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Manipulating Nanoparticle Size within Polyelectrolyte
Multilayers via Electroless Nickel Deposition
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Palladium nanoparticles within polyelectrolyte multilayers of poly(allylamine hydrochlo-
ride) (PAH) and poly(acrylic acid) (PAA) were prepared as seeds for further growth by
electroless nickel deposition. The seeds were generated by binding tetraaminepalladium from
aqueous solution to PAA carboxylic acid functionalities in the polymer film and subsequent
reduction. Nickel was electrolessly deposited on the small, 2-nm-diameter catalytic particles.
By manipulation of the rate and duration of the electroless deposition, a nickel shell of
arbitrary thickness could be grown; up to 14-nm-diameter particles were obtained. Elemental
analyses showed that the composition of the electrolessly deposited material, nickel with
several weight percent boron, was similar to that obtained from macroscopic surface
electroless nickel plating. The electroless chemistry facilitated control over nanoparticle size
independent of the process of nanoparticle nucleation and hence particle concentration.

Introduction

The chemical synthesis of hard inorganic solids
directly within a soft (e.g., polymeric) matrix is an
effective and facile approach for preparing nanocom-
posites. These materials combine the processing advan-
tages of polymers with the electrical, optical, or mag-
netic properties unique to inorganics. Polyelectrolyte
multilayer thin films assembled by layer-by-layer (LbL)
processing are versatile matrixes for nanocomposites;
LbL assembly affords nanoscale control over the inter-
nal architecture, facile and environmentally friendly
processing of both simple and complex structures, and
conformal and large-area coating onto a wide variety of
surfaces.! We have demonstrated the versatility of using
polyelectrolyte multilayers to selectively prepare in situ
metallic and semiconductor nanoparticles via the con-
trolled binding of metal cations and their subsequent
precipitation (e.g., by reduction) within the polymeric
matrix.2 Recently, others have shown alternative syn-
theses of inorganic particles within pre-assembled mul-
tilayer films.3=® Our methodology affords facile control
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over the concentration, spatial distribution, and size of
inorganic nanoparticles via the multilayer assembly
conditions and the repeated cycling of the synthetic
process.” In this paper we report a complementary
synthetic methodology based on the electroless deposi-
tion of nickel within polyelectrolyte multilayers that
facilitates manipulation of the size of previously formed
nanoparticles in the multilayer.

The nanoparticle sizes and concentrations that are
obtainable via in situ synthesis within polyelectrolyte
multilayers and other solid polymers® are often limited
by the availability of nanoparticle precursors due to
either slow mass transfer of the precursors into the
polymer or the finite concentration of precursor binding
sites. Thus, the obtainable range of particle sizes is
limited and, moreover, the nanoparticle concentration
and size often cannot be controlled independently, with
larger particles following higher concentrations. In
contrast, in solution synthesis of nanoparticles, one
strategy for preparing highly monodisperse nanopar-
ticles independent of nanoparticle concentration is to
separate the particle nucleation and growth events. This
can be accomplished kinetically by having a much faster
nucleation rate relative to the particle growth rate.® An
alternative route to monodisperse particles is to physi-
cally separate the nucleation and growth events by
using small, prenucleated nanoparticles as seeds for
further growth. With a large, relatively inexhaustible
source of precursor available to the seeds, nanoparticles
can be grown to arbitrarily large sizes. Recently, nu-
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Scheme 1. Schematic of the in Situ Pd Nanoparticle Synthesis and Subsequent Particle Growth by EN
Deposition (Not To Scale)
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merous seeding procedures to synthesize homogeneous,
single-element, =12 and heterogeneous®*~17 nanopar-
ticles have been reported. For metallic nanoparticles,
the selective reduction of metal precursors only on the
surface of the seed particles and not in the bulk solution,
which will nucleate undesirable new particles, is of
primary importance in obtaining size control and mono-
dispersity.

In our approach, we employed Pd nanoparticles
synthesized within polyelectrolyte multilayers as seeds
for further growth. Previous work in this area has
shown nanoparticle preparation in only discrete time
steps that does not offer continuous growth, and hence
continuous size manipulation, of the particles. Electro-
less nickel (EN) chemistry!® was used to reduce a nickel
precursor selectively on the seeds. The electroless metal
deposition controlled nanoparticle size independent of
the initial nanoparticle seed concentration. Others have
demonstrated electroless metal deposition within a
polymer film containing catalytic metals but have not
used this method to prepare controlled-size nano-
particles.’®21 This methodology overcomes some limita-
tions of our earlier cyclical binding and reaction ap-
proach by facilitating access to a virtually inexhaustible
source of precursor inorganic material (i.e., the EN
solution) and the continuous growth of nanoparticles
without new particle nucleation.

