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Nanomorphology characterization of sterically
stabilized polypyrrole-palladium nanocomposite
particles

Hiroaki Takeoka1, Nobuyuki Fukui1, Shinichi Sakurai2, Yoshinobu Nakamura1,3 and Syuji Fujii1

The nanomorphology of sterically stabilized polypyrrole-palladium nanocomposite particles synthesized by aqueous chemical

oxidative dispersion polymerization has been extensively characterized by transmission electron microscopy (TEM) and small-

angle X-ray scattering (SAXS). High-resolution TEM studies revealed that non-spherical nanocomposite particles were produced

with a Heywood diameter of B30nm and also confirmed the existence of palladium nanocrystals with a diameter of 5.4 nm

within the particles. SAXS studies on aqueous dispersions of the nanocomposite particles confirmed good colloidal stability and

revealed that the average diameters of the Pd nanoparticles and the nanocomposite particles were 5.0 and 23nm, respectively,

which agreed well with the TEM results. Furthermore, their size distributions were revealed by the SAXS technique. The

hydrodynamic diameter of the nanocomposite particles determined by dynamic light scattering was larger than those

determined by TEM and SAXS, possibly owing to the presence of a hydrated colloidal stabilizer layer on the particle surfaces.
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INTRODUCTION

There has been increasing interest in conducting polymer-noble metal
nanocomposites because they provide an exciting system with which
to investigate the possibility of designing device functionality1,2 and
also because they exhibit enhanced sensing and catalytic capabilities.
Polypyrrole (PPy)-noble metal nanocomposites are among the most
promising nanocomposite materials, and there is increasing interest in
their synthesis, characterization and application.3–7

Recently, some of the present authors8 succeeded in the one-step
synthesis of sterically stabilized PPy-palladium (Pd) nanocomposite
particles by aqueous chemical oxidative dispersion polymerization
using PdCl2 as an oxidant in the presence of a colloidal stabilizer. The
synthetic method reported in our previous study has several
advantages. For example, the reaction can be conducted in
environmentally benign aqueous media rather than in volatile
organic solvents. In addition, well-dispersed nanocomposite
particles can be produced in a single reaction setup at room
temperature. The synthesis of PPy-metal nanocomposites in
colloidal form is also an attractive strategy to overcome their poor
processability and intractability, which are due to their infusible and
insoluble character (probably because of some degree of cross-linking
of PPy), and to improve their performance. Pd nanoparticles have
been used as catalysts for the hydrogenation of unsaturated olefins9,10

and in carbon–carbon coupling reactions, including the Suzuki–
Miyaura and Heck reactions.11–13 Therefore, sterically stabilized
PPy-Pd nanocomposite particles consisting of Pd nanoparticles
and PPy are expected to function as a catalyst.14,15

Considering the wide variety of application areas, it is crucial
to understand the synthesis–structure–property relationships of
conducting polymer-noble metal nanocomposite particles.
Characterization of morphology on the nanometer scale is essential
to optimize their properties for specific applications. It is especially
important to characterize the nanocomposite nanostructure in the
wet state because the nanoparticles could potentially be used
in aqueous media as catalysts for carbon–carbon coupling
reactions.14,15 However, only a limited number of studies on the
nanomorphology characterization of conducting polymer-metal
nanocomposite particles have been reported, and no studies on the
characterization of the nanostructure in the wet state have been
published.

Herein, we describe the extensive morphology characterization of
PPy-Pd nanocomposite particles. High-resolution transmission elec-
tron microscopy (TEM), small-angle X-ray scattering (SAXS) and
elemental microanalysis were used to characterize the nanocomposite
particles in terms of particle size, distribution, chemical composition,
nanomorphology and dispersibility in aqueous media.
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Small-angle scattering of electromagnetic waves is a unique tool for
non-destructive material testing that provides a means to quantita-
tively characterize the structural properties of nanoparticles, such as
size and distribution. Compared with microscopic observation
techniques, the small-angle scattering technique is more reliable in
that it produces results that are averaged over a macroscopic sample
volume irradiated by the beam of the electromagnetic wave. This
method is particularly powerful for quantitative monitoring of the
temporal growth of nanoparticles; this non-destructive technique is
the only method that provides the opportunity to analyze the time-
evolution of structures or characterize dynamic aspects of nanopar-
ticles. SAXS has previously been applied as a tool to evaluate the
diameter and size distribution of nanoparticles to monitor the
temporal growth of metal nanoparticles,16 such as gold,17–19 silver,20

