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Bimetallic PdAg nanoparticle arrays from
monolayer films of diblock copolymer micelles

E. Ehret,*a E. Beyou,b G. V. Mamontov,c T. A. Bugrova,c S. Prakash,a M. Aouine,a

B. Domenichinid and F. J. Cadete Santos Airesa,c

The self-assembly technique provides a highly efficient route to generate well-ordered structures on a

nanometer scale. In this paper, well-ordered arrays of PdAg alloy nanoparticles on flat substrates with

narrow distributions of particle size (6–7 nm) and interparticle spacing (about 60 nm) were synthesized by

the block copolymer micelle approach. A home-made PS-b-P4VP diblock copolymer was prepared to

obtain a micellar structure in toluene. Pd and Ag salts were then successfully loaded in the micellar core

of the PS-b-P4VP copolymer. A self-assembled monolayer of the loaded micelles was obtained by

dipping the flat substrate in the solution. At this stage, the core of the micelles was still loaded with the

metal precursor rather than with a metal. Physical and chemical reducing methods were used to reduce

the metal salts embedded in the P4VP core into PdAg nanoparticles. HRTEM and EDX indicated that Pd-

rich PdAg alloy nanoparticles were synthesized by chemical or physical reduction; UV-visible spec-

troscopy observations confirmed that metallic PdAg nanoparticles were quickly formed after chemical

reduction; XPS measurements revealed that the PdAg alloy nanoparticles were in a metallic state after a

short time of exposure to O2 plasma and after hydrazine reduction.

Introduction

Bimetallic nanoparticles (NPs) display unique properties dras-
tically different from those of the corresponding single-com-
ponent particles. These properties are assumed to result from
both the electronic and structural effects of the bimetallic
nanoparticle. As these properties depend also on the prepa-
ration conditions, the synthesis of bimetallic nanoparticles
with accurately controlled structures and compositions is
essential to obtain advanced materials for electronic, mag-
netic, optical and catalytic applications.

The self-assembly technique provides a highly efficient
route to generate well-ordered structures on a nanometer
scale. The formation of self-assembled structures from block
copolymers has generated significant interest because they
offer a wide range of possibilities in terms of architecture, size
and chemical composition and allow achieving long-range

ordering through microphase separation when the different
blocks are chemically immiscible.1–10 The formation of
ordered domains is driven by a balance between entropic and
enthalpic forces and chemical bond constraints between the
blocks. Self-assembled morphologies of traditional diblock
copolymers are of four types: lamellar, spherical, bicontinuous
and cylindrical.11 The ultimate morphology is determined by
the degree of polymerization and the relative composition of
the different blocks. Besides, the phase behaviour of block
copolymers in solution is different from that in the melt due
to solvent–monomer and monomer–monomer interactions.
Self-assembly of polystyrene-block-poly(4-vinylpyridine) amphi-
philic block copolymer has been studied extensively with
different metals and at different pH values.12–19

Over the past few years, the fabrication of nanostructures
from self-assembled block copolymer templates has been
actively studied.20,21 One of the applications is to employ block
copolymers to generate inorganic NPs.22–25 In this approach, a
block copolymer consisting of a hydrophilic and hydrophobic
block is dissolved in a selective solvent such as toluene in
order to obtain inverse micelles.26 The core of such inverse
micelles can be loaded with a metal salt ligated by complexa-
tion or protonisation to the inner polymer block. The reverse
micelles can then be transferred from the solution to the sub-
strate by using, for instance, standard spin or dip-coating tech-
niques. The obtained layer exhibits a high degree of hexagonal
order, reflecting the packing of spherical micelles. At this
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stage, the core of the micelles is still loaded with the metallic
precursor rather than with a metal. It was found that the
removal of the surrounding polymer as well as the reduction of
the metallic precursor to a metal can be accomplished by O2

plasma,27 UV ozone,28 or using the vapour or the solution of
the reducing agent.29

In the present contribution, 2D ordered arrays of bimetallic
PdAg nanoparticles were successfully synthesized via the co-
polymer micelle approach. First, a polystyrene-b-poly(4-vinyl-
pyridine) (PS-b-P4VP) diblock copolymer was synthesized by
nitroxide mediated radical polymerization using an alkoxy-
amine unimolecular initiator (Styryl-SG1). Intermolecular inter-
actions between the PdCl2 and AgNO3 salts and the P4VP
micellar core and formation of nanoparticles from the micellar
complex were investigated by various spectroscopic and micro-
scopic characterization. Special focus is laid on the influence
of the type of reduction treatments, and the chemical nature
and the stability of the nanoparticles.

