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The monodispersed PDDA-stabilized Au nanospheres can be coated with a thin silica 

shell assisted by UV light irradiation.   
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A modified polyol process is a convenient route to prepare monodispersed, 

uniform spherical Au nanospheres stabilized by Poly Diallyl Dimethyl Ammonium 

Chloride (PDDA). However, Au nanospheres with PDDA coatings possess a high zeta 

potential and such PDDA coatings can not be removed easily, leading to a difficulty to 

coat silica layer on surfaces of Au nanospheres, further resulting in the limitation of 

the applications of these monodispersed Au nanoparticles (NPs). Herein, we develop a 

novel route to coat silica layer on PDDA stabilized Au nanospheres assisted by UV 

light irradiation without use of a silane coupling agent as the surface primer. 

PDDA-stabilized Au nanospheres showed high a positive Zeta potential (36.7 mV), 

which is disadvantageous to coat a layer of thin silica shell. In our strategy, UV light 

irradiation with high power was applied to PDDA stabilized Au nanoparticles and part 

of PDDA on Au nanoparticles was degradated, producing lower positive Zeta 

potential (14.7 mV), which guaranteed that silica shell could be easily formed on the 

surface of Au sphere under such a low Zeta potential. The thickness of silica shell 

could be successfully tuned from 2 nm to 8 nm by adjusting the concentration of 

TEOS. As far as we know, this is first report to coat the silica layer on PDDA 

stabilized Au nanospheres. Such monodispersed Au spherical nanoparticles with 

controlled silica coatings could be extended to important applications in SERS 

applications, electrochemistry after self-assembled into monolayer particle arrays. 

Keywords: PDDA-stabilized; Au nanospheres, silica shell, UV light irradiation. 
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1. Introduction 

      In recent years, investigations of metal nanomaterials have made great 

achievements in different fields, i.e. chemistry, physics and biology. Au nanoparticles 

(NPs) with controlled morphology and size are well studied because of their unique 

properties, 
1-3

 i.e. surface plasmon resonance (SPR),
 4-8

 fluorescence
9-11

 and 

electrochemistry.
 12-14

 Au NPs can be applied in many fields, such as nonlinear optical 

switching,
 15

 immunoassay labeling,
 16, 17

 and Surface Raman spectroscopy 

enhancement (SERS).
 18-23

  

In recent studies, colloidal Au particles can be further tailored by coating their 

surfaces with uniform, thin shells made of dielectric materials, such as silica. 

Monodispersed Au NPs with thin silica shells could be used as the SERS-active 

nanostructures, the presence of silica shell keeps the Au NPs from agglomerating, it 

also protects the SERS-active nanostructures to avoid directly contacting with 

detected organic molecules, hence preventing catalytic reaction between Au NPs and 

organic molecules under laser irradiation in SERS measurement process.
24 

Additionally, these Au nanoparticles coated with thick silica shells could be easily 

self-assembled into long-range ordered lattices (or photonic crystals) over large areas, 

The periodic arrays with Au nanospheres exhibited different optical properties 

compared with those crystallized from pure silica colloids with an optical band gap in 

the visible region.
25

 Moreover, various functional groups are easily incorporated onto 
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the surface of silica-coated nanoparticles for different applications via the 

co-condensation of TEOS and functionalized silanes.
 26

 

At present, chemical reduction methods have been developed to prepare the Au 

NPs, such as sodium citrate reduction,
27-29

 For instance, seeding growth of colloidal 

Au
 
is the main process to prepare gold nanoparticles which can be coated silica shell.

