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The synthesis of a range of metal nanoparticles (Ag, Au, Pd, Pt) in water through reduction from the acid

soluble salt at abnormally high concentrations (>1 mol/L) is demonstrated using a comb polymer of

methoxypoly(ethylene glycol) acrylate and maleic anhydride (PEG-MA) as the particle stabiliser during

particle formation. The results show that at high concentrations in water, the general growth mechanism

in these systems is through aggregation of nuclei of an approximate diameter of 0.6 nm. Aggregation

resulted in formation of single crystals up to a particle diameter of approximately 5 nm but thereafter,

further aggregation resulted in polygonal twinned particles. Continued aggregation caused agglomerate

particles to be formed at larger sizes (>30 nm). Stabiliser adsorption was found to be critical to size

control whereby the aggregation process was interrupted, preventing further growth. A case of the

synthesis of Ag nanoparticles with a mean size of 8nm at concentrations of up to 2.5 mol/L is elaborated.

Introduction

There is significant academic and industrial interest in
nanoparticle synthesis since very small particles, particularly
metals, exhibit a diverse range of novel properties with potential
applications in areas such as agriculture, defence, health,
electronics, the environment, and commerce'. Despite the
obvious potential, the wide scale application and adoption of
nanoparticles into commodity products remains limited, largely
because an economically viable and environmentally sustainable
method of mass production for nanoparticles remains elusive.
This is exemplified by the fact that it is preferred that synthesis be
conducted at high concentrations, at a high rate and in an aqueous
medium. Control of particle synthesis with these boundary
conditions has proved difficult.

It is hypothesised that one reason for the difficulty experienced in
the control of the synthetic route to nanoparticle nucleation and
growth at high concentrations in water is that our understanding
of these processes in the presence of an additive stabiliser are not
well understood. The stabilising molecule needs to be capable of
adsorbing rapidly as to prevent growth process, be an effective
steric  stabiliser, and adsorb strongly to overcome any
displacement stresses that arise as a result of particle interactions.
Nucleation in the absence of a stabiliser produces an aggregated
amorphous mass of uncontrolled size.

Synthesis of nanoparticles is widely reported throughout the
literature and there are many production methods that have been
discussed both in organic solvents ** and in aqueous solution '*-
3¢ Nanoparticles can be produced at high concentrations in
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organic solvents and many workers report success using simple
surfactants *°. The primary disadvantage with using organic
solvents as the synthetic media is that they present an ecological
hazard and are thus not environmentally sustainable and many
industries are moving away from such processes. Production in
water mitigates the environmental concerns, yet results in a
plethora of synthetic problems. It is not a case of simply changing
the reaction medium and being able to continue producing
nanoparticles at high concentration. Water is a highly polar
molecule and therefore interacts with the stabiliser, potentially
inhibiting its adsorption and stabilisation capabilities, leading to
poor particle size control.

The difficulties associated with synthesis in aqueous systems are
well known. Many research groups have focussed on comb
structured polymers to aid nanoparticle stabilisation in water as
opposed to surfactants or linear structured polymers '*- ' 26 2% 30.
3233 37 The stabilisation efficacy of surfactants and linear
polymers is limited in water. Physisorption is partially dependent
on the contrast between the relative static permittivity (dielectric
constant) between the solvent and the solid interface. Ionised
head groups, which generally have high surface affinity due to
the high surface energy of particles, are affected by the polarity of
the solvent ** *°. In non polar solvents, there is a large contrast
and so the adsorption of the stabiliser to the particle surface is
strong. However, in water the contrast is reduced and stabiliser
adsorption is weaker. This makes stabiliser displacement from the
particle surface more likely as steric layer stresses manifest
themselves as stabilised particles interact *. Not surprisingly
therefore, it has been shown that the bonding strength of the
adsorption units on the stabiliser is critically important '>3>#! In
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dilute systems, electrostatic repulsive forces offer a significant
contribution to overall system stability, reducing steric layer
stresses. However, at a high salt concentration, electrostatic
repulsion becomes negligible and the van der Waals force
between particles (attractive in this configuration) can only be
negated by steric repulsive forces. Even then, there will always
be the possibility of stabiliser displacement leading to particle
aggregation.

