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Abstract

Au-core, AuzCu-alloyed shell nanoparticles passivated with CuS, were fabricated by the polyol
method, and characterized by Cs-corrected scanning transmission electron microscopy. The
analysis of the high-resolution micrographs reveals that these nanoparticles have decahedral
structure with shell periodicity, and that each of the particles is composed by Au core and AuzCu
alloyed shell surrounded by CuS, surface layer. X-ray diffraction measurements and results from
numerical simulations confirm these findings. From the atomic resolution micrographs we
identified edge dislocations at the twin boundaries of the particles, as well as evidence of the
diffusion of Cu atoms into the Au region, and the reordering of the lattice on the surface, close to
the vertices of the particle. These defects will impact the atomic and electronic structures thereby
changing the physical and chemical properties of the nanoparticles. On the other hand we show for
the first time the formation of an ordered superlattice of AuzCu and a self-capping layer made
using one of the alloy metals. This has significant consequences on the physical mechanism that
form multi component nanoparticles.
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1. INTRODUCTION

The synthesis of bimetallic (BM) nanoparticles, such as core-shell, heterostructures, or
intermetallic and alloyed structures, is an activity that has deserved considerable efforts and
attracted tremendous attention from chemists and material scientists alike. Significant work
has been done in recent years to control the morphology of these nanostructures, as their
physical and chemical properties can be tailored by fine-tuning their chemical composition,
structural shape, and size.1*® BM nanoparticles are known to exhibit the ability to enhance
reactivity, selectivity and stability, depending upon the variation of structure and
composition.”-10 Several synthesis methods for the synthesis of bimetallic particles, both
chemical- and physical-based, are well established. The modified polyol method has been
extensively used for the synthesis of Au and Au-Cu core-shell nanoparticles. In the latter
case, in a first stage Au seeds are synthesized, followed by the reduction of the second metal

Correspondence to: Miguel José-Yacaman.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Khanal et al.

Page 2

that will form the shell. The resultant morphology will depend on several factors, including
seed size and shape, conditions of reduction of the shell metal, lattice mismatch between the
two metals, and volume ratio between seed solution and salt of the shell metal solution.

Cu-based bimetallic nanoparticles are often studied because of their unusual physical and
chemical properties compared to those of the monometallic particles. Potential uses of these
particles include various catalytic reactions,8: 11-15 optoelectronics,® photothermal
therapy,’ sensing,1® multimodal imaging and biomedicine,1’: 19: 20 photovoltaic
applications,21-24 and others. However, there are not previous reports that include a detailed
structural analysis of these particles. Many experimental works have focused on the
controlled synthesis of the core-shell structure nanoparticles to deliberately tailor their
properties; most of these articles report the synthesis of nanoparticles constituted by Au-
Cu,13.25-31 Ay-Cu,0,3235 and Au-Cu,S,” 8 10.11.36 ejther with a core-shell distribution,
random alloy, or heterostructures. The more common gold and copper superlattices have
stoichiometries AuCu and AuCus, while the superlattice AuzCu with a face centered cubic
packing is rarely observed.

In this work, we present a comprehensive experimental investigation on Au-core, AuzCu-
alloyed shell nanoparticles passivated with CuS, surface layer, of sizes under 50 nm. To the
best of our knowledge, this is the first report with this kind of compaosition and structure.
The nanoparticles were analyzed by transmission electron microscopy (TEM), and by
aberration-corrected scanning transmission electron microscopy (Cs-STEM), in combination
with high angle annular dark field (HAADF), bright field (BF) and energy dispersive X-ray
spectroscopy (EDS) detectors. The HAADF intensity profiles reveal that there is diffusion of
the Cu atoms into the Au lattice site, and that edge dislocations appear in the twin
boundaries of the decahedral structure, as an effect of the inhomogeneous elastic strain.3’

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials

Chemicals from Aldrich and Sigma Aldrich were used in the experimental processes. Gold
(1) Chloride Trihydrate (HAuUCl4.xH20, > 99.9+ %), Copper (I1) Sulfate Anhydrous
(CuSQy, >90.0%), Poly (vinylpyrrolidone) (PVP, Mw = 55K), Ethylene glycol (EG,
>99.5%) was used as both the solvent and reducing agent. Solvents as ethanol and acetone
were used for cleaning purposes. Only chemicals of analytical grade were used, without any
further purification process.