Experimental
Materials

Silver nitrate (AgNO3) (Aldrich), palladium chloride (PdCl2)
(Aldrich), hydrazine monohydrate (N2H4·H2O) (Aldrich) and
anhydrous toluene (Aldrich) are used as received. 4-Vinylpyri-
dine (4VP, Aldrich, 95% purity) is purified by distillation under
reduced pressure. Styrene (Acros, 99% purity) is distilled under
vacuum before use. The alkoxyamine initiator (styryl-DEPN) is
prepared using a procedure described in the literature.30 Anhy-
drous methanol (Acros, >99%) and tetrahydrofuran (THF,
Sigma-Aldrich, >99%) are used as received.

Substrates

N-doped Si wafers (µChemicals) are cleaned using the three
solvents process. Amorphous carbon and SiO2 films deposited
on 200 mesh Cu grids are used for electron microscopy.

Polymerization

Block copolymers of poly(styrene)-block-poly(4-vinylpyridine)
(PS-b-P4VP) are synthesized by means of nitroxide mediated
free “living” radical polymerization.

Styrene homopolymerization

In a typical procedure, styryl-DEPN (116.34 mg, 2.92 × 10−1

mmol) is dissolved in styrene (25 g, 24 mmol) and the solution
is degassed by four freeze–pump–thaw cycles. The vessel is
sealed under vacuum and immersed in an oil bath at 115 °C
for 8.5 h.

After polymerization, the reaction mixture is dissolved in
THF and the polymer is precipitated in methanol. Then, the
recovered product is dried under vacuum. Samples are with-
drawn during polymerization at specific time-intervals to
follow the polymerization kinetics. The molecular weight and
molecular weight distributions are determined by SEC analy-
sis. The monomer conversion (43%) is estimated by 1H NMR

analysis by comparing the peak areas of the protons of the
monomer and the homopolymer. A PS sample with a polymer-
ization degree of 410 is obtained.

Synthesis of PS-b-P4VP diblock copolymers

A well-characterized PS homopolymer synthesized in a first
step is used as the macroalkoxyamine initiator of the P4VP
block. Typically, the PS macroinitiator (2 g, Mn SEC = 49 920 g
mol−1, 0.4 × 10−1 mmol) is dissolved in a mixture of DMF (8 g)
and 4-vinylpyridine (2 g, 18.8 mmol). The solution is then
degassed by three freeze–pump–thaw cycles, sealed under
vacuum, placed in a thermostated oil bath at 115 °C and
allowed to react for different reaction times. The resulting
copolymers are isolated and characterized as described pre-
viously for the PS homopolymer. According to the latter experi-
mental procedure, a PS410-b-P4VP62 block copolymer is
synthesized.

Loading of micelles with metal precursors

0.2 or 0.5 wt% solutions (c = 2 or 5 mg mL−1) of the diblock
copolymer PS410-b-P4VP62 in dry toluene is stirred for 8 h in
order to allow the formation of reverse micelles. The precise
amount of metal precursor (PdCl2, AgNO3) is added to yield a
loading ratio (R) of the P4VP micellar core (the ratio between
the number of metal ions and the pyridine unit) of R = 0.4 (R =
0.2 for each salt in the case of PdAg nanoparticles). The solu-
tions are stirred for at least 48 h, allowing the metallic salts
adequate time to diffuse into the core of the micelle and to
complex with the pyridine groups of PVP. The solutions are fil-
tered through 0.45 μm PTFE syringe filters.

Particle nucleation and reduction

A monolayer of PS410-b-P4VP62 micelles with the metallic salts
was dip-coated (typically at 40 mm min−1) using a KSV dip-
coater on the Si substrate. At this stage, the core of the micelles
is still loaded with the metal precursor rather than with a
metal. In order to obtain regularly arranged naked metal nano-
dots on top of the substrate, additional steps are necessary.
Physical and chemical reducing methods of particle formation
are investigated (see Scheme 1). The physical method involves
the use of O2 plasma (Diener RF Plasma, Femto 3, 13.56 MHz,
50 W, pO2

