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Enhanced control of plasmonic properties of
silver—gold hollow nanoparticles via a reduction-
assisted galvanic replacement approachsy
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Hollow noble metal nanoparticles are of growing interest due to their localized surface plasmon resonance
(LSPR) tunability. A popular synthetic approach is galvanic replacement which can be coupled with a co-
reducer. Here, we describe the control over morphology, and therefore over plasmonic properties
including energy, bandwidth, extinction and scattering intensity, offered by co-reduction galvanic
replacement. This study indicates that whereas the variation of atomic stoichiometry using the co-
reduction method described in this work offers a rather modest tuning range of LSPR energy when
compared to traditional galvanic replacement, it nevertheless has a profound effect on shell thickness,
which imparts a degree of control over scattering intensity and sensitivity to changes in the dielectric
constant of the surrounding environment. Therefore, in this context particle size and gold content
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Introduction

Localized surface plasmon resonance (LSPR) is defined as the
light-driven collective oscillations of the conduction electrons of
a metallic nanostructure, leading to enhanced photon absorption
and scattering cross sections (far-field effects) as well as
enhancement of the local electromagnetic field around the
nanostructure (near-field effects).* These phenomena are being
harnessed in applications spanning numerous fields, including
biomedicine,” biophysics,® energy conversion* and catalysis.®
The near- and farfield optical properties of a plasmonic
nanoparticle are dictated by its size and shape, the dielectric
function of the constituent metal as well as that of the surrounding
environment. Therefore, controlling shape and size is key to
tailoring properties, a realization that fostered a rich set of
synthetic approaches leading to cubes,’® triangles,” decahedra,®
bars,” and stars," to name a few. An interesting addition to the
numerous chemical synthesis tools developed to control nano-
crystal geometry (and therefore properties) is the ability to further
manipulate shape via the synthesis of hollow structures. In such
nanoparticles, not only can the shape be modulated but also the
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become two design parameters that can be used to independently tune LSPR energy and intensity.

cavity's radius-to-shell thickness ratio, thereby providing an extra
degree of freedom for LSPR tuning." An analytical solution to the
plasmonic behaviour of shells based on Mie theory was first
described by Aden and Kerker.*? This has later been augmented by
a semiclassical approach™ and the plasmon hybridization
model**™® as well as numerical approaches.”*® Together, these
works contributed to the current understanding of the phenom-
enon, which can be summarized as follows: the non-isotropic
electron oscillation in hollow structures leads to a shape-
dependent depolarization and LSPR energy splitting into lower-
energy symmetric (bonding) and higher-energy anti-symmetric
(anti-bonding) plasmon modes. The size of the cavity and the
wall thickness dictate the extent of interaction between the inner
and outer surface resonances. The LSPR of these shell structures
are therefore related to the nanoshell's inner and outer radii, r;
and r,, where the aspect ratio of the radii is equal to ry/(r, — 1)
(Fig. 1A). For weaker interaction between these surfaces (thick wall,
small r) the symmetric plasmon resonance approaches the solid
particle value, while a stronger interaction (thin wall, large r) leads
to a larger energy splitting and a lower energy symmetric LSPR,
when compared to a solid particle of the same size. Along with the
LSPR energy, the proportion of the scattering and absorption is
modulated by shape: a particle with a thin wall scatters less than
a particle with a thick wall.*

Galvanic replacement has emerged as a popular synthesis
route to prepare hollow metallic structures with control over
composition and morphology.**** Nanoscale galvanic replace-
ment occurs when a metal ion encounters a nanoparticle made
of a zerovalent metal atom with a lower redox potential (often
referred as a sacrificial template), leading to an exchange of
electrons, where the template metal will be oxidized and
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Fig. 1 (A) Schematic illustration of the co-reduction galvanic
replacement procedure used. (B—G) TEM images of reaction products
for different Au:Ag stoichiometries (B) 0.1Au:Ag, (C) 0.25Au:Ag, (D)
0.50Au:Ag, (E) 0.75Au:Ag, (F) Au:Ag, and (G) 2Au:Ag. Scale bars,
100 nm.

