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In this paper, we present a new method to fabricate carbon microspheres with supported silver
nanoparticles on the surfaces. In this method, pollen grains were first treated with AgNO3 aqueous solution,
then preoxidized in air at 300 °C and carbonized in nitrogen at 600 °C, resulting in the silver/carbon
nanocomposites. The silver/carbon nanocomposites were characterized by means of SEM, TEM, TG, and
XRD. The size and distribution of the silver nanoparticles on the carbon microsphere surface could be
controlled by tuning the AgNO3 treatment conditions.

Introduction

Carbon materials, from the commonly used activated
carbon and graphite to the recently discovered carbon
nanotubes, are thermally and mechanically stable, chemi-
cally inert, of a low density, and sometimes highly porous
substances,1,2 some of which have long been used as
adsorbents, fillings, separating materials, etc. Further-
more, in recent years, carbon materials have also found
their applications as substrates to support noble-metal
nanoparticles, oxide nanoparticles, or semiconductor
quantum dots, leading to functional carbon-based nano-
composites with specifically catalytic,3,4 electronic,5,6

magnetic, and optical properties.7,8

Generally, there are two ways to prepare such carbon-
based nanocomposites. One is to impregnate precursors
into the preformed or commercially obtained carbon
substrates, usually porous carbon, through physical
methods, typically solution immersion and newly devel-
oped supercritical fluids deposition,7,9 followed by the
conversion of precursors into target functional components
by reduction, thermal decomposition, etc. The other begins
directly from the carbon sources other than preobtained
carbon materials, in which the precursor for the functional
component in the final composite is first combined into
the carbon sources by mechanical mixing, complexation,
ion exchange, etc.10 Then, the precursor/carbon source
composite is baked in inert atmosphere at high temper-
ature to carbonize the carbon source material and convert
the precursor into target functional components (e.g.,

metals and oxides) simultaneously.11 In both methods,
the diameter and loading amount of the functional
component can be tuned in a certain range. However, the
latter is advantageous over the former in that the
properties of the carbon materials (e.g., the shape, size,
and porosity) can also be controlled by applying different
carbon source materials and carbonization conditions. In
addition, in the latter method, mainly two types of
materials are employed as carbon sources. One is synthetic
polymeric materials, typically cross-linked polymers,12-15

and the other is biomaterials such as fruit shells and
stones.16-19 Biomaterials are advantageous for their
abundant availability and low price, but carbon substrates
from biomaterials are usually large in size, generally above
the millimeter scale, and lack a regular shape since the
original biomaterials are mechanically chopped macro-
scopic objects.20,21

On the other hand, it is well-known that some biological
organizations, such as pollen grains, bacteria, and viruses,
possess individual sizes down to the range of a micrometer
and even nanometer scale with fine structure and mono-
dispersed size distribution. Recently, they have been used
as biological templates to fabricate many kinds of micro-/
nanoscale materials, which is a promising, effective, and
low cost biological route.22-26

In the present work, we developed a new way to fabricate
silver/carbon nanocomposites using a kind of biomass,
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pollen grains, as starting material. In this method,
Brassica oleracea pollen grains, the carbon source, were
first treated with silver nitrate aqueous solution to
combine silver ions with pollen grains. After sequential
preoxidization at 300 °C in air and carbonization at 600
°C in nitrogen atmosphere, carbon microspheres with
supported silver nanoparticles were obtained.

Experimental Procedures

Materials and Methods. B. oleracea pollen grains were
purchased from Beijing Dongfang Yiyuan Bee Products. Silver
nitrate (AgNO3) was provided by the Tianjin Yuanda Light-
sensitive Materials Company. All materials and reagents were
used as received.

