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Abstract

Magnetic-plasmonic core-shell nanomaterials offer a wide range of applications across science,
engineering and biomedical disciplines. However, the ability to synthesize and understand
magnetic-plasmonic core-shell nanoparticles with tunable sizes and shapes remains very limited.
This work reports experimental and computational studies on the synthesis and properties of iron
oxide-gold core-shell nanoparticles of three different shapes (sphere, popcorn and star) with
controllable sizes (70 to 250 nm). The nanoparticles were synthesized via a seed-mediated growth
method in which newly formed gold atoms were added onto gold-seeded iron oxide octahedrons to
form gold shell. The evolution of the shell into different shapes was found to occur after the
coalescence of gold seeds, which was achieved by controlling the amount of additive (silver
nitrate) and reducing agent (ascorbic acid) in the growth solution. First principles calculation,
together with experimental results, elucidated the intimate roles of thermodynamic and kinetic
parameters in the shape-controlled synthesis. Both discrete dipole approximation calculation and
experimental results showed that the nanopopcorns and nanostars exhibited red-shifted plasmon
resonance compared with the nanospheres, with the nanostars giving multispectral feature. This
research has made a great step further in manipulating and understanding magnetic-plasmonic
hybrid nanostructures and will make important impact in many different fields.
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1. INTRODUCTION

Due to the combined magnetic and optical properties of their core and shell materials,
magnetic-plasmonic core-shell nanoparticles (NPs) are useful in many areas including
optical imaging,13 magnetic resonance imaging,2-8 biological separation,®-17 molecular/
cellular detection,13-19 and cancer treatment,3 6-8. 11. 20-22 gperjor to solid magnetic and
solid plasmonic NPs. For the existing magnetic-optical core-shell nanostructures, the core
commonly consists of iron (Fe) or iron oxide (10, Fe3Og4 or y-Fe,03) and the shell is
typically gold (Au) or silver (Ag). 10-Au core-shell NPs are particularly appealing because
they have combined magnetic and optical properties of 10 and Au NPs that can be
individually tuned by changing the particle’s size and shape,23 24 In addition, the Au shell is
inert and allows for facile surface modification. During the past decade, a great deal of effort
has been made on the synthesis of 10-Au core-shell NPs in the spherical shape.2> 26 The
synthetic methods can be organized into two major categories: (1) the reduction of an Au
precursor in the presence of 10 NPs with or without surface modifications 1 2730 and (2)
the reduction of an Au precursor in the presence of Au-seeded 10 NPs.31-34 The second
method is well received because the Au seed serves as the nucleation site to facilitate the
growth of Au shell. However, current methods using Au-seeded 10 NPs often use a
multistep deposition of Au atoms in order to form a uniform Au shell. Generally, the 10-Au
nanospheres (NSPs) exhibit localized surface plasmon resonance (LSPR) in the visible
region, but large particles (> 150 nm) 32-34 or particles with a gap between the core and
shell 1 show LSPR in the near infrared (NIR) region.

Anisotropic NPs offer greatly enhanced optical properties as compared with spherical
counterparts due to their high curvature structure. For example, the peak E-field
enhancement factor (|E2|/|Eq?|) of an Ag nanoprism is about 10 times higher than that of an
Ag NSP.35 This may lead to as much as 100 times stronger surface enhanced Raman
scattering (SERS) signals for the nanoprisms as compared with the NSPs. Due to their
strong SERS activities, Au-based NPs in popcorn and star shapes have been well used for
SERS-based biomedical detections.36-40 Anisotropic NPs could also offer new functions
such as dynamic optical imaging because their optical properties are sensitive to the
polarization of the light.#> Additionally, anisotropic NPs allow for greater optical tunability
than spherical ones. For example, the LSPR wavelength of Au nanorods (NRs) can be tuned
from 620 to 960 nm by increasing the particle’s aspect ratio from 2.4 to 5.7.42 In contrast,
the LSPR wavelength of Au NSPs can only shift from 520 to 570 nm when the size is
increased from 9 to 99 nm.43
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Despite the compelling anisotropy-associated properties and functions, the ability to
synthesize and understand anisotropic 10-Au core-shell NPs remains very limited. In 2006,
the Halas group synthesized 10-Au core-shell nanorices via a seed-mediated growth
method.#* The use of large rice-shaped 10 NPs (longitudinal diameter over 300 nm) resulted
in Au-coated 10 NPs of the same shape. Later, the Wei group reported the synthesis of star-
shaped 10-Au core-shell NPs.#1:45 In their method, 10-Au core-shell NSPs (9-16 nm) were
firstly prepared in organic phase at high temperature by the reduction of Au3* in the
presence of small IO NPs (8-13 nm). These 10-Au core-shell NSPs were then used as seeds
to form 10-Au core-shell NPs in a star shape. In our recent studies, we synthesized 10-Au
core-shell NPs in pin 46 and oval shapes 17 using Ag-seeded 10 nanospheres as the seeds.
Although these anisotropic NPs are compact in size (less than 100 nm), they are
polydisperse and often contaminated with large portion of spheres.

Here we report the facile synthesis of monodisperse 10-Au core-shell NPs of three different
shapes: sphere, popcorn and star through a fine control of the thermodynamic and kinetic
parameters of the seed-mediated growth method. We also demonstrate the tunability of the
Au shell thickness for each shape, producing anisotropic NPs less than 100 nm. By
combining experimental and computational approaches, we have gained a deeper
understanding of the mechanism for the shape-controlled synthesis as well as the structure-
property relationship of the resultant NPs. Not only have our studies made much progress in
manipulating and understanding the magnetic-plasmonic core-shell nanosystem, but also
provided a panel of high quality bifunctional nanostructures for biomedical detection and
treatment.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Materials

All chemicals were purchased from Sigma-Aldrich unless specified.

