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Simple methods for preparation of gold nanopowders and nanoparticles are reported. Gold/chitosan
nanoparticles were prepared by using basic chitosan suspension as a dispersant and as a reductant.
The resulting nanoparticles were processed by pyrolysis and thus obtain black gold nanopowder. The
FESEM images indicate that most diameters of the nanopowder prepared were in the range of 50 and
200 nm. Hydrolysis is another quick decomposition method for chitosan. Acetic acid was adopted to
implement the hydrolysis. The AEM images of the auberginic suspension show that the average gold
nanoparticle diameter was less than 40 nm with good dispersion. Use of chitosan suspensions can pro-
duce gold nanopowder as well as gold nanoparticle without using toxic organic chemicals.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Research on gold nanoparticles has been given much attention
recently. The physicochemical property of gold is changed after it
is processed through nanotechnology, and its derivative applica-
tions include the catalysis (Thompson, 2007), DNA sequence recog-
nition (Eaton, Doria, Pereira, Baptista, & Franco, 2007), drug
delivery (Oh et al., 2008), and electrochemical applications (Guo
& Wang, 2007). Gold nanoparticles can be produced by means of
laser ablation (Ko et al., 2006) and inert gas condensation (Lee,
Park, & Lee, 2005). The advantage of these methods is that they
can produce gold nanoparticles with narrow particle size distribu-
tion, but the shortcoming is the need for expensive equipment.
Additionally, emulsification can also produce gold nanoparticles
but with a wide distribution of particle diameters (Pal, Shah, &
Devi, 2007). Gold nanocomposites are manufactured by using a
reductant to reduce the gold ions and a dispersant in order to avoid
excessive gold agglomeration. A unique shape of gold nanoboxes
and silver nanocubes can be achieved by self-assembly through
Sun and Xia’s utilization of poly(vinyl pyrrolidone) as a dispersing
agent (Sun & Xia, 2002). When sodium borohydride is taken as the
reductant, the dispersants used in the preparation of gold nano-
composites are poly(amidoammine) dendrimers, poly-(propyle-
neimine) dendrimers (Esumi, Miyamoto, & Yoshimura, 2002),
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horse spleen apoferritin (Zhang, Swift, Butts, Yerubandi, &
Dmochowski, 2007), and tryptophan (Selvakannan et al., 2004).
Meanwhile, when sodium citrate is taken as the reductant, the dis-
persants used are L-a-dipalmitoyl-phosphatidylcholine (Zhu, Tao,
Zheng, & Li, 2005), 1,4,7,10,13,16,21,24-octaaza-bicyclo [8.8.8]hex-
acosane (azacryptand) (Lee, Hwang, Lee, Kim, & Han, 2007). The
alkylamine-stabilized gold nanocomposite is prepared by using
ethanol reduction through microwave irradiation (Shen, Du, Hua,
& Yang, 2006). Some of the above manufacturing processes cause
harm to the environment due to the toxic chemicals used.

Chitosan, a N-deacetylation product of chitin, which is a non-
toxic biopolymer was applied on the reclamation of metal cations,
such as Mg2+, Cr3+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+, and Pb2+

(Assaad et al., 2007; Gamage & Shahidi, 2007; Vasconcelos et al.,
2008; Yang, Li, Chou, & Chou, 2005; Yang, Shu, Zhang, & Wang,
2006), where chelates of chitosan molecules and metal cations
are precipitated. Relevant theses have been found about the utili-
zation of chitosan and its effects on the preparation of precious
metal (Pd, Ag, Pt, and Au) nanocomposites (Adlim, Bakar, Liew, &
Ismail, 2004; Arrascue, Garcia, Horna, & Guibal, 2003; Esumi, Takei,
& Yoshimura, 2003; Huang & Yang, 2003; Huang, Yuan, & Yang,
2004, 2005), in which chitosan acts as the dispersant to avoid the
occurrence of metal particles agglomeration. In our previous re-
port, silver nanoparticles were prepared by using alkaline chitosan
suspension as a dispersant and as a reductant in the absence of
other chemicals. Silver nanoparticles were obtained by annealing
silver/chitosan composites (Twu, Chen, & Shih, 2008). In this study,
utilization of chitosan suspensions to manufacture gold nanopow-
ders and nanoparticles by means of pyrolysis and acid hydrolysis is
described.
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Fig. 2. UV–vis spectra recorded from C1, C2 and C3, 16 h after reaction.
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2. Experimental method

