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The ability to control the site-selective deposition of a noble metal 
with nanoscale accuracy is vital for the synthesis of well-defined 
heterogeneous core-shell bimetallic nanoparticles for various 
applications ranging from nanophotonics to catalysis.  Here, the 
precise site-specific Ag coating onto concave gold nanoarrows 
(GNA) are reported by tuning the concentration of surfactant – 
cetyltrimethylammonium chloride (CTAC). Three distinct 
nanocoating structures, namely, anisotropic coating, middle 
coating, and conformal coating are obtained, which are achieved 
under low, medium and high CTAC concentrations, respectively. 
The site-specific nanoscale coating on GNAs are proved by scanning 
transmission electron microscopy imaging in conjunction with the 
elemental mapping. The CTAC concentration-dependent, facet-
specific passivation may be the cause for the three distinct 
nanoparticles obtained. The morphology differences resulted in 
discrete plasmonic features, and a linear relationship between 
resonance peak and CTAC concentration is found for conformal-
coated GNAs. We further fabricate free-standing monolayered 
nanosheets out of the three kinds of nanoparticles, which displays 
strong shape-dependent SERS enhancements.   

Introduction 
Metal nanocrystals have received considerable attention, which 
stems not only from the tiny structures but also from the size- 
and shape-dependent properties. Among those, plasmonic 
bimetallic nanoparticles (e.g. core-shell particles) attract 

particular interests due to its tailorable localized surface 
plasmon resonance (LSPR) and wide applications in the field of 
photonics1, 2, catalysis3, 4, biochemical sensing5-7 as well as 
anticounterfeiting8. For many of these applications, it is 
important to control LSPR properties of core-shell particles 
which strongly depend on their sizes and shapes as well as the 
relative thickness9-11. Hence, the ability to precisely control the 
structures of core-shell nanoparticles is crucial for plasmon-
enabled applications.       
Past decades have witnessed intensive research efforts to 
synthesize structurally well-defined bimetallic nanoparticles by 
controlling various parameters of seed-mediated growth. The 
types and amount of precursor added were found to relate to 
the asymmetric structures of core-shell nanocrystals12, 13. By 
adjusting pH, the deposition could also be controlled on either 
ends or middle of elongated particles14. Dendritic nanocrystals 
could be obtained through a co-reduction process where the 
surface diffusion was slowed down by controlling the relative 
amount of reducing agents15-18. Besides, templates, such as 
silica, were used as a protecting layer to ensure site-specific 
growth on exposed particles surface, leading to asymmetric 
bimetallic particles19-21. Capping agents were recently found to 
play key roles in shape control because of their facet-specific 
binding properties. For example, controlled deposition of Ag on 
Pd nanocubes was achieve by the use of poly(vinyl 
pyrrolidone)22.  
Here, we report on a highly efficient surfactant-based approach 
to site-specifically control Ag coating on concave gold 
nanoarrows (GNA) simply by tuning the concentration of 
cetyltrimethylammonium chloride (CTAC). Under a low CTAC 
concentration, Ag deposition on GNA was non-uniform, leading 
to the cuboid-shaped shell, which is termed anisotropic coating 
(ac-GNA); when CTAC concentration is in the middle range, Ag 
would selectively deposit onto concave part of GNA, which is 
termed selective middle coating (mc-GNA); at high CTAC 
concentration condition, Ag would deposit conformally across 
the entire surface of GNA, which is termed conformal coating 
(cc-GNA). The three distinct coating structures were confirmed 
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by high-resolution electron microscopy in conjunction with 
elemental mapping, and also in excellent agreement with 
characteristics plasmonic resonance spectra observed. CTAC 
concentration-dependent, facet-specific passivation may be the 
cause for the site-specific Ag deposition described above. We 
further fabricated nanosheets using our two-step drying-
mediated self-assembly23, which exhibited strong coating-
dependent surface enhanced Raman scatting (SERS). 