dissolved in solution while the oxidant metal will be reduced
onto the surface of the particle. Owing to their plasmonic
properties, a commonly studied metal pair is Ag/Au; galvanic
replacement operates because Au has a more positive redox
potential and can gradually replace the Ag template. Taking
advantage of the well-known shape control mechanisms for the
Ag template, the Ag/Au pair has been used extensively as
a synthetic approach to generate simple to exotic hollow
structures, including spheres,**?* rods,* wires,* rings,*” octa-
hedrons,*®* multilayer spheres,* as well as boxes and cages.**

By altering the resulting shell characteristics, including
composition, the relative amount of oxidant metal added to the
nanoparticle template suspension controls the optical proper-
ties of the final solution. The shape and composition of the final
product mainly depends on alloying and dealloying steps
occurring during the galvanic replacement reaction. Early on,
the oxidant metal alloys by deposition at the surface of the
reductant template while the template's interior is dissolved
through pinholes and cavities. As the galvanic exchange
proceeds further, dealloying may occur and lead to a cage/

390 | RSC Adv., 2019, 9, 389-396

View Article Online

Paper

frame-like structure or fragmentation of the nanoparticle
shell.*** The extend of alloying to dealloying is controlled by
the stoichiometry of the metals, which thereby dictates the
thickness, porosity, and structural integrity of the walls.

Augmenting traditional galvanic replacement with the
addition of a secondary reducing agent acting upon both
metallic species (often termed “co-reducer” when referring to
the oxidant metal) provides the ability to tune the alloying
process. With co-reduction, shape and composition can there-
fore be manipulated beyond what is achievable with simple
galvanic replacement.?** The secondary reducing agent in the
solution introduces new reaction pathways and products owing
to the competition between the reduction of oxidant ions by the
metal template and this reducing agent. In addition, the newly
oxidized atoms emerging from the template can be reduced
back by the reducing agent, providing further composition
control. Together, galvanic replacement and reduction strate-
gies provide rich possibilities for shape and composition
control for enhanced LSPR tuning.

The dependence of LSPR energy and bandwidth on AgAu
hollow nanoparticle morphology has been probed experimen-
tally, for instance by Yang et al., who investigated the optical
properties of heterogeneous hollow particles as a function of
their inner and outer diameters,*® and by Hu and co-workers,
who unravelled the effect of edge length in nanoboxes and
nanocages on their optical properties.*””** Despite the promise
of remarkable LSPR tuning in such systems, an extensive study
of the possibilities and limitations of modulating optical
properties using co-reduction galvanic replacement has yet to
appear in the literature. Herein, we present a systematic inves-
tigation of the extent of control over morphology and optical
properties offered by co-reduction galvanic replacement,
including energy, bandwidth, extinction and scattering inten-
sity. We obtained these results using bulk extinction spectros-
copy as well as single particle (SP) scattering experiments on
a systematic variation of the aspect ratio of the radii (r,/(r, — 1))
by changing either the concentration of Au or the particle size.
These optical measurements were correlated with the average
size and wall thickness of the particles obtained with trans-
mission electron microscopy. This study indicates that while
the variation of atomic stoichiometry using the co-reduction
method described in this work offers a rather modest tuning
range of LSPR energy when compared to traditional galvanic
replacement, it nevertheless has a profound effect on shell
thickness, which imparts a degree of control over scattering
intensity and sensitivity to changes in the dielectric constant of
the surrounding environment. Since particle size can be used to
adjust LSPR energy, particle size and gold content become two
design parameters that can be used to independently tune LSPR
energy and intensity.

Experimental section
Materials

Tannic acid (C,;6H5,046, ACS Reagent), sodium citrate tribasic
(NazCeH505, 99.0% ACS Reagent), polyvinylpyrrolidone (PVP10,
MW ~ 10 000) and gold(m) chloride trihydrate (HAuCl,-3H,0,

This journal is © The Royal Society of Chemistry 2019
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= 99.9%, trace metal grade) were purchased from Sigma
Aldrich. Silver nitrate (AgNO;, 99.9995%) was obtained from
Strem Chemicals. Aqueous formaldehyde solution stabilized
with methanol, (CH,O, 37% ACS) was obtained from Fisher
Scientific. Aqueous hydrochloric acid (HCI, 36.5-38.0%, ACS
reagent) and aqueous nitric acid (HNO;, 68.0-70.0%, ACS
reagent) were purchased from VWR International. Potassium
carbonate anhydrous (K,COs, ACS ISO reagent) was purchased
from EMD Millipore. All chemicals and reagents were used
without further purification. Ultrapure water (18 MQ) was used
in all experiments. All glassware used for synthesis was washed
with concentrated acid (nitric acid or aqua regia) and then
rinsed thoroughly with ultrapure water.

