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ABSTRACT 

The growth mechanism of star-shaped Au-Ag nanoparticles, which is important for improving 

the absorption efficiency of nanoparticles in the near-infrared region, remains to be clarified. In 

this study, the growth mechanism by stabilizing certain facets of Au in spines by underpotential 

deposition of Ag was investigated. The nanoparticles were analyzed primarily by scanning 

transmission electron microscopy (STEM) and energy dispersive X-ray spectroscopy. Analysis of 

spines on nanoparticles synthesized with an Au/Ag ratio of 18/4 revealed that approximately 1 nm 

of Ag was deposited on the topmost surface of Au, and the growth direction of spines was <200>. 

Underpotential deposition of Ag nanolayers on specific facets of the spines on nanoparticles was 

observed for the first time by elemental mapping and high-angle annular dark-field STEM 

tomography. These findings are expected to contribute to the morphology control of plasmonic 

nanoparticles. 
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1. INTRODUCTION 

Synthesis of controlled composition, size, and morphology of plasmonic nanoparticles is of 

interest for exciting local surface plasmon resonance (LSPR). The most well-known method for 

synthesizing gold (Au) nanoparticles with anisotropic morphology is the reduction reaction of the 

aqueous solution in the presence of cetyltrimethylammonium bromide (CTAB); for example, 

hexagonal nanoplates [1,2], nanoprisms [1–3], nanocube [4] nano-octahedrons [1,4] and nanorod 

[5–8] can be fabricated depending on the CTAB concentration. The hexagonal nanoplates and 

nanoprisms grow so that {111} is exposed more than the other aspects from morphological 

observations using transmission electron microscopy (TEM) [1,3]. Therefore, it has been reported 

that the mechanism of morphology control is through selective adsorption of CTAB and inhibition 

of crystal growth on Au{111}, which causes anisotropy in the growth direction, such as only the 

growth of <110> and <100> [3]. 

Silver (Ag) ions have also been reported to have a controlling effect on the morphology of 

plasmonic nanoparticles [9–11]. The morphology control by Ag ions originates from 

underpotential deposition (UPD) on Au [9,10] and palladium (Pd) [11]. UPD has been described 

as the electrodeposition of metal monolayer(s) on a foreign metal substrate at potentials that can 

be significantly less negative than that for deposition on the same metal surface as the adsorbate 

[12]. In the morphology control of Pd nanoparticles by Ag ions, Ag contributes to stabilization by 

depositing on {730} of Pd, which forms a morphology consisting of 24 facets indexed as {730} 

and 8 facets as {111} [11]. On the other hand, a bipyramid-like morphology consisting of {111} 

and {110} of Au nanoparticles was fabricated by stabilizing Au{110} with Ag ions [9,10]. The 

Au nanoparticles with high aspect ratio bipyramids was fabricated by increasing the concentration 

of Ag ions [9,13]. However, the three-dimensional (3D) morphology of nanoparticles with 
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complex structures using TEM tomography and intensity signal analysis is still less investigated 

[14]. 

Star-shaped Au-Ag nanoparticles (AuAgNS) have a unique structure, formed as a result of 

morphology control by Ag ions on Au. This morphology could shift the frequency of the plasmon 

resonance to the near-infrared region [15–17]. AuAgNS was fabricated by adding ascorbic acid to 

a coexisting solution of Ag and Au ions and reducing metal ions [15–17]. The mechanism of 

growth to star shape was reported to be that the core of Au nanoparticles is first formed by ascorbic 

acid reduction, then Ag is deposited on the surface by UPD, and the spines having (111) and (111
−

) grow along [110] due to the catalytic effect of Ag [15,18]. However, there is no detailed 

discussion of the stabilization of the crystal plane by UPD of Ag. Furthermore, the distribution of 

Ag in AuAgNS has not been clarified and the relationship between the core and spines growth 

orientations has not been sufficiently investigated. 

In this study, a novel growth mechanism of AuAgNS was investigated from the TEM analysis 

of Au and Ag elemental distribution, crystal growth orientation, and three-dimensional (3D) image. 