The issue of weaker adsorption can be overcome through use of
multiple adsorption groups. Chen et al. have demonstrated that
stabilisers possessing multiple terminal bonding groups are more
successful at adhering via physisorption to the particle surface,
and that stabilisers containing a single terminal bonding group
weakly adsorb . Increasing the adsorption strength of the
stabiliser helps to mitigate stabiliser displacement as a result of
stresses that develop in the steric layer **. Increasing the number
of adsorption groups can be achieved through use of a polymer.
Linear polymers, such as poly acrylic acid (PAA), are often used.
However, as with surfactants, linear polymers do not appear to be
suitable for high concentration synthesis of nanoparticles in
water. Steric repulsion is provided through loops and chain ends
that form as the polymer adsorbs to the particle surface. An ideal
stabiliser must be able to both strongly adsorb to the particle
surface and have a component that extends away from the surface
to provide steric repulsion ** *. In linear polymers at high salt,
these requirements appear to be mutually exclusive. The
problems inherent with both surfactants and linear polymers can
be overcome through use of comb polymers. It has been found
that copolymers are more effective in many instances at
providing stabilisation than linear polymer analogues '*%¢. This is
because the structure of a comb polymer allows strong surface
adsorption, due to the presence of numerous adsorption groups
along the backbone. Comb polymers also possess a component
dedicated to providing steric stabilisation, which linear polymer
analogues lack. This allows strong adsorption without
compromising steric protection %2,

While surfactants and linear polymers relying on physisorption
are unlikely to be suitable as stabilisers at high concentrations,
comb polymers are regarded as having potential '* % 2629 32.33.37.
1 Chen et al. found that a comb polymer of maleic anhydride
with oligomeric oxyethylene side chain units was able to stabilise
a Al,O;-coated TiO, particle system far more effectively than the
linear analogue, oligomeric oxyethylene units with terminal
carboxyl groups '°. Sidorov er al. conducted a comparison
between a diblock and a comb copolymer composed of PEO and
PEIL They found that the comb copolymer provided far more
effective stabilisation 2°. In both cases the superior performance
of the comb polymer was attributed to the presence of a structural
component dedicated to providing steric stabilisation >8],

This study involves the use of a comb polymer of
methoxypoly(ethylene glycol) acrylate and maleic anhydride
(PEG-MA) for use as a stabiliser in the synthesis of metal
nanoparticles. PEG-MA is a comb polymer that has both a high
density of adsorption groups and dedicated steric components.
The maleic anhydride rings that form the backbone of the
polymer undergo hydrolysis upon mixing with water. This results
in the formation of two carboxyl groups for every maleic
anhydride group. The high density of carboxyl groups aligning
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the backbone of the stabiliser is expected to strongly anchor the

o stabiliser to the particle surface. The PEG component, which is

highly soluble, is expected to extend into solution and provide a
steric barrier.

It is proposed that this combination of a strong particle surface
affinity and dedicated steric shielding should result in a PEG-MA
comb polymer being an effective stabiliser for the synthesis of
nanoparticles. Research conducted at Imperial Chemical
Industries by Buscall ef al. recognised a PEG-MA stabiliser as
having potential for use in the stabilisation of nanoparticles in
aqueous systems “*°. A range of particle dispersions, which
predominately consisted of a narrow range of ionic compounds,
were formed through precipitation of soluble precursor salts.
However, particles of less than 100nm in diameter were not
obtained. It was thought that optimisation of the structure of the
PEG-MA comb polymer through different synthetic approaches
would yield a successful candidate for use in the aqueous
synthesis of highly concentrated nanoparticle suspensions.

The primary aim of this research was to develop a stabiliser that
could be generally applied for use in the synthesis of stable metal
nanoparticles at high concentrations in water. The particle
systems chosen for analysis were: Ag, Au, Pd and Pt. These
materials are all known to be non-reactive stable metals and
therefore capable of forming viable and stable particles in
aqueous systems. In order to understand the issues associated
with nucleation and growth of metal nanoparticles in this
concentrated dispersion, an evaluation of particle synthesis over a
range of different conditions to assess the reaction kinetics and
the formation mechanisms was conducted. Based on information
obtained from these experiments, the Ag system was chosen to
demonstrate that a PEG-MA comb polymer could be used to
facilitate the high concentration synthesis of nanoparticles in
water.

Experimental Methods
Materials

Ammonium hexachloropalladate(IV) ((NH,),PdCls, 99.99%,
Aldrich), hydrazine monohydrate (N,H4.H,O, Sigma-Aldrich,
98%), ammonia solution (NHs,q, MERCK, 25wt%), silver
nitrate (AgNOs, Fluka, >99.0%), gold (III) chloride (AuCls,
Aldrich, 99%), platinum (IV) chloride (PtCly, Aldrich, >99.9%),
hydrochloric acid (IM HClyg), Scharlau), and sodium
borohydride (NaBH,, ICN Biomedicals Inc.) were used in the
experimental preparation of nanoparticles. All chemicals were
used as received, without further purification.

