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We describe a novel strategy for the controlled fabrication of well-defined multilayer films incorporating
a polyoxomolybdate anion (PMouOig, POM) via ion exchange on Au electrodes. Composite films were
thoroughly characterized by ellipsometry, X-ray photoelectron spectroscopy (XPS), FTIR-ATR, quartz
crystal microbalance (QCM) and cyclic voltammetry (CV). XPS and FTIR-ATR measurements showed that
the Keggin structure of polyoxomolybdates is maintained as they are incorporated into the film. QCM
experiments demonstrated that larger amounts of POM are incorporated into thicker film electrodes.
EQCM and XPS measurements further showed that part of the film is delaminated when the modified
electrodes were submerged in acid or basic solutions, but after this initial loss of mass the electrodes
remain stable in time and with electrochemical use. POM-modified electrodes showed a pH-dependent
electrochemical behavior, with peak potentials shifting by —60 mV pH™!, characteristic of a 2e/2H" redox
process at room temperature. Furthermore, our results suggest that POM molecules in the film are not
decomposed when the electrodes are immersed in solutions with pH = 4.8 a key finding as POM mole-
cules in solution suffer from complete hydrolysis at this pH value. Finally, the performance of these
POM-modified electrodes as electrocatalysts was assessed via the reduction of nitrite, chlorate and
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1. Introduction

Electrode modification is a widely spread research area that has
been continuously growing in the last 20 years. Research in this field
is mainly driven by the broad range of applications in light-to-en-
ergy conversion, bio-analytical processes and electrocatalysis in
which they play a key role. Furthermore it is also driven by our need
to understand electron transfer reactions in depth. Conducting or
semiconducting electrodes can be chemically modified with a
diverse set of molecules including redox active species such as inor-
ganic complexes, conductive and nonconductive polymers and/or a
combination of them [1]. In the last 15 years, the importance of
polyoxometalates in the manufacture of chemically modified
electrodes has been recognized. Polyoxometalates constitute a large
category of polyoxoanions of mainly molybdenum, tungsten and, to
a lesser degree, vanadium. Heteropolyanions and their metal-
substituted derivatives have some useful properties, such as the
high stability of most of their redox states, the possibility of fine
tuning their redox potentials without affecting their structure, and
the possibility of multiple electron transfer. These properties make
heteropolyanions attractive as redox catalysts for indirect electro-
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chemical processes [2,3], corrosion inhibitors [4], etc. Among the
large family of polyoxometalates, some heteropolyanions with
Keggin or Dawson structures have the ability to proceed in multiple,
consecutive, and reversible multi electron reductions to mixed-va-
lence species without decomposition. The heteropolyanions have
long-term chemical stability with good ionic and electronic conduc-
tivity, which are useful and attractive in modification of electrode
surfaces. However, one of the mayor drawbacks some polyoxometa-
lates have is their limited pH-stability. For example polyoxomolyb-
dates are known to decompose in solution: they undergo several
hydrolyses reactions as the pH increases above 2 realizing Mooi’
and PO~ anions.

Attaching redox-active polyoxometalates onto electrodes
simplifies their electrochemical studies and facilitates their applica-
tions in many fields. A number of strategies have been developed to
modify electrodes with a variety of heteropolyanions, such as (i)
adsorption on electrode surfaces [5-7], (ii) electrodeposition at a
sufficiently negative potential [8,9], (iii) doping in conductive [10],
and nonconductive polymers [11,12], and (iv) other strategies
[13-17]. Many authors have used chemically modified electrodes
to study the properties of polyoxometalates as heterogeneous
catalysts. Studies were made on the reduction of nitrite [14-18],
chlorate [14,16,19], bromate [14,16,20], hydrogen peroxide [16,20,
21], and oxygen [14,19].
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The Layer-by-Layer (LbL) self-assembly technique has been used
to form organized multilayers with well-defined morphological
characteristics in the past [22]. The method is based on the electro-
static interaction between oppositely charged species that are used
to build up a variety of multilayer assemblies on a layer-by-layer
basis with precise control of the thickness and layer sequences
[22-25]. In particular, electrochemically active polyelectrolyte
multilayers have been investigated, both with covalently bound
electron donor/acceptor sites in the polymer backbone or with
soluble redox ionic species doping the polycation-polyanion struc-
ture [26]. Among the redox active polyelectrolyte multilayers two
different systems have been studied: (i) the acceptor/donor redox
site covalently attached to the polyelectrolyte backbone, i.e. ferro-
cene, osmium pyridine complexes [27,28], and (ii) the as-formed
polyelectrolyte multilayer exchanges redox active ions (i.e. hexacy-
anoferrate [28], osmium bipyridinium [29]) from the electrolyte
solution by breaking polycation-polyanion bonds and making poly-
ion-redox ion bonds in the structure [28]. Multilayered molecular
assemblies composed of polyoxometalates and large water-soluble
polycation species have been built up in the past [20,30-32] using
these strategies.

