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Synthesis of controllable monodisperse gold
nanoparticles using wood material and their catalytic
activity for p-nitrophenol reduction
Xiaobo Lin1, Min Wu2, Shigenori Kuga2, Takashi Endo3 and Yong Huang2

Monodisperse gold nanoparticles (Au NPs) with sizes between 2.3 and 23.1 nm were synthesized with the assistance of

a natural wood material as a reductant/dispersant. The average diameter of the Au NPs could be controlled by varying the

concentration of the Au precursor, and the size distribution could be improved by the addition of NaOH. The different growing

processes of Au NPs with and without NaOH were comprehensively studied. The obtained wood-supported Au NPs showed high

catalytic activity for the reduction of p-nitrophenol as a model reaction. Moreover, Au NPs with smaller sizes exhibited higher

catalytic activity and the catalyst could be easily recovered via centrifugation for reuse.
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INTRODUCTION

Monodisperse gold nanoparticles (Au NPs) with tunable morphology
are especially useful as novel materials for the detection of metal ions,
glucose oxidation and X-ray attenuation and so on.1–3 Controlling the
size and shape of monodisperse Au NPs is crucial due to the structure
sensitivity in many fields, such as biochemistry, surface plasmon and
catalysts.2,4,5 Great efforts have been devoted to synthesizing Au NPs
with uniform shape and size; examples of processes include the
improved citrate reduction process, the polyol process and physical
radiolytic synthesis.6–9 Moreover, hydroquinone, shortened single-
walled carbon nanotubes, diphosphine and organothiolate ligands and
so on have been introduced as reducing or dispersing agents to
prepare monodisperse Au NPs.4,10–12 However, some of the above-
mentioned methods use toxic-reducing agents and organic solvents,
making them environmentally unfavorable. Therefore, there remains a
need to establish eco-friendly routes for the preparation of Au NPs
with controlled size and shape.
Biomass-based chemical processes have drawn much attention due

to growing concern regarding the depletion of fossil fuels and emission
of greenhouse gases. Many natural extracts, such as tannin, honey,
folic acid and leaf broth, have been used in the biomass-based
synthesis of Au NPs.13–16 However, the reported schemes are not
satisfactory. First, most protocols require extraction or chemical
modification of biomass.17 Second, the size and shape of Au NPs
have not been controlled well.14 Thus, it has been difficult to
synthesize monodisperse Au NPs via an eco-friendly and facile route.
It has been well documented that cellulose can be employed to

fabricate metal NPs. Compared with cellulose, natural wood is a

mixture that contains lignin and hemicellulose in addition to cellulose.
The phenolic hydroxyl groups in lignin have a higher reducing ability
than the hydroxyl groups in cellulose. Moreover, the secondary
alcohol and ethers of hemicellulose also have the reducing and
stabilizing ability for metal NPs.18–21 So far, there have been few
reports on the precise control of the shape and size of Au NPs using
wood materials. One of the main obstacles to using the chemical
groups in wood is their poor accessibility. Thus, there is a need to
increase the surface of the wood so that the functional groups in wood
can become accessible.
In this paper, a wood material with a large surface area was obtained

through mechanical grinding with water so that the functional groups
in the wood could be utilized effectively. Both the solid and soluble
wood components were effective for the controllable preparation of
Au NPs. Without any extraction or chemical modification, the
material could be used to synthesize monodisperse Au NPs. The
obtained Au NPs had narrow size distribution compared with
reported Au NPs synthesized using other biomass chemicals. Finally,
the Au NP product was tested for the catalytic reduction of
p-nitrophenol as a model reaction.

EXPERIMENTAL PROCEDURE

Synthesis
Japanese Hinoki wood was pulverized to pass through a 3-mm-sized sieve by a
cutter mill (MKCM-3, Masuko Sangyo, Kawaguchi, Japan). The wood flour
was dispersed in water to make a 5 wt% solid suspension. The suspension was
ground by a disk mill (MKZA6-2, Masuko Sangyo) through 15-cycle treatments
to produce the nano-wood material. The water suspension was treated with a
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tip sonicator (Ultrasound Cell Crusher, Scientz-08, Ningbo, Jiangsu province,
China) before use. Auric chloride acid (HAuCl4, Shenyang Jinke Reagent,
Liaoning province, China) was used as received.
In a typical procedure, a certain volume of 0.01 M HAuCl4 solution was

added to 10 ml of 0.1 wt% nano-wood material suspension, and the mixture
was stirred at various temperatures for 1 h. The reaction was also carried out
with the addition of various volumes of 1.0 M NaOH solution.

