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ABSTRACT: Noble metal nanostructure synthesis via seed-mediated route is a widely adopted strategy
for a plethora of nanocrystal systems. Ag@Au core-shell nanostructures are radiolytically grown in real-
time using in situ liquid-cell (scanning) transmission electron microscopy (LCTEM). Here we employ a
capping agent, dimethyl-amine (DMA) and a coordinating complex, potassium iodide (KI) in an organic
solvent (methanol) in order to: 1) slow down the reaction kinetics to observe mechanistic insights into the
overgrowth process, 2) shift the growth regime from galvanic-replacement mode to direct synthesis mode
resulting in the conventional synthesis of Ag@Au core-shell structures. A theoretical approach based on
classical simulations complements our experiments providing further insight on the growth modes. In
particular, we focus on the shape evolution and chemical ordering, as currently there is an insufficient
understanding regarding mixed composition phases at interfaces of alloys even with well-known misci-
bilities. Furthermore, the comparison of theoretical and experimental data reveals that the final morphol-
ogy of these nanoalloys is not simply a function of crystallinity of the underlying seed structure but instead
is readily modified by extrinsic parameters such as additives, capping agent and modulation of surface
energies of exposed crystal surfaces by the encapsulating solvent. The impact of these additional param-
eters is systematically investigated using an empirical approach in light of ab-initio simulations.

KEYWORDS: Ag@Au bimetallic core-shell nanostructures, template-mediated in sifu synthesis, nu-
cleation, kinetically controlled growth, liquid-cell TEM, molecular dynamics, DFT simulations.

There has been a phenomenal interest in the syn-
thesis of noble metal nanostructures due to their
interesting optical, catalytic and biomedical appli-
cations.'™ Two of the most common such synthe-
ses involves Au and Ag. In particular, Ag nano-
crystals possess highly desirable plasmonic
properties known as localized surface plasmon
resonance (LSPR) making a strong case for their
use in applications such as, e.g., surface-enhanced
Raman spectroscopy (SERS), biosensing.’”’ Ag
nanoparticles especially with sharp corners can

give rise to strong electromagnetic fields resulting
in an increase of Raman scattering cross-section of
molecules at these specific sites.

The stability of Ag nanoparticles in terms of the
oxidation of Ag" ions is however a major issue for
their practical applications. This can lead to the
degradation of nanoparticle morphology nega-
tively influencing their functional properties. Au
on the other hand is a stable and inert material hav-
ing an excellent resistance to oxidation, however



it 1s characterized by a plasmonic response of
lower magnitude. Depositing few layers of Au on
Ag does not alter the Ag identity of the nanoparti-
cle bulk layers, thus preserving the plasmonic re-
sponse, which is one order of magnitude stronger
for Ag than Au. In this context, bimetallic Ag@Au
core-shell nanostructures are intensely studied
taking advantage of excellent plasmonic response
of Ag and good chemical stability of Au.>*? Such
core-shell bimetallic nanoparticles also offer the
opportunity to tune the LSPR peak from the visi-
ble to the near infrared spectrum range by manip-
ulating the shape, size and composition of the
structure. '® In addition to the tunability of the plas-
monic properties, a composite nanostructure con-
sisting of these two materials can give rise to at-
tractive chemical and surface properties.!!
Ag@Au nanostructures are also of interest for use
in biomolecular detection and biomedical diag-
nostics as they solve the problem of toxicity since
the Au shell prevents direct contact of Ag during
in vivo usage.'?

The most frequent route utilized for the formu-
lation of such hetero-structures is a seed-mediated
protocol employing wet chemical synthesis.!*!*
Regardless of its tremendous success, this proce-
dure has mostly been restricted to those metals
which do not undergo galvanic replacement reac-
tions. This essentially implies that the reduction
potential of the core metal should not be lower
than the one of the deposited metal, unlike in the
case of Ag@Au nanoparticles. This is especially
true for conformal controlled deposition of Au
over Ag, as the resultant galvanic reaction causes
the formation of hollow nanoframes.'> Addition-
ally Au deposited on Ag nanoparticles by means
of galvanic replacement reactions suffers from
two main core issues. Firstly, the coverage of Ag
nanoparticles by Au is site specific, while sec-
ondly there is refilling of hollow nanoparticles by
Au at increased concentrations causing the plas-
monic properties to be dominated by Au instead of
Ag.!'®!" Despite of these difficulties several
groups have been able to synthesize galvanic re-
placement-free Ag@Au nanostructures with mor-
phologies such as nanorods, cubes and nano-
diSkS.lO’lg’lg

A major challenge is to develop a mechanistic
understanding of the growth of these complicated

nanostructures, because physical properties, e.g.
the optical response, the catalytic activity and the
magnetic behaviour, are highly dependent on the
detailed composition and morphology.?*?! Usu-
ally a "quench and look" strategy is employed at
intermediate stages of the reaction, however dry-
ing of the sample may result in a modified charac-
teristics of the reactions coupled with missing of
fast reaction dynamics.?!*? In the current context,
in situ liquid cell transmission electron micros-
copy has emerged as a viable tool to understand
nucleation and growth mechanisms of nanostruc-
tures.?* The technique offers the opportunity to ob-
serve in real time self-assembly processes of nano-
crystals, nucleation events and  shape
transformations of nanostructures in their native
environment. Noteworthy, in the case of our liquid
cell experiments, the electron beam is not only
used as an imaging tool but can also stimulate dy-
namic processes in liquids through radiolysis. Ba-
sically, primary electrons create free radicals and
aqueous electrons (eaq’) / solvated electrons (es’)
which can act as instigators to several different
chemical reactions in the liquid at a rapid pace.?*?
This implies fast reaction dynamics making the
overall observations very challenging.

