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Introduction

Over the past decade, straightforward, economically viable,
and “green” synthesis of nanoparticles has been paid wide
attention in the emerging areas of nanoscience and technol-
ogy.[1] Utilization of cheap and nontoxic chemicals, environ-
mentally benign solvents, and renewable materials are some
of pivotal issues in the nanomaterials sicence field consider-
ing “green” synthetic strategy and industrial scale manufac-
ture. It is well known that the reaction medium, reducing
agent (RA), and capping agent (CA) are three key factors
for the synthesis and stabilization of the metal nanoparti-
cles; these factors should be considered comprehensively
from an economic and “green” chemistry perspective. Most
of the synthetic procedures reported to date rely heavily on
organic solvents (mainly due to the hydrophobicity of the

CA used), thus inevitably resulting in a serious environmen-
tal issue while addressing industrial production. So far, some
CAs such as thiols and oleic acid have been overwhelmingly
utilized to prepare metal and magnetic nanoparticles in or-
ganic solvents.[2] Nonetheless, either relatively high cost and
toxicity or strict reaction conditions make these CAs less
promising in industrial applications. Besides, the strong
chemical bonding interaction between the particle surface
and capping group not only makes it difficult to separate
these CAs from the final products, but also depresses their
catalytic activity (if the nanoparticles were employed as cat-
alyst) due to the high surface coverage of the CAs on nano-
particles. Furthermore, the expensive organometallic com-
pounds are employed as the reaction precursor in these sys-
tems, as long as a phase-transfer reagent is not utilized.[2a,3]

The use of a reverse micelle as the CA is also an effective
approach to grow metal and semiconductor nanoparticles in
organic solvents.[4] The interaction between the head group
of surfactant and the surface of nanoparticles is a nonchemi-
cal bond, which would consequentially influence the stability
of nanoparitlces in consideration of the collisions and dy-
namic exchange of the adjacent micelles. Although the alter-
native solvents such as environmentally benign supercritical
CO2 (scCO2) and ionic liquids have been successfully utiliz-
ed to synthesize nanoparticles,[5] generally, synthetic and
toxic fluorosurfactants are required for the formation of
water-in-CO2 reverse micelles (the template of nanoparticle
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growth in scCO2).
[5a] There are also problems regarding the

high cost of the ionic liquid specially designed for the stabili-
zation of nanoparticles.[5c] There have been approachs repor-
ted[1g,6] for the synthesis of H2O-soluble metal nanoparticles;
however, to date a unified “green” chemistry approach to
the overall process of nanoparticle production, especially at
ambient temperature and within a short reaction time, has
seldom been reported, despite much effort having been ex-
erted. Raveendran et al.[1g] reported a completely “green”
synthesis of silver nanoparticles using starch (CA) and b-d-
glucose (RA) under heating (40 8C) and long reaction time
(20 h) in aqueous solution; the exact reaction and capping
mechanism was not systematically investigated in the com-
munication. Also, the synthesis of single-crystalline metal
nanowires utilizing biochemicals under high temperature
(>150 8C) and long reaction time (>15 h) has been success-
fully developed recently.[7] More recently, our group reported
an interesting self-assembly of b-d-glucose-stabilized Pt
nanocrystals (by empolying strong reducing agent of NaBH4)
into nanowire-like structures in basic aqueous solution.[8]