Surface area analysis by nitrogen adsorption
The nano-wood materials were subjected to solvent-exchange drying with
n-butyl alcohol and then freeze-dried. Nitrogen adsorption measurements of
the dried samples were performed using a Quantachrome NOVA 4000 (Yuasa
Ionics, Tokyo, Japan). Specific surface areas were obtained via capillary
condensation analysis using the accompanying software.

UV–visible absorption of Au NPs
An aliquot of the reaction mixture was taken out and UV–visible absorption
spectroscopy of the Au NPs was recorded using a spectrophotometer
(Cary 5000).

Transmission electron microscopy
The morphology of Au NPs was observed using a Hitachi H-800 transmission
electron microscope (TEM) operated at 100 keV and a JEOL FS-2200 high-
resolution transmission electron microscope (HRTEM) operated at 200 keV.
The specimens for TEM and HRTEM observations were prepared by depositing
a drop of suspension onto carbon-coated copper grids and drying in air. The
number-averaged diameter of Au NPs was measured for more than 100
particles using the TEM and HRTEM images.

Catalytic activity
After performing catalytic reactions, the Au NP-containing nano-wood particles
were sedimented via centrifugation, and the supernatant was analyzed via
inductively coupled plasma atomic emission spectrometry (Varian 710 ES). The
loading of the Au NPs was calculated using the initial amount of the Au
precursor and its remaining amount after reductive deposition. One milliliter of
aqueous solution of p-nitrophenol (1.3 mM) and sodium borohydride (NaBH4,
0.42 M) was prepared and mixed with 6 ml of water. The addition of 1 ml of
NaBH4 solution to it caused an immediate yellow coloration. Then, 2 ml of the
Au NP catalyst suspension was injected into the system (4.5× 10− 4 M) and 1 ml
of the mixed solution was quickly filtered through a 0.22 μm filter before
measurements. The filtrate (0.8 ml) was added to 2 ml of water and put into a
quartz cuvette and the absorption at 400 nm was recorded.

RESULTS AND DISCUSSION

After mechanical treatment with water, a yellow wood suspension was
obtained. This suspension functions as both a reducing and dispersing
agent for Au ions and Au NPs. The reduction of Au ions by wood is a
complex process. It has been reported that primary alcohols,
secondary alcohols and diethers are available as reductants for the
preparation of metal colloidal dispersions. All of the phenol hydroxyl
groups of lignin, the hydroxyl of cellulose and secondary alcohol and
ethers of hemicellulose have reducing ability for the preparation of Au
NPs. Meanwhile, the dispersant effect of wood suspensions for Au NPs
works two ways. The solid part of the wood suspension has a
nanofibrillar structure, as observed by TEM (Figure 1). The large
specific surface areas of the solid lignocelluloses fibers (143 m2 g− 1, as
determined by BET) make them a suitable loading medium for the
deposition of Au NPs. Here, the hydroxyl groups on the surface of the
lignocelluloses serve as the depositing substrate. At the same time,
some water-soluble components derived from hemicelluloses in wood
may act as the dispersion solution.22

The reduction of Au ions by nano-wood materials at room
temperature requires a long time, approximately 8 h or more. When

heated to 100 °C, the reaction time shortens significantly. The
following results refer to a reaction temperature of 100 °C unless
stated otherwise. Higher temperature treatments, however, tended to
result in aggregation of the particles. The solid content of the
suspension was 0.1 wt%, and an Au3+ concentration of 0.03 mM

was examined. The reaction under these conditions produced mono-
disperse spherical Au NPs with a diameter of 2.3± 0.7 nm (Figure 2).
When the concentration of Au3+ increased, the particles converted to
sheet shapes (Figure 3a). This concentration dependence of particle
size and shape is probably due to the step-by-step crystal growth,
which has been generally observed in metal NP formation.23 In our
protocol, some water-soluble components derived from hemicelluloses
in wood may act as the stabilizer, which could control the formation
of the different morphologies of Au NPs.22

It has been reported that homogeneous reduction leads to an Au
particle whose shape is affected by the solution conditions, such as the
pH, type of reductant and precursor concentration.24–26 The reducing

Figure 1 Transmission electron microscope image of wood nanofiber
obtained by grinding. Scale bar, 100 nm.