In the case of Ag@Au core-shell nanostructures,
the growth of the Au shell by means of galvanic
replacement reactions or galvanic replacement-
free reactions is greatly enhanced due to the mod-
ifications introduced by the radiolytic species in-
duced under the electron beam. This results in the
completion of the reactions within a matter of sec-
onds rather than hours as observed on the bench in
the absence of an electron beam.?® Hence various
oxidizing and reducing species introduced by the
electron beam create additional reaction pathways
transforming galvanic coupled reactions. The task
of observing and interpreting such processes in
real-time thus becomes very challenging. Re-
cently, pH changes in the aqueous reaction solu-
tion have been implemented by Sutter ef al. to
modify and slow down reaction kinetics by
quenching oxidizing species such as OH" in the
solvent.?%?” Furthermore pH changes directly af-
fect the concentrations of primary and secondary
species. In the present study, we used a combina-
tion of capping strategy and modified solution
chemistry to synthesize conventional Ag@Au
nanostructures using two different seed templates



of Ag while additionally studying the effect of sur- 30 Both templates are distinctive in their crystal
face morphology on Au deposition. We chose to symmetry (isotropic vs anisotropic), and growth
work with Ag nanocube and nanoplate morpholo- modes.

gies rather than the more widely studied spherical

one, because the non-spherical ones have recently

shown to be promising for various applications. 2%~
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Fig 1: Dissolution of Ag template nanoparticles under the electron beam. (a) Time series of high-
angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM) images in meth-

anol solvent showing etching by the electron beam of Ag nanocubes at d = 2.0 electrons/A2s. (b) Etching
of triangular and hexagonal Ag nanoplates in methanol at similar doses as in (a). (¢) Etching rate compar-

isons of Ag nanoparticle templates without DMA at d = 2.0 electrons/A2s and in DMA at d = 20.0 elec-

trons/Azs showing a marked decrease in dissolution rate of Ag nanoparticles in later case (N.C:
Nanocubes, N.P: Nanoplates).

The hexagonal/triangular 2D plates are often dom- growth is directly related to the stacking of planar
inated by stacking faults or twins.’! and their 2D defects (stacking faults/ twins) parallel to the



{111} planes along which the growth is favored.
On the other hand, the cubic nanocrystals of FCC
(face centered cubic) metals are devoid of any pla-
nar defects and starting point is a truncated octa-
hedron containing {100}, {110} and {111} planes
on surfaces. The use of PVP for nanocube growth
results in an altered growth rate for different facets
transforming the octahedron morphology into cu-
bic morphology. The resulting surfaces of the Ag
nanocubes are therefore composed of large {100}
faces, {110} edges and {111} corners sites.>?

In addition to the experimental route, the char-
acterization of nanoalloys growth can be tackled
by atomistic simulations, e.g. classical molecular
dynamics (MD). This technique allows for sys-
tematically controlling and disentangling the con-
tributions coming from several players influenc-
ing the overall particle growth, e.g. lattice
mismatch, surface energies, and rates of surface
diffusion and adsorbate deposition. Following a
commonly used computational protocol,> MD
simulations were performed in gas phase at con-
stant temperature, starting from a thermalized Ag
seed. Au adatoms were deposited one by one at a
constant rate from random positions, and between
two subsequent depositions all atoms were free to
move. As in the experiment, we considered two
types of Ag seeds, i.e. Ag nanocubes and Ag na-
noplates and we deposited a number of Au atoms
equal to half of the initial seed size N, giving rise
to final Agn@Aun2 NPs. The modelled NPs were
constituted by thousands of atoms and the simula-
tions sequences were of the order of microsec-
onds, with deposition rates of about one atom/na-
nosecond. Modelling such kind of systems at an
ab-initio level would have been unfeasible, and a
classical description based on empirical potentials
was required. More specifically, in this work we
used the embedded atom model (EAM) parametri-
zations for Ag-Au alloys by Foiles and cowork-
ers,* which we recently validated for the descrip-
tion of nanoalloys.®

We must point out at this stage that our computa-
tional model contains an important simplification.

While the experiment is conducted in liquid, the
simulations are run in gas phase. However, this is
mandatory due to the unavailability of an accurate
force-field which properly captures simultane-
ously Ag-Au and the metal/liquid interactions.
From one hand, even within the existence of such
parametrization, the complexity of the experiment
(e.g. the beam effect, the consequential presence
of different radical species in solution, and the
charge transfer phenomena) could not be repre-
sented by a classical model. On the other hand, a
classical approach is needed in order to investigate
processes occurring on long-time scales, such as
the ones simulated. Nevertheless, even with this
simplification, the performed MD simulations al-
lowed for monitoring the shape evolution during
growth and the chemical ordering inside the NPs
and on the surface. These results are commented
in light of our previous estimations for adsorption
energies and diffusion barriers in Au-Ag hetero-
diffusion processeses,® and further insight is
gained by performing ab-initio calculations. With
this last treatment we investigated the interactions
between Ag and the capping agent present in the
experimental solution. For this purpose, we ran
structural optimizations at the density functional
theory (DFT) level and were able to explain the
deviations of the classical simulations results from
the experimental results, highlighting the im-
portant role of the additives in solution in deter-
mining the final nanoalloy shape.