Experimental Section

Materials. Poly(allylamine hydrochloride) (PAH) (M, =
70 000), poly(sodium 4-styrenesulfonate) (PSS) (M, = 70 000),
tetraaminepalladium chloride (Pd(NHs3)4Cl,), and nickel sulfate
hexahydrate were obtained from Sigma-Aldrich (St. Louis,
MO). Poly(acrylic acid) (PAA) (M, = 90 000) was obtained from
Polysciences (Warrington, PA). Dimethylamine borane (DMAB)
was obtained from Acros Organics (Fair Lawn, NJ), and
sodium citrate and lactic acid were obtained from Alfa Aesar
(Ward Hill, MA). All chemicals were used without further
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purification. Deionized water (>18 MQ-cm, Millipore Milli-Q)
was exclusively used in all agueous solutions and rinsing
procedures.

Thin Film Assembly. PAH/PAA multilayers were fabri-
cated on glass microscope slides, polystyrene (PS) tissue—
culture substrates (corona-treated, Nalge Nunc International,
Naperville, IL), or polished single-crystal Si wafers using an
automated Zeiss HMS slide stainer. Glass substrates and Si
wafers were degreased in a detergent solution followed by air
plasma treatment (5 min at 100 W, Harrick Scientific PDC-
32G plasma cleaner/sterilizer) prior to deposition. PS sub-
strates were used as received. PAH and PAA aqueous solutions
(1072 M by repeat unit) were adjusted to the desired pH with
either 1 M HCI or 1 M NaOH. Multilayers were formed by
first immersing substrates into the PAH solution for 15 min
followed by three 2-min immersions into water as rinsing
steps. The substrates then were immersed into the PAA
solution for 15 min followed by identical rinsing steps. A single
adsorption of a polycation and a polyanion is referred to as a
bilayer. The adsorption and rinsing steps were repeated until
the desired number of bilayers was obtained. Multilayers of
PAH and PSS (1072 M by repeat unit) multilayers were
similarly assembled. The film was finally dried with a stream
of air and stored under ambient conditions.

Preparation of Palladium Seeds. Pd nanoparticle seeds
were synthesized within PAH/PAA multilayer films, as de-
picted in Scheme 1, using [Pd(NHs),]>" as the precursor
cationic metal complex (chloride salt). The film was immersed
in an aqueous solution of the precursor (5 mM) for 30 h
followed by a 1-h immersion in water as a rinsing step. After
drying with a stream of air, the film containing the bound Pd
complex was sealed in a H, atmosphere (2 atm, 85 °C) for 30
h to reduce and precipitate the Pd(ll) to zerovalent Pd
nanoparticles.

Nickel Deposition. The EN formulation consisted of 40
g/L nickel sulfate hexahydrate, 20 g/L sodium citrate, 10 g/L
lactic acid, and 1 g/L DMAB in water.*® A nickel stock solution
of all components except the DMAB reductant was prepared
in advance. A DMAB aqueous solution was prepared sepa-
rately. The stock solutions were prepared for a 4:1 volumetric
proportion of nickel-to-reductant stocks in the final electroless
bath. They were mixed as needed and, if necessary, adjusted
to a higher pH with ammonium hydroxide; the unadjusted pH
of the EN solution was 3.3, measured using a pH meter
(Thermo Orion model 230A+). Stock solutions were used
within a week of preparation, after which they were discarded.
The film containing Pd nanoparticles was immersed in the EN
solution (100—200 mL) at room temperature for seeded particle
growth. In certain cases, a nitrogen bubbler was employed to
agitate and deoxygenate the EN solution during deposition.