Synthesis procedures

Ag nanospheres. Ag nanosphere templates were synthesized
using a previously published procedure.* The synthesis proce-
dure described below is for 55-60 nm diameter NPs, with
related protocols reported in Table S1.f Briefly, 50 mg (0.29
mM) of tannic acid and 72 mg (2.45 mM) of sodium citrate were
dissolved in 100 mL of water in a 250 mL round bottom flask
and refluxed under vigorous stirring. Then, 18 mg of AgNO;
dissolved in 1 mL of water was quickly added to the flask. The
reaction mixture was stirred for 60 min, then left to cool under
light agitation. The solution was centrifuged twice (7500 RCF,
12 min) and re-dispersed in 100 mL of water. To remove tannic
acid from the media, a ligand exchange step with PVP10 was
performed, where 100 mL of NP solution was slowly agitated
with 200 mg of PVP10 for a minimum of 12 h at 40 °C followed
by centrifugation (7500 RCF, 12 min, twice). The resulting PVP-
coated NPs were dispersed in 100 mL of water and the
concentration of silver in the suspension was determined by
ICP-AES analysis.

Formaldehyde-assisted galvanic replacement. In a typical
reaction, the Ag NP solution was diluted to 0.5 mM of Ag then
put under mild agitation at room temperature. 50 pL of
1.5 mM PVP10 and 10 pL of a 37% methanol-stabilized
formaldehyde aqueous solution were added per mL of Ag
NP solution (i.e., 250 pL of PVP10 and 50 pL of formaldehyde
for synthesis using 5 mL of Ag NPs). The Au®" solution was
prepared by dissolving 15 mg of K,CO; in 49 mL of water and
adding 1 mL of a 25 mM HAuCl,-3H,0 aqueous solution, for
a final Au concentration of 0.5 mM. The solution was then
aged 15 to 30 min prior to use. To obtain the final product,
the desired volume of Au solution was injected into the
reaction mixture and left to stir at room temperature for at
least 24 h. The solution was then centrifuged twice and the
NPs were dispersed in water. Since the atomic concentrations
of Ag and Au in the Ag NP suspension and the AuCl, solution
are equimolar, the volume ratio dictates the atomic stoichi-
ometry (i.e., 0.25Au:Ag, 0.5Au:Ag, 0.75Au:Ag and Au:Ag are
prepared with 1.25, 2.5, 3.75 and 5 mL of K,CO3/AuCl, " for
a synthesis using 5 mL of Ag NP solution). The actual atomic
stoichiometry was validated to be the same as that is pre-
dicted by the volume ratio by Inductively-Coupled Plasma
Atomic Emission Spectrometry (ICP-AES) in a previous
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report.>* The atomic stoichiometry should be optimized
according to the procedure used which will affect the reaction
kinetics which contributes to changes in the final NP shape
(void size and wall thickness).

Characterization techniques

Electron microscopy. Transmission electron microscopy
(TEM) images were obtained on a FEI Tecnai Spirit G2 Biotwin
equipped with a high-resolution CCD camera (Orca HR, 11
Megapixels) bottom-mounted camera and operated at 120 kV.

Nanoparticle size and concentration analysis. The average
sizes and size distributions of nanoparticles were determined
from TEM images with the Image] software and validated using
nanoparticle tracking analysis (NTA) on a NanoSight NS300
from Malvern fitted with a 488 nm laser source. Nanoparticle
concentration values used in the extinction cross section
calculations were determined by NTA.