2.2. Synthesis of IO NPs

Octahedral 10 NPs were synthesized according to the method of Goon et al. 47 with
modifications. In a typical procedure, 175 mg of iron sulfate (FeSOg4), 2.5 mL of 2.0 M
potassium nitrate (KNQO3), 2.5 mL of 1.0 M sodium hydroxide (NaOH), and 5 mL of 8
mg/mL polyethyleneimine (PEI, branched, MW ~ 25,000) were added to 20 mL of nitrogen
purged ultrapure water. Under the oxygen-free environment, the mixture was heated to 90°C
under vigorous stirring, with continued heating at this degree for 2 h. During the heating
process, the solution changed color from blue to black, indicating the formation of 10 NPs.
The NPs were purified by magnetic separation for 5 cycles and then redispersed in 20 mL of
ultrapure water for further use.

2.3. Synthesis of Au-seeded IO NPs

Similar to the method by Goo et al,*” we attached Au seeds to 10 NPs to facilitate the
growth of Au shell. Firstly, small Au NPs were synthesized by reduction of chloroauric acid
(HAUClIy, 25 mM) with sodium borohydride (0.2 M) in the presence of sodium citrate (0.85
mM). Then, they were attached to PEI-stabilized 10 NPs via electrostatic interactions
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(Scheme 1, step 1). In a typical procedure, 55 pL of 0.32 mg (Fe) PEI-stabilized 10 NPs
were added to 5 mL of as-prepared Au NPs and stirred for 45 min. After purification by
three cycles of magnetic separation and washing, the solution was redispersed in 2.5 mL of
15 mg/mL PEI aqueous solution and heated at 60°C for 3 h. After purifications by three
cycles of magnetic separation and washing, the Au-seeded IO NPs were redispersed in 1 mL
of ultrapure water for further use.

2.4. Synthesis of 10-Au Core-shell Nanospheres (NSPs), Nanopopcorns (NPCs), and
Nanostars (NSTs)

(Scheme 1, step 2). To make 10-Au core-shell NSPs, an Au growth solution was prepared by
adding 200 pL of 10 mM HAuCI, into a 5 mL of 0.1 M cetyltrimethylammonium bromide
(CTAB) aqueous solution. After mixing for 5 min, 32 uL of 100 mM ascorbic acid (AA) was
added to reduce HAuCI, to HAUCI,. Then, Au-seeded 10 NPs with different amount from
100 to 800 pL was injected. The solution was stirred for 10 s followed by incubation for 2 h
to allow complete growth of 10-Au core-shell NPs. To make NPCs, the same procedure was
used except 30 uL of 10 mM silver nitrate (AgNO3) and 90 uL of 100 mM AA were added
into the growth solution. To make NSTSs, the amount of AgNO3 was the same as the NPCs,
but the amount of AA was decreased to 32 pL, the same to NSPs.

2.5. Characterizations

All the as-prepared NPs were subjected to purification by magnetic separation before
characterizations. The absorption spectra of all the NPs were collected using a VIS-NIR
absorption spectrometer (Ocean Optics, Dunedin, FL). The magnetic properties of 10 NPs
were measured using a vibration sample magnetometer (Dexing Magnets, China) and those
of 10-Au core-shell NPs via a quantum design superconducting quantum interference device
(SQUID). Magnetic separation was performed with Qiagen 12-tube magnets. The size and
morphology of the NPs were examined with a JEM1200EX Il transmission electron
microscope (TEM) (JEOL Ltd, Tokyo, Japan). Hydrodynamic size (HD) and zeta potential
(&) were determined by dynamic light scattering (DLS) with a Particle Size Analyzer
(Brookhaven Instruments Corp, NY, USA). Energy dispersive X-ray spectra (EDS) were
taken on a Nova NanoSEM 640 (FEI, Hillsboro, Oregon). High resolution TEM (HRTEM)
images were taken on an FEI Titan HRTEM (FEI, Hillsboro, Oregon).

2.6. First Principles Calculation

We use the Perdew—Burke—Ernzerhof (PBE) 48 version of the generalized-gradient
approximation (GGA) exchange-correlation functional to calculate the adsorption energy of
Ag on Au surfaces. We use projector-augmented-wave (PAW) potentials 49 and a plane-wave
basis as implemented in the Vienna Ab-initio Simulation Package (VASP) code.>? The
kinetic energy cutoff of the plane wave basis is set to be 229.9 eV. The electronic self-
consistent calculations are converged to 10 eV between two self-consistent steps. The
structural relaxations are converged to 1073 eV for the total energy difference between two
ionic steps. All the adsorption energies are calculated for Ag coverage on the corresponding
Au surfaces.
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2.7. Discrete Dipole Approximation (DDA) Calculation

The 10-Au NSP, NPC, and NST extinction spectra were calculated using the widely-used
DDA method as implemented by the DDSCAT 7.3 software.51:52 The Au shells and 10
(Fe304) cores were modeled using complex dielectric response functions of Johnson and
Christy 53 and Goossens et al.>4, respectively. We developed a Fortran 90 code for the
generation of the particle representations as material-specific point dipoles on a cubic lattice
for the subsequent DDA calculations. The 10 cores are represented as regular octahedrons
with a specified edge length within an Au sphere of a specified diameter. Au conical tips are
added to the surface of the spheres with additional dipoles added such that there are no gaps
between the conical tips and the sphere surface. A sufficient number of dipoles (>10°) were
used in all calculations to achieve sufficient convergence of the calculated spectra.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Properties of IO NPs

