Blue Shift of Localized Surface Plasmon Resonance of Gold
Ultrathin Nanorod by Forming a Single Atomic Silver Shell via
Antigalvanic Process
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ABSTRACT: Gold ultrathin nanorods (Au UNRs) are anisotropic nanostructures constructed by attaching gold nanoclusters in one
dimension. Au UNRs exhibit localized surface plasmon resonance (LSPR) only in the longitudinal direction because their diameter
is smaller than the Fermi wavelength of an electron (<2 nm). In this study, we found that the LSPR wavelength of oleylamine-
stabilized Au UNRs is blue shifted simply by mixing with Ag(I). High-resolution elemental mapping and X-ray photoemission
spectroscopy of the resulting UNRs indicate that an Ag monoatomic layer is formed on the Au UNR surface by the antigalvanic
reduction of Ag(I). This process allowed us to synthesize a series of Au@Ag core-shell UNRs with LSPR wavelengths in the range
of 1.2-2.0 um.
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Anisotropic gold nanostructures have attracted considerable
research interest for the wide range of photonic and biological
applications exploiting the unique plasmonic properties." 2
Among others, gold nanorods (Au NRs) with diameters and
lengths larger than a few tens of nanometers exhibit distinct
transverse and longitudinal modes of localized surface plasmon
resonance (LSPR), which arise from the collective oscillation of
free electrons under electromagnetic irradiation. The
longitudinal LSPR mode is red shifted with increasing aspect
ratio (AR) of the NRs, while the transverse LSPR remains
almost unchanged regardless of the diameter. Tuning the LSPR
with AR is highly desirable for applications in sensing,
photovoltaics, bioimaging, therapeutics.*® Meanwhile, a new
class of rod-like Au nanoclusters (NCs) with diameter smaller
than the Fermi wavelength of electrons (<2 nm) has recently
emerged: the examples include [Auz(SR)io(PPhs)ioCla]",°
Aug(SR)2s,”  Aun(SR)n,®  Awr(SR)as,’”  Aues(SR)as,
AU50(SR)44,” AU73(SR)56,11 All%(SR)ﬁg,“ and AU114(SR)80,11
where RS represents thiolate. They exhibit an optical absorption
peak in the NIR region (815-1700 nm). These peaks are not
assigned to the LSPR band, but to single electron optical
transitions between the quantized orbitals.

Gold ultrathin nanorods (Au UNRs) with a diameter of 1.6—
2.0 nm occupy a unique position located between plasmonic Au
NRs and rod-like Au NCs.'> * Xia first synthesized Au UNRs
with AR ~ 30 by reducing AuCI(OA) (OA = oleylamine) with
Fe NPs."* Kawai and coworkers used long alkyl chain
amidoamines and carboxylic acids to synthesize Au ultrathin
nanowires.'> 1% Later, Tsukuda and coworker synthesized Au
UNRs with controlled AR in the range of 2.6-15 by one-
dimensional oriented attachment of spherical Au NCs in the OA
micelle.'” ' They exhibit the longitudinal LSPR with large
molar extinction coefficient (2-8 X 10® M~lcm™) while the
transverse LSPR is absent in Au UNRs due to the small
diameter.'” The longitudinal LSPR wavelength of Au UNRs has
been varied in the range of 1.3-2.2 pm by changing the AR.
Considering the potential bioapplication of Au UNRs,'® % it is

desirable to tune the LSPR to the second biologically
transparent window (1.0-1.3 pm) in the NIR-II region.
However, it is a synthetic challenge to further blue shift the
LSPR band by reducing the AR. Alternatively, Tsukuda
achieved the blue shift of the LSPR wavelength by surface
modification with thiolate on the OA-coated Au UNR."”