Polymer Synthesis

Short copolymers (telomers) of maleic anhydride and
polyethyleneglycol acrylate (Aldrich, typical MW 454) were
synthesised by heating the monomers (1.4:1 mol ratio) with 4,4’-
azobis-4-cyanopentanoic acid (0.33 mol/mol PEG) in an acetone-
DMF-toluene solution (2.4:1:10 w/w) for 4 hours at 90°. The dark
red copolymers were precipitated in diethyl ether and washed 3
times with ether. After evaporation of residual ether the yield was
typically 105% of the weight of PEG. The acid capacity,
measured by titration with 0.1M KOH in 1M aqueous KCI, was
typically 3.2mmol/g (c.f. calculated 3.6mmol/g for a 1:1

copolymer).

2 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 12



Page 3 of 12

w

S

@

20

25

30

3

&

40

45

RSC Advances

Synthesis of Concentrated Ag Nanoparticles

A semi-batch stirred tank reactor with a six-blade Rushton
impeller was used in the synthesis of Ag nanoparticles according
to the standard tank configuration as outlined by Holland and
Chapman®. All reactions were conducted at room temperature
(20%2°C).

The PEG-MA comb polymer was dissolved in water and a
stoichiometric quantity of ammonia was added to deprotonate the
polymer. Additional ammonia was added to prevent the
formation of nitric acid as a by-product. Alternatively,
ammonium nitrate is produced. At low pH hydrazine is unable to
effectively reduce Ag" >'. AgNOj; solution was then added and
the total volume of solution in the reactor was brought to 80mL
with deionised water. Hydrazine was then added to the reactor via
a Harvard Apparatus PHD2000 infusion pump with a dosing rate
of 10mL/hr for a total volume of 20mL. Ag particles were
produced according to the following reaction:
4AL g + NoHig) + 4NHsg = 4Ag() + )

4NH, " (aq) + Nagg)

During the reaction the vessel was mixed at a constant rate of 400
rpm. This provided an average velocity gradient for mixing of
150 5. Once the synthetic reaction was complete, NO3 ions were
removed from the system using a DOWEX® MONOSPHERE
550A (OH) anion exchange resin, leaving only stabilised Ag
particles and NHj in solution.

Synthesis of Metal Nanoparticles for Nucleation and Growth
Studies

Synthesis of metal particles was performed in a 50mL beaker
with agitation provided using a magnetic stirrer. For the NaBH,
reactions, the precursor metal ions were added to a solution
containing the ammonium salt of the PEG-MA stabiliser. A ratio
of metal ions to stabiliser carboxyl groups of 1 was used. The
reaction mixture was brought to a volume of 15mL with
deionised water. Mixing was initiated. SmL of NaBH, solution
was then added. 1 mol of NaBH, was used for every mol of
electrons required to reduce the metal ions. A similar approach
was adopted for the reactions in which hydrazine was used as a
reductant. However, sufficient ammonia solution was also added
to neutralise the by-product H' ions to prevent hydrazine
decomposition. Hydrazine was then fed to the reactor via a
Harvard Apparatus PHD2000 infusion pump.

Characterisation

Once the particulate solutions had been prepared they were
characterised using a variety of techniques. Particles that were
sufficiently small (generally less than 100nm in size) such that
they could be maintained in suspension, were sized using a
Malvern High Performance Particle Sizer (HPP5001). This
instrument determines particle size through dynamic light
scattering (DLS). Larger particles were sized using a Malvern
Mastersizer 2000, which employs a laser diffraction technique to
ascertain particle size.

A FEI Tecnai F20 transmission electron microscopy (TEM) was
used to confirm particles sizes and obtain information regarding
the shape and structure of particles. Further analysis was
conducted using A Cary 5 UV-vis spectrophotometer. This was
used to confirm the formation of Ag and Au particles through

ss spectral absorption.

Results
Synthesis of Concentrated Ag Nanoparticles

Ag nanoparticles were successfully produced at concentrations up
to 2.5mol/L. These colloidal suspensions were stable to further

o agglomeration for a period of months. Figure 1 shows the particle
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size distribution of the Ag nanoparticles. The particles had a
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mean volume weighted diameter of 18nm with a standard
deviation of 8nm.

Figure 1: Particle size distribution for Ag particles. Experimental
conditions: Cy, = 2.5mol/L, Ag"/COO™ = 10, tgeq = 2hrs, T =
293K, and shear rate = 150s™.

Figure 2 shows TEM images of the Ag particles. The images
highlight that the suspension is composed primarily of twinned
Ag crystals with a mean diameter of around 15nm. There appears
to be no agglomeration of particles. The TEM images confirm the
particle size data derived from DLS.

The stabilised particles produced using this method can be dried
down and fully redispersed in water. This suggests that the
stabiliser is adsorbed very strongly to the particle surface. The
particles exhibit excellent stability, with no aggregation, even
after two years. The image in Figure 3 is of the dry silver
nanoparticles and polymer mixture. It has a thick granulated gum
like texture.

