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Graphical Abstract:

Growth kinetics of membrane stabilized silver nanoparticles has been studied for the first time
with time resolved in-situ SAXS. Also the catalytic application of thus formed nanocomposite
membranes has been explored.
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Formation of highly stable metal nanostructures in Nafion® membrane with various aspect ratios has been
of considerable research interest in recent years. However, there is a need for a proper understanding of
the growth mechanism of such nanostructures in Nafion® (sometimes larger than the size of water-
sulfonate ionic clusters of the membrane). In this work, we reveal for the first time the early growth
kinetics of silver nanoparticles in Nafion®-117 ion-exchange membrane during in situ L-ascorbic acid
reduction of Ag” ions by time resolved in situ small-angle X-ray scattering (SAXS) using synchrotron
radiation with a time resolution of 50 ms. The SAXS analyses, corroborated by transmission electron
microscopy (TEM), showed that the sizes of nanoparticles increase rapidly along with their number
density until they attain certain size that could be accommodated in the ~5 nm water-sulfonate ionic
clusters. Further growth takes place either by self-agglomeration of the particles ejected out from the
water-sulfonic acid clusters or by continuous reduction of metal ions on the existing nanoparticle surfaces
(uniformly or at some specific facet) leading to formation of bigger nanostructures with various aspect
ratios. The time resolved information of nanoparticles growth provides an opportunity for the controlled
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synthesis of metal nanoparticles with a definite size, shape and size distribution for a specific application.

The catalytic properties of Ag nanoparticles formed in the membrane were examined using borohydride
reduction of a model dye methylene blue (MB). It was observed that smaller Ag nps with a mean
diameter ~ 3 nm those confined in the hydrophilic clusters of the Nafion™ matrix, have reasonable good

catalytic activity and lower lag time for onset of reduction.

INTRODUCTION

Metal nanoparticles (nps) assembly offers
technological possibilities.! Therefore, recent emphasis of
materials engineering is focused on development of advanced
functional materials in which atleast one of the components
presents dimensions in the nanometer range. Metal nanoparticles
embedded in synthetic polymer membranes are being developed
for a variety of advance applications such as water purification,
catalytic applications, chemical sensors, actuators, fuel cell, water
splitting, sequestering of ions, substrates for surface enhanced
Raman scattering etc.” The physical architecture and chemical
composition of the membrane as well as shape, size and spatial
distribution of the nanoparticles play an important role in the
success of the nanocomposite membrane designed for a specific
application. Understanding the growth mechanism that governs
the size, shape and spatial distribution of the nanoparticles is
therefore crucial to prepare tailor-made membrane nanoparticles
composite for a given application.

The most extensively used membrane for hosting a variety of
nanoparticles is poly(perfluorosulfonic) acid (Nafion®-117)
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ionomer membrane.” The chemical structure of Nafion®-117
consists of poly(tetrafluoroethylene) (PTFE) domains that
maintain the structural integrity and provide superior chemical
and thermal stability.* The sulfonic acid groups, attached to
randomly spaced long perfluorovinyl ether chains form nanosized
water-sulfonic acid clusters with diameters around 5 nm. Nafion®
is a non-porous membrane but presents a microstructure when
being hydrated. The microstructure of Nafion® consists of three
regions, the hydrophobic fluorocarbon backbone, hydrophilic
sulfonic acid clusters, and an interfacial region.* Several models
have been suggested for the physical structure of water swollen
Nafion®> The most recently accepted morphological model
suggested a bi-continuous network of the water-sulfonic acid
clusters embedded in a matrix of PTFE.®

The formation of metal nanoparticles in Nafion® membrane
involves loading of desired precursor metal ions by ion-exchange
and subsequent in-situ reduction with a suitable reducing agent. It
has been observed by transmission electron microscopy (TEM)
that the size, shape and spatial distribution of the nanoparticles
are strongly influenced by the nature of the reducing agent, extent
of precursor ions occupying ion-exchange sites, temperature
during the reduction and the time of reduction.” Though

