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We report the controlled alloying, oxidation, and subsequent reduction of individual AgAu nanoparticles
in the scanning transmission electron microscope (STEM). Through sequential application of electron
beam induced oxidation and in situ heating and quenching, we demonstrate the transformation of Ag—Au
core-shell nanoparticles into: AgAu alloyed, Au—-Ag core-shell, hollow Au-Ag,O core-shell, and
Au-Ag,0O yolk-shell nanoparticles. We are able to directly image these morphological transformations
in real-time at atomic resolution and perform energy dispersive X-ray (EDX) spectrum imaging to map
changing elemental distributions with sub-nanometre resolution. By combining aberration corrected
STEM imaging and high efficiency EDX spectroscopy we are able to quantify not only the growth and
coalescence of Kirkendall voids during oxidation but also the compositional changes occurring during
this reaction. This is the first time that it has been possible to track the changing distribution of elements
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1. Introduction

Control of elemental segregation in metallic nanoparticles is
important for understanding composition dependent optical
and catalytic properties in a wide range of applications.'® Gal-
vanic replacement provides a simple low temperature synthesis
route for producing metallic nanoparticles with different
elemental distributions.' Galvanic reactions can be employed
in combination with the nanoscale Kirkendall effect, to syn-
thesize noble metal nanoparticles with hierarchical elemental
distributions and complex hollow morphologies.> The nano-
scale Kirkendall effect also provides an effective means of pro-
ducing porous metal oxides, sulphides, phosphides, nitrides,
and selenides with critical dimensions on the order of nano-
metres from solid metal starting materials by harnessing a
difference in the diffusion rates of two elements across an
interface.”*® This diffusional imbalance produces a net flow
of matter countered by an opposing flow of vacancies that can
coalesce to form voids.”"” The nanoscale Kirkendall effect
thus provides an important synthetic route for an extensive
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in an individual nanoparticle undergoing oxidation driven shell growth and hollowing.

range of semiconducting and heterostructured nanocrystals
with complex internal porosity and unusual morphologies.”®*°

The majority of studies into the nanoscale Kirkendall effect
are limited to monometallic starting materials.®"'*"%?%2!
However, there has also been interest in using bimetallic start-
ing materials to synthesise metal-semiconductor hybrid
materials with novel morphologies.®>*"** Pt-core Co-shell par-
ticles have been oxidised to form Pt-yolk CoO-shell struc-
tures,”?* FePt-core Co-shell particles have been reacted with a
sulphur containing solution to form FePt-yolk CoS,-shell par-
ticles,>® and Au-core Fe-shell particles have been oxidised to
form particles with an Au-core and hollow Fe,05-shell.>*

The capability to synthesise nanostructures containing
both a metal and semiconductor component is important for
many applications, as it provides a route to harness the comp-
lementary functionality of two dissimilar materials. One
important example is in biomedical imaging, where properties
of the two materials can be combined to create multimodal
probes:*>*® Au-core Fe,0;-shell particles have potential as dual
MRI, X-ray contrast agents;** Au-ZnO hybrids may be used for
fluorescence biolabelling;?” and Co-core CdSe-shell particles
are both magnetic and luminescent.>® Another application of
metal-semiconductor hybrid nanostructures is in photocataly-
sis; photoexcitation can occur in the semiconductor region
which subsequently leads to charge accumulating in the metal
region which can promote reduction reactions.”®

Despite the many examples of successful synthesis via the
nanoscale Kirkendall effect, the dynamics of these reactions

This journal is © The Royal Society of Chemistry 2014
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for individual nanostructures are largely unexplored. Progress
has been made in two recent studies which have employed low
resolution TEM imaging and ex situ elemental mapping to
investigate the oxidation of Bi and Ni-Cr nanoparticles.***°
Here we are able to go beyond in situ imaging, employing
recent technological advances in high efficiency EDX detectors
for the STEM in order to monitor changes in elemental
distribution for individual nanoparticles during dynamic
transformations.

We have applied this approach in order to make the first
observations of the transformation of bimetallic Ag-Au nano-
particles starting materials to hollow Au-core Ag,0O-shell nano-
structures via the nanoscale Kirkendall effect. We investigate
the importance of the spatial distribution of Au and Ag in the
starting material over the product formation by studying both
Au surface segregated and homogeneously alloyed AgAu nano-
particles under identical reaction conditions. Furthermore,
we demonstrate that by employing low temperature oxidation
followed by moderate heating the Au surface segregated nano-
particles can be inverted to an Au-core Ag-shell structure,
which can then be further oxidized to form Au-yolk Ag,O-shell
particles.

