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ABSTRACT: Spatially controlled reactions at the nanoscale have attracted increasing interest for fundamental chemistry
and for the engineering of novel functional materials. Herein, we demonstrate that pH-triggered reduction of silver ions
preferentially occurs at the inner walls of porous and citrate capped gold nanoshell (AuNS) particles. The reaction initially
relies on the presence of sacrificial silver ions inside the AuNS particles as well as in the surrounding preparation solution,
and it proceeds upon external addition of silver ions until a solid silver core is formed inside the AuNS particles. Subsequent
reduction of silver occurs on the external surface of the solidified AuNS resulting in a layered and compositionally complex
nanoparticle containing both silver and gold. Growth experiments performed in the dark, under white light illumination as
well as near resonance suggest that the reduction reaction is not guided by a plasmonic field enhancement effect. This is in
contrast to the recently proposed hot spot mechanism of silver reduction at the rim of nanoholes in a periodic gold array.
Our observations point towards a confinement process that proceeds via a continuous supply of silver ions that diffuses
from the external solution through the porous shell into the inner volume of the AuNS particles where they become
reduced.

of Ag" in gold nanohole array using TEM imaging.’ They

INTRODUCTION found that the sites of Ag growth perfectly matched the

Spatially controlled chemical reactions have attracted
much attention both in fundamental research and
applications.”” More importantly, if the reaction can be
precisely controlled at the nanoscale, it may even lead to a
revolution in both traditional chemistry and
nanotechnology.“'6 For example, Localized Surface
Plasmon Resonance (LSPR) is a phenomenon where
surface electrons are brought in resonance with an external
electromagnetic field and it offers opportunities to confine
the light to a regime below diffraction limit. Plasmonic
materials thus can be used as nanoscale light sources to
selectively boost chemical reactions at the nanoscale,
which is known as “plasmonic nanochemistry”. Pioneering
works have been done on spatially controlled chemical
reactions by controlling the local plasmonic fields/hot
spots of metal nanoparticles/structures.”® Among those,
Ai et al. studied the plasmonic guided chemical reduction

hotspots on the gold nanohole array predicted by finite-
difference time-domain (FDTD) simulations.

In contrast to the aforementioned plasmonic strategy,
nanoconfinement also has been explored to physically
control chemical reactions inside nanosized reactors.”"
Interestingly, in a nanosized space the chemistry, reaction
paths, equilibrium, activities and dynamics etc. can be very
different from that of bulk.”" Different materials have
been explored as reactors for nanoconfined chemical
reactions, including porous polymers®, charged
microdroplets,”’18 microdiameter emulsions,” inverted
micelles,” aerosol particles” and porous silica
nanoreactor** etc.

In this contribution, we utilized a porous plasmonic
hollow nanoshell as a nanoreactor to run confined
chemical reactions. Importantly, this plasmonic
nanoreactor offers opportunities to spatially control
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FIGURE 1 (A) Schematic cartoon illustrating the synthesis of AuNS particles. (B) TEM image of as prepared AuNS particles.

(C) UV/Vis absorption spectrum of as prepared AuNS particles.

chemical reactions by plasmonic and/or nanoconfinement
effects. With the reduction of Ag* as a model system, we

studied the reaction process systematically with UV-Vis
spectroscopy, DLS, Zeta-potential and TEM/STEM
elemental mapping. We found that the reduction of Ag"
preferentially occurred inside the nanoreactor rather than
on its external surface. Experiments performed under
illumination with white light, at near plasmonic resonance
and in the dark suggest that nanoconfinement plays a
pivotal role in determining the preferred location of the
reduction reaction.

METHODS

Hollow noble metal nanoparticles are of significant
interest in fundamental research as well as for
chemical/biological applications due to their unique
optical properties**” as well as the capability to
encapsulate molecular moieties.”®*” Generally the hollow
metal nanoparticles are synthesized by a galvanic
replacement reaction, where the salt of metal with higher
reduction potential is added to a suspension containing a
metal nanoparticle with lower reduction potential. The
formation of the AuNS relies on silver nanoparticles
(AgNPs) as sacrificial template according to the following
reaction, Equation 1.