Results and discussion 
GNA is a kind of anisotropic nanoparticles composed of two 
pyramid heads and a four-wing shaft. ~120 nm GNAs have been 
reported previously24, which has been shown to exhibit 
interlocking packing due to concave geometry. We modified the 
synthesis process and successfully obtained GNAs of ~60 nm. In 
brief, short gold nanorod (~50 nm length) was first obtained 
through a 2 hours seed-mediated growth25, then a growth 
solution was added to yield the concave GNA24. The resonances 

shift and solution color change were consistent with reported 
literature, which indicate the success synthesis of GNA (Figure 
S1). Experimental details could be found in experimental 
section.  
To deposit Ag onto GNA, GNA particles were first re-dispersed 
in CTAC solutions with three different concentrations (80, 378 
and 600 mM). Then, AgNO3 and ascorbic acid were added in 
sequence under constant stirring in a 60°C water bath. The 
reaction was kept under 4 hours. This process led to reduction 
of silver ions and consequent deposition on GNA surfaces. To 
fully understand how surfactants influenced the silver coating, 
all other experimental conditions were identical except for 
varying surfactant concentration.  
The coating of Ag onto GNA was carefully characterized by 
electron microscopy. Transmission electron microscopy (TEM) 
images of Ag coated GNA show that Ag coating process was 
highly depended on CTAC concentration (Figure 1a). The 
cuboid-shaped nanoparticles, nanoarrows with smooth surface 
in the middle and nanoarraows with concave surface in the 

Figure 1. (a) TEM images of GNA and Ag coated GNA under different CTAC concentration. Scale bar is 40 nm. (b-d) STEM-HAADF images 
and elemental maps of corresponded Ag coated GNA (b) ac-GNA. (c) mc-GNA. (d) cc-GNA. Scale bar is 20 nm. 
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middle were clearly observed for low, middle and high 
concentration of CTACs. All of these particles turned out to be 
single crystals as demonstrated from the selective area electron 
diffraction (SAED) pattern (Figure S2). These SAED patterns 
matched well to the face-centered-cubic silver. 
To further reveal where silver coating occurred, we conducted 
a characterization using STEM-HAADF (High-angle annular dark-
field) and STEM-EDS (Energy-dispersive X-ray spectroscopy). 
Figure 1b-d presents the STEM-HAADF images and their 
corresponding elemental maps. Good contrast of the Au core 
and Ag shell components could be clearly seen on all HAADF 
images and EDS maps gave the distribution information of Au 
and Ag elements. Under low CTAC concentration, the GNA core 
was fully covered with cuboid shape Ag shell. Because the 
coating was not uniform across GNA surface, it was termed as 
ac-GNA to reflect anisotropic coated GNA (Figure 1b). When 
CTAC concentration was in the middle range, most Ag element 
was deposited on middle shaft rather than two pyramid heads 
of GNA and these middle coating only nanoparticles were called 
as mc-GNA (Figure 1c). While the CTAC concentration was at 
high condition, a continuous conformal Ag layer was found 
across GNA surface, which was termed as conformally coated 
GNA (cc-GNA), as shown in Figure 1d. The three distinct Ag 
coating on GNA was highly reproducible and could be seen in a 
large-scale elemental mapping as shown in Supporting Figure 
S3. 
Corresponding to the three distinct particle structures, we 
observed corresponding optical properties. A yellow, red and 

dark purple solution was obtained for 80 mM, 378 mM 600 mM 
CTAC, respectively (Figure 2a), which refers to ac-GNA, mc-GNA 
and cc-GNA. Corresponding to these visual colors, three distinct 
plasmonic spectra were observed as shown in Figure 2b. For 
GNA solution, there were two resonance peaks which were 
located at 539 nm and 666 nm, corresponding to dipolar 
transverse and longitudinal modes, respectively. For ac-GNA (80 
mM CTAC), there were four resonance peaks, the two on the 
left corresponding to longitudinal and transverse dipolar 
plasmon modes, while the two on the right attributed to 
octupolar modes, which is similar to Au@Ag cuboid shell 
particles26. For mc-GNA (378 mM CTAC), we also found four 
resonance peaks. In comparison with cuboid shell one, there 
was an obvious red shift for transverse dipolar mode, which was 
due to less Ag deposition in excellent agreement with the TEM 
and elemental mapping results (Figure 1c). Consistently, the 
absence of silver deposition in the GNA pyramid ends led slight 
longitudinal dipolar mode blue shift. This was also in 
consistence with the electric-field distribution as shown in 
Figure 2c.  As for cc-GNA (600 mM CTAC), the line shape 
resembled that for original GNA except for the two resonance 
peaks shifting blue to ~516 nm and ~582 nm. Simultaneously, 
an additional peak at 343 nm was observed. This correlates very 
well with thin conformal Ag coating on GNAs (Figure 1d). We 
also carried out a simulation study to trace the spectra change 
with different silver coating onto GNA, which were in good 
agreements with our experimental results (Figure 2d).   