To make 10 NPs, ferrous hydroxide (Fe(OH),) was firstly formed by precipitation of FeSO4
in a basic solution and then oxidized to Fe304 with KNO3 at 90°C in the presence of
branched PEI in an oxygen-free environment. This method leads to aqueous soluble IO NPs
with positive charges that allows for subsequent adsorption of negatively charged Au seeds.
The DLS measurement showed a zeta potential around +34 mV, indicating the stabilization
of the 10 NPs by the positively charged PEI. TEM and SEM images showed that the 10
particles had an octahedral shape, with average edge lengths of 35 nm (from ~ 100 NPs)
(Figure 1A-C). The particles were well dispersed in water, giving an average HD of 52 nm
(Figure 1D). HRTEM imaging revealed that the NPs were single crystals (Figure 1E). X-Ray
diffraction analysis showed that they were composed of Fe304 (Figure 1F). EDS showed the
characteristic Fe Kal peak at 6.4 keV (Figure 1G). The particles exhibited ferromagnetic
properties, with a saturation magnetization Mg around 90 emu/g, a coercivity of 250 Oe and
a retentivity of 20 emu/g (Figure 1H). A complete separation of the particles from the
aqueous solution was observed within 5 min after the attachment of a Qiagen 12-tube
magnet to the vials containing the particle solution (Figure 1H inset). This further confirmed
the strong magnetic properties of the IO NPs.

3.2. Synthesis and Characterization of Au-seeded 10 NPs

In order to form Au shell on the 10 NPs, small Au NPs (< 10 nm) capped with citrate were
adsorbed to the PEI-stabilized 10 NPs to serve as the nucleation sites (see Scheme 1, Figure
2A). The negatively charged Au seed bound to the positively charged 10 NPs via
electrostatic interactions. Goon et al have shown that the amount of PEI on 10 NPs is an
important factor in determining the surface density of Au seed, with an increased amount of
PEI leading to increased Au density.?” We found that the stabilization of the Au-seeded 10
NPs with additional PEI was also crucial to achieve high density Au seed. Without applying
PEI after Au seed adsorption, the 10 NPs were found to have a low surface density of the Au
seed (Figure S1). In the presence of 5 mg/mL PEI, the surface density of the Au seed
increased slightly. At 15 mg/mL PEI, the 10 NPs were fully coated with Au NPs. A further
increase of the PEI concentration resulted in a decrease in the Au seed density. These results
demonstrate that sandwiching the Au seeds between two PEI layers is essential to achieve
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Au-seeded 10 NPs with high surface density. The Au-seeded 10 NPs were averagely 55 nm
by TEM and 78 nm by DLS (Figure 2B). They showed a LSPR at 523 nm due to the
adsorbed Au seed (Figure 2C). HRTEM image showed that the Au seeds are single crystals
enclosed by {111} facets (Figure 2D).

3.3. Synthesis of 10-Au Core-Shell NSPs

10-Au core-shell NPs of different sizes and shapes were synthesized via a seed-mediated
growth method. To form spherical particles, the Au-seeded 10O NPs were injected into a
growth solution containing HAuCl, (0.4 mM), CTAB (0.1 M), and AA (0.64 mM). HAuCl,,
CTAB and AA served as the Au precursor, capping agent, and reducing agent, respectively.
HAUCI, was prepared in advance by the reduction of HAuCl, with AA. The reduction of
Au* to Au® by AA is a surface catalyzed reaction. Thus, 10-Au core-shell NPs, rather than
self-nucleated Au NPs, were preferentially formed in the presence of Au-seeded 1O NPs.
The appearance of a pink color indicates the growth of the Au-seeded 10 NPs that completes
within 1 h. Compared to the method by Goon et al,#’ this method only need a single step to
form uniform Au shell from the Au-seeded IO NPs, avoiding cumbersome iterative
depositions.

By adjusting the volume of the Au-seeded 10 NP solution, 10-Au NPs of different sizes
were synthesized. Figure 3 (A&B) show the TEM images and DLS data for the 10-Au NSPs
prepared by injecting 800, 400, or 100 uL of the Au-seeded 10 NP solution into a 5-mL
growth solution. The particles were monodisperse, with average diameter (~ 100 NPs) of 77,
110 and 140 nm (Table 1). The HDs were 84, 122, and 155 nm, slightly larger than the sizes
determined by TEM due to the coating and hydration layers. The thickness of Au shell is
difficult to estimate because of the anisotropy of the octahedral 10 core. When we
considered the size along the diagonal direction of the 10 core, we estimated that the average
thickness of the Au shell for the three sizes of particles to be 14, 30 and 45 nm, respectively.
Free 10 NPs were not found in any samples, indicating complete conversion of the Au-
seeded 10 NPs to core-shell particles. In contrast, when the 10 NPs were coated with low
density Au seed, a significant amount of free 10 NPs was found (Figure S2). The resultant
particles were polydisperse, probably due to the formation of some solid Au NPs. The EDS
spectra of all three sizes of particles revealed the presence of both Fe (Fe Kal= 6.4 keV) and
Au (AuMal =2.1keV and Lal = 9.7 keV) (Figure 3C), which is in accord with the
assumption of core-shell structures. Not surprisingly, the intensity of Au peaks increased and
those of Fe peaks decreased with increasing Au shell thickness. When a magnetic field was
applied, the particles were slowly isolated by the magnetic force, with a complete separation
from the solution at 2.5 h for the 77 nm, 5 h for the 110 nm, and 8 h for the 140 nm NSPs
(Figure 3D). This indicates that the synthesized NPs were indeed core-shell particles instead
of solid Au NPs. We would like to point out that the elongated magnetic separation time
does not indicate that the 10-Au core-shell NSPs have weak magnetic properties. This is
because the separation time is not only proportional to the magnetic force on the NPs but
also the mass of the NPs. The estimated mass of the 70, 110 and 140 nm 10-Au core-shell
NSPs s 32, 130, and 278 times larger than 10 NPs, respectivley. Thus, it is not suprising that
it takes hours to separate the 10-Au core-shell NSPs from the solution due to the dramatic
mass contribution from diamagnetic Au that has four times higher density than 10.
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It is worth mentioning that further increasing the amount of Au-seeded 10 NPs did not result
in 10-Au core-shell NPs with thinner shells. When we added 1000 pL of Au-seeded 10 NPs
into the growth solution, we found the sample was composed of Au-seeded 10 NPs but with
larger seeds than the initially adsorbed Au seeds (Figure S3A). Unlike the initial Au-seeded
NPs, these NPs are susceptible to aggregation during the drying process that is required for
the sample preparation for TEM imaging. The NPs had a broad absorption spectrum with a
strong LSPR at 541 nm (Figure S3B).These results indicate that the amount of Au precursor
is insufficient for the formation of uniform core-shell structures with the injection of a high
volume of Au-seeded 10 NPs (> 800 pL).