In this article, we describe a novel strategy for the controlled
fabrication of multilayer films containing a polyoxomolybdate an-
ion (PMo4,03;, (POM)) on Au electrodes. Firstly, the Au substrate is
covered with a well-defined layer-by-layer polyelectrolyte film
and once the polyelectrolyte multilayer has been built, the POM
is incorporated in the film by ion exchange [33,34]. The resulting
functionalized electrodes were thoroughly characterized by ellips-
ometry, X-ray photoelectron spectroscopy (XPS), FTIR-ATR, quartz
crystal microbalance (QCM) and cyclic voltammetry (CV). We
found that POM molecules are present in the multilayer film
retaining their molecular structure and that although there is an
initial loss of mass when it is first submerged in acid or basic solu-
tions, then the POM-functionalized electrodes remain stable in
time and with usage. POM molecules electrochemically wired to
the Au surface seem to be stable with pH, as POM molecules in
the film are not hydrolyzed when electrodes are exposed to solu-
tions with pH=4.8. Finally, our POM-functionalized electrodes
present a very good response towards the electrocatalytic reduc-
tion of nitrite, chlorate and peroxodisulfate.

2. Experimental
2.1. Reagents and materials

All solutions were prepared with 18 MQ Milli-Q (Millipore)
water. Sodium 3-mercapto-1-propanesulfonate (MPS) (technical
grade, 90%, Aldrich), Poly(allylamine hydrochloride) (PAH) (average
M,, 56,000, Aldrich), Poly(acrylic acid) (PAA) (average M,, 100,000,
Aldrich) and phosphomolybdic acid (POM) (H3PMo12040 - XH30,
Sigma-Aldrich) were used without further purification. Layer-by-
layer films were prepared from 20 mM aqueous solutions of PAH
and PAA and 5 mM aqueous solutions of H3PMo1,04¢. The polymer
solutions pHs were adjusted to 4.3 by addition of 0.1 M NaOH or
0.1 M HCl aqueous solutions. POM solution had a pH value close
to 1.8 as prepared and was not further modified. Chemicals em-
ployed in electrolyte solutions, H,SO,4, glycine, HCI, NaNO,, KClO3
and K,S,0g, were of analytical grade and used as received.

2.2. Surface modification

Gold substrates were prepared by Au evaporation over Si wafers
as discussed elsewhere [35]. As a first step they were immersed for
one hour in a 50 mM MPS in 10 mM H,SO4 solution. This procedure
creates a self-assembled monolayer terminated in sulfonate groups

thus leaving the Au surface negatively charged, so the layer-
by-layer deposition started with the PAH polycation. The subse-
quent layers were deposited on the modified surface by alternate
immersion in a solution of the respective polyanion (PAA) or
polycation (PAH) at pH =4.3 in both cases for 15 min and rinsing
with Milli-Q water until the desired number of layers was
achieved. Finally, the substrate was further modified with a final
layer of PAH, then was immersed in POM solution for at least 1 h
and then rinsed with Milli-Q water. As expected, if the layer-by-
layer process ended with a PAA layer, then no incorporation of
POM was achieved by this method. Electrodes are named Au/
MPS/(PAH,+1/PAA, )/POM where n is the number of deposited
PAH-PAA bilayers.