= 0.25 mbar) to reduce the metal precursors to a
metal and remove the polymer matrix. In the chemical
method, the hydrazine (N2H4) reducing agent is used to form
the metallic particle. Two different chemical approaches,
named “route 1” and “route 2” are investigated. Route 1 uses
hydrazine monohydrate solution. Under vigorous stirring, the
hydrazine solution is quickly added to the micellar solution in
toluene. This solution is then dip-coated on the Si substrate.
The excess hydrazine is neutralized with hydrochloric acid
directly after reduction. Route 2 uses N2H4 vapour as a redu-
cing agent. Here, the Si substrates dip-coated with a monolayer
of metallic salts loaded PS410-b-P4VP62 micelles is exposed to
N2H4 vapour for varying lengths of time.
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Characterization

The nanostructures were characterized by atomic force
microscopy (AFM), transmission electron microscopy (TEM),
X-ray photoelectron spectroscopy (XPS) and UV-visible spec-
troscopy. The AFM used in this study is an upgrade Nanoscope
III (Digital Instruments/Bruker) using commercially available Si
cantilevers, operating in the tapping mode under ambient con-
ditions. XPS (Kratos Analytical, Axis-Ultra) is performed using
monochromatic Al Kα X-rays with a photon energy of 1486.6 eV.
The pass energy of the analyzer is set at 20 eV for high-resolu-
tion spectra. The spectra are analyzed using CasaXPS v.2.3.15
software. The Si 2p peak is used as the reference for binding
energy calibration. Quantitative elemental compositions are
determined from peak areas using experimentally determined
sensitivity factors and the spectrometer transmission function.
TEM is performed using two microscopes: (i) a JEOL JEM 2010
operating at 200 kV and equipped with a UHR pole-piece
(0.196 nm point resolution) and Pentafet-LinK Si(Li) EDX
spectrometer (Oxford Instruments), (ii) a FEI Titan G2 80–300
kV ETEM (0.085 nm resolution) equipped with a SDD X-MaxN
80T EDX spectrometer (Oxford Instruments) and a Gatan
Imaging Filter Tridiem ERS (Gatan Instruments). To prepare the
samples for TEM observation, amorphous carbon and SiO2

coated copper grids (3.05 mm, 200 mesh) are used as substrates
for dip coating the micelle containing metallic ions. The grid is
dipped into a micellar solution followed by pulling out the grid
with a velocity of 40 mm min−1. The covered grids are dried by
exposure to air. Absorption measurements are carried out on a
UV 160-A Shimadzu spectrophotometer. The spectra are
recorded at room temperature using 1 × 1 cm2 quartz cuvettes
when the micellar solution is investigated and using glass
slides when a thick film of PS-b-P4VP micelles with the metallic
salts is formed by dip-coating.

Results and discussion
Morphological and structural characterization

Fig. 1 displays representative large scale tapping mode AFM
images (1 × 1 µm2) of the micellar solution dip-coated on Si
substrates after various reduction treatments such as O2

plasma treatment or hydrazine reduction treatments (see
Scheme 1). For all images, sharp AFM tips (tip radius <7 nm)
are used to minimize the tip broadening effect. Fig. 1 shows
that the micelles preferentially arrange themselves in a quasi-
hexagonal pattern of nanodots. After the plasma treatment,
the organic compounds are removed from the micelles while
the hexagonal pattern is maintained (Fig. 1c). Note that the
experimental evidence of polymer removal is provided by XPS
based on the C 1s spectra (not shown here) and HRTEM obser-Scheme 1 Illustration of the basic steps of two methods for the for-

mation of metallic particles: first, metal–salt precursor loaded reverse
micelles are formed from PS-b-P4VP diblock copolymers after dissol-
ution in toluene and addition of precursors into the solution (a) particle
formation by O2 plasma treatment or (b) particle formation by N2H4

reduction in solution (route 1) or under vapour after transfer of the
loaded micelles onto a substrate by dip-coating (route 2).

Fig. 1 Two-dimensional tapping mode AFM images (1 × 1 µm2) and
particle size distributions (lower panels) of ordered array on a silicon
substrate of (a) PS410-b-P4VP62 micelle without metallic salt loading the
micellar core, (b) containing PdCl2 and AgNO3 salts, (c) same preparation
as in (b) but after 5 min O2 plasma treatment and (d) same preparation
as in (b) but after N2H4 reduction in solution. For all samples, the Pd and
Ag salt loading is equivalent (R: loading ratio Pd/N and Ag/N of 0.2).
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vations (see below). The location and order of the nanodots
correspond to the original pattern of Fig. 1a. The average
center–center nanodot distance does not change (about
55 nm). The average size reduces from 19 ± 2 nm (before O2

