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bstract

Multilayers of anionic phosphotungstic acid (PTA) clusters and positively charged protonated poly(allylamine hydrochloride) (PAH) were
ssembled by layer-by-layer self-assembled method on Au electrode modified by 3-mercaptopropionic acid (3-MPA). The effect of the charge
f the surface of the multilayer assembly on the kinetics of the charge transfer reaction was studied by using the redox probes [Fe(CN)6]3−/4−

nd [Ru(NH3)6]2+/3+. The cyclic voltammetry experiments showed that the peak currents and peak-to-peak potential differences changed after
ssembling different layers on the electrode surface indicating that the charge of the surface has a significant effect on the kinetics of the studied
harge transfer reactions. These reactions were studied in more detail by electrochemical impedance spectroscopy. When [Fe(CN)6]3−/4− was used
s the redox label, multilayers that terminated with negatively charged PTA showed a high charge transfer resistance but multilayers that terminated
ith positively charged PAH showed lower charge transfer resistance. With [Ru(NH3)6]2+/3+ as the redox label, the charge transfer resistance at
ultilayers that terminated with positively charged PAH was much higher than at the multilayer terminated by the negatively charged PTA. The

harge transfer resistances also increased with the addition of number of layers indicating that the entire thickness of the multilayer assembly has

lso an effect on the kinetics of the studied charge transfer reactions and not only the electrostatic attraction or repulsion between the surface and
he redox probes. The ohmic resistance of the multilayer assembly increased non-linearly with the number of layers. Assembling a layer of PAH
ncreased the resistance more than assembling a layer of PTA.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

In recent years, multilayers have extensively been studied
ince they can be used to design and build different types of
olecular architectures and study physical phenomena on a
olecular level [1–3]. Preparation techniques of multilayer
lms via stepwise adsorption from solution have been devel-

ped rapidly in the last decade [4–6]. The developed methods
ive different possibilities to assemble various multilayer
lms containing polymers, nanoparticles, two-dimensional
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norganic sheets and molecular aggregates [7–9]. The structure
nd thickness of such films can be controlled by molecular
recision.

Advanced material based on inorganic nanoparticles is cur-
ently one of the key research fields of today’s materials science.
hey represent significant fundamental and commercial inter-
sts with a wide range of applications including optics, electronic
nd sensors [10–12]. Layer-by-layer (LBL) method based on
lectrostatic interaction between oppositely charged materials is
n effective way to assemble nanocomposite layers [13–18]. The
iversity in materials has led to their extensive applications in
olecular architectures with novel functionalities. Furthermore,
y properly chosen charged compounds, a variety of multilayer
lms with interesting functional properties become easily acces-
ible. LBL method can be considered as a convenient, simple
nd quite universal method to process nanoparticles and related

mailto:ari.ivaska@abo.fi
dx.doi.org/10.1016/j.electacta.2006.01.065
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aterials into a variety of thin-film devices, which opens broad
erspectives both in research and in practical applications.

Polyoxometalates (POMs) represent a well-defined class
f inorganic compounds with potential applications in funda-
ental and applied science. Recently, POMs have attracted
uch attention to fabricate functional composite materials due

o their particular interesting nano-sized structures and other
pplications in heterogeneous catalysis, fuel cell technology,
hotochromic and electrochromic devices [19,20]. Using LBL
echniques, it is feasible to deposit POMs in multilayers and
hus to get highly ordered POM arrays even in macroscopic
cale.

Multilayers based on POMs, polyelectrolytes and conducting
olymers have widely been studied, and many works have been
eported [21–26], but only little attention has been focused on
haracterization of the structure and charge transfer processes
n multilayer assemblies. In this paper, we study fabrication
f nanocomposite multilayers based on phosphotungstic acid
ydrate and poly(allylamine hydrochloride) by the LBL method.
he film growth will be studied by cyclic voltammetry and elec-

rochemical impedance spectroscopy with oppositely charged
edox probes: [Fe(CN)6]3−/4− and [Ru(NH3)6]2+/3+. The effect
f attraction or repulsion between the redox probes and the mul-
ilayer surface on the cyclic voltammograms, film resistances
nd charge transfer resistances obtained from equivalent circuit,
nd charge transfer processes at the surface of the assembly will
e discussed.

