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Introduction

The reusability of a catalyst and hence its efficacy are, in
principle limitless, as by definition, it undergoes no transfor-
mation itself while promoting a chemical reaction. However,
due to several constraints, including chemical instability and
physical loss, such potentials are rarely realized. Metal nano-
particles are efficient catalysts for a number of reactions,
their large surface area to volume ratio and specific surface
structure being key factors.[1] They are potential candidates
for addressing the fundamental issue of unifying and har-
nessing the benefits of homogeneous and heterogeneous cat-
alysis.[2,3] In addition to their efficiency and selectivity in en-
hancing reaction rates,[4] an aspect that makes a catalyst gen-
uinely superior is the feasibility and ease of multiple reuse.
Monitoring a nanocatalyst through reuse cycles to assess

problems like leaching or shape/size alteration is extremely
valuable in the optimization of catalyst design. Even though
metal nanoparticle catalysts encapsulated in, or supported
on, a wide range of host structures have been explored,[3,5]

efficient reuse and catalyst monitoring remain major chal-
lenges. We envisaged that polymer thin films with in situ
generated metal nanoparticles would be a class of easily fab-
ricated, efficient, and reusable catalysts; that catalyst separa-
tion would be trivial, and the thin film would be amenable
to convenient examination between uses. Even though
metal nanoparticles in polymer membranes have been used
in sorption-diffusion-based separations and catalysis,[6] major
issues, such as extensive reuse and efficient catalyst monitor-
ing, have not been addressed.

Polymer thin films with embedded metal nanoparticles
combine the versatility of the former with the unique prop-
erties of the latter. These nanocomposites find applications
in several areas, including electronics, photonics, sensors,
and medicine.[7–13] Thin films of the nanocomposites can be
grown by plasma deposition methods.[7] Various soft chemi-
cal routes have also been developed for their fabrica-
tion;[12, 14–17] in situ growth of metal nanoparticles within a
polymer film is especially efficient.[12,15–17] A general proto-
col that we have optimized involves spin coating a solution
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of the polymer and the metal precursor onto a substrate fol-
lowed by thermal in situ reduction of the metal ions to
atoms by the polymer itself, which leads to the formation of
nanoparticles inside the film.[12,18–20] This methodology is en-
vironmentally benign, since the medium used is mostly
aqueous, and the potentially toxic[21] nanoparticles are never
exposed. Other advantages of the approach include the con-
venience of monitoring the in situ formation of the metal
nanoparticles,[20] even in real time,[22] and the feasibility of
fabricating both free-standing films amenable to direct
imaging and multilayer films for specific applications.[23] We
have demonstrated efficient optical power limiting[18, 23] and
microwave absorption[24] in silver poly(vinyl alcohol) (Ag–
PVA) films. These films have also been used to fabricate
high-resolution negative-tone resists,[9] random lasers with
coherent feedback,[10] polarizing filters,[25] and a prototype
for a generic memory device.[11]

The efficacy of a metal-nanoparticle-embedded thin-film
catalyst is best demonstrated by using a well-studied nano-
particle-catalyzed reaction as a benchmark; we chose to in-
vestigate the reduction of 4-nitrophenol (4NP) by sodium
borohydride. Several metal nanoparticles, including those of
palladium, gold, and silver, have been used as catalysts for
this reaction.[26–29] The use of silver nanoparticles and host
matrices to facilitate catalyst retrieval[30,31] is advantageous
in terms of the cost factor; catalysts in the form of powders
are, however, prone to losses during filtration or magnetic
separation and washing. Efficient retrieval and recycling of
the catalyst, as well as assessment of the catalyst between
uses, have rarely been realized in the reported studies. It is
also notable that characteristics like turnover number
(TON) and turnover frequency (TOF) have been reported
only in a few cases.

