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’ INTRODUCTION

Mercury is highly toxic in all its oxidation states, 0, þ1 and
þ2,1-4 notwithstanding differences in solubilities and possible
redox interconversions. As the maximum permissible level in
food and drinking water is ∼2 ppb,5 development of efficient
sensors for mercury is of great interest. A variety of sensors based
on electrochemical response and conductivity6-8 as well as color
and fluorescence5,9-20 changes have been developed. Many
operate only in nonaqueous solvents; direct sensing of elemental
mercury has mostly been carried out in the vapor state.21-23

Sensors that can be deployed in aqueous medium are of great
practical utility. A wide range of mercury sensors based on metal
nanoparticles have been developed in recent times.24-38 Even
though many are efficient and selective, the studies have targeted
almost exclusively Hg2þ ions, exploiting specific complexation
effects.9-20,24-35 Tailored molecular structures including spe-
cialized DNA sequences and complex mechanisms are involved
in many of the designs. A popular approach is to cap the nano-
particles with designer ligands and monitor the spectral shifts
induced by nanoparticle aggregation triggered by the complexa-
tion of Hg2þ with the capping ligands.24-29,35 Except for a few
thin film sensors (which however do not exhibit very high
sensitivity),5,39-42 in most of the cases reported so far, the
sensing agent is mixed with the analyte medium and the response
recorded in situ. When optical responses like absorption or
emission of the sensor are monitored, interference due to the
analyte medium can render the sensor inefficient or ineffective.

Packaging of these sensors is generally cumbersome and
portability poor.

Silver forms amalgam with Hg and the redox potentials are
appropriate for galvanic replacement reaction with Hg2

2þ and
Hg2þ.43 As adsorption of mercury ions, redox reaction with
them, as well as amalgamation can sensitively influence the
surface plasmon resonance (SPR) extinction of Ag nanoparticles,
the latter provides a relatively cheap (compared to Au nanopar-
ticle based sensors) and efficient (as the molar extinction coeffi-
cients are much higher than that of Au nanoparticles35,44) route
to monitor mercury in all its oxidation states. Selectivity would be
high as such reactions do not occur with themajority of transition
metal ions. Ag nanoparticles in solution have been used for
sensing Hg2þ based on the reduction of the SPR extinction; one
of the studies showed slight blue shift of the peak during sen-
sing,37 whereas the other demonstrated clear red shifts due to
aggregation.38 The latter effect is observed with other analytes as
well45-47 and is expected to occur with ions like Au3þ which also
oxidize Ag, compromising the selectivity of the sensing process.
The higher sensitivity to oxidation and greater susceptibility to
degradation during functionalization compared to Au, are some
of the other handicaps of Ag nanoparticles.35,48 We envisaged
that embedding the Ag nanoparticles inside a polymer matrix
would suppress degradation, and a sensing process based on
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galvanic reaction/amalgamation would preclude the need for
special functionalization of the nanoparticle. As the Hg formed
by reduction of the ions is likely to remain as a shell around the
Ag nanoparticle within the polymer matrix or form an amalgam, a
blue shift of the SPR can be expected,49-51 imparting remarkable
selectivity for the sensing response. A polymer based thin film
sensor that can be fabricated easily and cheaply, would not only be
cost-effective, but also portable and easy to use. In addition to in situ
sensing, it would allow ex situ analysis. The simple technique that
we have optimized for the generation of silver52-54 and other noble
metal55,56 nanoparticles inside poly(vinyl alcohol) (PVA) thinfilms
is a convenient strategy to fabricate such a thin film sensor. The
current study demonstrates the fast, efficient and selective sensing
of mercury in the three oxidation states using Ag-PVA thin film
showing detectable response down to the level of 1 ppb. Detailed
investigations reveal a fast and highly linear response in the 10
ppb to 1 ppm range of mercury concentration. We illustrate also a
unique advantage of the thin film based sensor, its amenability to
detailed examination through the sensing event providing critical
insight into the process involved.