2.3. Ellipsometry

Ellipsometric experiments were performed with a variable
angle rotating analyzer automatic ellipsometer (SE 400 model,
Sentech GmbH, Germany) equipped with a 632.8 nm laser as
polarized light source. Measurements were carried out ex situ at
a given fixed angle of 70.00°. After each adsorption step, the
sample was rinsed with Milli-Q water and dried with N, and the
ellipsometric parameters (} and A) were collected manually. All
adsorption, rinsing and drying steps were carried out avoiding
any variations of the electrode position in order to keep the system
alignment. The ellipsometric angles were fitted with a three-layer
model (air/film/substrate) [36].

2.4. X-ray photoelectron spectroscopy

XPS measurements were performed under UHV conditions (base
pressure < 5 x 1071 mbar) in a SPECS UHV spectrometer system
equipped with a 150 mm mean radius hemispherical electron en-
ergy analyzer and a nine channeltron detector. XPS spectra were
acquired at a constant pass energy of 20 eV using an un-monochro-
mated MgKo (1253.6 eV) source operated at 12.5 kV and 20 mA and
a detection angle of 30° with respect to the sample normal on
grounded conducting substrates. Quoted binding energies are re-
ferred to the Au 4f;), emission at 84 eV. No charge compensation
was necessary and no differential charging features were observed
(e.g. low binding energy tails) given that we have measured suffi-
ciently thin films on grounded conducting substrates. Atomic ratios
were calculated from the integrated intensities of core levels after
instrumental and photoionization cross section corrections [37].

2.5. FTIR-ATR

FTIR-ATR experiments of the Au/MPS/(PAH,.,/PAA, )/POM
electrodes were carried out on a Thermo Nicolet 8700 (Nicolet,
Madison, WI) spectrometer equipped with a C (diamond) SmartOr-
bit Thermo ATR accessory and DTGS detector (Nicolet).

2.6. Electrochemical quartz crystal microbalance (EQCM)

A quartz crystal resonator of 10 MHz was used as a QCM, which
has been described elsewhere [38]. The crystals were mounted in
the cell by means of viton O-ring seals, with only one face in con-
tact with the electrolyte; this electrode was a common ground to
both the AC and DC circuits. Quartz crystal shear resonator dissipa-
tion studies of the multilayer films studied in this work have
shown that they behave as acoustically thin films and therefore
the resonant frequency shifts can be related to mass changes by
the Sauerbrey equation [39].
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2.7. Electrochemical experiments

Cyclic voltammetry measurements were carried out at room
temperature with an Autolab PGSTAT 30 potentiostat (Autolab,
Echochemie, Netherlands). Experiments were performed in a pur-
pose built three-electrode Teflon cell, with an electrode area of
approximately 0.25 cm? delimited by an inert O-ring. An Ag/AgCl
electrode (3 M KCI (0.210 V vs. NHE)) was employed as the refer-
ence electrode and all electrode potentials herein are quoted with
respect to it. A platinum gauze of large area was used as auxiliary
electrode. The Au electrodes were electrochemically cleaned by cy-
cling the voltage between 0 and 1.6 V at 10 V s~ ! several times in a
2 M H,S0, solution, followed by a scan at 0.1V s~! to ensure sur-
face cleanness. The electrochemically active area was estimated
from the gold oxide reduction peak [40]. The pH of the supporting
electrolyte solution was controlled with a 0.1 M Glycine-HCl buf-
fer in the range 1.1-4.8.

3. Results and discussion
3.1. Incorporation of POM into LbL films

Polyoxomolybdate anions have been incorporated into PAH-
PAA self-assembled multilayer films by ion exchange. The resulting
Au/MPS/(PAH,+1/PAA, )/POM electrodes were characterized by
ellipsometry, XPS, FTIR-ATR, quartz crystal microbalance and cyclic
voltammetry. Fig. 1 shows the ellipsometric film thickness as a
function of the number of deposited layers. Odd (even) numbers
correspond to self-assembled layers terminated in a PAH (PAA)
layer. The last data point corresponds to the addition of POM by
ion exchange. Clearly, increasing the number of assembled layers
results in a thickness increase which suggest a layer-by-layer
growth as previously reported by Shiratori and Rubner [41].

The last data point in Fig. 1 clearly shows that the PAH/PAA self-
assembled film thickness increases after the addition of POM mol-
ecules by ion exchange. This is mainly due to the incorporation of
bulky POM anion and water molecules into the film [42]. Incorpo-
ration of POM into the film was demonstrated by XPS measure-
ments as discussed below.