A critical problem with a catalyst based on metal nano-
particles in a polymer thin film (or any other matrix) is the
effective reconciliation of conflicting issues such as the dura-
bility of the nanocatalyst in the film matrix and facile access
of the reactants to the catalyst. We have investigated the ef-
ficacy of an Ag–PVA thin film, fabricated by using our
methodology, in catalyzing the NaBH4 reduction of 4NP. A
multilayer structure, Ag–PVA/PVA/Ag–PVA is shown to
provide robust free-standing films with excellent catalytic ef-
ficiency. Choice of a polymer with optimal characteristics
and the multilayer design facilitate reversible swelling in the
aqueous reaction medium, ensuring easy passage of reac-
tants to the catalyst embedded in the polymer matrix with-
out leaching or degradation of the catalyst. In situ monitor-
ing of the reaction kinetics is facile with no interference
from the catalyst; high rate constants are observed. Experi-
ments carried out on larger scales establish the high TON
and TOF that can be achieved. The catalyst can be reused
extensively; 30 runs demonstrated in this study yield an un-
precedented total TON of 3395. There is only a marginal re-
duction in the efficiency of the catalyst after 30 runs, which
is promising for further extended usage. Periodic monitoring
of the catalyst film unambiguously establishes its stability
and durability. Because the catalyst film is removed cleanly

at the end of the reaction, workup of the products is conven-
ient. Comparison of the Ag–PVA catalyst with the silver-
nanoparticle systems reported earlier for the same reaction,
coupled with its ease of fabrication, demonstrates the signifi-
cant benefits of using metal-nanoparticle-embedded poly-
mer thin films in chemical catalysis. We call them “dip cata-
lysts”[32] to highlight their mode of deployment and ease of
reuse. The relevance of this term is accentuated by the fact
that insertion/removal of the film can be used to turn the re-
action on/off almost instantaneously.

Results and Discussion

Fabrication and characterization of the catalyst film : Ag–
PVA film was prepared according to our previously reported
methodology,[12, 18] with modifications (see Figure 1 a) as de-
scribed in the Experimental Section. Special attention was
paid to factors such as the specific polymer used, optimiza-
tion of the concentration of silver, and accessibility of the
reactant molecules to the catalyst. A relatively high-molecu-
lar-weight PVA with nearly complete hydrolysis was em-
ployed (PVA with lower molecular weight and lower degree
of hydrolysis had been used in the earlier studies[18–20]), so
that the heat-treated film was insoluble in the aqueous
medium under the ambient temperature conditions used in
the reaction. The hydrophilic nature of PVA, however, en-
sures sufficient swelling in the reaction medium, which in
turn facilitates the approach of the reactant molecules to the
silver nanoparticles. We have explored a range of Ag/PVA
weight ratios (x), temperatures (T), and times (t) of heat
treatment of the AgNO3–PVA film to achieve appreciable

Figure 1. Fabrication and characterization of the Ag–PVA/PVA/Ag–PVA
polymer film: a) Schematic representation of fabrication (dimensions not
to scale). PS=polystyrene. b) SPR extinction spectrum. c) AFM topogra-
phy image (5 mm�5 mm) and d) TEM image (scale bar=20 nm) of the
Ag–PVA film (x=0.2). b) and c) are of the multilayer film and d) of a
single-layer film with the same composition.
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concentration of relatively small silver nanoparticles; the
optimal values determined are x= 0.2, T=130 8C, and t=

4 h; kinetics experiments carried out with films of varying x
are discussed below. The film must be sufficiently thick and
robust for repeated use in the reaction involving stirring,
with washing in between uses. At the same time, efficient
utilization of the silver nanoparticles demands that the film
is sufficiently thin and that the particles are available close
to the film surface. These requirements are reconciled effec-
tively in the design of the multilayer structure with thin
active layers (Figure 1 a). The thickness of the individual
layers was regulated by varying the solution viscosity and
spin-coating conditions. Typical values of the thickness of
the polystyrene, Ag–PVA (I), PVA, and Ag–PVA (II) layers
in the films used in the present studies are around 3.20, 0.19,
1.00, and 0.13 mm, respectively
(see Table S1 in the Supporting
Information). The characteristic
surface plasmon resonance
(SPR) extinction of the silver
nanoparticles in the multilayer
film is shown in Figure 1 b. Fig-
ure 1 c and d show the AFM
image of the smooth film sur-
face (average roughness =

0.77 nm) and the TEM image
of a single-layered film, respec-
tively. The latter reveals a ho-
mogeneous distribution of
spherical nanoparticles with an
average diameter of around
5.0 nm (see Figure S1 and
Table S2 in the Supporting In-
formation).