’RESULTS AND DISCUSSION

The nanocomposite thin film was fabricated using the proto-
col developed in our laboratory earlier (see Experimental Section
for details)52,53 with relevant changes in the polymer. Aqueous
solutions of AgNO3 and PVA were mixed in required propor-
tions; PVA with a high average molecular weight (85- 146 kDa)
and hydrolysis (99þ%) was used, so that following the heat
treatment, the film is insoluble in the aqueous medium under the
conditions used for sensing. The solution mixture was spin-
coated on glass/quartz substrate. The film was subsequently
heated, leading to the generation of Ag nanoparticles within the

film matrix; the polymer functions as the reducing agent for Agþ

as well as the stabilizer for the nanoparticles formed. The Ag/
PVA weight ratio of 0.0075 and the fabrication condition of
130 �C for 2 h that resulted in an optimal concentration and size
distribution of nanoparticles, and the design involving a pack of
four thin films (Figure 1a) were arrived at on the basis of exten-
sive experiments. The design ensured a sufficiently intense SPR
spectrum with sensitivity to detect mercury from very low (ppb/
nM) to high (ppm/μM) concentrations. The sensing response
was found to be tolerant to small variations in the film fabrication
conditions. The film was characterized by thickness measure-
ment, electronic spectroscopy, atomic force microscopy (AFM),
transmission electronmicroscopy (TEM) with energy-dispersive
X-ray spectroscopy (EDXS), and X-ray photoelectron spectros-
copy (XPS). Free-standing film fabricated using a sacrificial
polystyrene layer52-56 was used for direct TEM imaging; as
the extremely thin film used for sensing was not amenable to this
procedure, slightly thicker films with the same Ag/PVA compo-
sition was used. The Ag-PVA film on the substrate is ∼50 nm
thick,43 facilitating easy access of the analyte to the Ag nanopar-
ticles. Figure 1b shows the SPR spectrum with λmax at 418 nm
typical of Ag nanoparticles; there is very little scattering and the
spectrum is primarily due to absorption. The smooth (average
roughness ∼0.30 nm) surface morphology is revealed by the
AFM image (Figure 1c). The TEM image (Figure 1d) shows Ag
nanoparticles with diameters ∼1 - 2 nm.

The SPR spectrum of the sensor film pack immersed in pure
water remains constant for >1 h (Figure 2), demonstrating that

Figure 1. (a) Schematic diagram of the Ag-PVA thin film pack sensor;
four film-coated glass plates (25 � 6 � 1.5 mm3) packed with thin
Teflon spacers at the two ends tied with Teflon tape form the sensor
element; path of the light beam in the spectrometer is shown. (b) SPR
spectrum, (c) AFM topography image (∼ 12 μm � 10 μm � 4 nm);
inset (∼ 1μm� 1μm� 4 nm), and (d) TEM image (scale bar = 10 nm)
of Ag-PVA thin film sensor.

Figure 2. Temporal variation of the SPR spectra of Ag-PVA thin film
immersed in aqueous solutions with different concentrations of Hg2þ

(note the longer time interval for the case of pure water i.e., [Hg2þ] = 0
ppb); absorbance at λmax at zero time is normalized to 1.0 in each case.
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even though the polymer swells in the aqueous medium, there is
absolutely no leaching of Ag. This was confirmed further by the
observation of an identical spectrum for the same film pack
removed from the water and dried. We describe first, the sensing
experiments with aqueous solutions of Hg2þ (see Experimental
Section for details). SPR spectra of the sensor film were recorded
on introducingHg(NO3)2 solution. The spectra for a selected set
of concentrations are shown in Figure 2; the complete set is
provided in the Supporting Information. The spectra show small
but definite and reproducible decrease in intensity within a few
minutes, even at the lowest concentration of 1 ppb. With concen-
trations close to 1 ppm, the spectrum shows significant change
even within 3 min. In addition to the decrease in intensity, the
peak undergoes a blue shift which becomes prominent at higher
concentrations. The relative change in absorbance, RAt at time t
can be defined as [{Amax(0) - Amax(t)}/Amax(0)], where Amax-
(t) is the absorbance at the λmax of the spectrum at time t. Plot of
RAt versus t, for different concentrations of Hg