. Experimental

.1. Chemicals

Sodium sulfate, potassium hexacyanoferrate(III), potas-
ium hexacyanoferrate(II), hexaammineruthenium(III) chlo-
ide, 3-mercaptopropionic acid (3-MPA) and poly(allylamine
ydrochloride) (PAH) average molecular weight 15,000 and
hosphotungstic acid hydrate (PTA, reagent grade) were pur-
hased from Sigma–Aldrich, and used without further purifica-
ion. Sodium acetate (regent grade, from Baker Inc.) and acetic
cid (≥99.99%, from Aldrich) were used to prepare the buffer

olution with pH 5.6. Solutions were prepared from water that
ad been purified through a Maxima ultrapure water system
ELGA, 18.2 M� cm). All solutions were purged with nitrogen
rior to use.

w
T
s
a

Scheme 1. Preparation of multilayers based on polyoxometalate clusters and
ta 51 (2006) 6038–6044 6039

.2. Preparation of the gold electrode

Prior to sputtering the metal films, the microscope glass
lides were cleaned with piranha solution (96% H2SO4/30%
2O2, 7:3), rinsed copiously with water, and dried completely.
hen, the Au overlayer (ca. 3000 Å) was coated on glass plates

15 mm × 26 mm) that had pre-covered with a Cr underlayer (ca.
00 Å) by vacuum sputtering deposition (Balzers SCD 50, Ger-
any) at 2 × 10−2 mbar. An underlayer of chromium was used

o improve the mechanical stability of the Au film.

.3. Preparation of the multilayer

At first, a Au/3-MPA self-assembled monolayer was formed
nto a freshly sputtered gold electrode by immersing the elec-
rode in 5 mM 3-MPA solution in 0.1 mol/L acetate buffer of pH
.6 for 3 h. The electrode was then immersed in 10 mg/mL PAH
olutions for 30 min, followed by rinsing with deionized water
nd dried with nitrogen after the immersion. Then this modified
lectrode was alternately dipped in the 5 mM PTA and 10 mg/mL
AH solutions for 30 min, rinsed with deionized water and dried
n a nitrogen stream after each dipping. Repetition of the adsorp-
ion steps leads to the desired number of PAH/PTA bilayers. The
urface charge of the multilayer assembly was negative or pos-
tive depending on the terminal layer. Formation of multilayers
y layer-by-layer deposition of poly(allylamine hydrochloride)
nd phosphotungstic acid hydrate on 3-mercaptopropionic acid
odified gold electrode is described in Scheme 1.

.4. The electrochemical cell and the measurements

Electrochemical measurements were performed in a three-
lectrode cell. A platinum wire was used as the counter electrode,
nd an Ag|AgCl (sat. KCl) electrode as the reference electrode,
gainst which all potentials are reported. The working elec-
rode (sputtered Au film) was placed at a bottom hole of an
lectrochemical cell with an O-ring (0.8 cm i.d., 0.5 cm2, per-
uoroelastomer, Kalrez, USA).

In the electrochemical impedance spectroscopy (EIS) and
yclic voltammetry measurements, Autolab PGSTAT 20 FRA
electrochemical analyzer was used. The EIS measurements

ere performed within the frequency range of 0.1 Hz–100 kHz.
he amplitude of the applied sine wave potential in each mea-
urement was 10 mV. Total 5 mM concentration of K3[Fe(CN)6]
nd K4[Fe(CN)6] (molar ratio 1:1) and 5 mM [Ru(NH3)6]Cl3 in

poly(allylamine hydrochloride) onto a 3-MPA modified Au electrode.
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.1 mol/L sodium sulfate solution were used as the redox probes,
he dc potential was 220 mV in the case of [Fe(CN)6]3−/4− and
200 mV in the case of [Ru(NH3)6]2+/3+.