plasma: see Fig. 1b) to roughly 12 nm ± 1 nm (after the O2

plasma: see Fig. 1c). Fig. 1d shows the surface morphology of a
monolayer film obtained after dip-coating of the PdCl2 and
AgNO3 salts micellar solution reduced by N2H4 under strong
stirring for 24 h (route 1). The ordered structure of nanodots is
maintained with a higher average diameter of roughly 26 nm ±
2 nm due to the swelling of the P4VP core in the presence of
N2H4. However, the tapping mode AFM observations here
cannot determine whether the PdCl2 and AgNO3 salts

embedded in the P4VP core are aggregated in situ and reduced
to metallic NPs by N2H4 or not. The particle size histogram cal-
culated from the AFM image of Fig. 1d also shows a broaden-
ing of the nanodot size distribution. Note that similar
observations are reported when the salt loaded micellar mono-
layer is subjected to reduction by exposure to N2H4 vapour
(route 2). To summarize, the AFM images demonstrate the val-
idity of our preparation method for the synthesis of bimetallic
catalysts with narrow size distributions.

To gain more insight about the morphology and internal
particle structure, TEM experiments are carried out. Fig. 2
shows TEM micrographs of monofilms of AgNO3 and PdCl2
salt loaded PS410-b-P4VP62 micelles deposited by dip-coating

Fig. 2 Representative TEM (a–c) and HRTEM (d–f ) images and size-histograms (g–i) for PS410-b-P4VP62 micelle containing PdCl2 and AgNO3 salts
before (a, d, g) and after reduction by O2-plasma treatment (b, e, h) and N2H4 reduction in solution (c, f, i). 2D-FFTs for each NP are inserted in the
HRTEM images (e, f ) for the two reduced samples. For all samples, the Pd and Ag salt loading is equivalent (loading ratio Pd/N and Ag/N of 0.2). The
monofilms are cast from solution on a carbon-coated copper grid as in (a, d) and (c, f ) or on a SiO2-coated copper grid as in (b, e).

Paper Nanoscale

Nanoscale This journal is © The Royal Society of Chemistry 2015

Pu
bl

is
he

d 
on

 2
0 

Ju
ly

 2
01

5.
 D

ow
nl

oa
de

d 
on

 2
0/

07
/2

01
5 

12
:0

6:
57

. 
View Article Online

http://dx.doi.org/10.1039/c5nr02215k


on a carbon and/or SiO2-coated copper grid before and after
O2 plasma and N2H4 reducing agent treatments. The TEM
images of AgNO3 and PdCl2 salt loaded micelle monofilm in
Fig. 2a and d shows that the metallic loaded micelles preferen-
tially arrange to form a quasi-hexagonal pattern on the carbon
coated copper grid. Close observation of the P4VP cores
(Fig. 2d) revealed a fine grain substructure inside every micelle
corresponding to ultrasmall PdAg particles. Their formation
could be explained by the electron irradiation effects instan-
taneously reducing the metallic salts since their contrast is
enhanced when the electron beam exposure time increases. The
average diameter of the micelles is estimated by TEM to be 20 ±
2 nm in reasonable agreement with the AFM. The center to
center distance of the spherical micelles is, on average, 60 nm.
This distance is defined by the shell of PS, which is not visible
in the TEM because of its small electron density.

Fig. 2b and e show TEM images of a monofilm of PdCl2-
and AgNO3-loaded PS410-b-P4VP62 micelles after 2 min of O2

plasma exposure. The polymer matrix is completely removed
(no residual carbon around NPs) and a hexagonal pattern of
nanodots matching that observed before the plasma treatment
is clearly visible. Fig. 2h shows the size distribution of the NPs
as obtained by TEM observations. The average particle dia-
meter is 7 nm. Over this range of particle sizes (<20 nm), there
is a significant difference between the AFM and TEM particle
sizes measured by AFM and by TEM due to the space convolu-
tion of the particle with the AFM tip which increases the
lateral dimensions as is often observed for supported
nanoparticles.31–35 The presence of residual carbon layer
around the nanoparticle that could overestimate the values in
AFM measurements is ruled out since the TEM observations
clearly show NPs with very clean surfaces without a trace of
residual carbon around them (see Fig. 2e and f). Previous
work has shown that the TEMs used for our observations allow
imaging of organic nanometer layers.36