Figure 2. (a) The digital photograph of samples colloidal solution. The samples from left to right correspond to GNA and ac-GNA, mc-GNA, 
cc-GNA, which were grown with increased CTAC concentration. (b) Normalized UV-visible spectra of GNA, ac-GNA, mc-GNA and cc-GNA. (c) 
Electric-field distribution for mc-GNA. (d) Corresponding simulated spectra for GNA, ac-GNA, mc-GNA and cc-GNA. 
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To reveal how CATC could induce such site-specific coating, we 
fine-tuned the experimental conditions with eight different 
CTAC concentrations, from 80 mM to 756 mM. As shown in TEM 
images (Figure S4), a transition from homogeneous Ag cuboid 
shape shell to heterogeneous concave site-specific Ag 
deposition could be clearly seen when CTAC concentration is 
increased from 80 mM to 378 mM. This indicate that CTAC 
molecules were loosely packed on the GNA surfaces under low 
concentration (Figure S5). This enabled facile penetration of Ag 
ions and ascorbic acids into CTAC capping layers. In this 
condition, rapid nucleation and growth led to the formation of 
cuboid-shaped silver, similar to the case of gold nanorods26. 
When the CTAC concentration was further increased, CTAC 
would form bilayer on GNA surface. Different from 
cetyltrimethylammonium bromide (CTAB)27, 28, it has been 
reported that CTAC has similar affinity with Au [111] (pyramid 
heads of GNA) and [110] (middle shaft of GNA) facets29. 
However, due to the curvature effect30, 31, non-compact bilayer 
would be formed in middle shaft of GNA (Figure S5). In this 
situation, Ag deposition would prefer to occur on middle 
concave shaft parts. When CTAC centration was further 
increased (>500 mM), densely-packed layers eventually also 
formed in the middle concave areas. This conformal densely-
packed CTAC molecules might form bilayers32, which shielded 
GNA surfaces from the effective access of silver ions and 
ascorbic acids. Hence, only a thin Ag deposition was possible.                 

To further prove the above the mechanism, we investigated 
how CTAC concentration influenced the silver coating in the 
high concentration regime (>500 mM). The colors of 
nanoparticle solutions were found to change from dark red to 
dark blue when the CTAC concertation was increased from 500 
mM to 750 mM (Figure 3a). The corresponding plasmonic 
resonance spectra were recorded as shown in Figure 3b. As 
expected, all samples should be cc-GNA with two resonance 
peaks corresponding to dipolar transverse modes (Peak I 
indicated by the grey color) and dipolar longitudinal modes 
(Peak II indicated by red color). Both higher CTAC concentration, 
both peaks shifted to red in the trend of moving closer to the 
peaks of original GNAs. Moreover, the small peak appeared at 
around 340 nm for 500 mM CTAC sample was found gradually 
disappeared with increased concentration. These phenomena 
proved our argument that denser CTAC layers will build up 
around GNAs, which render Ag deposition less favorable. This 
explained well the gradual disappearance of characteristic Ag 
peak at 340 nm and accompanying closer peak matching to 
original GNA. Interestingly, we found a linear relationship 
between resonance peaks position and CTAC concentration for 
both peaks I and II (Figure 3c-d). The fitting led to the following 
equation:         
 y𝐼  = 504.267 + 0.02x        (1) 
      y𝐼𝐼 = 529.133 + 0.09x        (2) 

