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Synthesis of Au(Core)/Ag(Shell) Nanoparticles and their
Conversion to AuAg Alloy Nanoparticles

Matthew S. Shore, Junwei Wang, Aaron C. Johnston-Peck, Amy L. Oldenburg,

and Joseph B. Tracy*

Metal nanoparticles (NPs) are of great interest due to
their special optical,'3 electronic[*®! and catalyticl®!"]
properties.[''l Among metal NPs, Au NPs have been inves-
tigated most extensively because of their facile prepara-
tion, resistance to oxidation, and surface plasmon resonance
(SPR) band that can absorb and scatter visible light.}] Core/
shell and alloy bimetallic NPs are especially interesting
because they provide opportunities to tune the NPs’ optical
and catalytic properties['>9] and are potentially useful as
taggants for security applications.”l The AuAg system is of
particular interest because the SPR band is tunable between
~520 nm for Aul'!l and ~410 nm for Ag.['%] Several syntheses
for AuAg alloy,'>7-37] Au(core)/Ag(shell),[22233133.3545] and
Ag(core)/Au(shell) NPsl2831,33-354246-48] haye already been
reported.

Here, we report a facile, stoichiometrically controlled syn-
thesis of Au(core)/Ag(shell) and AuAg alloy NPs through
digestive ripening,[**!l which is a potentially general method
for synthesizing alloy NPs.3752531 Au(core)/Ag(shell) NPs
were synthesized and annealed to form AuAg alloy NPs, fol-
lowed by elemental analysis and structural and optical char-
acterization. Methods utilizing Au rather than Ag NPs as the
seed particles are advantageous: obtaining monodisperse Ag
NPs is significantly more challenging!'! because it is harder
to control the nucleation of Ag NPs and to avoid oxidation.
Huang and co-workers recently demonstrated the conversion
of Au(core)/Ag(shell) to AuAg alloy NPs as a part of a larger
study showing the generality of digestive ripening for synthe-
sizing alloy NPs, but very limited data without quantitative
elemental analysis or optical characterization of the AuAg
alloy NPs was provided.?”! In this study, we compare a two-
step synthesis of Au(core)/Ag(shell) NPs and their conversion
to AuAg alloy NPs through annealing with a one-step, direct
conversion of Au NPs to AuAg alloy NPs. The products of
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the one-step reaction have the same Au:Ag stoichiometry as
the reactants, thus giving quantitative control.

This report is closely related to two recent studies by the
group of S. H. Sun: in one study, amine-stabilized Ag(core)/
Au(shell) NPs were synthesized and then annealed to form
AuAg alloy NPs.’ In another study, AuAg alloy NPs were
synthesized through simultaneous reduction of gold and
silver salts.'’! In our two-step method, amine-stabilized Au
NPs were first prepared through digestive ripening using
dodecylamine (DDA) in refluxing toluene under inert atmos-
phere to improve their monodispersity.>*>! A solution of
silver acetate (AgOAc) dissolved in toluene and DDA was
then added, and refluxing was continued for growing the Ag
shells. The amount of AgOAc added controlled the stoichiom-
etry of the Au(core)/Ag(shell) NPs. The Au(core)/Ag(shell)
NPs were then isolated and annealed in oleylamine (OLA) at
250 °C for transformation to AuAg alloy NPs. The one-step
method skips the Au(core)/Ag(shell) structure by transferring
the Au seeds to a solution of AgOAc in OLA and annealing
at 250 °C. The SPR absorbance of the alloys can be tuned by
adjusting the Au:Ag molar ratio of the precursors, which con-
trols the composition. These alloys may also have potentially
useful catalytic properties, and amines can be removed more
easily than thiols, which are permanent catalyst poisons and
were not used in this synthesis.