Figure 2 Transmission electron microscope images of monodisperse Au
nanoparticles reduced by nano-wood material and their size histogram.
Starting concentration of HAuCl4 is 0.03 mM. Scale bar, 10 nm.
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agent in our experiment, that is, nano-wood, is a heterogeneous
suspension. The influence of the pH on the heterogeneous preparation
of Au NPs was studied in detail. By varying the mole ratio of
OH−/Au3+ under set concentrations of Au3+, remarkable differences
in particle size and shape were observed. The TEM images (Figure 3a)
show that without the addition of OH−, triangular and hexagonal Au
nanoplates were formed. The UV–visible absorption spectrum of the
sample shows two strong absorption peaks centered at 530 and
583 nm (Figure 4). According to the Mie theory, small spherical Au
nanocrystals will show only a single absorption peak, whereas
anisotropic particles can show two or three absorption peaks depend-
ing on their shape. The spherical Au NPs in the suspension might
contribute to the absorption peak at approximately 530 nm, but the
in-plane dipole absorption peak is a unique feature of the Au
nanoplates. With increased addition of OH−, the shoulder peak at
approximately 583 nm decreased, while the 530 nm peak increased
(Figure 4). The TEM images showed that the number of nanoplates
decreased greatly as OH− increased. The nanoplates disappeared with a
mole ratio of OH−/Au3+ of 4:1 and 5:1. At the same time, the sizes of
spherical particles decreased and became nearly homogeneous
(Figures 3e–f). The average size was 11.5 and 9.8 nm.

The strong influences of alkali addition on the growth and size
distribution of Au NPs can be utilized to prepare monodisperse Au
NPs of desired sizes. As shown in Figure 5, the Au precursor
concentration was increased from 0.3 to 3.0 mM under an
OH−/Au3+ ratio of 5:1, with the average diameter of Au NPs changing
from 11.1± 1.1 nm to 23.1± 2.2 nm. The UV–visible absorption
spectra showed corresponding changes (Figure 6), that is, the
absorption peak shifted from 521 to 547 nm.
The temporal evolution of Au NPs reduced by the nano-wood

suspension was studied to clarify the mechanism of the growth of Au
nanocrystals under different OH−/Au3+ ratios. Supplementary
Figure s1 shows the temporal size evolution of Au NPs when the
Au3+ concentration was 0.3 mM without the addition of OH−. The
TEM image indicates that the particles obtained after a reaction time
of 10 s were still small in size. After 1 min, the Au NPs were
overlapping, and some wire-like aggregates could be observed
(Supplementary Figure s1). After 2 min, the wire-like structure
disappeared, and the particle sizes increased dramatically, indicating
a rapid autocatalytic process catalyzed by the nuclei and crystal growth
of Au NPs. After reacting for 10 min, triangular Au nanoplates were
formed; the same morphology could be observed after 60 min,
indicating the ripening of the Au nanocrystal. Supplementary
Figure s2 shows the temporal size evolution of Au NPs when the
concentration of Au3+ was 0.3 mM and the mole ratio of OH− to Au3+

was 5:1. After the first 30 s, small, spherical particles were formed.
After 10 min, the particles were still spherical in shape, with a narrow
size distribution. This result illustrates that in this heterogeneous
reduction process, the addition of NaOH could greatly affect the
reaction mechanism, which is crucial to the morphology and
stabilization of monodisperse Au NPs. It is well documented that
the stabilizing agents have a crucial role in the shape-controlled
syntheses of metal NPs under different pHs.22,24,27,28 The stabilizing
agent could adsorb onto the Au NP surface and provide steric barriers
for repulsion interactions, which could reduce the aggregation of
particles. In the low pH range, as shown in Supplementary Figure s1,
some overlapping, wire-like aggregate and Au nanoplates are the main

Figure 3 Transmission electron microscope images of Au nanoparticles
reduced by nano-wood materials with a HAuCl4 concentration of 0.3 mM and
different mole ratios of OH−/Au3+: (a) 0:1, (b) 1:1, (c) 2:1, (d) 3:1, (e)4:1,
(f) 5:1. Scale bar, 200 nm.