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

[iournal], [year], [vol], 00-00 | 1



Page 3 of 9

o

w
=3

4

=3

45

RSC Advances

literatures exist on growth kinetics of nanoparticles in aqueous
solution, there are limited studies on the topic in nanoconfined
media where both nanoconfinement and restricted diffusion of
reactant can significantly affect the growth process. It is most
likely that the initial growth of metal nanoparticles occurs in the
nanoconfined hydrophilic sulfonate clusters in Nafion®. This is
because of the fact that water soluble reductant and metal
precursor ions access the membrane matrix through channels
formed by inter-connected network of hydrophilic ionic clusters.
However the formation of metal nanoparticles with different sizes
and various aspect ratios in such ~5 nm hydrophilic templates is
not well understood. There are scarcely studies on the time
dependent growth of nanoparticles in a Nafion® matrix due to the
inherent difficulty involved in such study. TEM in combination
with time resolved SAXS can provide valuable information of the
nanoparticle growth mechanism.

Here, in order to investigate the mechanism behind the formation
of metal nanoparticles, the early growth kinetics of silver
nanoparticles by ascorbic acid reduction in Nafion®-117
membrane has been studied by time resolved in situ SAXS using
synchrotron radiation with a time resolution of 50 ms. Ascorbic
acid has been chosen because of its interesting role as a weak
reductant for growth of metal nanoparticles with various aspect
ratios.® A plausible mechanism for Ag nanoparticles growth
confined in the water clusters has been elucidated. The time
resolved information of nanoparticles growth obtained in the
present work holds promise for controlled synthesis of silver
nanoparticles in Nafion® membrane with tunable size, shape and
spatial distribution. In addition, the redox catalytic activities of
spherical Ag nanoparticles stabilized in the hydrophilic clusters
(particles with size less than 5 nm) and of bigger nanorods
stabilized in soft PTFE matrix (nanostructures with sizes bigger
than the size of ionic clusters) have been studied for catalytic
bororhydride reduction of methylene blue.

EXPERIMENTAL SECTION

Materials and Methods. Nafion®-117 ionomer membrane with
an equivalent weight of 1100 g/SOsH was purchased from Ion
Power Inc. Analytical reagent grade chemicals AgNO;, NaNO;
and ascorbic acid were purchased from BDH (Poole, England).
De-ionised (DI) water (18 MQ cm™') was used throughout the
experiment for preparing solutions. Nafion®-117 membrane was
pre-conditioned by following standard treatments as described
elsewhere,” and cut into 2x2 cm? piece. Ag' ions were loaded
in the matrix by equilibrating into 0.5 mol L™ AgNO, solution for
30 min with continuous stirring. The fully Ag" loaded ionomer
samples were equilibrated with well-stirred 0.25 mol L' NaNO,
solution for 30 s to prepare a sample having 25 % Ag" loading.
The time required for preparing sample having the desired load of
Ag’" ions was fixed based on previous studies.'® Fully Ag" loaded
samples were not considered for this study to avoid any
possibility of metallization due to a high silver content.

Nanoparticle synthesis. Two small pieces of Nafion® films (
2x2 cm?®) of which 25 % of the ion-exchange sites are loaded
with Ag" ions were reduced with 0.1 mol L' ascorbic acid
solution at room temperature for 1 min and 5 min’® respectively.
Thin metallization of silver appeared on the membrane surface,
which could easily been removed by soft rubbing with wet tissue
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paper. The prepared samples were then subjected to TEM
characterization.

TEM Characterization. Transmission electron microscopy
(TEM) was carried out on cross-sections of the prepared
nanocomposite membrane samples. Prior to microscopy, the
samples were equilibrated with 0.25 mol L' NaNO; solution to
ensure the removal of any unreduced Ag™ ions. The
nanocomposite  films sectioned under cryogenic
environment in a Leica ultramicrotome to 70 nm thickness. The
sections were collected on 200 mesh formvar and carbon coated
Cu grids. The grids were examined in an FEI Technai G2 electron
microscope at IIT Bombay, at 120 keV without any external
treatment.