The other concern in the “green” preparation of metal
nanoparticles is the choice of RA. The majority of cases so
far reported utilize RAs such as hydrazine, sodium borohy-
dride (NaBH4), and dimethyl formamide (DMF). All of
these are highly reactive chemicals and pose potential envi-
ronmental and biological risks. Although H2 was also com-
monly used as RA for the metal nanoparticles synthesis, the
difficulty in controlling the amount of H2 and its combusti-
bility make researchers reluctant to use this gaseous RA.
Apparently, a great challenge being encountered in nano-
science fields is to exploit a straightforward, economically
viable, and “green” approach to yield monodisperse metal
and semiconductor nanoparticles at ambient temperature
and within a short time. Herein, we present a novel and
facile approach to rapidly synthesize and effectively stabilize
relatively monodisperse Au nanocrystals by employing non-
toxic renewable biochemical of b-d-glucose and by simply
adjusting the pH value in the environmentally benign
medium of H2O, which fully adopts the fundamental princi-
ples[9] of the “green” chemistry. Importantly, the Au nano-
crystals thus prepared (protected by b-d-glucose) were
found to function as effective catalyst to activate the reduc-
tion of 4-nitrophenol (to form 4-aminophenol) in the pres-
ence of NaBH4, otherwise unfeasible if only the strong re-
ducing agent NaBH4 is employed. Also, it is worth noting
that there are several significant merits in the current syn-
thesis strategy. First, the b-d-glucose can act both as RA
and CA for the generation of Au nanocrystals upon the ad-
dition of basic aqueous solution; Second, the highly stable
Au nanocrystals (at least persist six months in aqueous solu-
tion) could be achieved by simply adjusting the pH environ-
ment in the system. Additionally, one may separate CA of
b-d-glucose from Au nanocrystals at relatively high temper-
ature or by utilizing phase-transfer reactions,[10] in consider-
ation of weak hydrogen-bonding interactions between b-d-
glucose and the surface of the nanocrystals. Finally, glucose
is a biologically compatible “green” chemical, thus the glu-

cose-protected nanoparticles can be easily integrated into
systems relevant for pharmaceutical, biomedical, and bio-
sensor applications. Accordingly, the exploitation of such a
system presents tremendous opportunities and advantages in
the bottom-up development of the modern nanotechnologi-
cal science and industry.

Results and Discussion

UV/Vis studies on Au nanoparticles : Although b-d-glucose
is well known as a reducing sugar, it does have limited re-
duction ability at ambient temperature. However, b-d-glu-
cose can effectively reduce Au3+ ions into Au0 upon the ad-
dition of a small amount of NaOH aqueous solution; this
was confirmed by both of visual observation and accurate
UV/Vis determination. The system finally turned a red wine
color after the reduction reaction, as shown in Figure 1

(inset), visually manifesting the formation of Au nanoparti-
cles. The UV/Vis absorption spectra exhibiting reaction evo-
lution are also presented in Figure 1. As shown in Figure 1,
the absorption peak of HAuCl4 at about 290 nm decreases
gradually and finally disappears (upon the continual addi-
tion of NaOH aqueous solution in the system); this disap-
pearance is concomitant with the appearance of a new char-
acteristic absorption band originating from the surface-plas-
mon resonance of nanometer-sized Au particles.[11] The sur-
face-plasmon absorption band undergoes a slight blue shift
from 537 to 525 nm with the increase of pH value; this shift
might be due to a decrease in the size of Au nanoparticles
formed.[12] Additionally, the intensity of Au nanoparticles
absorption peak increases with increasing pH value until the

Figure 1. The UV/Vis absorption spectra of the Au nanoparticles stabi-
lized in a 0.03m aqueous b-d-glucose dispersion under different pH con-
ditions (the insets present the reaction kinetic graph for the formation of
Au nanoparticles as well as the digital image of aqueous Au-nanoparticle
dispersions at a pH of 6.8).
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pH reaches a value of 6.8, after that the further increase of
pH value has no significant effect on the Au-nanoparticle
absorption intensity. To clearly exhibit the reaction dynam-
ics of the formation of Au nanoparticles with the quantita-
tive change of OH� , the dependence of the Au-nanoparticle
absorption intensity on the pH value of the system is also
provided in Figure 1 (inset). The reduction reaction equa-
tion[13] shown in Scheme 1 clearly indicates that the OH� ion
is involved in the reaction to yield Au nanoparticles, consis-
tent with the visual observation and UV/Vis experimental
results described above. It should be mentioned here that al-
though b-d-glucose in the equation is presented as an open
chain format, in reality, the majority of the structure of the
b-d-glucose in aqueous solution is in the cyclic chair form.
Accordingly, it is convincible that b-d-glucose not only
serves the function of effective RA to reduce Au3+ to the
ground state rapidly at ambient temperature (in the pres-
ence of OH�), but also operates as CA to passivate the sur-
face and prevent the growth of Au nanoparticles (this will

be further discussed below) in the system; besides, the pH
environment has an appreciable influence on the Au nano-
particle synthesis due to the involvement of OH� in the re-
duction reaction.
The effect of b-d-glucose concentration on the UV/Vis