Figure 4 UV–visible (UV–vis) absorption spectra of Au nanoparticles reduced
by nano-wood material. HAuCl4 of 0.3 mM at different mole ratios of
OH−/Au3+, without the addition of NaOH, from 1:1 to 5:1. Vertical arrows
indicate that the UV–vis absorption peak decreased by approximately
583 nm and increased by approximately 530 nm with a higher mole ratio of
OH−/Au3+. A full color version of this figure is available at Polymer Journal
online.
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structures of Au particles. The tendency of particles to form aggregates
may be the lack of effective stabilizing agent. When more OH− was
added, the particles remained a distance away from each other during
the nucleation and growth process (Supplementary Figure s2). In our
protocol, some water-soluble components derived from hemicelluloses
in wood may act as the capping agent for Au NPs.22 The hydrolysis of
the hemicelluloses under higher OH−/Au3+ ratios may affect the shape
evolution of Au NPs. Although further work is required to clarify this
phenomenon, the pH-sensitive structures of the hydrolysis products of
the hemicellulose may be one of the key reasons for why the
aggregation stops.
The catalytic activity of nano-wood-supported Au NPs was tested

for the reduction of p-nitrophenol by NaBH4, which is a standard
model reaction for estimating the catalytic activity of Au NPs. First,
it was confirmed that the wood nanomaterial had no adsorption
capacities for p-nitrophenol and that the reduction does not
proceed without catalyst. The addition of the nano-wood-

Figure 5 (a–c) Left: transmission electron microscope images of Au
nanoparticles reduced by nano-wood material, with OH−/Au3+ of 5:1, at
different HAuCl4 concentrations; (a) 0.3 mM, (b) 0.6 mM, (c) 3.0 mM. Right:
particle size distribution. Scale bar, 200 nm.

Figure 6 UV–visible absorption spectra of Au nanoparticles reduced by nano-
wood material, with OH−/Au3+ of 5:1, at different HAuCl4 concentrations; (a)
0.3 mM, (b) 0.6 mM, (c) 3.0 mM. A full color version of this figure is
available at Polymer Journal online.

Figure 7 (a) Time course change in UV–visible spectra of p-nitrophenol
solution catalyzed by Au nanoparticles (NPs) in Figure 3a. (b) Intensity time
course of 400 nm peak for product (p-nitrophenol). A full color version of
this figure is available at Polymer Journal online.
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supported Au NPs to the reaction mixture caused rapid fading of
the yellow color. This color change was used to monitor the
reaction kinetics based on spectroscopic measurements. Figure 7
shows a typical change in the UV–visible spectra caused by the
reduction of p-nitrophenol by the supported Au NPs (the sample
shown in Figure 3a, obtained from 0.3 mM HAuCl4). The absorp-
tion by p-nitrophenol at 400 nm decreased with concomitant
appearance of the 290 nm peak of p-aminophenol within 10 min.
For all the experiments, the initial concentrations of p-nitrophenol
and NaBH4 were kept at 1.3 × 10− 4 and 4.2 × 10− 2 M, respectively.
The concentrations of the Au-based catalyst were 4.5 × 10− 4 M to
keep the number of Au atoms at the same level. As shown in
Figure 7b, the catalytic activity was in the following order: spherical
Au NPs (2.3± 0.7 nm)4Au NPs (11.1± 1.1 nm)4Au NPs
(23.1± 2.1 nm)4 polygon Au NPs (the sample shown in
Figure 3a). Thus, the catalytic activity was negatively dependent
on the particle size. This result agrees with the reports that Au NPs
with larger accessibility surfaces are catalytically more active.28,29

Our protocol demonstrated that wood nanomaterials, a type of
natural biomass mixture, could be used as eco-friendly supports for
an Au catalyst in the reduction of p-nitrophenol. The catalyst could
be easily recovered via centrifugation for reuse, nearly retaining its
activity. Only a slight decrease in activity was observed in the third
cycle (Supplementary Table S1). A possible cause of this deteriora-
tion is the release of Au particles from the nano-wood support.
Further work is required to clarify this degradation of catalytic
activities in the present system.

CONCLUSIONS

We demonstrated here that nanomaterial derived from natural wood
is useful as a reducing agent and support for monodisperse Au NPs.
The concentrations of Au precursor and hydroxyl ions are the
governing factors in the controlled synthesis of monodisperse Au
NPs. The obtained Au NPs supported by nano-wood material showed
high catalytic activity in the reduction of p-nitrophenol. The procedure
developed here offers a potentially useful route for utilizing plant-
based functional nanomaterials.
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