2.1. Synthesis of Au Seeds

As a first stage, Au nanoparticles were synthesized by the polyol method: A volume of 25
mL of ethylene glycol (EG) and 2 gm of PVP (55K) was mixed and vigorously stirred in a
round-bottom flask for 10 min and refluxed at 200 °C using a hot oil bath. 0.025 M of 2 mL
HAUCI,4.xH,0 were added to the solution using a syringe pump, and the resulting mixture
was stirred vigorously and refluxed for 5 min. At this point the solution turned purple-red
color, evidencing the formation of Au nanoparticles. Ulterior TEM analysis showed that the
range of sizes of these seeds was of 30 to 35 nm, with approximately 80% of the population
having decahedral shapes (see Figure 1).

2.2. Synthesis of the Core-Shell Particles

The Au nanoparticles were used as seeds for the growth of bimetallic nanoparticles. 14 mL
of EG solution and 249 mM of PVP (55K) were mixed in a three-neck round-bottom flask
and refluxed for 10 min. at a constant temperature of 200 °C under Argon ambient. The
solution was mixed with 3 mL of the recently prepared solution containing the Au seeds,

Langmuir. Author manuscript; available in PMC 2014 July 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Khanal et al.

Page 3

and the mixture was kept under magnetic stirring for 10 min. Afterwards, a solution of 50
mM of CuSO4 and 3 mL of EG was injected drop by drop using a syringe pump, and the
resulting mixture was stirred vigorously and refluxed for 1h at 200 °C in Argon ambient.
After 1h the mixture solution turned brown-blue color, evidencing the formation of the
bimetallic nanoparticles. The solution was washed by adding 1 mL of the solution to 9 mL
of ethanol and was centrifuged at 6000 rpm for 10 minutes. This process of centrifuging was
repeated three times, adding acetone prior to the last centrifuging cycle. The precipitate was
collected and re-dispersed with ethanol. The resulting particles were drop-casted onto 3 mm
copper grids for their subsequent characterization.

2.3. Characterization

A JEOL 1230 microscope operated at 120 kV was employed to obtain the TEM micrographs
used to study the morphology of the particles. The STEM images were obtained with a Cs-
corrected JEOL JEM-ARM 200F operated at 200 kV, using a HAADF detector, with a
convergence angle of 26 mrad and collection semi-angles from 50 to 180 mrad, in order to
eliminate contributions from unscattered and low-angle scattered electron beams. The probe
size was about 0.09 nm with a probe current of 22 pA. Additionally, BF STEM images were
recorded using a detector working at a maximum collection semi-angle of 11 mrad. EDS
spectra were obtained using a probe size of 0.13 nm with the probe current 86 pA.
Absorption spectra in the 400-700 nm range were measured by using a UV-Visible
spectrophotometer (Cary, Model 14R). The samples were prepared for X-ray diffraction
(XRD) measurements by drying the nanoparticles solutions and disperse them on a glass
substrate. The XRD analysis was made using a RIGAKU Ultima IV X-ray diffractometer
with Cu-Ka (A = 1.54056 A) working at 40 kV and 30 mA in the parallel beam
configuration.

