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Abstract 

We report here the surfactant- and reducer-free synthesis of gold nanoparticles from an 

aqueous hydrogen tetrachloroaurate (III) tetrahydrate (HAuCl4·4H2O) solution using a 

high-frequency (950 kHz) ultrasound (in the absence of any stabilizing, capping and reducing 

agents).  In particular, size, shape and stability of gold nanoparticles prepared by the 950 

kHz ultrasound irradiation (sonication) for 8 min in the surfactant-free aqueous solutions 

were examined in terms of AuCl4
-
 concentration (in the range of 0.01-0.1 mM), additional 

salts (NaCl, HCl and NaOH) and temperature (in the range of 4-60 ˚C).  We found that 

higher AuCl4
-
 concentration promoted particle growth (size increase) and plate formation.  

In addition, the plate formation was enhanced with the addition of NaCl or HCl (but not 

NaOH).  This is most likely due to the AuCl4
-
 reduction on a certain crystal facets (e.g., 

(110) facets) caused by the adsorption of Cl
-
 ions on specific crystal facets (e.g., (111) facets).  

Furthermore, we revealed that the temperature elevated above 50 ˚C led to the formation of 

spherical gold nanoparticles with the diameter of 20-60 nm from a 0.1 mM AuCl4
-
 aqueous 

solution while triangular plates formed coexisting with spherical nanoparticles below 50 ˚C. 

 

 

Key words: gold nanoparticle; surfactant- and reducer-free synthesis; high-frequency 

ultrasound; sonochemical reduction; size- and shape-control 
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1. Introduction 

The great interest in metal nanoparticles is acquired due to their unique properties 

such as size- and shape-dependent optical, magnetic, electronic and catalytic properties. 

[1-25]  An important and challenging task for metal nanoparticle synthesis is the 

development of simple and versatile methods for the preparation of nanoparticles in a size or 

shape-selected and –controlled manner.[1-25]  In addition, synthetic strategy of metal 

nanoparticles in view of environmental and economical concerns (e.g., utilization of 

non-toxic chemicals, environmentally benign solvents, and renewable materials) are 

emerging issues that merit important consideration.[9] 

Metal nanoparticle synthesis in solutions commonly requires utilization of 

surface-active agents (surfactants) and/or amphiphilic polymers as stabilizing agents and/or 

capping agents.[1-25]   It is known that surfactants and/or amphiphilic polymers have 

critical roles for controlling the size, shape and stability of the dispersed particles.[1-25]  

Therefore, size-, shape- and stability-control of metal nanoparticles has been investigated in 

terms of molecular characteristics of surfactants and/or amphiphilic polymers, and the 

resulting interfacial properties.[1-25]  However, surfactants and amphiphilic polymers 

would introduce complexities for understanding the mechanism on particle-size and -shape 

determination due to the incorporation of various factors such as adsorption of hydrophobic 

tail, hydrophilic head group and counter ions (in the case of ionic surfactants) on the surface 

of nuclei and/or small particles, and complexation of metal ions with surfactants and/or 

amphiphilic polymers.[12-25]  Then we considered the surfactant- and reducer-free metal 

nanoparticle synthesis from metal ions in aqueous solutions (in the absence of any stabilizing, 

capping and reducing agents) to evaluate the mechanism on size-, shape- and stability-control 

of metal nanoparticles formed in solutions.  Simplified system (surfactant- and reducer-free 

conditions) should manifest the essential mechanism on size-, shape- and stability-control of 

metal nanoparticles synthesized in aqueous solutions.  At the same time, this should provide 
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better insight on roles and utilization of stabilizing agents and/or capping agents (e.g., 

surfactants, amphiphilic polymers) for metal nanoparticle synthesis in solutions.  

Furthermore, the surfactant- and reducer-free metal nanoparticle synthesis matches with 

economical and/or environmental requirements since material use and operations (e.g., 

washing, waste treatment, recycling) are minimized. 