Fig. 2e shows an HRTEM image of a representative PdAg NP
with its 2D-FFT as an insert. All the NPs appear to be crystal-

line and most of them are twinned like the one in Fig. 2e. The
measurement of the interplanar d-spacings and angles clearly
indicates that the zone-axis corresponding to the orientation
of the NP is close to a 〈111〉 type zone-axis. Indeed, the
measured angles are approximately 60° and the d-spacings cor-
respond to {110} type planes. A comparison between the
measured d-spacings and those reported in the literature37 for
PdAg alloys with fcc structure parameters intermediate to Pd
and Ag (see Table 1) suggests that the NPs formed after 2 min
O2 plasma are Pd-rich PdAg alloys with fcc structures. The
small deviation between the measured and reported values is
within the experimental error of our measurement technique.
A clear indication of alloy particle formation is given by the
presence of {110}-type spots in the 2D-FFT (see insert in
Fig. 2e and Table 1). Such spots should be absent for pure Ag
and Pd NPs (all atoms have the same atomic form factor in the
lattice) but present for PdAg alloy NPs (different atomic form
factors in the lattice) owing to the extinction rules for fcc struc-
tures. In addition, single-particle EDX analysis performed on
about 50 NPs confirmed that all NPs contained both metals,
Pd and Ag, with an average Pd/Ag atomic ratio of 0.77 ± 0.06
which is consistent with the Pd-rich PdAg alloy observed by
HRTEM.

Fig. 2c and f shows representative TEM images of a mono-
film of AgNO3 and PdCl2 salt loaded PS-b-P4VP micelles after
reduction with N2H4, clearly revealing particles embedded in
the P4VP core of the micelles. The TEM image shows spherical
shape particles with an average diameter of about 6 nm and a
very narrow size distribution (see Fig. 2i). Here, direct compari-
son between AFM and TEM particle size distribution does not
make sense since only the P4VP core can be imaged by AFM
measurement.

HRTEM images and corresponding 2D-FFTs of two repre-
sentative NPs are shown in Fig. 2f. The HRTEM image and
2D-FFT of the smaller particle (see the top of Fig. 2f) indicate
that this particle is polycrystalline. 2D-FFT clearly shows fea-
tures related to diffraction Debye–Scherrer rings assigned to

Table 1 Measured interplanar d-spacings and angles corresponding to the 2D-FFTs inserted in Fig. 2e and f (bottom) together with the theoretical
values for the same parameters in Pd, Ag, PdAg and Pd9Ag fcc structures. The latter are taken from the ICSD37

Interplanar
distance type

Measured
distance
(±0.020 nm)

Reported
value for Pd
ICSD #52251

Reported
value for Ag
ICSD #52257

Reported value
for PdAg ICSD
#181301

Reported value
for Pd9Ag ICSD
#605664

Measured
angle (±1°)

Reported
angle for FCC
structure

NP in Fig. 2e
d1 d(110) 0.267 nm Extinction Extinction 0.2812 nm 0.2766 nm — —
d2 d(011) 0.262 nm Extinction Extinction 0.2812 nm 0.2766 nm — —
d3 d(−101) 0.262 nm Extinction Extinction 0.2812 nm 0.2766 nm — —
Angle [pl1,pl2] — — — — — — 61.0° 60.00°
Angle [pl2,pl3] — — — — — — 119.2° 120.00°

NP in Fig. 2f (bottom)
d1 d(111) 0.229 nm 0.2246 nm 0.2359 nm 0.2296 nm 0.2258 nm — —
d2 d(111) 0.231 nm 0.2246 nm 0.2359 nm 0.2296 nm 0.2258 nm — —
d3 d(002) 0.199 nm 0.1945 nm 0.2044 nm 0.1989 nm 0.1956 nm — —
Angle [pl1,pl2] — — — — — — 70.9° 70.53°
Angle [pl2,pl3] — — — — — — 55.1° 54.74°

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2015 Nanoscale

Pu
bl

is
he

d 
on

 2
0 

Ju
ly

 2
01

5.
 D

ow
nl

oa
de

d 
on

 2
0/

07
/2

01
5 

12
:0

6:
57

. 
View Article Online

http://dx.doi.org/10.1039/c5nr02215k


(111) and (002) type planes, which are typical for a face-
centered cubic (fcc) crystal lattice and confirms that this particle
is metallic (cubic oxide phases of Pd and Ag do not have lattice
parameters consistent with the measured ones).37 The posi-
tions of the rings are both intermediate between those corres-
ponding to the pure Ag and Pd metals, which is an indication
of the formation of NPs of mixed composition. For the bigger
particle at the bottom of Fig. 2f, the HRTEM image and
2D-FFT clearly show that this particle is highly single crystal-
line. The measured interplanar d-spacings and angles and the
reported data for pure Ag, Pd and PdAg alloys with fcc crystal
structures (see Table 1) suggest that this particle is a metallic
Pd-rich PdAg alloy nanocrystal oriented in the [1−10] direction.
The single-particle EDX analysis also confirmed that all par-
ticles contained both Pd and Ag metals. An average Pd/Ag
atomic ratio of 0.71 ± 0.04 is estimated, which is very similar
to that obtained with the monofilm treated with O2 plasma.