Characterization. For transmission electron microscopy
(TEM) imaging, multilayer films deposited on PS substrates
were cut in a direction normal to the film plane using a RMC
MT-X ultramicrotome with a diamond knife (Diatome, Fort
Washington, PA) at room temperature. Approximately 50-nm-
thick cross sections of the samples were obtained. TEM
imaging was performed on ultramicrotomed samples using a
JEOL JEM-2000FX operated at 200 kV. Digitized TEM images
were electronically scanned from the original film negatives.
Contrast enhancement was applied, if necessary; no other
digital image processing was performed. Particle size distribu-
tions were obtained by measuring the diameters of at least
100 particles in high-resolution, digitized TEM images; images
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Figure 1. (A) Cross-sectional TEM images of (PAH3.5/PAA3.5):5(PAH6.5) on PS substrates with in situ synthesized Pd
nanoparticles, ~2 nm in diameter (dark contrast). (B, C) Films of (A) after immersion into pH-unadjusted EN solution for 50 min
and 19 h. (D) Film of (A) after immersion into EN solution with 0.2 M NH4,OH for 5.3 h. Note the same scale bar applies for (A,

B, C) but not (D).

were obtained with minimal underfocus to mitigate any phase
contrast structures that may interfere with the accuracy of
particle size determination. Features <1 nm could not be
reliably distinguished and therefore nanoparticles were not
measured at this length scale. Moreover, because of the
manual selection of the particles to be measured, the size
distributions were biased toward larger, more easily discern-
ible, particles. Energy-dispersive X-ray spectroscopy (EDS) was
performed on microtomed cross sections imaged using a JEOL
2010 transmission electron microscope operating at 200 kV
with an Oxford Instruments Link Pentafet detector.
Elemental analyses by X-ray photoelectron spectroscopy
(XPS) and Auger electron spectroscopy (AES) were performed
using a Kratos AXIS Ultra Imaging XPS with an Al Ka source
and a Physical Electronics Model 660 Scanning Auger Micro-
scope operating at 5 kV. To minimize charging effects, films
for AES were assembled on Si substrates and the sample was
wrapped in aluminum foil with a pinhole for the electron probe.
XPS was also performed on films supported on Si substrates.

Results

The various films are referred to in shorthand nota-
tion, where (PAHX/PAAY),(PAHX)+Pd indicates a mul-
tilayer consisting of z bilayers of PAH and PAA as-
sembled at pH x and vy, respectively, with a final
adsorbed layer of PAH at pH x' and containing in situ
synthesized zerovalent Pd nanoparticles; Pd/Ni refers
to nanoparticles that have been further grown by EN
deposition. Pd nanoparticles were synthesized within
the PAH/PAA multilayers from the reduction of a Pd
complex precursor, [Pd(NH3)4]?". Small nanoparticles
with ~2-nm diameters, uniformly dispersed throughout
the (PAH3.5/PAA3.5);5(PAH6.5) multilayer, were ob-
tained as shown in Figure 1A.

The film containing Pd nanoparticles was immersed
into an EN solution with no adjustment of the pH. The
nanoparticle size increased with the duration of immer-
sion, as shown in Figure 1B,C. After 50 min, the
nanoparticles were ~3 nm in diameter; after 19 h, they
were 4—5 nm. To increase nickel deposition over shorter
durations, an EN solution containing 0.2 M NH,OH was
employed (solution pH = 3.7). After only 5 h of immer-
sion into the base-added EN solution, it was difficult to
distinguish individual, isolated particles in the multi-
layer because of considerable nickel deposition, as
shown in Figure 1D. EN solutions with even higher base
concentrations, such that the pH reached 5 from an
original value of 3.3 for example, resulted in gross
surface plating of the film in <30 min of immersion.

An estimate of the nickel volume fraction was
obtained by comparing the dry thickness of the film

before and after immersion into EN solution and by
assuming the multilayer itself did not undergo any
density changes. The thickness of (PAH3.5/PAA3.5)15-
(PAH®6.5)+Pd estimated from the TEM image was ~59
nm (Figure 1A). The film thicknesses obtained from
Figure 1B—D were 100, 137, and 400 nm, corresponding
to a nickel content of 41, 57, and 85 vol %, respectively.
The calculated volume fractions are consistent with the
increased particle diameters.