Kinetic studies and evaluation
of TON : We have investigated
the kinetics of reduction of 4NP
catalyzed by the Ag–PVA film
using the setup depicted in
Figure 2, which is further de-
scribed in the Experimental
Section. As the reduction by
NaBH4 is sluggish, the absorp-
tion due to the 4-nitrophenolate
remains unaltered if no catalyst
is introduced (see Figure S2 in
the Supporting Information).
However, within a few seconds
of introducing the catalyst film
(see the Experimental Section
for details), the peak begins to
decay as reduction of the nitro
group starts; a concomitant rise
of the peak due to 4-aminophe-
nolate is observed. Figure 3 a
shows the profile of a typical

Figure 2. Schematic representation of the setup used in the catalysis stud-
ies; the figure shows the catalyst film fixed on a Teflon frame, the me-
chanical stirrer, the reaction mixture in the cuvette, and the light beam
path.

Figure 3. a) Electronic absorption spectra of the reaction mixture ([4NP] =0.11 mm, [NaBH4] =11 mm) at 25 8C
as a function of time, following the insertion of the Ag–PVA multilayer catalyst film. b) Plot of ln ACHTUNGTRENNUNG(At/A0)
versus time; A0 and At are the absorbances at 400 nm at time 0 and t, respectively. c) Plot of ln(At) as a func-
tion of time, in an experiment in which the catalyst film was removed and reinserted. d) Kinetics plots for
three different weight ratios Ag/PVA (x ; ~: x=0.05, *: x=0.10, &: x=0.20) of the catalyst film (with [4NP]=

0.11 mm, [NaBH4]= 11 mm). e) Kinetics plots for three different ratios (50 (~), 100 (*), 200(&)) of [NaB-
H4]/ ACHTUNGTRENNUNG[4NP] (with [4NP]=0.11 mm, x=0.2). The least squares line of best fit is shown in each case; in (c), it is
shown for each segment of the data.
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run; the peak decays steadily with time. As a large excess of
NaBH4 is used, the reaction is expected to be pseudo first
order; this is confirmed by the plot in Figure 3 b. Note that
this procedure, whereby the catalyst film is introduced after
the reagents are mixed in solution and stirred for a few mi-
nutes, gives rise to a clean first-order reaction profile from
time zero, with no evidence of the induction period that was
observed in some earlier studies.[26] Switching the reaction
off or on by the catalyst film is demonstrated in an experi-
ment in which the catalyst film is removed and reinserted
after a brief interval; the prompt response of the reaction is
vividly captured in the reaction profile shown in Figure 3 c.
This observation is strong evidence that there is practically
no leaching of silver nanoparticles into the reaction
medium; easy workup of the reaction products after with-
drawal of the catalyst film is thus ensured. We investigated
the dependence of the reaction rate constant on two rele-
vant parameters, the value of x of the catalyst film and the
[NaBH4]/ACHTUNGTRENNUNG[4NP] ratio in the reaction mixture. The kinetics
plots are shown in Figure 3 d and e, and the estimated rate
constants are listed in Table 1. Based on these observations,

we conclude that x= 0.2 and [NaBH4]/ACHTUNGTRENNUNG[4NP] =100 are opti-
mal for this catalytic reaction. The pseudo-first-order rate
constant is found to vary linearly with the amount of cata-
lyst and with [NaBH4], as expected (see Figure S3 in the
Supporting Information). We also explored the temperature
dependence of the catalytic process (see Figure S4 in the
Supporting Information). Based on the rate constants deter-
mined in the range 298–318 K, the activation energy of the
reaction is estimated to be 40.9 kJ mol�1, which is in good
agreement with reported values.[31, 33]