The single-particle EDX analysis based on a randomly
chosen collection of NPs shows that the average composition
of the PdAg NPS after O2 plasma or reduction under hydrazine
deviates significantly from the initial composition which corre-
sponds to the Pd/Ag ratio of the salt initially loaded in the
micellar core. This deviation suggests that the AgNO3 salt is
partially embedded in the micellar core mainly due to its solu-
bility in toluene being substantially lower than that of the
PdCl2 salt. This is verified by our TEM observations showing
AgNO3 crystals present on the surface. It is important to note
that when single particle EDX is performed within the AgPd
particle arrays, a high electron fluence results in a higher Pd/
Ag atomic measured ratio (loss of Ag atoms under electron
beam). Great care has therefore been taken to work under low
dose conditions to minimize sample degradation to reflect the
true composition of the particles. Our previous works have
shown that the optimal solution to obtain a good quantifi-
cation by EDX of the composition of bimetallic nanoparticles
even in very diluted alloys is a compromise between the acqui-
sition time and stability of the bimetallic nanoparticles under
the electron beam.38–41 The EDX analysis also revealed that the
samples treated with O2 plasma induce a higher inhomogen-
eity of the Pd/Ag ratio. The O2 plasma is used to remove the
organic matrix and generate the bimetallic nanoparticles.
However the plasma process is hard to understand and occurs
through a combination of sputtering, electron-induced reac-
tions and etching with free radicals which depends on the NPs
structure and composition.42,43

Electronic and chemical characterization

In order to better understand the interaction between the
metal salt and the copolymer micellar core, XPS measurements
are performed on PdCl2- and AgNO3-loaded PS410-b-P4VP62
micelles (loading ratio: R = 0.4) to study the chemical interplay
between the involved species. In the P4VP core, the nitrogen
atom of the pyridine group can act as σ-donor and π-acceptor
ligand and can coordinate with the metals through covalent
bonding.44 Evidence for the bonding of the metal ions to the
copolymer can be seen by comparing the N 1s XPS spectra in

Fig. 3-1 before and after the incorporation of metal salts. The
N 1s spectrum of the unloaded PS410-b-P4VP62 shows only one
binding state of the nitrogen atoms at 399.5 eV (Fig. 3-1(a)) in
agreement with the literature.45,46 As expected, the loading of
the PS410-b-P4VP62 core with palladium or/and silver ions
changes the binding energy of the corresponding N 1s spec-
trum (Fig. 3-1(b and d)). Thus, a new highly energetic N 1s
peak is observed for both metallic salts around 401.2 eV and
400.7 eV for PdCl2- and AgNO3-loaded PS410-b-P4VP62 core
respectively. It is assumed that this component peak shows
nitrogen, which is involved in a complex formation with salt
ions. The binding energy of nitrogen is governed by the charge
transfer of the electron lone pair from the sp2 nitrogen orbital
to the electron-accepting orbitals of the metal. However, the
N 1s peak associated with the unloaded PS410-b-P4VP62 is still
present indicating that a fraction of the pyridine nitrogen par-
ticipates in the interaction with the salt metallic cations. An
additional component peak appears at 407 eV for the AgNO3-
loaded PS410-b-P4VP62 samples (Fig. 3-1(c and d)). This com-
ponent peak shows nitrogen, which is assigned to the N 1s
transition in the nitrate ion (NO3