absorption spectra of Au nanoparticles synthesized at a con-
stant pH environment (7.0) is shown in Figure 2. In agree-
ment with MieNs theory,[12] the surface-plasmon maximum
absorption wavelength of Au nanoparticles (lmax) shifts to a
lower value with decreasing the size of Au nanoparticles.
Thus, it is easy to understand from Figure 2 that the size of
Au nanoparticles decreases with the increase of b-d-glucose
concentration, as evidenced by the occurrence of a blue
shift of Au nanoparticles lmax (from 568 to 517 nm) with the
increase of b-d-glucose concentration within the concentra-
tion range studied (from 5O10�3 to 5O10�2m). Thus it is
easy to deduce that the higher the b-d-glucose concentra-
tion, the more effective the capping function of the b-d-glu-
cose and the more nucleation sites the b-d-glucose provides
to finally result in smaller Au nanoparticles. These results,
on the other hand, further reveal the pivotal role of the b-d-
glucose (acting as a CA) in the generation of nanoscale Au
particles.

Fourier transform IR (FT-IR)
characterization : The interac-
tion between Au nanoparticles
and b-d-glucose through an
hydroxyl group was investigat-
ed by the comparison of FT-IR
spectra of pure b-d-glucose
and Au nanoparticles fabricat-
ed in aqueous b-d-glucose dis-
persions. Figure 3a shows the
pure b-d-glucose IR spectrum
in which a broad band at
3260 cm�1 is observed. Un-
doubtedly, this peak results

from the �OH stretch of b-d-glucose molecules. Upon re-
duction, stabilization by b-d-glucose and subsequent elabo-
rate separation of the Au nanoparticles (see Experimental
Section), a strong absorption peak at 3395 cm �1 is observed
(Figure 3b), manifesting the presence of b-d-glucose as an

Scheme 1. The reduction reaction equation for the formation of Au nanoparticles.

Figure 2. UV/Vis absorption spectra of the Au nanoparticles stabilized in
different concentration b-d-glucose dispersions (a: 5O10�3m ; b: 1O
10�2m ; c: 3O10�2m ; d: 5O10�2m) at pH of 7.0.

Figure 3. FT-IR spectra of a) free b-d-glucose and b) b-d-glucose-coated
Au nanoparticles.
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essential component of the Au nanoparticles. In adition, the
absorption band of the �OH stretching mode undergoes a
significant high-frequency shift—from 3260 to 3395 cm�1—
suggesting the intimate association (which will be discussed
in detail in the mechanism section) between b-d-glucose and
the surface of the Au nanoparticles.

Morphologies of the Au nanoparticles : A typical TEM
image of Au nanoparticles formed is displayed in Figure 4.
As we anticipated from the absorption data and FT-IR evi-
dence, the characteristic spherical Au nanoparticles are ob-
served with a relatively narrow particle size distribution (5–
13 nm range). In addition, a few triangular Au nanoparticles
also appear in the image; similar morphologies for Au and
Ag nanoparticles were observed previously.[14] A histogram
of Au particle size distribution is also presented in Figure 4

(the triangular Au nanoparticles are excluded from the sta-
tistics). The mean particle diameter observed is 8.2 nm
(standard deviation, SD=2.3 nm) and more than 97% of
the nanoparticles are in the size range from 5 to 11 nm, indi-
cating a relatively high monodispersity of the Au nanoparti-
cles formed in the system. To clarify the exact crystal struc-
ture of the Au nanoparticles, electron diffraction (ED)
measurements were carried out. The diffraction rings of the
Au nanoparticles ED pattern (inset in Figure 4) correspond
well to the crystalline planes of the face-centered-cubic (fcc)
structured Au,[15] suggesting the crystalline nature of these
Au nanoparticles.
Additionally, the multiple lattice fringes with an interpla-

nar spacing of 2.33 R (consistent with the interplanar dis-
tance of (111) plane) can be observed clearly by using high-
resolution TEM (Figure 5), further confirming the crystal-

line nature of the Au nanoparticles formed. Furthermore,
the X-ray diffraction (XRD) pattern of Au nanoparticles is
presented in Figure 6, in which the diffraction peaks for the

(111), (200), (220), (311), and (222) lattice planes appear
clearly. Thus, the XRD results further corroborate the fcc
structure nature of Au nanocrystals (consistent with the ED
results) formed in the system. From the Scherrer equa-
tion[16] together with the XRD data in Figure 6, the average
Au particle size was estimated to be 8.9 nm (SD=1.3 nm)
which is consistent with the TEM observation (8.2 nm,
SD=2.3 nm).