3Ag(s) + AuCl, (aq) > Au(s) +3Ag'(aq) + 4Cl'(aq) (1)
Specifically, the standard reduction potential of
AuCl*/Au redox pair is 0.99 V vs the standard hydrogen
electrode (SHE), while that of Ag*/Ag is 0.80V vs SHE. The
difference in reduction potential causes the Au to be
deposited on the AgNP template upon release of Ag" into
the solution. Details about the nanoparticle synthesis and

characterization procedures are
supporting information.

provided in the

RESULTS AND DISCUSSION

In a typical synthesis, AuNS particles were prepared using
the galvanic replacement method developed by Xia et. al.*®
The Auv®" ions are reduced and a hollow AuNS forms, Figure
1A. A typical TEM image and UV/Vis absorption spectrum
of the as synthesized AuNS particles are shown in Figure
1B and 1C, respectively. The hollow interior is clearly
visualized in the TEM image as greyish areas surrounded
by darker rims. The size of the AuNS particles are 40+10
nm and the absorption peak maximum appears at
~656 nm. The hydrodynamic size of the AuNS particles, as
revealed by DLS is ~60 nm, Figure S1. The particles bear a
negative surface charge owing to the presence of the citrate
ion on the surface. This yields a zeta potential of -30.6 mV
at the native pH of the AuNS suspension is 3.8, Figure S1. It
is worthwhile pointing out that the hollow particles
prepared according to the galvanic replacement protocol,
under the reaction conditions described herein, are not
pure Au nanoparticles but rather alloy nanoparticles. For
example, the EDX analysis in Figure Sz clearly shows that
the AuNS particles consist of ~52% Au and ~48% Ag.
Although we cannot distinguish between the oxidation
states with EDX, we suggest that silver exists in the form of
an Ag/Au alloy and/or as Ag" ions attached to the shell,
most likely at shell imperfections. This observation is in
line with previous studies that propose that the shell
consists of an Au/Ag bimetallic alloy.*?® In this
contribution, we merely use the term AuNS just to keep it
consistent with the convention in the literature and for the
sake of simplicity.
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FIGURE 2 (A) Absorbance spectra of AuNS particles in pH 3.8, pH 5.3 and pH 8.1. The pH of the suspension was adjusted with
NaOH (0.1 M) from pH 3.8 to pH 8.1. (B) Peak position and absorbance values as a function of pH. (C) Evolution of absorbance
at Amax=580 nm with time (black line serves as a guide for the eye). (D) Absorbance spectra of AuNS particles in pH 8.1, pH 5.3
and pH 3.8. The pH of the suspension was adjusted from pH 8.1 to 3.8 upon addition of HNOj; (0.1 M).

One interesting observation is that the optical spectrum of
the AuNS particles is sensitive to changes in the pH of the
supporting solution. Figure 2A shows the absorption
spectra and photos of AuNS solutions at pH 3.8, 5.3and 8.1,
respectively. The absorption spectrum shifts towards the
blue with increasing pH values and the intensity
(absorbance) increases. These optical changes are
sufficiently large to be visualized by human eye as a blue to

(A) pH3.8

Overlay

purple color transition, see the inset in Figure 2A. The
changes in peak maximum and absorbance values of the
AuNS suspension with increasing pH is plotted in Figure
2B. It is evident that the blue shift and the concomitant
increase in absorbance start at about pH 5 and saturate at
pH values above 7.

(B) Overlay

FIGURE 3 STEM elemental mapping (Ag, Au and overlay) of AuNS particles at pH 3.8 (A) and pH 8.1 (B).



Moreover, Figure 2C shows the evolution of the absorbance
at 580 nm of a typical AuNS sample with time, when the
pH is adjusted to 7 upon addition of NaOH. The kinetics is
fast and the reaction saturates within 10 minutes. The
kinetics is substantially slower if the reaction start at a
lower pH ~5, but it eventually ends up at the same state as
that of pHS8, see Figure S3. It is also worthwhile
mentioning that this pH-induced transition is not
reversible. Thus, when the pH changes back to 3.8, the
optical spectrum of AuNS particles does not recover, see
Figure 2D and Figure S4. The irreversibility of the optical
response suggests that the change is not a simple response
to the physical stimulus (change of pH), but rather due to
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a permanent chemical change in the sample. A possible
explanation is that Ag” ions are rapidly reduced into Ag and
deposited onto the AuNS particles when the pH increases
rather than forming individual AgNPs as no peak is seen at
~400 nm. The deposition of Ag on AuNS particles explains
the blue shift of the spectrum, as well as the increase in the
intensity, because Ag has a higher extinction coefficient
and higher resonance frequency (shorter wavelength) than
Au.