−).
Fig. 3-2(a) shows the Pd 3d spectra of PdCl2 after dilution in

toluene and deposition into a Si sample. Similar to spectra
from the literature,47 the Pd 3d spectrum of Pd Cl2 shows a
single Pd 3d5/2 peak at binding energy of 339.8 eV. When the
Pd Cl2 loaded the P4VP core, the Pd 3d spectrum (Fig. 3-2(b))
shows a Pd 3d5/2 peak at binding energy of 339.2 eV. This
result shows that the binding energy of Pd in PdCl2 loaded in
the PS410-b-P4VP62 is quite similar to PdCl2 alone and implies
a Pd2+ oxidation state. Similar results are obtained for AgNO3-
loaded PS410-b-P4VP62 micelles deposited on the SiO2/Si (100)
sample. In Fig. 3-3(b and f) the peak binding energy of Ag 3d5/2
at 369 eV is significantly higher than the expected value for
bulk Ag0 (368.0 eV) and the measured value (368.3 eV) for Ag
in AgNO3 in Fig. 3-3(a). These results are in agreement with
the peak energy values reported previously48 and suggest that
the Ag1+ ions of the AgNO3 salt are coordinated to the pyridyl
groups of the P4VP polymer. In summary, the above results
confirm that the Pd and Ag salts in the presence or not of the
second metal are successfully loaded in the micellar core and
a coordination interaction between metal atoms and pyridine
is involved.

XPS is also used to gain some insight on the particle for-
mation processes by means of plasma treatment or hydrazine
reduction. Pd 3d and Ag 3d spectra after the different pro-
cesses were measured for PdCl2- and AgNO3-loaded PS410-b-
P4VP62 micelles. The Pd 3d spectra are shown in Fig. 3-2.
When the P4VP micelle cores are loaded with only the PdCl2
salt, the Pd 3d spectrum (Fig. 3-2(c)) obtained after 2 min O2

plasma exposure time shows a single peak for Pd 3d5/2 at 335.3 eV.
This agrees well with the peak positions assigned in the
literature to the reduced metallic Pd0.49,50 When the O2 plasma
exposure time is increased up to 5 min, the binding energy of
Pd 3d shifts to 336.9 eV (Fig. 3-2(d)) which are assigned to the
Pd2+ oxide (i.e. PdO).51,52 A trace of metallic Pd is still
observed. After treatment under H2 pressure at 400 °C for 1 h
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of the 5 min O2 plasma sample, the reduction of Pd2+ to Pd0

(peak at 335.3 eV) is clearly observed in the Pd 3d5/2 spectra of
the Fig. 3-2(e). Similar results are obtained when the P4VP
micelle cores are loaded with both Ag and Pd salts (Fig. 3-2(g
and h)). Fig. 3-3 also shows Ag 3d spectra after plasma treat-
ment and hydrazine reduction treatment. Although the shift in

binding energy between the Ag+ and Ag2+ states in silver oxides
and the Ag0 metallic state is rather small,53,54 the binding
energy of Ag5/2 at 367.3 eV, after 2 min O2 plasma into AgNO3

loaded PS410-b-P4VP62 micelles, suggests a complete oxidation
of Ag atoms to AgO.

It is interesting to note that when samples with both PdCl2
and AgNO3 embedded inside the PS410-b-P4VP62 core are
exposed for 2 min to O2 plasma, the Ag 3d5/2 XPS peak is found
at 368.0 eV which can be ascribed to the metallic Ag0 state. The
XPS results reveal that the formation of nanoparticles is practi-
cally accomplished after 2 min of oxygen plasma exposure. The
nanoparticles are in a metallic state after such a treatment in
agreement with the TEM investigations. However, when the O2

plasma exposure time is increased, an oxidation of nano-
particles is observed. Fig. 3-1(e), 2(i) and 3(i) show respectively
the N 1s, Pd 3d and Ag 3d XPS spectra of PdCl2- and AgNO3-
loaded PS410-b-P4VP62 micelles after hydrazine treatment. The
XPS results suggest that the PS410-b-P4VP62 micelles are still
present as indicated by the N 1s peak and that the nanoparticles
formed by salt reduction under N2H4 are in a metallic state (see
Pd 3d and Ag 3d peaks, Fig. 3).

UV-Vis spectral analysis of the salt reduction under hydrazine

As described before, an alternative method to plasma for
obtaining metallic nanoparticles in the core volume of the
micelle is to reduce the immobilized Ag and/or Pd salts by
N2H4. Two approaches using N2H4 as a reducing agent have
been investigated: the first is the addition of N2H4 liquid in
the salt loaded copolymer dissolved in toluene and the second
is the exposure of a metallic salt loaded micellar film to N2H4

