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ABSTRACT: We study the formation of bismuth oxide hollow
nanoparticles by the Kirkendall effect using liquid cell transmission
electron microscopy (TEM). Rich dynamics of bismuth diffusion
through the bismuth oxide shell have been captured in situ. The
diffusion coefficient of bismuth through bismuth oxide shell is 3—4
orders of magnitude higher than that of bulk. Observation reveals that
defects, temperature, sizes of the particles, and so forth can affect the
diffusion of reactive species and modify the kinetics of the hollowing

process.
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ynthesis of hollow nanoparticles has been of significant

interest due to their distinctive morphology, such as a high
surface-to-volume ratio, the void space inside the nanostructure,
and high porosity, which enable a variety of applications. For
example, there have been studies on using hollow nanoparticles
as the carrier for drug delivery,' the electrode materials for
lithium ion batteries,” high sensitive materials for gas sensing,s’4
and so on. Different methods have been developed to synthesize
hollow nanostructures,” *° which include using sacriﬁcin§
templates™'' by taking advantage of the Kirkendall effect®
and the galvanic erosion.'"? Since the earlier work by Yin et al.®
there have been many reports on the colloidal synthesis of hollow
nanostructures by Kirkendall effects.*”"*™"” During a Kirkendall
reaction, the different diffusivities of the atoms in a diffusion
couple can induce supersaturation of vacancies at the interface,
and the further condensation of excess vacancies and
interdiffusion lead to the formation of a hollow nanoparticle.
Several growth models have been proposed to elucidate the
formation mechanisms of hollow nanoparticles via the Kirkendall
effect.>®'*'® For instance, steady-state bulk diffusion has been
proposed where the reaction species shuffling through the shell is
assumed to be constant and uniformly distributed.’ Surface-
diffusion-mediated growth was also introduced in a number of
experiments where a void is formed at the core/shell interface,
and further growth of the void is controlled by the diffusion of
reactants on the void surface.>'* Most of these models are based
on ex situ observations. The dynamics of hollowing process is still
far from fully understood due to the lack of direct monitoring
methods at the nanoscale. Recently, the development of liquid
cells for transmission electron microscopy (TEM) allows
o e a g 4 . 19-23
imaging nanoparticles in liquids with high spatial resolution
and under heating conditions,** which opens the opportunity to
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elucidate the mechanisms of hollow nanoparticle formation via
the Kirkendall effect by real time observation.

In this Letter, we report in situ TEM study of bismuth oxide
hollow nanoparticle growth in a liquid cell at an elevated
temperature (180—200 °C). A liquid cell consists of two liquid
reservoirs and an electron transparent window which allows a
thin liquid layer sandwiched between two silicon nitride
membranes to be examined (Figure S1)."”**** The liquid
precursor was prepared by dissolving 57 mg of Bi 2-ethyl-
hexanoate in a mixture of oleylamine (0.4 mL) and
dichlorobenzene (1 mL). About S0 nL of solution was loaded
into the cell for in situ TEM experiments. At 180 °C and under
electron beam, bismuth nanoparticles nucleate and grow in the
solution. Within the time frame of 5—10 min, bismuth
nanoparticles grow into 60—80 nm. Subsequently, bismuth
nanoparticles are oxidized with a thin bismuth oxide layer on the
nanoparticle surface (Figure 1). The oxide layer can be
metastable cubic 8-Bi, Oy at the initial stage, which can transform
into a stable low-temperature phase of monoclinic a-Bi,O; The
continuous oxidation of bismuth leads to the formation of a
hollow nanoparticle by the Kirkendall effect. In the process of
bismuth precursor being reduced to bismuth metal, oleylamine
and the electron beam work as reducing reagents in the current
reaction conditions.'” The growth of bismuth metallic nano-
particles follows similar growth trajectories observed in previous
publications where coalescence and monomer attachment drive
the particle growth.'”*'~** However, much larger nanoparticles
(60—80 nm or larger) have been achieved in this case. And, in the
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Figure 1. (A) Bright field TEM image of bismuth nanoparticles formed
inside a liquid cell. (B) High-resolution TEM image of an as-formed Bi
nanoparticle. The surface of Bi nanoparticles is oxidized in a short time
at 180 °C.