In (PAH3.5/PAA3.5)15(PAH6.5) multilayers, a rela-
tively high concentration of Pd nanoparticles was formed
such that subsequent particle growth by EN deposition
quickly made the observation of individual particles, and
hence the accurate monitoring of particle size, difficult,
as shown in Figure 1D. To reduce the concentration of
the Pd nanoparticle population and generate a sparse
distribution of seeds, multilayers based on PAH7.5/
PAAS3.5 were used for in situ Pd nanoparticle synthesis.
The concentration of free carboxylic acid groups within
this multilayer structure is low,?? resulting in a low
concentration of bound cationic Pd complexes. Figure
2A shows the 60-nm-thick multilayer of (PAH7.5/
PAA3.5)5(PAH7.5) with ~2-nm-diameter Pd nanopar-
ticles. The relative sparseness of the nanoparticles is
not obvious from the cross-sectional TEM image because
the image is projected through a 50-nm-thick micro-
tomed slice. After immersion of the Pd nanoparticle-
containing multilayer in an EN solution with 0.2 M
NH4,OH for 16.5 h, ~9-nm-diameter particles were
obtained, as seen in Figure 2B. In these multilayers,
individual nanoparticles could clearly be distinguished,
in contrast to the (PAH3.5/PAA3.5);5(PAH6.5) case
under the same EN solution conditions. The film thick-
ness had increased to 269 nm, corresponding to 78 vol
% nickel. In Figure 2C, a (PAH7.5/PAA3.5)5(PAH7.5)
multilayer with bound cationic Pd complexes, unreduced
to zerovalent nanoparticles prior to immersion into the
EN solution, shows a dense filling of nickel after
electroless deposition. In this case, individual nanopar-
ticles are not distinguishable.

When the same EN solution conditions were applied
to a thicker (PAH7.5/PAA3.5)15(PAH7.5)+Pd multilayer,
a gradient in nanoparticle sizes was obtained, as shown
in Figure 3. Larger, ~14-nm diameter, particles could
be seen near the free surface and smaller, ~3-nm
diameter, particles near the substrate. The original

(22) Mendelsohn, J. D.; Barrett, C. J.; Chan, V. V.; Pal, A. J.; Mayes,
A. M.; Rubner, M. F. Langmuir 2000, 16, 5017—-5023.
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Figure 2. (A) Cross-sectional TEM image of (PAH7.5/PAA3.5)s(PAH7.5) with in situ synthesized Pd nanoparticles (diameter =
1.7 + 0.2 nm) on a PS substrate. (B) Film of (A) after immersion in EN solution with 0.2 M NH,OH for 16.5 h (particle diameter
=94 1 nm). (C) (PAH7.5/PAA3.5)s(PAH7.5) with bound [Pd(NHz3)4]>" after immersion into the same EN solution as (B) for the
same duration. Particle diameter histograms in inset; abscissa is diameter (nm) and ordinate is counts.
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Figure 3. Cross-sectional TEM image of (PAH7.5/PAA3.5);5-
(PAH7.5) with in situ synthesized Pd nanoparticles after
immersion into EN solution with 0.2 M NH4OH for 15.7 h.

(PAH7.5/PAA3.5):15(PAH7.5)+Pd was 150-nm-thick and
became 550-nm-thick after nickel deposition, corre-
sponding to 73 vol % nickel.

As a control, a (PAH7.5/PAA3.5)s(PAH7.5)+Pd film
was immersed into a solution containing all components
of the EN solution except the reductant DMAB for 24
h. No change in Pd nanoparticle size was observed,
remaining ~2 nm in diameter. In addition, a multilayer
without Pd was immersed into the EN solution for 24
h; no nickel deposition was observed. Therefore, particle
growth in the presence of Pd seeds after immersion into
the EN solution resulted from nickel deposition on the
seeds, not as a result of seed aggregation.

The Pd seed-mediated growth could also enlarge
nanoparticles within heterostructure films composed of
PAH/PAA multilayer strata and PAH/PSS multilayer
strata. The cationic Pd complex binds selectively to
PAH/PAA regions within the heterostructure with
subsequent confinement of the Pd nanoparticles in the
same regions, as shown in Figure 4A. The heterostruc-
ture consisted of (PAH/PAA)1o(PAH/PSS)30(PAH/PAA)10-
(PAH/PSS)35(PAH) assembled at pH 3.5. After immer-
sion in the EN solution without added base for 22.5 h,
as shown in Figure 4B, the nanoparticles increased from
2 to 4 nm in diameter, comparable to those in the PAH/
PAA-only multilayers. However, with the concomitant
increase in thickness of the PAH/PAA strata, the
integrity of the PAH/PSS strata appeared to be com-
promised by the nanoparticles. Because of the salt
concentration in the EN solution, ~0.3 M, the entire
multilayer structure was likely swollen.?® The PAH/PSS
stratum next to the free surface was relatively free of

Figure 4. Cross-sectional TEM images of heterostructure
(PAH/PAA)1o(PAH/PSS)30(PAH/PAA)1o(PAH/PSS)35(PAH) as-
sembled at pH 3.5 with in situ synthesized Pd nanoparticles
(A) before and (B) after immersion into pH-unadjusted EN
solution for 22.5 h.
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Figure 5. AES elemental survey spectrum of (PAH7.5/
PAA3.5)s(PAH7.5)+Pd before (solid trace) and after (dotted
trace, offset for clarity) EN deposition. Main Auger lines are
labeled.

nanoparticles compared to the PAH/PSS stratum sand-
wiched between the two PAH/PAA strata.