3.4. Synthesis of 10-Au Core-Shell NPCs and NSTs

To synthesize anisotropic NPs, we added a small amount of AgNO3 (60 uM final
concentration) into the growth solution. A further control on the concentration of AA led to
particles with different morphologies. The appearance of a blue color indicates the growth of
the Au-seeded 10 NPs that completes within 2 h. By increasing the concentration of AA by
a factor of 2.5 (1.6 mM final concentration), IO-Au NPs with short and wide protrusions,
which we referred to as popcorns, were produced (Figure 4A). Because the protrusions were
heterogeneous, it was difficult to precisely quantify the size of the NPs. Thus, we have
defined a base size in terms of the inner spherical 10-Au core (see illustration in Figure 4A
inset). By adjusting the volume of Au-seeded 10 NPs, 10-Au NPCs with different base sizes
were synthesized. The injection of 800, 400, and 100 uL of Au-seeded 10 NPs led to NPCs
with an average base size of 65, 89, and 145 nm, respectively. The protrusions became larger
when the particle’s size increased, up to 65 nm in length and 62 nm in half widths for the
100 uL-sample (Table 1). DLS measurement indicated that these NPs were well dispersed in
water, with the average HDs of 80, 110 and 170 nm for the three sized particles (Figure 4B).
Similar to the 10-Au NSPs, we confirmed the core-shell structures of the NPCs through
EDS measurements and magnetic separations. Figure 4C showed that both Fe and Au were
detected by EDS. Because free IO NPs were not found in the TEM images, the Fe peaks
shown in Figure 4C must be due the 10 core in the 10-Au core-shell particles. The particles
were completely separated from the aqueous solution by a 12-tube magnet at 5 h for the 65
and 89 nm particles and at 8 h for the 145 nm particles, which further confirmed their core-
shell structures.

The 10-Au NSTs were synthesized using the same concentration of AA in the synthesis of
the spheres. Figure 5A shows the TEM images of I0-Au NSTSs prepared via the addition of
350, 250 or 100 uL of Au-seeded IO NP solutions. The average base sizes of these NPs were
70, 100, and 139 nm. Each particle had multiple tips of different lengths. The tips were
markedly longer and thinner than the protrusions of the NPCs. For the small stars with a
base size of 70 nm, the lengths of the tips ranged from 10 to 75 nm (Table 1). The lengths of
the tips increased with the base size of the NPs. Tips as long as 145 nm were observed for
the large stars. DLS characterization showed that the 70, 100 and 139nm NSTs had average
HD of 105, 160 and 195 nm, respectively (Figure 5B). By tuning the Au shell thickness, we
have made the 10-Au NSTs with an overall size smaller than 100 nm, which has not been
achieved previously. Additionally, the 10 cores in these NSTs have large size, ~ 4 times
larger than those in previous studies.#® Particles with larger 10 core offer stronger magnetic

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2016 May 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kwizera et al.

Page 8

properties as the magnetic properties increase with the particle’s size.5® As for the 10-Au
NSPs and NPCs, the EDS spectra of the NSTs showed the presence of both Fe and Au peaks
for each sample, confirming the core-shell structure (Figure 5C). Magnetic separations were
achieved using the Qiagen 12-tube magnets, leaving clear liquid solutions for all the three
sizes of particles (Figure 5D). This further confirmed that the 10-Au NSTs were core-shell
NPs rather than self-nucleated Au NPs.

Compared to the NSPs and NPCs, we found that the relative amount of Au precursor per
particle, required to form uniform core-shell stars was significantly higher. Increasing the
volume of Au-seeded 10 NP solution to 500 uL or more failed to produce NSTSs, but up to
800 pL of Au-seeded 10 NP solution could be used to make core-shell spheres or popcorns.
Figure S4 shows the TEM image and absorption spectrum of the particles prepared by
injecting 600 pL of Au-seeded 10 NPs into the growth solution. It is evident that the growth
of Au shell was incomplete and more Au precursor was needed to complete the growth
process. These particles had a LSPR peak around 630 nm and a shoulder peak around 910
nm, possibly resulting from assembled Au seeds on the 10 NPs.

3.5. Mechanisms of the Shape-Controlled Synthesis

Previous studies on Si-Au core-shell NPs showed that the growth process begins with the
growth of the adsorbed Au seeds into larger seeds followed by coalescence on the core
surface, and finally, the formation of a continuous metallic shell.>¢ This is believed to be the
general growth process for the seed-mediated method in the preparation of metal nanoshells.
For the formation of star-shaped Au shell, the studies by Wei and co-authors have implied
that Au deposition at twined boundaries with net growth in the (111) direction is the
dominate growth mechanism.*® To further understand the mechanism of the shape-
controlled synthesis using our system, we firstly followed the growth process of the core-
shell NSPs, NPCs and NSTs with TEM imaging (Figure 6). We found that the NSPs grew at
a much faster rate than either the NPCs or NSTs. At 5 min, the Au seeds already entered the
coalescence step while no visible changes were observed for NPCs and NSTs. At 20 min, a
continuous Au shell has formed for the NSPs while the NPCs and NSTs were still in the
coalescence step. After 20 min, the NSPs continued to grow into larger particles and the
NPCs and NSTs showed similar growth rates. The differences in the morphology of the
particles were found at 30 min after seed injection. While the Au surface of the NPCs has
become rough with short and wide protrusions, thin spikes have developed on the NSTs.
This step occurred following the coalescence of the Au seeds. These spikes grew to form the
sharp tip of the NSTs during subsequent growth. In the HRTEM images we found the typical
(111) planes for Au on NSPs, the protrusions on NPCs and the tips on NSTs. A twin
boundary was observed in the tip of NSTs, which was marked by the yellow line in the
lower right image of Figure 6.