In addition, the structure of unique AuAgNS following the high morphological symmetry, such as 

dodecahedron and icosahedron, of Au nanoparticles reported from computational science was 

further discussed based on our previous report [17]. These findings contribute to the possibility 

that plasmonic nanoparticles with unique structures can be controlled to have high absorption 

efficiency in the near-infrared region.  



 5 

2. EXPERIMENTAL SECTION 

2.1 Material 

Hydrogen tetrachloroaurate (III) tetrahydrate (HAuCl4·3H2O), silver nitrate (AgNO3), and L-

(+) ascorbic acid were obtained from FUJIFILM Wako Pure Chemical Corp. Ultrapure water 

(resistivity 18.2 MΩcm) was produced by a Millipore Milli-Q system. 

 

2.2 Synthesis of star-shaped Au-Ag nanoparticles 

AuAgNS was synthesized by the method described by Cheng et al. [15] with some 

modifications as in the previously reported paper [17]. The total volume of 10 mM HAuCl4 and 

10 mM AgNO3 was fixed at 220 µL. 10 mL of ultrapure water was added to the mixed solution 

with Au/Ag ratio adjusted to 20/2 or 18/4. Then, 40 µL of 100 mM ascorbic acid solution was 

added to the diluted Au-Ag solution and stirred for 1 minute. The nanoparticles prepared with an 

Au/Ag ratio of 20/2 are abbreviated as Au20Ag2, and those with an Au/Ag ratio of 18/4 are as 

Au18Ag4. 

 

2.3 Characterization method 

The optical absorption spectra from 400 nm to 900 nm of the as-prepared nanoparticle solutions 

were measured using an ultraviolet-visible spectrophotometer (UV-vis, UV-2450, SHIMADZU). 

The crystalline phase of the samples was identified with an X-ray diffractometer (XRD, X’pert-

MPD, PANalytical) using CuKα radiation (λ = 0.15418 nm) at an accelerating voltage of 40 kV 

and 30 mA. The 2θ range was continuously scanned from 30º to 80º at a rate of 0.6 º/min with a 

step size of 0.02º. To evaluate the degree of orientation, the Lotgering factor [19] was calculated 

from the intensity obtained by fitting XRD profiles with a Lorentzian function. When calculating 
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the Lotgering factor, the intensity data of JSPDS-ICDD: 4-0784 was used as a reference sample. 

The morphology, selected area electron diffraction (SAED), and elemental distribution of the 

samples were measured using an aberration-corrected transmission electron microscope (JEM-

ARM200F, JEOL) equipped with a cold field emission gun and two silicon drift type energy 

dispersive X-ray detectors, operated at an accelerating voltage of 200 kV. The samples dispersed 

into ultrapure water were dropped onto a microgrid and dried in air. SAED was used to analyze 

the length of the crystal planes and the direction of spine growth. Elemental distribution analysis 

of Au and Ag by energy dispersive X-ray spectroscopy (EDS) revealed the contribution of Ag to 

morphology control in AuAgNS. A high-tilt specimen retainer (EM-21311HTR, JEOL) combined 

with a single-tilt specimen holder (EM-21010, JEOL) was used to acquire a tilt series of high-

angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) images 

from -72 to 72 degrees with every 4 degrees step, followed by STEM-tomography 3D 

reconstruction using TEMography© (SYSTEM IN FRONTIER INC., Japan). 

Changes in absorption spectra during sample synthesis were measured with an ultraviolet-visible 

spectrometer (UV-vis, UV-2450, SHIMAZU); the wavelength range was from 500 nm to 700 nm, 

the measurement interval time was 18 seconds, and 100 measurements were conducted. Shifts of 

the peak tops of UV spectra were discussed with time course dependence for the changes in 

elemental distribution and morphology. 

  



 7 

3. RESULTS AND DISCUSSION 

3.1 Formation and structure of star-shaped Au-Ag nanoparticles 

Fig. 1 shows the appearance (bluish purple) and optical absorption spectra of the nanoparticle 

solution. The maximum absorption wavelength (λmax) of Au20Ag2 was 650 nm, and the λmax of 

Au18Ag4 was 633 nm. As previously reported [17], the difference in λmax is due to the spine length 

of AuAgNS, indicating that Au20Ag2 has a longer spine compared to Au18Ag4. 