. Results and discussion

.1. Cyclic voltammetry

Cyclic voltammetry was used to study the electrical proper-
ies of the multilayer assemblies. Redox reactions of the nega-
ively charged probe [Fe(CN)6]3−/4− and the positively charged
robe [Ru(NH3)6]2+/3+ were studied at the multilayer surface
fter adsorption of layers of PAH and PTA. Earlier studies in
imilar systems have indicated that the electrostatic attraction
r repulsion between charged surface and charged redox probes
lay a significant role during the redox process at a electrode
urface [27,28]. Electrostatic attraction between the oppositely
harged multilayer surface and the redox probe should enhance
he interfacial electron transfer process. On the other hand, how-
ver, repulsion between identical charged multilayer surface and
he redox probe would make the electron transfer reaction more
ifficult.

Fig. 1 shows the cyclic voltammograms obtained with
ifferent multilayer assemblies when the negatively charged
robe [Fe(CN)6]3−/4− and the positively charged probe
Ru(NH3)6]2+/3+ were used as the redox species. It can be seen
hat the cyclic voltammogram (1a) of [Ru(NH3)6]2+/3+ on 3-

PA modified gold electrode exhibits quasi-reversible redox
roperties indicating a small charge transfer resistance of the
edox process. However, after addition of the positively charged
AH layer the redox peak current of [Ru(NH3)6]2+/3+ decreases

nd the cyclic voltammogram (1b) is slightly distorted, which is
ue to the repulsion between [Ru(NH3)6]2+/3+ and the positively
harged surface of the modified electrode causing slow kinetics
f the redox reaction. On the other hand, the peak current of

ig. 1. Cyclic voltammograms in presences of 5 mM [Ru(NH3)6]2+/3+ at an Au
lectrode with (1a) monolayer of 3-MPA, (1b) first (outermost) layer of PAH
nd (1c) first (outermost) layer of PTA; and 5 mM [Fe(CN)6]4−/3− at an Au
lectrode with (2a) monolayer of 3-MPA, (2b) first (outermost) layer of PAH
nd (2c) first (outermost) layer of PTA.
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he redox process of [Fe(CN)6]3−/4− increases when the PAH
ayer is added (2a and 2b), which is due to attraction between
Fe(CN)6]3−/4− and the positively charged surface of the modi-
ed electrode. It indicates that the kinetics of the charge transfer
eaction becomes more facile at the positively charged PAH sur-
ace.

After addition of the negatively charged PTA layer, the redox
eak current of [Ru(NH3)6]2+/3+ increases and cyclic voltam-
ogram shows again quasi-reversible redox behavior (1c), while

he redox peak current of [Fe(CN)6]3−/4− decreases and peak-to-
eak separation increases (2c). Similar changes in the voltammo-
rams can be found in building up subsequent multilayers. The
hanges in peak current and peak-to-peak separation indicate
hat the electrostatic attractions or repulsions have significant
ffects on kinetics of the redox reactions either accelerating or
ecelerating the processes. It was also found that with increas-
ng number of PAH/PTA bilayers the peak current of both redox
robes decreased gradually, and the peak-to-peak separation
ncreased, indicating that, in general, kinetics of the redox reac-
ions become more slow.

The assembled multilayers are not perfect in the layer-by-
ayer sense because the polymer chains are soft and winding
nd therefore the polymer-polyoxometalate multilayes are not
ell defined. In the electrochemical point of view the multilayer

ssemblies, however, were found rather stable because the cyclic
oltammetric response did not change even when the electrodes
ere potential cycled up to 10 cycles. This was found with all

he different multilayer assemblies.