As described in the previous sections, the growth of the Au-seeded IO NPs into different
geometries is controlled by adjusting the AgNO3 and AA concentrations. Although the
formation of core-shell NSPs does not require the presence AgNOs, it is required for the
formation of NPCs or NSTs. AgNO3 has been widely used to assist in the preparation of Au
nanorods and other anisotropic metal NPs.57-59 [t has also been used to form spiky Au
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nanoshells from Ag-seeded polymer template. 6961, A proposed model to explain the role of
Ag™ in the synthesis of these anisotropic NPs is based on silver underpotential deposition
(UPD), the reduction of Ag* to Ag® on a metal substrate with a surface potential less than
the standard reduction potential.52 Thus, Ag* ions are reduced and deposited onto the
surfaces of Au seeds in the presence of reducing agent. This may explain the slower growth
rate for Au NPCs and NSTs compared with the NSPs. To induce anisotropic growth, Ag
deposition must occur at different rates on different crystal facets. To better understand the
effects of Ag deposition for the particle growth, we calculated the adsorption energy of an
Ag atom on Au (100), (110) and (111) surfaces using the first principles density functional
theory method (Figure 7A-C). We found that the adsorption energy (the energy gain from
adsorption) of Ag is highest on the (110) surface, with an energy gain of 3.0 eV/atom. This
is followed by the (100) surface, where the adsorption energy is 2.7 eV. The adsorption
energy of Ag is lowest on the (111) surface, which is 2.2 eV/atom. The results from first
principles calculations are in agreement with previous empirical calculations of reduction
potential of Ag™ to AgP using embedded atom method (EAM), which shows that the
reduction potential of Ag* to AgC is higher on (110) faces, followed by the (100) surface and
(111) faces.83. 84 Thus, Ag deposition is correspondingly faster on (110) facet, followed by
(100) and (111) surfaces. With sufficient Ag™ in the solution, Ag covers the (110) and (100)
surfaces of Au seeds, blocking the adsorption of Au on these faces. This blocking effect
leaves only the (111) surface for Au growth, which leads anisotropic growth of the Au.

To fully understand the anisotropic growth of Au into a specific shape, we first took a close
look at the crystal structure of the tip of the Au NSTs. Figure 7D shows the proposed
structure of the tip, which is composed by two of the {111} planes, marked as (1 1 1) and (1
1 -1). The tip extends towards the (1 1 0) direction. Figure 7E shows the HRTEM image of
the tip, where the (1 1 1) and (1 1 —1) terminating planes are marked. According to our
analysis, this image corresponds to a side view of the tip when it is observed along the (1 -1
0) direction. The insert of Figure 7E is an enlarged view of the lattice at the interior of the
tip, showing the positions of each Au atom. Figure 7F shows the positions of atoms
according to the proposed model in Figure 7D when they were viewed along the (1 -1 0)
direction. It agrees well with the HRTEM image in Figure 7E, which confirms the proposed
model in Figure 7D.

As mentioned above, when AgNOg is absent, the final form of the Au NP is spherical. This
is because all the {100}, {110}, and {111} surfaces on an Au seed are available for Au
deposition, as shown in Figure 7G, leading to a nearly isotropic growth of the Au shell. On
the other hand, when AgNOs is present, Ag will block the {110} and {100} surfaces of the
Au seed, leaving the {111} surfaces for Au deposition. The growth of the NPs into popcorns
or stars is a kinetic control on the Au deposition. This is achieved by controlling the
concentration of AA that controls the reduction rate of Au* to Au®. As shown in Figure 7H,
when the reduction of Au® is fast, the Au deposition happens at the entire (111) facet,
leading to the growth of Au island along the (111) direction. Such mechanism is confirmed
by the HRTEM image of the tip of the NPC, which shows that the tip of NPC grows along
the {111} direction. As illustrated in Figure 7H, the growth of tip can happen along different
{111} directions, such as (1 1 1) and (1 1 —1), which lead to a popcorn structure for the 10-
Au core-shell NPs. On the other hand, when the reduction of Au* to AuC is slow, the
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deposition of Au happens mainly at the ridge formed by two {111} planes, for example the
(111)and (11 -1) planes in Figure 71. This is because the Au atoms at the ridge are more
under coordinated than the atoms at the center of the facet, which makes them bind the
adsorbed Au atoms more strongly. Also, the electrical field is stronger at the ridge than at the
center of the facet due to the larger curvature at the ridge, making the reduction of Au* faster
at the ridge. The growth of Au on the ridge can be viewed as cohesive growth along two
{111} direction, as shown in Figure 71. Such cohesive growth from two planes can lead to
the formation of a twin boundary along the (110) direction, shown as the dark blue plane in
Figure 71 and the yellow line in the HRTEM in the lower right panel of Figure 6.