 

30, 31
 Sodium citrate was used as a reducing agent to reduce HAuCl4 into nanoparticles 

and it was also used as stabilize agent to disperse the Au NPs in solution. Brust et al. 

used a strong reducing agent of NaBH4 to prepare Au NPs in the solvent composed of 

HAuCl4 and alkylmercaptans. To prepare Au@SiO2 core-shell nanostructures,，three 

methods have been developed, i.e. sodium silicate hydrolysis,
 24

 sol-gel,
 25

 reverse 

microemulsion.
32

 Sodium silicate hydrolysis is used to coat citrate-stabilized Au NPs 

with silica shells, and the silane coupling agent of APTES should be firstly modified 

to the Au NPs surface evenly. The sol-gel process was reported previously that the 

silica shell was directly formed with TEOS hydrolysis during the alkaline. This 

method is suitable for coating more than 10 nm shell thickness on Au NPs. Jackie et 

al.
32 developed a reverse microemulsion method to coat small Au NPs (<20 nm) with 

silica. By above methods, the all gold cores which they synthesized were uneven or 

non-spherical. 

A modified polyol process is a convenient route to prepare monodispersed, 

uniform Au NPs with different shapes, i.e. Au nanooctahedra.
 33

 Monodispersed 

spherical nanoparticles can be also easily obtained by further chemical etching.
 34

 In 
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this method, PDDA (Poly Diallyl Dimethyl Ammonium Chloride) is used as 

surfactants to synthesize gold nanooctahedron in ethylene glycol, then HAuCl4 

solution is added into the Au octahedra colloid as chemical etching agent, the shaper 

corner of Au nanooctahedra is removed and the shape of Au nanocrystal is changed 

from octahedra to sphere. Those PDDA-stabilized Au NPs with spherical shapes are 

perfect monodispersed and could be kept for a long time. Compared with the 

traditional micro-emulsion method, PDDA replaces the generally used surfactants 

such as cetyltrimethylammonium bromide (CTAB) 
35

 or cetyltrimethylammonium 

chloride (CTAC) 
36, 37

 as stabilizing agent.  

However, the PDDA coated Au nanospheres dispersed in water possess a high 

zeta potential and such PDDA on nanospheres is difficult to be removed, resulting in a 

difficulty to further coat silica layer on their surface. This fact further causes the 

limitation of the applications of these monodispersed Au NPs. Therefore, until now, 

there has no report that PDDA-stabilized Au NPs can be coated with thin silica shell 

less than 10 nm. However, if the PDDA on the surface of Au NPs is removed 

completely, the Au NPs will agglomerate quickly. If those colloids can be further 

tailored by coating their surfaces with uniform, thin shells made of dielectric materials 

such as silica, those core-shell nanostructures could be extended to use them into 

many fields.  

In this paper, we develop a novel method to remove partial PDDA on Au NPs by 

ultraviolet (UV) light irradiation to lower their zeta potential in solution, and then a 
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thin silica shell was successfully coated on surface of Au NPs to form the core-shell 

structure by sol-gel route. We used UV light to irradiate the Au NPs in order to break 

down a part of the PDDA, then silica coatings on Au nanospheres by using 

base-catalyzed hydrolysis of tetraethyl orthosilicate (TEOS) to generate silica sols, 

followed by nucleation and condensation of these sols onto the surfaces of Au NPs 

without any silane coupling agent. By this strategy, the silica coating on Au 

nanospheres could be tuned from 2 nm to 8 nm by controlling concentration of TEOS. 

Such controlled silica thickness on monodispersed Au spherical nanoparticles has 

important applications in SERS enhancement after self-assembled into monolayer 

particle arrays and removed the silica layers by reactive ion etching. 

2. Experimental section 

2.1 Materials 

Poly diallyl dimethyl Ammonium Chloride (PDDA, Mw-400000~500000), 

hydrogen tetrachloroaurate (HAuCl4), ethylene glycol, 2-propanol, tetraethyl 

orthosilicate (TEOS) and ammonia (28%) were all purchased from Sinopharm. All 

solutions were prepared using deionized water from a MilliQ system.  

2.2 Method 

2.2.1 The synthesis of PDDA-stabilized monodispersed Au spherical 

nanoparticles. PDDA-stabilized Au NPs (120 nm in diameter) were synthesized 

following a reported method.
 33, 34, 38

 In a typical synthesis, a 0.4 mL portion of PDDA  

was introduced into 49 mL of ethylene glycol solution in a glass vial. The mixture 
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was vigorously stirred with a magnetic blender for 1~2 min at room temperature and 

ambient conditions. A 0.025 mL of 0.5 M HAuCl4 (0.0125 mmol) aqueous solution 

was introduced into above solution under stirring. The bottle containing the 

as-prepared gold precursor solution was sealed and subsequently heated at 195 
o
C in 

an oil-bath for 30 min, which is close to the boiling point of ethylene glycol, 198
 o
C. 