In a typical experiment to prepare silver/carbon composites,
6.0 g of pollen grains was ultrasonically dispersed in 60 mL of
AgNO3 aqueous solution of a known concentration, and the
solution was kept in the dark under magnetic agitation. After
a desired period of time, the pollen grains were filtered out and
washed with deionized water several times until no precipitation
occurred when the filtrate met with chloride ions. The AgNO3-
treated pollen grains were then dried in a vacuum at room
temperature, followed by calcination at 300 °C in air for 6 h and
then at 600 °C under nitrogen atmosphere for another 6 h. After
naturally cooling to room temperature, black carbonized products
were obtained.

Characterization. All SEM images in this work were
obtained from a Hitachi-S4300 electron microscope operated at
15.0 keV equipped with an EDX analysis system (Oxford
Instruments). Carbonized products were observed directly with
SEM without spraying a conducting layer due to their good
conductivity, and other samples were sprayed with a thin layer
of gold before observation. For the TEM observation, samples
were first dispersed in ethanol with ultrasonification of about 30
s and dropped on a copper grid and then examined under a JEOL
2100 electron microscope operated at 200 keV. High-resolution
TEM was performed on a Philip F30 electron microscope. XRD
patterns were collected from a Japan D/MAX.RB diffractometor
with Cu KR radiation (λ ) 0.154 nm) at a generator voltage of
40 kV and a generator current of 100 mA. The scanning speed
and the step were 2°/min and 0.02°, respectively. TG measure-
ments were performed with the thermal analyzer (NETZSCH
STA 409 PC/PG) with a heating rate of 10 °C/min.

Results and Discussion

Treatment of Pollen Grains with AgNO3 Aqueous
Solution. Pollen grains can be viewed as a kind of core/
shell material. Their core is tender and sensitive to the
environment, which is mainly composed of proteins, amino
acids, vitamins, nucleic acids DNA and RNA, and so on,
while their shell consists primarily of sporopollenin,
cellulose, and hemicellulose and is considerably hard,
infusible, and insoluble in common solvents.27,28 The
original pollen grains used in this work are shriveled
ellipsoidal particles with a longitudinal axis of about 30
µm and a latitudinal axis of about 10 µm, and there are
many irregular, shallow dents with diameter of about 1-2
µm on the pollen surface, which we term “veins” (Figure
1a). When the pollen grains are dispersed into pure water,
water penetrates through the pollen shell and enters the
core and swells the core substances, leading to the change
of pollen grains from the initial ellipsoidal shape to a more
regular spherical shape. With the extension of time, a
large amount of substances will be dissolved out of the
core. As a result, the pollen shell will clasp and deform
and even break due to the loss of the support of the core
substances, as shown in Figure 1b.

If we treat pollen grains with AgNO3 aqueous solution,
there are two kinds of interactions in this system. One is
that water swells or dissolves the soluble components in
the pollen grains; the other is that silver ions form
complexes with some functional groups including carboxyl
and carbonyl groups in the pollens. In addition, a part of
the silver ions is reduced by aldehyde groups, leading to
reduction in the solubility of the core substances. There-
fore, the loss of the core substances is less than those
treated in pure water, and the pollen grains are presented
as plump spherical profiles. Figure 1c gives the SEM
micrograph of pollen grains treated in 0.2 M AgNO3
solution for 5 h. Comparing Figure 1b,c, we can see that
the existence of AgNO3 tremendously retarded the swell-
ing-induced deformation of the pollen grains. For example,
after being treated in pure water for 1.5 h, most of the
pollen grains were broken, and the veins on the pollen
surface became obscure, resulting from high swelling;
however, if the pollen grains were treated in AgNO3
solution, even as long as 5 h, most of them could hold their
regular spherical shape, and the surface veins were very
clear.

Carbonization of the AgNO3-Treated Pollen
Grains. We first performed thermogravimetric analysis
on the pollen grains before and after AgNO3 treatment in
air and nitrogen atmosphere, respectively. As shown in
Figure 2, when the samples were analyzed in air, their
weight loss would proceed for a relatively wider temper-
ature range no matter if samples were treated with AgNO3

(27) Stanley, R. G. Pollen: Biology, Biochemistry, Management;
Springer: Berlin, 1974.
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Figure 1. SEM images of pollen grains as received (a), treated
in pure water for 1.5 h (b), and treated in 0.2 M AgNO3 aqueous
solution for 5 h (c and d).