Figure 3. (a) The digital photograph of conformal silver coated GNA colloidal solution. The samples from left to right correspond to those 
grown with increased CTAC concentration from 500mM to 750 mM CTAC. (b) UV-visible spectra of cc-GNA grown under different CTAC 
concentration. (c) Dependence of the Peak I position on the CTAC concentration. (d) Dependence of the Peak II on the CTAC concentration. 
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where y𝐼  is the Peak I position (nm),  y𝐼𝐼   is the Peak II position 
(nm) and x is the CTAC concentration (mM). The R2 values were 
0.943 and 0.956 respectively.  
We further used GNA, ac-GNA, mc-GNA and cc-GNA as building 
blocks fabricate monolayer nanosheet by using our recently 
developed two-step drying mediated self-assembly approach23. 
After functionalizing nanoparticles with thiol-terminated 
polystyrene (PS), they became hydrophobic and could self-
assemble  at air-water interface. Upon water evaporation, two-
dimensional superlattices nanosheet were obtained on silicon 
wafers. The well-ordered horizontal aligned monolayer 
structure of nanoparticles could be clearly seen in Figure 4a-d. 
Vertical alignments of those particles within superlattices were 
also found in some regions as shown in Figure S6. 
Our previous work has shown that the two-dimensional 
superlattice nanosheet could serve as a new class SERS 
substrate6, 8. Therefore, we investigated the SERS performance 
of obtained nanosheets by using 4-amoinothiolphenol (4-ATP) 
as the Raman dye. The nanosheets were first subjected to a 

short time UV-Ozone treatment and then immersed into 10 µM 
4-ATP ethanol solution. The morphology of particles was 
checked before and after treatment to ensure there is no 
influence on the structure integrity (Figure S7). Then the 
nanosheets were placed into a confocal micro-Raman system 
after being rinsed with ethanol. The excitation laser was chosen 
as 633 nm which was close to the resonance peak of the 
fabricated nanosheet33 (Figure S8). As shown in Figure 4e, the 
fingerprint peaks of 4-ATP at 1078 and 1578 cm-1 are evident, 
which are due to the dominated enhancement of a1 vibrational 
modes, ν(C-S) and ν(C-C), respectively. Among the three Ag 
coated nanoparticles, ac-GNA nanosheet shown the highest 
Raman intensity, while cc-GNA shows the lowest intensity. This 
can be explained by the amount of Ag-coated onto GNA since 
extinction coefficient of silver is much higher than that for gold.  
 

Conclusions 
In summary, we have developed a reproducible and well-
controllable surfactant-based strategy to precisely coat Ag onto 
gold nanoarrows in site-specific manners. In particular, we 
obtained three distinct particles corresponding to anisotropic, 
middle and conformal coating. These coating structures were 
confirmed with electron microscopy in conjunction with 
elemental mapping, which are also in excellent agreement with 
the plasmonic spectra as well as simulation results. For cc-GNA, 
a linear relationship was found between resonance peaks 
positions and CTAC concentration. We further fabricated free-
standing monolayer nanosheets using the three types of 
nanoparticles, which could serve as SERS substrates with 
enhancement factors consistent with structures of constituent 
building blocks. It indicates the potential to design low-cost 
customizable SERS substrates for desired chemical analysis.  

Experimental section 
Materials 

Gold(III) chloride trihydrate (HAuCl4,≥99%), 
hexadecyltrimethylammonium bromide (CTAB,≥99%), 
cetyltrimethylammonium chloride (CTAC, 25wt% in water), 
sodium borohydride (NaBH4), L-ascorbic acid (AA), 4-
amoinothiolphenol (4-ATP) , silver nitrate (AgNO3) and indium 
tin oxide coated glass slide (ITO) were obtained from Sigma-
Aldrich. Tetrahydrofuran (THF) and chloroform were purchased 
from Merck. Hydrochloric acid (HCl, 32%) was from Ajax 
FineChem. Thiol-terminated polystyrene (Mn=20, 000 g/mol) 
was obtained from Polymer Source Inc. All chemicals were 
directly used without modification. All glassware was cleaned 
with fresh prepared Aqua Regia and rinsed thoroughly with 
Milli-Q water prior to use. 

