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Single particle level study of the bimetallic nanoparticle growth provides valuable information that is usually
hidden in ensemble measurements, helping to improve the understanding of reaction mechanism and
overcome the synthetic challenges. In this study, we use single particle spectroscopy to monitor the changes
in the scattering spectra of Au-Cu alloy nanorods during growth. We found that the unique features of the
single particle scattering spectra were due to atomic level geometric defects in the nanorods.
Electrodynamics simulations have demonstrated that small structural defects of a few atomic layers split the
scattering peaks, giving rise to higher order modes, which do not exist in defect-free rods of similar
geometry. The study shows that single particle scattering technique is as sensitive as high-resolution electron
microscopy in revealing atomic level structural defects.

Introduction

Bimetallic nanoparticles (NPs) often exhibit highly tunable
electric, magnetic, optical and catalytic properties due to the
synergetic interaction between the two metalsl's, which are very
different from those of the individual components. These unique
features make them promising materials in many fields including
electronics, biological, and energy applications7'“. Currently, many
efforts have been made to synthesize bimetallic NPs with controlled
distribution and morphology of individual components, in order to
obtain desired propertiesu‘ B However, combining two
components in one structure still present synthetic challenges,
because it is difficult to synchronously control the nucleation and
growth of two different metals due to their distinct kinetic and
thermodynamic characteristics under the same reaction
conditions™®. Moreover, different lattice parameters of the two
metals pose inherent difficulties in the synthesis and lead to
structural defects in bimetallic NPs™ ™.

Over the past two decades, a variety of bimetallic structures have
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been generated such as core@shell , heterostructure , and

alloyed NPs?. In bimetallic alloy NPs, structural instabilities/defects
are commonly observed during the alloy proce5521. The defects
likely arise from lattice strain created by the mismatch of lattice
parameters when combining the two metals. For example, in Au-
Pd** and Au-Cu®® alloy NPs, lattice strain builds up due to different
atomic radii, leading to defects in the structure. Even in systems like
Au-Ag24 alloy NPs, where the lattice constants are similar, vacancy
sites at bimetallic interface before alloying evolve to the surface in
alloying process, resulting in defects formation because of the
difference in the lattice energy of the two metals. Detailed studies
of these structural defects at the atomic level will help to overcome
the synthetic challenges.

To reveal the structural defects, single particle methods are
preferred, due to the inevitable structural heterogeneity in NP
synthesiszs‘ % Structures of single NPs are often directly measured
by high-resolution transmission electron microscopy (HRTEM)?"%,
An alternative, indirect single particle approach is dark field
scattering. The scattering of metal NPs resulted from the collective
oscillation of electrons induced by electromagnetic field, known as
LSPR (localized surface plasmon resonance). Because the scattering
of single metallic NPs is extremely sensitive to their geometry and
compositionao'az, dark field scattering is suitable to monitor small
structural changes during NP synthesis. For examples, atomic level
changes in Au nanorods®® or Ag nanospheres34 during reactions
have been detected with dark field scattering. Recently reported
new approach, scanning probe block copolymer lithography
(SPBCL),35’ 3 allows for synthesizing single multimetallic NPs at
specific sites. It provides an excellent opportunity to study the
detailed in-situ single particle growth process when combined with
dark filed scattering technique.
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In this work, we apply the simple and non-destructive dark-field
scattering spectroscopy technique and electrodynamics simulations
to investigate the structure and composition change of single Au-Cu
alloy nanorod during synthesis, in conjunction with traditional
ensemble UV-Vis spectroscopy, X-ray Diffraction (XRD), and high
angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) methods. The single particle scattering spectra of
NPs acquired at varying reaction times display dramatically
different spectral patterns from the corresponding ensemble UV-Vis
spectra. Together with electrodynamics simulations, the single
particle scattering study showed that the asymmetric elemental
distribution and shape of the nanorods at earlier growth stage lead
to split in the scattering peak of the nanorods. More importantly,
small geometric defects in the nanorods composed of only several
atomic layers dramatically varied the scattering spectral pattern of
single nanorods. The atomic level defects in the nanorods revealed
by the spectroscopy technique provide valuable information to the
understanding of bimetallic NP growth.