Fig. 2 shows XRD patterns of Au20Ag2 and Au18Ag4. Diffractions assigned to Au by JSPDS-

ICDD: 4-0784 were confirmed in all samples and no other crystalline phases were identified. The 

Lotgering factor of Au111 calculated from the diffraction intensity was 0.25 for Au20Ag2 and 0.24 

for Au18Ag4, suggesting that both samples were slightly oriented to 111, and spines were growing 

due to the Au deposition of {111}. 

Fig. 3 shows the elemental mapping and EDS spectrum of Au20Ag2 or Au18Ag4 analyzed by 

STEM-EDS. The morphology of both samples, judging from Au mapping, was star-shaped 

nanoparticles with a core size of approximately 50 nm with high-aspect spines, of which structures 

were consistent with the previous reports [15–17]. From the Au and Ag mapping of Au20Ag2, 

only Au was detected at both the core and spines. The EDS spectrum showed an AuMα peak at 

2.19 keV, but no Ag peak was detected even though Ag was added during synthesis, meaning that 

the Ag content would be below the limit of EDS detection. On the other hand, Au18Ag4 exhibited 

a spine-like structure similar to Au20Ag2 with a spine diameter of less than 10 nm and had a peak 

of AgLα at 3.02 keV. The elemental mapping showed that Ag existed only on the outermost 

surface of the AuAgNS. Since the diameter of the spine is less than 10 nm, the electron beam 

reaches the interior and even the back side, generating characteristic X-rays of the constituent 

elements.  
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The thickness of the Ag layer of one spine of Au18Ag4 was analyzed from elemental mapping 

as shown in Fig. 4. Fig. 4a shows the elemental mapping of Au and Ag. The inset yellow 

rectangular box where the long side was parallel to the spine slope (the y-direction) indicated the 

analyzed region of characteristic X-ray intensities of Au and Ag. Au and Ag intensities were 

integrated along the y-direction at each distance in the short side (the x-direction). Fig. 4b illustrates 

the intensity plots of Au and Ag against the distance. Interestingly, the intensity curves of Ag and 

Au were slightly deviated, with Au converging and showing a maximum near the center (6 nm) 

and Ag having a maximum value at 3.2 nm and attenuating. This suggests that the spine grows 

conically from the core like epitaxial growth. To analyze the Ag thickness on the outermost surface 

of the spine, an Au circle with radius rAu and a circle coated with Ag on the outer side with radius 

rAg were assumed in Fig. 4b as the cross-section of the spine, and the integral of line segments at 

each distance was calculated, and fitted and scaled to the intensity plot measured by EDS. The 

fitted curves of Au and Ag nearly matched the model of the circles with 3.92 nm for rAu and 4.89 

nm for rAg, indicating the Ag thickness on the surface of the spine was 0.97 nm. 

Fig. 5 demonstrates the change in absorption spectra measured continuously for 30 minutes 

every 18 seconds during the synthesis of Au18Ag4. Immediately after adding ascorbic acid in an 

aqueous solution of dissolved Au+ and Ag+ (first measurement), a spectrum with a maximum 

absorption wavelength of 570 nm, which is associated with the formation of Au nanoparticles 

without any spines, was observed. After 18 seconds, the maximum absorption wavelength shifted 

rapidly to the high wavelength side of about 610 nm due to the formation of spines, and then 

gradually shifted back to 590 nm after stirring for 30 minutes due to the coating of Ag. The blue 

shift of approximately 20 nm indicates the slow progress of Ag deposition on the nanoparticle 

surface. Although ascorbic acid cannot normally reduce Ag, it has been suggested that Ag on the 
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surface of Au can be reduced by UPD [20,21]; Ag+ ions in the aqueous solution adsorbs as metal 

Ag atoms like monoatomic layer on the surface of dissimilar metal Au. In other words, while the 

formation of star-shaped nanoparticles of Au, the deposition of Ag proceeded on specific facets of 

Au, and Ag nanolayers would be formed.  