Optical spectroscopy. All bulk extinction spectroscopy
measurements were performed on a CARY 50 UV-vis spectro-
photometer, except for the study of refractive index sensitivity,
which was performed on a CARY 5000 UV-vis-NIR spectro-
photometer. Single NP scattering spectra were obtained with
a custom-made setup consisting of a Nikon Ti-U inverted
optical microscope equipped with a dark field condenser,
a Princeton Instruments Isoplane 320 spectrometer, and
a Princeton Instruments ProEM-HS CCD camera.*’ 25 mm
glass coverslips were cleaned by sonication in a detergent
solution for 30 min, followed by rinsing with water and soak-
ing in concentrated acid piranha solution (4H,SO, : H,0,) for
one hour. Coverslips were then rinsed with water followed by
ethanol and dried in an oven. 10 uL of NP solution in water was
diluted in 1000 pL of ethanol, and 100 uL of this solution was
drop cast on the coverslip. Correlated TEM and optical spec-
troscopy was performed to validate the technique (Fig. S47).
When performing correlated LSPR/TEM experiments, the NPs
were instead drop cast on a 200-mesh carbon/formvar copper
grids (Ted Pella Inc.).

Refractive index sensitivity (RIS). RIS measurements where
performed in water-glycerol mixtures of varying volume
ratios to tune the refractive index of the media surrounding
the nanoparticles. As-prepared hollow nanoparticles were
concentrated 20 times by centrifugation (i.e., 5 mL of NP
solution was dispersed in 250 pL of DI water). Then 10 pL of
nanoparticle dispersion were added to 2.0 mL of the water-
glycerol solutions. Solutions containing 0%, 2.5%, 5%, 7.5%,
10%, 15%, 20%, 30%, 40% and 50% v/v of glycerol yielded
refractive indices ranging from 1.333 to 1.403. Extinction
spectra of the resulting nanoparticle solutions were
measured on a Cary 5000 spectrophotometer. The plasmon
shift in nm was plotted as a function of the refractive index
and the RIS was determined by linear fitting (AAsp/Any,).

Results and discussion

Hollow AgAu nanoparticles were obtained with a co-

reduction  galvanic  replacement procedure, with
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formaldehyde as the secondary reducing agent, where reac-
tion kinetics are controlled by the pH of the Au solution
(Fig. 1A).>* The reaction was performed with several oxidan-
t:reductant atomic ratios, from 0.1 to 2 equivalents of Au**
with respect to Ag® (i.e., 0.1Au:Ag to 2Au:Ag). Throughout this
manuscript, Ag and Au concentrations are described as
atomic ratios between Ag and Au; their galvanic replacement
reaction being Au®" + 3Ag° — Au® + 3Ag", 1Au:Ag (or 1
equivalent of Au) therefore contains three times more Au
than is required to replace all the Ag present in the absence of
a secondary reducing agent (here formaldehyde). Trans-
mission electron microscopy (TEM) images of hollow nano-
particles (Fig. 1B-G) show a progressive enlargement of the
cavity with increasing Au (dimensions listed in Table 1). At
0.1Au:Ag, the majority of the nanoparticles remain solid
spheres with a rough surface, a prelude to pinhole formation.

View Article Online
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At 0.25Au:Ag, nanoparticles are mostly semi-hollow and the
voids non-concentric. At 0.5Au:Ag, the voids are significantly
larger and regular, resulting in a homogenous suspension of
hollow nanoparticles with a shell thickness of about 12 nm.
As more Au is added, particle size and wall thickness
increases (0.75Au:Ag, Fig. 1E). At equimolar stoichiometry
(Au:Ag, Fig. 2F), the galvanic replacement reaction by the
oxidant overcomes the co-reduction process such that
smaller nanoparticles with thinner shells are produced. An
even larger excess of Au eventually leads to the loss of
structural integrity of the shells and to homogeneous
nucleation of small Au nanoparticles (2Au:Ag, Fig. 1G).
Single-particle measurements from hyperspectral experiments
in an optical dark field scattering microscope* (Table 1 and Fig. 2)
reveal an increase in the average scattering intensity from Ag
spheres to AgAu shells, attributed to the increase in overall