Figure 4 shows a UV-visible absorption spectrum of the particles
in water. It is observed that there is a well defined plasmon band
with a peak at a wavelength of 433nm, which is characteristic of
Ag nanoparticle solutions 2. There is no secondary shoulder
present at higher wavelengths, indicating that agglomerate Ag
nanoparticles have not formed in this system. Redispersion of the
dried Ag particles results in the UV spectrum shown with the
broken lines. The spectrum for the redispersed sample lies on top
of the original spectrum, indicating that there is no aggregation of

This journal is © The Royal Society of Chemistry [year]
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particles during the drying and re-dissolution processes.
The experimental procedure, as described, was found to be the
optimal method for synthesis of Ag nanoparticles using this
system. Analysis of system parameters was conducted prior to
s high concentration synthesis. In particular the interaction between
Ag" and the stabiliser, the optimal quantity of stabiliser required,
and the source of the Ag" ions were assessed and are discussed
later.

Figure 2: TEM images of Ag particles. Experimental conditions: Ca, =
2.5mol/L, Ag"/COO" = 10, treq = 2hrs, T = 293K, and shear rate = 150s™".

Figure 3: Photograph of dried silver nanoparticle polymer
composite.
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Figure 4: UV-vis absorption spectra for Ag particles. Drying and

redissolving in water results in no change to the UV-vis spectra.

Experimental conditions: Cy, = 2.5mol/L, Ag"/COO™ = 10, teq =
25 2hrs, T = 293K, and shear rate = 150s™.
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Nucleation and Growth Studies of Metal Nanoparticles

Metal nanoparticles were formed using two modes of reduction
from the precursor salt. These included: reduction of the metal
ion with NaBH,, and reduction with hydrazine.

s Figure 5 shows particle size data as a function of concentration
for Ag, Au, Pd, and Pt reduced using NaBH,. The data indicates
that at low concentrations, nucleation results in the formation of
particles with an initial size of approximately 0.6nm. This is the
smallest size that the DLS (Malvern HPP5001) can report. Au,

10 Ag, Pd, and Pt all have an FCC structure, with an atomic packing
factor of 0.74. Particles with a diameter of 0.6nm are calculated
to contain approximately 7 atoms, based on an atomic radius of
0.144nm for Ag. These particles are thought to be the primary
particles that have formed on nucleation.
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Figure 5: Particle Size vs. Concentration for Ag, Au, Pd, and Pt
particles. Particles stabilised using PEG-MA at a metal
ion/carboxyl group ratio of 2.
20
As the concentration of the suspension increases, there is an
increase in final particle size. It is postulated that this size
increase occurs as a result of the aggregation of primary particles.
At higher concentrations the nucleation rate is more rapid, as
»s higher concentrations favour nucleation over diffusive growth.
An increase in the rate of nuclei generation is likely to result in
aggregation due to an increase in the frequency of particle
collisions. This allows less time for stabiliser adsorption to
prevent the onset of aggregation. TEM images, for Ag and Pd
30 systems, shown in Figure 6, confirm the sizing observations and
furthermore suggest that there are different aggregative growth
mechanisms present.
At low concentrations, the TEM images show very small
spherical single crystal particles, with diameters <Inm. At
3s moderate concentrations a combination of larger single crystal
particles, with a size of around 5nm, and twinned particles, with a

size >10nm, are shown. It is thought that these larger single
crystal particles have formed through aggregation of the small
primary particles, with further aggregation resulting in the
40 formation of the twinned particles. Further increasing the
concentration results in a suspension primarily composed of
polygonal twinned particles with regard to Ag and Au, or
agglomerated particles in the case of Pd and Pt. The TEM images
support the postulate that aggregative growth is dominant.
4s Further work on particle size control in a range of systems is
reported elsewhere 4.
Figure 7 shows particle size data as a function of concentration
for Ag and Pd produced using hydrazine. Experiments were
conducted for Ag, Au, Pd and Pt. TEM images for Ag are
so reported in Figure 8. The results for Au were very similar to
those obtained for Pd. Pt nanoparticles were unable to be formed
using this method due to extensive particle aggregation.
It was observed during the synthesis of Ag nanoparticles that
there is an induction period, during which no observable
ss reduction reaction occurs. The induction period provides an
opportunity for the quantitative evaluation of the nucleation and
growth process. In order to assess the temporal evolution of Ag
particles, a synthetic reaction was conducted in situ within a DLS
instrument. It has previously been shown that the count rate and
e particle size data obtained in this manner from DLS, is in good
agreement  with data obtained using UV-vis
spectroscopySS.
A Ag particle synthesis experiment was conducted at a
concentration of Smmol/L. Figure 9 shows that there is an
¢s induction period of approximately 7 minutes, at this point a single
nucleation event occurs and continues for approximately 5
minutes, a similar induction period was observed at
concentrations of 10, 20, 50 and 100mmol/L. Furthermore, Figure
9 shows that the Ag particles that are generated at Smmol/L form
70 at a size of less than 1nm.
The presence of an induction period suggests that there is a strong
interaction between the Ag’ ions and the PEG-MA stabiliser.
This induction period was not observed with any of the other
systems. This may be as a result of Au, Pd, and Pt being reduced
75 from a precursor anion. As such, it is expected that interaction
with the carboxyl groups, for these metals, would result in
electrostatic repulsion rather than strong coordination.
The induction period observed with Ag, allows homogenisation
of the reaction medium prior to nucleation. This is favourable as
so it ensures that the nucleation events are spread throughout the
total reaction volume. For the Au, Pd, and Pt systems, nucleation
is observed to occur immediately upon the reductant being
injected into the system. This results in a localised and highly
concentrated nuclei population.