In-situ time resolved SAXS Study by Synchrotron Radiation.
The SAXS experiments were carried out at the PO3/MiNaXS
beamline at PETRA-III, DESY, Hamburg, Germany.11 The
wavelength of incident micro-focused X-ray beam was 0.957 A
and the beam size was 32 pm (H) X 23 um (V). A 2-dimensional
Pilatus 300K (Dectris Ltd., Switzerland) detector was used to
acquire the scattering patterns. The sample to detector distance
was 3.3 meter. A flow reactor cell made of Perspex® equipped
with Kapton® windows was used as a sample holder. Nafion®-
117 matrix (2 x 2 cm?), preconditioned and loaded with Ag" ions
(25 % Ag" loading) was placed in the sample holder containing a
small opening for the injection of reducing solution (ascorbic
acid). Ascorbic acid (0.1 mol L) solution was fed through an
injection syringe with a rate of 0.2 mL / 5 s to sample holder
ensuring the alignment of ascorbic acid drops to the beam. A
schematic of the experimental setup is shown in Figure 1. The
reaction started at room temperature. A maximum time resolution
of 50 ms has been achieved with reasonable statistics in the
scattering profiles. Ten consecutive profiles were averaged for
further analysis to improve the statistics of the scattering data.

were

v
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Figure 1. Schematic diagram of the experimental setup for in situ SAXS
experiment.

Catalytic reduction of methylene blue. Room temperature
borohydride (BH,) reduction of a model dye methylene blue
(MB) was studied using the Ag nanoparticles embedded Nafion®-
117 membranes as solid phase catalyst. The two nanocomposite
film samples used were prepared by ascorbic acid reduction for 1
min and 5 min as described above. To continuously monitor the

100 reaction spectrophotometrically, the reduction was carried out in

a quartz cell with a path length of 1 cm. Typically, the

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

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



o

@

2

S

2

o

3

=5

3

s

40

45

RSC Advances

composition of reaction solution was 100 pL of 0.2 mmol L'
MB + 1800 pL water + 200 pL 0.2 mol L' of freshly prepared
NaBH;. A piece (1x2cm?) of membrane/Ag nanoparticles
composite was inserted without obstructing light path in the
solution filled quartz cell placed in a portable UV-VIS
spectrophotometer (K-MAC, South Korea). The UV-VIS
absorption spectra were recorded with a fixed time interval (30
sec or 1 min) in the scanning range of 200-700 nm at room
temperature (25 °C). While recording the spectra the
spectrophotometer was placed on a magnetic stirrer. A small
magnetic bar was inserted in the quartz cell for continuous
stirring of the reaction solution without disturbing the absorbance
measurement. The stirring rate was fixed at 300 rpm. The
progress of the reaction was monitored at absorbance 665 nm
(Amax for MB). After the completion of the reaction the membrane
was removed from the reaction mixture, washed with water, and
dried at room temperature for its use in the next cycle.

THEORETICAL SECTION

SAXS analysis: The scattering patterns, recorded on a two-
dimensional Pilatus detector (Pilatus 300K), have been converted
to one-dimensional scattering profiles to obtain the scattering
vector (q) dependence of the scattering intensities by azimuthal
integration. The scattering contribution of the pristine ionomer
matrix (Ag" loaded) has been subtracted from each scattering
curve of the ascorbic acid treated Nafion™ (silver nanoparticles
embedded). The size dispersion of the formed silver nanoparticles
has been analysed based on non-linear least square fitting of the
recorded scattering curve considering polydisperse spherical
particle model which is supported by transmission electron
microscopy. For such a case, the scattering intensity I(q) may be
approximated as,

1(q)=1,(q)= (T Py (g, R)RD (R)dRJ (1

where, Pys(q,R) represents the form factor of a nanostructure.
Dys(R) represents the nanostructure size distribution and R the
particle radius. For spherical nanostructures of radius R, the form

factor is analytically solvable presenting the following
expression.
: 2
(sin(gR) — gR cos(qR))
Pys(q,R) =9 @