In the present work, we investigated the surfactant- and reducer-free synthesis of 

gold nanoparticles from AuCl4
-
 ion reduction in an aqueous hydrogen tetrachloroaurate (III) 

tetrahydrate (HAuCl4·4H2O) solution using a high-frequency (950 kHz) ultrasound.  In 

particular, we examined the effects of AuCl4
-
 concentration (in the range of 0.01-0.1 mM), 

additional salts (NaCl, HCl and NaOH) and temperature (in the range of 4-60 ˚C) on the size, 

shape and stability of gold nanoparticles ultrasonically prepared in the surfactant-free 

aqueous solutions.  We found that judicious selection of experimental conditions enabled to 

control the size, shape and stability of gold nanoparticles ultrasonically prepared even in the 

surfactant-free conditions.  For example, size of the gold nanoparticles formed increased 

with AuCl4
-
 concentration.  The addition of NaCl or HCl into aqueous AuCl4

-
 solutions 

promoted the plate formation.  Furthermore, spherical gold nanoparticles with diameter in 

the range of 20-60 nm were selectively formed from a 0.1 mM AuCl4
-
 aqueous solution 

above 50 ˚C while triangular plates normally coexisted with spherical nanoparticles below 50 

˚C. 

 

2. Experimental 

2.1. Preparation of gold nanoparticles 

 Gold nanoparticles were prepared through ultrasonic reduction of AuCl4
-
 ions in an 

aqueous hydrogen tetrachloroaurate (III) tetrahydrate (HAuCl4·4H2O, Wako) solution (in the 

concentration range of 0.01-0.1 mM) (following reaction scheme below)[5-7] in an ultrasonic 

bath (that enables to generate 28, 200 and 950 kHz ultrasound) (Mitsui Electric Co. Ltd.) in 
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the temperature range of 4-60 ˚C.  Ultra-pure water that we used in this experiment was 

purged by argon gas to promote the radical (H· and OH·) formation from water.[26-29] 

 



2AuIIICl4
 H   2AuIICl3

 Cl HCl   (1) 



2AuIICl3
  AuIIICl4

 AuICl2
     (2) 



AuICl2
  H Au0  HCl  Cl-    (3) 



nAu0  Au0 
n
      (4) 



2AuI, Aun  AuII, Aun1     (5) 

 2

I-0-

4

III Cl3AuCl2Au2+ClAu ,   (6) 

 

 In order to elucidate the contribution of chloride ions (Cl
-
) to the shape 

determination (crystal growth), gold nanoparticles were prepared from an aqueous hydrogen 

tetrachloroaurate (III) tetrahydrate with the addition of sodium chloride (NaCl, Wako) or 

hydrogen chloride (HCl, Wako) at 25 ˚C.  For comparison purpose, gold nanoparticles were 

prepared from an aqueous hydrogen tetrachloroaurate (III) tetrahydrate with the addition of 

sodium hydrogen oxide (NaOH, Wako) at 25 ˚C. 

 

2.2. Characterization 

The reduction of AuCl4
-
 was monitored by decrease of the AuCl4

-
 concentration 

([Au
III

]) in solutions with an inductively coupled plasma spectrometer (ICPS) (ICPS-7500, 

SHIMADZU).  The formation of gold nanoparticels were confirmed by observing changes 

in the absorption spectra centered at ~530 nm originating from surface plasmon resonance 

(SPR) of the gold nanoparticles[2] using a UV-visible spectrometer (U-3310, Hitachi High 

Technologies Co.).  The size and shape of the obtained gold nanoparticles were observed by 

transmission electron microscopy (TEM) (H-7650, Hitachi High Technologies Co.) at an 
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accelerating voltage of 120 kV under a low electron dose.  The size distributions of the gold 

nanoparticles synthesized were obtained by measuring the diameter of more than 500 

particles viewed in the micrographs.  

 

2.3. Optimization of ultrasound frequency and irradiation time 

Frequency and irradiation time of ultrasound that we used in this experiment for 

AuCl4
-
 reduction and gold nanoparticle formation were optimized before we discuss the 

effects of AuCl4
-
 concentration, salt addition and temperature on the size, shape and stability 

of gold nanoparticles.  We first checked the effects of ultrasound frequencies (28, 200 and 

950 kHz) on the AuCl4
-
 reduction, and the resulting gold nanoparticle formation at 25 ˚C.  