.2. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy is a powerful tech-
ique to investigate the interfacial properties of modified elec-
rodes. During the step-by-step deposition of charged PAH and
TA layers, the electrical properties of the multilayer assem-
ly is changed. The capacitance, the film resistance, the charge
ransfer resistance at the interface and the surface charge will
e changed during the build-up of the multilayer assembly. In
rder to study the effect of the structure of the multilayer on the
ver-all electrochemical properties of the assemblies, electro-
hemical impedance spectroscopic experiments were conducted
fter adsorption of each layer of PAH or PTA.

Fig. 2 shows the results of electrochemical impedance spec-
roscopy studies on multilayer electrodes with different numbers
f PAH/PTA layers when [Fe(CN)6]3−/4− is used as the redox
robe. The impedance spectra when [Ru(NH3)6]2+/3+ is used
s the redox probe are shown in Fig. 3. Obvious changes in
he impedance spectra can be seen in both figures during the
tepwise formation of the multilayer assemblies. A semicircle is
bserved in the high frequency range in all impedance spectra
ndicating a process limited by electron transfer. The diameter
f the semicircle increases gradually with the increasing number
f PAH/PTA bilayers, which should be attributed to the increase

n film resistance and variation of charge transfer resistance.
s mentioned above, the electrostatic attraction and repulsion
etween the redox probe and the surface of the multilayer assem-
lies play a significant role in the charge transfer process.
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Fig. 2. (A) Nyquist plot for the electrochemical impedance measurements in the presence of 5 mM [Fe(CN)6]4−/3− redox probe at sputtered Au electrodes terminated
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ith (a) the 3-MPA monolayer, (b) first layer of PAH, (c) first layer of PTA, (d)
f PTA, (h) fourth layer of PAH, (i) fourth layer of PTA, (j) fifth layer of PAH a
f (a–f). The measurements were done at 220 mV and with the amplitude 10 mV

In order to obtain quantitative information of the electro-
hemical parameters involved in formation of the multilayer
ssembly an electrical equivalent circuit was used. The data of
ach experimental impedances spectrum were fitted in the cir-
uit shown in Scheme 2. It consists of the ohmic resistance of
he solution Rs, the capacitance Cf and the resistance Rf of the

ultilayer assembly. These parameters depend on the thickness
f the film, content and mobility of ions in the film. The dou-
le layer capacitance Cdl is associated with the surface of the
ultilayer assembly and Rct is the charge transfer resistance of

he redox process that take place at the interface between the
olution and the multilayer assembly. Fitting of the data to the
quivalent circuit is conducted by Zview software of Scribner
ssociates, Inc. The values of Rct and Rf found by fitting are

hown in Table 1. All five parameters in Scheme 2 are used
imultaneously in the fitting procedure.

It can be found in Table 1 that the film resistances of

he multilayer assemblies, Rf, are almost the same when both
Fe(CN)6]3−/4− or [Ru(NH3)6]2+/3+ are used as the redox probe.
his observation shows that the film resistance of the multi-

ayer assemblies mainly depends on the physical structure of

a
s
o
A

d layer of PAH, (e) second layer of PTA, (f) third layer of PAH, (g) third layer
fifth layer of PTA. (B) The enlarged spectra of (a–c). (C) The enlarged spectra
e frequency range from 0.1 Hz to 10 kHz.

he multilayer. The film resistance was neglectable only when
he monolayer of 3-MPA was used to modify the Au electrode,
nd increased only slightly after addition of the first PAH and
TA layers. The structure of the multilayer assembly made by

he LBL self-assembled method is affected by many factors
ncluding also the number of layers. When only few layers are
ssembled on the electrode substrate, the surface is not entirely
overed by adsorbed materials but consists rather of isolated
slands of adsorbed molecules on the substrate. These structures
an be described as thin and porous films with low film resistance
nd not as a compact multilayer assembly entirely covering the
lectrode surface.