3. RESULTS AND DISCUSSION

The polyol method produced gold nanoparticles of several morphologies: a mixture of
decahedral, icosahedral, triangular plates, and rods. Figure 1a is a composed image made of
low magnification TEM bright-field representative micrographs, showing these
morphologies. The fraction of decahedral, icosahedral, triangular plates, and rods
nanoparticles were 76, 16, 7, and 1 % respectively, as shown in the histogram Figure 1b.
The average size of the nanoparticles was ~35 nm. The decahedral, icosahedral, and rod-like
particles are multiple-twinned, while the triangular plates are single-twinned. With the
exception of the scarce nanorods, all these nanoparticles have {111} planes as major facets.
Since the majority of the seed particles were decahedral, the characterization study was
focused on the particles with this geometry. Figure 2a is composed by four TEM
micrographs containing the images of several core-shell nanostructures synthesized using
the Au nanoparticles as seeds. The final morphology of the particles depended on the shape
of the seed: particles that grew out of decahedral seeds were also decahedral, although the
orientation of a decahedral particle did not coincide with the orientation of its decahedral
seed; because of this, the final nanoparticles have a star-like appearance, as can be noted in
the particles on Figure 2a. The elemental distribution in the nanostructure is investigated
using EDS line scan and is presented in Figure S1 in supporting information (SI). The line
scan in the interface region revealed the presence of Au and Cu (Sl Figure S1(a) and (b),
while the line scan along the core-shell region with surface layer showed the presence of Au,
Cu and S signal (SI Figure S1(c) and (d)). We added the EDS mapping corresponding to
surface layer, which shows only the presence of Cu and S signals (SI Figure S2). 100uL of
the as-prepared colloid solutions of both gold and core-shell particles were separately mixed
with 3mL of ethanol, to be used for obtaining their UV-vis absorption spectra. The results
are shown in Figure 2b. Neither sample exhibited apparent near-infrared (NIR) absorbance.
The Au and core-shell particles have surface plasmon resonance (SPR) peaks centered at
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around 544 nm and 574 nm respectively. The significant red shift of the signal of the BM
nanoparticles confirms a change in the composition and crystal structure with respect to the
gold particles. This red shift of on the SPR absorption was observed to depend on the copper
concentration and it appears to be a dielectric effect, because of the presence of copper
sulfide materials of high refractive index attached to the Au cores.

Since in STEM, the HAADF intensity signal depends not just on the amount of material but
also on the elements present in the atomic column parallel to the electron beam,38 this
technique is a very suitable choice for the analysis of the composition of the nanoparticles.
An aberration-corrected HAADF image of a decahedral core-shell nanoparticle is shown in
Figure 3a, and the inset shows a model of the core-shell decahedral structure. Three regions
are clearly distinguishable from each other: the Au core, a highly ordered alloyed shell in
interface with the core, and a capping of what appears to be CuS, lattices at the surface.
These CuS, surface layers, labeled as T, through Ts in Figure 3a, may have a thickness as
large as 5 = 0.7 nm (see Sl Figure S3). Figure 3b shows close-ups of the five {100} surfaces
of the decahedral nanoparticles revealing that each one of them present a diffuse interface
boundary that forms the shell region composed by Au and Cu atoms. A single layer of Cu
diffuses into the Au {111} surface (marked by red arrows) in the T, T, and T4 regions. At
the T3 region appears a defect in the lattice structure in addition to the diffusion of the Cu
atoms into the Au lattices, likely to be an effect of the lattice mismatch between Au and Cu
(11.4%). Interestingly, diffusion of the Cu on Au surface is quite different in the Ts region,
where we can observe three layers of Cu interpenetrated into the Au surface (marked by red
arrows), while on the left side of the same Au{111} surface only one layer of the Cu is
interpenetrated into the Au surface. This also happens because of the lattice mismatch
between the Au and Cu. As a consequence of the interpenetration, the crystal structure of the
interface regions get formed by ordered single crystals of AuzCu face centered cubic (fcc)
alloy structure.