 

Synthesis of gold nanoarrows 

The synthesis of gold nanoarrow (GNA) particles were achieved 
by following the previous protocols with modifications24, 25. 
First, gold nanorod was synthesized from a two-step procedure. 
To obtain the brownish seed solution, 0.05 ml 25 mM HAuCl4 

Figure 4. SEM images of self-assembled superlattice nanosheet 
from (a) GNA (b) ac-GNA (c) mc-GNA (d) cc-GNA. Scale bar is 500 
nm.  (e) SERS performance of different nanosheet under 633 nm 
laser. 4-ATP concentration is 10 µM. 
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was added into 5 ml 0.1 M CTAB aqueous solution under 
constant stirring and then quickly added 0.3 ml ice-cold NaBH4 
at room temperature. Then, a growth solution was prepared in 
a 27oC water bath by mixing 0.8 ml 4 mM AgNO3, 20 ml 0.2 M 
CTAB, 20 ml 1 mM HAuCl4 and 320 µl 80 mM AA. Next, 48 µl 
seed solution was added into the growth solution and kept 
undisturbed for 2 hr. The obtained solution is dark grey colour 
and centrifuged at 7000 rpm for 10 min. Gold nanoarod solution 
was obtained by redispersing the precipitate into 1.111 ml Milli-
Q water. In the second step, the obtained gold nanorod solution 
was added into a growth solution containing 668 µl 10 mM 
HAuCl4, 22.224 ml 0.1 M CTAC, 333.2 µl 10 mM AgNO3, 444 µl 
1 M HCl and 333.2 µl 100 mM AA. After proper mixing for 30s, 
the solution was left in a 27oC water bath for 4 hours. After 
controlled growth process, the solution colour was changed 
from dark grey to purple colour which indicates the successful 
synthesis of 40 ml GNA.  

 

Site-specific Ag coating onto gold nanoarrows 

10 ml GNA was firstly centrifuged at 7000 rpm for 10 min and 
re-dispersed into same volume of various concertation CTAC 
aqueous solution. Next, CTAC-capped GNA was transferred into 
a glass vial with a 60oC water bath. Then, Ag coating onto the 
GNA seed was started by adding 1300 µl 10 mM AgNO3 and 650 
µl 100 mM AA in sequence under constant stirring.  After string 
for 4 hours, different kinds of Ag coating onto the gold 
nanoarrows were obtained.  

 

The fabrication of superlattices nanosheet 

Our recently developed air-water interface drying mediated 
self-assembly approach was used to fabricate the superlattice 
nanosheet on Si wafer/ITO glass23. The first step involves 
replacing CTAC ligands with thiolated-polystyrene due to the 
stronger binding strength. 10 ml Ag-coated nanoarrows 
solution was centrifuged at 7000 rpm for 10 min and re-
dispersed with 5 ml THF containing 20 mg PS (Mn=20, 000 
g/mol). After overnight ligand exchange process, the 
nanoparticles were concentrated into approximately 15 µl 
chloroform. At last, about 1 µl concentrated 
particles/chloroform solution was dropped on the surface of a 
water droplet on a Si wafer/ITO glass. Once the water is fully 
dried, monolayer two-dimensional superlattice nanosheet was 
fabricated.  

 

Characterization 

TEM images and SAED pattern were collected using FEI Tecnai 
T20 at 200 kV accelerating voltage with a LaB6 filament. The 
core-shell structure and elemental composition of the Ag-
coated nanoarrows were characterized with FEI Tecnai T20 
S/TEM at 200 kV accelerating voltage. Agilent 8453 UV-vis 
spectrophotometer was utilized to measure the absorption 
spectra of nanoparticles in solution. The morphology and 
assembled structure of superlattice nanosheet were observed 
through FEI Helios Nanolab 600 FIB-SEM operating at 5 kV. 
Extinction spectra of nanosheets were measured by J&M 
MSP210 Microscope spectrometry system with a 20x lens. SERS 
spectra were recorded by Renishaw RM2000 Confocal micro-
Raman System with excitation laser wavelengths of 633nm, 
spot size of 1µm and a laser power of 0.1 mW.   
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Three distinct site-specific Ag coated gold nanoarrows (GNA) are achieved by simply control CTAC 
concentration in growth solution and analyzed with electron microscopy as well as elemental mapping. The CTAC 
concentration-dependent, facet-specific passivation is found to be the cause based on the experimental results. This 
represents a new strategy to design particle morphology as well as composition. 

 

 