Other amine chain lengths for ripening and growth of the
Ag shells were explored, but shorter chains caused irrevers-
ible precipitation during growth of the Ag shells, and longer
chain lengths greatly slowed the rate of Ag shell growth;
DDA provided solubility and reasonable growth rates.
Amines are known to serve as reducing agents at elevated
temperatures,’*>°1 and DDA reduces the Ag(I)-DDA com-
plexes to Ag(0). We note that growth of Ag shells on Au cores
requires a reducing agent for reducing Ag(I) to Ag(0). In con-
trast, growth of Au shells on Ag can often be accomplished by
galvanic exchange or transmetalation reactions that oxidize
Ag(0) to Ag(I) dissolved in solution while reducing Au(III)
or Au(I) to Au(0). In the galvanic exchange approach, it can
be challenging to control the etching of the Ag core. OLA
was chosen for the annealing step because it maintained
NP solubility at elevated temperatures; when using shorter-
chained amines, the NPs precipitated before annealing could
be completed.

NP size measurements from transmission electron micros-
copy (TEM) (Figurel and Figure S1, Supporting Information)
and optical absorbance spectra (Figure 2 and Figures S7-S9,
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Figure 1. TEM of bimetallic AuAg nanoparticles using different Au:Ag molar ratios in the
precursors: 1:1 (@—c), 2:1 (d-f), and 0.5:1 (g—i). Au(core)/Ag(shell) (a,d,g) and AuAg alloy
nanoparticles (b,e,h) were synthesized following the two-step method and were compared
with AuAg alloy nanoparticles synthesized using the one-step method (c,f,i). The composition
of each sample measured by EDS is indicated.

Au, ripened
—— 1:1 core/shell, Au,,Ag,,

------- 1:1 alloy, Aug,Agy,
....... 2:1 alloy; Au,,Ag,,
1:2 alloy; Au,,Ag;,
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Figure 2. Normalized absorbance spectra for Au and AuAg alloy

nanoparticles synthesized through the two-step method using different

Au:Ag precursor molar ratios.

400 450 500

Supporting Information) were acquired for the Au NPs after
ripening and after further ripening with various amounts
of AgOAc to form Au(core)/Ag(shell) NPs and alloy NPs
(Table 1). The composition of each sample is specified by two
quantities, the Au:Ag molar ratio in the precursors, and the

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

composition (Au,Ag;y_,) of the purified
product measured by energy dispersive
X-Ray spectroscopy (EDS, Figure S-6, Sup-
porting Information). From the EDS meas-
urements, the typical relative standard error
of the Au:Ag molar ratio was 7%, which
propagated into a standard error in the
compositions, A, cAg(100-v)+ Of 0=1.5.

TEM (Figure 1) and high-resolution
TEM (HRTEM) (Figures S2-S5, Sup-
porting Information) images show nano-
structural changes that are consistent
with the growth of Ag shells followed
by alloying. In several TEM images, the
shells can be partially distinguished from
the cores (Figure la,d,g) because the
lower atomic number of Ag provides less
contrast in TEM than Au. The boundary
between the core and shell is not sharp,
however, which suggests that the shells
might be AuAg alloys rather than pure
Ag. If the shells are AuAg alloys, the
composition is likely graded, so that they
are the most Ag-rich on the NP surface.
Graded shells would arise from a kineti-
cally controlled process that has not gone
to completion, and there is more thermo-
dynamic driving force for Ag on the sur-
face rather than Au.P!l As expected, the
contrast becomes uniform upon alloying.
The Au, Ag, and AuAg phases are nearly
isomorphous, which prevents the use of
diffraction methods for distinguishing
between the different phases. We have not
been able to obtain useful measurements by Z-contrast TEM
due to contamination from the organic ligands.

We further note that the size measurements by TEM
indicate that conversion of Au(core)/Ag(shell) NPs to alloy
NPs involves ripening (i.e., interparticle transfer of metal
atoms). The alloy NPs have significantly larger sizes than the
core/shell NPs, which can only be explained by ripening. The
interparticle spacing (Figure 1) also increases during alloying,
when DDA ligands are replaced with OLA. HRTEM images
show that alloying also reduces the number of crystal defects
in the NPs (Figures S2-S4, Supporting Information).

