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Mass synthesis of single-crystal gold nanosheets based on chitosan
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Abstract—Single-crystal Au nanosheets with {111} planes as basal surfaces have been synthesized on the basis of the polysaccharide
chitosan. The preferential adsorption of polar groups in chitosan molecules on {11 1} planes of Au nuclei may account for the for-
mation of anisotropic nanosheets. Appropriate precursor (HAuCl4) concentrations are vital for the formation of Au nanosheets.
The Au nanostructures thus prepared exhibit interesting shape-dependent optical properties. This convenient, environmentally
friendly and low-cost route may be amenable to mass production.
� 2007 Published by Elsevier Ltd.
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Metal nanoparticles have attracted intensive research
interest because of their important applications in catal-
ysis, sensing, and surface-enhanced Raman scattering
(SERS).1–7 As a result, many methods have been devel-
oped for synthesis of metal nanoparticles in a wide range
of nonspherical shapes, including wires/rods, rings,
cubes, sheets, tetrahedral bipyramids, hollow nanostruc-
tures, and branched nanocrystals.8–14 Among these
anisotropic nanostructures, two-dimensional (2D) Au
nanosheets attract much attention for their unique opti-
cal features and potential applications in gas sensors, in
the fabrication of nanodevices and substrate materials,
and also for inducing hyperthermia in tumors.15–18

Although there have been several updates on the synthe-
sis of Au nanosheets,8,15–19 the mass fabrication of such
2D nanomaterials by a facile, environmentally friendly
and low-cost route remains a challenge.

Recent researches have largely been focused on the
preparation of nanomaterials using biomolecules and
bioorganisms. Exposure of the fungus Verticillium to
aqueous AuCl4

� or Ag+ ions resulted in the intracellular
reduction of metal ions and the formation of gold and
silver nanoparticles.20,21 Noble metal (Ag, Au, Pt, Pd)
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nanoparticles have been synthesized in porous cellulose
fibers that act as nanoreactors.22 Sastry and co-workers
also reported a new biological method for preparing tri-
angular gold nanoprisms with lemon grass extract.9 Car-
bohydrates, like sucrose,23 b-DD-glucose,24 and starch24,25

have been introduced as reducing and/or stabilizing
agents for the preparation of metal nanoparticles.
Chitosan is a b-(1!4)-linked DD-glucosamine derivative
of the polysaccharide chitin, a cellulose-like biopolymer
widely distributed in nature. The chemical structures of
chitin and chitosan are shown in Figure 1. Due to its un-
ique polycationic, chelating, and film-forming proper-
ties, chitosan has been widely used in cosmetics,
pharmaceuticals, food science, wastewater treatment,
biotechnology and in other areas.26 Chitosan has been
adopted by Esumi et al. as a stabilizing agent in the
preparation of gold nanoparticles.27 It has been recently
reported that chitosan is more than a stabilizing agent
and that AuCl4

� ions can be reduced to zerovalent gold
nanoparticles by chitosan itself without any additional
reducing agent.28,29 In this work, we demonstrate the
feasibility of preparing single-crystal Au nanosheets on
the basis of the polysaccharide chitosan. To the best of
our knowledge, there are no reports on the mass synthe-
sis of such large 2D Au nanosheets based on this
technique.
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Figure 2. FESEM images of the sample synthesized by reduction of a
20 mM HAuCl4 solution with chitosan at 100 �C. (a) Low magnifica-
tion. (b) Enlarged images from products in (a). (c) The thickness of a
single nanosheet.
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Figure 1. Structures of (a) chitosan and (b) chitin.
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In a typical synthesis, 5 mL of 4–20 mM HAuCl4 was
added to 6 mL of 3.46 mg/mL chitosan solution under
stirring at room temperature. After 15 min, the mixture
was transferred to a 12.5 · 2 cm cuvette and kept in a
water bath at 40–100 �C for about 6 h. There was no
obvious change in color at the beginning. After several
minutes, the mixtures changed from a light yellow solu-
tion (AuCl4

�) to a golden solution containing glistening
products that increased progressively with the reaction
time. The resulting products were rinsed with deionized
water and centrifuged (500g) to remove the residual
reactants and possible contamination.