Then HAuCl4 (0.0125 mmol) solution was added into the above mixture solution for 2 

min for further chemical etching, and a red color of solution appeared.  

2.2.2 Preparing silica coating on Au spherical nanoparticles. The as prepared 

Au spherical NPs were washed by centrifugation at 15000 rpm with deionized water 

twice to remove the excess PDDA. The purified PDDA-stabilized Au NPs were 

redispersed in 5 ml deionized water to make a solution. Then ultraviolet (UV) lamp 

with main wavelength 184 and 256 nm (power, 10W) directly irradiated the above 

solution for 30 min. And then a mixture of 8.7 mL of 2-propanol (AR) mixed and 50 

µL of ammonia (28%) was added into the prepared gold colloidal solution to keep the 

pH about 10.  After 1 min, 2.4 µL of tetraethyl orthosilicate (TEOS) dissolved in 1.2 

mL of 2-propanol was slowly added into solution drop by drop, and the mixture 

solution was vigorously stirred for 2 h at room temperature to ensure complete 

polymerization of silica. The product was separated by centrifugation at 3000 rpm for 

5 min and then dispersed in deionized water. Further growth of the silica shells would 

require adding more silica sources into the reaction system.   

2.3 Characterization 
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The morphologies of Au NPs and Au@SiO2 NPs were characterized by scanning 

electron microscopy (SEM) (Sirion 200 FEG) and transmission electron microscopy 

(TEM) (JEM-2010 transmission electron microscope). The crystallinity of 

PDDA-stabilized Au NPs was characterized by powder X-ray diffraction (XRD, 

Philips X’pert Pro). The absorbance spectra were examined by the ultraviolet 

(UV)-vis spectrophotometry (Cary 500, Varn). The Zeta potentials of pure Au NPs 

and UV light irradiated Au NPs in solution were characterized by Zeta potential 

instrument (Zetasizer 3000hs, Malven). Infrared and Raman Spectrum of the 

PDDA-stabilized Au NPs without ultraviolet light treatment and after treated by UV 

light irradiation was examined by Fourier transform infrared – Raman spectroscopy 

(Nexus, Nicolet), XPS (X-ray photoelectron spectroscopy) spectra were characterized 

by a instrument of ESCAIABMK2 used Al K Alpha to stimulate the sample. 

 

3. Results and Discussion 

3.1 PDDA-stabilized Au spherical nanoparticles. 

We used a modified polyol process to prepare the monodispersed, uniform Au 

nanooctahedra. Monodispersed spherical nanoparticles were obtained by further 

chemical etching, as shown in Figure 1a and 1b. The results indicate that all of the 

products are spherical nanoparticles with narrow size distribution (average size： 

116.5±11.3 nm Figure 1c). XRD pattern indicates that they are Au nanocrystals 

(Figure 1d). Moreover, this synthetic procedure is convenient and it has advantages of 
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no seeds, no foreign metal ions, and no pretreatment of the precursor. 
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Figure 1. (a) Field emission scanning electron microscope (FESEM) image of the 

original PDDA-stabilized Au NPs by a modified polyol process. (b) Corresponding 

Transmission electron microscope (TEM) image. (c) Particle size distribution of Au 

nanospheres. (d) XRD of Au nanocrystals.  

 

3.2 Structural Characterization of Au@SiO2 core-shell nanoparticles 

The PDDA stabilized Au spherical nanoparticles was irradiated by UV light for 30 

min. Using the tetraethyl orthosilicate (TEOS) as precursor, the polymerization 

reaction of silica was applied on such UV light irradiated sample. The corresponding 

(a) (b) 

(c) 
Average diameter: 116.5±11.3nm  

1000nm 200nm 

(d) 

Page 9 of 25 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



10 

 

TEM image was shown in Figure 2a. It indicates that core-shell nanoparticles with the 

uniform shell thickness of about 4 nm were obtained. The TEM image of core-shell 

nanoparticles with a large scale was shown in Figure S1 (Supporting information). 