Another promising method to blue shift the LSPR of Au
UNRs is the introduction of silver (Ag) atoms. The longitudinal
LSPR band of Au@Ag core-shell NRs was gradually blue
shifted with increasing Ag shell thickness.”**' A discrete dipole
approximation simulation based on a confocal ellipsoid model
qualitatively reproduced the spectral shift using dielectric
functions of bulk Au and Ag. These results suggest that the
LSPR of the Au UNRs can be blue shifted by Ag sheathing.

Recently, a novel reaction called antigalvanic reaction
(AGR) has gained considerable interest as a new synthetic
method for alloy NPs and NCs.** In AGR, metal ions are
reduced by less reactive (or noble) metals, which is the reverse
of the conventional galvanic reaction and is specifically
observed with small (< 3 nm) metal NPs. Murray was the first
to find that the Ag" ions are reduced by Auns(SR)is to form
Ag.Aus <(SR)15.* Wang reported that more Ag is introduced
into smaller Au NPs.?” Zamborini demonstrated that the Au NCs
(0.9 nm) supported on a glass/ITO electrode are completely
replaced by Ag.® The occurrence of the AGR on smaller Au
NPs is attributed to a decrease in oxidation potential (i.e.,
enhanced reducing ability). In fact, Ag" ions are spontaneously
reduced on the surface of small Au NPs or NCs, while those
adsorbed on larger Au NPs by underpotential deposition are not
reduced.” *° Unique features of the AGR-based synthesis are
(1) preferential formation of Au@Ag core-shell NPs;?*3! and
(2) easy control of the amount of Ag dopants by simply
changing the concentration of Ag" precursors.

AGR is a promising approach for controlled doping Ag on
the surface of Au UNRs. However, it is not clear whether it is
applicable to Au UNRs since their lengths are far beyond the
critical size for AGR (~3 nm). In this study, we attempted to
deposit Ag atoms on OA-stabilized Au UNRs by reaction with



Ag* ions in solution. The resulting AuAg bimetallic UNRs had
monodisperse morphologies with ARs ranging from 12.4 to 4.7.
High-resolution elemental mapping analyses revealed the
formation of an almost single atomic layer of Ag on the surface
of Au UNRs. The LSPR wavelengths of Au@Ag core-shell
UNRs were in the range of 1.95 to 1.19 pm, blue shifted by ~300
nm with respect to those of Au UNRs with nearly the same AR.
This work provides a facile and powerful method to introduce
Ag on the surface of Au UNRSs to tune the plasmonic properties
for future applications.

A series of Au UNRs 14 with decreasing ARs were
prepared according to the previous report with slight
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modifications (see Supporting Information for details). Figure
la shows the images obtained by transmission electron
microscopy (TEM) and geometric factors (lengths and
diameters) of 1-4 obtained from the analysis of >500 particles.
Additional TEM images and length and diameter distribution
plots are shown in Figures S1 and S2, respectively. The ARs of
1-4 are estimated to be 13.2 £3.8, 10.0+3.5, 7.6+3.3, and
5.942.6, respectively. The longitudinal LSPR wavelengths of 1—
4 are determined to be 2.30, 1.87, 1.58, and 1.50 um,
respectively, by UV-Vis-NIR optical spectroscopy (red traces
in Figure 1b): the LSPR wavelength of 1 was determined by
measuring the spectrum of a drop-cast film on a CaF, plate to
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Figure 1: (a) TEM images (top panels) and aspect ratio distributions (bottom panels) of 14, (b) UV-Vis-NIR extinction spectra recorded
by adding increasing amounts of AgCF3CO, to 1-4, (c) TEM images (top panels) and aspect ratio distributions (bottom panels) of 1°—
4’. The intense peak at 1.68 pm in the optical spectra is assigned to the CH stretching overtone band of toluene. This peak is almost
absent in the extinction spectra for the mixtures of 2 and AgCF3CO, which were recorded in a cuvette with a path length of 2 mm.



avoid interference from strong absorption of the toluene solvent
(Figure S3a).