3.6. Magnetic Properties of |O-Au Core-shell NSPs, NPCs and NSTs

From the aforementioned magnetic separation experiments, it can be seen that the 10-Au
core-shell NPs preserved the magnetic properties of the core. We additionally examined the
temperature dependence of the magnetization of 10-Au core-shell NSPs, NPCs and NSTs.
The results showed that all these NPs (around 100 nm in the base size) had almost identical
temperature dependence (Figure 8A). At room temperature (300 K), they exhibited similar
ferromagnetic properties (Figure 8B) as the ferromagnetic 10 core, which were indicated by
the hysteresis loops under low field (Figure 8B inset). At low temperatures (10 K), the field
dependence of the magnetization of the particles showed both the ferromagnetic and
paramagnetic contributions (Figure 8C), consisting with the dramatic increase of the
temperature dependence of the magnetization at low temperature. Since the 10 core was
ferromagnetic, the paramagnetic responses might originate from the Au shell. To further
demonstrate the paramagnetic behavior of the Au shell, we measured the M-T and M-H
curves of 10-Au NPs of three sizes of particles using the NPCs as a model system (Figure
8D-F). The results showed that the Au shell does not affect the ferromagnetic behavior at
300 K. However, the 10-Au NPs with thicker Au shell showed higher paramagnetic
contribution than those with thinner shell at 10 K. The hysteresis loops at 10 K (insets in
Figure 8C&F) are larger than those at 300 K (insets in Figure 8B&E) due to their higher
retentivity at low temperature.

It is well known that Au is a diamagnetic material in the bulk state. At the nanoscale,
positive magnetization has been reported in particles smaller than 5 nm.%° For the magnetic-
plasmonic core-shell nanostructure system, it has been widely studied and observed that the
NPs exhibit the same magnetic (superparamagnetic or ferromagnetic) behavior as the core at
room temperature,l- 6. 9. 12,17, 20, 32, 46, 66-68 gjmj|ar to what we have observed in our
particles. At low temperature, several studies have shown that the NPs follow the
ferromagnetic properties of the core.5%-74 In our studies, however, we have observed the
paramagnetic properties of the 10-Au core-shell nanosystem at low temperature. It has been
recognized that the magnetic material could spin polarize the Au conduction electrons at the
10-Au interface and thus result in magnetization of the surrounding nonmagnetic Au.”
However, this does not provide an explanation for the increased paramagnetic properties
with increasing Au shell thickness. We therefore believe that the external Au surface plays
an important role. Research has shown that charge transfer between a thiol ligand and Au
surface exists and are ascribed as a major reason for the observed ferromagnetic properties
of thiolated Au NPs.”® In our system, CTAB is the capping agent. It has been suggested that
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CTAB binds to Au via Br~ and is counterbalanced by CTA* in a bilayer structure.”’=" This
suggests that charge transfer between Br~ and Au may occur, which would enhance the
electron mobility and thus the surface induced magnetism of Au.

Addition of Au shell onto 10 NPs generally leads to a dramatic reduction of the amplitude of
the magnetization of 10 NPs due to the mass contribution of the diamagnetic Au that has 4
times higher density than Au. For example, in the studies by Halas and co-workers,33
coating tetracubic 10 NPs with 10.9 nm Au shell decreased Mg from 15 emu/g to 0.5 emu/g.
To examine the effect of Au coating on the amplitude of the magnetization of 10 NPs in our
10-Au core-shell system, we used the 145 nm 10-Au core-shell NPCs as the model and
quantitatively measured the M-H curve at 300 K (Figure S5). The Mg of the 10-Au core-
shell NPCs is 0. 20 emu/g. To explain whether Au coating had adverse effect, we estimated
the theoretical Mg of the 145 nm 10-Au core-shell NPs based on the Mg of 10 NPs, densities
of 10 and Au and the dimension of the core-shell NPCs (Table 1). We took an assumption
that each popcorn is composed of 6 protrusions, with each protrusion modeled as a conical
Au tip with length of 20 nm and width of 30 nm. Based on these parameters, the calculated
Mj of the 10-Au core-shell NPCs is 0.28 emu/g, which is comparable to the experimental
value. It is also worth to mention that we did not take into account of the mass contribution
from the diamagnetic PEI that was coated onto Au-seeded 10 NPs before the growth of Au
shell and the CTAB capping molecules on the Au surface. Further, some popcorns have
more than 6 protrusions and have larger protrusions. These additional factors will further
reduce the theoretical Mg value. Thus, the addition of Au shell did not play significant
adverse effect on the magnetic properties of the 10 core. The reduction of the magnetization
after Au coating is mainly due to the dramatic increase of the mass of the core-shell NPs (>
300 times for the 145 nm 10-Au core-shell NPCs compared to the 10 NPs) by the Au shell.

3.7. Optical Properties of IO-Au Core-shell NSPs, NPCs and NSTs

The 10-Au NSPs exhibited LSPR bands in the visible region from 530 to 600 nm depending
on the size of the particles (Figure 9A). Increasing the size from 77 to 140 nm by increasing
Au shell thickness led to a red shift of the LSPR from 538 to 575 nm. In our previous
computational study using extended Mie theory, we found a blue shift of the LSPR when the
thickness of Au shell was increased from 2 to 17.5 nm, but a red shift with further increase
of Au shell thickness on a 15 nm diameter 10 core.80 In this study, the shell thicknesses
were more than 14 nm and, thus, it was not surprising that we observed red shifted LSPR for
particles with increased Au shell thicknesses. The absorption coefficients of these NPs have
yet to be determined. However, it is worthy to note that the absorption spectra were obtained
from the as-prepared particle solutions. Thus, the particle concentration depends on the
amount of Au-seeded NPs injected into the growth solution. Assuming that all the Au-
seeded NPs were converted to core-shell particles, we estimated from the measured LSPR
intensities that the absorption coefficients of the 110 and 140 nm 10-Au NSPs are 2.5 and 9
times higher than that of the 77 nm 10-Au NSPs due to the increase on the size of the
particles.