The surface chemical composition of the Au/MPS/(PAH./
PAA, )/POM with n=2, 3 and 4 was determined by XPS. Broad
spectra show the presence of the expected elements: Mo, P, O, C,
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Fig. 1. Ellipsometric thickness for films prepared with PAH and PAA. The last data
point corresponds to the addition of POM in the film.

N, S and Au. Fig. 2 shows the Au 4f, Mo 3d, N 1s and Mo 3p XP
spectra corresponding to multilayer films of increasing thickness,
i.e. n=2, n=3 and n=4. Clearly, as the number of layers n in-
creases the Au 4f XP signal decreases. This is due to the increased
attenuation of the photoelectrons emitted by the Au atoms by the
growing polyelectrolyte overlayer. It follows that film thickness in-
creases with the number of deposited layers in agreement with the
ellipsometric results discussed above. The Mo 3d and 3p XP signals
increase as the number of deposited layers n increases, therefore
more phosphomolybdic acid is incorporated into the film with
increasing n. Furthermore the Mo 3d peak position (Mo 3ds/, at
232.3 eV and Mo 3ds3), at 235.4 eV) indicates that Mo atoms are
in a +6 oxidation state as expected. Also, XPS shows that the atomic
ratio Mo:P is approximately equal to 12:1 suggesting that the Keg-
gin structure is maintained as the polyoxomolybdate is incorpo-
rated in the film. Finally, the N 1s signal (400 eV) which partially
overlaps with the Mo 3p3,; (398.1 eV) signal indicates the presence
of the amine groups in the PAH polyelectrolyte and its intensity in-
creases with increasing number of layers as expected. The atomic
ratio Mo:N is approximately equal to 1:2 in all cases, i.e. there is
approximately 1 POM molecule every 24 N atoms in the films, indi-
cating that as we increase the number of amine sites in the multi-
layered film (and hence film thickness) the amount of POM
molecules incorporated increases. In short, XPS measurements
confirm the increased thickness of multilayer films with number
of deposited layers and demonstrate the incorporation of increas-
ing amounts of polyoxomolybdate anions with film thickness.
Although POM ions are relatively big we should bear in mind that
the films incorporate also large amounts of water and are very por-
ous hence creating possible diffusion pathways for the incorpora-
tion of the anion. Further evidence regarding incorporation of the
polyoxomolybdate heteropolyanion into the film is given by the
FTIR measurements discussed below.

Fig. 3 shows the FTIR-ATR spectrum of (a) Au/MPS/PAH/PAA;q
multilayer self-assembled film as well as (b) the same electrode after
POM incorporation by ion exchange. The amine peak (~1640 cm™')
and the symmetric and asymmetric carboxylate stretching peaks
(1405 and 1565 cm™') seen in Fig. 3a are clear evidence of the
PAH/PAA film formation. The positions of these signals change
slightly with the incorporation of POM into the film. The peaks asso-
ciated to the Keggin-type polyoxomolybdate can clearly be seen in
Fig. 3b: the P—O vibration belonging to the central PO, unit appears
at about 1053 cm~'. The Mo=0 and Mo—O0—Mo (corner sharing)
vibration bands are overlapped in the multilayer film (930 and
900 cm ™! respectively), while the Mo—O—Mo (edge sharing) vibra-
tion band can be seen at 690 cm™~'. The positions of these bands are
slightly shifted with respect to the compound in a KBr pellet [43,44],
probably due to the interaction of the polyoxomolybdate molecules
with the surrounding polyelectrolyte molecules. Clearly, IR mea-
surements indicate that the polyoxomolybdate anions are success-
fully incorporated in the PAH/PAA thin multilayer film retaining
their Keggin-type molecular structure.