Then, a toluene solution of silver trifluoroacetate
(AgCF3;CO;) containing an excess of OA was added to the
dispersion of Au UNRs at a controlled rate (see SI for details).
Figure 1b shows the UV-Vis-NIR extinction spectra of the
reaction mixtures of 1-4 as a function of the molar ratio of Ag
and Au atoms in the mixture. Figure 1b shows that the LSPR
band was gradually blue shifted, while the extinction decreases
slightly with increasing amount of Ag* added: the effect of the
dilution on the extinction decrease is negligible, considering
that the dilution factor is only 0.5% at Ag/Au = 0.3. Upon
addition of a nearly 1 equiv. of Ag*, the LSPR wavelength of 1-
4 is rapidly blue shifted to 1.95, 1.57, 1.25, and 1.19 um,
respectively (Figure 2). The UNRs thus prepared are hereafter
referred to as 1°-4°. The spectrum of 1° with reduced
interference from the toluene solvent is shown in Figure S3b,
which was recorded using a cuvette with a path length of 2 mm.
The reaction products obtained by the reaction with 1 equiv. of
Ag" remained stable: the extinction spectrum of 4°, for example,
showed no appreciable change over time (Figure S4a) and upon
further addition of Ag" (Figure S4b). Hence, the rapid blue shift
of LSPR marks the completion of the reaction.

The blue shift of the LSPR shows that the reaction with Ag*
extends the tunability of the LSPR band of Au UNRs into the
second biologically transparent window (1.0-1.3 pm) in the
NIR-II region. To investigate whether the spectral shift upon
Ag" addition is related to the morphological change of the
UNRSs, the morphology of 1’4’ was examined by TEM. Figure
Ic shows the TEM micrographs of 1°—4°, together with the
corresponding AR distribution plots. The TEM images confirm
that the rod-shaped morphology is maintained during the
reaction with Ag”. The yield of rod-shaped morphology exceeds
90 % (Table S1). Spherical particles, seen as a minority, may
result from the decomposition on the TEM grid considering the
fragile nature of UNRs.* The high-resolution TEM observation
of 1’ shows the twinned crystalline grains similar to the
monometallic Au UNRs (Figure S5). The high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) images of 1’ and 3’ are shown in Figures S6a
and S6b, respectively. The atomic column of Au shown in
Figure S6c indicates that the multiply twinned crystallinity is
retained. This result suggests that 1’4’ can be considered as a
one-dimensional assembly of cuboctahedral particles connected
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Figure 2: Peak position of the LSPR bands of 14 (red circles)
and 1’4’ (black squares) as a function of their aspect ratio.

by twin boundaries, as in the case of OA-stabilized Au UNRs.*

Histograms of the length and diameter are provided in the SI
(Table S1 and Figure S2). The average lengths of 1’4’ vary
from 21.1 (for 1°) to 8.3 nm (for 4”), while the average diameters
of 1’4’ remain similar (1.7-1.8 nm). The ARs for 1’4’ are
12.443.9,9.0+2.8, 6.2+2.6, and 4.7+1.7, respectively, which are
slightly smaller than those of the corresponding Au UNRs 14
(13.2, 10.0, 7.6, and 5.9, respectively). According to the
correlation between the LSPR wavelength and AR of 1-4
(Figure 2), the observed blue shift in 1’4’ cannot be explained
by the reduction of AR alone.