similar
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Figure 6: TEM images of Ag and Pd particles produced at 0.1, 1, treaction
and 10mmol/L.
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2.

Figure 8: TEM images of PEG-MA stabilised Ag particles for
experiments conducted at varying hydrazine feed rates.
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Figure 9: Relative Ag Particle Concentration and Median Ag
Particle Size vs. Time. Experimental conditions: C,, = Smmol/L,
Ag'/COO =2, and T = 298K.

Discussion

There is significant interest in the synthesis of colloidally stable
and highly concentrated Ag nanoparticles. Ag nanoparticles
possess unique optical properties, antimicrobial properties **%,
and have applications in biology *°, surface enhanced Raman
spectroscopy %%, as catalysts, and in printed electronics > %,
Many research groups have successfully synthesised Ag
nanoparticle dispersions. However, many of these have been
under very dilute conditions for the purpose of investigating
distinct properties or interactions of Ag particles at a specific size
such as: crystal growth ** °" % new routes for Ag synthesis %,
or the impact of various stabilisers on Ag particle systems ' ' 2%
231 In many of these instances, the synthetic route yields
particles that are stable under relatively dilute conditions.

There are limitations with the current research in terms of being
able to synthesise highly concentrated dispersions. A literature
review yielded only a few research articles with a focus on
producing concentrated Ag dispersions ***°. Lee et al. produced
Ag particles at 2mol/L in an organic solvent °. However, only one
article was identified where reproducible and highly concentrated
Ag nanoparticles were synthesised in water. Sondi et al. were
able to produce Ag particles with a mean size of 26.3nm + 7.4nm
in aqueous solution at 0.3mol/L using Daxad19 as the stabiliser
. Daxad 19 consists of the sodium salt of polymerised
alkylnapthalene sulphonic acid.

There is a reported instance of the aqueous phase synthesis of Ag
at a higher concentration. Ryu et al. claim to have produced
particles in aqueous solution at 40wt% Ag, stabilised using
polyacrylic ammonium salts (PAA) with My=1200 — 30,000 "°. It
is unlikely that such a concentrated suspension of Ag particles
could be produced using only PAA as the stabiliser. Although
PAA has a backbone consisting of carboxyl groups, which are
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known to have good affinity for the Ag surface, it possesses no
dedicated steric component. Literature suggests that a dedicated
steric component is important for the formation of stable
suspensions at high concentrations.

Experiments were conducted to validate the results of Ryu et al.
0 at 1wt% Ag. These experiments were unsuccessful and resulted
in the formation of a Ag sediment phase. It was noted in some
instances that dilution of the sediment resulted in a solution
typical of Ag nanoparticles. This suggested that the adsorption
was sufficiently strong as to prevent stabiliser displacement
during particle coalescence, but the stabiliser was unable to
maintain inter-particle distance to prevent
flocculation due to van der Waals attraction. If the spectator ion
species were removed, it is possible that electrostatic repulsion
may overcome the Van der Waals attraction that caused
flocculation. However, at the reaction concentration specified by
Ryu et al. 7°, electrostatic stabilisation would be negligible and
attractive forces would dominate. As such, it is apparent that this
method does not offer a reliable or easily reproducible synthetic
route for the aqueous synthesis of Ag nanoparticles at high
concentration.