6
(4R)
In the present case, standard lognormal distribution of following
type

[In(R/ R,)’]

DNS (R) = 20_2

(3)
\/ 270? R?

was considered for the size distribution, where R, represents the
median radius and o represents the polydispersity index of the
distribution.
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RESULTS AND DISCUSSION

L-ascorbic acid is a highly polar compound with very high
solubility in water. It behaves as a vinylogous carboxylic acid
with involvement of the lone pair on the hydroxyl group, the ring
double bond, and the carbonyl double bond acting as a
conjugated system. The hydroxyl proton situated at the end of the
vinyl group is extraordinarily acidic compared to a common
alcohol hydroxyl group because of the extra stability of the
conjugate base of ascorbic acid by two major resonance
structures.

HO.

HO OH he) OH

Scheme 1. Resonance structures in conjugate base of L-ascorbic acid.

The pH of the L-ascorbic acid solution used in the present study
was 2.63. At this low pH, ascorbic acid is expected to be present
as neutral molecule (AH,) and a small fraction will be present as
ascorbate anion (AH") (pK, = 4.26). The ascorbate anion (AH") is
mainly responsible for the silver ions reduction in the membrane
as it is more reactive than ascorbic acid (AH,) in electron transfer
reaction.'” The chemical reduction of Ag" ions by ascorbic acid
follows first order kinetics on ascorbic acid and silver ion
concentrations, together with an inverse first-order dependence
on H' ions concentration.'® The reaction involves the transfer of
two electrons and the formation of dehydroascorbic acid (A)."
S.P. Mushran et al. have monitored the progress of the reaction
between ascorbic acid and silver ions and have demonstrated the
stoichiometric equation for the reduction of silver ions with
ascorbic acid (AH,) as shown in scheme 2."° The mechanism
involves the interaction of Ag" ions with the ascorbate anions
(AH), which is the slowest step, resulting in the formation of a
free radical (AH), attacked by a second silver ion to form
dehydroascorbic acid (A)."* Because of the proton release, the
reduction potential of the system is pH dependent.

HO. HO.
N g oo 8 oo .
2Ag" + v’ N —— W + 2Ag" + 2H
(o) OH [¢] o

"
L-ascorbic acid dehydroascorbic acid

Scheme 2. Stoichiometric equation for the reduction of silver
ions by L-ascorbic acid.

Time resolved SAXS using synchrotron radiation is well suited to
follow the in-situ nps formation (number density) and their
growth kinetics (size) with millisecond time resolution. The
utility of synchrotron radiation-based X-ray reflection and
scattering techniques in dimensional nanometrology is recently
reviewed by Krumrey et al.'* In present work, the in situ
formation of Ag nps in Nafion®-117 during L-ascorbic acid
reduction was studied by time resolved in situ SAXS using
synchrotron radiation. The temporal evolution of radial averaged
SAXS profiles and corresponding increase in median nps
diameter as a function of time are shown in Figure 2. In Figure

This journal is © The Royal Society of Chemistry [year]
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2a, it is seen that the SAXS patterns evolved continuously with
time revealing the in-situ growth of Ag nps. However, the median
diameter observed form the SAXS profile at the earliest time is
2.6 nm as shown in Figure 2b. The particles are likely to be
s formed by means of monomer addition after a discrete nucleation
period. Takesue et al. have shown that in aqueous medium the
first full-shell clusters Ag;; (size 0.7 nm) were involved in
growth of Ag nps."® They could observed the Ag,; clusters with
time resolution of 0.18 ms in their in situ experiment. Hence, the
10 nucleation and initial growth may be too fast to be observed with
the achieved time resolution of the present work. Though the very
early stages could not be resolved, the present study is the first of
its kind showing that the evolution of nanoparticle size in a
nanoconfined medium (polymer membrane) is an inherently
15 much slower process than the one observed in bulk solution.
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Figure 2. In-situ time resolved SAXS profiles of during Ag nps formation
and growth during ascorbic acid reduction in Nafion® (a), and
corresponding evolution of median diameter of Ag nps (b) as a function
20 of reduction time.