Figure 4a shows a HAADF-STEM micrograph of the copper sulfide passivated surface
region T shown in Figure 3b. Here the difference in intensity in the atomic columns of the
core, compared against the diffused shell regions, becomes evident. The insets show the fast
Fourier transform (FFT) patterns of Au core (at the right top corner of Figure 4a) and CusS,
surface layer (right bottom corner of Figure 4a) regions. The lattice spacing measured at the
core region is 0.236 nm, which agrees well with the inter-{111} lattice spacing of Au
crystals. Likewise, the low intensity region (CuS, surface layer) exhibits a lattice spacing of
0.286 nm, which is consistent with the nominal spacing of {200} planes of cubic CuS, 0.288
nm.39 A close-up of the diffuse interphase boundary is shown in Figure 4b, revealing that
the composition of the individual columns can be corroborated by the changes in the
intensity signal. The interphase boundary diffusion of Cu on the Au surfaces can be directly
observed in the aberration corrected STEM micrograph. Moreover, this structure exhibits
not only the diffuse interphase but also the epitaxial growth of surface capping CuS, lattices,
albeit a large lattice mismatch (11.4%) between Au (0.4079 nm) and Cu (0.3615 nm). There
is previous evidence of this kind of growth: Tsuji et a/31 demonstrated that the shells can be
overgrown epitaxially on the cores even when there is a lattice mismatch of more than 10%
in core-shell BM nanoparticle. In our case, the large lattice mismatch between Au and Cu
creates strong static lattice distortions, allowing a well-known mechanical relaxation and
stress-induced diffusion.%: 41 Another possible reason for strain is the lattice contraction of
surface atoms.#2 Measurements at the diffused interface region shown in Figure 4b gave
lattice spacing of 0.225 nm (Au-Cu), 0.380 nm (Au-Au) and 0.281 nm (Cu-Cu), which can
be related to the inter lattice spacing of {111}, {100}, and {110} planes in the face centered
cubic (fcc) AusCu alloy structure, respectively (see Figure S4 of Sl), since the nominal
values of this lattice spacing in AusCu are 0.229 nm (Au-Cu, {111} planes), 0.398 nm (Au-
Au, {100} planes) and 0.281 nm (Cu-Cu, {110} planes) respectively (JCPDS card no.
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01-071-5023). XRD patterns measured in both the Au nanoparticles and the core-shell
nanoparticles (S1 Figure S5) correspond to a face centered cubic (fcc) crystal structure
revealing the presence of (111), (200), (220), (311) and (222) reflections with peaks at 26
values of 38.24°, 44.32°, 64.81°, 77.76° and 81.98° respectively. These XRD reflection
peaks match the standard pattern for Au and AuzCu. Thus, these results also support the
notion that the nanoparticles have a composition of Au-core, AusCu alloy-shell, with the
surface passivated by a CuS, lattice that stabilizes the crystal structure.

Figure 5a shows a magnified atomic resolution HAADF-STEM image of the interface
region, where it is possible to distinguish the intensities due to the presence of Au (bright
zone) and from the intensities due to CuS, (Light zone) lattices. It is also possible to observe
Cu layer interpenetrated into the Au lattice. The atomistic model was constructed to
exemplify the structure (Figure 5a) which is shown in Figure 5b where an Au-core, AuzCu
alloyed shell and CusS, surface layer is evident. This CuS, surface layer matched with the
experimental atomic resolution micrograph (See also Sl Figure S6). The atomistic model
(Figure 5b) was used to generate the simulated STEM image shown in Figure 5c. These
results between simulated structures with those observed experimentally are in very good
agreement. The intensity profiles of Figure 5d correspond to the lines labeled as X (AuzCu
alloyed shell region) and Y (CuS, surface layer region); here, it can be noted the dramatic
difference in the intensity due to the differences in atomic number. The average distance
between Au-Cu peaks is 0.225 nm, and 0.199 nm for Cu-S; these values are consistent with
an AuzCu alloy {111} plane and a CuS, surface layer {200} plane respectively.

