
tions. For instance, the amount of contact between the
particles before coalescence begins, the temperature,
and the particle size all affect the coalescence and,
therefore, the rate at which the neck diameter
changes.'® Hence, we have chosen simulation param-
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Simulatilc:)rjﬂtime (s) K; therefore, after 1072 s, the neck diameter changes

130; —— T iy slowly. It is likely that a similar process has occurred in
i 35 D y the experiments, where the particles relax to an oblong
= :10 : rod-like shape rather than to a spherical shape. Previ-
£, 3 ous theoretical studies®'* have shown that faceted par-
o | ticles with nonequilibrium shapes can be kinetically sta-
% B E bilized due to the difficulty of nucleating new layers
g 7 - on bare facets. In the classical diffusion model," '3 the
E sk rate at which material enters the neck changes continu-
e | ously as the curvature changes. For faceted particles,
= sk the rate at which material transfers from the extremi-
3 2 ties into the neck region changes discontinuously since
ﬁ 1P A a8 the ability of the neck to capture diffusing material is
g i &£, J,.-A dependent on parameters that change discontinuously,
L .,-. . for instance, the size, composition, and roughness of
30 Eor M ;‘:)2 L PR ‘1103 the facets at the neck. This discontinuity will act to de-
Time (s) lay changes in the neck diameter, shifting the increase

in neck diameter from the region of the abscissa scale
expected by classical diffusion to a later period, which
consequently affects the exponent a read from the

Figure 3. Evolution of the neck diameter with time (the experi-
mental data are shown by blue, open symbols: observation 1
on diamonds, observation 2 in triangles, while the simulation
data are in red solid dots) on a log—log scale. Note that the

stage neck growth process has an exponent, a, equal to 0.31
(observation 1) and 0.37 (observation 2), while the simulated
process has an exponent of 0.32.

eters that allow us to compare the general form of the
neck diameter’s progression to the observations from
the experiments rather than precisely match the time
scale. It is also difficult to implement lattice KMC for
noncrystalline decahedral particles, so single-crystal fcc
particles were used. The two particles were oriented so
that they met at a (110) plane; this was chosen as it was
thought to match best with the experimental situa-
tion, where both (100) and (111) facets meet at the neck
between the two truncated decahedra. We note that
the results of coalescence simulations for other neck ori-
entations have been presented by us elsewhere.®

In the simulations, the neck is defined as shown in
the inset of Figure 3. The surface of the neck is com-
posed of (111) and (100) facets (see inset). Fitting a
power law to the data fromD = 6 nmto D = 11 nm,
an exponent a = 0.32 is identified. As coalescence pro-
ceeds, the (100) facets “grow out” until the particle at-
tains a highly faceted morphology (at 1072 s), domi-
nated by large (111) facets. Any further reduction of the
particle’s surface area requires the nucleation of new
layers on (111) facets, which occurs slowly at T = 500

METHODS

Decahedral gold nanoparticles were synthesized by modify-
ing the method outlined by Lu and co-workers."” Briefly, an
oleylamine—AuCl complex was decomposed in toluene under a
reducing atmosphere over 2 days at 100 °C. After purification,
the gold decahedral nanoparticles were suspended in toluene
to form a stable red solution. The oleylamine-capped decahe-
dral gold nanoparticles were then deposited on an amorphous
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simulated time scale is shown on the upper horizontal axis graph.
while the experimental time scale is on the lower horizontal
axis. A power law fit shows the experimentally observed late- SUMMARY

In summary, oleylamine-capped monodisperse
decahedral gold nanoparticles of ~10 nm were ob-
served to coalescence in situ in a TEM upon exposure
to an electron beam. The study presented here com-
bines real-time TEM observations and KMC simulations
of the kinetics of the neck growth process, which has
not been reported before. Observations of spatially iso-
lated pairs of nanoparticles have revealed a late-stage
neck growth process with characteristic power laws of
D ~ t%317937 'which differ substantially from the rela-
tionship D ~ t*'¢ predicted by the classical continuum
theory." 13 Likewise, a KMC simulation of the coales-
cence process using a model of two spherical fcc par-
ticles intersecting at (100) facets gave a power law for
neck growth of D ~ %32, which agrees well with the ob-
served experimental power laws, and is due to the par-
ticular facets that meet at the neck. This illustrates the
crucial role that the faceted structure of nanoparticles
plays in their stability to agglomeration and coales-
cence. Further experimental studies are needed to elu-
cidate the dependence of the coalescence time scales
on temperature and particle size, which will be impor-
tant in developing a good understanding of the stabil-
ity of metallic nanostuctures.

hydrophobic carbon substrate (a TEM grid) by a drop-casting
method followed by solvent evaporation. The gold nanoparti-
cles have a strong propensity to form a two-dimensional hexago-
nal array. By drying a drop (100 pL) of a diluted toluene solu-
tion (<2.2 mg/ mL) within 1 min, a TEM specimen with a large
number of spatially isolated pairs of gold nanoparticles could be
prepared (Figure 1a). This allows us to study the coalescence of
two nanoparticles without the interference of others.
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A JEOL 2011 TEM with a LaBg electron source operating at
200 kV was used for TEM and HRTEM analysis. The TEM is
equipped with an 11 megapixel Gatan ORIUS SC1000 TEM CCD
camera capable of high speed (>14 frames per second) image
viewing. When operated in the high speed viewing mode, live
images are output as a digital video stream, which was then
recorded.

In the TEM, the gold nanoparticles and the oleylamine surfac-
tant residing on the particle surface were impinged by an elec-
tron beam, and the coalescence of the nanoparticles would ini-
tiate typically within 5 min after their exposure to the electron
beam. The coalescence process was viewed at a magnification
of 1.2 million times, allowing it to be followed with atomic reso-
lution. During the recording, continuous adjustment of image fo-
cus is required due to thermally induced vibration of the TEM
sample in the vertical direction parallel to the electron beam. The
diameter of the neck during the coalescence was estimated by
counting pixels frame by frame in the recorded movie files.

The simulations evolve using hopping rates for atoms which
are obtained from a bond counting model. In this model, which
has been applied frequently to simulate surface diffusion on fcc
crystals,*~1 the number of initial neighbors, i, determines the
hopping rate of each atom, the configuration after the jump hav-
ing no influence on the diffusion. The rate r; at which an atom
with i neighbors will move is r; = v exp(—Ea/kgT), where v is an
atomic vibrational frequency (taken here to be 10" s™"), T the
temperature (taken here to be 500 K), and Ej is the activation en-
ergy. In the bond counting model, the activation energy is given
by Exn = iEo, where Ej is the energy of a single bond. Here we
take E; = 0.1 eV, which is comparable to values found from mo-
lecular dynamics simulations of gold nanoparticles.'® Atoms
with many neighbors therefore have small hopping rates and dif-
fuse slowly, while atoms with few neighbors diffuse quickly.
The net effect is to shift atoms from regions of negative curva-
ture (i.e., high chemical potential) to regions of positive curva-
ture (lower chemical potential). This results in the growth of the
neck when two nanoparticles come into contact.
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