2. Experimental section

Ag-Au core-shell particles were prepared using the galvanic
replacement reaction, using a procedure detailed in previous
work." Aqueous solutions of the nanoparticles were drop cast
onto TEM membranes and allowed to dry before imaging. For
standard beam induced oxidation reactions 30 nm thick Siz;N,
membranes (Agar Scientific, UK) were used, for experiments
involving in situ heating specific heating chips were used. For
in situ heating experiments dedicated TEM holders designed
to be used with Micro-Electro-Mechanical Systems (MEMS) chips
were used. In situ heating was performed using a Protochips
Aduro heating holder in conjunction with Protochips Aduro
Thermal E-chips with both 50 nm SizN, (E-AHA11) and amor-
phous carbon (E-AHA21) support membranes. In situ heating
was also performed using a DENSsolutions sample heating
system with DENSsolutions EMheaterchips™ Si;N, chips.

High angle annular dark field (HAADF) scanning trans-
mission electron microscope (STEM) images and energy dis-
persive X-ray (EDX) spectrum images were acquired using a
probe-side aberration corrected FEI Titan G2 80-200 S/TEM
“ChemiSTEM " instrument operated at 200 kv. Images and
spectrum images were acquired with a probe current of
~200 pA and a convergence semi-angle of 18.5 mrad. HAADF
imaging was performed with an inner collection semi-angle of
54 mrad. Spectrum images were acquired with all four SSD
detectors turned on and the sample un-tilted.

STEM images were recorded using FEI TIA software. Auto-
mated image analysis of void growth and coalescence was per-
formed using Image] software. EDX spectroscopy data was
recorded using Bruker Esprit software and quantified using
the Cliff-Lorimer approach without absorption correction.
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3. Results and discussion
3.1 Direct observation of the nanoscale Kirkendall effect

When Au surface segregated AgAu nanoparticles, synthesised
by galvanic replacement,’ are exposed to electron beam
irradiation at dose rates above approximately 2000 e A~ s™*,
high angle annular dark field (HAADF) STEM imaging reveals
the dramatic morphological transformation of a single bi-
metallic nanoparticle (Fig. 1a-f). In the early stages of the
transformation, isolated regions of new material grow on the
surface of the particle (Fig. 1b and ¢ and video S1%), such
multi-site oxide nucleation has previously been observed in
the oxidation of Ni-Cr nanoparticles.>® As the reaction pro-
ceeds, these regions increase in size and appear to cover the
whole nanoparticle surface, forming a shell (Fig. 1d—f). In par-
allel, multiple voids appear in the particle’s core during the
early stages of the reaction (Fig. 1d), which grow and eventually
coalesce (Fig. 1e and f and video S27). Similar transformations
were observed for all nanoparticles studied in the same system
(Fig. S17).

The nucleation and coalescence of voids inside the nano-
particle is consistent with the mechanism proposed in pre-
vious reports of the nanoscale Kirkendall effect.”'**' Our in
situ STEM imaging results provide not only a direct confir-
mation of this process for a bimetallic system but also allow
quantitative analysis of void growth and coalescence using
automated image analysis of sequential HAADF STEM images
(Fig. 1j with further details in ESI Fig. S21). Here we observe
an approximately constant areal growth rate for the total void
area (~0.74 nm® s™') accompanied by a decrease in the
number of discreet voids, from four to one, as neighbouring
voids combine.

3.2 In situ EDX spectrum imaging

Although the contrast of the HAADF images scales directly
with atomic number and sample thickness,*'”** contrast differ-
ences can be difficult to interpret for complex morphologies
like those observed for bimetallic nanoparticles synthesised
via the galvanic replacement reaction." Complementary EDX
spectrum imaging of the same particle at different stages of
this process allows the morphological changes observed in the
in situ HAADF images to be directly related to compositional
variations. The EDX spectrum images of the particle before the
transformation begins reveals that initially particles display
clear Au surface segregation (Fig. 1g, corresponding to HAADF
image Fig. 1a), with a composition of ~7 at% Au 93 at% Ag.
The EDX spectrum image taken after an electron dose of
approximately 3.6 x 10° e A™> (Fig. 1h, corresponding to
HAADF image Fig. 1c) clearly demonstrates that the shell
grown is silver and oxygen rich while Au has diffused inwards
into the core. After an even greater electron dose of approxi-
mately 7.1 x 10° e A=> the EDX spectrum image and accompa-
nying line scans (Fig. 1i, corresponding to HAADF image
Fig. 1f) reveal further inward diffusion of Au. The diameter of
the region containing Au decreases from approximately 31 nm
to 23 nm between Fig. 1g and 1i. The distribution of Ag and O
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Fig. 1

