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Composition and structure dependence of the shift in the position of the surface plasmon resonance
band upon introduction of NaBH, to aqueous solutions of gold and silver nanoparticles are pre-
sented. Silver and gold nanoalloys in different compositions were prepared by co-reduction of the
corresponding salt mixtures using sodium citrate as the reducing agent. After addition of NaBH, to
the resultant nanoalloys, the maximum of their surface ‘plasmon’resonance band, ranging between
that of pure silver (ca. 400 nm) and of pure gold (ca. 530 nm), is blue-shifted as a result of electron
storage on the particles. The extent of this blue shift increases non-linearly with the mole fraction
of silver in the nanoparticle, parallel to the trends reported previously for both the frequency and
the extinction coefficient of the plasmon band shifts. Gold(core) @silver(shell) nanoparticles were
prepared by sequential reduction of gold and silver, where addition of NaBH, results in relatively
large spectral shift in the plasmon resonance band when compared with the nanoalloys having a
similar overall composition. The origin of the large plasmon band shift in the core—shell is related
with a higher silver surface concentration on these particles. Hence, the chemical nature of the
nanoparticle emerges as the dominating factor contributing to the extent of the spectral shift as a
result of electron storage in bimetallic systems.

Keywords: Gold and Silver Nanoparticles, Spectral Shifts, Charge Storage, Core—Shell
Structure.

i BB i A |
than 3 nm in diameter do not exhibit significant absorption.
* However, particles of 3—50 nm show a very strong absorp-

1. INTRODUCTION

Nanoparticles have drawn an intense attention of chemists,
physicists, biologists and engineers due to their unique
electronic, optical and chemical properties.'™ In metal-
lic nanoparticles, due to the increased surface-to-volume
ratio, new optical properties arise, which are dominated by
strong extinction bands, attributed to surface plasmon res-
onances, and which are in the UV-visible region for some
noble metals. Among these, gold and silver nanoparticles
are usually the metals of choice because of their very well
defined absorption bands and high chemical stability.>!
A major effort has been devoted for investigation of photo-
chemical properties of these materials by following spec-
tral changes in these bands. These spectral changes arise
mainly as shifts due to changes in: (i) size, (ii) shape,
(iii) composition, and/or (iv) environment.

In particular, size dependence of the plasmon res-
onance band of gold nanoparticles has been heavily
investigated.'?® Silver and gold nanoparticles smaller

*Author to whom correspondence should be addressed.
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tion-band at 390-420 and 520-560 nm for silver and gold
respectively.?!?2 As the particles’ sizes increase, absorp-
tion bands broaden and shift to higher wavelengths (red-
shift),'® 172> and higher order modes can be excited.” The
well-defined plasmon absorption bands of silver and gold
show particle-shape-dependence as well. For example, as
the shape of silver nanoparticles changes from spherical
to triangular prism, various modes can be identified, with
the in-plane dipole band strongly red-shifted as compared
to that of small spheres (400 nm).*® Gold/silver core—shell
nanoparticles exhibit drastic changes in the location of
their surface plasmon resonance bands, strongly depend-
ing on whether gold or silver is placed as shell, such that,
the shell mostly contributes to the energy of the plasmon
resonance band.?!

Alloying is another synthetic tool that can be used to
induce shifts of the plasmon band, as was first shown by
Link et al. for bimetallic nanoparticles containing gold and
silver, where the absorption band was shown to be tunable
between 380-530 nm, by varying only the nanoparticle
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composition.?> The presence of a single absorption band
for each sample and the observed changes in extinction
coefficient, both of which shifted linearly with increasing
mole fraction of the gold were taken as the evidence for
alloy formation as opposed to core—shell type of struc-
ture. These findings were later substantiated by additional
structural and other spectroscopic investigations.* 34

Addition of reducing agents such as borohydride ions
has been shown to lead to electron injection in metal
nanoparticles as was also evidenced by the resulting
blue shift.?® Presence of electron acceptor agents such as
nitrobenzene, methyl viologen, thionine prevents electron
storage on metal nanoparticles by preferential capturing
of the electrons by themselves.*37 The corresponding
positive-charge-storage was also reported by Mulvaney
et al. by the observation of the red shift in the plasmon
absorption band of colloidal silver particles when nucle-
ophilic reagents (like I7) were present in the solution.?