Table 1 Physical and optical properties of starting material and AgAu hollow nanoparticles as function of Au concentration. The bulk
measurements are related to Fig. 1A, while single particle measurements are related to Fig. 1B—F as noted in the LSPR (nm) column
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nanoparticle diameter. Variations in average shell thickness are
observed with the amount of Au added to the Ag nanoparticle
suspension. As expected, stronger scattering is measured for larger
hollow nanoparticles with thicker walls (Table 1 and Fig. 2E). A
relationship is also present between the bandwidth and shell
thickness, with narrower LSPR bands observed for thicker shells.
This is observed in bulk (Fig. 2A), and, more importantly, in single-
particle (Fig. 2B-F) LSPR spectra, which are not affected by
heterogeneous broadening (Table S271). These single-particle LSPR
spectra indeed display a large distribution arising from particle-to-
particle variations in, primarily, diameter and wall thickness, but
also in void concentricity,'**** surface roughness and the presence
of pinholes,*** all of which alter optical properties. Interestingly,
although composition may play a role in the observed scattering
intensity it is not the dominant effect (Fig. S1T). Calculations by
Wu and Liu using Mie theory have suggested that while the LSPR
properties of Ag/Au alloy nanoshells are both sensitive to shell
thickness and composition, the effect of geometry on near-field
and far-field enhancement dominates, whereas the gold content
plays a more significant role in the modulation of energy
frequency, as we observe here.*
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The geometric change from solid sphere to hollow shell
structure and the alloying with Au lead to a marked redshift of
the LSPR from 460 to 594 nm (bulk LSPR, Table 1). The slight
redshifts (i.e., from 594 to 651 nm) linked to changes in the
reaction's Au stoichiometry indicate that this parameter offers
only mediocre LSPR energy control (Fig. 2 and Table 1). Here,
the shell thickness control offered by galvanic replacement
provides further means to manipulate the LSPR, until the point
at which shells become thin and/or porous and the extinction
intensity dramatically decreases, hindering applications
needing strong light-matter interactions such as enhanced
spectroscopies***® and photothermal cancer therapy.**>" An
alternative approach to further tune the LSPR energy is to
manipulate the radius-to-shell thickness ratio by changing the
initial size of the nanoparticle templates. Fig. 3C-F shows the
galvanic replacement product of Ag nanoparticle templates with
initial diameters ranging from 58 to 109 nm. When using the
same atomic stoichiometry (i.e., same atomic concentration,
meaning the Ag nanoparticle concentration decrease with
increasing particle size), the average shell thickness remains
relatively constant at about 11-12 nm (Table 2). The observed

Fig. 3 Bulk UV-vis extinction spectra (A) and extinction coefficient (B) for hollow AgAu nanoparticles of four different outer diameters: (C) 66 +
8 nm (D) 85 + 8 nm (E) 98 + 12 nm and (F) 118 + 13 nm, obtained from Ag nanoparticles of 58 + 8, 76 + 8, 87 + 9, and 109 + 12 nm diameter,

respectively. Scale bars: 100 nm.

Table 2 Physical and bulk optical properties of starting material and AgAu hollow nanospheres (prepared with 0.5Au:Ag) as function of size

Size Size Cavity size Shell thickness LSPR LSPR Spectral shift FWHM FWHM
Ag (nm) AgAu (nm) (nm) (nm) ril(r, —r)  Ag(nm)  AgAu (nm) (nm (eV)) Ag (nm)  AgAu (nm)

58 £8 66 + 8 457 11+2 2.1 430 560 130 (—0.67) 90 150

76 £8 85+ 38 62 £6 12+ 3 2.7 450 590 140 (—0.65) 105 190

87 +9 98 + 12 76 £ 8 11+2 3.5 475 630 155 (—0.64) 155 245
109 + 12 118 + 13 97 £ 10 11+2 4.6 520 710 190 (—0.63) 245 440