Experimental Section
Chemicals

Gold (lll) chloride trihydrate, copper (ll) acetyl acetonate (97%),
octadecylamine (90%), oleylamine (70%) were purchased from
sigma Aldrich and wused without any further purification.
Tetradecylamine (95%) was obtained from TCl and used as
received.

Synthesis of Au-Cu Bimetallic Nanorods

The gold copper bimetallic nanorods were synthesized following a
method reported by Chen et al” with some modifications.
Tetradecylamine (10 mmol, 2.1341 g), octadecylamine (10mmol,
2.6951 g) and gold (lll) chloride trihydrate (0.05 mmol, 19.7 mg)
were loaded into a flask under nitrogen protection at 160° C to form
gold seeds. The reaction temperature was increased to 180° C and
copper (Il) acetyl acetonate in 1 mL olelyamine was injected. The
solution mixture was maintained at 180° C and samples were
collected at different times (2, 5, 10 and 20 minutes) during the
growth. The collected samples were cooled to 150° C and toluene
was added, followed by centrifugation for 2 minutes (3300 rpm).
They were dispersed in nonpolar solvents such as toluene and
hexane and used for further characterization.

Dark Field Scattering

The collected bimetallic NP solution was highly diluted in toluene
and drop coated onto a precleaned No.1 cover glass (Fisher
Scientific). The sample was allowed to air dry for a few minutes and
was mounted onto a Nikon Ti-u microscope with halogen lamp as
unpolarized illumination source for optical studies. Dark field
condenser (NA 0.85) was adjusted to focus at the specimen plane. A
100X NA 0.8 objective (variable NA 0.8-1.3) was used to collect the
light scattered only from the sample. The collected signal was
directed onto the entrance slit of a spectrograph (Isoplane SCT 320,
Princeton Instruments) equipped with a CCD camera (PIXIS 1024 BR,
Princeton Instruments). The obtained scattering spectra from the
single particles were corrected by subtracting and dividing the
background, collected from a nearby region without any particles.

Instrumentation

UV-Vis spectrometer (Cary 60, Agilent technologies) was used to
measure the extinction spectra of the NPs. A Rigaku ultima IV
power X-ray Diffractometer with Cu Ko radiation operated at a tube
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voltage of 40 KV and current of 44mA was used to obtain XRD
patterns. TEM images were captured using a Tecnai T-12 operated
at 120 KV. HAADF-STEM image was obtained using JEOL 2010
microscope at an accelerating voltage of 200 KV.

Computational Methods

The discrete dipole approximation (DDA) method is used in the
calculations®. The DDA method is a finite element method in which
the target particle is divided into N polarizable cubes. The
interactions between cubes are treated using dipole approximation.
The method is accurate as long as the cube grid length is small
enough. In the calculations, we used a grid length of 0.25 nm, which
is close to the van der Waals diameter of gold and copper atoms for
the convergence of the calculations. The dielectric constants of gold
and copper are obtained from Palik's handbook®. The dielectric
constants of the alloy are calculated by averaging dielectric
constants of the two metals over their volumes. All the calculations
are based on classical electrodynamics theory.