Figure 2 shows the field-emission scanning electron
microscopy (FESEM) images of the products as pre-
pared. The lower magnification image (Fig. 2a) indicates
that the products are mainly composed of nanosheets
with regular shape, together with a few nearly spherical
particles. Most nanosheets are triangular or hexagonal,
approximately a few microns across (Fig. 2b) and sev-
eral tens of nanometers thick (Fig. 2c), as determined
using FESEM.

The energy-dispersive spectrum (EDS) in Figure 3a
confirms that the nanosheets obtained consist of only
gold. Figure 3b shows the X-ray powder diffraction
(XRD) pattern of the Au nanosheets. A very strong dif-
fraction at 2h 38.2� assigned to the {111} lattice plane
of face-centered-cubic {fcc} Au crystal is detected,
together with very weak diffraction from other planar
planes of the nanosheets or a small amount of other
Au nanostructures.8,17 This result implies that the basal
plane should be the {111} plane, which has planar
geometry. Figure 3c presents the selected-area electron
diffraction (SAED) pattern from one of the Au nano-
sheets. The SAED pattern viewed along a {11 1} direc-
tion is of hexagonal symmetry, indicating the single-
crystal structure of the nanosheet. The spots could be in-
dexed based on the fcc structured Au.9 The presence of
the fcc forbidden 1/3{4 22} reflections reveals that the
surfaces of the nanosheets are atomically flat.17 The rea-
son for this may be either the existence of stacking faults
lying parallel to the {111} surfaces and extending across
the entire nanosheets, or a hexagonal-like monolayer on
the nanosheet faces.30

The formation of Au nanosheets was found to be
dependent on the precursor (HAuCl4) concentrations.
It is clear that when the HAuCl4 concentration is 8 or
12 mM, the products are dominated by micro-sized Au
nanosheets with regular shape (Fig. 4a and b). On
decreasing the HAuCl4 concentration, a large number
of Au particles about 50 nm in size, together with a
few nanosheets, are produced (Fig. 4c). This indicates
that appropriate precursor concentration is vital for
the generation of Au nanosheets.

It is well known that the optical properties of metal
nanostructures are strongly related to their shape and
size. The UV–vis–NIR absorption spectra of the gold
nanostructures synthesized by the reduction of different
concentrations of HAuCl4 solution exhibit such shape-
dependent features as shown in Figure 5. The optical
absorption spectrum of the Au nanosheets prepared
shows an obvious increase in the band about 500 nm
and expanded steadily into to 1200 nm (curves a and
b), in agreement with the results for Au nanosheets re-
ported previously,8,30,31 but in contrast to the optical
absorption of Au nanoparticles at about 560 nm (curve
c). This broad and asymmetric band may be arising
from the higher order resonances of Au nanostruc-



Figure 4. FESEM images of the sample synthesized by reduction of (a)
10 mM, (b) 6 mM, and (c) 4 mM HAuCl4 solutions with chitosan at
60 �C.

Figure 3. EDS (a) and XRD pattern (b) of the Au nanosheets. (c)
SAED pattern of a single Au nanosheet.
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tures.8,31 Such an absorption extension of these Au
nanosheets in the NIR region may be useful in biomed-
ical applications.17,32,33

Figure 6 shows typical TEM images of six individual
Au nanosheets with hexagonal, triangular-truncated or
triangular shapes. A typical feature observed in Au
nanosheet images is the appearance of a fascinating pat-
tern, which is composed of fringes with different con-
trasts. The fringes resulting from bending contours
have been consistently observed in TEM images of sev-
eral types of nanocrystals and nanowires.34 Although
this remains to be proved, the origin of the bending
may be due to the deviations from the planar geometry
(for some reasons, for example, stacking faults).34,35

At present, the exact growth mechanism of the micro-
sized Au nanosheets is not fully understood, although
some explanations for the growth of anisotropic nano-
structures have been presented by some groups.36–38