The efficacy of our dip catalyst was investigated by in-
creasing the scale of the reaction while keeping the catalyst
film unchanged (x=0.2, silver content =0.65 mmol) and at-
tempting multiple uses of a single film; the [NaBH4]/ ACHTUNGTRENNUNG[4NP]
ratio of 100 was used in all reactions carried out at the ambi-
ent temperature of 25 8C. With a stiff limit of 15 min kept
for completion of the reaction (>99.9 % in the first run), it
was found that the film could catalyze the reduction of up
to 75 mmol of 4NP in a single run. This implies a high TON
of �114. The TOF for the reaction catalyzed by the Ag–
PVA film is 0.127 s�1, which is, once again a high value
when compared with those reported earlier (see Table S3 in
the Supporting Information). It is important to note that the

fraction of silver atoms on the surface of a nanoparticle with
diameter of 5.0 nm is around 0.28 (see page S3 in the Sup-
porting Information) and, because the surface atoms effect
the actual catalytic process, the effective TON would really
be much higher, around 407.

Catalyst recycling and monitoring : Following these observa-
tions, we have explored repeated use of the same catalyst
film in multiple reaction runs, each one at the scale of
75 mmol of 4NP. After each run, the film was removed,
washed with MilliQ water followed by isopropyl alcohol,
and dried under vacuum for 20 min before being inserted
into a new reaction setup (Figure 4 a). The Ag–PVA film
was found to be catalytically active even after 30 runs. When
the reaction nears completion, the absorbance of the mix-
ture at 400 nm becomes low enough to be measured, and
follows the Beer–Lambert law (see the Experimental Sec-
tion). It is also found that the reaction continues to follow a
first-order rate law (see Figures S5 and S6 in the Supporting
Information). Based on these observations we have estimat-
ed the yield of the reaction at 15 min in each run; Figure 4 b
shows that it decreases only nominally from 99.9 to 95.3 %
over 30 cycles of use of the same film. This implies that the
reaction rate is only slightly reduced after multiple reuses.

Table 1. Apparent rate constants determined for the reduction of 4NP by
NaBH4 at 25 8C catalyzed by the Ag–PVA multilayer film, for three dif-
ferent weight ratios of Ag/PVA (x) (with [NaBH4]/ ACHTUNGTRENNUNG[4NP] =100) and
three different reactant ratios of [NaBH4]/ ACHTUNGTRENNUNG[4NP] (with x= 0.2); relevant
plots are shown in Figure 3d and e.

Catalyst/reaction parameter kapp [10�3 s�1]

x
0.05 1.9
0.10 3.4
0.20 5.3ACHTUNGTRENNUNG[NaBH4]/ ACHTUNGTRENNUNG[4NP]
50 2.3
100 5.3
200 10.4

Figure 4. a) Schematic representation of the reuse cycle of the dip cata-
lyst. b) Reaction yield at 15 min for the reduction of 4NP by NaBH4 at
25 8C ([4NP] =0.03 m, [NaBH4]=3.0 m, volume of reaction mixture=

2.5 mL), in repeated runs catalyzed by the same Ag–PVA multilayer
film.
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Note that the highest number of repeated uses reported ear-
lier for this catalytic reaction is 21, which was achieved with
an Ag/Fe2O3 catalyst.[31] In that case, catalyst removal was
carried out by using a magnet, and the catalytic activity
showed an abrupt decline at the end of 21 runs. Our catalyst
film, on the contrary, is easy to remove and reinstall in a
new reaction setup, and continues to be quite active after
30 runs. As we have used the same catalyst through all of
the runs, the total TON at the end of 30 runs amounts to the
very high value of 3395 (based on the yield at 15 min in
each case). The highest TONs for the silver-nanoparticle-
catalyzed reduction of 4NP with NaBH4 estimated from lit-
erature data are 515 (achieved by using a polymer-nanocap-
sule-based catalyst[26]) and 660 (achieved over 21 runs with
the Ag/Fe2O3 catalyst[31]). A detailed comparison of the per-
formance of the Ag–PVA multilayer film relative to silver-
nanoparticle-based catalyst systems reported earlier for the
reduction of 4NP by NaBH4 is provided in Table S3 in the
Supporting Information; the superior efficiency and reusa-
bility of our new dip catalyst is clearly evident.

