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ABSTRACT: We study the overgrowth process of silver-
on-gold nanocubes in dilute, aqueous silver nitrate solution
in the presence of a reducing agent, ascorbic acid, using in
situ liquid-cell electron microscopy. Au−Ag core−shell
nanostructures were formed via two mechanistic pathways:
(1) nuclei coalescence, where the Ag nanoparticles
absorbed onto the Au nanocubes, and (2) monomer
attachment, where the Ag atoms epitaxially deposited onto
the Au nanocubes. Both pathways lead to the same Au−Ag
core−shell nanostructures. Analysis of the Ag deposition
rate reveals the growth modes of this process and shows
that this reaction is chemically mediated by the reducing
agent.

Core−shell nanoparticles are highly functionalized nano-
particles (NPs) with distinctive properties that originate

from controlled chemical composition, morphology, and
surface properties. The functionality of the core−shell NPs
can, for example, be altered by changing the core-to-shell
volume ratio.1 This tunability allows for the control of the NP’s
properties for many applications, ranging from controlled drug
delivery,2,3 catalysis,4,5 and electronic band structure control6 to
photoluminescence enhancement.7,8

The synthesis of core−shell NPs with different morphologies
and compositions can be accomplished by various chemical
means, such as solution-phase reduction,9,10 and physical
methods, such as wire electrical explosion followed by
ultrasonic irradiation.11 Fine-tuning of the surface structure,
i.e., the dominant crystalline facets, and surface composition is
important for catalytic applications, and can be accomplished
with the addition of chemical additives during the synthesis. For
instance, addition of poly(vinylpyrrolidone) to the reaction
mixture in the synthesis of Au−Ag core−shell NPs results in
{111} facets,12 while addition of N,N-dimethylformamide and

ethylene glycol (EG) gives similar NPs but with {100} facets.13

In general, the experimental conditions that control NP growth
are identified empirically, and the NP morphology is confirmed
with the so-called “quench-and-look” approach, where the
reaction is stopped at various stages, after which the
intermediate reaction products are imaged with microscopic
techniques such as transmission electron microscopy (TEM).
However, early stages of the reactions, short-lived intermediate
structures, and the dynamics of the reactions cannot be
investigated in this way. As such, how the chemical additives,
such as capping agents and reducing agents, play a part in
controlling the composition and morphology of the NP still
remains largely unresolved. Clarifying these questions is
important, as it will help us to understand how processes
such as deposition and surface diffusion of shell atoms are
affected by these additives during the evolution of a core seed
into core−shell nanocrystal with a well-defined shape and
composition.
In the case of chemically synthesized Au−Ag cubic core−

shell NPs, the focus of this work, Lim et al.14 reported that the
Au cubes nucleate and grow homogeneously along the six low-
index (100) planes of the cubic seeds when a strong reducing
agent, L-ascorbic acid (AA, or Vitamin C), is used. They
attributed this observation to fast reducing kinetics by AA,
which promote the formation of {100} facets in the presence of
bromide ions from the capping agent, cetyltrimethylammonium
bromide (CTAB). Others proposed that the overgrowth is
promoted by the presence of the Br− ions9,10,15 and that the
size of the shell depends on the ratio of precursor and reducing
agent and the size of the core.9,13,14,16,17 The capping agent
plays a crucial role in stabilizing high-energy facets and, hence,
in the resulting shape of the nanostructure. After all, if high-
energy facets are not stabilized, the thermodynamically most
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stable shape will be obtained. It is still not clear how the
deposition of the shell takes place and whether the shell grows
via a single pathway or a combination of pathways. Recently, in
situ techniques have been more commonly applied to address
such questions.18−20

In situ liquid-cell (LC) electron microscopy is an emerging
technique for elucidating the mechanisms of the formation of
nanostructures in real time with nanometer-scale resolu-
tion.18−20 It is also well known that the electron beam itself
can act as a reducing agent that reduces metal ions through the
action of solvated electrons from radiolysis of water. This effect
has been exploited to investigate the nucleation of Ag NPs
directly from aqueous Ag precursor solutions.21,22 Recently,
Jungjohann et al.16 and Wu et al.17 demonstrated the use of in
situ LC microscopy to study the solution growth of Au−Pd and
Pt−Au core−shell NPs, respectively.
Here, we use LC-TEM to investigate the formation of Au−