The accepted opinion for the formation of nanosheets
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Figure 5. The UV–vis–NIR absorption spectra of a sample synthesized
by reduction of (a) 10 mM, (b) 6 mM, and (c) 4 mM HAuCl4 solution
with chitosan at 60 �C.
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usually involves the role of the preformed ‘seed’ and the
appropriate capping reagents that are used to control
the growth rate of various faces of the seeds. It is known
that polymers are often used to prepare metal nanopar-
ticles, in which the polar groups interact directly with
the particle surface and strongly influence the shape of
the particles.8,19 Here we suggest that, though the exact
role of chitosan is not clear, Au monomers are obtained
by reducing AuCl4

� ions with chitosan molecules and/or
some molecules induced by reaction.17 When the con-
centration of gold atoms has reached supersaturation,
a system that is far from the minimum free-energy con-
figuration, they start to nucleate and grow.37 Then at a
favorite chitosan coverage, polar groups (such as hydro-
xyl and/or amino groups) in the chitosan molecules
Figure 6. Representative TEM images of an individual Au nanosheet synthes
100 �C; (c, d) 10.0 mM HAuCl4, 40 �C; (e, f) 10.0 mM HAuCl4, 80 �C.
adsorb preferentially on the sites of the {111} planes
of Au nuclei, which greatly decrease the surface energy
of the {111} planes and lead to preferential growth
along the h11 0i directions. Consequently, this favors
the formation of anisotropic Au nanosheets with trian-
gular, hexagonal, or truncated shapes. On the other
hand, excessive chitosan coverage on the surfaces of
gold seeds would induce a simultaneous growth for dif-
ferent crystal faces, resulting in an enhanced yield of
nanoparticles. This suggests that the formation of large
Au nanosheets needs specific conditions, such as an
appropriate chitosan to HAuCl4 ratio.

We have demonstrated a facile route for the mass syn-
thesis of anisotropic Au nanosheets with a regular shape
on the basis of chitosan. The resulting products were
characterized by SEM, TEM, SAED, EDX, XRD,
and UV–vis–NIR measurements. Investigation reveals
that the Au nanosheets as prepared are single-crystal
with the {111} plane as the basal surfaces. The genera-
tion of Au nanosheets was found to be dependent on the
precursor (HAuCl4) concentrations. The abundant
source of raw materials and the ease of the synthesis
make the approach a promising candidate for mass
production.
1. Experimental

1.1. Synthesis

Chitosan flakes, from crab shells, (Practical grade >85%
deacetylated; Brookfield viscosity >200.000 cps) were
purchased from Aldrich Chemical Co. Hydrochloroau-
ized utilizing chitosan at different parameters: (a, b) 20.0 mM HAuCl4,
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ric acid and acetic acid were of analytical grade. Solu-
tions were prepared with triply distilled water. All com-
pounds were used as received. Chitosan was dissolved in
1% acetic acid solution. Due to the poor solubility of
chitosan, the mixture was kept overnight until a clear
solution was obtained. For the synthesis of Au nano-
sheets, 5 mL of 4–20 mM HAuCl4 was added to 6 mL
of a 3.46 mg/mL chitosan solution under stirring at
room temperature. After 15 min, the mixture was trans-
ferred to a 12.5 · 2 cm cuvette and kept in a water bath
at 40–100 �C until a golden solution was obtained
(about 6 h). Before characterization, the resulting prod-
ucts were rinsed with deionized water and centrifuged
(500g) to remove the residual reactants and possible
contaminants.

1.2. Characterization

Scanning electron microscopy (SEM) images were
recorded using a FEI SIRION field-emission scanning
electron microscope equipped with an energy-dispersive
spectrum (EDS). Transmission electron microscopy
(TEM) was carried out on a JEM-2000EX microscope
at an accelerating voltage of 120.0 kV. The samples were
prepared by placing a drop of an aqueous dispersion of
the Au products on a carbon-coated copper grid. The
SAED pattern of the Au nanostructures was collected
from the TEM system. The optical properties of the
Au nanosheets as prepared were measured by a Shi-
madzu UV–vis–NIR spectrophotometer (UV-3150).
The Au products were characterized as water disper-
sions and as thin coatings of the same batch on a glass
substrate. X-ray powder diffraction pattern (XRD, D/
Max-RA, CuKa, 40 kV, 30 mA) was taken from a sam-
ple prepared by dropping an aqueous dispersion of the
products on a silicon substrate and allowing the solvent
to evaporate spontaneously at ambient temperature.
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