Results and Discussion
Structure and Composition of the Nanoparticles

To monitor the Au-Cu nanorod formation, we collected aliquots at
2, 5, 10, 20 minutes after the injection of Cu precursors. Figure
1A-1E show the STEM characterization of the products acquired. At
the initial stage, 10 nm Au seeds were formed, as shown in Figure
1A. After injection of Cu precursors into the seed solution, quasi-
nanorods of 18.2+1.6 nm in length are formed at 2 minutes reaction
(Figure 1B) and grew into regular nanorod shape of 27.3+2.7 nm in
length by 5 minutes (Figure 1C). And finally 36.5+4.1 nm long Au-Cu
nanorods were obtained after 20 minutes of reaction (Figure 1E and
Supporting information Figure S1). Different contrasts in STEM
images clearly indicated the composition evolution process from
bright spherical Au seeds to Au-Cu alloy nanorods. XRD results also
demonstrated the composition transformation of the NPs via fcc Au
phase to AuCu; phase (Figure 1F). In the XRD pattern of Au seeds
(black line), three typical peaks were indexed as Au fcc phase
(JCPDS: 04-0784). After the reaction of Au seeds with Cu precursor
for 2 minutes, Au rich multiple fcc phases were formed as indicted
by its broad XRD pattern (red line). For the 5-minute sample, the
XRD pattern shifted towards Cu (JCPDS: 04-0836) rich multiple fcc
phases (blue line). As the reaction proceeded to 10 minutes, the
broad peaks in the XRD patterns of the 2- and 5-minute samples
became narrow, indicating multiple phases turned into a single Cu
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Figure 1. STEM images of samples: (A) Au seeds, and aliquots
acquired at different reaction times after the injection of Cu
precursors (B) 2 minutes, (C) 5 minutes, (D) 10 minutes, and (E)
20 minutes; (F) their corresponding XRD patterns and (G) UV-Vis-
NIR spectra of the samples. All scale bars = 20 nm.
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rich phase (pink line). After 20 minutes of reaction, pure AuCus
phase (JCPDS: 35-1357) of samples was observed, which is
consistent with the STEM analysis. The corresponding UV-Vis-NIR
spectra of the samples showed a red shift in the peak from 524 nm
(Au seeds) to 722 nm (AuCus nanorods), as shown in Figure 1G. The
structural and composition changes in the Au-Cu nanorods growth
process are consistent with previous studies®. However, the
detailed structural change at the single particle level during the
growth process cannot be easily resolved from these methods.

Single Particle Scattering Spectroscopy

Conventional optical methods measure the average signal from a
large number of NPs, which only disclose macroscopic information.
In order to look into the reaction at the single NP level, 100-120 NPs
from each sample collected at 2, 5, 10 and 20 minutes were
analyzed by dark field scattering spectroscopy. Interestingly, the
single NPs displayed distinct spectral features different from the
ensemble and also from each other, especially in the peak patterns.
The NPs obtained from different reaction times were broadly
classified into four types as shown in Figure 2 based on the
scattering maximum of the major peak. Ten spectra, from each type
were selected randomly from different regions on the glass
substrate to represent all major spectral trends observed, as shown
in Figure 2(A-D).

Nanoparticles with the major peak around 540 nm, 620 nm and
680 nm were classified as type I, Il and lll, respectively. All the NPs
of the three spectral types were obtained from 2, 5 and 10-minute
samples. The continuous red shift in the major peak clearly
demonstrates the transformation of the NP shape from spherical Au
seeds into Au-Cu alloy rods, after addition of the Cu precursor.
Quite surprisingly, very few NPs of these types (I, I, 1ll) have
scattering spectra with a single peak (Figure 2A-C, spectra 1-2).

|

- N W b

A TYPEI B TYPEII
10 M‘m
9 9
s 8 s 8
()] [*)]
g ) g m ,
g v g
© W ©
A 6 A 6
2 5 9 ! 5
E E 4
5 5
=z =z 3
i
|
i

500 600 700
wavelength(nm)

500 600 700
wavelength(nm)

Instead, majority population showed multiple peak patterns (Figure
2A-C, spectra 3-10). The multiple peak features are clearly resolved
into three peak patterns for some NPs (4-8 of 2A-C). The peaks are
around 5507 nm, 61513 nm and 693116 nm with varying relative
intensities. The multiple peak patterns are different from what has
been found in the scattering spectra of perfect single Au nanorods,
where only a single peak from the longitudinal mode of the rods
was dominant*® *’. The NPs showing a major peak around 690-700
nm, with an additional peak to the blue of the main peak are
considered type IV, as shown in Figure 2D. The number of scattering
peaks of single NPs decreases as the reaction time proceeds. The
reaction was completed after 20 minutes as no further changes in
the spectral features was observed.