When the number of layers increases the film resistance will
e more pronounced and it increases non-linearly with the film
hickness indicating formation of a more compact multilayer
ssembly on the electrode substrate. It can also be found in
able 1 that the increase in the film resistance mainly occurred

fter assembly of each PAH layer. Adsorption of the PTA layer
eems to have only little influence on the film resistance, which is
bviously due to the better electric conductivity of the PTA layer.
s can be seen in Table 1 the film resistance values obtained with
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Fig. 3. (A) Nyquist plots for the electrochemical impedance measurements in presence of 5 mM [Ru(NH3)6]2+/3+ redox probe at sputtered Au electrodes terminated
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ith (a) the 3-MPA monolayer, (b) first layer of PAH, (c) first layer of PTA, (d)
f PTA, (h) fourth layer of PAH, (i) fourth layer of PTA, (j) fifth layer of PAH a
f (a–e). The measurements were done at −200 mV with the amplitude of 10 m

oth redox probes for the same multilayer assemblies are the
ame within the experimental errors verifying the proper fitting

rocedure.

It can be seen in Figs. 2 and 3 and Table 1 that after modifi-
ation of the Au substrate by the 3-MPA monolayer the charge
ransfer resistance with [Fe(CN)6]3−/4− as the redox probe is

a
t
t
i

able 1
harge transfer resistances Rct and film resistances Rf, obtained from the impedance
nd 5 mM [Ru(NH3)6]2+/3+ redox probes upon fitting the experiment data with the eq

ssembly terminated with Rct (k�) ([Fe(CN)6]4−/3−) Rf (k�) ([Fe(CN

onolayer of 3-MPA 0.058 ∼0
irst layer of PAH 0.003 0.009
irst layer of PTA 0.066 0.012
econd layer of PAH 0.021 0.365
econd layer of PTA 0.27 0.380
hird layer of PAH 0.084 0.86
hird layer of PTA 2.74 0.94
ourth layer of PAH 0.41 4.53
ourth layer of PTA 9.28 5.03
ifth layer of PAH 0.62 28.4
ifth layer of PTA 23.6 29.2
d layer of PAH, (e) second layer of PTA, (f) third layer of PAH, (g) third layer
fifth layer of PTA. (B) The enlarged spectra of (a–c). (C) The enlarged spectra
he frequency range from 0.1 Hz to 10 kHz.

igher than that with [Ru(NH3)6]2+/3+. The observed differ-
nce in the charge transfer resistances is due to the electrostatic

ttraction and repulsion of the redox probes with the nega-
ively charged substrate. After addition of the first PAH layer
he surface charge is reversed, which causes changes in the
nteraction between the charged redox probes and the surface

spectra of the multilayer assemblies in the presence of 5 mM [Fe(CN)6]4−/3−
uivalent circuit shown in Scheme 2

)6]4−/3−) Rct (k�) ([Ru(NH3)6]2+/3+) Rf (k�) ([Ru(NH3)6]2+/3+)

∼0 ∼0
0.032 0.008
0.012 0.014
0.14 0.351
0.038 0.362
2.15 0.84
0.12 0.88
8.46 4.32
0.54 4.69

20.6 27.7
1.21 28.3
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[3] D.L. Elbert, C.B. Herbert, J.A. Hubbell, Langmuir 15 (1998) 5355.
cheme 2. The equivalent circuit for the PAH/PTA multilayers. Rs is the ohmic
esistance of the solution, Cf the film capacitance, Rf the film resistance, Rct the
harge transfer resistance and Cdl is the double layer capacitance.