2.1. Materials and methods

Chitosan (Mv = 750 kDa, degree of deacetylation = 85%) was ob-
tained from QBAS Co. The chitosan solution (1%) was prepared by
dissolving 5 g of chitosan in 500 mL of 0.12 M CH3COOH solution.
A stock gold solution was prepared by mixing 1 g gold (99.99%
pure) and 20 mL royal water. Royal water was prepared by freshly
mixing concentrated nitric acid and concentrated hydrochloric acid
in a volumetric ratio of 1:3, respectively. Concentrated HCl, HNO3

and all other chemicals were used as received. The water used in
this experiment was purified by a double deionization of reverse
osmosis water. UV–vis absorbance spectra were collected by a JAS-
CO V-530 double-beam spectrophotometer. A distinct absorption
was observed at about 530 nm which is the characteristic plasmon
absorption peak of gold nanoparticles (Huang et al., 2005). Analyt-
ical electron microscopic (AEM) micrographs and selected area
electron diffraction (SAED) data were acquired with a JEOL JEM-
1200CX II electron microscope operating at 120 kV. Samples for
the AEM were prepared by placing a drop of Au/chitosan suspen-
sion onto a carbon-coated copper grid and evaporating the water
in a laboratory hood at room temperature. The surface morphology
of the Au nanopowders and nanoparticles was observed by a JEOL
JSM-6700F field emission scanning electron microscope (FESEM).
The elemental analysis of the particles was identified by the FESEM
equipped with an OXFORD INCA ENERGY 400 energy dispersive X-
ray spectrum (EDS). The size distributions of the Au/chitosan and
Au nanoparticles were measured from the enlarged AEM and FES-
EM micrographs, respectively, by counting at least 200 individual
particles from different regions on a film.
2.2. Preparation of gold/chitosan suspensions

A milk-like alkaline chitosan suspension with pH > 14 was pro-
duced after using 500 mL 1% (w/v) of chitosan acetic acid solution,
dripping it into a 500 mL sodium hydroxide solution of 3.6 N, and
mixing them together with a homogenizer (Art MICCRA D-8,
Germany) at 10,500 rpm. To evaluate the effect of chitosan content
in the alkaline suspension on the formation of gold nanoparticles,
the molar ratio of the gold to the chitosan repeating units was
set to 1:1, 1:3, and 1:5, respectively. To the chitosan suspensions
Fig. 1. UV–vis spectra of basic Au/chito
of 42.6, 127.8, and 213.0 mL, deionized water was added, respec-
tively, and their volume was adjusted to 245 mL. Then 5 mL of gold
solution was taken and dripped into each suspension under homo-
genation. The pH of the complex suspension was 12.6, 13.3, and
13.5, respectively. Subsequently, it was stirred under room tem-
perature with a magnetic stirrer for 16 h, during which 4 mL of
the suspension was removed at 0 h, 0.5 h, 1 h, 4 h, and 16 h, respec-
tively; this was followed by scanning its absorption with UV–vis.
Finally, purple neutral suspensions were produced when rinsing
the alkaline suspensions with deionized water repeatedly after
16 h. At the same time, the products were marked as C1, C2, and
C3, respectively, and then examined with AEM.