The distribution of the NPs into varying growth stages from the
2,5,10 and 20 minute-samples are listed in Table 1. As Table 1
shows, the samples acquired at the same reaction time contain NPs
in two growth stages (except for the 20-minute sample). In
addition, the fraction of NPs in a certain growth stage varies
significantly with growth time. For example, in the 2-minute
sample, 71% of the studied NPs were in growth stage |, while 29%
were in growth stage Il. In contrast, in the 5-minute sample, none
of the observed NPs were in growth stage |; only 38% were in
growth stage Il and 62% were in growth stage Ill. The quantitative
analysis of the NP distribution in varying growth stages showed that
as the reaction progressed, more of the NPs were found to be in
later growth stages and they all converted to the final product,
eventually. The single particle measurements revealed that NPs
acquired at same reaction times were not necessarily in the same
growth stages, showing the variation in the reaction kinetics at the
single particle level.
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Figure 2. Single nanoparticle dark-field scattering spectra of Au-Cu alloy nanoparticles. The samples were acquired at different
reaction times after injecting the copper precursors. (A) spectral type | contains nanoparticles from 2 minutes reaction, (B)
spectral type Il contains nanoparticles from 2 and 5 minutes reaction, (C) spectral type Ill contains nanoparticles from 5 and 10
minutes reaction and (D) spectral type IV contains nanoparticles from 10 and 20 minutes reaction.
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Table 1. Population distribution of nanoparticles of different spectral types

Type | Type Il Type Ill Type IV
2 minutes 71 % 29%
5 minutes 38% 62%
10 minutes 26% 74%
20 minutes 100%

Structural Defects Revealed by Single Particle Scattering Patterns

The spectral changes of the NPs acquired at different reaction times
are associated with the structural and composition change of the
NPs during the reaction. The STEM study showed that quasi-rod
structure was formed at the beginning of Au-Cu nanorod growth. In
order to understand the origin of the scattering peaks of these
quasi-rods, discrete dipole approximation (DDA) calculations®® were
performed. From Figure 3B, the Au seed preserves its spherical
shape, while Cu is deposited on one side of the Au seed. Therefore,
in the theoretical modeling, we constructed a NP of similar
structure with an Au sphere of 10 nm diameter being on one side,
and a cone like Cu structure on the other side (as seen in Figure 3A).
The calculated spectra of the transverse mode show one resonance
peak at the wavelength close to that of the Au seed, ~ 520 nhm. On
the contrary, the longitudinal mode displays two resonance peaks
as shown in Figure 3C. The dipole peak of the longitudinal mode is
at ~ 593 nm and a quadrupole mode appears at ~ 530 nm (as shown
in Figure S2 in supporting information). The appearance of the
guadrupole mode in such a short rod is due to the asymmetric
shape of the quasi rod. The field distributions in the quasi-rod (as
shown in figure S2) indicate the quadrupole mode might be an anti-
bonding mode of coupling between the Au and Cu NPs. Notice that
the scattering efficiency of the transverse mode is much smaller

than that of the longitudinal mode; the longitudinal mode
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Figure 3. (A) Scheme of a quasi-rod particle. An Au sphere of 10
nm diameter is on one side (yellow) and cone-like Cu particle
with d =2 nm is on the other side (green). (B) STEM image of a
quasi-rod. (C) Scattering spectra of the transverse mode (red)
with a peak at 520 nm and longitudinal mode (black) mode with
a peak at 530 nm and a shoulder at 593 nm, of the quasi-rod.
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dominates the scattering spectrum. When varying the size of the
Cu-cone in the quasi-rod, the relative intensity of the peaks changes
while the peak position is maintained (see Figure S3 in Supporting
Information). The low intensity peaks at wavelengths over 600 nm
shown in NPs of spectral type | may be from the longitudinal dipole
peak of longer quasi-rods. In addition, if small structural defects
exist in the rods (as discussed below), the dipole peak will further
split, resulting in multiple weak peaks above 600 nm. Overall, the
asymmetric Au-Cu rod has a main peak at ~ 540 nm and a shoulder
at ~ 600 nm, consistent with the observed scattering spectra in type
.