2þ are shown in
Figure 3a; the errors in the values are typically <1.0%. There is
little variation in the RAt values below 10 ppb as the absolute

values themselves are quite small. However, the RAt values show
excellent linear correlation with the concentration of Hg2þ over
the wide range, 10 ppb to 1 ppm at te 12 min;43 the correlation
is poorer at longer time scales. The response being linear at short
time scales is indeed advantageous; Figure 3b illustrates the case
of RA6 with a correlation coefficient >0.99. Decrease in the
absorbance can be attributed to the oxidation of Ag atoms in the
nanoparticles byHg2þ. The blue shift of the SPR peakmost likely
arises because of the formation of a shell of mercury with or
without amalgamation on the surface of the nanoparticles, and
the impact of the mercury shell on the plasmon resonance.
Similar blue shifts of the SPR spectra have been reported in
earlier studies on the interaction of Hg with colloidal Ag and
Au.49-51 Calculations based on a core-shell model were con-
sistent with the observed blue shift of the SPR absorption peak.51

Similar spectral responses are elicited by aqueous solutions
containing mercurous ions (Hg2

2þ in solution was indepen-
dently confirmed by standard tests; see Experimental Section).
As in the case of Hg2þ, a clear blue shift of the peak is observed
at higher concentrations of Hg2

2þ. Again RAt increases with

Figure 3. Relative change in absorbance, RAt as a function of time for different concentrations of the analyte in aqueous medium (with trace PVA
as stabilizer in the case of Hg), (a) Hg2þ, (c) Hg2

2þ ([Hgþ] = 1/2[Hg2
2þ]), and (e) Hg. Variation of RA6 with the analyte concentrations (10 ppb

-1 ppm): (b) [Hg2þ], (d) [Hgþ], and (f) [Hg]; the least-squares fit to a straight line is indicated in each case.
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concentration and time (Figure 3c); the linear correlation of RA6

with the concentration of Hg2
2þ (r > 0.99) is shown in Figure 3d.

We have also explored the utility of the Ag-PVA film in the
detection of elemental mercury. The solubility of mercury in
water at 298K is 63.9μg/l (∼64 ppb);57,58 higher concentrations
may be stabilized by the presence of organics, possibly facilitating
its mobility in the environment. We prepared aqueous solutions
containing mercury up to ppm levels; trace amounts of PVA was
added to prevent coalescence (see Experimental Section). The
resulting solution is transparent and stable; the absolute con-
centration of Hg was determined by ICP-OES analysis and the
solution diluted appropriately to prepare lower concentrations of
Hg. SPR spectra of the Ag-PVA film immersed in these solutions
showed trends similar to that in the previous cases;43 plots of RAt

are shown in Figure 3e and the linear correlation of RA6 with the
concentration of Hg (r > 0.99) in Figure 3f. As Ag is not oxidized
in this case, the spectral changes can be attributed to amalgama-
tion at the surface of the nanoparticles involving partial dissolu-
tion of the nanoparticles.

It is important to consider the binding forces that lead to the
interaction of mercury atoms/ions with the Ag-PVA sensor film.
PVA is known to bind tometal ions through the oxygen atoms; in
fact such coordinative interactions have been implicated as the
first step in the process of Agþ reduction by PVA.59 It is likely
that the mercury ions also bind the same way. Swelling of the
PVA film in the aqueous medium facilitates the diffusion of
mercury atoms/ions into the polymer matrix. The galvanic reac-
tion and/or amalgamation with the Ag nanoparticles cause the
concentration of the mercury atoms/ions in the vicinity of the
nanoparticles to drop, triggering diffusion from the bulk solution.
Because the sensor action is based on a chemical process, we have
explored the temperature dependence of the sensor response
by carrying out experiments for the typical case of [Hg2þ] =
200 ppb in the range 20-80 �C. As expected, the response is
found to increase with temperature.43 The dependence of RAt

on temperature is nearly linear for each of the time points
suggesting that the sensor would function effectively in this
temperature range.