Concentration of AuCl4
-
 ([Au

III
]) in solutions measured with ICPS decreased as a function of 

ultrasound irradiation time (sonication time) (see Figure 1).  This indicates that AuCl4
-
 ions 

were reduced by sonication (following reaction scheme above).  Concentration of AuCl4
-
 

ions in the bulk solution decreased linearly and became zero at ~6 min in the case of the 200 

kHz and 950 kHz sonication (see Figure 1).  On the other hand, the decrease of AuCl4
-
 

concentration was not significant for 28 kHz sonication (see Figure 1).  These indicate that 

higher-frequency ultrasound is more effective on AuCl4
-
 reduction than lower-frequency 

ultrasound.  This is consistent with the amount of radicals generated by sonication.  The 

amount of radicals estimated from the amount of Fe(III) ions ( = 2194 M
-1

 cm
-1

,  = 304 

nm) formed from Fe(II) oxidation by H2O2 and OH·[30-32] increased with the order of 28 << 

200  950 kHz (the result is not reported here).  Consequently, absorption bands centered at 

~530 nm originating from SPR of gold nanoparticles were observed in the case of 200 and 

950 kHz sonication while no noticeable peak for 28 kHz sonication was observed even in the 

sonication for 10 min (see Figure 2).  Thus, we mainly used the 950 kHz ultrasound for 

AuCl4
-
 reduction and gold nanoparticle formation in this work.  Note that particles prepared 

using the 950 kHz ultrasound were assigned as gold from X-ray diffraction pattern (the result 
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is not reported here). 

Having established the frequency (950 kHz) of ultrasound that we used in this work, 

we next optimized sonication time.  We have already realized that reduction of 0.1 mM 

AuCl4
-
 completed at ~6 min with 950 kHz sonication (from ICPS measurements) (see Figure 

1).  In order to determine the sonication time for AuCl4
-
 reduction and gold nanoparticle 

formation in this work, absorption spectra centered at ~530 nm originating from SPR of gold 

nanoparticles were also monitored as a function of sonication time.  The absorbance plotted 

in Figure 3 as a function of sonication time increased up to 7 min, and became plateau (or 

slightly decreased) after that.  These indicate that sonication longer than 7 min is required 

for reduction of 0.1 mM AuCl4
-
 ions and gold nanoparticle formation in the 950 kHz 

ultrasound.  TEM observation revealed that sonication over 7 min (e.g., 8 and 10 min) 

resulted in the formation of individual gold nanoparticles with the diameter of ~30 nm (that 

coexist with triangular and hexagonal plates) through the reduction of 0.1 mM AuCl4
-
 while 

shorter sonication than 7 min (e.g., 1 and 5 min) produced aggregates of tiny particles (see 

Figure 4).  So we adopted sonication time for 8 min (in the case of 950 kHz ultrasound) for 

AuCl4
-
 reduction and gold nanoparticle formation in this work.  

 

3. Results and Discussion 

3.1 Effect of AuCl4
-
 concentration on particle size, shape and stability 

Size and shape of metal nanoparticles are typically determined by competition 

between nucleation (metal ion reduction in bulk) and growth (metal ion reduction on nuclei) 

processes.  Namely, if metal ion reduction in the bulk solution were more dominant than on 

the nuclei and/or small particles, new particle formation (number increase) would be more 

significant than particle growth (size increase).  Alternately, if metal ion reduction occurred 

on the nuclei and/or small particles more dominantly than in the bulk solution, then particle 

growth (size increase) would be more significant.  Then we examined the effects of AuCl4
-
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concentration (in the range of 0.01-0.1 mM) on the size and shape of gold nanoparticles 

prepared using 950 kHz ultrasound to understand the nucleation and growth processes of gold 

nanoparticles formed by 950 kHz sonication.   In the case of a 0.01 mM AuCl4
-
 aqueous 

solution, spherical gold nanoparticles with average diameter of 8 nm were formed after 950 

kHz sonication for 8 min at 25 ˚C (see Figure 5).  Gold nanoparticles synthesized from 0.05, 