It is worthwhile to emphasize that the AuNS particles most
likely are porous, although they appear as continuous and
dense in the TEM images. These pores allow diffusion of

(B)
(i) (ii) (iii) (iv)
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FIGURE 4 (A) Absorbance spectra of AuNS particles in pH 3.8 (blue curve), pH 8.1 (dotted deep blue curve) and addition
of silver nitrate before adjusting the pH suspension with NaOH (0.1 M) until pH 8.1: [Ag"] = 016 mM (red curve) and [Ag']
= 0.32 mM (orange curve). (B) Photos of solutions; and (C) TEM/STEM images of different solutions deposited on TEM
grids: (i) pH 3.8; (ii) pH 8.3; (iii) [Ag+] = 0.16 mM, pH 8. and (iv) [Ag']=0.32 mM, pH 8.1, respectively.



reactants (Ag*, H" etc.) and water to and from the interior
of the AuNS particles, as evidenced by the fast kinetics
shown in Figure 2C. The porous nature of AuNS particles
recently was confirmed by other research groups.”™ For
example, Halas et. al. reported that the AuNS particle had
small pinholes which allowed for diffusion of Ag® ions
through pores into the surrounding bath.* This group also
showed that the dealloying of the nanoshell occurred upon
extending the reaction time, eventually resulting in the
formation of a pure Au shell particle followed by
fragmentation and decomposition. Bedzyk, et. al. reported
that AuNS particles of similar size and chemical
composition consisted of an Au/Ag alloy shell with pores
on the atomic scale.

The proposed reduction of Ag* and subsequent deposition
of Ag onto the AuNS particles for pHs > 5 is supported by
previous findings suggesting that the reducing power of
sodium citrate increases with pH.* Additional
characterizations of the AuNS particles at low and high pH
values were conducted to investigate the changes, Figure
S1. For example, when pH increases from 3.8 to 8.1, the
hydrodynamic radius of the AuNS particles decreases from
60.4nm to 54.4nm, while the zeta potential changes
from -30.6 mV to -39.2mV. With these and previous
observations in mind it seems plausible that Ag" ions are
reduced and deposited on the AuNS particles thereby
leading to distinct changes in their physical/optical
properties. An alternative avenue to pH-triggered
reduction of Ag® ions is to employ a stronger reducing
agent than citrate. For example, the same trends in peak
shift and absorbance change are seen upon adding 1 mM
ascorbic acid to the AuNS suspension, Figure Ss.

Transmission and scanning transmission electron
microscope (TEM/STEM) experiments were performed to
further characterize the particles and to address the
growth mechanism of Ag on AuNS particles. Figure 3A
shows a TEM image, and the individual Au, Ag and overlay
STEM elemental mapping images for the as prepared AuNS
particles at pH3.8. From the individual and overlay
elemental images it is clear that elements are distributed
uniformly across the nanoparticle. However, for an AuNS
sample exposed to pH 8.1, an inhomogeneous distribution
of Au and Ag elements is obvious, Figure 3B. In the overlay
image, Figure 3B, a green circle (Ag) appears inside the red
circle (Au). In addition, the average size of the Ag diameter
(green sphere) and Au diameter (red sphere) are measured
to equal ~48.1nm and ~49.5 nm, respectively. These
observations suggest that silver reduction preferentially
occurs on the inside of the AuNS particles rather than on
its external surface. Thus, the inner volume of the AuNS
particles appears to work as a nanoreactor, providing
spatial control of the reduction reaction and deposition of
silver. To further illustrate that the reaction preferentially
occurs on the inside of the AuNS particles, we introduced
more Ag" into the surrounding bath before triggering the
reduction by increasing the pH to 8.1.

The extra Ag" ions were introduced into the as prepared
AuNS suspension and reduced by increasing the pH. Two
sets of experiments were conducted by introducing AgNO,
at 0.16 mM and o0.32 mM, respectively. Figure 4A shows the
absorption spectra for the two AuNS samples with extra
AgNO; added, as well as for AuNS suspensions without
extra AgNO,; for reference purposes. The absorption
spectrum is further blue shifted upon addition of Ag’, and
the blue shift increases with the increasing concentration
of Ag® ions. In particular, for the sample with 0.32 mM
AgNO; added, the resulting spectrum displays a maximum
at 435 nm, which is close to the position observed for
spherical silver nanoparticles. Figure 4B shows photos of
the four sample solutions. It is evident that the addition of
Ag induces a color change of the suspension from blue to
brown. Large area TEM imaging also was conducted,
Figure 4C, see TEM images of the four samples in Figure
4A and B. The vast majority of the AuNS particles appear
hollow (low contrast) at low pH and without addition of
Ag’” ions, see image (i), Figure 4C. The AuNS particles
become slightly darker upon increasing the pH (ii).
Addition Ag” ions turn the particles even darker and the
AuNS particles appears like solid particles; see the inserts
in (iii) and (iv), Figure 4C. Thus, the TEM images clearly
demonstrate that the added Ag® ions penetrate the shell,
become reduced, and fill the empty volume of the AuNS
particles until a solid core of Ag is formed.