Elemental analysis by EDS elucidates several impor-
tant aspects of the shell growth and alloying mechanism:
we note that all of the Au(core)/Ag(shell) NPs have similar
compositions (X, = 0.22-0.32), despite a fourfold variation
in the amount of AgOAc used in the synthesis. Within this
range of compositions, the core/shell NPs can be synthesized
with stoichiometric control, but the reactant molar ratio must
be enriched in Ag to achieve a target product composition. As
deposition of Ag proceeds, further deposition of Ag becomes
less energetically favorable, which implies a practical upper
limit to the amount of Ag incorporated in the shell. We are
unsure of the origin of this limiting behavior; it might arise
from differences in the amine ligand binding to Au and Ag,
oxidation of the Ag shell, or possibly from electronic charging
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Table 1. Summary of results for AuAg core/shell and alloy nanoparti-
cles: elemental analysis (EDS), UV-vis spectroscopy, and size analysis
(TEMm).

Method  Structure  Au:Ag Au:Ag Product Absorbance d,. [nm]

precursor  product composition maximum

molar ratio molar ratio [nm]
control Au core - - Au 528 8.0+0.9
two-step core/shell 1:1 2.73 Au;;Ag,; 507 9.8+1.4
two-step alloy 1:1 1.66 Aug,Agss 465 10.8£2.1
two-step core/shell 2:1 3.57 Au,gAg,, 515 9.3%1.6
two-step alloy 2:1 2.66 Auy3Ag,; 480 10.8+1.8
two-step core/shell 1:2 2.10 AuggAgs, 515 8.5+1.2
two-step alloy 1:2 0.75 Au,sAgs; 441 11.1+1.8
one-step alloy 1:1 1.09 Aus,Ag,s 450 11.2+1.9
one-step  alloy 2:1 2.37 Au;oAg3, 475 11.4+2.9
one-step alloy 1:2 0.45 Ausz;Ag¢o 430 10.6+1.8

during shell growth. After the growth of Au(core)/Ag(shell)
NPs, some of the Ag precursor remains unreacted in the
growth solution and is removed through the purification step
before the transfer to OLA for annealing and conversion
to alloy NPs. Upon annealing, the composition of the alloys
is enriched in Ag despite no further addition of metal-
containing reagents, which implies that some of the Au from
the cores preferentially dissolves into OLA during alloying.
The dependence of the core/shell and alloy NP composition
on the reactant molar ratio is nearly linear and is plotted in
Figure S10 (Supporting Information), which could be used
for stoichiometric control. As a simplification of the two-step
core/shell NP synthesis and alloying, we devised a one-step
method for synthesizing the AuAg alloy NPs that anneals the
Au NPs with AgOAc in OLA. An important advantage of the
one-step method is that the Au:Ag molar ratio of the alloys is
the same as the molar ratio of the reactants.

Formation of the Ag shells shifts the SPR absorb-
ance from 528 nm for the Au seed NPs to 505-515 nm for
the Au(core)/Ag(shell) NP (Figure 2 and Figure S8, Sup-
porting Information). This shifted, single SPR absorbance
band indicates coupling between the Au and Ag layers and
is consistent with Au cores covered with Ag or AuAg alloy
shells.?34] Simulations of Au(core)/Ag(shell) NPs from Mie
theory (Figure 3) match the experimental results well for
shell thicknesses of ~0.5 nm and show the same blueshifted
SPR absorbance band. We further note that the Au(core)/
Ag(shell) NPs still show the increased baseline near 450 nm
that arises from the interband transition of Au in the core.[%]