Fig. 6 shows the STEM images and SAED patterns at the spines of Au18Ag4. The overall 

morphological symmetry of the spines in the selected Au18Ag4 was not high, which is thought to 

have been broken during the preparation of the sample. The high-resolution STEM image in Fig. 

6b indicates that the twin boundary of Au is observed as a dark line in the angular direction. A d 

value of 0.2355 nm was calculated, corresponding to {111} in a gold unit cell with a face-centered 

cubic lattice. The result is coincident with the previous reports [15]. In addition, SAED patterns at 

the spine observed 111 and 002 diffraction spots in both the upper and lower regions across the 

twin boundary. As shown in Fig. S2 spines grown elsewhere on the nanoparticle also had 111 and 

002 diffraction spots and twin boundaries, revealing that the spines grew in a similar manner and 

in a different direction. The angle of {111} at the upper and lower regions was calculated to be 

108 degrees, matching the interior angles of a regular pentagonal. So far, it has been reported that 

Au forms quintuple twin crystals during deposition from solution [3,13,22]. This suggests that the 

spines would grow on a quintuple twin of the Au core at the apexes composed of the five triangle 

facets of the icosahedron.  

Fig. 6b shows an analysis of the exposed surface of the upper part, which can be observed along 

the [110] zone axis. White lines indicate {200} and red lines outline the nanoparticles. The Miller 

index of the surface has been reported by analyzing the number of atoms on the topmost surface 

[23–25]; in this paper, the topmost surface of the TEM image is unclear, so the discussion is based 

on angles. The angle between {200} and the side is 11°, which is almost consistent with 11.42°, 
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the angle between (200) and (711). Furthermore, the angle between {200} and the tip is 54°, which 

coincides with 54.74°, the angle between (200) and (111). Therefore, the spines are considered to 

have a structure consisting of {711} at the sides and {111} at the tip. This indicates that Ag 

deposition by UPD contributes to the stabilization of facets with high surface energy. Galvanic 

replacement reactions have also been reported as one of the reactions between Au and Ag 

[20,26,27]. Galvanic replacement reaction is a reaction in which core Ag is replaced by Au due to 

ionization tendencies, and has been applied to the synthesis of hollow structures [20,26,27]; 

however, the contribution to specific surfaces has not been reported. From these results and the 

discussion of the galvanic replacement reaction, it is considered that the morphology control would 

be due to UPD. 

Three-dimensional (3D) images of Au20Ag2 and Au18Ag4 were produced by HAADF-STEM 

tomography. Fig. 7 shows a portion of a 3D image of Au18Ag4. Rotation movies of the3D images 

are included in this paper. The 3D images confirm that Au20Ag2 and Au18Ag4 are nanoparticles 

with 3D-grown spines. The spines of the nanoparticles were partially broken during preparation 

and were observed as images with lost symmetry in the orientation of the spines. The color of the 

3D image indicates the signal intensity of HAADF-STEM images with blue areas having higher 

signal intensity than green areas. Fig. 7b shows a green layer on the surface of the blue region. The 

signal intensity of HAADF-STEM appears as 1.7-2.0 power of the atomic number [28–30]. Thus, 

the areas indicated by blue in the 3D image are thought to be Au, and the areas shown in green are 

Ag. Fig. 7b shows only the areas of low signal intensity, suggesting that Ag is present at the 

uppermost surface of the nanoparticles, since almost no change was observed in the images of Fig. 