The aim of this work is multifaceted. We first
discussed the role of the beam in the experiment
(i.e. NP etching and galvanic replacement). We
then analyzed both experimentally and computa-
tionally the growth modes of the two templates
(i.e. shape evolution and chemical ordering). Par-
ticular attention was paid to the influence of the
presence/absence of different additives and of the
pH conditions. All these considerations are of pri-
mary importance in order to design an efficient
route for the direct synthesis of Ag@Au NP.
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Fig 2: Shape Evolution of Cubic and Planar Morphologies. (a) Time resolved series of STEM-HAADF

images showing growth of a conformal layer of Au over Ag nanocube at d = 20.0 electrons/A’s in meth-
anol with 50mM DMA and KI. (b) Image of nanocube showing the thin epitaxial layer of Au over Ag in

200mM DMA and KI. (c¢) Formation of bimetallic Ag@Au nanoplates at d = 20.0 electrons/A’s (d)
HAADF STEM intensity line profiles for Au deposition on the nanocube in (a). (¢) HAADF STEM in-
tensity line profiles at initial and final stages of Au deposition on the nanoplate in (c). (f-g) Data from MD

simulations at 300K with deposition time equal to 2 ns. Asphericity parameter for cubic (f) and triangular
(g) NPs.



RESULTS AND DISCUSSION

For the synthesis of Ag@Au nanostructures, we
used methanol as an organic solvent. The primary
products released during the radiolysis of metha-
nol are solvated electrons (es) and methoxy radi-
cals (CH30"). 333¢ The former is a strongly reduc-
ing species while the latter is highly oxidizing
similar to the case of e.q”and OH" in water radiol-
ysis. For slowing down the reaction kinetics for in
situ observations of the overgrowth mechanisms,
the capping agent dimethylamine (DMA) was em-
ployed to stabilize the system. For direct synthesis
of Ag@Au nanostructures in addition to DMA,
potassium iodide (KI) was utilized as a coordinat-
ing ligand in small quantities.

Influence of Electron Beam on Ag Nanostruc-
tures. In their native media Ag nanoparticles were
found to be very unstable under the electron beam
as seen in Figure 1a, b. In a matter of seconds, the
dissolution process starts causing the nanoparti-
cles to etch away already after two minutes of con-
stant beam irradiation at a relatively low electron
dose rate (d) of 2.0 electrons/A%s. This aggressive
dissolution behaviour is triggered by the CH30’
radicals, which are the main oxidizing species of
radiolysis in this system as otherwise, the Ag na-
noparticles are quite stable in methanol for long
periods with the beam blanked. Hence, it was crit-
ical to stabilize these Ag templates under the elec-
tron beam for sufficiently long periods to enable
growth of Ag@Au core shell nanostructures. It
was observed that when the Ag nanoparticles were

suspended in the primary amine (DMA), the etch-
ing was slowed down and it became possible to
keep these nanoparticles stable for sufficiently
long periods. This enabled us to make observa-
tions of dynamic processes using high magnifica-
tions at relatively high electron doses (d = 20.0

electrons/Azs). Figure lc compares the etch rates
of the two morphologies with and without DMA
effect. It can be seen in the plot that nanoplates
etch at a rate 2.4 times faster than Ag nanocubes
in the absence of DMA. This is likely due to the
anisotropy and crystal defects in the structure of
plates (stacking faults and twins) coupled with the
higher surface to volume ratio of nanoplates at
similar areal size ranges.’” However, encapsula-
tion of the nanoparticles in a methanol solvent
containing 50 mM and 200 mM DMA, respec-
tively, leads to drastically reduced etching rates as
seen in Figure 1c, Figure S1 and Video S1.

Galvanic-Replacement Reactions in Ag@Au.
The introduction of very small concentrations of
HAuCls (100 uM) in the methanol solution con-
taining the initial Ag seeds initiated galvanic-re-
placement reactions between Au and Ag at a rapid
pace causing the complete hollowing out of the cu-
bic nanoparticles in just under a minute at d of 5.0
electrons/A’s. This is due to the high reduction po-
tential difference between AuCls (0.99 V vs.
standard hydrogen electrode (SHE)) and Ag (0.22
V vs. SHE), and to the large abundance of primary
oxidizing species CH3O". As shown in Figure S2,
the formation of the hollowed out nanocages with
Au-rich frames at corners and edges proceeds by
initiation of a hole at a large {100} face of the
nanocube and {111} face of the nanoplates.
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Fig 3: Surface analysis during the nanoalloy growth resulting from MD simulations. Left panels:
cubic NP; right panels: triangular planar NP. (a-b) Cross-sectional view of the final nanoparticle con-
figuration system. (c-e).Number of Ag atoms (silver curve) at the surface and number of Au atoms (gold
curve) inside the NP. (d-f): Radial distribution functions of the last 5 equilibrated ns of Agn@Aun, NP

as function of the distance » from the NP center.

Literature®® tends to attribute this behaviour to lo-
cal defects at the large surfaces or defects in the
coverage by PVP (polyvinyl pyridine) ligands
used to stabilize the large exposed surfaces of the
nanocrystal during formation of seeds. This is akin
to an anode where Ag atoms are oxidized back into
the solution by reduction of AuCls complexes
which results in the formation of Au rich
nanoframes. The present work mainly focuses on
the strategy of preventing galvanic-replacement
reactions and instead aims at directly synthesizing
Ag@Au nanostructures.

Shape Evolution of Cubic and Planar Morphol-
ogies of Ag@Au. Figures 2a and 2c show the
transformation of cubic and plate Ag templates
into conventional (devoid of galvanic reaction)
Ag@Au bimetallic nanostructures in methanol
containing 50 mM DMA and 100 uM KI. It can be
verified that there is no tell-tale hollowing of the
nanoparticles from the central large faces as ob-
served in the intensity line plot for hollow Ag@Au
nanoparticle in Figure S3. This clearly points to
the fact that galvanic-replacement reactions in the
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Fig 4: In situ EDS elemental distribution maps of conventional (absence galvanic replace-
ment)Ag@Au nanostructures. (a) STEM-HAADF image of conventional Ag@Au nanocubes along
with elemental distribution maps of Ag and Au. (b) HAADF STEM image of bimetallic Ag@Au nano-
plates along with EDS maps showing the distribution Au and Ag. (¢) EDS spectra showing characteristic
peaks of Au and Ag from nanocubes. (d) Spectra from the associated bimetallic nanoplates in (b). Beam
current (0.2 nA), frame size 512 x 512 pixels, dwell time of 400ns.