Ag core−shell nanocubes in real time. The Au seeds were
prepared beforehand by following a method described by Sun
et al.23 and then washed to remove the capping agent (see
Supporting Information (SI) for details). This washing
procedure was necessary because we found that imaging of
the nanocubes and their reaction dynamics was obscured when
the stock solution with 20.0 mM CTAB was used, due to
micelle formation. The reaction dynamics could only be clearly
seen through the liquid below the critical micelle concentration
of 1.0 mM.24,25 Hence, we washed away the excess CTAB to
ensure we could follow the Au−Ag core−shell NP formation
well. We also showed that 0.1 and 1.0 mM concentrations of
CTAB did not change the outcome of the Ag shell formation
(see SI, section 7). Next, the Au seeds were drop-casted on the
SiNx window of the liquid cell, followed by assembly of the
liquid cell, and the liquid cell was mounted on the TEM holder.
The Ag precursor solution was introduced via flow tubing after
the holder was loaded into the TEM. The experiments were
carried out at room temperature. The NPs were continuously
imaged from the start of liquid flow; the time t = 0 in any of the
movies is defined when we first observed a change in a
nanocube morphology (see SI, page S2 for details).
Figure 1 shows typical structures that were formed when Ag

precursor solution was introduced to Au nanocubes in the

absence of AA (using the electron beam as reducing agent). We
did not observe formation of the Au−Ag core−shell
nanostructures under electron beam irradiation (see SI, movie
1). Instead, the electron beam reduced the Ag+ ions in solution,
which then nucleated into Ag nanoclusters. These Ag clusters
attached to the Au nanocubes randomly (red arrows), growing
in a non-conformal manner, resulting in irregular structures.
In subsequent experiments, we reverted to the conventional

recipe by premixing the Au nanocubes with AA before
introducing the Ag precursor solution into the mixture. Figure

2a−e shows time-lapsed TEM images of the Au−Ag
nanostructures that were observed in situ. In this case, the Ag

shell is conformal and homogeneous instead of randomly
attached Ag clusters (Figure 1). Moreover, these core−shell
nanostructures are similar in terms of morphology to those
prepared ex situ (Figure 2f). Both preparations yield NPs with
{110} facets (Figure 2a) and similar shell thicknesses of 7 ± 3
nm (Figure 2g,h). Hence, we propose that while the electron
beam can reduce silver nitrate, it does not induce the
overgrowth reaction after premixing.
These results contradict the overgrowth model proposed

previously9,10,14,15 where the Br− ions were crucial in the
formation of homogeneous Ag shells. The Au nanocubes used
in our experiments were washed and little residual CTAB was
left in solution. The lack of available CTAB is also evidenced by
the Au nanocubes gradually transforming into cubes with
rounded corners with time after washing (see SI, Figure S7).
We also performed control experiments at different concen-
trations of CTAB (see SI, section 7) and with a different
capping agent, CTAC (see SI, section 8). In both cases, the
shell formation was observed. Therefore, our results show that
shells around a nanocube only form in the presence of AA
regardless the concentration and type of capping agent used.
From these observations, we conclude that AA plays a
previously unknown, but important role in guiding the
overgrowth of Ag on Au in the early stages of the reaction.
An advantage of in situ microscopy is that we can directly

observe the dynamics of the growth of the shell. Two pathways
for the overgrowth process were reported earlier, either by
adatom deposition or by the attachment of preformed clusters
from solution.26 We found that both growth pathways occur in
parallel in our experiments. Figure 3 shows two time series of
TEM images where a single Au nanocube reacts with the Ag
precursor solution inside a liquid flow cell. Figure 3a shows a
Au nanocube that grows a homogeneous layer of Ag through
monomer attachment (see SI, Movie 2). In contrast to the
image sequence in Figure 3c, no Ag NPs are observed
throughout the whole growth process. Moreover, the Ag shell
thicknesses d at the edge (dE) and corner (dC) as a function of
the reaction time t increase steadily as a function of time
without sudden jumps (Figure 3e).

Figure 1. Time-lapse TEM images showing two Au nanocubes (black)
interacting with the Ag precursor solution in the absence of L-ascorbic
acid inside a liquid flow cell. NPs are coated with Ag (gray) shell. Red
arrows indicate Ag shell formation on the Au nanocubes.

Figure 2. (a−e) Time-lapse TEM images showing a Au nanocube
interacting with the Ag precursor solution in the presence of L-ascorbic
acid (AA) inside a flow cell. (f) TEM image of ex situ-prepared Au−Ag
core−shell nanostructures with addition of AA. (g,h) Histograms of Ag
shell thicknesses for Au−Ag core−shell NPs that were prepared by (g)
ex situ and (h) in situ (at time point where the nanostructures stopped
growing) methods.
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Figure 3c shows Ag NPs that formed in the solution
approach and attach onto the Au nanocubes and then form a
homogeneous layer of Ag via coalescence, resulting in a well-
defined Au−Ag NP (see SI, Movie 3). The small Ag NPs with a
diameter of ∼3 nm (encircled in red) are clearly visible at t =
4.7 s. We propose that these small Ag NPs are formed either
when the silver nitrate solution is brought in contact with the
AA solution inside the liquid cell or through radiolysis, i.e.,
reduction of the Ag+ ions by solvated electrons as shown in
Figure 1. The image recorded at t = 17.8 s and the subsequent
images show that the small Ag NPs attach onto the surface of
the Au nanocube and then coalesce (Figure 3c: t = 22.2 s) into
a continuous layer (Figure 3c: t = 24.9 s). In addition, the
increase of the Ag shell thickness d at the edge (dE) and corner
(dC) as a function of the reaction time t is nonlinear (Figure
3f). Particularly, the shell thickness increases drastically from t =
19.2 s to t = 24.9 s, while the Ag NPs disappear. There is no lag
time between Ag NPs attachment and the sudden increase in d