5a and Fig. 5b. This result is in good agreement with the EDS results. 
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3.2 Growth mechanism of AuAgNS 

Fig. 8 shows a schematic diagram of the novel growth mechanism of AuAgNS. When ascorbic 

acid is added to an aqueous solution containing both Au3+ and Ag+ ions, Au3+ is first reduced to 

form Au nucleus. The rapid reduction of Au3+ in the presence of Ag+ can disturb the crystal 

symmetry of Au and form nuclei with five-fold pseudosymmetry [31]. After the Au nucleus grow 

into the icosahedral core, Au {111} grows from the center of the nucleus toward the apex of the 

triangle. This is consistent with our previous reports [17]. Subsequently, the nanoparticles grow 

into a star shape due to the ascorbic acid reduction and UPD. Specifically, Ag is deposited on 

specific facets of Au {711} by UPD, which helps stabilizing Au {711} and causing Au to grow in 

a spine-like shape. The structure with {111} tip and {711} side is similar to previously reported 

structures of nanorods with {111} tip and {100} or {110} side [32]. Although morphology control 

of nanoparticles by UPD has been proposed [10,11,13], no images of Ag deposited on specific 

facets have been reported so far. In this paper, EDS and STEM images including HAADF-STEM 

tomography show for the first time that Ag is deposited on the facets with a high surface energy 

of Au, the side of Au {111}. This suggests that the deposition and stabilization of Ag on specific 

facets by UPD contribute to morphology control and have a significant effect on plasmonics. 
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CONCLUSIONS 

Star-shaped Au-Ag nanoparticles with different Au/Ag ratios were synthesized by mixing a 

reducing agent, ascorbic acid, into a solution containing both Au3+ and Ag+ ions. As the growth 

mechanism of the nanoparticles, based on the angle of {111} in the twin spine of 108°, the 

quintuple twin of Au core with the icosahedron having the twin boundary was formed, and the 

spine grew epitaxially from the apex of the icosahedron core in <200>. From the results of STEM, 

EDS, SAED, and HAADF-STEM tomography, Ag adsorbed to a specific Au facet by UPD, 

stabilized the facets with high surface energy, and formed an Ag nanolayer with a thickness of less 

than 1 nm. It is the first observation of Ag deposited on the outermost surface of nanoparticles by 

UPD. These findings are expected to contribute to further advances in the morphology control of 

plasmonic nanoparticles. 
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Table and Figure captions 

Fig. 1 Appearance of nanoparticle solutions and optical absorption spectra; (a) Au20Ag2, 

(b) Au18Ag4. 

Fig. 2 XRD patterns of (a) Au20Ag2 and (b) Au18Ag4. 

Fig. 3 Elemental distribution maps (a, c) and EDS spectra (b, d) of Au20Ag2 (a, b) and 

Au18Ag4 (c, d). 

Fig. 4 Ag Layer analysis in spine; (a) elemental distribution and analytical range of spines. 

(b) Ag layer thickness calculated by fitting from EDS signal intensity. 

Fig. 5 Change over time of the absorption spectrum of Au18Ag4 during synthesis. 

Fig. 6 STEM images of Au18Ag4; (a) whole image, (b) enlarged image of spines, and (c) 

SAED patterns of upper grain boundary. 

Fig. 7 Tomography of Au18Ag4; (a) overall view, (b) image with low-signal area extracted. 

Fig. 8 Schematic diagram of the novel growth mechanism of star-shaped nanoparticles; red 

is Au atom and green is Ag.  
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Fig. 1 Appearance of nanoparticle solutions and optical absorption spectra; (a) Au20Ag2, (b) 

Au18Ag4. 
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Fig. 2 XRD patterns of (a) Au20Ag2 and (b) Au18Ag4. 
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Fig. 3 Elemental distribution maps (a, c) and EDS spectra (b, d) of Au20Ag2 (a, b) and 

Au18Ag4 (c, d). 
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Fig. 4 Ag layer analysis in Spine; (a) elemental distribution and analytical range of spines. 

(b) Ag layer thickness calculated by fitting from EDS signal intensity. 
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Fig. 5 Change over time of the absorption spectrum of Au18Ag4 during synthesis. 
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Fig. 6 STEM images of Au18Ag4; (a) whole image, (b) enlarged image of spines, and (c) 

SAED patterns of upper grain boundary. 
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Fig. 7 Tomography of Au18Ag4; (a) overall view, (b) image with low-signal area extracted. 
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Fig. 8 Schematic diagram of the novel growth mechanism of star-shaped nanoparticles; 

red is Au atom and green is Ag. 

 