Energy dispersive spectrum (EDS) analysis for such core-shell nanoparticle confirms 

that the core-shell particles consisted of Au, Si, O (see Figure 2b, the copper element 

come from TEM copper grid). The EDS reflects that a silica coating was formed on 

Au nanospheres. Our results indicate that the PDDA-stabilized Au NPs were treated 

by UV light, thin silica shells could be created on Au spherical nanoparticles. 

 

 

Figure 2. (a) TEM image of core-shell nanoparticles obtained by UV light irradiated 

(b) 

20nm 

(a) 
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PDDA stabilized Au NPs and subsequent the polymerization reaction of silica under 

the PH=10, 0.2 vol% in 1.2 mL 2-propanol. (b) The corresponding Energy dispersive 

spectrum of as-prepared sample (a). 

In such Au@SiO2 core-shell structures, the shell thickness would affect physical 

and chemical properties of nanoparticles. For example, silica layer could improve the 

physical, mechanical and chemical stability of Au NPs, with the continuous increase 

of silica shell thickness, its stable performance was getting better and better. The shell 

thickness of the Au@SiO2 core-shell particles can be tuned by using different TEOS 

concentrations (see Figure 3 and Figure S2). The TEOS concentrations of the stock 

solutions used in the reaction were 0.1, 0.2, 0.3, and 0.4 vol% in 1.2 mL 2-propanol 

with pH value of 10 for 2, 4, 5, and 8 nm silica shell thicknesses, respectively.  

  

Figure 3. TEM images of Au@SiO2 core-shell particles with different shell 

(a) 

(d) (c) 

(c) 

20nm 
20nm 

20nm 
20nm 
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thicknesses under the PH=10, (a) 2 nm with 0.1 vol% in 1.2 mL 2-propanol, (b) 4 nm 

with 0.2 vol% in 1.2 mL 2-propanol, (c) 5 nm with 0.3 vol% in 1.2 mL 2-propanol, (d) 

8 nm with 0.4 vol% in 1.2 mL 2-propanol.  

The optical properties of Au@SiO2 core-shell nanoparticles were characterized 

using UV-visible spectroscopy, as shown in Figure 4. Both original PDDA stabilized 

Au spherical nanoparticles and UV light irradiated Au nanospheres with silica shell 

showed surface plasmon resonance (SPR) absorption peaks centered at about 570 nm. 

Due to the light-admitting character of silica, the optical properties of Au cores did 

not change so much after coating silica shell and Au@SiO2 nanoparticles still had a 

strong absorption. Although silica-coated samples with a thin shell did not show 

noticeable peak shift, a slight red-shift of the SPR peak was observed with increasing 

silica thickness, because the refractive index of silica is slightly higher than that of 

water.  
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Figure 4. UV–vis absorption spectra of (a) The original PDDA stabilized Au NPs, 

570
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(b) UV light irradiated Au NPs with silica shell, (c-f) Au@SiO2 core-shell particles 

with different shell thickness. shell thickness: (c) 2 nm, (d) 4 nm, (e) 5 nm, (f) 8 nm. 

The pH of the mature solution also had an important influence on the growth and 

integrity of silica shells. During the reaction, ammonia was used as catalyst and it 

affected the reaction rate. If the pH of solution was greater than 11, the hydrolysis rate 

of TEOS was so fast that separated silica particles and uneven silica shell would be 

formed in Figure 5. The reaction under pH value of 10 in solution proceeded 

relatively mild to guarantee a uniform thin silica shell on the surface of Au NP to be 

formed. Therefore, 50 µL (ammonia 28%) was injected into solution to make the pH 

value approximately 10. By controlling the above factor, the growth of the uniform 

silica shell can be controlled.  