The thin film nature of the sensor facilitates convenient
monitoring of the sensor through the sensing process. AFM
images show that the film is intact throughout, the mean rough-
ness remaining nearly the same (∼0.29 nm).43 TEM images
(Figure 4a-c) reveal a clear decrease in the density of nanopar-
ticles upon immersion in aqueous solutions of Hg2þ ions or Hg;
significantly, those that remain appear larger. A careful examina-
tion of the temporal evolution of the images under the electron
beam reveals interesting features. The particles in the Ag-PVA
films dipped in pure water and solution of Hg are quite stable.43

However, in the case of the film dipped inHg2þ solution, a lower-
magnification image (Figure 4d) showed some large structures
disappearing within∼60 s with a characteristic meniscus formed
in between, whereas the relatively smaller ones remained intact.
These observations suggest that, the reduction of Hg2þ by small
Ag nanoparticles leads to the complete oxidation of Ag (which
goes into solution) and formation of pure Hg droplets inside the
polymer film which possibly coalesce into larger drops; these
tend to evaporate under the electron beam. In the case of slightly
larger Ag nanoparticles, theHg formed by reduction generates an
amalgam, which is stable under the beam. These inferences are
validated by the EDX spectra43 recorded on the large particle
region showing the presence of mercury alone and those recor-
ded on the small particle region showing the presence of both

silver and mercury. In the case of Ag-PVA dipped in the solution
of Hg, there is only amalgam formation, and hence all the
particles are stable under the electron beam; presence of mercury
and silver is confirmed by the EDX spectrum. Both the Hg
droplets and the Ag amalgam possibly have higher mobility
inside the PVA film, leading to limited aggregation and increase
in particle size. EDX spectra of Ag-PVA film show the presence
of Ag alone and no Hg as expected. XPS data collected on
the various films provide further support for the conclusions
drawn above.43

As noted above, the characteristic response of earlier Ag
nanoparticle based sensors has largely involved red shift of the
SPR spectra.38,45-47 The definitive blue shift in the present case
of mercury sensing imparts remarkable selectivity. This aspect
can be exploited by including the peak shift, Δλt = [λmax(0) -
λmax(t)] in the sensor response. The valueΔλ6*RA6 for different
analytes plotted in Figure 5 illustrates the high selectivity of the
present universal mercury sensor. As expected based on the
reduction potentials, the Ag-PVA film is insensitive tomost of the
metal ions.43 Typical examples like Kþ, Mn2þ, Fe2þ, Ni2þ, Zn2þ,
Cd2þ, Cu2þ, Agþ, and Pb2þ, even at 10 ppm concentrations,
show far weaker responses than mercury at a few hundred
ppb levels. An oxidizing acid like HNO3 also elicits little response
up to high concentrations like 10 ppm. Redox potentials indicate
that Au3þ can oxidize Ag. The SPR absorption is indeed dimi-
nished by HAuCl4; however, the peak shows a clear red shift,

43 as
the effect is quite distinct from that of mercury. The contrasting
observation with respect to Ag nanoparticle solution based sen-
sors37,38 signifies the superiority of the nanocomposite thin film
sensor. The control experiments prove that, even though some
analytes affect the SPR response of the Ag-PVA film sensor,
mercury is easily distinguished by the characteristic and con-
spicuous blue shift it induces. We have examined also the
capability of Ag-PVA thin film for ex situ monitoring of mercury.
Films were immersed for different time periods in an aqueous
solution of Hg2

2þ, taken out, washed in water and dried. The

Figure 4. TEM images of Ag-PVA film immersed for 12 min in (a) pure
water, (b) an aqueous solution of 1 ppm Hg2þ ions and (c) an aqueous
solution of 1 ppmHg (with trace PVA); scale bar =10 nm. (d) Temporal
evolution of different nanostructures in the film immersed in the Hg2þ

solution, under the electron beam; two selected regions in a larger area
image are shown for different time periods and with different magnifica-
tions in order to highlight the observations; top panel: 20-60 s, scale bar
= 100 nm; bottom panel: 0-10 min, scale bar = 20 nm).
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SPR spectra showed responses very similar to that in the in situ
studies,43 establishing the feasibility of packaging, and the port-
ability of the thin film sensor.