Although XPS and FTIR-ATR measurements demonstrate the
absorption of POM into the PAH/PAA multilayer films, it is not pos-
sible to easily estimate the amount of POM incorporated into the
multilayer film. Therefore we carried out Quartz Crystal Microbal-
ance (QCM) measurements in order to quantify the absorption of
POM into the films. Fig. 4 shows the change in mass when two
PAH,.1/PAA, samples with different number of layers (n=5 and
n=10) are placed in contact with a solution containing POM mol-
ecules as measured by QCM. Initially the mass increases due to the
incorporation of polyoxomolybdate and possibly water molecules
into the films. The baseline measured after the removal of the
POM solution was obtained after washing the electrode several
times with Milli-Q water. The decrease in mass is probably associ-
ated with the loss of POM weakly adsorbed on the topmost layers
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Fig. 2. Au 4f, Mo 3d, N 1s and Mo 3p XPS signals of Au/MPS/PAH,..1/PAA,/POM as a function of increasing bilayer number, n=2,n=3 and n=4.

1565 :

105.3 T 690
(Mo-O-Mo)e

P-0
930 S 000
Mo=0

(Mo-O-Mo)c
T T

T T T T
1800 1600 1400 1200 1000 800 600
wavenumber (cm™)

Fig. 3. FTIR-ATR spectra of (a) Au/MPS/PAH;1/PAA;, and (b) Au/MPS/PAH1/PAAo/
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Fig. 4. QCM change in mass after the adsorption of POM on Au/MPS/PAHg/PAAs
(white dots) and Au/MPS/PAH11/PAA, (black dots).

of the film. Therefore, the adsorbed mass is estimated by subtract-
ing the final and initial baselines.

Fig. 4 clearly shows that thicker films have a larger change in
mass. FTIR and XPS measurements demonstrated the incorporation
of POM molecules into the polyelectrolyte thin film. However we

should not assign the observed increases in mass only to POM
incorporation into the film as we cannot rule out that also water
molecules absorb into the film. Therefore we carried out blank
experiments to estimate the mass of water-absorption into the
self-assembled PAH/PAA films. We found in all cases that approxi-
mately half the mass incorporated into the films corresponds to
water molecules (note that we also measure an appreciable increase
in film thickness due to water induced film swelling). Therefore a
rough estimation of the mass of POM molecules absorbed into the
film is approximately 1 pugcm™2 for PAHg/PAAs and 2.5 pug cm 2
for PAH{;/PAAo. These results can be translated into moles of
POM adsorbed: 0.6 x 10~° mol cm~2 for the PAHg/PAAs film and
1.4 x 10~° mol cm 2 for the PAH;1/PAA;, film. The adsorption of
POM is clearly greater for the thicker film, a result that is in line with
the XPS measurements discussed above and that is consistent with
the fact that thicker films have more available absorption sites in the
polyelectrolyte multilayer. Here we should note that further in-
creases of film thickness (condition not explored in the present
studies) might not lead POM incorporation increases as POM mole-
cules need to diffuse from the surface of the self-assembled films.

3.2. Stability of LbL films containing POM

Fig. 5 shows the EQCM mass of a PAHg/PAAs electrode after
incorporation of POM and after immersing it in a 0.1 M H,SO4
solution. As discussed above (see Fig. 4) the incorporation of
POM and water molecules results in a mass gain of 28% from the
initial 6.8-8.7 pg/cm?. The produced PAHg/PAAs/H,PMo;,0. elec-
trode was immersed in a 0.1 M H,SO, solution resulting in a sharp
mass decay to a relatively stable value of 6.5 pg/cm?, i.e. a value
even smaller than the initial mass before POM incorporation. This
result suggests that POM and water as well as polyelectrolyte mol-
ecules escape the polyelectrolyte multilayer film into solution.

The inset of Fig. 5 shows two cyclic voltammetries (CV) per-
formed on the PAHg/PAAs/H,PMo0,,049 electrode at different
immersion times in 0.1 M H,SO4 solution. The observed peaks cor-
respond to electron transfer reactions involving POM molecules as
will be described in detail below (see Figs. 7 and 8), demonstrating
that despite the mass loss, some POM molecules are retained in the
film. Peak areas indicate that the coverage of POM molecules elec-
trochemically wired to the Au electrode that are retained in the
film is 4.1 x 107! mol cm 2. Furthermore, notice that the second
CV performed 40 min after being immersed in 0.1 M H,SO4 solu-
tion has the same peak currents as the first one, and notice also
that after the initial mass decay the total mass remains constant
with immersion time and electrochemical use. This means that
once the POM-modified multilayer film has suffered loss of
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Fig. 5. EQCM mass of a Au/MPS/PAHg/PAAs electrode, after absorption of POM and
after immersion in a 0.1 M H,SO,4 solution. Inset: cyclic voltammetries in 0.1 M
H,S0, solution, scan rate 0.1 V s~'. The moment when each cyclic voltammetry was
made is shown on the main graph.