Further characterization, including zeta potential, DLS
size and EDX of the four samples was done; see Figure S1
and Figure S2, and the data are summarized in Table 1.
With increasing amount of Ag" ions added, the negative
zeta potential increases and the size of the resulting
nanoparticle increases. Moreover, the absorption peak
maximum shifts further towards the blue and the fraction
of Ag increases.

Table 1: Summary of physical properties of the four samples
prepared at pH 3.8 and pH 8.1, and upon external addition of
0.16 mM and 0.32 mM AgNO3 followed by increasing the pH
to 8.1.

Samples C-potential DLS Iy EDX
(mV) (nm) (n":l‘) (at. %)
1 -30.6 60.4 656  Ag, Au
il -39.2 54.4 592 Ag,,Au
il -49.7 68.9 456 Ag . Au
v -55.1 80.5 435 Ag  Au

We noticed from the TEM images in Figure 4 that with
0.16 mM AgNO, (sample iii, Table 1), the initially empty
space inside of the AuNS particles appears to be completely
filled. From Table 1, however, it is evident that both the size
of nanoparticle and the fraction of Ag increase upon
increasing the concentration of AgNO; to 0.32 mM (sample
iv, Table 1). Thus, it seems that the reduction of Ag’
continues after having completely filled the inner volume
of the AuNS particles. This phenomenon was carefully
investigated using elemental mapping. Figure sA shows
the TEM image, elemental mapping of Au, Ag and the
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FIGURE 5 TEM and STEM elemental mapping (Ag, Au and overlay) of AuNS particles obtained after adding AgNO; at pH 3.8
and then increasing the pH to 8. for [Ag’] = 0.16 mM (A) and the corresponding elemental profile along the white hatched
line (B). For [Ag’] = 0.32 mM (C) and the corresponding elemental profile along the white hatched line (D). The black ellipse
in (D) highlights the reduction and growth of silver at the external surface once the inner volume is completely filled.

overlay. The profile of Au and Ag along the white hatched
line (Figure 5A) is also shown for 016 mM AgNO,, Figure
5B. The TEM image reveals a solid nanoparticle and the
overlay mapping shows a green core with a shallow red
shell structure. The profile of Au and Ag along the white
line (Figure 5A) confirms that there is more Ag in the core
of the nanoparticle. Figure 5C and D show the TEM image,
elemental mapping of Au, Ag and overlay as well as the
profile of Au and Ag along the hatched white line after
addition of 0.32 mM AgNO;. The TEM image again reveals
a solid nanoparticle, and the elemental image is dominated
by green color. The size of the green sphere (Ag mapping)
is larger than that of the red sphere (Au mapping).
Moreover, the line profile of Au and Ag elements in Figure
5D clearly demonstrate the size of Ag is larger than that of
Au, as indicated by the black oval circle, see profile plot in
Figure 5D. Thus, it appears that the reduction of Ag"
continues on the external surface when the empty volume
inside of AuNS particles is completely filled.

The overall process of Ag® reduction and growth on AuNS
particles is schematically summarized in Figure 6. The

reaction preferentially takes place on the inner walls and
proceeds via diffusion through the porous gold nanoshell
until the inner volume of the AuNS particles is completely

)7 ‘0
1) Residual [Ag*] 1) /7 [Ag]
2) pHs8.1 2) pH8.1
1) /lag1]
2) PH 8.1

FIGURE 6 Schematic cartoon illustrating the reduction
and growth process of silver on the inner and outer
surfaces of porous AuNS particles with increasing
amounts of silver ions in the surrounding bath.
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FIGURE 7 Absorption spectra of AuNS particles before
initiation of the reaction by increasing the pH (black), and
after reaction at pH 8. in dark environment (green),
under white light illumination (red) and laser
illumination (blue), respectively.

filled with silver. The diffusion of ions to the AuNS interior
is believed to be driven by concentration gradient or
osmotic pressure difference as observed in lipid/polymer
vesicle systems.” Once the inner volume is completely
filled with solid silver the reaction proceeds on the outer
surface provided that there is an excess of silver ions in the
surrounding bath. The size and properties of the final
nanoparticle depend on the reaction conditions, primarily
the reaction time and the concentration of silver ions, and
it is composed of a solid silver core, a thin layer of gold (the
nanoshell) and an outermost silver layer of variable
thickness, see Fig 6 (right). It is a compositionally complex
nanoparticle whose extinction spectrum resembles that of
a spherical AgNP. Thus, the completely filled AuNS
particles simply behaves in a similar way as other
nanoparticle seeds that initiate deposition of elements at
the outside surface*** The preference of silver reduction
inside of AuNS particles is an interesting phenomenon and
of significant interest for spatially controlled chemical
reactions. In a recent study, Ai et al. reported on spatially
controlled reduction of Ag" at the rim of nanoholes in a
periodic Au array.® The authors attributed this selective
reduction and growth of silver to an electromagnetic field
enhancement effect governed by localization of the
plasmonic field inside the nanoholes of the array. This
phenomenon oflocalized enhancement of the electric field
is well known and has been discussed before for similar
plasmonic field-triggered reactions*” In yet another
study on plasmon-mediated reduction of aqueous
platinum ions Kim et al. proposed an additional effect that
contributed to the reduction, namely hot charge carriers.®