AES and XPS were employed to probe the composition
of the nanoparticles, at least those near the multilayer
surface, after EN deposition. Figure 5 shows the
elemental survey from AES of (PAH7.5/PAA3.5)s-
(PAH7.5)+Pd and (PAH7.5/PAA3.5)s(PAH7.5)+Pd/Ni.?*
Their corresponding cross-sectional TEM images are
Figure 2A,B. From the Auger spectrum of the +Pd film,
Pd was identified along with the other elements that

(23) Dubas, S. T.; Schlenoff, J. B. Langmuir 2001, 17, 7725—7727.

(24) The elemental composition within the +Pd/Ni film was also
confirmed by EDS analysis on a TEM cross-sectioned sample (Figure
2B) and indicated the presence of Ni and Pd as expected; B was too
light for the detector.
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Figure 6. XPS elemental survey spectra of (PAH7.5/PAA3.5)s(PAH7.5)+Pd (A) before and (B) after EN deposition at normal (0°,
solid traces) and grazing (70° from normal, dotted traces) angles of detection relative to the surface plane.

Table 1. Quantitative Elemental Analysis by XPS

after EN after EN
Pd(0) sample Pd(0) sample normal grazing

element normal angle grazing angle angle angle
B:Ni 0.32 0.23
(atomic ratio)
B:Ni 0.059 0.042
(mass ratio)
Pd:N 0.34 0.34 0.036 0.034
(atomic ratio)?
Ni:N 0.92 0.84
(atomic ratio)?
B:N 0.30 0.19

(atomic ratio)?

a For sample after EN, atomic ratios relative to N multiplied
by 0.22 for polymer volume fraction.

comprise the polyelectrolytes of the multilayer—C, N,
and O. In the +Pd/Ni Auger spectrum, the Ni signal
was clearly observed and the Pd signal was diminished
to within the background noise. In addition, a small B
signal was detected and the O signal was larger than
in the +Pd spectrum. Boron from DMAB is known to
be incorporated®® into the deposited Ni. The increased
O likely corresponds to the Ni native oxide.

XPS analysis was performed on the same AES samples
to obtain quantitative elemental compositions as well
as nondestructive, depth profile information. Figure
6A shows the XPS spectra for (PAH7.5/PAA3.5)s-
(PAH7.5)+Pd with the detector at normal (0°) and
grazing (70°) angles. As with the AES analysis, Pd was
detected along with the elements comprising PAH and
PAA. The XPS spectra for (PAH7.5/PAA3.5)s-
(PAH7.5)+Pd/Ni, in Figure 6B, additionally show the
characteristic photoelectrons for Ni and B.

The quantitative elemental analysis from XPS is
reported in Table 1. The boron content in the electroless
nickel was consistent with compositions reported of
electrolessly plated nickel from aminoborane-based
solutions.?® For comparison of +Pd and +Pd/Ni samples,
the elements of interest were scaled relative to the N
signal, which should only come from the PAH am-
monium groups in the film, and the volume fraction of

(25) Lelental, M. J. Electrochem. Soc. 1973, 120, 1650—1654.

(26) Safranek, W. H. The Properties of Electrodeposited Metals and
Alloys, 2nd ed.; American Electroplaters and Surface Finishers Soci-
ety: Orlando, 1986.

polymer.?” Because the escape depth of primary Pd
Auger and photoelectrons is on the order of 1 nm
through an inorganic solid,?® and with the Pd/Ni nano-
particle having 9-nm diameter, a Ni shell of ~3.5 nm
around a 2-nm-diameter Pd core should attenuate a
good number of the electrons. The diminishment of Pd
Auger and photoelectrons from the +Pd/Ni spectrum is
consistent with a core—shell structure, as expected from
the electroless metal chemistry. Although this evidence
is not conclusive, electroless silver* and electroless
copper?® depositions have been shown to overcoat gold
colloids. Finally, the comparable compositions obtained
at different detection angles for the +Pd and +Pd/Ni
samples indicate that the compositions reflect the
nanoparticles and not an anomalous surface monolayer.