palladium21,22 and rhodium.21 Recently, SAXS was also used to
characterize the morphologies of vinyl polymer-silica core-shell
nanocomposite particles.23,24 In these studies, the size distribution
was determined by assuming Gaussian17,18,22 or Schulz-Zimm
distribution functions19,20 to analyze the SAXS results (particle
scattering). Direct evaluation of the size distribution, which can be
determined by TEM,20,21 has not yet been performed using SAXS.
However, the SAXS technique can be applied to wet samples (for
example, solutions and dispersions) to characterize their structure in
the wet state, which cannot be accomplished using electron
microscopy. In this paper, we will present results from the first trial
of the direct evaluation of size distribution, without assuming any
mathematical functions, for conducting polymer-noble metal
nanocomposite particles and metal nanoparticles in the wet state,
based on a protocol recently reported elsewhere.25

MATERIALS AND METHODS

Materials
Unless otherwise stated, all materials were reagent grade. PdCl2 (99.9%) was

obtained from Wako Pure Chemical Industries Ltd., Osaka, Japan. Poly(4-

lithium styrene sulfonic acid) (PLSSA; nominal molecular weight¼ 75 000;

30 wt% aqueous solution), sodium chloride (NaCl, 99.5%), hydrated ferric

chloride (FeCl3 � 6H2O) and aluminum oxide (activated, basic, Brockmann 1,

standard grade, B150 mesh, 58 Å) were obtained from Sigma-Aldrich,

St Louis, MO, USA and were used without further purification. Pyrrole (Py,

98%) was also obtained from Sigma-Aldrich and was purified by passing

through a column of activated basic aluminum oxide. Deionized water

(o0.06mS cm�1) was prepared using a deionized water producing apparatus

(Advantec, MFS RFD240NA: GA25A-0715, Suite A Dublin, CA, USA) and was

used for the synthesis and purification of the nanocomposite particles.

Synthesis of PPy-Pd nanocomposite particles
Chemical oxidative dispersion polymerizations were conducted as described

previously.8 Briefly, Py (20 mg, 2.98� 10�4 mol) was added by syringe to an

aqueous solution of PLSSA (400 wt% based on Py monomer, 1.0 ml) in a

13-ml screw-capped bottle, and the system was stirred with a magnetic stir bar

for 3 h. PdCl2 oxidant (62 mg, 3.50� 10�4 mol) and NaCl (41 mg,

7.02� 10�4 mol) were dissolved in 3.0 g water and then added to the

aqueous solution of Py and colloidal stabilizer. NaCl (two molar equivalents

to PdCl2) was added to dissolve the PdCl2 in the aqueous medium. The

polymerizations were allowed to proceed for 24 h at 23 1C and 200 r.p.m. The

PPy-Pd nanocomposite particles were subsequently purified by repeated

centrifugation-redispersion cycles (successive supernatants were replaced with

deionized water) to remove the unwanted water-soluble chemicals (free

colloidal stabilizer, NaCl and HCl). Redispersion was achieved by sonication

for more than 30 min using a Bransonic C221 (Yamato Scientific Co., Tokyo,

Japan). PPy-Pd nanocomposite bulk powder was synthesized under the same

conditions as the chemical oxidative dispersion polymerization described

above, but without the use of colloidal stabilizer. PPy homopolymer bulk

powder was synthesized by chemical oxidative precipitation polymerization

using FeCl3 as an oxidant. The samples were washed more than 10 times with

deionized water and then freeze dried overnight.

Characterization of PPy-Pd nanocomposite particles

TEM study. A droplet of aqueous dispersion of the PPy-Pd nanocomposite

particles was placed on a TEM grid and dried to fix the particles on the plate.

The structures and morphology of the collected nanocomposite particles were

observed by a high-resolution TEM (JEM-2100F, JEOL, Tokyo, Japan). Using

high-resolution TEM, it is possible to characterize the crystalline structure of

the Pd component; this level of characterization was not possible by general

TEM in our previous study.8 The number-average equivalent circle diameter

(Heywood diameter, DH) was determined by counting more than 150 particles

in several TEM images. The degree of circularity was evaluated using the

following equation:

Circularity ¼ 4pS=l2;

where S is an equivalent circle area and l is the circumference of the

nanocomposite particle. A S value close to 1 indicates a morphology close

to a sphere.

Dynamic light scattering
Dynamic light scattering measurements were carried out on a Malvern Zeta

Sizer Nano Series Nano-ZS instrument using a 4.0-mW He-Ne laser (l¼ 633

nm) at 25 1C.