It has been previously reported that the process of nucleation and
growth of the Ag nps in aqueous medium was completed in very
short reaction time of ca. 6 ms."® In Figure 2b it is clearly shown
that the growth of the Ag nps continued for a longer period of
revealing that the growth mechanism inside the
nanodomains of a Nafion® membrane is different from that of
bulk. The growth profile of Ag nps could be divided into three
distinct phases as shown in Figure 2b. The phase A showed a fast
growth of Ag nps as evidenced by higher slope up to ~3.2 nm.

25 time,

30 The rate of the Ag nps growth reached a plateau in about 12 s
(Phase B). The further growth was noticed after a lag time of
about 14 s, and thereafter progressed with slower rate (Phase C).
Mechanism of growth: The particles size distributions as a
function of reduction time as obtained from analysis of SAXS

35 data are shown in Figure 3. The initial particle size distribution
curve is almost symmetric ranging from 1.2 nm to 5 nm (standard
deviation = 0.63). The particles with such size distribution profile
could be accommodated in the water-sulfonate clusters of the
membrane. As time progressed, the size distribution curves

40 broaden and became more asymmetric i.e. left side remained at
1.2 nm but right side of the curve shifted systematically from 5
nm to 8 nm (standard deviation = 1.13). This is possible only
when there was continuous birth of new particles to compensate
for the particles undergoing growth (shifted to right side). It is

45 interesting to note that all the particle size distribution curves start
from 1.2 nm that is size of second full-shell Agss cluster.'® After
10 s, the particle size distribution curve stretches beyond 5 nm
sizes that cannot be accommodated in the ~5 nm water-sulfonate
clusters and must have started ejecting from them. The ejection of

so nanoparticles from the ionic clusters has been corroborated by the
existence of the ionomer peak at higher scattering vector (q)
regime in the SAXS profiles of Ag nps embedded Nafion®-117.7
The median diameter increased slowly from 2.6 to 3.2 nm.
Thereafter, the increase Ag nps diameter became considerably

ss slower.

—— (4) 14.95 5

(5)19.95 5
———(6)24.95 s
———(7)39.95 s
————(8) 54.95 5

Normalised size distribution (arb. unit)

Diameter (nm)

Figure 3. Temporal evolution of Ag nps size distributions deduced from
SAXS profiles.

To understand how the continuous supply of monomer and birth
o0 affects the number density, a variation of the number density
(particles cm™) of Ag nps during the reduction process was
deduced from the time resolved SAXS profiles. It is seen in
Figure 4 that the particle number density increased continuously
till ~ 25 s. This suggests that the birth of new particles was
os sustained even in the phase B (see Figure 2b) where median
diameter growth showed a lag time. In addition, there is a change
in the slope of the particle number density at 2-3 s indicating
slowing down of the birth rate of new particles. Initial fast birth
rate could be attributed to ascorbic acid reduction at the surface
70 layer of the membrane. After 25 s, the number density profile
decreased slowly in phase C indicating a significant decrease in
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the birth rate and onset of agglomeration of bigger Ag nps ejected
to the adjoining PTFE matrix.

Phase A+B

1.8x10" |

1.6x10"°

1.4x10"
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1.0x10"

No. of pslrticles/(:m3

1
8.0x10"

6.0x10'° L 1 L | L | L

Time (s)

s Figure 4. Time dependence of the number density (particles cm™) of Ag
nps during in situ reduction.