It has been demonstrated that a PEG-MA comb polymer can be
used to facilitate the synthesis and stabilisation of concentrated
Ag nanoparticles. Further to this, a number of considerations for
optimising the synthetic procedure were identified.
Pre-coordination of the Ag" with the carboxyl groups aligning the
PEG-MA backbone was found to be important for reducing the
potential for aggregation, and necessary for the formation of a
viable nanoparticle suspension high concentrations.
Experiments were conducted looking at two other feed schemes.
These were: (A) feeding AgNO; into a reaction vessel containing
a PEG-MA and hydrazine NH; buffered solution, and (B) feeding
both AgNO; and hydrazine through separate feeds into a solution
containing PEG-MA and NHj; buffered solution. In both of these
cases there was no pre-coordination of Ag" with the carboxyl
groups, and in both cases aggregation was observed.

Electrostatic attraction between the Ag" and the carboxyl groups
is postulated to shorten the distance that the stabiliser must
diffuse to reach the particle surface. This reduces the time it takes
for particles to become stabilised, reducing the extent of
aggregative growth mechanisms prior to stabiliser adsorption.
Furthermore, it was found that a ratio of Ag’/COO™ of
approximately 10 was necessary to ensure the formation of stable
particles. This ratio corresponds to that required for full surface
coverage at a mean particle size of 18nm. At ratios greater than
this value, there was insufficient polymer for full surface
coverage, and aggregation (into large micron sized particles) was
observed. Excess polymer appeared to have no significant impact
on reducing particle size.

The synthesis reaction was found to be insensitive to the silver
precursor compound. Synthesis was conducted with AgCH;COO,
AgClO;, and AgClO4 at concentrations of 100mmol/L. No
difference was observed in the particle size distributions in
comparison to that obtained when using AgNO;. In particular, it
was thought that the carboxyl group present on the acetate anion
may interfere and hinder the PEG-MA comb polymer adsorbing
to the particle surface. Experiments were conducted with
AgCH3COO at concentrations of up to I1mol/L with no

a minimum
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observable difference in particle size as compared with reduction will approach the maximum rate possible for these systems (i.e.

of AgNO;. The synthetic procedure appears robust and 0 Jy=Jp).

insensitive to the presence of spectator ions.

After successful application of the PEG-MA molecule to the

synthesis of concentrated Ag dispersions, an examination of the

nucleation and growth processes of a range of metal nanoparticles
was conducted in the presence of the PEG-MA stabiliser.

Particles were produced via reduction with both NaBH, and

hydrazine.

10 NaBH, is a potent reducing reagent that should ensure rapid
reduction, and thus favours nucleation of particles“. This should
allow assessment at low reactant concentrations, of the primary
particle size and the primary method of particle growth under
rapid nucleation conditions. Hydrazine is less reactive than

s NaBH,, and therefore a lower rate of nucleation would be
expected. Hydrazine is therefore a more suitable reducing agent
for use at high concentrations. Use of hydrazine may also allow
examination of whether any diffusive growth is occurring,
particularly if the nucleation rate is reduced by slowing the feed
rate of hydrazine into the system. 0.01 +——sstemm—s i iy 4y

It is postulated, particularly at higher concentrations, that the

primary mode of growth is through aggregation. In order to 1.E-01 1.E+01 1.E+03 1.E+05 1.E+07

examine the initial formation mechanisms, a range of Degree of Supersaturation

experiments were conducted synthesising Au, Ag, Pd and Pt

25 nanoparticles. These particles were produced over a range of
concentrations from 0.0lmmol/L to 10mmol/L. Particles were
stabilised with a PEG-MA stabiliser. NaBH; was used as the
reductant. The NaBH, was fed into the system in a single event.
This was done so that only a single nucleation event occurred. In

30 addition to providing a rapid reaction rate, NaBH, was also used
due to the propensity of borohydride and borate anions to
associate with metal particle surfaces providing a rapid and
significant transient electrostatic barrier against aggregation 2% 7", !
It was expected that at a sufficiently low concentration the

3s transient  electrostatic  barrier offered by the borate and

borohydride anions would allow sufficient time for stabiliser

adsorption prior to particle aggregation. The rapid reduction rate
should prevent or limit diffusive growth processes. In the absence

of aggregation and diffusive growth, the particles should form at

the critical size predicted by the Gibbs-Thomson Equation:

10

o

Ag Atomic Radius

0.1 ¢

Critical Radius (nm)

2

S

Figure 10: The critical radius of Ag particles as a function of the
degree of supersaturation. Broken horizontal line represents
s atomic radius of a silver atom.

The largest particles formed, and thus the system that exhibits the
highest degree of aggregation as the concentration is increased, is
the Pd system, followed by Pt, then Au, and finally Ag. This is
the same order as the galvanic series. The galvanic series relates
the nobility or preference of a metal to exist in its elemental state
when in an ionic solution. It is likely that the reaction rate follows
this order. Therefore, it is expected that materials higher in the
galvanic series exhibit a higher nucleation rate. This would result
in more extensive aggregation prior to stabiliser adsorption. This
reactivity order is not representative of that for diffusional
growth, and so is different to the order proposed by Finney and
Finke” from the studies conducted by Bénneman et al.™ and
Hirai et al.”.