0.08 and 0.1 mM AuCl4
-
 aqueous solution were spheres with average diameter of 14, 21 and 

26 nm, respectively, that coexist with triangular and hexagonal plates with the side of 20-100 

nm (see Figure 5).  The size increase of gold nanoparticles formed with higher AuCl4
-
 

concentrations indicates that AuCl4
-
 reduction occurs preferably on the nuclei and/or small 

particles rather than in bulk solutions. 

We here checked stability of the gold nanoparticles thus formed.  Size and shape of 

the gold nanoparticles formed from 0.01 and 0.05 mM AuCl4
-
 aqueous solutions remained 

unchanged over 30 days (see Figure 6).  On the other hand, gold nanoparticles synthesized 

from 0.08 and 0.1 mM AuCl4
-
 aqueous solutions merged into larger ones with elapsed time 

(see Figure 6).  This is most likely due to the remaining of reactable components such as 

AuCl2
-
 on the particle surface.[3] 

 

3.2 Effect of chloride ions on particle shape determination 

We now realized that spherical gold nanoparticles and triangular and/or hexagonal 

plates were typically formed in our system.  In particular, triangular and/or hexagonal plates 

were formed from higher AuCl4
-
 concentration solutions.  This suggests that AuCl4

-
 

reduction occurs on a certain crystal facets.  We considered that the formation of triangular 

and/or hexagonal plates is related to the adsorption of chloride ions (Cl
-
) (produced during 

AuCl4
-
 reduction) onto specific crystal facets because Cl

-
 ions prefer to adsorb on gold 

surface.[33]  So we here examined the gold nanoparticle synthesis with the addition of 

sodium chloride (NaCl).  Indeed, formation of triangular and/or hexagonal plates was 
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promoted with the addition of NaCl, and size of the plate increased with NaCl concentration 

increase (see Figure 7).  This indicates that NaCl enhanced the plate formation.  For 

comparison purpose, we tested the effect of sodium hydrogen oxide (NaOH) on the shape 

(growth) of gold nanoparticles formed.  No remarkable difference on particle-size and 

-shape between absence (pH = 3.6) and presence of NaOH (pH = 5.0 and 7.0) were observed 

by TEM (see Figure 8).  These results suggest that Cl
-
 ions contribute to the determination 

of particle shape, that is, determination of AuCl4
-
 reduction site.  This also suggests the 

adsorption of Cl
-
 ions onto specific crystal facets.  Affinity of Cl

-
 ions to gold surface is 

stronger than that of OH
-
 ions,[33] so Cl

-
 ions should affect strongly crystal growth and the 

resulting particle shape compared to OH
-
 ions.  Contribution of Cl

-
 ions to plate formation 

(crystal growth) was also confirmed with the addition of hydrogen chloride (HCl) (pH = 3.0) 

(see Figure 8).  A similar result on plate formation promoted with the addition of a small 

amount of halide ion (especially, iodide ion) in a growth solution has been reported in the 

presence of cetyltrimethylammonium bromide (CTAB).[34] 

 

3.3 Effect of temperature on particle size and shape 

Finally, let us examine how temperature affects the size and shape of gold 

nanoparticles ultrasonically prepared in the absence of any stabilizing and capping agents.  

Since bulk solution temperature affects radial generation by sonication,[31, 32] temperature 

should enable to control the competition between nucleation (metal ion reduction in bulk 

solution) and growth (metal ion reduction on nuclei) processes, and the resulting size and 

shape of metal nanoparticles.  Then, we prepared gold nanoparticles from the reduction of 

0.1 mM AuCl4
-
 by the 950 kHz sonication at different temperatures in the range of 4-60 ˚C.  