Numerous publications have appeared for predicting
these shifts in the absorption spectrum of metallic nanopar-
ticles by Drude Model*®* using the factors which. influ-
ence the plasmon absorption. The theory emphasizes, on
two factors; (i) dielectric constant of the medium, and
(ii) density of the free electrons on the particle surface,
such that storage of additional electrons on the nanoparti-
cles is expected to cause a blue-shift in the spectrum. In a
recent study, Kamat et al. showed that silver nanoparticles
retain their electron storage capacity even when they are
prepared as the core surrounded by titania shell by fol-
lowing the extent of the blue shift when irradiated by UV
light.*0+2

In all previous publications possibility of charge-
storage on monometallic nanoparticles, especially on
gold and silver, has been discussed. The major jidea
behind charged particles is the possibility to enhance cat-

alytic/photocatalytic properties of these particles and/or '

tune the luminescent or sensing properties. Similarly opti-
cal properties of the gold-silver alloys and core—shells
have also been extensively investigated. However, charge-
storage in the silver-gold alloy nanoparticles and/or core—
shells has not been reported to date. In this contribution,
charging properties of silver-gold alloy and core—shell par-
ticles in aqueous media, induced by borohydride, are fol-
lowed by the shifts of the respective absorption bands.

2. EXPERIMENTAL DETAILS

HAuCl,, AgNO,, trisodium citrate dihydrate, NaBH,,
L-Ascorbic Acid, and CTAB (cetyltrimethylammonium
bromide) were purchased from Aldrich and used with-
out further treatment. Milli-Q grade water was used
in all preparations. Charging (optical) properties of
alloy nanoparticles were characterized by a Cary 5E
UV-Vis-NIR spectrophotometer. To study the charge injec-
tion to the nanoparticles, freshly prepared ice-cool aque-
ous borohydride solution was added, and changes in the
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spectra were recorded. Transmission Electron Microscope
(TEM) images were obtained with a JEOL JEM-1010
microscope operating at 100 kV.

The method for preparation of silver-gold nanoalloys
was based on co-reduction of HAuCl,, and AgNO;, as
reported elsewhere.>* We kept the total metal concentra-
tion at 0.5 mM, while preparing citrate capped Ag-Au
alloys in different molar ratios (15, 25, 60, 80% Au). To
a boiling HAuCl, solution, AgNO; solution at the corre-
sponding concentration was added under vigorous stirring.
Then, 5 mL pre-heated citrate (1 wt%) solution was added
to the boiling mixed solution under vigorous stirring. After
30 min of boiling to ensure completion of the reduction,
citrate capped Ag-Au alloy nanoparticles were ready to
use. Pure silver nanoparticles were prepared according to
the previously published procedure,® with some modi-
fications. Briefly, 1 mL of 0.01 M AgNO; was rapidly
added to 99 mL of solution containing 1 mM NaBH, and
0:30:mM sodium-citrate under vigorous stirring at room
temperature. The |solution turned yellow in few minutes.
The same procedure was used for synthesis of pure gold
nanoparticles by NaBH, reduction of HAuCl, (deep red
colloid).

The synthesis of gold(core)@silver(shell) nanoparticles
was based on the sequential reduction of gold and silver as
reported by Rodriguez-Gonzélez et al.** In brief, 0.5 mL
of preformed 5 x 10~ M spherical gold nanoparticles was
added to 20 mL of 50 mM aqueous CTAB solution. Then,
I mL of ascorbic acid, 0.5 mL of 10 mM AgNO;, and
0.1 mL of 1.0 M NaOH were added subsequently. Fast
color change from red to yellow was taken as the evi-
dence of coverage of silver around gold nanoparticles. The
expected silver shell thickness was around 15 nm, as deter-

| mined By TEM. By manipulating the amount of silver and

gold it is possible to obtain core—shell nanoparticles with
different compositions.
1 |

3. RESULTS

Gold and silver nanoparticles form nanoalloys when
reduced simultaneously in the same mixture, which can be
confirmed by optical spectroscopy. If pure gold and silver
nanoparticles were mixed in the same solution, two plas-
mon bands should be observed, while for alloys a single
plasmon band is expected.’>** In Figure 1(a), we display
the recorded plasmon resonance absorption bands of dif-
ferent Ag-Au alloys with varying composition. The sizes
of the nanoparticles are in the range of 25-35 nm as deter-
mined from their TEM images (not shown). The plas-
mon bands span the spectral range between 19000 cm™!
(526 nm) and 25000 cm~! (400 nm) corresponding to the
pure Au and pure Ag nanoparticles, respectively.