subsequent process of hollow nanoparticle formation, we have
observed rich diffusion dynamics of bismuth and the growth
kinetics of bismuth oxide governed by the Kirkendall effect.
Figure 2 shows a few image series of bismuth oxide hollow
nanoparticle formation with different morphology evolution. In

Figure 2A—C (particle I), a thin layer of bismuth oxide is formed
on the surface of the nanoparticle at the early stage.
Subsequently, voids start to develop at the core/shell interface
as indicated by the distinct contrast difference within the oxide
shell. As the thickness of bismuth oxide shell increases, the void
becomes bigger by consuming bismuth. The bismuth core starts
disappearing in layer-by-layer fashion, and the interface
morphology changes dynamically (also see Movies S1—S2).
Eventually, a nonuniform shell is formed with thicker shell close
the void as shown in Figure 2B (also see details of the thickness
evolution in Figure S2). It indicates that bismuth diffuses out of
the oxide shell nonuniformly with the faster diffusion through the
shell adjacent to the void. We measured the diffusion rate of
bismuth through the shell by calculating the volume of the shell
as a function of time. The results are plotted in Figure 2C. The
diftusion coefficient of bismuth in the bismuth oxide shell can be
estimated using Fick’s law. The diffusion flux of bismuth in the
oxide shell is approximately ] = D(p — 0)/d, where D is the
diffusion coefficient, p is the density of bismuth oxide, and d is the
average oxide shell thickness. The diffusion cross section can be
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Figure 2. Hollow nanoparticle growth dynamics via Kirkendall effects. (A) A schematic diagram of the evolution mechanisms of hollow nanoparticles
dominated by nonuniform diffusion of bismuth through void surfaces (Movies S1 and S2). (B) TEM image series of the formation of hollow
nanoparticles (Movie S1); the scale bar is 20 nm. (C) Volume change of the core of particle I shown in B. (D) Schematic diagram of the evolution
mechanism of hollow nanoparticles dominated by diffusion of bismuth directly through the shell (Movies S3—S7). (E) Snapshots of the hollow particle
evolution of particle II (Movie 2S) and particle III (Movie S7); the scale bars are 50 nm. (F) Shell volume of particle II and core volume of particle Il as a

function of time as shown in E.
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Figure 3. Dynamics of the residue bismuth at the later stage of hollow nanoparticle formation. (A) Sequential images show bismuth behaves like liquids
with frequent changes of configuration; the scale bar is 50 nm. (B) Oscillation of the average wetting angle of the bismuth nanodots shown in A. Wetting
angle is measured by the angle between the tangent of bismuth oxide shell and that of a bismuth nanoparticle inside. (D) Volume change of Bi in A
calculated from two-dimensional projections; the volume under complete wetting conditions counts as 0.

approximated as the inner surface area of the shell, that is, S =
47r* where r is the inner radius of the shell. The time t,,, for
bismuth in the core decreases to half of its initial volume can be
expressed as:

_(12) x 4/3)arp _ (1/2) x (4/3)ar’p
12 JS (Dp/d) X 4mr*
rd
X —_
D

(1)

From Figure 2C, t,, for particle I is about 168 s. Therefore, the
average diffusion coefficient of particle Iis D; = 0.75 nm?/s = 0.75
X 1071 cm?/s, which is about 3 orders of magnitude larger than
the bulk self-diffusion coefficient of Bi in Bi,O5: D ~ 107 cm?/s
at 180 °C.>