A combination of the observed SPR spectral responses of Ag-
PVA film exposed to the various analytes, temporal evolution of
the spectra, and the microscopy characterization of the sensor
films through the sensing process discussed above provide
significant insight into the sensing process and the underlying
mechanism. The overall process is represented schematically in
Figure 6. The film immersed in pure water exhibits the SPR
spectrum due to the embedded Ag nanoparticles. Exposure to
mercury atoms or ions present in the aqueous medium cause
clear decay and blue shift in the SPR extinction profile. Although
most other metal ions elicit negligible response, gold ions induce
decay with a red shift. These observations clearly prove that ions
capable of oxidizing silver as well as elemental mercury that forms
an amalgam cause decay of the SPR absorption of the silver
nanoparticles. Most significantly, the presence of mercury on the

silver nanoparticles embedded within the polymer film leads to a
blue-shifted peak. The microscopy characterizations of the films
after the sensing process provide evidence for the presence of
mercury in the films. The initial kinetics of the process is
controlled by the diffusion of mercury atoms or ions to the silver
nanoparticles inside the swollen polymer film. This is likely to be
an important factor that gives rise to the linear variation of the
spectral responses with the analyte concentration observed at
short time scales. The linearity does not hold at longer time scales,
possibly because of the enveloping of the silver nanoparticles
with the mercury and the impact of this on the kinetics of further
sensor-analyte interaction.

’CONCLUSIONS

The present study illustrates the design of a simple, nano-
composite thin film sensor based on silver nanoparticles em-
bedded in poly(vinyl alcohol) fabricated through a facile in situ
fabrication protocol. Fast, sensitive and selective detection of
mercury in all its oxidation states is demonstrated in this study;
the thin filmmatrix facilitates the observation of the characteristic
blue shift of the SPR spectrum upon interaction with mercury,
enhancing the selectivity of the detection. Low-cost, linear response
over a wide range of concentrations, ease of deployment and the
feasibility of both in situ and ex situ analysis are prominent fea-
tures of the thin film sensor. The sensor can be either integrated
with a portable fiber-optic spectrometer for on-site detection or
packaged into strips for ex situ detection and quantitative esti-
mation of mercury. The present study demonstrates the unique
potential of metal nanoparticle-embedded polymer thin films in
chemical sensing applications. The scope for further develop-
ment of this concept is extensive, in view of the flexibility and
versatility of these nanocomposite materials.

’EXPERIMENTAL SECTION

Fabrication of Ag-PVA Film. One and a half milligrams of
AgNO3 was dissolved in 0.75 mL of water, and mixed with 2.53 mL
of a solution of poly(vinyl alcohol) (PVA; Aldrich, average molecular
weight = 85-146 kDa, % hydrolysis = 99þ) in water (1 g PVA dissolved
in 20 mL of water with mild heating); the resulting weight ratio of Ag/
PVA is 0.0075. The solution mixture was diluted by adding 2.72 mL of
water and stirred for 10 min at the ambient temperature of 25 �C. The
solution was always protected from light. Milli-Q purified water was used
in all operations. Glass substrates were cleaned in soap solution and
water followed by sonication with isopropyl alcohol for 10min and dried
in a hot air oven. The AgNO3-PVA solution was spin-coated on the
glass substrate using a Laurell Technologies Corporation Model WS-
400B-6NPP/LITE/8K Photoresist Spinner operated at 500 rpm for 10 s
followed by 8000 rpm for 10 s. The film was heated in a hot air oven at
130 �C for 2 h. To prepare thicker films for TEM samples, the initial
solution mixture (excluding the dilution with 2.72 mL of water) was
used. The substrate was prepared by first spin-coating a few drops of a
solution of 1 g of polystyrene (PS, average molecular weight = 280 kDa)
in 8 mL of toluene at 1,000 rpm for 10 s, followed by drying in a hot air
oven at 85-90 �C for 20 min. The AgNO3-PVA solution was coated
on top of the PS layer by spinning at 500 rpm for 10 s followed by
8000 rpm for 10 s and subsequently heated at 90 �C for 3 h. The film was
then cut and peeled off the glass and placed on a 200 mesh TEM copper
grid and dipped in toluene, whereupon PS alone dissolved out.
Characterization of Ag-PVA Film. The Ag/PVA film was imaged

using FEI TECNAI G2 S-Twin transmission electron microscope at an
accelerating voltage of 200 kV; the time for recording an image was ∼6 s

Figure 6. Schematic representation of the swelling of the Ag-PVA film
in aqueousmedium and the sensitive changes in the SPR spectrum of the
film induced by Hg2þ/Hg2

2þ/Hg0 in the solution.