(a—f) HAADF STEM images showing the transformation of a single nanoparticle, from an Au surface segregated Ag—Au structure to a hollow

Au-core Ag,O-shell structure. (g—i) EDX spectrum images acquired at different stages of the process reveal the compositional changes associated
with the morphological changes visible in the HAADF images. The elemental maps in (g) correspond to the period between (a) and (b), (h) corres-
ponds to the period between (c) and (d), and (i) corresponds to the period between (e) and (f). Videos of image sequences acquired between (b)
and (c) and between (d) and (e) can be found in the ESI (videos S1 and S27 respectively). The process is accompanied by a dramatic increase in the
oxygen signal (with the O/Ag at% ratio, found by EDX quantification, increasing 153% from 0.86 to 2.18), implying the transformation is driven by oxi-
dation. (j) shows quantitative analysis of void growth and coalescence gained by automated image analysis of HAADF STEM image sequences

acquired between (d) and (e) (ESI Fig. S2 and video S27).

signals (Fig. 1g-i) shows that the location of these two
elements are strongly correlated, and quantitative analysis
of the full summed EDX spectrum images (Fig. 1g and 1i)
reveals that the transformation is accompanied by a dramatic
increase in oxygen (O/Ag at% ratio) of 153%. In contrast,
quantification of the Au/Ag ratio for the full summed EDX
spectrum images reveals this remains constant during the
transformation. Spectrum imaging of beam induced shell
growth and void formation in a second particle reveals
similar changes in elemental distribution and oxygen signal
(ESI Fig. S37).

The increased oxygen signal suggests that shell growth is a
consequence of silver oxide formation at the surface of the par-
ticle, as illustrated schematically in Fig. 2. It is proposed that
the dramatic morphological changes seen here are character-
istic of the nanoscale Kirkendall effect. The formation of silver
oxide at the surface of the nanoparticles, coupled with the
faster diffusivity of Ag compared to O, produces an increased
concentration of vacancies internally which coalesce to form
voids. This nanoscale Kirkendall effect has previously been
employed to synthesise hollow Ag,S and Ag,Se nanostructures
from silver nanoparticles in thiourea and CeS, solutions
respectively.>*® It has also been shown to allow production of
many different hollow metal oxide nanostructures,'?>%>*2%36

13600 | Nanoscale, 2014, 6, 13598-13605
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Fig. 2 Illustration of observed structural transformations: (a) Au surface
segregated starting structure, (b) beam induced oxidation results in
Ag,0 formation, with oxide nucleating at multiple sites on the particle’s
surface. Ag diffuses faster than O through AgAu resulting in outward
diffusion of Ag and an increased concentration of vacancies in the core
which drives both inward diffusion of Au and the nucleation of voids. (c)
Ag,0 islands grow so as to cover the whole surface, continued injection
of vacancies into the core result in void growth and further inward
diffusion of Au. (d) The final structure has a thick Ag,O shell, the voids in

the core have coalesced, and Au is now concentrated in the centre of
the particle.

however, to the best of our knowledge, this is the first example
involving the oxidation of silver to silver oxide.

Whilst many examples of electron beam induced chemical
transformations involve reduction or localised heating,*”
the electron beam has also previously been observed to
drive the oxidation of Co nanoparticles, resulting in Co-core

This journal is © The Royal Society of Chemistry 2014
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CoO-shell particles.*" It was proposed that reactive O species
were generated by the interaction of the electron beam with
carboxylic groups on the surface of the Co particles.*' We pos-
tulate that an analogous oxidation reaction occurs here with
the electron beam interacting with polyvinylpyrrolidone (PVP)
molecules, remaining from synthesis, to generate reactive O
species (for further discussion of the oxidation mechanism
see ESIT).