Figure 2. TG curves of the original pollen grains analyzed in
air (a) and in nitrogen (c) and of the pollen grains treated with
0.2 M AgNO3 solution for 4 h analyzed in air (b) and nitrogen
(d).
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or not, and the residual weight remained unchanged after
800 °C; however, in nitrogen atmosphere, the samples
lost their weight quickly and reached a constant weight
at around 500 °C. Inside the pollen grains, there are many
kinds of components, and when they are calcined in air,
the components with a low molecular weight and low
boiling point will burn off first and then the infusible,
high-molecular weight sporopollenin, cellulose, hemicel-
lulose, etc. would burn off. Therefore, their weight loss
covered a wide temperature range. The calcined residuals
of the raw pollen grains are 7 wt % minerals. It can be
estimated from curves a and b that the silver content in
the composite prepared via treating the pollen grains with
0.2 M AgNO3 solution for 4 h was 5 wt %. When the pollen
grains were carbonized in nitrogen, the weight loss mainly
resulted from the evaporation of the low boiling-point
components (such as water etc.) and the decomposition of
the unstable components (such as some vitamins and
enzymes), which could complete before 500 °C. About 25
wt % residual weight remained, as demonstrated in curve
c. In addition, the pollen grains treated with AgNO3 have
more weight retained, which are about 10 and 32 wt %,
respectively, when calcined in air and nitrogen.

Figure 3 shows the SEM and TEM micrographs of the
AgNO3-treated pollen grains sequentially calcined in air
at 300 °C for 6 h and in nitrogen at 600 °C for 6 h. It is
evident that the resulted silver/carbon nanocomposites
basically retained the structure and morphology of the
original pollen grains, and even the surface veins could
be observed clearly. In addition, there were large amounts
of particles with sizes in the range of 50-100 nm, which
were confirmed to be metallic silver by EDS, TEM, and
XRD. High-resolution TEM characterization further re-
vealed that these silver nanoparticles are crystalline
supported on amorphous carbon.

In addition, we found that the preoxidation procedure
in air (at 300 °C) before the carbonization in nitrogen was

essential to obtain plump spherical carbon microspheres.
In this preoxidation process, the spherical structure of
the pollen grains could be fixed and retained through the
cross-linking reactions of the components in the pollen
with the aid of oxygen. If we omitted the preoxidation
process, we could only obtain deformed, shrunk carbon
microparticles, although there were silver nanoparticles
supported on their surface. Furthermore, the temperature
for the preoxidation should be appropriate (e.g., 300 °C in
this paper). For example, the pollen grains also lost their
regular spherical shape when they were preoxidized at
400 °C because of the burning off of a large part of the
components of pollen.

X-ray diffraction measurements were carried out for
pollen grains at different treating stages, and the XRD
patterns were shown in Figure 4. The AgNO3-treated
pollen grains did not contain any crystalline silver because
the elementary silver reduced by aldehyde groups did not
nucleate to grow into nanocrystals. After the AgNO3-
treated pollen grains were preoxidized in air at 300 °C for
6 h, the atomic silver began to crystallize, reflected by the
weak peaks on the XRD pattern assigned to silver crystals.
The average size of the silver crystals was about 16 nm,
estimated from the width of the [111] peak based on the
Scherrer equation. After the AgNO3-treated preoxidized
pollen grains were carbonized in nitrogen at 600 °C, the
size of the silver crystal became larger and to be about 27
nm, and the intensity of the characteristic XRD peaks
was much stronger.