After the Au-Cu quasi-rods were formed, the alloying process
continued to proceed and the NPs grew into regular rod shape. As
mentioned above, only one scattering peak was found in single Au
nanorods*” ' whereas in our experimental study of single Au-Cu
alloy nanorods, multiple scattering peaks were observed. In the
calculations, we firstly examined the effect of the change in the
Au/Cu ratio and in the distribution of Au and Cu atoms in the NPs
during growth. Specifically, since the composition of the nanorods
changes gradually during the reaction, we varied the fraction of Au
and Cu in a nanorod using their respective dielectric constants for
their occupied volumes. From the calculations, we observed a
change in the scattering peak position when varying the NP
composition, but not the split peak pattern. We also compared the
spectra when the Au and Cu are well mixed (alloyed) or separated
for a given composition and found only slight difference in the
spectra (see Supporting Information, Figure S4). This is because that
Au and Cu have similar dielectric functions above 550 nm where the
resonance wavelengths are located 399 n the calculations, neither
the composition nor the atom distribution in the NPs leads to
multiple peaks in the scattering spectra, observed experimentally.
Secondly, we considered the effect of glass substrate since the split
peak was predicted when a spherical particle was located on a
substrate with index of refraction greater than 2% The index of
refraction of the glass substrate used in the experiment is about
1.5. When the substrate is included in the calculations, it only red
shifts the resonance peak without changing the spectral pattern.
Therefore, the substrate effect was treated with effective medium
theory44‘ * in the following simulations. We also examined the
change in the size of the NPs and aspect ratios, none of them would
produce scattering peaks as shown in the experiments.

We notice that in the alloy NP synthesis, it is hard to form defect-
free crystals because the two metals in their pure state have
different properties such as atom size, reduction potential, lattice
constant and surface energies. These defects may consist of only a
few atoms, not easily be detected in normal TEM studies. Since the
single particle optical technique is extremely sensitive to the NP
geometry, atomic level defects in the Au-Cu nanorods could cause
unusual scattering patterns.

To examine the effect of geometric defects in the nanorods on their
optical spectra, we calculated the scattering spectra of a 20 nm long
Au-Cu alloy nanorod without and with different degrees of defect.
To account for the unpolarized excitation light used in the
experiments, the scattering spectra presented in Figures 4 and 5 are
averaged over different polarizations. For a defect free nanorod as
shown in Figure 4A, only a single scattering peak from longitudinal
mode of the rod was observed in the calculated spectrum (as
shown in Figure 4B ). When one well-like defect or two well-shaped
defects next to each other were introduced to the rods, peak
splitting was observed in the scattering spectra. (HRTEM images are
available in Figure S5 in Supporting Information). For an Au-Cu alloy

This journal is © The Royal Society of Chemistry 20xx
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nanorod with one 0.5 nm wide well like defect (as shown in Figure
4C), its scattering spectrum is extremely sensitive to the well depth.
A change of the well depth from 0.75 to 1.0 nm, which corresponds
to only one layer of atoms, leads to a split in single longitudinal
dipole peak into a dipole peak and an octopole peak (as seen in
Figure 4D and supporting information Figure S6 and S7). The defect
separates the nanorod into two parts (to its left and right), and the
plasmonic coupling between them promotes the generation of
octopole peak in such a short rod. For a nanorod with two well-
shaped defects arranged close to each other (as shown in Figure
4E), the number of the scattering peaks of the nanorod becomes
three. The peak at the longest wavelength corresponds to the
dipole mode while the one at the shortest wavelength corresponds
to the octopole peak. The peak in between the two is a mixture of
the dipole and octopole modes and can hardly be classified clearly.
We also attempted structures with defects separated from each
other, with similar well defects but different depths, and also
structures with asymmetric defects. Multiple peak patterns in the
scattering spectra were obtained in each case and splitting was
more obvious (see Figure S8, S9 in Supporting Information). The
evidence provided by HRTEM and DDA modeling suggests that small
structural defects in the nanorods could induce peak splitting. A
correlated structural and optical study%'48 of single Au-Cu nanorod
will be pursued in the future to further enhance the study.