material a stable film with electrochemically active POM redox
sites is generated over the Au electrode with no further evidence
of loss of material. Further evidence indicating the presence of
POM molecules in the polyelectrolyte film after the initial loss of
material is given by XPS measurements. Fig. 6 shows the Au 4f,
Mo 3d, Mo 3p and N 1s XP signals before and after immersion of
a PAH5/PAA4/POM Au substrate in a 0.1 M H,SO4 solution.

The Au 4f XP signal increases 85% after immersion of the poly-
electrolyte multilayer in the acid solution. This indicates that the
Au 4f photoelectrons are less attenuated as a result of the immer-
sion indicating a decrease in film thickness due to partial loss of
material to solution as shown by the EQCM measurements dis-
cussed in Fig. 5. Furthermore the Mo 3d and Mo 3p XP signals
decrease by approximately 40% indicating that some of the polyoxo-
molybdate is lost from the polyelectrolyte multilayer film after the
immersion. Also the N 1s XP signal arising from the PAH polyelec-
trolyte decreases 34% after immersion in the acid solution indicat-
ing partial delamination of the polymer film. Partial dissolution of
the polyelectrolyte self-assembled film with loss of POM as well
as some polyelectrolyte molecules was observed for different num-
ber of deposited bilayers (n = 3-6). However, it is important to note
that in all cases after the initial sharp decrease in mass, the system
does not suffer from further loss in mass and the amount of POM
molecules wired to the Au electrode remains constant. Here we
should note that POM-modified films are not only delaminated in
acid solutions but that the same phenomenon takes place in basic
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Fig. 7. Left: Cyclic voltammograms of Au/MPS/PAH;/PAAg/POM as a function of
supporting electrolyte pH (0.1 M Glycine-HCI buffer, pH from 1.1 to 4.8). Right:
Peak shifts as a function of supporting electrolyte pH.
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Fig. 8. Cyclic voltammograms of Au/MPS/PAH,.1/PAA,/POM (n=1, 2, 3,4, 5 and 6)
in 0.1 M H,SO4 at 100 mV s~ . Inset: area of third anodic peak (E~0.14V) as a
function of the number of layers.

media. Furthermore, POM-free PAH/PAA films do not suffer from
delamination either in acid or basic solutions. Therefore, we propose
that incorporation of the relatively large POM anions into the LbL
films increases the distance between the bilayers and thus, weakens
their interaction facilitating delamination. The layers closer to the
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Fig. 6. Au 4f, Mo 3d, Mo 3p and N 1s XP signals before and after immersion of a PAHs/PAA4/POM Au substrate in a 0.1 M H,SO4 solution.
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substrate remain attached as probably POM ions do not penetrate
the film homogeneously hence not weakening to the same extent
the interaction between these layers.

3.3. Electrochemical behavior of LbL films containing POM

Below we discuss the electrochemical behavior of the PAH, .1/
PAA,/POM modified Au electrodes as a function of solution pH.

Fig. 7 (left) shows cyclic voltammograms (CV) of Au electrodes
functionalized with PAH;o/PAAg/POM as a function of supporting
electrolyte pH in the range 1.1-4.8. We observe three peaks at
pH 1.1 (peak 1~0.29V, peak I ~0.09V and peak Il ~ -0.05V
vs. Ag/AgCl) whose intensity diminishes and whose positions shift
to negative potentials as the pH of the electrolyte solution is in-
creased. The same pH-dependent electrochemical behavior is com-
monly observed for POMs dissolved in solution or immobilized in
electrodes as in the present case [17]. The dependence of peak po-
sition shift with solution pH can be explained by the fact that POM
reduction is accompanied by proton transfer (from solution to the
film) to maintain charge neutrality. It is thus consistent with the
proposed mechanism for the oxidation-reduction peaks of
PMo;,03,, which depends on pH as a result of protonation [3]:

PMo},0;, + 2e~ + 2H" = H,PMo};Moj 0,
H,PMoYyMo} 05, +2e~ +2H" = H,PMog' Mo 03,

H4PMoy'Mo} 03, + 2e~ + 2H" sHsPMoy' Moy 05,

Notice that two oxidation states Mo(VI) and Mo(V) are present
with different ratios in the Keggin structure corresponding to dif-
ferent redox sites in the polyoxomolybdate as discussed in previ-
ous reports [45]. The pH dependence of these redox peaks
follows the electrochemical reduction of Mo(VI) in the three subse-
quent two-electron and two-proton reversible steps shown above.
Fig. 7 (right), shows the peak potential for the three successive re-
dox waves as a function of pH for the PAH,o/PAAg/POM electrode.
Clearly, the three peaks shift to negative potentials as the solution
pH is increased exhibiting a good linearity with a slope of about
—60 mV pH~'. This value is very close to the theoretical expected
value of —59 mV pH™! for the 2e~/2H" redox process at room tem-
perature, which can be elucidated from the Nernst equation [46].

As shown in Fig. 7 above, as the pH increases the CV peak inten-
sities decrease to vanish entirely at pH =4.8. This phenomenon
could be explained by two factors: (i) when solution pH increases,
there is less availability of protons in solution which are necessary
for the POM redox reactions [16] and (ii) when solution pH in-
creases partial hydrolysis of POM molecules could start taking
place, which should also result in smaller currents. Here we should
note that reversing the solution pH from 4.8 to its original value
(pH =1.1) results in a cyclic voltammogram with the same inten-
sity as observed originally. Therefore we can rule out hydrolysis
of POM molecules in the film in the pH range 1.1-4.8 as otherwise
the pH-dependent electrochemical behavior would have not been
reversible. This observation can be rationalized taking into account
that the pH in the local environment of the POM molecules in the
film could be quite different to the solution pH. Negatively charged
POM molecules are expected to be surrounded by protonated
amine groups from the PAH polyelectrolyte that could be an
important source of protons. This is an important suggestion as it
implies that inserting POM molecules into the film broadens the
pH range in which they could be used.

The surface coverage of POM on these electrodes was estimated
by measuring cyclic voltammetries as a function of the scan rate
(pH of supporting electrolyte = 1.1) [47]. From these measure-
ments we estimated a coverage of POM in the PAH;o/PAAg/POM

functionalized Au electrode of 8.4 x 107" mol cm~2 which is

remarkably smaller than the initial (before any mass loss) POM
coverage estimated by QCM 1.2 x 10~° mol cm 2 (see above). This
implies that only ~7% of the POM initially present in the multilayer
film is retained after the film is delaminated. As discussed above,
the retained amount of POM molecules in the film remains con-
stant with electrochemical use.

Fig. 8 shows cyclic voltammograms of Au/MPS/(PAH,..1/PAA,)/
POM with n=1, 2, 3, 4, 5 and 6 in 0.1 M H,SO,4 at 100 mVs".
The inset shows the peak area of the third anodic peak
(E~0.14V) vs. the number of layers. The increase in peak area
vs. the number of layers is linear, which shows that as the number
of layers is increased, more electrochemically active POM is re-
tained in the film after the initial delamination takes place. From
the slope of this graph, we can estimate a growth of 5 x 1072 mol
of electrochemically active POM cm~2 per layer. As was shown pre-
viously with XPS and QCM experiments more POM is adsorbed on
fresh films as thickness increases and therefore more electrochem-
ically wired POM molecules are retained in the film after delamina-
tion takes place.