By using Mie theory, numerous workers have shown
that the plasmon band position as well as its extinction
coefficient are both related to the electron density (n),

J. Nanosci. Nanotechnol. 8, 3003—-3007, 2008
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Fig. 1. (a) UV-Vis absorption spectra (plotted in wavenumbers) of pure

Ag, pure Au and their alloys, (b) plot of the peak maximum with respect
to Au composition.

the electron effective mass (m), and the dielectric func-
tion (&,) of the medium through the relation:*'

ne?

wmax =
SOmeff\/l +&

)

When the maximum position of the alloy plasmon panlds
is plotted in wavelength scale versus gold mole' frae-

tion, a quasi-linear trend has been reported in ' previ- !

ous studies.’>* However, when plotted in energy scale
(wavenumber) a non-linear trend is obtained as shown in
Figure 1(b), which, in this scale, should show a linear
dependence if electron density were the sole contributor to
the observed spectral shifts. We use the wavenumber scale
in all of our figures for meaningful and direct visual com-
parison with the changes in the plasmon frequency, since a
10 nm shift around 400 nm and around 500 nm correspond
to different extent of shifts in the frequency scale.

It was shown by Link et al. that although the theoretical
effective mass and the electron densities are very similar
for gold and silver, both the positions and the extinction
coefficients of the two are very different.> Accordingly,
the extinction coefficient of 20 nm pure silver nanopar-
ticles is approximately 5 times larger than that of pure
gold nanoparticles. Furthermore, by using experimentally
derived optical parameters from thin films of gold-silver
alloys, they were also able to calculate the optical spec-
trum of gold-silver nanoalloys which closely matched the
experimental data.*>33

J. Nanosci. Nanotechnol. 8, 3003—-3007, 2008
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Fig. 2. Spectra of a solution containing pure Ag, and pure Au
nanoparticles having similar size and concentration before and after
addition of NaBH, for electron storage.

In what follows, we will use this finding that, when
compared to gold, silver either has a larger electron density
or a smaller effective mass to cause both a larger shift in
the position of the frequency of the plasmon band and also
in its extinction coefficient, to guide us in understanding,
qualitatively, the spectral shifts we observe.

3.1. Effect of Nanoparticle Composition on
Electron Injection

To study charge injection into metal nanoparticles, we have
used the oxidation of borohydride, which upon addition
to solution, leads to cathodic polarization of the particles,
resulting in negatively charged particles.>

Although electron addition generally leads to a red-
shift” in" optical spectra of molecules, electron injection
into meftallic nanoparticles causes a blue-shift of the corre-
sponding surface plasmon resonance band, along with an
increase in the extinction coefficient. This is best exem-
plified in Figure 2, which displays the spectra before and
after addition of borohydride to a solution containing both
silver and gold nanoparticles having similar size and con-
centration, and was mixed after separate preparation. It is
clear from the figure that silver nanoparticles have larger
extinction coefficients, as previously reported.’® Further-
more, both the blue-shift and the differential change in the
extinction coefficient in pure Ag nanoparticles as a result
of electron injection are also larger (shift is ca. 600 cm™!)
than that of pure Au (ca. 200 cm™!), in close agreement
with the predictions from Mie Theory.

Similarly, one can also follow electron storage in the
alloy nanoparticles. In Figure 3, we display the spec-
tra before and after addition of exactly the same amount
of NaBH, to the aqueous solutions containing pure Ag,
pure Au and a representative example of alloy nanopar-
ticles (containing 15% Au). In all cases, the plasmon
bands exhibit a blue-shift as a result of additional electrons
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Fig. 3. Spectra of pure Ag, pure Au and 15% Au alloy before and after
addition of NaBH, for electron storage. The top plot gives the shift in
the plasmon band with composition upon addition of NaBH, for electron
storage.

stored in the nanoparticles. As shown on the upper plot of
Figure 3, the shifts measured for the alloys also exhibit a
quasi-linear dependence on Ag content. Thus, an increase

of Ag content within the alloy, leads to a more extensive,

blue-shift, in agreement with our practical guideline intro-
duced above. |

Au@Ag

1.0 1

Absorbance

0.5

Au (core)
Initial

0.0

15000 20000 25000

Wavenumber (cm™)

Fig. 4. A sequence of UV-Vis spectra recorded during formation of
Au(core)@Ag(shell) nanoparticles. A TEM image of the core—shell
particles is given as an inset.
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Fig. 5. Spectra of Au-Ag nanoalloys versus Au(core)@ Ag(shell) with
25% Au by before and after addition of NaBH,.