2.3. Preparation of gold nanopowders by pyrolysis

The process began with 5 drops of C1, C2, and C3 added to the
Ag holder (5 mm � 5 mm). After removing the moisture by heating
at 80 �C, the temperature of the sample was increased to 600 �C for
san suspensions (a) C1 and (b) C3.



Fig. 3. AEM images of (a) C1; (b) C2; and (c) C3, and their SAED patterns (d); (e); and (f) from selected areas of samples, respectively.

Fig. 4. FESEM images of (a) C1/600; (b) C1/800; (c) C3/600; and (d) C3/800 recorded from as-prepared Au nanostructures on Ag holder obtained by pyrolysis, and their
enlarged images.
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1 h at a speed of 20 �C/min using a horizontal tube furnace and
quartz tube reactor (Shang-Mei, CWF) in air. Black powders were
then obtained and labeled as C1/600, C2/600, and C3/600, respec-
tively, after they were cooled by nitrogen. With the same process
but heating up to 800 �C, another set of black powders was pro-
duced and labeled as C1/800, C2/800, and C3/800. Each sample
was examined by FESEM and EDS.

2.4. Preparation of gold nanoparticles by hydrolysis

After 50 mL of C1, C2, and C3, respectively, were centrifugated
at a speed of 17,000 rpm for 60 min, the sediments were put into
acetic acid solutions (500 mL, 3 M) and subjected to hydrolysis
for 1 h at 100 �C. They were then centrifugated at a speed of
17,000 rpm for 30 min. Their auberginic supernatant was taken
and labeled as C1H1, C2H1, and C3H1, and then examined with
AEM. The traces of the centrifugated sediments were labeled as
C1H2, C2H2, and C3H2, respectively, and were examined with FES-
EM and EDS.

3. Results and discussion

3.1. Reduction of gold ions

In preliminary studies, no transparent or color variation oc-
curred in the intermixture of gold solution mixed with a chitosan
acidic solution. At the same time, no distinct absorption peak of
gold nanoparticles occurred on the UV–vis spectra. According to
the literatures (Esumi et al., 2003; Huang et al., 2005), the distinct
absorption peak from the surface plasmon absorption of the gold
nanoparticles is located between 510 and 530 nm. The UV–vis
spectra proved that the gold ions cannot be reduced by the chito-
san acidic solution. We previously reported that the chitosan alka-
line suspension has the capacity to reduce silver ions. The
Fig. 5. AEM images of Au nanoparticles
dispersed Ag+/chitosan produced by the chelation of silver ion
and chitosan can acquire an electron in alkaline conditions and
then can be reduced into Ag/chitosan nanoparticles (Twu et al.,
2008).

In this study, the suspension of the gold solution mixed with the
chitosan alkaline suspension turned grey immediately. The color
also changed gradually into purple in the reaction. Fig. 1a and b
show the results observed by UV–vis during the alkaline suspen-
sion reaction of C1 and C3, respectively. From Fig. 1, it can be seen
that an absorption peak at about 520 nm occurs, and that its
strength increases as time elapses. From this, we can infer that gold
ion was reduced in the suspension. After reacting for 1 h, the
absorption peak occurs in C1, while C3 needs only 0.5 h. Therefore,
a higher reduction rate was observed in C3 suspension than in C1,
and that there was a higher amount of reducing groups in C3 sus-
pension provided for gold ion’s reduction in a condition with great-
er alkalinity. The reason for the chitosan alkaline suspension’s
capability of reducing the gold ion may be a result of the low
molecular weight oligosaccharide from chitosan decomposing in
an alkaline condition, which provides the electron for reduction
(Sun et al., 2008).

