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Abstract 

Gold nanoparticles with different morphologies, such as spindle, octahedron, and decahedron were obtained by using different molar ratios of 
HAuCl4/HEPES in the presence and absence of surfactants at room temperature. These nanoparticles were characterized by X-ray diffraction 
(XRD), transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM), scanning electron microcopy 
(SEM), energy-dispersive X-rays analysis (EDX), and selected area electron diffraction (SAED). The kinetics of the formation of gold 
nanoparticles in HEPES buffer was studied by UV-visible spectrophotometer. The formation of gold nanoparticles was strongly dependent 
on the concentration of HEPES and pH value. The surfactants play a crucial role in the size and shape controlled synthesis of gold nanoparti-
cles. 
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1. Introduction 

Metal nanoparticles display fascinating electronic, optical, 
and biological properties as a consequence of their dimen-
sions [1-5]. Synthesis of metal nanostructure has been an ac-
tive research area for many decades. Much effort has been 
devoted to application studies of these nanoparticles, espe-
cially in biological systems [6-11]. Applications of gold 
nanoparticles include biological markers, DNA sensors [12], 
molecular recognition systems [13], and nanoscale electron-
ics14]. The interaction of colloidal gold nanoparticles with 
DNA, protein (enzymes), and virus, as well as the study on 
the application of gold nanoparticles, gold nanoparti-
cles-bound oligonucleotides, and gold nanoparticles-peptide 
complexes as targeting spectroscopic enhancer or linker 
have received much attention [15-21]. Due to these potential 
applications, it is crucial to prepare gold nanoparticles with 
high monodispersity, purity, and amenable to biomolecule 
attachment. 

In literature, there are numerous physical and chemical 
methods of generating gold nanoparticles [22-25]. Among 
the reported methods, the reduction of HAuCl4 by using re-
ducing agents such as sodium citrate, sodium borohydride, 

hydrazine, and dimethyl formamide is the common used 
method for preparation of gold nanoparticles. As the poten-
tial environmental and biological risks of these chemicals, 
an environment friendly “green chemistry” has been pro-
posed for the preparation of metal nanoparticles. Recently, 
the “green” synthesis of gold and silver nanoparticles at 
room temperature using aqueous solutions of the ionic 
polymers was presented. Different types of fungi and bacte-
ria have been found to work up with metal salts into ele-
mental metal [26-28]. The production of gold nanoparticles 
and nanoflowers by HAuCl4 or NaAuCl4 in the presence of 
Good’s buffers [29-31] was also reported. Silver nanoparti-
cles also have been synthesized in HEPES buffer [2]. As the 
application performance of metal nanoparticles depends 
mainly on their size, shape, and structure, herein, the rapid 
formation of gold nanoparticles with different morphologies 
in HEPES buffer was reported. 

2. Experimental 
2.1. Synthesis of gold nanoparticles 

Hydrogen tetrachloroaurate(III) trihydrate (HAuCl4·4H2O) 
was purchased from Aldrich, poly(ethylene glycol) (PEG, 
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with average Mw of 4600), poly(vinylpyrrolidone) (PVP, 
with average Mw of 10000), sodium borohydride, and 4-(2- 
hydroxyethyl)-1-piperazineethane-sulfonic acid (HEPES) 
were purchased from Sigma-Aldrich Chemical Company. 
Sodium citrate and (N-hexadecyl) trimethylammonium bro-
mide (CTAB) were purchased from Lancaster.  

HAuCl4 solution (10 mmol/L, 1 mL) was mixed with 
HEPES buffer (50 mmol/L, 9 mL, pH 7.4) with vigorous 
stirring. After several minutes, the colorless solution 
changed to a red color, indicating formation of gold 
nanoparticles (sample 1). Gold nanoparticles also have been 
synthesized by the different molar ratios of HAuCl4/HEPES 
(1:10, 1:20, 1:30, and 1:40). Under identical condition, gold 
nanoparticles were also prepared in the presence of 0.1 
mol/L CTAB (sample 2), 1 mmol/L PVP (sample 3), and 1 
mmol/L PEG (sample 4), respectively.  

100 mmol/L HEPES buffer (pH 7.4) of 2.8 mL was put 
into quartz colorimetric utensil, and recorded the UV-vis 
spectra on the Perkin Elmer Lambda 35 spectrophotometer 
each 15 s, starting from the addition of 0.2 mL HAuCl4 (10 
mmol/L) to HEPES buffer, until no obvious spectral 
changes. The UV-vis spectra were recorded under the same 
conditions when the concentration of HEPES buffer is 50 
mmol/L and 10 mmol/L, respectively.  