As the reaction proceeds, the number of defects decreases due to
the formation of nanorods with higher crystallinity. In the optical
study, more NPs with a single or two scattering peaks were
observed in the NPs acquired at longer reaction times (type IV), in
agreement with the theoretical studies. A control experiment when
the nanorods were annealed at 280 2C after 20 minutes reaction
show that 50% of the nanorods possess a single scattering peak,
compared to 20% before annealing (representative spectra in
Supporting Information Figure S10). A quantitative analysis on the
number of particles showing multiple and single peaks for different
samples shows the number of scattering peaks of the nanorods
decreases with reaction time (as shown in Supporting Information
Table S1). This proves the geometric defects are indeed the origin of
the multiple peak patterns.
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Figure 4. Schemes (A, C and E) and calculated scattering spectra
(B, D, and F) of an Au-Cu alloy rod without and with defects. (A-
B) Scheme and corresponding scattering spectrum of a rod
without defect. (C-D) Scheme and corresponding scattering
spectrum of a rod with one well-like defect where the width of
the defect is 0.5 nm and the height (h) is 1.25 nm. (E-F) Scheme
and corresponding scattering spectrum of a rod with two well-
like defects where the defects are 1.5 nm and 1.0 nm in height,
and 0.5 nm in width. The defects are separated by a distance (w)
of 1.0 nm.
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With the understanding of the multiple scattering peaks, we
investigate the origin of the red shift in the main scattering peak
with increasing reaction time, which was observed in both the
single particle and ensemble measurements. In the modeling, we
varied the length of the Au-Cu alloy nanorod while keeping a well-
like defect of 0.5 nm in width and 1.25 nm in depth (see Figure 5A).
The calculated spectra (in Figure 5B) show that the dipole peak of
the longitudinal mode red shifts with increasing aspect ratio of the
rod, which is expected and consistent with the experimental
measurements*” *°. The peak intensity of the dipole mode relative
to that of the octopole keeps growing which is also in agreement
with the measured single particle scattering spectra.
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Figure 5. (A) Schematic illustration of a rod with a well-like
defect and (B) scattering spectra for the rods of varying lengths.
Black: L =15 nm, Red: L = 20 nm, Blue: L = 25 nm, Sea Green: L =
30 nm, Pink: L =35 nm.

Possible Mechanisms of Defect Formation

The exact mechanism of defect formation is unknown. We propose
here two possible reasons. One is due to the alloy process.
Bimetallic alloy NP formation involves diffusing and mixing of two
metals. In the alloy process, the crystal structures of the bimetallic
NP also change. Since the two metals in their pure state have
different properties such as atom size, reduction potential, lattice
constant, surface energies, it is challenging for them to form perfect
crystals. In our study, as discussed previously, the Cu atoms were
deposited on one side of the Au seed before Au and Cu diffused
into stable alloy phase. In the diffusing process, the vacancy sites at
bimetallic interface before alloying evolve to the surface causing
defects mostly on the surfaces of the NPs®®. As the reaction
proceeds, the alloy phase becomes stable AuCu; and the Au-Cu
nanorods also get annealed. Therefore, fewer defects were found in
the nanorods at later growth stages.

Another possible reason is that there were unreacted gold
precursors (HAuCl,) in the solution while Au-Cu alloy NPs were
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forming. Because the reduction potential of AuCl,/Au (0.99 V vs
SHE) is more positive than of CuCl,/Cu (-0.394 V vs SHE), Cu-rich
nanorods can serve as a reduction materials for reaction, being
oxidized by HAuCl, according to

3Cu(s) + 2HAuCl,(aq) » 3CuCl,y(s) + 2HCI + 2Au(s)

Therefore, the unreacted Au precursor can replace Cu atom from
the nanorod surface™ 52, causing structural defects to form in the
nanorods. But the concentration of the Au precursor is not high
enough to etch or remove large number of Cu atoms from the
centre of the rod, which would result in hollow rod structures. In
the experimental condition, we believe only the Cu atoms on the
surface of the rods could be replaced by Au atoms, possibly the
reason why the kinks are formed on the surface. With increasing
reaction time, the concentration of unreacted Au precursors was
reduced thus less likely to further remove Cu atoms from the
nanorod.

CONCLUSIONS

In summary, single particle scattering spectroscopy was applied to
study the growth of single Au-Cu alloy nanorod during synthesis.
The single particle scattering spectra have multiple scattering peaks
induced by small structural defects and asymmetry in the nanorod
geometry. We demonstrated that the single particle scattering
spectroscopy can reveal structural defects caused by only a few
atoms with the aid of DDA simulations, showing the extreme
sensitivity of the optical technique to the NP structure. This method
can be applied to study microscopic structural changes at single
particle level in alloy systems during synthesis, which significantly
affects the properties of the alloy NPs, such as their optical and
surface catalytic properties.
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