Figure 4. Representative TEM image of the Au nanoparticles stabilized
by 0.03m b-d-glucose at a pH of 6.8 (Scale bar: 100 nm) together with a
histogram of the Au nanoparticles size distribution. The inset is the ED
pattern of the Au nanoparticles.

Figure 5. High-resolution TEM images of Au nanoparticles formed in the
system (the scale bars equal 5 nm).

Figure 6. XRD pattern of Au nanocrystals formed in the system.
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The stability and separation of Au nanoparticles : The stabil-
ity of nanoparticles is a key issue in consideration of the ag-
gregation of nanoparticles after a long storage time in the
reaction media. In the current system, it was surprisingly
found that not only did the OH� ions involve in the reaction
for the formation of Au nanoparticles, but also the pH envi-
ronment had a significant influence on the particle stability.
Seven sets of Au nanoparticle stabilization experiments
were performed at different pH values of 3.7, 4.0, 4.5, 6.5,
8.3, 9.7, and 10.2 in 0.03m aqueous b-d-glucose dispersions.
The Au nanoparticles were not so stable at low pH, in the
range from 3.7 to 4.5, according to the simple visual obser-
vation of the solution color change and the appearance of
large Au particle aggregates precipitated on the bottom of
the bottle within two weeks. While at high pH, in the range
from 6.5 to 10.2, the Au nanoparticle dispersions were stable
for a prolonged duration (at least six months observation
period) and did not show any color change and signs of ag-
gregation and precipitation.
Interestingly, when the aqueous b-d-glucose-stabilized Au

nanoparticle dispersions were highly centrifuged (with a
speed of 6000 rpm), a significant amount of Au nanoparti-
cles precipitated were observed on the bottom of the centri-
fuge tube consistent with weakening solution color; howev-
er, these particles were found to be completely soluble in
aqueous solution again after shaking of the centrifuge tube.
This indicates that the b-d-glucose-capped Au nanoparticles
have a virtue of being repeatedly isolated from and redis-
solved in aqueous solutions without irreversible aggregation
or decomposition.

Capping mechanism of b-d-glucose : The exact capping
mechanism of b-d-glucoses on the formation of Au nanopar-
ticles and the effect of pH environment on the stability of
nanoparticle dispersions are interesting topics of the current
investigation. The five hydroxyl groups in the b-d-glucose
molecule can, in the present case, facilitate the complexa-
tion of Au nanoparticle to the molecular matrix of b-d-glu-
cose. Previous reports on the measurement of x potential[6,17]

of Au nanoparticles as the function of pH value confirmed
the presence of a pH-dependent equilibrium between �OH
and �O� on the Au surface. The equilibrium dynamics are
dictated by the pH environment relative to the pK value of
the hydroxylated surface of particle. When the pH is below
the pK value, �OH is dominant; otherwise, �O� is domi-
nant. The oxidized portion of the particle surface should
mainly have Au�O� groups at a high pH (>pK) and in-
creasing numbers of Au�OH groups at low pH (<pK).[6,17]
This may explain plausibly the role of b-d-glucose as a CA
and the pH dependence on the stability of Au nanoparticles
dispersion. A high pH value (around 6.8–10.5) favors the oc-
currence of Au�O� groups (on the Au nanoparticle surface)
that can interact with hydroxyl groups of the b-d-glucose
through hydrogen bonding, resulting in the effective cover-
age of the b-d-glucose on the surface of Au nanoparticles.
While at low pH (around 3.7–4.5), the abundance of the
Au�OH groups leads to a only to a weak hydrogen bonding

interaction between the b-d-glucose and the surface of Au
nanoparticles that is not strong enough to stabilize the parti-
cles for a long duration.[6,17] Recent results from our group
show that the b-d-glucose-stabilized Au nanoparticles could
be self-assembled into nanowires and mesoporous network
at high basic aqueous solution (pH>11.5),[18] suggesting the
vital association of pH environment with the self-assembly
of b-d-glucose-stabilized Au nanoparticles.