Discussion

Two important considerations distinguish the use of
seed-mediated growth to control nanoparticle size within
polyelectrolyte multilayers from the use of this approach
in solution: a heterogeneous reaction environment with
various different interfaces and significant mass-
transport limitations. First, one must consider the
reaction environment at the surface of the multilayer
as well as the one inside the multilayer. The surfaces
of PAH/PAA multilayers assembled at a low pH are rich
in carboxylic acid groups,?® which can bind the cationic
Pd complex and form large surface nanoparticles. Our
objective was to target the electroless deposition of
nickel on the Pd seed particles inside the film and not
on the film surface. The surface should ideally be free
of Pd particles. If the surface activity were not capped
or quenched, nickel would plate on the surface and
eventually hinder any diffusion of reactants into the
multilayer interior to the detriment of further particle
growth. Therefore, for the PAH3.5/PAA3.5 multilayers,
the last layer of PAH was adsorbed at higher pH to

(27) To account for the difference in the amount of polymer, and
hence N, probed by XPS between +Pd and +Pd/Ni samples, the
reported element ratios for the +Pd/Ni sample were multiplied by the
volume fraction of polymer, 0.22, approximated by the ratio of the
thicknesses of the two samples.

(28) Ferguson, I. F. Auger Microprobe Analysis; Adam Hilger:
Bristol, 1989.

(29) Yoo, D.; Shiratori, S. S.; Rubner, M. F. Macromolecules 1998,
31, 4309—4318.



304 Chem. Mater., Vol. 15, No. 1, 2003

obtain a much thicker PAH outermost layer that buried
the PAA underneath.3® For PAH7.5/PAA3.5 multilayers,
the PAH last layer sufficiently prevents any Pd complex
binding at the surface.3!

Second, the balance between reaction rate and mass-
transfer rate of the reactants is crucial in obtaining
uniform seed-mediated particle growth throughout the
film. In solution, the electroless metal deposition rate
is reaction-limited. However, because of the lower
diffusivity within the multilayers relative to that in
solution, mass-transfer-limited metal deposition can
readily occur as seen in Figure 3. At the extreme when
the reaction rate is instantaneous relative to mass
transfer, pure surface plating occurs. While a relatively
slow mass transfer can be used to create a gradient of
nanoparticle sizes, to obtain nanoparticles of the same
size throughout the film, the reaction rate must be made
limiting relative to the mass-transport rate within the
multilayer. Important kinetic parameters of the elec-
troless chemistry include the reductant concentration,
pH, and temperature.® The pH of the EN solution could
be manipulated easily without affecting the mass trans-
fer of the nickel precursor and reductant. When the EN
solution was kept more acidic (i.e., not raising the pH
by adding NH4OH, as is normally done for EN plating
on surfaces), the reaction was sufficiently slow such that
the reactants could access the film interior.

Ideally, EN deposition should continue to grow indi-
vidual nanoparticles until they coalesce. With low initial
seed concentrations, a wide size range should be acces-
sible before the particles touch while with high initial
seed concentrations, the growing particles would quickly
grow into one another. However, even for the films with
nickel in excess of 70 vol %, percolation of the particles
was not observed by in-plane resistivity measurements.
In addition, EN deposition durations longer than 24 h
did not continue to grow larger particles. These obser-
vations could be rationalized by the increased hindrance
to reactant diffusion into the multilayer film as more
nickel is deposited, thereby self-limiting the growth of
individual particles before any substantial coalescence
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or percolation. The polymeric matrix may also interfere
with particle coalescence. Moreover, after long deposi-
tion times, the accumulation of byproducts, which
results in pH depression, and the depletion of the
reductant by a competing hydrolysis reaction contribute
to particle growth suppression; the EN solution could
be recharged by replenishment.

Nevertheless, particles of controlled size with a
magnetic shell around a polarizable core could be grown
successfully by electroless chemistry within the multi-
layers. These thin film nanocomposites should show
interesting magnetic properties and have potential
magnetic media applications,6:32-34 which we are cur-
rently investigating.

Conclusions

The growth of nickel onto in situ synthesized Pd
nanoparticles within PAH/PAA multilayers was facili-
tated by EN deposition. By controlling the nickel
deposition rate via solution pH and the duration of
deposition, 2-nm-diameter Pd nanoparticles could be
overcoated with a nickel shell, resulting in particles up
to 14 nm in diameter. Not only was the EN deposition
a faster route to larger nanoparticles than our previous
ion exchange and reaction approach, nanoparticle size
could be controlled independently of nanoparticle con-
centration.
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