which implies that the Ag NPs are absorbed into the Ag layer,
resulting in the sudden jump in shell thickness. Both pathways
lead to the same final product, i.e., Au−Ag core−shell NPs with
similar values for the shell thickness. For both pathways, the
shell growth stops after some time, regardless of the amount of
Ag precursor solution flown into the liquid cell. The
termination of Ag layer growth does not appear to be the
result of local precursor depletion. We observed Ag NPs
formation at the periphery of the electron beam, on the viewing
screen outside the field of view of the CCD camera, which
indicates that fresh solution is being continuously introduced
into the cell.
Earlier studies showed that the shape of the final product is

strongly dependent on the ratio between the deposition rate
and the surface diffusion.27 When the rate of surface diffusion is
faster than the atom deposition rate, the reaction is driven by
thermodynamics, where the adatoms diffuse and migrate to the
site that is the lowest in surface free energy; therefore, the
growth of the shell will be along ⟨100⟩ and ⟨110⟩ directions
(Figure 3a,c). Depending on the presence of a capping agent
such as CTAB to suppress growth at the higher surface energy
faces, it is possible to tune the reaction outcome to form either
a cuboctahedron (capping agent poor, Figure 4a) or a truncated

cube (capping agent rich, Figure 4b). This process is referred to
as thermodynamic control.27 On the other hand, if the atom
deposition rate is higher than the surface diffusion rate, the shell
growth mode may switch to one that promotes the formation
of more complex shapes, such as a concave cube or an octapod,
due to preferential attachment to certain faces. Such reactions
are considered to be under kinetic control.
Therefore, the development of {110} facets in both in situ

and ex situ results (see SI, Figure S6) indicates that the growth
mechanism is thermodynamically controlled with the absence
or low coverage of capping agents. Furthermore, the in situ
results also indicate that atomic deposition is not the only
mechanism by which the Ag layer grows. The coalescence and
integration of Ag NPs (that formed in solution) into a growing
shell implies that the growth can also take place via a
nonclassical growth mechanism where crystals grow via
attachment, reorientation, and coalescence of smaller nano-
crystals.28,29

Figure 3. Time-lapse TEM images of a Au nanocube interacting with
the Ag precursor solution inside a flow cell via (a) monomer
attachment process and (c) monomer attachment and nuclei
coalescence. (b,d) Schematics of the reaction between Au nanocubes
and Ag nitrate aqueous solution for the two pathways. (e,f) Measured
thicknesses of the edge (dE, solid squares) and corner (dC, hollow
circles) of the Au−Ag core−shell particle as a function of time for the
two pathways. The measurement of edge and corner thicknesses is
done over six real-time movies of six different particles (three particles
for each pathway). Note: dE1 and dC1 refer to measured thicknesses of
edge and corner as denoted by white arrows and red arrows,
respectively, in panel (a); dE3,4 and dC3,4 refer to other real-time movies
with the same pathway, while dE2 and dC2 refer to measured
thicknesses of edge and corner as denoted by white arrows and red
arrows, respectively, in panel (b); dE5,6 and dC5,6 refer to other real-time
movies with the same pathway. The white shadows in panels (a) and
(c) are scattering artifacts.

Figure 4. Schematic illustrations showing the shape evolution of a
cubic seed under thermodynamic control for two conditions: (a)
absence or (b) presence of capping agents. This model is adapted from
Xia et al.27
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We present an in situ study of the overgrowth process of Ag
onto Au nanocubes in the presence of a reducing agent (AA)
and with low capping agent concentration (CTAB) by in situ
TEM microscopy. Our results show that the initial overgrowth
is chemically mediated by AA and not by CTAB. We also
observe two different mechanistic pathways that coexist for the
formation of the Ag shell: (1) Ag NPs formed in solution
deposit onto the Au nanocube as a result of coalescence, and
(2) Ag adsorbs directly on Au via monomer attachment. Both
mechanistic pathways lead to the same final product, i.e., Au−
Ag NPs with the same Ag thickness and morphology. Silver
coverage is absent when only the electron beam was used to
reduce the Ag precursor, and comparison with ex situ
synthesized nanostructures suggests that the observed growth
reaction is insensitive to the electron beam and that AA plays a
controlling role in the Au−Ag NP formation. In this case, the
final morphology of the core−shell structure is that of a
cuboctahedron, due to insufficient availability of CTAB in the
solution. This study shows that not only can we study growth
mechanisms with in situ LC-TEM, but the technique can also
be used to elucidate the role of the chemical additives. Future
work could address the possibility of altering the reaction
kinetics by screening different kinds of chemical additives,
which would be useful for materials engineering in nano-
fabrication.
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