vapour. The formation of metal nanoparticles is detected by
UV-Vis spectroscopy. As each metal nanoparticle has its own
characteristic localized surface plasmon resonance (LSPR)
band, valuable information is provided on the nature and
stability of the metal nanoparticles. The time dependence of
the formation of NPs is monitored by UV-visible absorption
spectroscopy as illustrated in Fig. 4. Fig. 4a and 4b show the
time dependent absorption spectra of AgNO3 loaded PS410-b-
P4VP62 micelles using both N2H4 reducing processes. When
route 1 was used (Fig. 4a), approximately 6 min after the
addition of N2H4, the color of the solution was faint yellow
and displayed a diffuse LSPR peak at 433 nm, which can be
attributed to the formation of small Ag nanocrystals.55–57 Over
the next 40 min, the LSPR peak amplitude increases rapidly
with a slight blue shift reaching a maximum at 419 nm fol-
lowed by a monotonic red shift up to 426 nm over the remain-
ing 24 h. This blue shift can be explained by two different
effects: (i) the change in the dielectric medium within the
AgNO3 loaded P4VP cores when N2H4 diffuses within the cores
and swells them as observed in the AFM images and (ii) a
reduction in the size dispersity of the nanoparticles as pre-
viously reported for the formation of trioctylamine-stabilized
spherical silver nanoparticles.58 When route 2 is used, the
absorption spectra (Fig. 4b) of the AgNO3 loaded PS410-b-
P4VP62 micelle films quickly (10 s in N2H4 vapour) show a
broad and blue-shifted asymmetric surface plasmon absorp-

Fig. 3 (1) N 1s, (2) Pd 3d and (3) Ag 3d XPS spectra of PS410–PVP62

micelle monolayer on silicon substrate with or without PdCl2 and/or
AgNO3 salt loading the micellar core and after different treatments. For
all samples, the Pd and Ag salt loading is equivalent (R: loading ratio Pd/
N and Ag/N of 0.2).
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tion band with a maximum at 468 nm. These LSPR peaks
become narrower and more symmetrical when the exposure
time is increased with a maximum at 454 nm. The asymmetry
of the LSPR peak could be attributed to an asymmetry of the
size distribution of the Ag NPs inside the P4VP core during the
early stage of NP formation. Fig. 4c shows the time dependent
absorption spectra of the co-reduction of AgNO3 and PdCl2

salts embedded in the P4VP core with N2H4 in solution (route
1). A broad absorption band over the entire visible range is
observed whereas the colorless micellar solution turned pale
brown with the addition of hydrazine solution. It is clear that
the presence of Pd strongly affects the LSPR of Ag NPs. Similar
observations have been reported for mixed NPs studied at
different Pd/Ag ratios.59,60 The characteristic LSPR bands of
Fig. 4 suggest that the particles formed by salt reduction under
hydrazine are metallic and when both AgNO3 and PdCl2 salts
are used, bimetallic PdAg particles generated in the P4VP core
are alloy particles ruling out the presence of isolated Ag par-
ticles. It can be noted that the solutions are stable at room
temperature and can be stored in a transparent vial for as long
as several weeks or months.

Conclusion

We have demonstrated that well-ordered arrays of bimetallic
PdAg nanoparticles can be produced using a PS-b-P4VP block
copolymer template. Each step of the process of nanoparticle
formation has been characterized by AFM, TEM, XPS and UV-
visible spectroscopy. AFM, TEM and EDX show that an ordered
array of micelle monolayers containing PdCl2 and AgNO3 salts
can be made by a dip coating process, with a well-defined
interparticle distance and a narrow distribution of size and
composition. XPS spectra confirm that the PdCl2 and AgNO3

salts in the presence or not of the second metal are success-
fully loaded in the micellar core and a coordination interaction
between metal atoms and pyridine is involved. At this stage,
the core of the micelles is still loaded with the metal precursor
rather than with a metal. In this study, we show that various
reducing methods (physical reduction by O2 plasma, chemical
reduction by hydrazine solution and vapour) can be used to
synthesize PdAg nanoparticles. AFM and TEM observations
show that the ordered array of nanodots is not altered by the
reducing process. PdAg nanoparticles with average diameters
of about 6–7 nm are obtained. HRTEM and EDX indicate that
Pd-rich PdAg alloy nanoparticles are synthesized by chemical
or physical reduction. UV-visible spectroscopy observations
confirm that bimetallic PdAg nanoparticles are quickly formed
after chemical reduction. XPS measurements reveal the met-
allic state in the PdAg alloy nanoparticles after 2 min of O2

plasma and hydrazine reduction. However, when the O2

plasma exposure time is increased, the XPS spectra suggest an
oxidation of the PdAg nanoparticles. The synthesis of such bi-
metallic particles with good control over the composition, par-
ticle size, shape and interparticle spacing makes these
surfaces ideally suited for model study in catalysis to under-
stand and control their catalytic performance.
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