highly reactive environment of the liquid cell are
largely inhibited by the presence of the additives.
As it is clear from the comparison of the intensity
line profiles in Figures 2d and 2e, the evolution of
Ag nanocubes and nanoplates into Ag@Au
nanostructures takes two distinct pathways. The
line profiles of the nanocube (Figure 2d) signifi-
cantly peaks at edges with time indicating growth
along the entire {100} surfaces. The experiment
shows that cubic seed template seems to follow an
epitaxial or layer-by-layer Au deposition at the in-
itial stages, but undergo Volmer-Weber growth
pattern at later growth stage (Figure S4).3° This as-
pect is clearly deducible from the in situ movies
(Video S2) of the growth since the initially smooth
growth front becomes increasingly uneven at later
stages.?* On the contrary, the plots associated
with the nanoplate (Figure 2¢) show a sizeable in-
crease in thickness as well as lateral growth profile
during the initial 60 s. After this early stage, the
growth profile is mostly dominated by planar
growth with a small thickness increase of the plate.
Unlike nanocubes the nanoplate contain defects on
side faces, therefore lateral growth is a dominant

factor. It however does not entail large {100}
faces for significant deposition in direction along
the path of the beam, nevertheless a difference in
contrast between the central part and the outer pe-
ripheral region can be observed showing the addi-
tion of Au as the plate grows.*”!

Additional insight on the dynamics and on the
chemical distribution (not directly accessible by
experiment at the atomic level) within these
nanostructures comes from atomistic simulations.
MD trajectories allow for further tracking the NP
shape evolution during the Au deposition, de-
scribed using a macroscopic reaction coordinate,
called asphericity (a). This is defined in terms of
the three eigenvalues of the gyration tensor (S):

s =
Zi(xf - xZm) 20t = xew) Wi~ yew)  Tilxi — xem) (@i — Zew)

2ilxi = xem) Vi — Yem) Zi(}’? - }’%M) 2iyi— yem)(zi — zem)
Yi(xi —xem) (@i — zem)  2i(Vi — Yem)(Zi — Zem) Zi(ziz - Z%M)
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where x, y and z indicate the positions of the atoms
(i) and of the center of mass (CM). A transfor-
mation to the principal axis system diagonalizes S:



§S= diag(z'l'lz'}B)' (2)

where we assume that the eigenvalues of S are
sorted in descending order, i.e., A; > A2 > 13. The
asphericity is defined as:

a:/11—%(/12 + 23) 3

and indicates the deviation from a spherical sym-
metry*>*: A value of a=0 corresponds to a sphere,
while higher values to elongated structures. As ex-
pected and shown in Figures 2f, g, the asphericity
a is smaller for the cubic seed compared to the tri-
angular nanoplate, thus indicating the first one to
exhibit the more isotropic morphology compared
to the platelets. The trends of a as function of the
number of atoms deposited show again that the
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two NPs undergo different growth modes. More
specifically, the cubic seed exhibits a more con-
formal growth, with a reaching almost instantane-
ously a plateau. On the contrary, during the initial
stages of the triangular nanoplate growth, the NP
becomes more spherulitic (i.e. the value of a de-
creases) and after this initial transient, the growth
is planar (i.e. a increases abruptly and almost mon-
otonically).*!

Going back to the experiment, it is clear from
Figure 2a that the final cubic NP presents a core-
shell structure. The HAADF STEM image shows
a distinct change in contrast arising from the dep-
osition of Au around the nanocube (see also Video
S2).

Fig 5: STEM-HAADF images showing shape evolution of Ag nanoplates under low capping agent
and modified solution chemistry (10mM DMA, 100uM KI) at d = 2.8 electrons/AZs. (a) Time series
of HAADF STEM images showing the shape evolution of Ag hexagonal nanoplate into bimetallic
Ag@Au nanostars. (b) Formation of branches by Au deposition at the corner sites of Ag nanoprism.

This is due to the larger average atomic number
(2) of the Au rich alloy forming on the surface of
the nanocube. Instead, the deposition on the nano-
plate is mostly restricted to the sides and corners
(Figure 2¢). A big difference in contrast is not rec-
ognized for the nanoplate, due to the moderate
thickness of the template (21+£5nm). The core-
shell Ag@Au nanostructure is also recovered
from MD simulations for both cube and plate. In
addition to the qualitative analysis of the NP cross
sections (Figures 3a and b), simulations allow a

quantification of the chemical ordering, by moni-
toring the radial distribution functions. These are
function of the number of atoms of the two species
(Nay,ag) in a shell at a distance between r and 7 +
Ar, and indicate the distribution of distances of the
atoms from the center of the seed:

Nay,ag(T)
Pau,ag (r) = %- 4
As shown in Figures 3d, f, Au atoms tend to re-
main in the outer shell in both NPs. In the case of
the cube, the deposited Au atoms are sufficient to
completely cover the NP surface and form a 1-2



atom thick layer around the Ag seed, while for the
plate a complete coverage of the nanoplate was not
reached at AgnAunp stoichiometry due to its
higher surface-to-volume ratio with respect to the
cube.