In the case of temperature range of 4-40 ˚C, triangular and hexagonal plates with the side of 

20-200 nm typically formed coexisting with spherical gold nanoparticles with diameter of 

20-60 nm (see Figure 9).  The triangular and hexagonal plates became smaller (the side of 
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20-60 nm) at 50 ˚C.  Further elevation of temperature up to 60 ˚C led to the 

selective-formation of spherical gold nanoparticles with the diameter of 20-60 nm.  The 

dramatic change with elevated temperature from 4 to 60 ˚C was also confirmed by absorption 

spectra.  Two absorption bands centered at ~530 nm and ~750 nm were observed in the case 

of gold nanoparticle dispersions prepared in the temperature range of 4-40 ˚C (see Figure 10).  

This indicates that spherical nanoparticles and anisotropic particles such as plate-like 

particles coexist in the same solution.[11, 22]  On the other hand, an absorption band 

centered at ~530 nm was observed in the case of gold nanoparticle dispersions prepared at 50 

and 60 ˚C (see Figure 10), indicating the formation of spherical nanoparticles.[11, 22]  

These obviously indicate that bulk solution temperature is a critical role on size and shape 

control of gold nanoparticles.   

Typically, smaller particles are formed if nucleation process is more dominant than 

growth process.  Alternatively, larger particles are formed if growth process is more 

significant than nucleation process.  However, this concept cannot explain the results 

obtained in our experiments because higher bulk solution temperature prevents the genration 

of radicals to reduce AuCl4
-
.[31, 32, 35]  Namely, fewer radicals produced at higher bulk 

solution temperature mean lower number of nucleation events.  Indeed, in our experimental 

setup, the amount of radicals estimated from the concentration of Fe(III) ions ( = 2194 M
-1

 

cm
-1

,  = 304 nm) formed from Fe(II) oxidation by H2O2 and OH·[30-32] plotted as a 

function of temperature increased in the range of 4-40 ˚C, and decreased drastically at 50 and 

60 ˚C (the result is not reported here).  These suggest that formation of the spherical gold 

nanoparticles at 50 and 60 ˚C is not attributed to the nucleation caused by radical generation.  

Formation of the spherical gold nanoaprticles at 50 and 60 ˚C is most likely due to the 

deformation and/or dissolution of gold plates induced by the elevated bulk solution 

temperature because the gold plates formed in our experiments are not stable.  

Disappearance of gold plates observed at 30 days after preparation (see Figures 5 and 6) 
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indicates instability of the gold plates initially formed. 

 

4. Conclusions 

 We addressed in this paper the surfactant- and reducer-free synthesis of gold 

nanoparticles through sonochemical reduction of AuCl4
-
 ions in aqueous solutions to 

elucidate the mechanism on size-, shape- and stability-determination of gold nanoparticles in 

solutions.  Frequency and irradiation time of ultrasound that we use were first optimized for 

AuCl4
-
 reduction and gold nanoparticle formation.  And following, size, shape and stability 

of gold nanoparticles synthesized using a high-frequency ultrasound (950 kHz) were 

examined in terms of AuCl4
-
 ion concentration, salt (NaCl, NaOH and HCl) addition and 

temperature in the absence of any stabilizing, capping and reducing agents.  We found that 

size of gold nanoparticles formed increased with AuCl4
-
 concentration increase.  In addition, 

plate formation was promoted with AuCl4
-
 concentration increase.  These indicate that 

AuCl4
-
 reduction occurs preferably on specific crystal facets of the nuclei and/or small 

particles.  In particular, the plate formation and plate-size increase were enhanced in the 

presence of chloride ions (Cl
-
) (with the addition of NaCl or HCl).  These suggest that 

AuCl4
-
 reduction occurs on a certain crystal facets of the nuclei and/or small particles due to 

the adsorption of Cl
-
 ions onto specific crystal facets.  Temperature also affected size and 

shape of gold nanoparticles formed even in the absence of any stabilizing agents and capping 

agents.  Especially, temperature elevated above 50 ˚C led to the selective-formation of 

spherical nanoparticles.  These findings that we reported should provide better insight on 

control mechanism of size and shape of metal nanoparticles, in addition to the roles of 

stabilizing agents and capping agents on size and shape determination.  Note here again that 

the surfactant- and reducer-free metal nanoparticle synthesis matches with economical and/or 

environmental requirements due to the minimization of material use and operations.  We 

believe that these findings and concepts on surfactant- and reducer-free metal nanoparticle 
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synthesis will lead to further development on nanotechnology field. 
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Figure captions 

 

Figure 1.  Concentration of AuCl4
-
 ([Au

III
]) monitored with ICPS as a function of sonication 

time, using different frequency ultrasounds; 28 (), 200 () and 950 kHz () at 25 ˚C.  