Figure 2E shows sequential images of the formation of two
other bismuth oxide hollow nanoparticles, particle IT and particle
111, following different pathways (also see Movie S3). At the early
stage (the first 215 s), a bismuth oxide shell is formed on the
surface of the bismuth nanoparticle, and there are subtle contrast
changes in the bismuth core, indicating bismuth diffuses out of
the particle and gets oxidized. The contrast changes within the
bismuth core gradually become obvious, which suggests
randomly distributed smaller voids/vacancies condense into
larger voids inside the core. At the end, the small amount of
residue bismuth becomes unstable and behaves like liquids. It can
suddenly split into several nanodroplets and then vanish quickly.
The frequent changes of the bismuth configuration suggest the
local temperature is over the melting point of residual bismuth.
The rneltirég2 temperature of nanoparticles decreases at the
nanoscale.”**” For instance, the melting temperature of the 10
nm bismuth nanoparticle is about 180 °C, which is significantly
lower than that for bulk bismuth (ie., 271 °C).*® It is not
surprising that the residue bismuth behaves like liquid rather than

1
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solid when it becomes less than tens of nanometers. We
measured the volume increases of bismuth oxide shell as a
function of time, and the results are plotted in Figure 2F(II).
Here, the shell thickness increase instead of bismuth core loss is
used because there are multiple contrast changes in the bismuth
core which make it hard to evaluate the core mass accurately.
Bismuth diffusion through the shell can be estimated by
assuming all of the bismuth diffuses out of the shell to form
the bismuth oxide shell. The time ¢, , for the half volume change
of bismuth core is the same as that for bismuth oxide shell. The
diffusion coefficient (Dy;) of bismuth through the bismuth oxide
shell can be calculated using eq 1, and Dy, = 1.88 X 10™* cm?/s is
achieved.

We further found that some nanoparticles show the formation
of clusters on the outer surface of the particle (Figure 2E(III)). It
is likely that defects in the shell such as grain boundaries serve as
diffusion channels,"**? which facilitates the outward diffusion of
the core species. Bismuth tends to condense into nanoparticles
before they get oxidized. Due to the existence of the various
diffusion channels, the rate of shell growth can be enhanced
(Figure 2F(III)). A diffusion coefficient of bismuth in the
bismuth oxide shell, Dy = 7.56 X 107'* cm?/s, is obtained from
eq L.

The different scenarios of hollow nanoparticle formation are
summarized in Figure 2A and D. A void can be developed either
at the core/shell interface or condense inside the particle from
the excessive vacancies. Approximately, the diffusion coeflicient
of bismuth through the bismuth oxide shell is 3—4 orders of
magnitude higher than that of bulk. There could be multiple
diffusion pathways, including surface-mediated diffusion, uni-
form diffusion through the shell, and so forth. Defects in the shell
can act as diffusion channels to facilitate the outward diffusion of
bismuth. Slightly different diffusion rates associated with various
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Figure 4. (A) Kirkendall effects occurred at room temperature; the starting point is set arbitrarily. (B) A bismuth oxide hollow nanoparticle formed at

190 °C and its collapse by inward mass diffusion.

diffusion pathways have been observed (see the above values of
Dy, Dy, and Dyy).

Figure 3A shows bismuth liquid nanodroplets inside the
bismuth oxide shell, which display a reversible wetting transition
on the curved inner surface of the shell. The liquid droplets can
completely wet the inner surface of the bismuth oxide. Then,
since such a configuration is not stable, it splits into several
dewetting nanodropets instantaneously. These nanodroplets can
aggregate or migrate on the curved inner surface before liquid
bismuth completely wets the inner surface again (Movie S3). The
reversible wetting transitions repeated 8 times within 20 s, and
the total volume of the core species calculated from the two-
dimensional projection fluctuates (Figure 3B). There is no
significant bismuth mass loss during the fluctuations. We
consider the wetting transition can be attributed to the interplay
between the surface tension of liquid bismuth and the surface
properties of bismuth oxide shell. Variation in the vapor pressure
inside the shell, temperature, diffusion of bismuth on the curved
surface, and so forth can contribute to the fluctuations in its
wetting behavior.