2.2. Characterization 

The XRD spectra were recorded with Philips PW1830 
powder X-ray diffractometer. UV-visible absorption spectra 
were recorded using Varian cary-50 and Perkin Elmer 
Lambda 35 spectrophotometer, and TEM images were taken 
with JEOL JEM-2000 transmission electron microscopy 
(accelerating voltage of 200 kV) and Philips Tecnai 20 
equipped with Oxford INCAx-sight EDX attachment (ac-
celerating voltage of 200 kV). Measurements of pH values 
were made with a Corning 440 pH meter equipped with a 
micro-combination electrode (Aldrich), calibrated with 
standard buffer solutions. Size distribution of nanoparticles 
was measured by Zetasizer 3000 HS (Malven Instruments, 
UK). 

3. Results 
3.1. XRD analysis 

The powder X-ray diffraction (XRD) patterns taken from 
a larger quantity of samples revealed that the gold nanopar-
ticles generated in HEPES buffer existed predominantly in 
face-center-cubic (fcc) phase. As depicted in Fig. 1, the 
presence of intense peaks corresponding to 2θ values of 
(111), (200), (220), and (311) in the powder X-ray diffrac-
tion pattern agrees with those values reported in literature 
(JCPDS No.04-0784). Gold nanoparticles were also ob-

tained in the mixture of different molar ratio of gold salt and 
HEPES buffer (from (a) to (d): 1:10, 1:20, 1:30, and 1:40, in-
set of Fig. 1). It confirmed that the gold nanoparticles could 
be obtained under different molar ratios of HAuCl4/HEPES. 

 
Fig. 1.  Powder XRD spectra of gold nanoparticles obtained 
from HEPES buffer (sample 1) (the HAuCl4/HEPES molar ra-
tio is 1:45). Patterns (a), (b), (c), and (d) in the insert corre-
spond to HAuCl4/HEPES molar ratios: 1:10, 1:20, 1:30, and 
1:40, respectively. 

3.2. UV-visible analysis 

By UV-visible spectrophotometry, it was found that the 
gold nanoparticles (sample 1) were formed within 5 min, 
and no spectral changes were observed after 1 h, indicating 
that formation of the gold nanoparticles was completed 
within 1 h when the concentrations of HAuCl4 and HEPES 
were 1 mmol/L and 50 mmol/L, respectively (Fig. 2(a)). 
However, the maximum absorption peaks of gold nanoparti-
cles varied slightly with different molar ratios of 
HAuCl4/HEPES, indicative of only a size variation of gold 
nanoparticles (Fig. 2(b)). As shown in Figs. 2(c-e), the speed 
of formation of gold nanoparticles decreased with the in-
creasing of the molar ratio of HAuCl4/HEPES in the pres-
ence of 0.67 mmol/L HAuCl4. (Figs. 2(c-e) correspond to 
HAuCl4/HEPES ratios of 1:140, 1:70, and 1:14, respec-
tively).  

3.3. TEM, HRTEM, SEM and SAED analysis 

The transmission electron microscopy (TEM) images of 
the gold nanoparticles prepared from HEPES buffer (pH 7.4) 
in the absence of any surfactant (sample 1) are shown in Fig. 
3. The gold nanoparticles are uniformly distributed with par-
ticle size ranging from 5 to 30 nm and an average diameter 
18±0.6 nm. A histogram shows the size distribution of the 
gold nanoparticles (sample 1) (inset of Fig. 3(a)). Interest-
ingly, different morphologies of the gold nanoparticles were 
found in the sample. Most nanoparticles are spherical and 
some of them are spindle, as shown in the enlarged TEM   
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Fig. 2.  (a) UV-vis absorption spectra of a solution mixture of HAuCl4 and HEPES with a molar ratio of 1:40 (sample 1) recorded at 
different time intervals ([HAuCl4] = 1 mmol/L); (b) UV-vis absorption spectra of gold nanoparticles obtained from HEPES buffer 
(sample 1) with different HAuCl4/HEPES molar ratios (1:10, 1:20, 1:30, 1:40, 1:50, and 1:60), and the initial concentration of 
HAuCl4 was 10 mmol/L and HEPES was 50 mmol/L; (c-e) The maximum absorption at 554 nm of gold nanoparticles at different 
times (Figs. 2(c-e) correspond to HAuCl4/HEPES molar ratios of 1:140, 1:70, and 1:14, respectively, [HAuCl4] = 0.67 mmol/L). 

and high-resolution transmission electron microscopy 
(HRTEM) images of individual gold particles (inset of   
Figs. 3(a-b)). The clear lattice fringes of the spindle gold 
nanoparticles grow preferentially along [111] and [200] di-
rections. 