To evaluate the effect of chitosan content in the alkaline sus-
pension on the formation of gold nanoparticles, the molar ratio
of the gold ion to the chitosan repeating units was set to 1:1,
1:3, and 1:5, respectively, in the starting suspension of C1, C2,
and C3. Fig. 2 indicates UV–vis spectra recorded from various for-
mulas 16 h after the reaction. The positions of their absorption
peaks are C1 (522 nm), C2 (521 nm), and C3 (518 nm), respectively.
Newman (Newman, Roberts, & Blanchard, 2007) demonstrated
that the gold distinct absorption peak caused a red shift as the gold
particle diameter increased. From the blue shifts of various absorp-
tion peaks as the content of chitosan increased in Fig. 2, we can in-
fer that the diameters of various sample particles decreased as the
content of chitosan increased.
(a) C1H1; (b) C2H1; and (c) C3H1.



Fig. 6. FESEM images of Au nanoparticles (a) C1H2; (b) C2H2; and (c) C3H2.
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3.2. Au/chitosan suspensions

Fig. 3a, b, and c show the analysis results for C1, C2, and C3 after
AEM and SAED analysis. Each sample was granular pellets with
average particle diameters of 35 ± 4.7 nm, 20 ± 3.4 nm, and
15 ± 2.1 nm, respectively, which conforms to the inference made
from Fig. 2. The comparison on particle diameters proves that gold
ions can disperse evenly in a suspension with higher chitosan con-
tent. When the gold ions are reduced into gold atoms, this can pre-
vent the gold atoms from gathering and coagulating with
excessively large diameters.

In addition, the rate of gold ion reduction rapidly increased,
which in turn decreased the chance for the gold atom to gather into
large particles as the pH value increased. Analysis of SAED in Fig. 3a
indicates that there are obvious spots on the SAED image of C1,
each spot corresponding to a satisfied diffraction condition of the
gold’s crystalline structure. This also implies that the C1 particles
have a more integral crystal structure of gold. A diffused halo can
verify the amorphous structure of chitosan. However, the scattered
spots of SAED in Fig. 3b and c are not obvious, which indicates that
the degree of crystallization of the C2 and C3 gold particles were
more inferior. As the content of chitosan increased along with
the various formulas, its disaggregation on the gold ion increased
as well, that prevented the much bigger gold crystals from being
produced during the gold ion reduction process. Analysis of AEM
and SAED has proven that chitosan can act as the dispersant in
the suspension.

3.3. Au nanopowders prepared by pyrolysis

Fig. 4a and b show the FESEM images of the black powder of the
C1 after pyrolysis at 600 �C and 800 �C, respectively. Fig. 4a indi-
cates that most diameters of the gold particles are in the range of
50 and 200 nm, with only a few resulting in fusion. Fig. 4b shows
that the diameters of the gold particles are more than 200 nm even
with a serious fusion, which cannot be dispersed. The melting
point of gold is 1064 �C, while the melting point of gold nanoparti-
cle will be lowered as its diameter decreases (Liu, Ascencio, Perez-
Alvarez, & Yacaman, 2001). The average particle diameter of the C1
was 35 nm in which the particle diameter of the embedded gold
particles was less than this value. When C1/600 was made from
600 �C pyrolysis, chitosan were decomposed, and the remaining
gold particles fused with the others around them to form particles
with a diameter of more than 35 nm. At 800 �C pyrolysis, much
bigger particles were produced, which cannot be dispersed.
Fig. 4c and d are the FESEM images of the C3 after pyrolysis at
600 �C and 800 �C, respectively. As the average particle diameter
of the C3 was only 15 nm, the embedded gold particles also have
a diameter less than this value. When C3/600 was made from
600 �C pyrolysis, a large amount of chitosan was decomposed,



Fig. 7. Characterization of Au particles from C3H2 using (a) FESEM and (b) EDS
from a selected area.

314 C.-M. Shih et al. / Carbohydrate Polymers 78 (2009) 309–315
and the remaining gold particles were heated and fused with the
others around them to form particles with irregular and dispersed
gold particles. At 800 �C pyrolysis, an agglomerate structure with
serial arrangement was produced, and at the same time, the parti-
cles would disappear and melt into a spotted, linear, or laminate
structure.