3.2. Effect of Structure on Electron Storage

The optical response of bimetallic nanoparticles does not
only depend on the relative amounts of both metals, but
also on“the actual distribution within the particles.® In
a similar fashion, it is expected that the effect of charge
injection also depends on the structure of Au-Ag nanopar-
ticles. We present here a comparison of the optical effects
observed upon charge injection on Au-Ag nanoalloys ver-
sus core—shell nanoparticles. In Figure 4, a sequential for-
mation of Au(core)@ Ag(shell) is depicted by reduction of
Ag on Au(core) which is followed by the plasmon band
shift from 530 nm to 400 nm. Drastic band-shift is an evi-
dence of formation of the silver shell, because it is the
shell atoms which mostly contribute to the surface plas-
mon band.*"*+

Figur'e 5 displays the plasmon band shifts for Au-Ag

nanoalloys, as compared to those for Au(core) @ Ag(shell),

both .with a nominal 25% Au content. As a result of
chllrge storage upon NaBH, addition, the plasmon bands
of the alloy and the Au@Ag are blue-shifted by 350 cm™
and 1000 cm™!, respectively. Such a large difference is
undoubtedly related with the different Ag and Au alloca-
tion within these nanoparticles. Although conduction elec-
trons of the Ag and Au atoms move freely within the
whole cluster in the alloy, those in the core—shell parti-
cles are restricted to their part, either nucleus or shell.’!
In the case of the alloy, both Au and Ag contribute to the
plasmon absorption frequency. However, in the core—shell
case it is the silver shell which contributes most, and in
agreement with our assessment earlier in the text, causes
a larger spectral shift.

4. DISCUSSION AND CONCLUSION

Electron injection into nanoparticles is an important pro-
cess, since it can affect many properties (chemical, cat-
alytic, optical, magnetic, etc.) for numerous applications.

J. Nanosci. Nanotechnol. 8, 3003—-3007, 2008
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Therefore, simple and reliable methods for assessing the
extent of the charge injected are required, and spec-
tral shifts in the plasmon position may offer such an
opportunity. However, many parameters, like the chemical
nature of the particle, its size, type, structure, surrounding
medium, etc. contribute to these spectral shifts, and sorting
them out one by one is a grand challenge.

By combining electrochemistry with spectroscopy Ung
et al. reported that pure Ag particles of 11 nm of aver-
age size displayed ca. 600 cm~' blue-shift when they
were cathodically polarized, and using the change in the
electrode potential they claimed that this corresponded
ca. 2000 electrons stored on each nanoparticle.** Using a
different approach and by titrating with a stronger elec-
tron capturer, thionine, Kamat et al. reported a more
than 1000 cm™!' blue-shift in the band position of the
Ag(core)@TiO,(shell) particles when subjected to pho-
toinduced electron transfer to the silver core of ca. 4 nm
size. They claimed that this spectral shift corresponded to
ca. 66 electrons stored in the silver core>*:42. Another
spectroelectrochemical study reports ca. 80 cmTh spee-
tral shift corresponding to only 1 additional, electron of
ca. 2 nm gold particles.¥

It is worth emphasizing that those shifts reported in
these 3 studies as a result of electron storage in the
nanoparticles are very close to our experimental findings
(ca. 100 cm™! and 600 cm~! shifts for Au and Ag, respec-
tively), but the estimated number of electrons vary signif-
icantly from 1 to 2000 electrons. Although we can not
estimate the number of electrons stored in the bimetallic
particles, our findings point out that the chemical nature
of the nanoparticle is the dominating factor contributing
to the extent of the spectral shift in bimetallic systems,
and silver is approximately 4-5 times more effectiyeswhen
compared to gold.
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