Control of the Size and Distribution of the Surface
Silver Nanoparticles. In the silver/carbon nanocom-
posites, carbon is the substrate, while the surface silver
nanoparticles are the functional component. Therefore,
the size and distribution of silver nanoparticles will
directly influence the performances of the composites. Our
experiments demonstrated that controlling the size and
distribution of the silver nanoparticles could be realized
via changing the AgNO3 treatment time and the concen-
tration of the AgNO3 solution. Figure 5 gives the SEM
micrographs of the carbonized products of the pollen grains
treated for different times in AgNO3 solution. Obviously,
with the extending of the AgNO3 treatment time, there
are more silver nanoparticles on the carbon spheres, and
the diameter of the nanoparticles tends to increase. For
example, on the surface of the carbonized products treated
in 0.2 M AgNO3 for 0.5 h, there are sparse silver
nanoparticles, and the diameter of the particles is less
than 50 nm, while the distribution density of silver
particles on the surface of the carbon spheres carbonized

Figure 3. SEM (a-d) and TEM (e and f) images at different
magnifications of the carbonized pollen grains treated with 0.2
M AgNO3 solution for 4 h. Carbonization conditions: first
preoxidized in air at 300 °C for 6 h and then carbonized in
nitrogen at 600 °C for another 6 h.

Figure 4. XRD patterns of the pollen grains treated in 0.5 M
AgNO3 solution for 0.5 h (a), the AgNO3-treated pollen grains
preoxidized in air at 300 °C for 6 h (b), and the preoxidized
pollen grains carbonized in nitrogen at 600 °C for 6 h (c).
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from pollen grains treated in AgNO3 for 4 h is much higher,
and most of them have a diameter of about 90 nm.

Figure 5d shows the carbonized product from the pollen
grains treated in 0.5 M AgNO3 solution for 0.5 h.
Comparing Figure 5a,d, it is known that the carbonized
products from pollen grains treated in 0.5 M AgNO3
solution have larger silver nanoparticles than those
treated in 0.2 M AgNO3 solution. In other words, increasing
the concentration of the AgNO3 aqueous solution for
treating the pollen grains has a similar effect on the size
of silver nanoparticles with prolonging the treatment time.

On the XRD patterns of these samples, the intensity of
the characteristic peaks increases with prolonging the
AgNO3 treatment time, as shown in Figure 6. The reason
was that with the increase of the AgNO3 treatment time,
there were more silver ions combined with the active
groups on the pollen grains, and after carbonization, there
were more silver crystals existing in the composite, and
the intensity of the characteristic peaks on their XRD
patterns was higher.

Conclusions

Regular, plump spherical microspheres can be obtained
after pollen grains are rinsed in AgNO3 aqueous solution
due to the complexation and reduction functions of the
active groups in the pollen for silver ions. Carbon
microspheres with silver nanoparticles supported on their
surface can be fabricated from the AgNO3-treated pollen
grains by the preoxidization in air at 300 °C and the
subsequent carbonization in nitrogen at 600 °C. The size
and amount of the surface silver nanoparticles can be
tuned by changing the AgNO3 treatment conditions
including the time of AgNO3 treatment and the concen-
tration of the AgNO3 solution.
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Figure 5. SEM images of the surfaces of carbonized pollen
grains treated in 0.2 M AgNO3 solution for 0.5 h (a), 2 h (b), and
4 h (c) and treated in 0.5 M AgNO3 solution for 0.5 h (d).
Carbonization condition: first preoxidization in air at 300 °C
for 6 h and then carbonized in nitrogen at 600 °C for another
6 h.

Figure 6. XRD patterns of the carbonized pollen grains treated
in 0.2 M AgNO3 solution for 0.5 h (a), 2 h (b), and 4 h (c) and
treated in 0.5 M AgNO3 solution for 0.5 h (d). Carbonization
condition: first preoxidization in air at 300 °C for 6 h and then
carbonized in nitrogen at 600 °C for another 6 h.
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