The aim of pyrolysis is to decompose or eliminate the chitosan.
However, if the temperature is lower than 600 �C, more pyrolysis
time is needed. Previous results show that there are a much higher
proportion of carbon atoms that remain on the silver holder
through the FESEM and EDS analysis. When the sample undergoes
600 �C pyrolysis, the content of chitosan will directly influence the
size of the gold particles as well as their melting point, which re-
sults in the fusion of a few smaller particles. At 800 �C pyrolysis,
the melting of gold particles ensues, which is unsuitable for the
preparation of gold nanopowder.

3.4. Au nanoparticles prepared by hydrolysis

Apart from thermal degradation, acid hydrolysis is another
quick decomposition method for chitosan. When the Au/chitosan
particle was dissolved in strong acid, such as hydrochloride acid,
nitric acid and sulfuric acid, the oxidation of the gold atom will oc-
cur once again. Therefore, acetic acid was adopted in this study in
order to implement the hydrolysis. Fig. 5a, b, and c show the AEM
images of the auberginic supernatant fluid of C1H1, C2H1, and
C3H1, respectively. The average particle diameters of C1H1,
C2H1, and C3H1 were 37 ± 19.6 nm, 15 ± 6.5 nm, and 14 ± 4.1 nm,
respectively, which were similar to that of the un-hydrolyzed
one. This indicates that the gold particles can be released directly
from the composite particles without agglomeration. Fig. 6a, b,
and c show the FESEM images of the black sediments of C1H2,
C2H2, and C3H2, respectively. Centrifugation often results in
aggregates and agglomerates rather than singleton primary parti-
cles. The size of primary gold particles increased insignificantly.
However, a porous secondary nanostructure was formed among
the particles because of the increasing collision of the gold particles
in centrifugation. This was clear in C2H2 and C3H2 and more so for
C3H2 than C2H2.

The observation of the hydrolysis and the comparison between
Figs. 5 and 6 indicates that under the same hydrolysis conditions,
the C1 sample with a lower content of chitosan can release gold
particles more quickly and produce a deeper color of suspension
but with a lowest yield of black sediment. With the high chitosan
content of C2 and C3, hydrolysis cannot release the gold particles
immediately. This resulted in the mass gathering of the gold parti-
cles, with fewer gold particles released, as well as the light color of
the supernatant with a higher yield of black sediment.

Fig. 7 depict the EDS analysis from a selected area of C3H2. The
EDS quantitative analysis confirmed that the gold content has the
highest elementary composition, while silver has a minor content
together with only a trace of carbon. Thus, the silver signal came
from the silver holder, while the carbon signal was from the
incompletely hydrolyzed chitosan. FESEM and EDS have proven
that porous gold nanostructure was produced through hydrolysis
on Au/chitosan suspension.
4. Conclusions

This paper reports simple methods for the preparation of gold
nanopowders and nanoparticles by using basic chitosan suspen-
sion as a dispersant and a reductant. Gold/chitosan suspensions
were prepared and followed by treatment with the pyrolysis in or-
der to decompose the chitosan from the gold/chitosan and to ob-
tain gold nanopowders. When gold/chitosan underwent 600 �C
pyrolysis, the content of chitosan directly influenced the size of
the gold particles as well as their melting point, which resulted
in the fusion of a few smaller particles. At 800 �C pyrolysis, an
agglomerate structure with serial arrangement was produced,
and at the same time, the particle disappeared and melted into a
spotted, linear, or laminate structure.

Hydrolysis was another quick decomposition method for chito-
san. The gold/chitosan was put into acetic acid solutions and
underwent hydrolysis and then was centrifugated. Analysis of
the auberginic supernatant data indicated that the gold nanoparti-
cles can be released directly from gold/chitosan without agglomer-
ation. However, the centrifugated sediments were found to have
not only an increased size of specific gold particles but to have
formed a porous nanostructure among the particles with the
increasing collision in the gold particles in centrifugalization.
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