Compared to the various forms in which metal nanoparti-
cles have been used as catalysts, the nanocomposite polymer
thin film offers critical advantages not only in terms of con-
venient reuse as shown above, but also in terms of easy
monitoring of the catalyst between the reuses. We have ex-
amined the Ag–PVA multilayer film at regular intervals
through the reuse cycles by using microscopy and spectros-
copy. AFM images of a film recorded between repeated
uses are shown in Figure 5 a; the morphology is largely pre-
served and the surface roughness nearly constant through-
out, which reflects the stability and durability of the film.
The intensity of the SPR extinc-
tion of the film also remains
nearly constant through the
30 reaction runs (Figure 5 b),
which indicates, once again,
negligible leaching of the silver
nanoparticles. There is a small
(ca. 10 nm) blueshift of the ab-
sorption peak after the first use
of the film. Subsequently, the
spectral position and shape
remain consistent throughout,
except for a very small increase
of the baseline near 550 nm.
The TEM images of the film
through the multiple reuses
(Figure 5 c) provide useful in-
sight into these observations
and the status of the catalyst
nanoparticles. The film used in
the reaction medium is found
to have a slightly broader distri-
bution of nanoparticle sizes, in-
cluding some smaller ones, than
the fresh film. While the aver-
age sizes of the nanoparticles

show very little variation, the number of nanoparticles ob-
served in a unit area of the film, as well as their total surface
area, decrease slightly over repeated uses (see Figure S1 and
Table S2 in the Supporting Information). The formation of
smaller particles (which results in the blueshift of the SPR
peak) and minor aggregation effects (reflected in the base-
line shift) are possibly induced by the slight dissolution/ref-
ormation of the nanoparticles effected by the reaction
medium with high concentration of NaBH4. As the changes
in the nanoparticles are quite small, the impact on catalyst
efficiency is marginal.

We also explored the possibility of using the catalyst film
for a single run on a mmol scale: 1 mmol of 4NP and
100 mmol of NaBH4 were used in the reaction, in which the
concentration of 4NP was maintained as in earlier runs. As
the volume of solution was now larger, the film was sus-
pended in the reaction mixture, which was stirred using a
magnetic bar. After the strong yellow color had mostly dis-
appeared, completion of the reaction was detected by re-
cording the electronic absorption spectrum of aliquots of
the reaction mixture. It was found that 95 % of the reaction
was completed in around 3.5 h, which implied a TON of
1461 and TOF of 0.116 s�1 achieved in a single run.

The various experiments described above attest to the ro-
bustness and efficiency of the Ag–PVA thin-film catalyst.
The fact that the film effects efficient catalysis over several
rounds of reaction and on a relatively large scale suggests
that the nanoparticles are accessible to the reactant mole-
cules throughout, but retain their integrity through repeated
uses. The crucial role of the polymer matrix in channeling
the reactants to the catalyst and the products away is clearly

Figure 5. Monitoring the dip catalyst during the reuse cycles: a) AFM topography images (2.5 mm� 2.5 mm,
height scale is shown beneath the images) of an Ag–PVA multilayer film catalyst through repeated runs of the
reduction of 4NP by NaBH4 ([4NP] =0.03 m, [NaBH4] =3.0m, volume of reaction mixture=2.5 mL); the run
number is indicated on the images, the zeroth run corresponds to the fresh film. b) SPR extinction of one Ag–
PVA multilayer film catalyst through repeated runs of the reaction. c) TEM images of a single-layer Ag–PVA
film through repeated runs of the reaction; scale bar=20 nm; particle-size distributions are shown.

www.chemeurj.org � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 14378 – 1438414382