To further understand the mechanism and the preference
of the inner surface of AuNS particles, we investigated the
influence of light on the reduction of silver using AuNS
particles. Three reactions were performed in parallel at
pH 8.1: under white light illumination, at near resonance

using a HeNe laser A=633 nm, and in the dark. Absorption
spectra of the resulting nanoparticles are shown in Figure
7. Surprisingly, no significant differences are observed
between the three samples. The reaction undoubtedly
occurs in the dark, which clearly suggests that the
enhanced plasmonic field inside the particle is not the key
driving force for the spatially controlled reduction and
deposition process. Thus, the well-established explanation
of plasmonic field-guided growth and previous
observations on other nanostructures®®* cannot explain
the selective growth of silver on the inner walls of AuNS
particles. We tentatively propose that it is due to a
nanoconfinement effect initiated by reduction of residual
silver ions present inside the AuNS particles or in the
surrounding bath. Patra et. al. also demonstrated that
nanoconfinement facilitates the chemical reduction of Ag*
ion in porous polystyrene beads matrix.” It is believed that
the nanoconfinement lowers the energy barrier for the
electron transfer from reducing agent to Ag’. Other studies
also suggest that the solvents molecules confined in nano
space facilitate proton/electron transfer.>3*

The interior of AuNS particles provides a perfect space for
confined chemical reactions. Moreover, the wall of the
AuNS particle is porous which allow reactants to freely
diffuse in and out from the inner volume. Another
contributing factor to the preferential reduction and
deposition of silver on the inner surface might be related
to compositional differences between the inner and outer
surfaces of the as prepared AuNS particles. It is important
to emphasize that the AuNS particles studied herein are
prepared by stopping the galvanic replacement reaction
after 2 hours. Thus, we end up with bimetallic (alloy)
nanoshell particles, see EDX data in Table 1 and supporting
information (S2). Complete dealloying of the nanoshell
typically requires reaction times >24 hours®? It is
therefore very likely that the inner and outer surfaces are
compositionally different and that some elemental silver
remains on the inner surface of the nanoshell. This
remaining silver can provide favorable sites for reduction
and contribute to the preferential reduction and
deposition of silver on the inner surface. Besides the Ag"
reduction demonstrated herein, we believe that the AuNS
particles could serve as a general nanosized reactor for
confined chemical reactions. Moreover, the understanding
of the process of Ag reduction and growth also offers new
insights of the complex science and properties of AuNS
particles. Interestingly, despite the straightforward
synthesis of AuNS particles and decades of widespread
applications,>** the mechanism behind the AuNS
formation is not fully understood.* However, Halas et. al.*'
and later Bedzyk et. al.** have contributed substantially to
the understanding of the pore formation and de-
alloying/fragmentation processes. The study presented
herein contributes to the understanding of pH-triggered
reduction of silver on the inner walls of AuNS particles that
is governed by a continuous supply of Ag" ions that diffuses
from the external bath into the confined space. Our study
also shed light on the subsequent reduction and deposition



occurring on the external surface of the AuNS particles
once the inner volume is filled with a solid core of silver.

CONCLUSIONS

We have demonstrated using a suite of experimental
techniques that the reduction of sacrificial silver ions
present in the surrounding bath preferentially occurs on
the inner surface of spherical ~40 nm AuNS particles. The
reaction is facilitated by a continuous supply of silver ions
that diffuse through the porous AuNS particles into the
inner volume where they are rapidly reduced and
deposited to form a solid core. We attribute the
preferential growth inside the AuNS particles to a
nanoconfinement effect rather that of a plasmonic field
enhancement effect as the reaction is not influenced by
illumination with white light and with a laser beam at near
resonance. The findings obtained herein is expected to
contribute to a fundamental understanding of spatially
controlled reactions at the nanoscale, and potentially also
to the development of novel smart nanoscale materials for
photonic, catalytic and sensor applications.
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