 

Figure 5. TEM images of Au NPs with ultraviolet light treatment (controlling the rates 

of TEOS solution drop by drop) reacting at the pH of 11, 0.2 vol% of TEOS in 1.2 mL 

2-propanol 

3.3 Formation mechanism of silica shell on UV light irradiated PDDA stabilized 

Au spherical NPs   
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In most reported processes, citrate-stabilized gold nanoparticles
35-37

 or 

CTAB-stabilized gold nanoparticles
27

 were used as the starting material for silica 

coating. However, such gold particles dispersed in solution were unstable and tended 

to aggregate quickly. The PDDA-stabilized Au NPs can overcome this problem and 

easily to preserve, because the molecular chain of PDDA with high positive charge 

density is not sensitive to the pH value. We detected the Zeta potential of pure 

PDDA-stabilized Au NPs (see Figure S3) and observed the Zeta potential more than 

36.7 mV under the pH of 7.  

     Generally, negative colloidal particle will be formed in hydrolytic process of 

TEOS using ammonia as catalyst. The PDDA stabilized Au nanoparticles possess rich 

positive charges and their solution has a high positive zeta potential of 36.7 mV. Such 

positive zeta potential will lead to a rapid interaction between negative silica colloids 

and positive Au nanoparticles with PDDA on their surface due to strong attraction 

between each other, hence it makes it difficult to well control the deposit process of 

negative silica colloids with uniform thickness on PDDA stabilized Au nanoparticles, 

especially for thin thickness less than 10 nm. We found that, for the Au NPs without 

ultraviolet light treatment, the silica shell was not uniform, and the nanoparticles were 

agglomerated in Figure 6. 
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Figure 6. TEM image of Au NPs without ultraviolet light treatment under 

experimental conditions: pH =10, 0.2 vol% of TEOS in 1.2 mL 2-propanol.  

However, after UV light irradiation for 30 min, we observed the Zeta potential of 

Au NPs became significantly lower (See Figure S3) and it was changed from previous 

36.7 mV to 14.7 mV. Because PDDA with dual olefinic bond can intensely absorb the 

light of the wavelength of 256 and 182 nm, and the covalent bond become very 

unstable. The Infrared spectrum of the PDDA-stabilized Au NPs and without 

ultraviolet light treatment and after treated by UV light irradiation for 30 min was 

shown in Figure S4. The TTIR spectrum of PDDA shows some characteristic peaks at 

near 2940 cm
-1

 (C-H stretching vibration from the methyl), the weak peaks from 1410 

to 1450 cm
-1

 (C-H bending vibration of methyl and methylene), the peaks of 1088 and 

1041 cm
-1

 (the stretching vibration of C-N), and 883 cm
-1

( the bending vibration of 

=C-H). The absorption peak at 1635 cm
-1

 in two lines is stretching vibration of C=C, 

which comes from the unsaturated impurity existing in PDDA chain. The absorption 

peak at 3440 cm
-1

 corresponds to the hydroxyl (-OH), because of the water absorbed 

on the sample. However, some peaks (1088cm
-1

, 883cm
-1

) of the sample which was 
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treated by UV light irradiation for 30 min were disappeared, thus it suggests that parts 

of PDDA on Au nanoparticle surface might have been degradated.  

Raman spectra were further used to confirm such the degradation of PDDA 

under UV light irradiation. In Figure 7a, the Raman spectrum of PDDA before UV 

light irradiation reflected some main characteristic peaks at 790, 846, 995, 1334, 1445 

cm
-1

, which originates from PDDA . After UV light irradiation, the Raman intensity of 

was much lower than before. XPS spectra of the elements (C and N) in 

PDDA-stabilized Au NPs before (black line) and after (red line) UV light irradiation 

were shown in Figure 7b and 7c, one can find the intensity of C1s peak became 

weaker after ultraviolet light treatment (Figure 7b) and N1s peak completely 

disappeared. The results of Raman spectra and XPS also suggested part of PDDA on 

the surfaces of Au nanoparticle was degradated under UV light irradiation. Such 

degradation of PDDA resulted in a lower the zeta potential. This low zeta potential 

still has ability to well disperse the Au nanospheres in solution and it is propitious to 

control deposition process of colloidal silica on the surface of Au nanoparticles. 