Figure 5. Comparison of the response of the Ag-PVA film sensor,
|Δλ6|*RA6 (see text for definition) to different analytes; the concentra-
tion level of the aqueous solutions are indicated in terms of the metal ion
or the molecule in the case of HNO3.
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(1335 � 1344 pixels; 2 s exposure). EDX spectra were recorded on FEI
TECNAI G2 TEM equipped with a GIF camera. XPS analysis was carried
out on a KESCAþOmicron Spectrometer with a monochromatic Al KR
X-ray source (1486.6 eV); the X-ray power supply was run at 15 kV and 5
mAand the pressure in the analysis chamber during the scanswas 1� 10-9

Torr. Electronic spectra were recorded on a Cary 100 Bio or a Perkin-
Elmer Lambda 35 UV-visible Spectrophotometer. AFM images were
recorded using a SEIKO model SPA 400 atomic force microscope in the
dynamic force mode using a cantilever with a force constant of 12 N/m;
roughness was analyzed using the software provided by the manufacturer.
Thickness of the films was measured using an Ambios Technology XP-1
profilometer.
Preparation of Analyte Solutions. Millipore Milli-Q water

(resistivity = 18 MΩ cm) was used in all preparations. Mercury(II)
nitrate (Aldrich, volumetric standard, 0.14 N solution in water) was
diluted appropriately with water to prepare the analyte solutions with
concentrations ranging from 1 ppb to 1 ppm of Hg2þ; the highest
concentration was independently confirmed by inductively coupled
plasma-optical emission spectrometer (ICP-OES, Varian Model Liberty
Series). Tenmilligram of mercurous nitrate (Merck, 97%) was dissolved
in 0.2 mL of ∼0.3 N nitric acid and diluted appropriately with water to
prepare the analyte solutions with concentrations ranging from 1 ppb to
1 ppm of Hg2

2þ; the highest concentration was independently con-
firmed by ICP-OES analysis. As Hg2

2þ can disproportionate into Hg2þ

and Hg0, we have carried out a standard test to confirm the presence of
Hg2

2þ in the solutions prepared.60 The characteristic test for Hg2
2þ

involved addition of excess thiocyanate and ferric ion and the detection
of the ferrous ions (formed by the reduction of ferric by mercurous ions)
using o-phenanthroline (after masking the ferric thiocyanate with
fluoride); a characteristic red precipitate extractable in amyl alcohol
confirmed the presence of Hg2

2þ. It may be noted that other ions
includingHg2þ do not give this positive test. Hg solutions were prepared
as follows. One gram of PVA (Aldrich, average molecular weight = 85-
146 kDa, % hydrolysis = 99þ), was dissolved in 20 mL of warm water.
Two and a half grams of mercury (Merck Pure) was added to 50 mL of
water taken in a round-bottom flask and sonicated for 5 min. Three-
tenths of a milliliter of this mixture was transferred immediately to
80 mL water containing 1 mL of the PVA solution prepared above.
This final solution was found to be transparent and stable. Typical
concentration of mercury obtained in the solution was∼1 ppm; the
exact concentration was determined using ICP-OES analysis and
this solution was diluted appropriately with water to prepare
analyte solutions having concentrations ranging from 1 ppb to 1
ppm of Hg.
Sensing Experiments. All experiments (except those related to

the temperature dependence) were carried out at the ambient
temperature of 25 �C. The sensor film pack (Figure 1a) was immersed
in ultrapure water (Millipore Milli-Q, resistivity = 18 MΩ cm) taken
in a spectrometer cuvette, for 20 min; the SPR spectrum of the film
was monitored during this time. The water was removed completely
and replaced with the analyte solution. The SPR spectrum of the film
was monitored for up to 20 min. A fresh film pack was used for each
new experiment. The reproducibility of the sensing process was
examined by running repeated batches of selected experiments.43

The standard deviations in the RAt values for different time points
were found to be typically ∼0.7-0.8%. indicating a high level of
reproducibility.
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