3.3 Atomic resolution imaging

Au and Ag both have a similar structure and lattice constant,
meaning that is it not possible to distinguish these two
elements by analysis of the interplanar distances present in
high resolution TEM images. As expected high resolution
HAADF STEM images of the starting structures initially show
only lattice spacings that are consistent with interplanar dis-
tances of both Au and Ag (Fig. 3d and f). However, after beam

10 nm

Fig. 3 HAADF STEM images (a—c) show the evolution of an Ag—Au par-
ticle under election beam irradiation. (d) and (e) show high resolution
images of this particle, with (d) taken just after (a) and (e) taken between
(b) and (c), Fourier transforms for these images are shown inset and the
areas highlighted by red boxes are shown enlarged below in (f) and (g)
together with identified lattice spacings. The structure before transform-
ation ((a), (d) and (f)) displays only lattice spacings corresponding to Ag
and Au ({111} spacing of both Ag and Au ~0.24 nm) while the structure
after beam induced shell growth ((b), (e) and (g)) clearly shows lattice
spacing corresponding to Ag,O ({111} ~0.27 nm and {110} ~0.33 nm).
Corresponding EDX spectrum images can be found in ESI (Fig. S47).

This journal is © The Royal Society of Chemistry 2014
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induced shell growth takes place, larger lattice spacings of
~0.27 nm and ~0.33 nm are observed, corresponding to the
{111} and {110} Ag,O planes respectively (Fig. 3e and g) and
providing further evidence that the formed shell is composed
of silver oxide.

3.4 Substrate dependence of nanoparticle oxidation

In all of the experimental observations presented so far the
nanoparticles were supported on a silicon nitride membrane.
The relatively high vacuum of the TEM (~10~° Pa) supports the
hypothesis that oxidising species are supplied by polyvinylpyr-
rolidone (PVP) found on the surface of the particles and the
surrounding substrate (see ESIT). It is therefore important to
note that no oxidation occurred under the same irradiation
conditions when experiments were repeated using identical
nanoparticles on an amorphous carbon support (Fig. S51). At
first this is perhaps surprising, as after electron beam
irradiation high concentrations of oxygen were detected on the
amorphous carbon support, with EDX spectroscopy measure-
ments of comparable regions showing 121% greater O/Ag at%
ratio associated with the carbon support compared to a silicon
nitride support membrane (Fig. S51). We therefore postulate
that the chemical inertness of Siz;N, contributes to facilitate
the oxidation of silver. There is a ready supply of oxygen con-
taining species on both types of support and it is known that
the electron beam attracts such species, increasing the loca-
lised oxygen concentration in the vicinity of the nanoparticle
under investigation. EDX elemental mapping demonstrates
that on silicon nitride, this increased oxygen signal is clearly
associated with the particles, whereas on amorphous carbon
the increased oxygen signal is correlated with the support
(Fig. S51). It has been previously shown that amorphous
carbon can be oxidised to form a range of carbonyl species in
place of the original C-H bonds found on its surface.*> We
therefore suggest that the reactive oxygen species oxidise the
amorphous carbon substrate more readily than the Ag,
whereas on the more chemically inert SizN, substrate the
reverse is true.

Further insights into the observed transformation may be
obtained by consideration of the different behaviour of the two
metals present in the starting materials. Au is considerably
less susceptible to oxidation than silver, the standard
reduction potentials of Ag” and Au®” are 0.7996 V and 1.498 V
respectively. It is therefore not unexpected that above a critical
electron dose rate Ag is readily oxidised while Au remains met-
allic. These two metals also have different diffusion constants,
the diffusivity of Ag in an AgAu solid solution being 2-3 times
greater than that of Au.*’ Inward diffusion of Au is observed,
driven by vacancies in the core, however, gold cannot diffuse
into the core as rapidly as silver can diffuse out of it and this
imbalance causes a build-up of vacancies in the core, which
coalesce to form voids.>** As the particles studied typically
contain ~6 at% Au and ~94 at% Ag, there is considerably
more silver present than gold, enhancing the diffusional
imbalance.

Nanoscale, 2014, 6, 13598-13605 | 13601
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3.5 Comparison of alloyed and core-shell starting materials
through in situ heating

The presence of an initial Au-rich surface in the system
studied in Fig. 1 raises the possibility that Au surface segre-
gation plays a role in the phenomenon observed. To clarify the
importance of the initial elemental distribution on the sub-
sequent oxidation reaction we have investigated the dynamics
of this reaction for alloyed nanoparticles with otherwise identi-
cal structure and compositions.