Catalytic function of Au nanoparticles : One of the impor-
tant applications of the metal nanoparticles is to activate/
catalyze some reactions that are otherwise unfeasible. To
this end, the catalytic function of b-d-glucose-capped Au
nanoparticles on the reduction of 4-nitrophenol was investi-
gated in the study. It is seen that an absorption peak of 4-ni-
trophenol undergoes a red shift from 317 to 400 nm (due to
the generation of 4-nitrophenolate ion) immediately upon
the addition of aqueous solution of NaBH4 (15 mm), corre-
sponding to a significant change in solution color from light
yellow to yellow-green (inset of Figure 7, right-hand image).

In the absence of catalyst of Au nanoparticles, the absorp-
tion peak at 400 nm remained unaltered for a long duration,
indicating the inability of the strong reducing agent NaBH4
itself to reduce 4-nitrophenolate ion. Interestingly, the addi-
tion of an aliquot of Au nanoparticles (0.2 mm) dispersion to
the reaction system caused a fading and ultimate bleaching
of the yellow-green color of 4-nitrophenolate ion in aqueous
solution (inset of Figure 7), suggesting the occurrence of the
reduction reaction. The UV/Vis spectra in Figure 7 unam-
biguously verify this conclusion as well, as the absorption
band of 4-nitrophenolate ion at 400 nm decreases and disap-
pears within five minutes of the addition of Au nanoparti-
cles, with the concomitant appearance of two new peaks at
300 nm and 230 nm, respectively (attributed to the genera-
tion of 4-aminophenol). To exclude the possibility that the
reduction reaction might be activated by the reducing sugar
of b-d-glucose instead of Au nanoparticles, an aliquot of an

Figure 7. Successive UV/Vis absorption spectra of the reduction of
0.20 mm 4-nitrophenol by 15 mm NaBH4 in the presence of b-d-glucose-
capped Au nanoparticles (0.2 mm) as catalyst.
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aqueous b-d-glucose dispersion (0.03m) alone was added
into 4-nitrophenol (0.20 mm) and NaBH4 (15 mm) mixture
aqueous solution. No change in the color and position of the
absorption band (at 400 nm) of 4-nitrophenolate ion was ob-
served. Thus, the reduction of 4-nitrophenol by NaBH4 has
been clearly demonstrated to be activated by b-d-glucose-
capped Au nanoparticles. Since the concentration of BH4

�

added in the system is much higher in comparison with that
of 4-nitrophenol, it is reasonable to assume that the concen-
tration of BH4

� remains constant during the reaction. In this
context, pseudo-first-order kinetics could be used to evalu-
ate the kinetic reaction rate of the current catalytic reaction,
together with the UV/Vis absorption data in Figure 7. As
expected, a good linear correlation of ln(A) versus time (A
is the absorption intensity of 4-nitrophenolate ion) obtained
(Figure 8), whereby a kinetic reaction rate constant is esti-

mated to be 6.54O10�3 s�1. This value is comparable to that
of other nanoparticle catalysts for the reduction of the 4-ni-
trophenol in the presence of NaBH4.

[19] The catalysis of the
Au nanoparticles is possibly due to the efficient electron
transfer from BH4

� ion to nitro compounds mediated by the
nanoparticles. This could be attributed to the higher driving
force of particle-mediated electron transfer caused by their
large Fermi level shift[20] in presence of highly electron-in-
jecting species such as borohydride ions.

Conclusion

In summary, a facile, economically viable and “green” ap-
proach for the synthesis of relatively nomodisperse Au
nanocrystals (average diameter=8.2 nm, SD=2.3 nm) has
been developed by employing b-d-glucose both as RA and
the CA under controlled pH environments. The Au nano-
crystals could be synthesized rapidly at ambient conditions
in the system. Also, the catalytic function of the Au nano-
particles to activate the reduction of 4-nitrophenol in the
presence of NaBH4 has been clearly confirmed by both
visual observation and UV/Vis spectra. This Au-nanoparticle
synthesis approach could be reasonably extended to the
preparation of other metal nanoparticles and is currently

under the further investigation. Also, it is very important to
explore the pharmaceutical, biomedical, and biosensor ap-
plications of the b-d-glucose-coated metal nanoparticles by
virtue of the biologically compatible characteristic of the b-
d-glucose.