3.4. Electrocatalytic activity of LbL films containing POM

It is well known that reduced POM molecules are capable of
delivering electrons to other species, thus serving as powerful elec-
tron reservoirs for multielectron reductions. Furthermore, direct
electroreduction of nitrite, chlorate and peroxodisulfate requires a
large overpotential at most bare electrode surfaces, while on the
other hand, POM-modified electrodes can catalyze the electrore-
duction of NO, [14-18,45], ClO; [14,16,19], and S,0% [17], in aque-
ous solution. With these in mind, the catalytic reduction of these
three molecules has been examined to evaluate the feasibility of
using our POM modified electrodes in electroanalysis and electroca-
talysis. Firstly we should note that POM-free PAH,,.1/PAA,/Au elec-
trodes show no electrochemical response in the presence of nitrate,
chlorate or peroxodisulfate in the range 0.4 to —0.2 V vs. Ag/AgCl.
However, incorporation of POM molecules into the polyelectrolyte
film results in the electroreduction of nitrate, chlorate and perox-
odisulfate. Fig. 9 shows the electrocatalytic reduction of (a) NaNO,,
(b) KClO3 and (c) K3S,05 on PAH4/PAA3/H,PMo01,049 Au electrodes
in aqueous solution as a function of the increasing concentration
of the reactant. With increasing concentration of NO, (Fig. 9a),
Clo; (Fig. 9b) and S,04” (Fig. 9c), all three reduction peak currents
increase gradually, whereas the corresponding oxidation peak cur-
rents decrease, suggesting that the three molecules are reduced by
two-, four-, and six-electron reduced species of POM anions (here
we should notice that the first and second reduction wave seem to
be inert towards reducing ClO3 ). Furthermore, the six-electron re-
duced species have a much larger catalytic activity towards reduc-
tion of the molecules than the two- and four- electron reduced
species. In this reduction process, the four-electron reduced species
isregenerated. The insets of Fig. 9 show the catalytic currents at the
third reductive peak (—0.14 V vs. Ag/AgCl) as a function of reactant
concentration. The responses of the electrodes are linear in the
ranges (a) 0.50-70.00 mM, (b) 0.90-100.00 mM and (c) 0.05-
0.80 mM; and the sensitivities are respectively, 0.51, 0.15 and
43.20 pA cm 2 mM~ . These values are comparable to those found
in the literature: 0.5pAcm™2mM~' for NO, [17], 0.74 pA
cm~2mM~! for ClO; [14] and 18.6 uAcm™2 mM~! for S,0%" [17].
The data shows that the POM-modified electrodes present a reason-
able response towards the detection of nitrate, chlorate and perox-
odisulfate. The electrodes are quite stable, yielding reproducible
signals over different reactant experiments. The electrode response
was stable for at least 3 weeks, and when not in use, the modified
electrode was stored in air. The good stability and high sensibility
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Fig. 9. Cyclic voltammetries of PAH4/PAA3/POM Au electrodes in the absence and presence of (a) NO,, (b) ClO3, (c) Szoﬁ’. Reactant concentrations (a): 10 mM, 20 mM,
30 mM, 40 mM and 50 mM; (b): 10 mM, 30 mM, 50 mM, 70 mM, 100 mM; (c): 0.2 mM, 0.4 mM, 0.6 mM, 0.8 mM, 1 mM. Scan rate 0.025 V s~ . Inset: catalytic currents at the

third reductive peak (—0.14 V vs. Ag/AgCl) as a function of reactant concentration.

of these electrodes make them promising candidates for ampero-
metric detectors.

4. Conclusions

We have developed a new, convenient and efficient method for
the functionalization of layer-by-layer self-assembled polyelectro-
lyte films deposited over Au electrodes with polyoxomolybdate an-
ions via ion exchange from solution. POM functionalized electrodes
were thoroughly characterized with XPS, FTIR-ATR, ellipsometry
and EQCM which clearly show that POM molecules can be success-
fully incorporated into polyelectrolyte films via ion exchange.
These fresh films suffer from a sharp delamination that involves
the loss of polyelectrolyte as well as POM molecules from the films
into acid or basic solutions. Remarkably, after this initial sharp de-
crease in mass they remain stable in time and with electrochemical
use. Electrochemical measurements as a function of pH suggest
that POM molecules do not decompose even when the external
pH is 4.8. This is an important finding as it indicates that incorpo-
ration of POM molecules into layer-by-layer self-assembled mono-
layer films could prevent partial hydrolysis of POM from taking
place in the pH range studied. CV studies demonstrated that
PAH,,.1/PAA,/POM Au electrodes have high stability, fast response
and good electrocatalytic activity for the reduction of nitrite, chlo-
rate and peroxodisulfate; making these electrodes potential candi-
dates for durable electrochemical sensors for the detection of these
molecules.
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