AgAu alloys form a thermodynamically stable face centred
cubic solid solution at all compositions in the bulk.*>** Our
Au surface segregated starting structure is therefore a meta-
stable state which, with sufficient thermal energy, can be trans-
formed into a homogenous alloy. Modern TEM heating
holders employ membrane based heaters with low thermal
mass to produce rapid local in situ heating and quenching of
samples with minimal drift.*> These holders also allow the
acquisition of EDX spectroscopy data at elevated temperatures
and therefore facilitate investigation into the effect of tempera-
ture on elemental distributions in nanomaterials.*® In situ
heating of the AgAu nanoparticles with Au surface segregation
to 400 °C brings about rapid and complete alloying with little
change in the particle morphology and no change in their
overall composition (Fig. 4b). While imaging at 400 °C the par-
ticles are unreactive and no Ag,O shell growth or void for-
mation is observed for the newly formed alloyed particles,
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Fig. 4 Homogeneously alloyed AgAu particles, formed by in situ
heating of Au surface segregated particles, undergo the same Kirkendall
transformations as surface segregated particles at room temperature
(video S31) but are unreactive at elevated temperature (400 °C). (a—e)
HAADF STEM images (top row) and simultaneously acquired EDX spec-
trum images (second row, Ag = red and Au = green). (a) At 100 °C all
particles initially show Au surface segregation, (b) upon heating to
400 °C homogeneous alloying occurs but no oxidation reaction occurs,
on quenching to room temperature a beam induced process of Ag,O
shell growth and Au core-hollowing is observed (c—e). Heating to higher
temperatures can lead to preferential loss of silver, localised melting and
dramatic changes in morphology (Fig. S77). (f) Graph showing changes
to elemental ratios (O/Ag and Au/Ag) as a function of imaging conditions
(electron dose and temperature).
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even at dose rates above 2000 e A™* s™'. This supports our
hypothesis that the reaction is due to beam induced creation
of oxidising species rather than beam induced heating of the
sample.

When the alloyed nanoparticles are quenched to room
temperature their newly alloyed structure is retained (Fig. 4c).
However, when the newly alloyed nanoparticles are exposed to
electron beam irradiation above the threshold dose rate at
room temperature Ag,0 formation occurs. Therefore, it is clear
that the stability observed at 400 °C is a consequence of the
elevated temperature rather than the change in elemental dis-
tribution. Indeed, the alloyed particles display an identical
pathway of Ag,O shell growth and void formation to that
observed for the Au surface segregated system (Fig. 4c-e). For
the ensemble of particles shown in Fig. 4, quantification of the
summed EDX spectra extracted from the full spectrum images
reveals that during heating to 400 °C, quenching and sub-
sequent oxidation the Au:Ag ratio remains constant (94 at%
Ag, 6 at% Au). In contrast, the O:Ag ratio more than doubles
during oxidation, with the majority of the oxygen content
associated with the nanoparticle shell (Fig. 4f and ESI Fig. S67).

The temperature dependence observed here can be simply
explained; silver oxide is known to be unstable at elevated
temperatures and would be expected to completely decompose
to metallic silver and oxygen at 400 °C.”"*° The thermo-
dynamic driving force for oxidation of silver is greater at lower
temperatures, although the precise free energy change is
highly dependent on particle size.’® Thermodynamic calcu-
lations predict that oxidation of Ag nanoparticles is only
favourable at 400 °C when a particle’s radius is <7 nm (con-
siderably smaller than our particles).”® The in situ heating
results suggest that the initial distribution of silver and gold in
the particles is of little consequence to subsequent oxidation
and void formation.

3.6 Core-shell inversion and yolk-shell formation through
sequential in situ heating and beam induced oxidation

Hollow nanostructures are predicted to be unstable relative to
solid forms.’™* In addition, Ag,O is known to be unstable
with respect to metallic silver and oxygen at elevated tempera-
tures.” When the hollow Au-Ag,O structures, formed by the
electron beam irradiation of Ag-Au particles (Fig. 5a-c and g)
are heated, the loss of the hollow interior and an apparent
shrinking of the shell is observed (Fig. 5d and h). This trans-
formation is accompanied by a modest decrease in the oxygen
signal (O/Ag at% ratio) which suggests that the Ag,0 has been
fully or partially reduced, forming a particle with a solid Au-
rich core and a shell containing metallic Ag (Fig. 5f). Thus, by
a combination of the beam induced Kirkendall effect and sub-
sequent heating it is possible to perform something akin to a
core-shell inversion, going from an Au-rich surface to an Au-
core Ag-shell structure for the same nanoparticle. Once the
newly formed Au-Ag core-shell nanoparticle is returned to
room temperature, the electron beam is once again able to
initiate shell growth (Fig. 5e and i), which is accompanied by a
significant increase in the oxygen signal. This supports the