SAXS
SAXS measurements were conducted on an aqueous dispersion of nanocom-

posite particles using a SAXS beamline (BL-10C) at the Photon Factory in the

Research Organization for High Energy Accelerator (Tsukuba, Japan). The

wavelength of the incident X-ray, l, was tuned to 0.1488 nm. The camera

length (that is, distance from the sample position to the detector) was set to

2036 mm. Additional details on the SAXS apparatus are available in the

literature.26 An aqueous dispersion of nanocomposite particles was contained

in a 1-mm-thick sample holder sealed with a thin polyimide film (TORAY-

DuPont Kapton film, Du Pont - Toray Co., Ltd., Tokyo, Japan; 25mm thick)

and was subjected to SAXS analysis at room temperature (ca 25 1C) with a

measuring time of 10 s.The two-dimensional-SAXS patterns were recorded on

a R-AXIS VII (Rigaku Co., Ltd., Tokyo, Japan; two-dimensional detector) and

were converted to a one-dimensional (1d-SAXS) profile by conducting the

circular average. Furthermore, the scattering of pure water was measured for

100 s and was subtracted from each of the 1d-SAXS profiles for the aqueous

dispersion samples (background subtraction), after being normalized to the

measuring time and absorption of the X-ray beam by the aqueous dispersion

sample or pure water (transmission correction).

Chemical composition
The Pd and PPy loadings of the nanocomposite particles were determined by

comparing the nitrogen content of the PPy-Pd nanocomposite particles with

that of the PPy-Pd and PPy bulk powders. The nitrogen contents were

determined by CHN elemental microanalysis (Yanaco CHN, Kyoto, Japan,

Corder MT-5).

RESULTS AND DISCUSSION

The PPy-Pd nanocomposite particles were obtained as a black-colored
aqueous dispersion, which was colloidally stable over 7 months
without coagulation, by chemical oxidative dispersion polymerization
in the presence of PLSSA. In this process, PLSSA was adsorbed on the
particle surface and served as a colloidal stabilizer for the PPy-Pd
nanocomposite particles. By contrast, the PPy-Pd nanocomposite was
obtained as a floc by chemical oxidative precipitation polymerization
in the absence of PLSSA. The hydrodynamic diameter of the
nanocomposite particles was determined to be 89 nm by dynamic
light scattering. Elemental microanalytical studies indicated the
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PPy-Pd nanocomposite bulk powder consisted of 40.1 wt% PPy and
59.9 wt% Pd components, which is in good agreement with the
theoretical values (38.3 wt% PPy and 61.7 wt% Pd) as well as values
measured in our previous studies.8,14,15 This result indicates that the
Py was quantitatively polymerized with the Pd2þ oxidant. The weight
ratio of the PPy and Pd components in the PPy-Pd nanocomposite
particles was calculated to be 40.1:59.9, which is again in good
agreement with the theoretical value. These results indicate that
PLSSA does not interfere with the chemical oxidative polymerization
of Py using Pd2þ . PLSSA loading was determined to be 52.1 wt%,
suggesting that PLSSA existed within the particles as well as on their
surfaces.8 The sulfonate group is known to be an efficient dopant
anion for PPy and has stronger interactions with PPy compared with
chloride ions.8,27,28 It has been confirmed that the PPy-Pd
nanocomposite particles were doped with sulfonate groups rather
than chloride ions by X-ray photoelectron spectroscopy studies.8

Therefore, it can be expected that the PLSSA colloidal stabilizer is
adsorbed onto the surfaces of the PPy-Pd nanocomposite particles as
a polymeric dopant anion (Figure 1).

The nanomorphology of the PPy-Pd nanocomposite particles
was investigated by high-resolution TEM in the dry state (Figure 2).
The TEM images show the presence of discrete, nanometer-sized
non-spherical particles on the TEM grid. The DH and circularity
values were measured to be 32.9±21.6 nm and 0.51, respectively.
Polymer particles formed by dispersion polymerization are gener-
ally spherical because it is thermodynamically stable to minimize
the area of the polymer–media interface. Thus, the non-spherical
nanocomposite particles synthesized in this study seem to be
kinetically locked rather than thermodynamically stable. PPy
cannot be swollen with Py monomer and water and it is expected
that non-swollen ‘hard’ primary nuclei consisting of PPy-Pd
nanocomposites coagulated to produce a non-spherical morphol-
ogy. The DH was smaller than the hydrodynamic diameter, and this
difference was attributed to the presence of the PLSSA colloidal
stabilizer layer on the surface of the PPy-Pd nanocomposite
particles. The PLSSA protective layer was hydrated and swollen in
aqueous medium and then dehydrated and shrunken in the dry
state. The heterogeneous character of the nanocomposite particles
was ascribed to a more transparent host material (presumably the
PPy and PLSSA) containing crystalline nanoparticles, which were
identified as Pd (Figures 2b and c). The DH and circularity values
for the Pd nanoparticles were measured to be 5.4±0.99 nm and
0.61, respectively.