TEM analysis of samples prepared in the same conditions was
carried out. Figure 5 presents the TEM image of the membrane
crossection after reduction for 60 s and the respective size

10 distribution histogram. Formation of uniformly distributed ~3 nm
silver nanoparticles is observed. The results obtained in the
SAXS experiment (Figure 3) are in reasonably good agreement
with TEM analysis (Figure 5).

w
S

S
o

Frequency (arb. unit)

3 5
Diameter (nm)

Figure 5. TEM image of cross section of Nafion® sample subjected to
reduction with ascorbic acid for 60 s (a,b) and size distribution histogram
of Ag nps as obtained from the TEM images analysis (c).

The nanoparticles produced at 60 s of chemical reduction possess
significant size dispersion with mean diameter of ~3 nm. The
wider size distribution of nanoparticles in SAXS analysis data in
comparison to TEM analysis data can be attributed to the
contribution of bigger particles formed on the matrix surface to
the size distribution profiles extracted from the SAXS
experiments, as the characterization based on scattering technique
probe larger fraction (both interior and surface) of the samples.
The mean diameter value and the low degree of polydispersity of
the formed nanoparticles exactly mimicking the water-sulfonate
clusters (3-5 nm) in Nafion®-117, provide clear evidences for the
existence of such hydrophilic clusters in Nafion® and their
templating activity.

It was observed in our previous work that extending the reduction
time upto 5 min under similar experimental conditions led to the
formation of nanorods.” In order to study the spatial distribution
of such nanostructures, the TEM images across the thickness of
membrane were studied. Figure 6 presents the TEM image of a
sample after 5 min of reduction, showing the formation of
uniformly distributed nanorods (~8 nm diameter and ~40 nm
length) across the membrane thickness. It is clear from the Figure
Sa and 6 that, the particle number density (number of particles per
unit area of the membrane) decreases significantly from 1 min
(Figure 5a) to 5 min (Figure 6) of reduction process. This fact
suggests that the smaller ~3 nm particles formed at 1 min of
reduction are the building block units for the formation of bigger
nanorods (~40 nm length) by sacrificial self-agglomeration in a
preferential direction leading to the formation of 1-D
nanostructures (nanorods) in the surrounding PTFE matrix.
Redox Catalytic Activity of Ag Nanoparticles in Nafion"-117
Matrix. The redox catalytic activities of Ag nanoparticles formed
by the reduction of Ag*-loaded Nafion®-117 by ascorbic acid for
1 min (nanosphere) and 5 min (nanorods) were studied at room
temperature for borohydride reduction of a model dye methylene
blue (MB). The choice of these two Ag-Nafion® samples was
based on the fact that ~3 nm spherical Ag nps are formed after 1
min as described above, and 5 min reduction lead to a formation
of bigger nanostructures with sizes larger than 10 nm (spherical

This journal is © The Royal Society of Chemistry [year]
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or rod) as shown in Figure 7.

5 Figure 6. TEM images showing spatial distribution of Ag
nanorods across thickness of the membrane subjected to
reduction with ascorbic acid for 5 min.
There are two factors that may be responsible for the catalytic
activity of the Ag nanoparticles, the size/shape of the particles
10 and their accessibility to reactants MB and BH, ions. The Ag
nanoparticles mediate electron transfer after chemisorptions of
MB and BH, on its surface. Figure 7a gives the representative
time resolved UV-VIS absorption spectrum of MB undergoing
catalytic reduction in presence of the Ag nanosphere embedded
15 catalyst membrane. The gradual decrease of the peak intensity at
665 nm with time shows the decrease in MB concentration in
bulk solution. This may be due to two modes: the sorption of MB
by the membrane, which is a diffusive process and the catalytic
reduction of MB. The curve (iii) in Fig. 7b represents the rate of
decrease of MB concentration in the solution due to its diffusion
into the Ag nanosphere loaded membrane in absence of BH,.
Curve (i) and (ii) represents the rate of decrease of MB
concentration in presence of the reducing agent (BH,) for the
sample with Ag nanospheres and Ag nanorods respectively. In
25 both the cases, initially the curves are exactly superimposed on
the curve (iii) indicating absence of catalytic reduction of MB
during the period (lag phase). The decrease in MB concentration
during this lag phase is therefore attributed to the diffusion of MB
into the membrane. However, beyond the lag phase the catalytic
reduction of MB is a parallel process, resulting in a increased
slope of the curves. The catalytic reduction of MB with BHy
follows pseudo-first-order kinetics described by:
In(A/Ag) = -kt 4
where A, and A; are the initial absorbance and at time t,
respectively, and k is the catalytic reduction rate constant.
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Figure 7. (a) Successive UV—vis spectra of catalytic reduction of MB by
NaBHj in the presence of Ag nanosphere embedded Nafion®-117