The corresponding SAED pattern of the selected area in 
Fig. 3(a) was shown in the inset of Fig. 3(b). It exhibits sev-
eral diffraction ring patterns, which are characteristic of a 
polycrystalline structure. It is the sum of different sin-
gle-crystallized gold nanoparticles due to each of them ex-
hibiting a different orientation and crystal plane.  

Gold nanoparticles with different morphologies and size 

were synthesized in the presence of different surfactants. Fig. 
4 shows the scanning electron microscopy (SEM) images of 
gold nanoparticles prepared from HEPES buffer in the 
presence of CTAB (sample 2) at different magnifications. In 
the presence of CTAB, gold nanoparticles in different 
shapes including triangle, octahedron, and decahedron were 
found. The gold nanoparticles were further examined by the 
transmission electron microscopy (TEM) (Figs. 5(a-d)). A 
decahedral structure was clearly depicted in Fig. 5(b). Inset 
of Fig. 5(a) shows a SAED pattern of the gold nanoparticles, 
which exhibits several diffraction ring patterns, indicative of 
a polycrystallized structure.   
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Fig. 3.  (a) TEM images of gold nanoparticles prepared from HEPES buffer (sample 1), and the insets of (a) are the histogram of 
size distribution of the gold nanoparticles (sample 1) and the corresponding enlarged TEM image of selected nanoparticles, respec-
tively; (b) HRTEM image of individual gold nanoparticles, and the inset of (b) corresponds to the SAED pattern of selected area in 
(a). 

 
Fig. 4.  SEM images of gold nanoparticles obtained from 
HEPES buffer in the presence of CTAB (sample 2) at different 
magnifications. 

In the presence of PVP, only spherical gold nanoparticles 
were obtained in HEPES buffer. Figs. 5(e-f) showed the 
TEM images of gold nanoparticles prepared from HEPES 

buffer in the presence of PVP (sample 3). These nanoparti-
cles are uniform with a diameter of 10 nm and well sepa-
rated. This size distribution profile was shown in the inset of 
Fig. 5(f). The inset of Fig. 5(e) shows the SAED pattern of 
selected area of gold nanoparticles (sample 3), revealing 
several diffraction rings.  

In the presence of PEG, gold nanoparticles with diame-
ters of 20-50 nm were obtained (Fig. 5(g)). Interestingly, 
rod-like gold nanoparticles were found when the concentra-
tion of PEG was enhanced (5 mmol/L) under the same con-
ditions (Fig. 5(h)). Insets of Figs. 5(g-h) show the SAED 
patterns of selected area of spherical and rod-like gold 
nanoparticles, indicative of their polycrystalline structures. 
No similar phenomenon was found when the concentrations 
of CTAB and PVP were increased. 

4. Discussion 

The selection of a proper buffer for studies on the chem-
istry and biochemistry of transition metals is very important. 
Many buffers provide a potential ligand for the metal ions. 
However, the Good’s buffers including HEPES buffer have 
low affinities for transition-metal ions and are widely used 
in biological research. However, it was found that some of 
Good’s buffers can give nitrogen-centered cation free radi-
cals in the presence of Fe(II) [32] and can be oxidized by 
Cu(II) [33]. Recently, the research on the synthesis of gold 
nanoparticles by Good’s buffers has been widely studied. 
Similar with the reported literature, this study proposes that 
HEPES buffer generates nitrogen-centered cationic free 
radicals in the presence of Au(III), leading to the formation 
of gold nanoparticles. In this work, gold nanoparticles with  
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Fig. 5. TEM images of gold nanoparticles obtained from 
HEPES buffer in the present of different surfactants: CTAB 
(sample 2), (a-d); PVP (sample 3), (e-f); PEG (sample 4), (g-h). 
The insets of (a), (e), (g), and (h) show corresponding SAED 
patterns of gold nanoparticles, and the inset of (f) is the size 
distribution profile of gold nanoparticles obtained from 
HEPES buffer in the presence of PVP (sample 3). 

different morphologies were formed within a few minutes 
by dissolving HAuCl4 in HEPES buffer solution (pH 7.4) at 
room temperature, and no other reducing agents were 
needed. Compared to other reported methods of the forma-
tion of gold nanoparticles, this method is unique in which 
the reaction is fast (within minutes) even at room tempera-
ture. For the reduction of Au3+ to Au0, piperazine as the 
functional group could be oxidized [30]. The formation of 
gold nanoparticles was affected by the reaction conditions 
such as the concentration of HEPES and pH value. For ex-
ample, when the pH was adjusted to 5.4, no gold nanoparti-

cles were found even after several days (dates are not 
shown). Figs. 2(c-e) show that the formation of gold 
nanoparticles was affected by molar ratios of HAuCl4/ 
HEPES. In the presence of same amount of HAuCl4, the 
formation speed of gold nanoparticles was increased with 
the increasing of the concentration of HEPES. When the 
concentration of HEPES is 100 mmol/L and 10 mmol/L, 
absorption at 554 nm will not changed within 4 and 20 min, 
respectively. 