Annealing the Au(core)/Ag(shell) NPs gave rise to greater
blueshifts and sharpening of the SPR absorbance peaks, which
indicates homogeneity and alloying. The linearity of the graphs
of the peak of the SPR absorbance as a function of the Ag mole
fraction (Figure 4) confirms alloying, as has also been reported
for several other studies of AuAg alloy NPs[20272961] The
narrow SPR absorbance bands (Figure 2 and Figure S9, Sup-
porting Information) indicate uniform compositions throughout
each sample. As the Ag composition in the AuAg alloy NPs
increases, the SPR band sharpens because the magnitude of the
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Figure 3. Normalized simulated absorbance spectra from Mie theory
for 8.0 nm diameter Au nanoparticles with Ag shell thicknesses up to
1.0 nm dispersed in toluene. The inset shows the wavelength of the
absorbance peak plotted versus the Ag shell thickness.
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Figure 4. Peak surface plasmon resonance absorbance wavelength
plotted versus Ag mole fraction for the AuAg alloy nanoparticles.

imaginary part of the dielectric constant (&,) for Ag is substan-
tially less than for Au in the visible spectrum,®?l which reduces
damping of the SPR.I®! Conversion to the alloy requires
heating to a higher temperature of 200250 °C (Figure S7,
Supporting Information) than was reported for converting
Ag(core)/Au(shell) NPs to alloys by Sun and co-workers.*!
This difference in annealing temperatures for alloying might be
related to the greater nobility of Au than Ag.

The annealing process was devised by performing
annealing at several temperatures and monitoring the SPR
absorbance to find the minimum temperature that resulted
in formation of the alloy in 20 min (Figure S7, Supporting
Information). Heating to 200 °C was required to initiate
alloying and to begin shifting the SPR absorbance band
towards that of pure Ag. At 200 °C, the absorbance shows a
broad shoulder that represents an inhomogeneous distribu-
tion of NPs with different extents of annealing. An annealing
temperature of 250 °C was chosen because a single SPR
absorbance band for the alloy emerged. An annealing time of
2 h was chosen to ensure complete alloying.

www.small-journal.com

MICRO



4 www.small-journal.com

s communications

In conclusion, we have developed a facile syntheisis
of Au(core)/Ag(shell) NPs through the seeded growth of
Ag onto Au NP seeds using digestive ripening followed by
annealing, which causes their conversion to AuAg alloy NPs.
This digestive ripening approach is general and potentially
useful for synthesizing other kinds of core/shell and alloy NPs.
We have shown quantitative control over the composition
of the core/shell and alloy NPs, which allows tuning of the
SPR absorbance and might enable tuning of their catalytic
properties.

Experimental Section

Synthesis of Au Nanoparticles: The synthesis of Au NPs fol-
lows a method first developed by Klabunde and co-workers:>%!
Didodecyldimethylammonium bromide (93 mg, 0.20 mmol, 98%,
TCI America) was dissolved in toluene (10 mL). While stirring, AuCl,
(36 mg, 0.12 mmol, 64.4% Au, Alfa Aesar) was added, after which
the mixture was sonicated for 10 s and turned a dark red-orange
color before resuming stirring and sealing the flask with a septum
to prevent evaporation. A solution of NaBH, (71 mg, 1.9 mmol,
98%, ). T. Baker) was prepared in distilled water (200 uL) at room
temperature, and 36 plL of this solution was added dropwise to the
mixture under vigorous stirring. While stirring for another 25 min,
the color gradually changed until it became dark red-violet. DDA
(0.82 mL, 3.6 mmol, 98+%, Alfa Aesar) was then added dropwise,
and the solution was stirred for an additional 15 min. The NPs
were then isolated by adding methanol and ethanol (200 proof)
and centrifuging. After discarding the supernatant, the solids were
redispersed in toluene (15 mL).