Notably, high-resolution TEM studies suffer from a deficiency in
analyzing three-dimensional morphology because three-dimensional
structures are reduced to a two-dimensional image. Therefore, TEM
images show overlapping Pd nanoparticles within the nanocomposite
particles. Because SAXS is the appropriate method for evaluating
spatial morphology on the nanometer scale, it was applied to
characterize the spatial nanomorphology of the PPy-Pd nanocompo-
site particles. Because of its low electron density, which is close to that
of water, the hydrated PLSSA colloidal stabilizer layer should be
negligible in the SAXS studies compared with the PPy-Pd nanocom-
posite core component.

The 1d-SAXS profiles of 1, 2 and 3% aqueous dispersions of the
nanocomposite particles are shown together in Figure 3a as a plot of
log [I(q)] vs log q, where q is the magnitude of the scattering vector
given by q¼ (4p/l)sin(y/2), with l and y being the X-ray wavelength
and the scattering angle, respectively. This plot clearly shows that the
shapes of the profiles are similar. When the curves are vertically
shifted, all of the data collapse onto a single curve (see Figure 3b),
suggesting that the nanocomposite particles are dispersed in the
aqueous medium without ordering into a lattice, at least up to a
particle concentration of 3%. Thus, the 1d-SAXS profile can be
attributed directly to particle scattering. Although the TEM results
revealed that the nanocomposite particles were not spherical, a
mathematical equation describing particle scattering is not available
for such an unusual shape of particles. Therefore, a spherical shape
was assumed for simplicity. The theoretical particle scattering
intensity, I(q), for particles with a distribution of sizes can then be
given as

I qð Þ¼k
X

n Rð Þ ð4pR3=3Þ2½F qð Þ�2
� �

ð1Þ

with F qð Þ ¼ 3= qRð Þ3 sin qRð Þ� qRcos qRð Þ½ � ð2Þ
where k is a numerical constant and n(R) is the number fraction of
spheres with a radius of R, providing the size distribution of spheres.
Attempts to fit a theoretical function given by equation (1) to the
measured 1d-SAXS profile assuming a Gaussian or Schulz-Zimm type
distribution for n(R) were unsuccessful. We then employed a protocol
in which n(R) was directly determined by fitting the calculated I(q)
from equation (1) to the experimentally observed 1d-SAXS profile.25

The least-squares fitting was conducted by floating the following
parameters as the fitting parameters: the numerical constant k and the
abundance number of particles having the size R in the step of 1 nm
(that is, n(R¼ 1 nm), n(R¼ 2 nm), n(R¼ 3 nm), y n(R¼ 40 nm)).

Aqueous phase

Surface of PPy-Pd nanocomposite particle

PLSSA stabilizer adsorbed 
as a polymeric dopant
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Figure 1 (a) Sterically stabilized PPy-Pd nanocomposite particles synthesized by the chemical oxidative dispersion polymerization of pyrrole using palladium

(II) chloride in the presence of poly(4-lithium styrene sulfonic acid) (PLSSA) as a colloidal stabilizer. (b) Schematic representation of the surface interaction

between the PLSSA stabilizer and the PPy component of the PPy-Pd nanocomposite particles. The polyelectrolyte stabilizer acts as a polymeric dopant

anion for the cationic PPy chains, leading to the concomitant expulsion of Liþ and Cl� counter anions.
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This protocol worked well, and the best fit obtained is shown by a
dotted black curve on the 1d-SAXS profile for the 3% aqueous
solution (the most intense one and therefore the most reliable) in
Figure 3a. The particle size distribution is shown in Figure 4. The size
distribution is shown in the units of vol% and was calculated using
n(R) and the following equation:

abundance vol%ð Þ¼n Rð ÞR3=
X

n Rð ÞR3
� �

�100 ð3Þ

The reason why we employed vol% instead of n(R) is that the
numbers of larger particles close to R¼ 11.5 nm were too small
compared with those around R¼ 2.5 nm, making them invisible on
the plot of n(R). Furthermore, expressing abundance in the unit of
vol% is more suitable and corresponds well with the results of visual
observation, where larger particles can be easily identified, even if they
are only present in small numbers.