The measured UV-Vis spectra of the NPCs are shown in Figure 9B. The spectra shows a
LSPR peak at 600, 633 and 665 nm for the NPCs with base sizes of 65, 89 and 145 nm,
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respectively. Note that the overall sizes of the particles are slightly larger due to the
protrusions on the surface of Au. Similar to the NSPs, an increase in the Au shell thickness
led to red shifted LSPR bands. Compared to the NSPs of similar size, the LSPR peaks of the
NPCs were shifted to longer wavelengths and the bands were broadened, owing to the
anisotropic Au shell of the NPCs. Different from the NSPs and NPCs, the NSTs show three
distinct peaks around 550 nm (weak), 700 nm (strong) and over 850 nm (strong) (Figure
9C). While the plasmon resonance in the visible region is insensitive to the particle size, it
red shifts for the two peaks in the NIR region when the size is increased. When the base size
of the particles was increased from 70 to 100 and 139 nm, the plasmon resonance for the
middle peak was shifted from 660 to 684 and 715 nm. The plasmon resonance for the red-
most peak was shifted to 920 nm and to a position over 950 nm that is out of the detection
range of our spectrometer. It is also realized that the NSTs exhibit most red-shifted plasmon
resonance compared to the NSPs and NPCs due to the elongated tip structure of the stars.
Taking into account of the differences in the concentrations of NPs used in the absorption
measurements, we have estimated that the ratio of the absorption coefficients of the 65, 89
and 145 nm NPCs is roughly 1: 1.6: 8.3 and that of 70, 100 and 139 nm NSTs is 1: 1.4: 2.8.
Due to the anisotropic structures, both 10-Au NPCs and NSTs have great potential for
SERS-based applications. The SERS activities also largely depend on the excitation laser
wavelength. Due to their differences in the optical properties, the NPCs are expected to give
strong SERS signals at 632 nm excitation while the NSTs are expected to give strong SERS
signals at 785 nm.

To gain better understanding on the effects of size and morphology on the optical properties
of 10-Au core-shell NPs, we have used the DDA method to calculate the extinction spectra
of 10-Au core-shell NPs of spheres, popcorns and stars with varied shell thickness
considering the particle’s dimension given by TEM. Figure 10A shows the calculated
extinction spectra for three sizes of 10-Au NSPs with octahedral cores (edge length a = 35
nm). With increasing sizes from 70 nm to 100 nm and 140 nm (due to increasing Au shell
thickness), the peak width broadens and the peak maximum red shifts from 563 to 576 and
626 nm. The observed trends for the calculated spectra match favorably with the
experimental results shown in Figure 9A.

For the NPCs and NSTSs, we have chosen to investigate the effects of adding tips to the three
sizes of NSPs on their respective extinction spectra as it is difficult to represent the
synthesized popcorn or star samples in a single particle calculation. Six conical tips with
lengths (L) of 20 nm for NPCs and 40 nm for NSTs were added to the surfaces of the 10-Au
NSPs along the x, y, and z axis. The width (1) of the tips for both NPCs and NSTs is 30 nm.
Figure 10B and 10C shows the calculated extinction spectra for NPCs and NSTs with the
base sizes of 70 nm, 100 nm and 140 nm. The results show that the addition of tips results in
extinction spectra with multiple LSPR peaks. When the tip is short (the popcorn), the
multiple peaks are not well resolved, resulting in a spectrum consisting of a broad peak.
Comparing to the 10-Au NSPs shown in Figure 10A, the predominant LSPR peak for the
NPCs is red shifted to over 600 nm (630, 632, and 657 nm respectively). The original peak
in the N'SP spectrum appears as a shoulder around 550 nm. These spectra agree reasonably
with experimental spectra shown in Figure 9B. Increasing the length of the tips to 40 nm
(the star) results in the appearance of additional LSPR peaks. As we can see in Figure 10C,
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the NSTSs are characterized by two distinct peaks at 740 and 870 nm and two weaker peaks
around 550 and 640 nm. Previous computational studies by Hao et al. using the finite-
difference time-domain (FDTD) method showed similar spectral features for solid Au
NSTs.81 They explained that the multiple plasmon resonances result from the hybridization
of the core and tip plasmons. We speculate that the peaks shown in Figure 10C are likely a
similar result from the hybridization of plasmons associated with the 10-Au spherical core
and the Au tips. The first peak around 550 nhm could be mainly due to the plasmon resonance
of the 10-Au NSP core but with a finite contribution from the tip plasmons. The peaks
corresponding to additional LSPR modes at 640, 740, and 870 nm are likely the result of
plasmonic coupling of the core and tips.

By increasing the base sphere size of the NSTs without changing the tip dimensions, we
observe an increase in the intensities of the first two LSPR peaks within 700 nm, but a
reduction in intensities of the peaks at longer wavelength (~740 and ~870 nm), with only
small shifts of the peak positions. This feature is also observed in experimental spectra for
NSTs shown in Figure 10C. The correlation between the DDA calculated and the
experimental NST spectra is not as strong as for the NSP and NPC spectra. This is not
surprising as the experimental spectra have been collected from a bulk sample of 10-Au
NSTs with varied number and length of tips while the calculated spectra from a single
particle with fixed number and length of the tips. We envision that the number and length of
the Au tips will be the major players in further tuning the optical properties of the 10-Au
NSTs. The exact correlation between observed LSPR peaks and the NST properties of tip
length, tip width and number of tips will be investigated in detail in a future study.

4. CONCLUSIONS

In conclusion, we have synthesized monodisperse 10-Au core-shell NPs in sphere, popcorn
and star shapes with tunable Au shell thickness, leading to compact magnetic-plasmonic
NPs less than 100 nm in each shape. We have shown that the shape was evolved after
coalescence of Au seeds on the 10 core. Deposition of silver atoms onto Au surface led to
anisotropic NPs due to the difference in the adsorption energy of Ag on different Au lattice
planes. The growth of the NPs into popcorns or stars is a kinetic control on the deposition of
newly formed Au atoms through controlling the reduction speed of Au precursors. This
provides microscopic insights into the engineering of advanced plasmonic-based
nanomaterials. The 10-Au core-shell NPs exhibit strong magnetic properties and tunable
optical properties depending on the shape. The 10-Au NPCs and NSTs showed red-shifted
localized surface plasmon resonance compared with the NSPs, with the nanostars giving
strong plasmon resonance in the near infrared region. The NSTs showed distinct multiple
LSPR modes due to the elongated tip structure on the 10-Au spherical core. These highly
integrated bifunctional nanostructures will have significant applications for biomedical and
materials research.
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Refer to Web version on PubMed Central for supplementary material.
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Structural and magnetic characterizations of 10 NPs. (A, B&C) TEM images, (D) DLS plot,
(E) HRTEM image, (F) Powder XRD pattern, (G) EDS spectrum, and (H) magnetization as
a function of applied field at room temperature. Inset in (H): Optical images of 10 NPs with
a permanent on att =0 and t = 5 min. Image in (A) was taken on a JEM-1200 TEM
microscope. Images in (B), (C) and (E) were taken on a FEI Titan HRTEM.
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Figure2.
Structural and optical characterizations of Au-seeded 10 NPs. (A) TEM image, (B) DLS