Preparation of Silver Acetate Solution: Silver acetate (AgOAc,
99%, Alfa Aesar) was dissolved in a mixture of toluene (7 mL) and
DDA (0.30 mL, 1.3 mmol). The amount of AgOAc was adjusted
to obtain the desired Au:Ag molar ratio. For molar ratios of 1:1,
1:2, and 2:1, amounts of 20, 40, and 10 mg of AgOAc were used
respectively.

Two-Step Method: Au(Core)/Ag(Shell) Nanoparticles: The
solution of Au NPs in toluene (15 mL) and additional DDA (0.82 mL,
3.6 mmol) were combined in a round-bottom flask. The mixture
was refluxed at 120 °C under vigorous stirring and while bubbling
nitrogen through the solution for 90 min. After this first ripening step,
the entire AgOAc solution (giving the appropriate 1:1, 1:2, or 2:1
Au:Ag molar ratio) was added to the solution of Au NPs. The solution
was refluxed for an additional 90 min with continued stirring under
inert atmosphere. After cooling the product, it was divided into alig-
uots of ~5 mL. Each aliquot was centrifuged after adding methanol
(7.5 mL) and ethanol (2.5 mL) to flocculate the NPs. Each aliquot of
the Au(core)/Ag(shell) NP product could be redispersed in toluene
for storage or in OLA (4.0 mL, 97%, Pfaltz & Bauer) for alloying.

Two-Step Method: AuAg Alloy Nanoparticles by Annealing
Au(Core)/Ag(Shell) Nanoparticles: The fractions of the Au(core)/
Ag(shell) NPs in OLA were combined and stirred in a flask that was
then evacuated for one hour at room temperature before back-
filling with nitrogen. The temperature was then quickly ramped
(~15 °Cmin~1) to 250 °C and held at this temperature for 2 h. After
cooling to room temperature, the product was purified by adding a
mixture of ethanol and methanol to flocculate the NPs, discarding
the supernatant, and redispersing the NPs in toluene.

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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One-Step Method for AuAg Alloy Nanoparticles: The same
methods for synthesizing and ripening Au NPs were carried out
as described above. After ripening and purification, the Au NPs
were redispersed in OLA (18.0 mL). For Au:Ag molar ratios of 1:1,
1:2, and 2:1, respective amounts of 20, 40, and 10 mg of AgOAc
were dispersed in 8.0 mL OLA and added to the NPs. The mixture
was evacuated for 1 h at room temperature before backfilling with
nitrogen. The temperature was then quickly ramped (~15 °C min~%)
to 250 °C and held at this temperature for 2 h. Purification of the
product was the same as for the two-step alloy NPs.

Characterization: The NPs were characterized using UV-vis
absorbance spectroscopy (Ocean Optics CHEMUSBA4-VIS-NIR
spectrophotometer), TEM, HRTEM, and EDS. Absorbance measure-
ments used toluene as the solvent. TEM images and EDS spectra
were acquired using a JEOL 2000FX microscope, and HRTEM was
performed using a JEOL 2010F microscope. The NP sizes were
measured using publicly available Image) software.[* For each NP
sample, the diameter and standard deviation were determined by
averaging measurements of 100 NPs. The Au:Ag composition was
measured by EDS and quantified using the Cliff-Lorimer method.
For calibrating the EDS measurements, one of the bimetallic AuAg
samples was submitted to Gailbraith Laboratories for analysis
by inductively coupled plasma optical emission spectroscopy
(ICP-OES).

Simulated Absorbance Spectra for Au(Core)/Ag(Shell) Nano-
particles: Mie theory calculations were employed for simulating the
absorbance spectra of coated spheres according to the methods of
Bohren and Huffman.6%! The complex refractive indices of Au and
Agl6?l and the real refractive index of toluenel®®l were spline inter-
polated over the 400-700 nm wavelength range with a 1 nm step
size. Calculations of the extinction efficiency, which is proportional
to absorbance, were performed for Au cores of 8.0 nm diameter,
with Ag shell thicknesses stepped from 0 to 1.0 nm in 0.1 nm
increments, in a toluene medium.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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