From the results, it is clear that the size distribution of the particles
was bimodal, not unimodal, and two peaks could be identified at
approximately R¼ 2.5 and 11.5 nm. To ensure that the results of the
size distribution n(R) were reliable, the single contributions from each
of the peaks in n(R) to the SAXS profile are examined in Figure 3a.
Importantly, SAXS curves calculated by assuming n(R) with a single

peak either at approximately R¼ 2.5 nm or approximately R¼ 11.5
nm could perfectly explain the measured SAXS profile. It is
recognized, however, that the smaller particles could explain the

a b c

50 nm 2 nm

0.22 nm

Figure 2 TEM images of sterically stabilized PPy-Pd nanocomposite particles synthesized by aqueous chemical oxidative dispersion polymerization. (a) Low-

magnification image of the particles. (b) High-resolution TEM image of a Pd nanocrystal observed in a. (c) selected area electron diffraction pattern

corresponding to the image in a.

Figure 3 (a) One-dimensional SAXS profiles for 1, 2 and 3% aqueous dispersions of the nanocomposite particles as shown in a plot of log [I(q)] vs log q,
where q is the magnitude of the scattering vector. The best-fit curve obtained is shown as a dotted black curve on the 1d-SAXS profile for the 3% aqueous

solution (the most intense one and, therefore, the most reliable). SAXS curves calculated by assuming n(R) with a single peak at approximately R¼2.5 nm

and approximately R¼11.5 nm are shown as a broken curve and a dotted-and-broken curve, respectively. (b) Master curve for the 1d-SAXS profile obtained

vertically shifting the three 1d-SAXS profiles shown in Figure 3a (the curves are not shifted in the q-axis direction). A full color version of this figure is

available at Polymer Journal online.

Figure 4 Distribution of the radius of spherical nanoparticles, as determined

by fitting the particle scattering data (the SAXS profile).
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shape of the SAXS profile in the higher q range (see the broken
curve), whereas the larger ones characterized the SAXS profile in the
lower q range (see the dotted-and-broken curve). Here, a simple
question arises as to whether this result indicates the real distribution
of the nanocomposite particle itself. The answer is no because the
TEM observations (Figure 2) suggest that the average radius was
approximately 16 nm with a unimodal distribution. (Note that SAXS
studies measure the radius of the PPy-Pd nanocomposite core
without the hydrated PLSSA colloidal stabilizer layer, and the
diameters determined by TEM and SAXS technique were close to
each other.) Thus, these results imply that the additional unimodal
distribution with the peak at R¼ 2.5 nm may be attributed to the size
distribution of Pd nanoparticles existing in the nanocomposite
particles. This speculation can be confirmed by close examination
of the high-resolution TEM image; the Pd nanoparticle size estimated
by SAXS studies agreed well with that determined by TEM studies
(R¼ 2.7 nm; Figure 2). It should be noted that the Pd nanoparticles
were randomly distributed in the nanocomposite particles, as shown
in Figure 2. Therefore, a straightforward core-shell model is not ideal
for calculating the particle scattering for the SAXS profile fitting.
Nevertheless, even in this unfavorable situation, it was found that the
SAXS results could be accounted for by a simple summation of the
particle scattering. Furthermore, the wide distribution of the Pd
nanoparticle diameters may imply aggregation of the Pd nanoparti-
cles. Indeed, some TEM images show overlapping of the Pd
nanoparticles, which could be simply considered a result of aggrega-
tion, rather than the superimposition of discrete particles in the two-
dimensional images (as stated above).

In addition, it should be noted that the size distribution of the PPy-
Pd nanocomposite particles was much wider compared with that of
the Pd nanoparticles. This difference could indicate that the distance
between the Pd nanoparticles was not uniformly controlled, and/or
the number of the Pd nanoparticles per nanocomposite particle was
relatively widely distributed, whereas the Pd nanoparticles were
relatively uniform.

CONCLUSIONS

In summary, high-resolution TEM studies revealed that PPy-Pd
nanocomposite particles had non-spherical shapes with a hetero-
geneous nanomorphology composed of a PPy matrix containing
B5 nm Pd nanoparticles. SAXS studies succeeded in measuring the
diameters of the PPy-Pd nanocomposite particles as well as the Pd
nanocrystal particles in aqueous medium, and the average diameters
for the nanocomposite particles and the Pd nanocrystal particles were
23.0 and 5.0 nm, respectively. The SAXS results were in good
agreement with the TEM results. The particle size distributions were
also characterized by using SAXS to measure the radius of the PPy-Pd
nanocomposite core without the hydrated PLSSA colloidal stabilizer
layer. The diameters determined by TEM and SAXS were similar but
were smaller than the hydrodynamic diameter determined by
dynamic light scattering. The synthesized nanocomposite particles
are expected to function as a catalyst for organic reactions (for
example, the Suzuki–Miyaura coupling reaction) performed in
aqueous media.14,15
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