Based on the results of Figures 5 and 6, the growth mechanism
shown in Figure 11 is proposed. The mechanism is aggregative in
nature. Stabiliser adsorption can arrest the aggregative process at
any stage, preventing further increase in particle size due to
aggregation.

Upon addition of the NaBH, to the system, nucleation occurs
resulting in the formation of primary particles, of approximate
size 0.6nm, shown at stage (A).

At stage (B) aggregation of the primary particles occurs. The
TEM images show that these secondary particles are generally
devoid of multiple planes and posses a coherent crystal structure,
as shown at stage (C). This suggests that aggregation of the
primary particles occurs along high energy interfaces with
dissolution of any potential grain boundaries and full co-
integration of the primary particles into typical nanoparticles.
s These secondary particles have a diameter that is of the order of

Snm.

S

7:

a

4

S

r* = 2yVy/RTInS ?2)

8

S

Where r” is the critical radius, y is the surface energy, V), is the
ss molar volume, R is the gas constant, 7 is the absolute
temperature, and S is the degree of supersaturation.
Figure 10 shows the critical radius of silver particles as a function
of supersaturation according to the Gibbs-Thomson Equation.
The surface energy for a silver particle has been approximated as
s 120mJ/m’ %,
Metals are highly insoluble and so even at low concentrations the
degree of supersaturation is very high. The critical radius for Ag
decreases rapidly with an increase in the supersaturation level. At
a supersaturation value of 300, the critical radius of an Ag
ss particle becomes equivalent to the atomic radius of silver
(0.144nm). The atomic radius represents the size of a single atom,
and therefore the minimum physical size possible. Similarly, it is
expected that at a supersaturation rate of 300, the nucleation rate

8;

S

9

S
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At stage (D) aggregation of the secondary particles occurs
through a twinning mechanism (E). These twinned particles still
have the appearance of discrete particles, but have taken on a
polygonal shape due to the presence of discernable twinned
s planes, shown at stage (F). Further aggregation results in
agglomerate particles that consist of multiple adjoined particles.

(8)

Figure 11: Proposed aggregative growth mechanism.

In systems that exhibit a high nucleation rate, there will be a
higher nuclei density and a shorter mean distance between nuclei.
As a consequence, the stabilising molecule has less time to
adsorb and provide stability than in a system with fewer more
s distant nuclei. If the stabiliser is unable to adsorb rapidly,
aggregation of the primary particles into secondary particles
occurs. The effectiveness of a stabiliser is dependent on both the
rate and strength of adsorption. NaBH, is highly reactive, and its
use results in the rapid reduction of metal ions. It was found to be
o unsuitable for use in the highly concentrated synthesis of
nanoparticles in aqueous PEG-MA systems. Hydrazine is a
reductant that is also used in the synthesis of metal nanoparticles.
It is less reactive than NaBH, and thus provides a lower reaction
rate. This potentially lowers the initial rate of aggregation, and
possibly allows an opportunity for diffusive growth processes to
occur.
Experiments were conducted with the aim of determining the
effect of hydrazine feed rate on the formation of a viable particle
suspension. As with the NaBH, system, it was expected that high
o feed rates should favour the formation of small particles. This is
because the simultaneous presence of a high concentration of
reactants favours the rapid formation of many small nuclei.
Continuous nucleation would be expected with minimal diffusive
growth. However, at a reduced feed rate, the quantity of
hydrazine in the system at any given time would be lower. As a
result, the motivation for nucleation would be reduced, while that
for diffusive growth would be increased. With a sufficiently low
feed rate, growth through monomeric diffusion would potentially
be favoured at the expense of continuous nucleation. This is
o because homogenous nucleation has a higher activation energy
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than that required for diffusive growth 777, This may potentially
provide a means for controlling the particle size, allowing control
of the desired mean size through tuning of the particle growth
rate.

Figure 7 indicates that aggregative growth occurred in all
instances prior to stabiliser adsorption. Particles formed in the
experiment with addition of an immediate stoichiometric quantity
of hydrazine (feed time = 0) provides a direct comparison with
the NaBH, reduced metal samples. Although the rate of reaction
is lowered when using hydrazine as the reductant, larger particles
are formed than with NaBHj. This suggests that in the absence of
the initial electrostatic barrier provided by the adsorption of
borate and borohydride anions at the particle surface, the
aggregation posed by the simultaneous presence of excess nuclei
prior to stabiliser adsorption is not mitigated by the decreased
nucleation rate.