T. P. Radhakrishnan and E. Hariprasad

www.chemeurj.org


significant. The plausible mechanism of action of the multi-
layered polymer-film catalyst is depicted in Figure 6. In
aqueous medium, the PVA matrix swells to allow admission
of the solution into the film; optical micrographs and AFM
images of the films demonstrate this clearly (see Figure S7
in the Supporting Information). The reactant molecules
have unhindered access to the metal nanoparticles from the
outer surfaces of the multilayer film as well as through the
middle layer of pure PVA, which enhances the catalytic ac-
tivity. The minor decline observed in the rate of the reaction
with increasing reuses may be due to the nanoparticles mi-
grating deeper into the polymer matrix as a result of repeat-
ed swelling and drying cycles, or small changes occurring in
the size distribution. The nature of the polymer and the
multilayer structure are indeed critical to the efficient func-
tioning of the catalyst system.

Conclusion

The present study demonstrates the unique advantages of
metal-nanoparticle-embedded polymer thin film as a superi-
or catalyst system that mediates reactions effectively while
retaining its integrity. A simple multilayer-film design was
developed, and a convenient protocol for its fabrication
through in situ formation of silver nanoparticles inside PVA
film was optimized. The kinetics of the catalytic reaction
was investigated, and optimal catalyst composition and reac-
tant ratio determined. The thin-film catalyst was shown to
produce a TON of 114 in a single reaction run that lasted
around 15 min. Retrieval and reintroduction of the thin-film
dip catalyst are easy to implement, providing a simple me-
chanical control of the reaction. The same catalyst film can
be reused more than 30 times, which leads to a total TON of
around 3390. The cheap materials and simple methods used
in catalyst fabrication, in combination with the large TON
achieved, establish the cost effectiveness of the present ap-
proach. Spectroscopy and microscopy were used to monitor
the catalyst film during the repeated usage, and demonstrate
the basis of its durability and stability. Embedding the metal
nanoparticles inside the polymer film effectively precludes
aggregation, and enables long-term storage of these nano-
composite films, an aspect of considerable practical rele-
vance. The present study illustrates the promise of metal-

nanoparticle-embedded polymer thin films as versatile and
effective catalysts. The wide range of metal–polymer combi-
nations that can be exploited, and the plethora of reactions
that can be addressed, point to the enormous potential of
the general approach developed herein.

Experimental Section

Fabrication of the catalyst film : The fabrication protocol is shown sche-
matically in Figure 1a. The glass substrate for coating the film was
cleaned by washing and ultrasonicating in isopropyl alcohol, and then
dried. A few drops of a solution of polystyrene (Aldrich, average molecu-
lar weight=280 kDa) in toluene (1 g in 8 mL) was spin coated by using a
Laurell Technologies Corporation Model WS-400B-6NPP/LITE/8K pho-
toresist spinner operated at 1000 RPM for 10 s, and dried in a hot-air
oven at 90 8C for 15 min. Aqueous (Millipore MilliQ water, resistivity=

18.2 MWcm) solutions of AgNO3 (Aldrich, purity =99.9 + %) and PVA
(Aldrich, average molecular weight =85–146 kDa, hydrolysis =99+ %)
were mixed in required proportions; for example, AgNO3 (63 mg) dis-
solved in water (2 mL) was mixed with PVA (200 mg) dissolved in water
(4 mL) to prepare a film with an Ag/PVA weight ratio of 0.2. The solu-
tion was spin coated at 500 RPM for 10 s followed by 6000 RPM for 10 s
onto the polystyrene layer. After heating at 90 8C for 30 min, an aqueous
solution of PVA was spin coated at 500 RPM for 10 s followed by
2000 RPM for 10 s and dried in a hot air oven at 90 8C for 30 min. The
final layer was formed by spin coating the AgNO3–PVA solution as
before; the resulting multilayer film was then heated at 130 8C for 4 h.
The extended heating ensures complete reduction of the Ag+ ions as
well as stability of the film in aqueous medium. The film was peeled off
the glass substrate and the polystyrene layer removed by washing in tolu-
ene to obtain the free-standing Ag–PVA/PVA/Ag–PVA film.