This journal is © The Royal Society of Chemistry 2019
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redshift in LSPR frequency associated with hollowing is more
significant as the initial nanoparticle size increases, with shifts
of 130, 140, 155, and 190 nm (dipole mode) for 58 + 8,76 £ 8, 87
£ 9, and 109 + 12 nm diameter nanoparticles, respectively. This
is attributed to both the overall nanoparticle size (from elec-
tromagnetic retardation effect) and the increasing cavity-shell
aspect ratio from 2.1 (for 66 nm diameter) to 4.6 (for 118 nm
diameter), as reported in Table 2, Fig. 3A and S2.1 The LSPR full
width at half maximum (FWHM) also broadens with increasing
nanoparticle size, mainly due to increased contributions of
electron surface scattering and radiation damping.*>** Note that
for the larger particles (i.e., 118 nm), only the dipole mode at
lower energy is considered here. The experimental extinction
coefficient increases with particle size (Fig. 3B, calculated from
extinction optical density and particle concentration in molarity
obtained from nanoparticle tracking analysis (NTA)), and agrees
well with predictions from Mie theory calculations (Fig. S37)
and reported values.*

The LSPR energy depends on the dielectric properties of the
surrounding environment including solvent, substrate and
adsorbates, enabling refractive index-based sensing applications. A
manifestation of this phenomenon can be readily seen in the
difference between the LSPR energies measured in water (refrac-
tive index (RI) = 1.33) and those measured for particles supported
on a silica coverslip (RI ~ 1.5) and surrounded by air (RI ~ 1),
where the average medium RI is lower than that of water (Table 1).
The latter are blue-shifted with respect to the former, and the shift
appears to increase with an increase in LSPR wavelength.

Systematic investigations of the bulk RI sensitivity (RIS) of
nanoshell solutions of the same shell thickness but different
sizes, (Fig. 3) performed with various water/glycerol mixtures,
reveal an exponential increase in RIS with particle size
(Fig. 4A, blue markers). However, experimental RIS data from
nanoparticles prepared by manipulating the Au:Ag stoichi-
ometry (Fig. 1C, E and F) do not follow an obvious trend with
respect to their sizes (Fig. 4A). This is attributed to the vari-
ation in both size and shell thickness in these samples (Table
1). RIS is best described as a function of the cavity radius-to-
shell thickness ratio, as seen in Fig. 4B. This is consistent
with theoretical reports from Jain and El-Sayed,>® where
sensitivity was predicted to increase near-exponentially with
the ratio of the core radius-to-shell thickness when overall
size was kept constant. This observation can be explained by
the enhanced polarizability of thin nanoshells owing to the
stronger coupling between the inner and outer surfaces,
leading to a more responsive nanoparticle. Analogously, and
as observed, an increase in RIS is expected with increasing
particle size for a given shell thickness, as this results in
a larger r,/(r, — ry) value.®* Another effect to consider is that
an increase in the medium's dielectric permittivity reduces
the wavelength of the incident light, leading to an additional
redshift for larger nanoparticles due to phase retardation
effects.” Together, these RIS measurements suggest that
larger hollow nanoparticles with thin walls (higher ry/(r, — 1)
value) might perform better than their thick, small counter-
parts in sensing applications. However, one must consider
that increasing nanoparticle size induces a broadening of the

394 | RSC Adv., 2019, 9, 389-396
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Fig. 4 (A) RIS as function of particle size using Ag nanoparticles of
different sizes (blue, Table 2) and for various Ag:Au stoichiometries
(red, Table 1). (B) RIS and FOM as function of the core—shell ratio.

LSPR bandwidth, which can be detrimental to the sensing
Figure of Merit (FOM).*® FOMs as a function of core-shell
ratio for particles with same shell thickness are shown in
Fig. 4B. Additional discussion and data are available in the
SI, Table S3.}

Conclusion

The optical properties of AgAu hollow nanoparticles prepared
through co-reduction galvanic replacement were character-
ized to quantify the plasmonic behaviour of the resulting
structures. Two key parameters were investigated, namely the
atomic stoichiometry of the metals and the size of the initial
nanoparticle template used. LSPR energy, extinction/
scattering intensity and bandwidth were studied using bulk
extinction spectroscopy as well as single particle scattering
experiments. Experimental data shows that the plasmonic
properties depend on the final shape and composition, the
latter being controllable directly by varying the Au:Ag atomic
ratio, which also affects the final particle shape. We
demonstrated that the combination of both approaches,
variation of the atomic stoichiometry and sacrificial template
size, gives more possibilities for LSPR tunability in terms of
peak position as well as control on scattering/absorption
intensity and RIS sensitivity.
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