Concentration of AuCl4
-
 at reaction initiation is 0.1 mM. 

 

Figure 2. Absorption spectra originating from SPR of gold nanoparticles recorded after 

sonication of an aqueous 0.1 mM AuCl4
-
 solution for 10 min using different frequency 

ultrasounds, 28 (solid line), 200 (dashed line) and 950 kHz (solid line) at 25 ˚C. 

 

Figure 3. (Upper panel) Absorption spectra originating from SPR of gold nanoparticles 

formed from an aqueous 0.1 mM AuCl4
-
 solution using 950 kHz ultrasound at various 

sonication times; (line a) 1, (line b) 2, (line c) 4, (line d) 6 and (line e) 7 min at 25 ˚C.  

(Bottom panel) Absorbances (Abs.Max) of SPR centered at ~530 nm plotted as a function of 

sonication time. 

 

Figure 4. TEM images of gold nanoparticles formed from reduction of 0.1 mM AuCl4
-
 with 

950 kHz ultrasounds at various sonication times; 1, 5, 8 and 10 min at 25 ˚C. 

 

Figure 5. TEM images and size distributions of gold nanoparticles observed immediately 

after preparation of gold nanoparticles from aqueous 0.01, 0.05, 0.08 and 0.1 mM AuCl4
-
 

solutions by 950 kHz sonication for 8 min at 25 ˚C. 

 

Figure 6. TEM images of gold nanoparticles observed at 30 days after preparation of gold 

nanoparticles from aqueous 0.01, 0.05, 0.08 and 0.1 mM AuCl4
-
 solutions by 950 kHz 

sonication for 8 min at 25 ˚C. 
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Figure 7. TEM images of gold nanoparticles formed from aqueous 0.1 mM AuCl4
-
 solutions 

by 950 kHz sonication for 8 min with the addition of NaCl (0, 0.01, 0.1, 1 and 10 mM) at 25 

˚C. 

 

Figure 8. TEM images of gold nanoparticles formed from aqueous 0.1 mM AuCl4
-
 solutions 

by 950 kHz sonication for 8 min with the addition of HCl (pH = 3), and NaOH (pH = 5 and 

7) at 25 ˚C.  The aqueous 0.1 mM AuCl4
-
 solution that we used is pH = 3.6. 

 

Figure 9. TEM images of gold nanoparticles formed from aqueous 0.1 mM AuCl4
-
 solutions 

by 950 kHz sonication for 8 min at 4, 10, 20, 30, 40, 50 and 60 ˚C. 

 

Figure 10. (Upper panel) Absorption spectra originating from SPR of gold nanoparticles 

formed from aqueous 0.1 mM AuCl4
-
 solutions by 950 kHz sonication for 8 min at (line a) 4, 

(line b) 10, (line c) 20, (line d) 30, (line e) 40, (line f) 50 and (line g) 60 ˚C.  (Bottom panel) 

Absorbances (Abs.Max) of SPR centered at ~530 nm () and at 700-800 nm () plotted as a 

function of temperature. 
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Figure 1.  Sakai et al. 
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Figure 2.  Sakai et al. 
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Figure 3.  Sakai et al. 
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Figure 4.  Sakai et al. 
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Figure 5.  Sakai et al. 
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Figure 6.  Sakai et al. 
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 Figure 7.  Sakai et al.
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Figure 8.  Sakai et al. 
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Figure 9.  Sakai et al. 
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Figure 10.  Sakai et al. 
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