This journal is © The Royal Society of Chemistry 2014
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(a—c) HAADF images showing an Ag—Au particle undergoing the beam induced oxidation reaction described previously, forming a hollow

Au-Ag,0 structure. Upon heating to ~275 °C the hollow structure is lost (d), the shell shrinks and EDX data (f) shows a reduced oxygen signal
suggesting some Ag,0 is reduced to silver metal. The post heating, non-hollow, Au-core Ag-shell particle ((d) and (h)) undergoes a second beam
induced oxidation reaction, in this reaction a yolk-shell (Au-yolk, Ag,O-shell) particle is formed ((e) and (i)).

idea that heating promotes reduction of Ag,O to Ag, which can
then be re-oxidised by the electron beam at room temperature.

The second oxidation reaction is notably different from the
first, no void formation is observed in the core of the particle.
Instead we form a yolk-shell structure with voids growing at
the interface between the Au-rich core and the Ag-rich shell.
This is consistent with previous work on the nanoscale Kirken-
dall effect where core-shell particles with an inert core
material and reactive shell have been oxidised to produce
metal-yolk, metal oxide-shell structures.”?>** The develop-
ment of this yolk-shell structure is evidenced by the linescans
taken from spectrum images (Fig. 5g-i): the final yolk-shell
structure shows a clear depletion in Ag counts at the edge of
the Au rich core (Fig. 5i), no such depletion was present in the
initial post-heating structure (Fig. 5h).

4. Conclusions

Electron beam irradiation and in situ heating allow us to
perform highly controlled oxidation, reduction, and alloying
on individual nanoparticles in the STEM. We are able to
directly observe the resulting morphological changes at atomic
resolution and map changes in elemental distribution at sub-
nanometre resolution with EDX spectrum imaging. As sum-
marised in Fig. 6, simple combinations of room temperature
oxidation and heating allow us to perform an impressive range
of morphological, chemical and structural transformations.
We have imaged the real-time oxidation of bimetallic AgAu
nanoparticles with different starting elemental distributions
and their subsequent reduction by heating, performing

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 AgAu bimetallic nanoparticles can undergo a range of controlled
in situ transformations by sequential application of beam induced oxi-
dation and heating. Au surface segregated AgAu nanoparticles (a) are
transformed into alloyed AgAu nanoparticle (b) by heating. Both alloyed
(b) and Au surface segregated (a) AgAu nanoparticles can be trans-
formed by electron beam induced oxidation into hollow Au-core Ag,O-
shell structures (c), which can then be reduced to an Au-core Ag-shell
structure (d) by heating. Au-core Ag-shell nanoparticles can be oxidised
to from Au-yolk Ag,O-shell structures (e).

core-shell inversion. In materials with significant Au surface
segregation as well as those with homogeneous alloying, we
observe Ag,O shell growth, inward diffusion of gold, and the
growth and coalescence of voids in the core. Real-time imaging
of this process allows quantitative analysis of void growth and
coalescence in individual nanoparticles. This work shows, for
the first time, that it is possible to produce hollow silver oxide
nanostructures by oxidising solid silver-containing particles.
Given the interest in silver oxide for catalytic, photovoltaic,

Nanoscale, 2014, 6, 13598-13605 | 13603
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sensing, and antibacterial application,®® we believe the
observations presented here could inspire efforts to synthesise
hollow silver oxide particles by the nanoscale Kirkendall effect
on a laboratory scale. Heating Au surface segregated particles
transforms them into alloyed particles, which has little effect
on the course of the reaction, with both alloyed and segregated
particles showing identical behaviour, forming hollow Au-core
Ag,0-shell structures. In contrast, the inverted Au-core Ag-shell
structures oxidize to form Au-yolk Ag,O-shell structures. In all
cases, in situ observations of the dynamics of elemental redis-
tribution are characteristic of the nanoscale Kirkendall effect,
due to the rapid diffusion of Ag but slow diffusion of O
through AgAu. These in situ results produce unprecedented
insights into the mechanism and reaction kinetics of this
important approach to nanoparticle synthesis. Furthermore,
this study highlights interesting possibilities for further inves-
tigations into the dynamics of nanoparticle reactions using
in situ STEM EDX spectroscopy, particularly for mixed metal
systems.
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