plot, (C) absorption spectra, and (D) HRTEM image.
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Figure 3.
Characterizations of 10-Au core-shell NSPs of different sizes. (A) TEM images of 77 nm

(left), 110 nm (middle), and 140 nm (right) 10-Au core-shell NSPs. Each size was
determined by averaging the diameter from ~100 NPs in a spherical geometry (see inset
illustration) from the TEM images. (B) DLS plots. (C) EDS spectra. (D) Optical images of
10-Au NSP solutions before and after magnetic separation.
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Figure 4.

Ci?aracterizations of 10-Au core-shell NPCs of different sizes. (A) TEM images of 65 nm
(left), 89 nm (middle) and 145 nm (right) 10-Au core-shell NSPs. Each size was determined
by averaging the diameter from ~100 NPs in a spherical geometry (see inset illustration)
from the TEM images. (B) DLS plots. (C) EDS spectra. (D) Optical images of I0-Au NPCs
before and after magnetic separation.
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Figure5.
Characterizations of 10-Au core-shell NSTs of different sizes. (A) TEM images of 70 nm

(left), 100 nm (middle) and 139 nm (right) 10-Au core-shell NSPs. Each size was
determined by averaging the diameter from ~100 NPs in a spherical geometry (see inset
illustration) from the TEM images. (B) DLS plots. (C) EDS spectra. (D) Optical images of
10-Au NSTs before and after magnetic separation.
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Figure 6.
Monitoring the growth process of 10-Au core-shell NPs in different shapes by TEM imaging

at different time after the injection of Au-seeded 10 NPs into the growth solution. The
yellow line in the HRTEM image for the star shows twinned defect. The same image in the
top row is used for all shapes to indicate that the same sample of Au-seeded 10 NPs was
used during the synthesis.
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surface. (B) The adsorption of Ag on Au (110) surface. (C) The adsorption of Ag on Au

(111) surface. (D) Schematic of the proposed geometry of the tip of the nanostar. (E)

HRTEM image of a tip of the nanostar. The insert shows an enlarged view of the lattice,

where the position of each atom is visible. (F) The positions of atoms according to the
proposed model in (D), which is viewed from the [1 —1 0] direction. (G) The growth

mechanism of Au nanosphere. (H) The growth mechanism of Au nanopopcorn. (1) The
growth mechanism of a tip of Au nanostar. The twin boundary, which corresponds to the
yellow line in the lower right of Figure 6, is marked in dark blue color.
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Comparison of the magnetic properties of 10-Au core-shell NPs by shape and size. (A)
Magnetization as a function of temperature for |0-Au NSPs, NPCs and NSTs.
Magnetization as a function of applied field for NSPs, NPCs, and NSTs around 100 nm at
300 K (B) and 10 K (C). (D) Magnetization as a function of temperature for 10-Au NPCs of
three different sizes. Magnetization as a function of applied field for 10-Au NPCs of three
different sizes at 300 K (E) and 10 K (F). The insets in (B), (C), (E), and (F) show the

hysteresis loops under low magnetic field.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2016 May 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kwizera et al.

Page 27

A
0.5
— 77 nm
—— 110 nm
—~ 0.4 N
S 140 nm
~
8 03
C
©
o
o
@ 0.2
Q
<
0.1
400 500 600 700 800 900
Wavelength (nm)
B
— 65 nm
1.24 — 89 Nm
——— 145 nm
—~ 1.0
3
s
> 0.84
=
(2]
5
£ 067
0.4
400 500 600 700 800 900
Wavelength (nm)
C
— 70 Nnm
= 100 nm
=139 nm

Absorbance (a.u.)
° o

o
IS
1

400 500 600 700 800 900 1000
Wavelength (nm)

Figure.
Absorption spectra of 10-Au core-shell NSPs (A), NPCs (B) and NSTs (C) of different

sizes. The sizes labeled in the graphs are the base size of the particles that do not include the
protrusions in popcorns and tips in the stars.
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Figure 10.
Calculated extinction spectra for the three sizes (D= 70, 100, and 140 nm) of 10-Au core-

shell NPs with octahedral 10 cores (edge length a = 35 nm). (A) 10-Au core-shell NSPs (no
tips). (B) 10-Au core-shell NPCs modeled by adding six conical tips with L =20 nm and w
=30 nm. (C) 10-Au core-shell NSTs modeled by adding six conical tips with L = 40 nm and
w= 30 nm. The inserts are the 100 nm particle models shown to scale.
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Step 1: Preparation of Au-seeded 10 NPs
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Synthesis of 10-Au core-shell NPs in different shapes. Au-seeded 1O NPs were prepared by
electrostatic adsorption of small Au NPs onto PEI-stabilized 10 NPs, followed by further
stabilization with PEI. The growth of 10-Au core-shell NPs were initiated by injecting Au-
seeded 10 NPs into a growth solution containing chloroauric acid (HAUCly), silver nitrate
(AgNO3), cetyltrimethylammonium bromide (CTAB) and ascorbic acid (AA).
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