f the electrode. The charge transfer resistance decreases with
Fe(CN)6]3−/4− and increases with [Ru(NH3)6]2+/3+. Adsorp-
ion of the next layer, negatively charged PTA, reverses the
urface charge again and the electrostatic interaction creates
epulsion of the negatively charged [Fe(CN)6]3−/4− ions making
he charge transfer reaction at the surface more difficult. Attrac-
ion between the positively charged [Ru(NH3)6]2+/3+ and the
egatively charged surface makes the charge transfer reaction
t the surface more facile. These explanations are supported by
he impedance spectra shown in Figs. 2 and 3, and the charge
ransfer resistance values shown in Table 1. The charge transfer
esistance increases from 3 to 66 � after adsorption of the first
TA layer when [Fe(CN)6]3−/4− is used as the redox probe, and
ecreases from 32 to 12 � while [Ru(NH3)6]2+/3+ is used as the
edox probe.

After the second layer of PAH is assembled, the value of
he charge transfer resistance decreases and increases when
Fe(CN)6]3−/4− and [Ru(NH3)6]2+/3+ are used as the redox
robes, respectively. This is again due to the different elec-
rostatic interaction between the charged redox probes and the
ositively charged multilayer assembly surface. Adsorption of
he second, negatively charged layer of PTA again increases the
harge transfer resistance with [Fe(CN)6]3−/4− and decreases it
ith [Ru(NH3)6]2+/3+. Similar types of changes in the charge

ransfer resistance are observed with addition of the further lay-
rs.

It can also be found in Table 1 that the charge transfer resis-
ance increases with increasing number of PAH/PTA bilayers
oth with [Fe(CN)6]3−/4− and [Ru(NH3)6]2+/3+. The increase
n charge transfer resistance with both redox probes is not linear
nd the difference in the charge transfer resistance after addition
f new bilayers becomes larger indicating that thicker multi-
ayers make charge transfer reactions also more difficult. As
escribed above, when only few layers are added on the elec-
rode substrate, the assembly can be regarded as a thin and porous
tructure. It is then possible for the studied redox probes to pene-
rate the multilayer and to undergo redox reactions directly at the

lectrode surface and therefore the charge transfer resistances is
lso low. Along with the growth of multilayers, the thickness
f the layer assembly increases and the ion diffusion process
cta 51 (2006) 6038–6044 6043

ecomes more difficult in the compact multilayers and therefore
he redox reactions mainly take place at the interface between
he multilayer assembly and the electrolyte. In these cases, the
harge transfer process is affected by the thickness of the mul-
ilayer assembly and the charge transfer resistance is increased
ith the increasing thickness of the film.

. Conclusions

Electrostatic interactions between the surface of the multi-
ayer assemblies and the redox probes affect the charge transfer
eaction at the surface. The results presented in Table 1 show
hat: (i) during growth of the multilayer assemblies, while multi-
ayer assembly is terminated with negatively charged PTA layer,
epulsion between [Fe(CN)6]3−/4− ions and the multilayer sur-
ace causes the high charge transfer resistance. The attraction
etween [Ru(NH3)6]2+/3+ ions and the multilayer surface makes
he charge transfer reaction easier. While multilayer assembly is
erminated with positively charged PAH layer, the charge trans-
er resistance increases when [Ru(NH3)6]2+/3+ is used as the
edox probe and decreases when [Fe(CN)6]3−/4− is used. (ii)
or a certain multilayer assembly, the charge transfer resistance
f oppositely charged redox probe to the charge of the mul-
ilayer surface is always lower than that of the same charged
edox probe. (iii) When the redox probes have the same charge
s the multilayer surface, the charge transfer resistance increases
harply with the increase of the number of multilayers. When
he redox probes have the opposite charge than the multilayer,
he charge transfer resistance is much lower and increases only
lowly with the number of multilayers. (iv) The thickness of the
ultilayer assembly has also an effect on the charge transfer

eaction at the multilayer surface obviously due to the increased
hmic resistance of the entire multilayer assembly. Results in
able 1 show that the film resistance increases non-linearly with

he number of multilayers, and the increase in the film resistance
ainly occurred after the addition of each PAH layer.
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