Chemical Ordering and Compositional Aspects
of Ag@Au. The synthesized NPs were distinc-
tively stable under the continuous irradiation by
the electron beam. This made it possible to per-
form on Ag@Au bimetallic systems in situ quan-
titative energy dispersive X-ray spectroscopy
(EDX) analysis. Usually the high electron doses
required to generate sufficient counts causes un-
controllable growth of Au as well as numerous ho-
mogenous nucleation events in the viewing area,
and for this reason EDX analyses are commonly
done ex situ, where the drying process can result
in unknown additional deposition and aggregation
of the nanoparticles. After the growth of bimetallic
nanostructures the supply of HAuCls was stopped
and only DMA with methanol was flowed into the
cell for 30 min before conducting EDX analysis.
Figure 4 shows EDX elemental distribution maps
of directly synthesized or conventional (devoid of
galvanic  replacement) Ag@Au bimetallic
nanostructures. In Figure 4a, it can be seen that Ag
is mostly concentrated in the interior of the cubic
templates while Au deposits are mostly concen-
trated on the faces and sides. EDX spectra show a
larger concentration of Au vs Ag while the high
contrast region are predominantly alloy of Au-Ag
with a composition in the range of 60-70 at% Au
(Figure S11). On the other hand, Ag nanoplates
(Figure 4b) have reduced Au deposited under the
same dose conditions. The associated EDX data
also show a larger Ag concentration vs Au result-
ing in Ag rich composition. A line profile of the
net intensities of Au and Ag from nanoplates also
reflects this aspect (Figure S11). As the supply of
Au was stopped to prevent uncontrolled growth of
nanostructure, residual monomers still remained
causing some increase in size as well as blunting
and thickening of the nanoplates. This resulted in
brighter contrast from the structure. These two as-
pects are clearly visible in the supplementary im-
ages (Figure S5). Additionally since the plates
have a higher surface-to-volume ratio, acquiring
discernible EDX signal required prolonged expo-
sure to the electron beam. This had a negative ef-

fect as the 300 kV electron beam drives atom dif-
fusion** subsequently resulting in merging of the
nanoplates at later stage.

The differences in the amount of deposited Au un-
der similar precursor concentrations and dose rates
are most probably due to the characteristics of the
facets exposed by the seeds. As known from liter-
ature and shown in Figures 3c and 3e, the largest
surfaces exposed by the plates are {111}, which
present the lowest adsorption energies for the Au
adatom.® In the (truncated) cube, these surfaces
occupy the corners and the seed mainly exposes
{100} and {110}, which are characterized by ad-
sorption energies of about 30 and 40 meV larger
compared to the {111}.

Often, starting from core-shell configurations,
fast diffusion phenomena lead to spontaneous al-
loying. Experimentally, we observed pronounced
Ag diffusion towards the outer shell in cases
where only DMA was used (Figure S6). The EDX
intensity line plots in Figure S6 show overlapping
of intensity peaks from Au and Ag which reveal
that significant alloying had taken place. It was re-
ported in recent studies®!¢ that some amines like
the hydroxylamine can reduce back the Ag atoms
from the solution towards the nanoparticle surface
but EDX mapping did not show any conclusive
evidence for this matter. The Ag redistribution to-
wards the shell region in case of nanocubes was
observed throughout the cell in a short amount of
time even in unexposed areas of the liquid cell,
and therefore cannot be considered entirely due to
beam driven phenomena (Figure S7, S8). Quanti-
fying chemical ordering is very hard from the ex-
periment. In order to shed further light on this as-
pect, we relied on the atomistic simulations. It was
already mentioned that the general structure of the
Ag@Au particles shows a thin Au external shell.
Through that shell, Ag atoms can still diffuse to
the surface. We characterized the Ag migration to
the outer shell based on a common-neighbor anal-
ysis, as explained in ref *°. More specifically, at-
oms surrounded by more than 6 neighbors were
considered to be inside the NP, while the others
were targeted as belonging to the surface. Figures
3c and 3e show that the number of Au atoms inside
the NP (the gold curves) progressively increases
with the number of atoms deposited, simultane-
ously indicating a tendency for Ag to reach the



surface (silver line), behavior that we proved to be
independent from the initial seed shape. The mod-
elled data indicate thus the presence of the de-
scribed migration events all along during growth;
whether such diffusion would lead to a stable
modification (alloying and / or surface segregation
with the formation of islands) of the core-shell
structure is a matter for further studies.

Influence of Additives on Growth Morphology.
The MD trajectories under thermodynamic condi-
tions in absence of additives show a considerable
increase of the {111} facets, because the diffusion
from this surface is the fastest (associated to the
lowest potential energy barrier) among all the in-
ter-facets diffusion processes'®. As a consequence,
in the case of the cubic seed the {110} facets pro-
gressively disappear and the NP becomes a trun-
cated octahedron, exposing mainly {100} and
{111} facets, in agreement with previous stud-
ies.*** In contrast, the nanoplate adopts a more
“triangular” morphology with a progressive re-
gression of the {100} corners dimensions. This be-
havior is recovered at different Au deposition rates
and system temperatures (Figures S16-S17). The
final shapes resulting from simulation differ from
the experimental nanostructures obtained in the
presence of capping agents, whose effect cannot
be easily taken into account in classical MD sim-
ulations of growth, mainly due to the absence of a
proper force-field to describe the additional inter-
actions.

For the just-mentioned reason, in the following
we will separately (from the classical MD study)
discuss the impact on deposition and final nano-
crystal morphology of DMA and KI capping
agents, in the light of experimental evidence and
based on ab-initio calculations. As already seen in
Figure S1, the suspension of Ag templates in
DMA leads to their increased stability under the
beam. This capping ligand works in two ways to
promote the direct synthesis of Ag@Au. First, it
physically forms a barrier that slows down the gal-
vanic replacement reactions. Secondly, it suffi-
ciently decreases the equilibrium concentration of
Au monomer species in the solution,* similarly to
other strong ligands, e.g. PVP.!® Indeed, we did
not observe significant self-nucleation events in
the presence of DMA as it would also serve the

same purpose of stabilizing metal precursor spe-
cies. Several different factors can play a decisive
role in terms of binding of capping agent to the
seed surface, e.g. crystal structure, type of func-
tional group and electronic properties. As already
discussed, both nanocubes and nanoplates expose
high-symmetry facets ({111}, {110} and {100}),
characterized by different surface energies. The
role of DMA was further elucidated by performing
ab-initio DFT calculations of DMA adsorption on
three low-index Ag surfaces, estimating the mole-
cule adsorption energy:

E = Esurf + Eqas — Esurf+ads- )

Here Eg,,s is the energy of the surface, Eg44is
the energy of the DMA molecule in vacuum and
Egurfrads indicates the energy of the system in
which the molecule is adsorbed on the Ag sub-
strate. £ in Eq. (5) was further corrected for the
basis set superposition error (BSSE) by using the
counterpoise method proposed by Boys and Ber-
nardi.>® As shown in Figure S12, our calculations
revealed that the only stable site for the molecule
is “on-top” for all three slabs and that the adsorp-
tion occurs through N-Ag bond formation. The
largest adsorption energy (corresponding to the
most favourable adsorption site) is the one of the
{100} which differs by 0.24 eV from the {110}
Ag surface and by 0.09 eV from the {111}-termi-
nation (Table 1).

The adsorption process of DMA was compared
with the one of a 2-pyrolllidone (2P) unit, which
is a building block for the PVP polymer, an addi-
tive commonly used with the same goal of slowing
down the kinetics of the reaction. For this purpose
we modelled the adsorption of the 2P molecule
following a similar protocol compared to the one
of Al-Saidi and coworkers.’! In agreement with
the experimental data and the previous calcula-
tions, 2P interacts with the surface via O-Ag and
if possible via N-Ag bonds. For this reason, we de-
fined the adsorbate position accordingly to the one
of the O atom. As shown in Figure S12, on the
{100} termination, the 2P binds “on-top” with N
positioned close to the bridge site. On {110} the
adsorption occurs in a long bridge position, and N
occupies a position in between the short bridge
and the top site. Finally, onthe {111} termination,
the most stable configuration is the (hexagonal
closed packed) hcp-hollow site with N on a bridge.



As for the case of DMA, the most favourable ter-
mination is the {100}, showing an adsorption en-
ergy 0.28 eV and 0.10 eV higher than the one of
the {110} and {111} faces. We notice that due to
the double simultaneous interaction via O and N,
the adsorption energies of 2P are always higher
than the ones of DMA.

Table 1 Adsorption energies obtained at DFT
PBE+D3/GTH/DVZP level and corrected using the counter-
poise method.*° Units in eV.

Ag termination DMA 2P unit
{100} 0.92 0.99
{110} 0.68 0.71
{111} 0.83 0.89

Although the adsorption mechanism of DMA on
Ag is different from the one of 2P, we can con-
clude that the trend in the binding affinity to the
different Ag terminations shown by the two cap-
ping agents is very similar. This evidence is im-
portant in explaining the conformal Au deposition
equally on all facets in the case of the nanocube.
Note that, when using PVP in place of DMA, the
degree of its polymerization is very important for
obtaining nanoparticles with high aspect ratios. In
the case of no polymerization (adsorption of the
2P monomer), irregular shapes with no preference
for a specific orientation are observed [Sun, Y.et
al.]’* As shown in Table 1, the 2P adsorption is
energetically analogous to the DMA adsorption,
corroborating the experimental results that no
preference is observed for a particular high-sym-
metry face.

In the case of Ag nanoplates, the nanoparticles ex-
hibit in addition a side face structure which incor-
porate stacking faults and twins resulting in aniso-
tropic growth due to accelerated attachment of Au
monomers at these high energy surfaces. Thus, the
attachment sites for Au in the case of Ag nano-
plates is not only restricted by the surface energies
of the exposed facets but also by the high chemical
potential of the side face structure. Potassium io-
dide KI works in a different way. According to
Pearson's Hard-Soft Acid Base (HSAB) theory, it
is essentially a coordinating ligand which interacts
more strongly with AuCls complexes to form an
additional complex namely Auls'®3, In this case
I" binds more strongly to Au (III) than CI". The re-
sulting reduction potential of Aulsis significantly
lower (0.56 V vs SHE) as compared to AuClys".

By optimizing the relative concentrations of
DMA and KI in the solution, tuning the morphol-
ogy of these two types of Ag@Au nanostructures
becomes possible. Figure S9 and Video S3 show a
Ag nanocube under similar dose conditions d of
20.0 electrons/A%s but with a four times higher
concentration of the capping agent (200 mM
DMA). It can be seen that under this regime it
takes significantly longer to form a thin epitaxial
layer of Au on the surface of the Ag nanocube.
Hence, the growth rate of Au layers can be easily
tuned with this strategy and at the same time, it
allows for slowing down the reaction kinetics tol-
erating an increased electron dose necessary to en-
hance the magnification.

Interestingly, reducing the amount of DMA to
10 mM in presence of 100 uM KI resulted in the
formation of kinetically limited shape evolutions
of the nanoplate seed crystal as seen in Figure 5.
In Figure 5a at a relatively moderate d of 2.8 elec-
trons/A%s, we observed the growth of branches on
the six corners of the hexagonal plates (Video S4).
Hence, under this regime the deposition of Au at-
oms is much faster at these uncoordinated corner
sites. This conclusion is also supported by previ-
ous deposition studies using different seed struc-
tures.*>>* Also in Figure 5b, the branches grow
outwards from the truncated corners of the nano-
prism. Under this regime the growth pathway of
the seed crystal and thereby the shape taken by the
product strongly depend on the respective ratios of
monomer deposition rate versus the surface diffu-
sion. When these rates are in balance, conformal
growth can be expected resulting in uniform dep-
osition on the edges and side faces. However, in
cases where the rate of deposition is much higher
than the surface diffusion, kinetically favoured
growth such as that seen in Figure 5 is observed.
At the end of the growth period, we could see
rounding-off of the branches due to surface diffu-
sion effects becoming dominant at later stages.
This is due to the increasing chemical potential
gradient between the convex and concave sur-
faces.”