Experimental Section

Materials : HAuCl4·3H2O as the precursor for the formation of Au nano-
crystals was purchased from Acros Organics. b-d-Glucose acting both as
reducing agent and capping agent was supplied from Sigma. Deionized
water obtained from Fisher Scientific was used in all experiments.
Sodium hydroxide (NaOH), sodium borohydride (NaBH4), and 4-nitro-
phenol were products from Acros Organics.

Preparation of nanoparticles : The Au nanoparticles were synthesized by
the reduction of Au 3+ ions in the aqueous b-d-glucose dispersions. The
approach was quite straightforward. In a typical preparation, an aqueous
solution of HAuCl4·3H2O (0.05m ; 200 mL aliquot) was added to an aque-
ous solution of b-d-glucose (0.03m ; 50 mL). The solution was stirred for
more than 30 minutes and no color change was observed, indicating that
the reduction reaction did not occur in the system. Subsequently, an
aqueous solution of NaOH (0.05m) was continuously added dropwise to
the system until there was no further change in solution color. During
the addition of NaOH, the reaction dynamics for the formation of Au
nanoparticles was systematically investigated at a pH range from 3.3 to
10.5 by using a Jasco V-570 UV/Vis spectrophotometer. The pH values of
the Au colloid solution were accurately measured by a TOA pH meter
(HM-30 s) with a Combination Electrode (GST-5311C, TOA Electronics
Ltd) upon 30 mins after the initial formation of the solution.

Preparation of FT-IR samples : The aqueous Au-nanoparticle dispersion
was first centrifuged for about 20 minutes with speed of 6000rpm, where-
by a significant amount of Au nanoparticle were deposited on the bottom
of the centrifuge tube. The precipitated Au nanoparticles were then care-
fully isolated by using a polyethylene transfer pipette inserted into the
bottom of the centrifuge tube. The performance was repeated three
times to give a highly concentrated Au-nanoparticle dispersion; most of
unbonded b-d-glucose and isolated ions remained in the upper aqueous
phase in the centrifuge tube. A centrifugal membrane with a molecular
weight cutoff of 3000 (PALL Life Science) was subsequently employed
to further remove excess b-d-glucose and isolated ions. Afterwards,
freeze drying under vacuum was applied overnight to get the very dry
composite Au nanoparticles. Finally, the FT-IR samples were obtained by
forming thin transparent KBr (95 mg) and Au nanoparticles (1 mg)
pellet. A pure 100 mg KBr pellet used as background was subtracted
from the FT-IR spectra of the Au nanoparticle sample. All the FT-IR
spectra were recorded on a Nicolet AVATAR 360 ESP spectrometer
(Nicolet, Madison, WI, USA).

Catalytic reduction of 4-nitrophenol : The catalytic reduction reaction
was occurred in a standard quartz cell with a 1 cm path length and about
3 mL volume. The reaction procedures were as follows: NaBH4 (1 mL of
a 15 mm solution in water) was mixed together with 4-nitrophenol
(1.7 mL of a 0.20 mm solution in water) in the quartz cell; this lead to the
change of color from light yellow to yellow-green. Immediately after ad-
dition of Au nanoparticles (0.3 mL of a 0.2 mm of an aqueous dispersion),
the absorption spectra were recorded by a Jasco V-570 UV/Vis spectro-
photometer with a time interval of 60 seconds in a scanning range of
200–700 nm at room temperature of 25 8C.

Morphology and crystallinity studies : The sample grids for TEM meas-
urements were prepared by placing a drop of aqueous Au nanoparticles
dispersion onto the copper grids and subsequently evaporating water nat-
urally overnight at ambient condition. The morphology and size distribu-
tion of the Au particles were determined by a Hitachi H-800 TEM at an
operating voltage of 200 kV. The crystallinity of the Au nanoparticles was
studied by XRD (Rigaku RINT 2200 diffractometer) with CuKa radiation
(40 kV and 20 mA) and ED techniques.

Figure 8. Plot of ln(A) against time for the Au nanoparticles catalytic re-
duction of 4-nitrophenol.
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