The above argument suggests the possibility that the blue
shift of the LSPR in 1’4 is related to the incorporation of Ag.
To test such a possibility, we performed high-resolution
elemental mapping of a single UNR from representative
samples of 1’ and 3’ by energy-dispersive X-ray spectroscopy
(EDS). The left column of Figure 3a shows the HAADF-STEM
image of a single UNR (length (L) = 14.4 nm; diameter (D) =
2.0 nm) randomly selected from sample 1°. The elemental maps
of Ag and Au and their overlay on the UNR are shown in the
left column of Figure 3b. These elemental maps clearly show
that the Ag atoms are indeed present in the final UNR. The
atomic percentage of Ag is estimated to be 38.6+2.0% by
averaging those of eight UNRs randomly selected from sample
1’. More interestingly, Ag atoms are not randomly distributed
in the UNR, but form a shell on the Au UNR. The thickness of
the Ag shell around the Au core was estimated from the line
scan profiles along the D and L directions. To improve the
signal-to-noise ratio, the line scan profile along the D and L axes
was obtained by accumulating the signals from the areas shown
in the yellow and green frames, respectively (Figure 3c). The
full-width at half-maximum (FWHM) of the line profile for Ag,
Wag (2.04 nm) is 0.50 nm larger than that of Au, Wy, (1.54 nm)
along the D axis. The Wag (14.44 nm) is 0.24 nm larger than Wy,
(14.20 nm) along the L axis. Considering the diameter of the
silver atom (0.288 nm), the Ag shell thickness estimated from
0.5 x (Wag — Wau) / 0.288 was at most a single atomic layer for
sample 1°. From sample 3, we selected a UNR with L = 11.0
nm and D = 2.8 nm as shown in the HAADF-STEM image
(right column of Figure 3a). Similarly, the elemental maps of
Au and Ag and their overlay (right column of Figure 3b)
confirm the formation of Au@Ag core-shell structure. The
average atomic percentage of Ag for four UNRs randomly
selected from sample 3’ was 30.1+3.4%. The line scan profiles
along the short and long axes are shown in the right column of
Figure 3c. The Wa, (2.84 nm) is 0.86 nm larger than Wa, (1.98
nm) along the D axis, while Wy, (10.98 nm) is 0.73 nm larger
than Wa, (10.25 nm) along the L axis. These results suggest that
the Ag shell thickness for sample 3’ is 1.3—1.5 atomic layers.
The high-resolution elemental mapping analyses led us to
conclude that Au@Ag core-shell UNRs are spontaneously
formed simply by mixing Au UNRs with AgCF;CO,. The core-
shell structure reported here is in contrast to randomly alloyed
AuAg UNRs and UNWs formed by the thermal decomposition
of organometallic Au-Ag complexes**** or coreduction of gold
and silver salts.3® Blue shift in the LSPR band was also reported
for thicker Au@Ag core-shell NRs.** 2! Discrete dipole
approximation simulation revealed that this blue shift induced
by the Ag coating is explained by the reduction of the electron
density in the Au NR.*” We believe in the similar origin of the
blue shift observed in the Au@Ag UNRs.

A naive question is how AgCF3;CO, forms an almost single
atomic layer of Ag on the surface of Au UNR in the absence of
any reducing agent. According to recent reports, small Au NCs
undergo AGR with metal cations Ag", Cu**, Pb*, Cd**, etc.
Therefore, a possible explanation for the present observation
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Figure 3: (a) HAADF-STEM images, (b) elemental mapping images of Ag, Au, and overlay, (c) line scan of Ag and Au along the
diameter (D) and length (L) of 1’ (left column) and 3’ (right column). In panel (c), the intensities of each element in the yellow and green

boxes are accumulated along D and L, respectively.

could be the AG reduction of Ag" ions on the surface of Au
UNRs. Zamborini showed that the Ag" ions replaced Au atoms
of the Au NPs stabilized with weakly coordinating ligands. The
extent of Ag incorporation increased from 17.8 to 100 % as the
size of the NPs decreased from 4.1 nm to 0.9 nm.*® This was
explained by the decrease in the oxidation potential of Au NPs
with decreasing size.”® Since the Au UNRs can be considered as
a linear assembly of Au NPs of < 2 nm, the oxidation potential
of the surface Au atoms may be lower than that of the bulk Au.
The negligible difference in diameter (< 0.15 nm) between the
original Au UNRs 14 and Au@Ag UNRs 1’4’ supports the
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AG reduction followed by the replacement process rather than
the simple deposition of Ag.