Characterization of the catalyst film : The film was weighed accurately
after coating each layer. The final content of Ag was estimated based on
the Ag/PVA ratio used in the initial solution mixture, assuming complete
reduction of the Ag+ ions; this assumption is justified by the observation
of saturation of the SPR extinction under the fabrication conditions (see
Figure S8 in the Supporting Information). Film thickness was measured
by using an Ambios Technology XP-100 Profilometer. Electronic spectra
were recorded on a Varian Model Cary 100 UV/Vis spectrometer. AFM
imaging was carried out on an NT-MDT model Solver Pro M AFM by
using a 3 mm scanner in contact mode. In addition to the freshly fabricat-
ed film, small pieces cut from the same catalyst film after various num-
bers of uses in the reaction were imaged. Swelling of the three-layer film
on absorption of water was examined by using a WITec model Alpha300
R AFM, imaging with a 100 mm scanner in contact mode, and recording
optical micrographs with a 10 � objective lens. TEM was carried out by
using a TECNAI G2 FEI F12 TEM at an accelerating voltage of 200 kV.
Samples for TEM were prepared by using our previously developed tech-
nique.[18] As the multilayer film is too thick for direct imaging, a single
layer of AgNO3–PVA (with the same composition as that of the catalyst
film) was coated onto a polystyrene-coated glass and annealed at 130 8C
for 4 h. The film was peeled and placed on a 200 mesh copper grid and
the polystyrene dissolved by dipping in toluene. The Ag–PVA film stick-
ing to the grid was imaged directly. The catalyst content estimated by
using the TEM images is in good agreement with that determined by
weighing (see page S3 in the Supporting Information). One such film was
placed in a the reaction system in a Petri dish for the time corresponding
to each run in the catalytic studies for up to 30 runs. Small pieces cut
from this film after various numbers of uses were imaged.

Catalysis studies : Silver-nanoparticle-catalyzed reduction of 4NP by
NaBH4 was monitored by using the electronic absorption of the reaction
mixture as a function of time. A standard polystyrene cuvette (4.5 mL,
1 cm path length) was used. For the kinetics studies, an aqueous solution
of 4NP (3.0 mL, 0.12 mm) was placed in the cuvette, and NaBH4 (aque-
ous solution, 0.2 mL, 0.18 m) was added (final concentrations: [4NP]=

0.11 mm, [NaBH4]=11 mm), whereupon the yellow coloration deepened

Figure 6. Schematic representation of the swelling of the Ag–PVA/PVA/
Ag–PVA catalyst film in the aqueous reaction medium, and the facile ap-
proach of the reactants to the silver nanoparticles (shown as black dots)
embedded in the Ag–PVA layers.
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due to the formation of 4-nitrophenolate; the absorption has lmax of
around 400 nm (see Figure S9 in the Supporting Information). The solu-
tion was stirred for 6 min. The catalyst film (thickness ca. 1.3 mm, total
surface area =35 cm2, total weight= 0.42 mg; page S3, Supporting Infor-
mation) fixed on a Teflon frame was introduced in such a way that the
light beam was transmitted freely through the solution (Figure 2). The re-
action mixture was stirred with a glass/Teflon mechanical stirrer intro-
duced from the top, and ending just above the light beam path. The ab-
sorption spectrum was recorded at regular intervals to monitor the decay
of the peak due to the reduction of 4-nitrophenolate. Similar experiments
were carried out on a larger scale by using 4NP (1.0 mL, 75 mm) and
NaBH4 (1.5 mL, 5.0 m solution) (final concentrations, [4NP]=0.03 m,
[NaBH4]=3.0m) to determine the TON of the catalytic process. Since
the concentration of 4-nitrophenolate is high, the absorbance is beyond
measurement limits at the beginning of the reaction. However, when the
reaction nears completion, the absorbance is measurable. We have veri-
fied the adherence to Beer–Lambert law in these ranges (see Figure S6
in the Supporting Information), and the exact concentrations were esti-
mated from the absorbance values.

Details of microscopy, spectroscopy, kinetic studies, thin-film characteri-
zation, and survey of earlier reports on silver-nanoparticle-catalyzed re-
duction of 4-nitrophenol by sodium borohydride can be found in the Sup-
porting Information.
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