Surface diffusion plays a critical role in the evolution of hollow
nanoparticles via the Kirkendall effect.® The observed different
growth modes indicate that the differences in diffusivity of the
two elements (Bi and O in Bi,O,) is not the only impact factor
for the formation of Kirkendall-type hollow nanoparticles, and
other factors may play a role, for instance, the collision frequency
of oxidative radicals with the bismuth nanoparticle surface, the
probability for the surrounding oxidative radicals to be trapped,
the probability for the oxidative species to reach the Bi/Bi,O,
interface and the Bi atoms/ions to reach the Bi,O,/solution
interface, and so forth."*">'® All of these above are dependent on
the temperature, solution viscosity, concentration of the
oxidants, and size of the Bi nanoparticles. Thus, the hollow
nanoparticle reaction kinetics is complex.

Temperature can drastically affect the Kirkendall reaction by
modifying the diffusion rate, activation energy, and stability of the
voids. We have investigated the evolution of hollow nano-
particles at different temperatures. At room temperature,
nanoparticles can be slowly oxidized with no obvious voids
(Figure 4A). Under such low-temperature growth conditions,
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the reaction probabilities can be low, and they can be comparable
at both Bi/Bi,0; and Bi,O;/solution interfaces. As a result, the
ions could diffuse homogeneously cross the shell (marked by
arrows in Figure 4A); the shell species could grow on both inner
and outer surfaces of shell, and a solid oxide particle is produced.
We suspect that only amorphous bismuth oxide can be achieved,
but more experiments are needed for identifying the structure.
The continuous electron beam irradiation can damage the shell,
where the bismuth oxide can be reduced as indicated by the
clusters on the particle surface at the later stage. At higher
temperature, that is, 192 °C, a perfect hollow particle is formed
(Figure 4S). However, the hollow nanoparticle is not stable, that
the void is gradually filled (Figure 4B).

It has been elaborated previously that hollow nanoparticles
could shrink via outward diffusion of vacancy flux under a
thermodynamically controlled condition and the driving force is
the difference in the chemical potential of vacancies on the inner
and external surface of the shell (i.e, the Gibbs—Thomson
effect). Considering a hollow particle with inner shell radius r,
and outer radius r,, we can get the vacancy concentration near the
inner and outer surfaces from the Gibbs—Thomson equa-

tion:>°~3?
Cle e exp( 2/19)
kTr (2)
Cv2 = Cf,’ exp( MQ]
kTr, (3)

where C., C% and C? are the vacancy concentrations near the
inner surface, outer surface of the hollow particle, and near the
reference planar surface in a bulk sample, respectively; and 4 is
the surface energy per unit area, Q is the atomic volume of a
vacancy. There is a vacancy concentration gradient from the
inner surface to the outer surface of the shell, C, > C, > C,, across
the hollow shell, which provides a driving force for the outward
diffusion of the vacancy flux. Also, the excessive heat input
enhances the interdiffusion processes. In addition, the diffusion
of oxygen in the as-formed Bi,O; can be enhanced due to the
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electron beam.*® Therefore, the void in the hollow particle could
be filled at higher temperatures.

In conclusion, we have studied the formation of bismuth oxide
hollow nanoparticles under temperature-controlled growth
condition using liquid cell TEM. Different diffusion pathways
of bismuth through the bismuth oxide shell, kinetics, and the
factors that affect the Kirkendall hollowing process have been
identified and discussed. An understanding of mechanisms of
hollow nanoparticle formation at a single particle level may assist
the future design of materials with desired functions. Beyond
studying hollow nanoparticle formation we introduced here,
liquid cell TEM with temperature control provides an
opportunity to investigate many other chemical reactions
under controlled reaction conditions at the nanometer length
scale.
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