The role of KI in conjunction with DMA, even
in minute quantity, was deemed to be necessary
for the direct synthesis of Ag@Au nanostructures.
In cases where only DMA was used with HAuCly



then introducing 0.5 mM HAuCl4 precursor solu-
tion in the presence of 50 mM DMA resulted in
significantly slower reaction kinetics and partially
hollow Ag@Au nanoboxes and nanoplates were
formed (Figure S7,S8). This clearly shows that, in
spite of the presence of the capping agent on Ag,
galvanic-replacement reactions are only partially
inhibited. Both these additives complement each
other during direct synthesis of Ag@Au.

As the impact of additives on the nanocrystal ar-
chitecture was studied under the electron beam, it
is very important to compare these results to real
synthesis conditions. Ex situ experiments were
performed outside the microscope with similar
precursor and capping agent concentrations. The
results are included as part of the supplementary
information. Ag seeds were suspended into two
solution chemistries, one containing DMA, KI
while the other is devoid of the capping agent. The
reactions under such regimes are considerably
slow unlike under the electron beam where the
free radicals are modifying the reaction rate. It was
observed that partial galvanic replacement starts to
take place only after 2 h of suspension in a Au pre-
cursor solution unlike in the liquid cell under elec-
tron irradiation where the reaction happens in un-
der a minute. This clearly shows that methoxy
radicals (CH30O") in methanol modify the galvani-
cally coupled reactions. On the other hand, Ag
particles suspended in Au solution containing
DMA, KI largely remain intact even after 2 h in
Au precursor solution (Figure S10). These results
clearly indicate similar processes happening out-
side the microscope albeit at a much reduced pace
due to the absence of electron beam effects. There-
fore, the impact of additives in preventing gal-
vanic replacement reactions could be confirmed
and 1s demonstrated in the overlapped Au-Ag ele-
mental distribution maps and associated line plots
(Figure S11).

Effect of pH Changes on Synthesis Conditions.
Previous work>? has shown that pH changes in
the solution chemistry could potentially lead to-
wards direct synthesis of bimetallic nanostructures
of Ag@Au by increasing the reduction potential
of the reducing agent. In that case, Au™ is reduced
by the reducing agent rather than by Ag atoms
thereby blocking the galvanic replacement reac-
tions. Interestingly OH ions from NaOH are also

known to modify not only the pH but the reduction
potential of Au (III) precursors through ligand ex-
change causing suppression of galvanic reac-
tions.’® Yang et al. established the pH range for
galvanic replacement free reduction for Ag@Au
core-shell nanostructures.’ It was found that the
addition of HAuCl4 decreased the pH value of the
solution. In their work, galvanic replacement-free
deposition of Au over Ag was only observed at pH
9.69 and higher. However even at basic pH value
of 9.54 voids were observed in Ag naoparticles.
Pure methanol is an organic solvent therefore di-
rect pH measurements are an issue, however based
on dissociation constant (pKa) it has a slightly
acidic character compared to water (pKa 15.3 vs
15.5).>7 Therefore, the changes on pH values due
to additives were carried out in reference to aque-
ous solutions. Additionally, the electron beam
may slightly change the pH value.?> We found the
pH of 0.5 Mm of HAuCl4 reference solution to be
in the region of 4.5 making it slightly more acidic.
Liquid cell studies in the past have shown that
such variations could have a profound impact on
the stability of Au nanoparticles in aqueous solu-
tions.?>>® It was found that at low pH values Au
nanoparticles etched away into the solution, while
at pH 7 the particles were quite stable. At pH val-
ues above 10, coalescence of nanoparticles was
observed. Interestingly amines like DMA are
basic in nature. We found that the 50 mM DMA
solution has a pH of 7.5 while KI in small quanti-
ties did not have a profound impact on that value.
Further increase of the DMA concentration to 200
mM caused the pH to increase to 9.8. This is the
range defined in the work of Yin et al. for galvanic
replacement-free reactions using bench chemistry.
In order to elucidate the role of DMA on galvanic
reactions a control experiment was performed
with NaOH to see if pH changes or capping effect
of DMA was responsible for change in structure
of the core-shell morphology. We still observed
hollowing of Ag particles, although at a slightly
reduced rate as compared to the acidic solution.
Work conducted by Sun et al,’ observes galvanic
replacement free deposition of Au in pH ranges
10.3-11.9 which is far higher than our case.’
Based on this evidence we believe that the capping
effect of DMA influences the growth of the Au
shell in our experiments to a certain extent. How-
ever, as seen in Figures (S7 and S8), we still ob-
served partial hollowing out of the nanocubes even



with high DMA concentration (pH 9.8). This
shows that in our experiments KI was critical in
the direct synthesis of Ag@Au nanostructures
even at pH 7.5. The reason for partial galvanic re-
placement reactions even at high pH is most prob-
ably due to the modification introduced by the
beam-induced radicals in the solution.

CONCLUSIONS

A systematic liquid-cell STEM study was carried
out in order to understand growth evolution of
Ag@Au nanostructures from two types of Ag
seeds. The use of capping agent DMA in conjunc-
tion with KI made it possible to block galvanic re-
placement reactions completely. Under this
growth regime, the equilibrium concentration of
Au monomers and their reduction potential was
significantly decreased. We observed that by
changing the concentration of DMA, we could di-
rectly tune the growth rate of Au deposited on Ag.
Higher concentrations of DMA resulted in lower
deposition rates for Au under similar electron dose
conditions. On the other hand, KI did not impact
the deposition rate of Au. However, KI directly
had an impact on the morphology of the resulting
nanostructures. The use of DMA in itself did not
completely stop galvanic reactions. It resulted in
partially hollow structures with the bulk of Ag dif-
fusing towards shell region while simultaneous
addition of KI resulted in Au rich alloy on surface
suppressing galvanic reactions for most part. A
combination of such capping agents and coordi-
nating complex in tandem turns out to be the best
strategy to form stable Ag@Au nanostructures
and to be able to study their dynamics under con-
tinuous high electron doses employed in LCTEM
studies of inorganic nanomaterials.