40 membrane (1 min reduction), and (b) Variation of logarithm of A/A, as a
function of reduction time in the presence of Ag nps loaded membrane
samples formed by ascorbic acid reduction for 1 min (A) and 5 min (O).

The dashed line plot (X) shows the variation of A/A, with time in absence
of the reducing agents (only because of diffusion of MB through Ag nps

45 (1 min) embedded Nafion®). A, and A, represent absorbance of 665 nm at

time t and initial time, respectively.

The occurrence of a lag phase in the metal nanoparticles
catalyzed redox reaction has been observed by many
researchers.'” A possible explanation has been given by Ray et al.
soin terms of passivation of metal nanoparticles in aqueous
environment, which reduces their catalytic activity.'® On addition
of BH,, the nanoparticles are depassivated, restoring their
catalytic activity. The lag time has been attributed to the
depassivation phase, when no reduction occurs. After the lag
ss time, the catalytic reduction of MB occurs, increasing the rate of
disappearance of MB concentration in the bulk solution. They
have shown that, with increase in the catalyst concentration, such
lag phase is reduced. In the present work, both the effect of
passivation as discussed by Ray et al and the diffusion of
o0 reactants (both MB and BH,") into the membrane considerably
influences the reaction kinetics. Nafion®-117 membrane consists
of fixed anionic charge sites, and it will expel the negatively
charged BH, ions by Donnan exclusion. So the catalytic
reduction is expected to occur largely on the membrane surface.
6s Since the metal particles on the membrane surface are exposed to
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atmosphere, their surfaces will be passivated which leads to the
appearance of an lag phase. In presence of borohydride, the
catalytic activity of the nanoparticles is slowly restored, and the
reduction of MB on the membrane surface starts, which leads to
the rapid increase in the slope of In (A/Ao) vs. t plot. For curve (i)
and (ii), the values of k from the slopes of linear portion of curves
are found to be nearly same (0.727 min"' and 0.786 min’
respectively), indicating same rate of reduction. This is probably
due to reduction occurring at the surface of the membrane under
identical chemical environment making the rate constants similar.
The difference in lag time may be due to difference in
depassivation time in the two samples which may be due to
difference in surface number density/morphology of the
nanoparticles in the two samples.

CONCLUSIONS

In the present work it has been demonstrated that early growth of
spherical Ag nanoparticles in size of ~ 3nm takes place in the
water-sulfonate clusters of Nafion®-117 matrix by room
temperature ascorbic acid reduction. The whole process can be
divided to three stages: a rapid initial formation and growth
followed by, a saturation of the nps size with continuous increase
in number density, and a further slow increase in nps size and
decrease in number density. Further growth by sacrificial self-
agglomeration takes place after ejection of nanoparticles from
water-sulfonate clusters leading to formation of rod-like shaped
nanostructures with bigger sizes. This study demonstrated the
possibility for controlled synthesis of Ag nps in Nafion®
membranes with different shapes and sizes. The analytical tool
employed in the present work can also be used for the study of
growth mechanism of other metal nanoparticle (Au, Pt, Pd etc.).
The Ag nanoparticles confined in the membrane water-sulfonate
clusters or ejected to the PTFE matrix show good redox catalytic
activity. A higher lag time in the onset of reduction was observed
for the samples with larger Ag nanostructures in comparison to
those confined in water clusters transport channels. This has been
attributed to the difference in surface number density/morphology
of the nanoparticles in the two samples.
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