As the reaction time is increased, the response at short reaction
times is an initial decrease in particle size. This is postulated to
occur as the rate of nuclei formation is reduced due to multiple
nucleation events spread out over time. This lowers the nuclei
population at any given moment and as such, the mean distance
between nuclei is greater, allowing time for the stabiliser to
adsorb and stabilise the particles without the level of aggregation
observed in the instantaneous feed experiments.

Increasing the reaction time, typically beyond 4 hours, results in
an increase in the mean particle size. This trend is particularly
apparent for Ag particles produced at SmM. It is postulated that
the subsequent increase in particle size is due to diffusive growth.
As the feed time is increased, the nucleation rate is lowered. This
reduces the chance for aggregation prior to polymer adsorption.
In a system in which no diffusive growth can occur, and the only
growth mechanism is through aggregation, there will be a
minimum particle size. This particle size will be dependent on the
nucleation rate and degree of aggregation possible on the addition
of a single drop of reductant. Further increasing the feed rate
would have no effect on decreasing the particle size. Therefore,
the observed increase in particle size with increasing feed rate is
likely as a result of diffusive growth.

As the concentration increases, there appears to be an overall
reduction in the mean particle size. It is thought that the lower
concentration reactions favour diffusive growth. This may
contribute to the larger particle sizes observed.

The Smmol/L Ag series of experiments provide an example of the
feed time exhibiting control over the final mean particle size. The
particle size data of Figure 7, shown as TEM images in Figure 8,
indicated that on instantaneous mixing of the reductant, typical
agglomerate particles are produced. However, as the feed time is
increased and the reaction time is slowed, small single crystal
particles with a mean diameter of around 2nm are produced. This
synthetic process is robust with experiments ranging from 2hrs to
8hrs in duration producing similar results. Increasing the
experiment time beyond 8hrs resulted in an increase in the mean
particle size. Many of the larger particles (around 14nm in
diameter) that formed in the experiment with the 20hr reaction
time appear to be single crystal particles expressing a single
crystal plane. The particles appear to have grown through a
diffusive process rather than aggregation, twinning or
agglomeration. This suggests that by controlling the feed rate,
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either nucleation or growth can be encouraged. This potentially
allows the final mean particle size to be controlled.

Pd and Au particles all grew through an initial aggregation phase
prior to adsorption of the PEG-MA stabiliser. This is attributed
primarily to the higher nucleation rates exhibited by these metals
over that of Ag. However, another contributing factor is that both
Au and Pd are reduced from a precursor anion. The carboxyl
groups on the polymer backbone and the PdCl*/AuCl, have a
like charge, so electrostatic repulsion will occur. Attraction will
not occur until the anion has been reduced to the metal. As a
result there will be no close association of the precursor reagents
and the stabiliser, as is postulated with Ag (which is reduced from
a cation). The stabiliser will take an increased amount of time to
adsorb to the Au or Pd surface as it was not closely associated
with the precursor ion prior to reduction. This increased time to
stabilisation is thought to facilitate aggregation of primary and
secondary particles.

Conclusions

A PEG-MA copolymer has been used successfully to facilitate
synthesis of highly concentrated Ag suspensions in water. Ag
particles with a mean diameter of 18nm were synthesised at a
maximum concentration of 2.5mol/L at a Ag":COO" ratio of 10.
The Ag solution can be fully dried and redispersed in water
without any loss in particle dispersion quality. Sufficient
stabiliser is required to ensure that full surface coverage of
particles occurs.

Coordination of Ag" with the COO™ groups on the stabiliser was
found to be important. The electrostatic attraction between the
Ag" and the carboxyl groups is postulated to shorten the distance
that the stabiliser must diffuse to reach the particle surface. This
reduces the time it takes for particles to become stabilised,
limiting the extent of aggregation prior to stabiliser adsorption.
The formation mechanism of metal nanoparticles under
concentrated conditions in an aqueous environment has been
evaluated for Ag, Au, Pt and Pd. The results suggest that the
formation mechanism is primarily aggregative in nature. Small
particles that are around 0.6nm in size are initially formed; these
particles are estimated to contain around 7 atoms. Larger single
crystal metal particles with a diameter of approximately Snm are
formed via aggregation of these primary particles. In many
systems, the grain boundaries that distinguish the original nuclei
are thought to undergo dissolution as a result of diffusive
processes. Further aggregation results in polygonal twinned
particles. If aggregation continues beyond this point, agglomerate
particles are formed. The role of the co-polymer in imparting
dispersion stability is observed to be critical to particle size
control by preventing further aggregation. This mechanism
appears to be generic under concentrated synthesis conditions.
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