Therefore, the uniform silica coating could be formed from 2 nm to 8 nm on Au 

nanoparticle surfaces by controlling the TEOS concentration in our experiments.  
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Figure 7．(a) Raman Spectra of the PDDA-stabilized Au NPs in PDDA-stabilized 
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Au NPs before (black line) and after (red line) UV light irradiation treatment for 30 

min at the same sample. (b), (c) The XPS Spectra of C1s and N1s of PDDA-stabilized 

Au NPs, respectively. 

Formation mechanism of silica shell on UV light irradiated PDDA stabilized 

Au spherical NPs was schematically illustrated in Figure 8. The gold octahedral 

nanoparticles were first prepared by a modified polyol process in a facile sequential 

process commencing with the treatment of HAuCl4 in ethylene glycol with the PDDA 

surfactant (Figure 8a). When HAuCl4 solution was added into the Au octahedra 

colloids, the shape of Au nanocrystal evolved from octahedron to sphere due to 

chemical etching effect (Figure 8a-b). In order to reduce the Zeta potential of 

PDDA-stabilized Au NPs, UV light was applied to degrade the partial PDDA (Figure 

8b-c). Finally, a resulted silica shell with various thickness of 2-8 nm was formed by 

different concentration of tetraethyl orthosilicate (TEOS) in alkaline conditions 

(Figure 8c-d). 

 

Figure 8. Schematic illustration of formation of silica coating on PDDA stabilized 

Au nanospheres by UV light irradiation. (a) PDDA-stabilized gold octahedral 

nanoparticles, (b) PDDA-stabilized gold spherical nanoparticles, (c) Au NPs treated 
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by ultraviolet light, (d) Au@SiO2 nanoparticles. 

 

4. Conclusion 

We develop a novel route to prepare silica coating on PDDA stabilized Au 

nanospheres assisted by UV light irradiation without use of a silane coupling agent as 

the surface primer. By this strategy, we overcome the challenge to make silica coating 

on PDDA stabilized Au nanoparticle and successfully achieve the monodispersed 

Au@SiO2 nanospheres with controlled silica thickness from 2 to 8 nm. 

PDDA-stabilized Au nanospheres with high positive Zeta potential (36.7 mV) made it 

difficult to coat a layer of thin silica shell on them. In our route, UV light irradiation 

was used to treat PDDA stabilized Au nanoparticles and part of PDDA on Au 

nanoparticles could be degradated, hence their positive Zeta potential is lowered to 

14.7 mV,  silica shell could be easily prepared on the surface of Au spheres under 

such low Zeta potential. This is the first report to coat the silica layer on PDDA 

stabilized Au nanospheres. These monodispersed Au spherical nanoparticle controlled 

silica thickness have important applications in SERS applications, electrochemistry, 

biosensors etc. 
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Figure S1. TEM image of core-shell nanoparticles obtained by UV light irradiated 

PDDA stabilized Au NPs and subsequent the polymerization reaction of silica under 

the PH=10, 0.2 vol% in 1.2 mL 2-propanol. 
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Figure S2. TEM images of Au@SiO2 core-shell particles with different shell 

thicknesses under the PH=10, (a) 2 nm with 0.1 vol% in 1.2 mL 2-propanol, (b) 4 nm 

with 0.2 vol% in 1.2 mL 2-propanol, (c) 5 nm with 0.3 vol% in 1.2 mL 2-propanol, (d) 

8 nm with 0.4 vol% in 1.2 mL 2-propanol.  
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Figure S3. Black line is Zeta potential of pure PDDA-stabilized Au NPs, the red line 

is Zeta potential of Au NPs which were treated by ultraviolet light. 
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Figure S4. IR Spectrum of the PDDA-stabilized Au NPs, black line is 

PDDA-stabilized Au NPs without ultraviolet light treatment and red line is 

After UV light 

irradiation: 14.7mV  

Before UV light 

irradiation: 36.7mV  

After UV light irradiation  

 

Before UV light irradiation  
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PDDA-stabilized Au NPs after treated by UV light irradiation  
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