In recent studies, soluble polymer or surfactant was re-
ported as capping agents for the preparation of metal 
nanoparticles [34-35]. In the presence of CTAB, which is a 
cationic surfactant, gold ion would not be absorbed on mi-
celle. It was suggested that gold nanoparticles were capped 
by CTAB molecules. CTAB molecules might be present on 
the surface of metal nanoparticles in two different forms, as 
suggested previously [34]. As the surface of metal atoms 
usually carries negative charges, the inner layer of CTAB is 
bound to the particle surface via the headgroups and is con-
nected to the outer layer, whose headgroups are in the 
aqueous solution, through hydrophobic interaction [34]. 
When HEPES buffer was added to the CTAB-Au3+ solution, 
the color of solution changed from yellow to red, suggesting 
that the Au3+ complex was reduced to Au0. Compared with 
ascorbic acid, which is a weak reducer, HEPES is a moder-
ate reducer, and it is very important for the growth of parti-
cles with different shapes [36]. Gold decahedral nanostruc-
ture, which consists of five equal tetrahedral subunits bound 
together by five twinned (111) planes and five twinned axes, 
has been observed (Fig. 5(b)). Triangular, multiangular, oc-
tahedral crystallites and octahedral structures also have been 
obtained in the condensed CTAB-capped phase (Fig. 4(b) 
and Figs. 5(a-d)). It was very similar with the proposed 
mechanism of particle growth in Refs. [36-37]. The effect  
of CTAB concentration on the size and shape of gold 
nanoparticles has also been investigated. The size of gold 
nanoparticles was not significantly changed when the con-
centration of CTAB varied from 100 to 1 mmol/L. Hence, 
CTAB acted as a capping agent in controlling the size of 
gold nanoparticles.  

Interestingly, no variation in the morphology of gold 
nanoparticles was observed in the presence of PVP and PEG. 
Only spherical gold nanoparticles were obtained from 
HEPES buffer in the presence of PVP and PEG. The surfac-
tant did not play a role in affecting the morphology of gold 
nanoparticles. In fact, 4AuCl−  can form complex with 
CTAB in aqueous solution to generate aqueous foams by 
bubbling the solution, and 4AuCl−  in the foam and its sub-
sequent reduction would result in the formation of gold par-
ticles having nanostructure and variable morphology [38]. 
The shape-controlled synthesis of silver and gold nanoparti-
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cles in the presence of PVP was reported in Ref. [39]. It was 
suggested that the morphology and dimensions of metal 
nanoparticles were strongly affected by the molar ratio be-
tween the repeating unit of PVP and metal salt. Selective 
absorption of PVP on various crystallographic planes of sil-
ver also plays a major role in determining the product mor-
phology. 

PEG is a nonionic polymer containing hydrophilic –O– 
and hydrophobic –CH2–CH2– groups; it is not a good stabi-
lizing agent compared to CTAB and PVP in the formation 
of gold nanoparticles in HEPES buffer. PEG can extend to a 
long chain to facilitate complexing with 4AuCl−  ions. PEG 
would act as a nucleus for aggregation. Hydrogen bonding 
between the –O– group on PEG and the water in the aque-
ous solution is anticipated. This bonding is instructive to the 
formation of AuCl4-PEG complexes, leading to its extension 
in solution. Thus, PEG can curl or extend to form a polymer 
chain in aqueous solution, providing a useful microenvi-
ronment to the formation of rod-like nanostructure. Up to 
now, the growth mechanism of shape-controlled synthesis of 
nanoparticles in different surfactants remains poorly under-
stood.  

5. Conclusions 

A method for the preparation of gold nanoparticles from 
HAuCl4 in HEPES buffer without addition of other reducing 
agents is described. This protocol is simple, quick, and en-
vironment friendly. These gold nanoparticles are stable and 
comparable in size and polydispersity to those produced us-
ing the reported other methods. More interestingly, the ma-
jority of the gold particles has intriguing shapes, such as 
spindle, octahedral, and decahedral structures in the present 
or absence of surfactants. The fabrication of gold nanoparti-
cles was strongly affected by the molar ratio of HAuCl4 to 
HEPES and pH value.  
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