The decahedral nanoparticles showed other very interesting features. While Tsuji et a/. did
not observe interpenetration of the Cu on Au surface; we observed variations in intensity at
the regions where adjacent tetrahedral subunits interface in a twin boundary, that we
interpret as Cu atoms interpenetrated into the Au surfaces. Figure 6a shows an atomic
resolution HAADF STEM image of this type of particles, in a [011] zone axis. A perfect
decahedral crystal structure is composed of five fcc tetrahedral single crystal structures,
joined together on adjacent {111} planes and forming an angle between two (111) planes of
70.58°, leaving a 7.35° solid angle deficiency. In order to fulfill the solid angle deficiency,
the incorporation of homogeneous elastic strain,*3 an inhomogeneous strain,** or a structural
modification 45 46 is necessary to stabilize the decahedral structure. Nonetheless, the
structural defects and dislocations are arising from lattice mismatch,* especially in the twin
boundaries. The interpenetration of Cu atoms on Au decahedral twin boundaries create the
structural defects, the lattice mismatch between Au and Cu (11.4%) give raise to the edge
dislocation at the twin boundary (marked by the “T” and the red lines) as shown in Figure
6(b-d). The significant difference of the lattice parameter of Au and Cu generate internal
strain on the BM system. In contrast, no edge dislocations were observed at the twin
boundaries shown at Figure 6e and 6f. Moreover, the intensity profile analysis of the twin
boundary in Figure 6f (marked by a white arrow) shown in Figure 6g reveals the disparity of
intensities between Au-rich and Cu-rich atomic columns, where the Cu rich atomic columns
have lesser intensity in comparison to the Au rich atomic columns as a consequence of the
difference in their respective atomic numbers.

A second feature that can be easily detected in the micrographs of Figure 6 is the apparent
mismatch of the lattice in the vicinity of the vertices of the particle. This feature is
particularly easy to note in Figure 6e, although it is practically present on the whole border
of the particle. In order to try to explain the characteristics of these regions, the particles
were modeled through a series of molecular dynamics (MD) runs in the canonical ensemble,
using a Sutton-Chen potential to describe the metal-metal interactions.*® A model particle
was prepared following the decahedral geometry of the real particles and their chemical
composition: An Au core surrounded by a AuCu shell in a 3:1 proportion. To avoid a
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computationally expensive set of MD calculations, the model particle was smaller in size
than the real particles, having a size of approximately 10 nm, and 13025 atoms in total. The
MD conventional techniques have an inherent restriction on the time length of the dynamical
trajectory generated by the simulation, which implies that, when the simulation is made at
low temperatures, the sampling of the configurational space is made at a slow pace, because
the atoms have to overcome potential energy barriers too high, compared to kT. While
techniques based on random sampling are able to deal with this restriction by ignoring the
energetic barriers between two configurations, samplings made through MD simulations
require either to redefine the interatomic potentials to lower the energetic barriers, or to use
higher values of temperature to ease the diffusion of the atoms. Since in this case the interest
on the simulation relays not in the specific dynamic trajectory of the particle, but on the
generation of configurations that would take a long simulation time to reach at low T, we
decided to raise the temperature in an escalated manner from 300K until 800K to promote
the atomic diffusion of the atoms at the surface of the particle. The configurations obtained
with the MD runs were used as input for the simulation of STEM micrographs, following
the multislice method.#? A typical configuration of the particle is shown in Figure 7a in a
representation that allows to perceive easily the details on the surface and borders of the
particle. It is not difficult to note that, as a result of the migration of atoms that originally
were located at the vertices and borders of the decahedron, an additional atomic layer has
been formed close to the border of the particle. Analysis of the whole MD trajectory (7.5 ns
in total) shows that these layers are not completely static, but they are constantly
reconstructing themselves, via migration of atoms and exchange of atomic positions. The
simulated STEM micrograph of the structure shown in Figure 7a is in Figure 7b, and the
regions corresponding to the partial layers are marked with white ovals. By the comparison
of this simulated STEM image with the real micrographs of Figure 6, we were able to
correlate the lattice mismatches in the real particles with the partial layer formed in the
surface of the simulated particle by the migration of the atoms originally at the vicinity of
the vertices.