To confirm the occurrence of the AGR process, two
experiments were performed. First, the charge state of Ag in
Au@Ag UNRs was investigated by X-ray photoelectron
spectroscopy (XPS). The dispersion of Au@Ag UNRs 3’,
obtained by mixing Au UNR (3) and 1.0 equiv. of Ag", was
drop-cast on carbon paper. Figure 4a compares the Ag XP
spectra of 3’ and AgCF;CO; reactants. The Ag 3ds, and 3ds
binding energies (BEs) of AgCF;CO, were determined to be
368.1 and 374.1 eV, which are assigned to Ag(I). On the other

e

Figure 4: (a) Ag 3d XP spectra of AgCF3;CO; (bottom panel) and mixture of sample 3 and 1.0 equiv. of Ag* (top panel). (b) HAADF-
STEM images and EDS elemental maps of Ag and Au of UNRs prepared by mixing 1 (left) and 3 (right) with 0.1 equiv. of Ag*.



hand, the corresponding Ag 3d peaks for 3’ in the top panel of
Figure 4a are shifted to the higher BEs of 368.2 and 374.2 eV.
This small energy shift of 0.1 eV is corroborated by the
reproducibility of the results with other batch samples and the
typical energy ambiguity of 0.03 eV. The shift to the higher BEs
supports that Ag" ions are reduced by the AGR process. Second,
we performed inductively coupled plasma mass spectrometry
(ICP-MS) to detect Au(l) species released by the AGR (Au(0)
+ Ag(l) — Au(l) + Ag(0)), presumably in the form of Au(I)-
OA complex (see SI for details). The amount of Au species
released into the solutions of 1 increased by 0.22 and 0.38 nmol,
respectively, by adding 0.15 and 0.30 equiv. of Ag" (Figure S7).
These results indicate that the Au atoms of Au UNRs are
dissolved in association with AG reduction of Ag" ions. To
further confirm the occurrence of AGR even when the
concentration of Ag' is far below the critical value, we
performed STEM-EDS elemental mapping on the individual
UNRs of 1 and 3 treated with 0.1 equiv. of Ag". The elemental
maps of Au and Ag shown in Figure 4b clearly indicate that Ag
is present on the Au UNR surface.

The question then arises as to why the extinction spectra of
1’—4’ underwent a sudden blue shift of 330-300 nm compared
to 1-4 when the Ag" concentration reached the critical value (~1
equiv. with respect to the total Au atoms) (Figure Ib).
Considering that the AGR occurred even at the low Ag'
concentration (Figure 4b and S7), small amount of Ag atoms
doped on Au UNR resulted in only a slight blue shift of the
LSPR wavelength. In this context, we propose that the sudden
blue shift is associated with the completion of an almost
monoatomic layer of Ag on Au UNRs. The total surface areas
for 1-4 were estimated to be approximately the same as the
surface area at both ends of the UNRs are very small compared
to the total surface area. Thus, the nearly identical amount of
Ag" required to complete the monoatomic shell formation
suggests that the AG reactivity of 1-4 are comparable regardless
of the AR. Since Au UNR can be modeled as a one-dimensional
oligomer of cuboctahedral Au4; equivalent units linked via
twinning defects,® the above conclusion is explained in terms
of the AGR reactivity being dominated by the constituent units.

In summary, we have synthesized a series of core-shell
Au@Ag UNRs with LSPR in the NIR range (1.95 to 1.19 pm)
with aspect ratio varying from 12.4 to 4.7. The plasmon shape
correlation curve for the Au@Ag UNRs reveals the high energy
shift of the LSPR mode after silver shell formation. Interestingly,
the silver shell formation is spontaneous and self-limited to the
monoatomic layer around the Au core. The controlled synthesis
and establishment of the structure-property relationship of the
bimetallic UNRs reported here will promote the development of
novel anisotropic nanomaterials with desirable plasmonic
behavior.
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