Molecular dynamics simulations of nanoalloy
growth starting from cubic and triangular Ag
seeds, lead to Auns@Agn exhibiting NP onion-
like structures, with Au mostly occupying the NP
outer shells. Nonetheless, the calculations show a
tendency of Ag to diffuse to the surface, which is
independent from the initial seed shape. Finally,
both theory and experiment show two different
growth modes for the cubes and plates. The first
undergo conformal 3d growth, while for the sec-
ond, after an initial increase of the NP thickness, a

2d lateral growth is observed. Ab-initio calcula-
tions explain well the reason for conformal and
non-site-specific deposition of Au as DMA ad-
sorption is more or less uniform on all surfaces,
with energy differences of the same order as in the
PVP (the mostly used additive) monomer case.
Existing literature shows that anisotropy sets in
only upon PVP polymerization, thus reconciling
with our DMA-assisted experiments.

In conclusion, critical insights derived from com-
plex synthesis environment coupled with MD sim-
ulations would undoubtedly broaden the spectrum
of synthesis strategies and understanding of
Ag@Au nanostructures in particular.

METHODS

Ag Templates. Two types of Ag nanoparticle
templates were used for the synthesis of Ag@Au
nanostructures, namely Ag nanocubes and Ag na-
noplates (thickness 21+5 nm). The average size
ranges for Ag nanocubes were 78+5 nm while for
Ag nanoplates was 70+5 nm. The nanoparticles
were centrifuged at 1300 rpm and subsequently
decanted for 3 cycles in order to remove excess
PVP from the solution, thus to avoid excess beam
induced contamination of the sample.

Liquid Cell STEM Experiments. Liquid cell
STEM experiments were carried out on a FEI Ti-
tan Themis 80-300 probe Cs-corrected micro-
scope operated at 300 kV. A commercial liquid
cell holder Poseidon 500 series by Protochips inc.
was utilized for all liquid cell experimental work.
A 2.5 pl droplet of the solution containing 1 mg/ml
of Ag nanoparticle templates was deposited on a
small e-chip containing 150 nm Au spacers. This
suspension was sandwiched between two silicon-
based e-chips with SiN electron-transparent win-
dows. The two e-chips were placed in parallel
providing a viewing area of approximately 550 X
50 um. All in situ experiment were performed in
STEM imaging mode using a high angle annular
dark-field detector. Dose rates were manipulated
by varying the gun lens, condenser aperture and
magnification. STEM images were recorded at
1024x1024 pixels with dwell time of 4 ps while
time series for videos were recorded at 512x512
pixels with dwell time of 6 ps.



EDX Analysis. The EDX maps are averaged maps
using net intensities. The counts are on lower side
overall as relatively low beam current (0.2 nA)
was used to avoid damage by radiolysis. The scan
series were acquired with a frame size of 512 x 512
pixels and a dwell time of 400ns over 396 frames.
Low beam current generally resulted in lower
counts requiring several minutes to acquire ele-
mental maps. All mapping was done under similar
dose conditions however the location of particles
right next to side or corner of e-chip could also re-
sult in lower counts due to line of sight problems
with detector (shadowing). We used double etched
modified e-chips however the counts still varied
from region to region within the cell.

Atomistic Simulations. Calculations were carried
out with LAMMPS code.> The interactions be-
tween Au and Ag atoms were described by two the
EAM parametrization of Foiles.*> Simulations
were performed in the NVT ensemble using the
velocity rescaling thermostat,’’ at two different
temperatures (T1 = 300 K and T, = 400 K). The
time step for the integration of Newton’s equations
of motion was set to 2 fs, while the deposition time
interval varied in the 2-8 ns range. Post-processing
calculations were performed using Plumed
plugin.®! We modelled the “cubic” seed with a
truncated cuboctahedron, made of {100} and
{110} side facets with {111} corners. For the na-
noplate we considered a seed mainly exposing
{111} facets with {100} corners. It is worth notic-
ing that the experimental seeds are of an average
size range (about 70 nm) that cannot be easily
treated fully-atomistically. Therefore, we scaled
down the computational seeds size, and simulated
NP of about 2000 atoms. A periodic box of 100
Angstrom side was used for the simulations.

Ab-initio Calculations. Calculations for the ad-
sorption energies were conducted using PBE®2'%3
function using Grimme corrections for correctly
capturing dispersion (PBE+D3). The valence elec-
trons were treated explicitly using DZVP basis
set,®* whereas interactions with frozen atom cores
were described with GTH pseudopotentials.®* We
set the charge density plane wave cutoff equal to
400 Ry, the convergence criterion to 10-7 a.u. for
the wavefunction optimization and to 0.005 eV/A
for the forces. Adsorption energies were calcu-
lated on a 5x5x6 supercell {100} and {110} Ag

surfaces and on a 5x6x5 {111} Ag supercell. 10 A
vacuum were added on top of the surfaces and the
bottom layer was kept fixed to bulk conditions.
Calculations were run with ASE python library®
interfaced using CP2K/6.0 calculator.%® For each
molecule (DMA and PVP), different inequivalent
orientations on the surface plane and all the possi-
ble known adsorption sites were simulated, more
specifically: Hollow, bridge, on-top for the {100} ;
Hollow, short-bridge, long-bridge, on-top for the
{110}; Hollow-hcp, hollow-fcc; bridge, on-top for
the {111}.
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