4. CONCLUSIONS

We synthesized Au core and AusCu alloyed shell nanoparticles passivated with CuS, layers
by using modified polyol method. The prevalent geometry in these particles is the
decahedral, with a small representation of triangular, icosahedral and rod-like particles.
Atomic resolution TEM and Cs-corrected STEM imaging confirm the core-shell distribution
of the metals in the particle, and detailed measurements of interplanar distances in
combination with XRD analysis allowed us to conclude that the particles are indeed formed
by Au seeds surrounded by AuzCu superlattice, and surface passivated with CuS, layers. At
atomistic level, the diffusion of Cu atoms into the Au lattice site and the lattice mismatch
between them leads to the formation of alloyed structure. The significant difference of the
lattice parameter generates internal strain on the BM system. The formation of edge
dislocation in decahedral nanostructure can be explained from the strain release mechanism
and different atomic sizes of Au and Cu atoms stabilize the dislocation in the twin
boundaries.> 51 Some of the material from the vertices of the particles migrate to form
partial atomic layers at the vicinity of the borders of the decahedra, as it was found by
comparison of STEM micrographs with results from molecular dynamics simulations.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Low-magnification TEM image of the Au nanoparticles, (b) The histogram for
morphology distribution of decahedron, icosahedron, triangular plate, and rod.
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Figure2.

(a) TEM images of the Au core and Au3Cu alloyed shell nanoparticles passivated with
CuS2 surface layers with different morphology, where the growth of Au3Cu follows in
(111) surfaces, (b) UV-Vis absorption spectra of bimetallic nanoparticles.
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Figure 3.

(a) Atomic-resolution HAADF-STEM image of a decahedral core—shell nanoparticle in a
[011] zone axis, (b) Close-ups of the interface regions where the lattice diffusion are readily
observed.
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Figure4.

(a) Atomic-resolution HAADF-STEM image of core—shell nanoparticle different contrast
exhibits Au-core, ordered Au3Cu interface region, and CuS2 surface layer, the
corresponding inset fast Fourier transform (FFT) patterns exhibits the Au-core and CuS2
surface layer, (b) Close-up of the ordered Au3Cu alloyed shell region where the different
contrasts of Au and Cu lattices are readily observable and inset shows the FFT of alloyed
shell region.
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Figurebs.

(a) Atomic-resolution HAADF image of core—shell nanoparticle interface region oriented
along [011] direction, (b) The model structures exhibits the Au, diffusion of the Cu atoms
into the Au lattice site in shell region (Au3Cu alloy) and CuS2 surface layer, where yellow,
pink and light blue spheres represents Au, Cu and S atoms respectively, (¢) Simulated
STEM micrograph from model (b) and (d) Intensity profiles of shell region (Au3Cu alloy)
and CuS2 surface layer shows the disparity of the intensity in the atomic columns can be
observed. It should be noted that Au, Cu and S indicated in the intensity line profile
represents Au-rich, Cu-rich and S-rich atomic columns.
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Figure6.

(a) HAADF image of decahedral core-shell nanoparticles in a [011] zone axis, (b — f)
Amplified images of the square area of Figure 6(a), shows the edge dislocations and Cu
atoms are interpenetrated in to the twin boundaries, (g) Intensity profile along the twin
boundary in Figure 6(f), where the disparity of the intensity in the Au-rich and Cu-rich
atomic columns can be observed.
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Figure7.

(a) Simulated decahedral Au-Cu core-shell nanoparticle, where a partial atomic layer has
been formed at the vicinity of the vertices of the particle. (b) STEM simulated micrograph of
the particle in Figure (a) where white ovals represent partial layers. The regions with the
partial atomic layers appear as lattice mismatches in the micrograph, just as in Figure 6. (c)
Intensity profile along the twin boundary of STEM simulated image (along white arrow in
Figure 7(b)), where the disparity of the intensity in the Au-rich and Cu-rich atomic columns
can be observed.
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