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Abstract

The electrodeposition of three different heteropolyoxometalates: (HPOM) (NH4)3[RhMo6O18(OH)6] Æ 7 H2O,
HPOM (1), Cu(II)(NH4)[RhMo6O18(OH)6] Æ 7 H2O, HPOM (2) and Cu(II)NH4 [CoMo6O18(OH)6] Æ 7 H2O HPOM
(3) was studied by in situ atomic force microscopy (AFM) and cyclic voltammetry. It was found that the
voltammetric response of compounds 2 and 3 show the deposition of the copper countercation as well as the
simultaneous reduction of the corresponding heteropolyanion (HPA). AFM was used to monitor the in situ film
formation of the electroreduced species on the working electrode surface. The AFM images show important
differences in the film texture when copper is present in the complex.

1. Introduction

Heteropolyanions, [XxMmOy]
p) (x 6 m) (where M

represents Mo, W, V and X represents P, Si, As) have
received attention in material science, catalysis, biology
and medicine because of their chemical, structural and
electronic versatility [1–4]. One of the most important
properties of polyoxometalate anions is their ability to
accept various numbers of electrons giving rise to mixed-
valence species such as heteropolyblues and heteropoly-
browns. In order to take advantage of their specific
properties in solution, there has been much exploitation
of the attachment of heteropolyanions (HPA) onto
different substrates using different methods such as
electrodeposition [5–9], adsorption [10–12] and HPA as
the dopant immobilized into a polymer matrix [13–27].
These electrode coating techniques usually produce
random spatial and orientational arrangements of the
redox species in the film. Recently, Ingersoll et al. [28]
and Sun et al. [29] produced multilayer films by alter-
nating deposition. Clemente-Leon et al. [30] prepared an
ultrathin film containing HPA by using the Langmuir–
Blodgett (LB) technique. These experimental techniques
can organize molecular assemblies with a precise control
of layer composition and thickness. Heteropolyanions
have also been used in the formation of self-assembled
monolayers of Keggin HPAs [31] and in heterogeneous
electrocatalysis using Anderson–Perlof HPAs [32]. More
recently, the electrochemistry [33] and the electrodepos-
ition [34] of Anderson–Perlof HPAs have been reported.

In this communication, the main interest is to
investigate the voltammetric response and the film
formation of heteropolyoxometalates (HPOM) contain-
ing copper onto highly oriented pyrolytic graphite
(HOPG) electrode surfaces by using cyclic voltammetry
and in situ AFM.

2. Experimental details

The HPOMs (NH4)3[RhMo6O18(OH)6] Æ 7 H2O, HP-
OM (1), Cu(II)NH4[RhMo6O18(OH)6] Æ 7 H2O, HPOM
(2) and Cu(II)NH4[CoMo6O18(OH)6] Æ 7 H2O, HPOM
(3), were synthesized by Holguin [35] in agreement with
the Ivanov–Emin technique [36]. The compounds were
characterized by u.v.–vis., i.r. and X-ray powder dif-
fraction methods. The electrochemical deposition was
studied in situ with a NanoScope IIIa microscope
(Digital Instruments, Sta. Barbara, CA). Electrochemi-
cal atomic force microscopy (EC-AFM), which com-
bines a fluid cell under the control of a potentiostat and
normal AFM imaging, were employed. For this study,
HOPG was used as a working electrode, platinum wire
as a counter electrode and silver wire as a pseudo-
reference electrode. It is important to mention that the
Ag wire is the most used pseudo-reference electrode for
in situ EC-AFM experiments since the design and the
geometry of the electrochemical cell do not allow the use
of other common reference electrodes such as Ag/AgCl.
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The difference between the Ag and the Ag/AgCl
reference electrode is less than 100 mV.
Experiments were carried out at the solid–liquid

interface at room temperature for HPOM concentra-
tions of about 5.2 · 10)3 M. For all electrochemical
studies a 0.1 M LiClO4 solution was used as supporting
electrolyte. Finally, AFM images were taken at open
circuit in the contact mode with low scanning forces
(0.3 N m)1).

3. Results and discussion

Figure 1 shows the electrochemical response of the
(NH4)3[RhMo6O18(OH)6] Æ 7 H2O, HPOM (1) in a Li-
ClO4 solution. In this case, no cathodic peak is observed
but the current at the cathodic potential limit increases
with the number of potential scan cycles (PSC), which is
characteristic of HPA electrodeposition [34].
In Figure 2, a sequence of in situ AFM images shows

the evolution of the electrodeposited film onto the
HOPG surface as the number of PSC increased.
Figure 2(a) presents a clean HOPG surface before

electrodeposition. After 7 PSC, the AFM image
(Figure 2(b)) shows some nodules randomly distributed
over the surface. Finally, after 21 PSC, the number and
size of the nodules has increased as shown in Fig-
ure 2(c). This behaviour clearly indicates that

Fig. 2. Sequence of AFM images (10 · 10 lm) taken at the electrolyte–electrode interface onto the HOPG electrode surface after HPOM 1

electrodeposition. After: (a) none (bare HOPG), (b) three and (c) seven potential scan cycles. Vertical scale bar indicates height of surface

features.

Fig. 1. Cyclic voltammogram of the (NH4)3RhMo6O18(OH)6] Æ 7 H2O

reduction at the HOPG electrode surface. HOPM 1 concentration was

5.12 · 10)3 M in a 0.1 M LiClO4 solution. Scan rate m ¼ 0.075 V s)1.

Fig. 3. Cyclic voltammogram of the HOPM 2 with Cu as a counter-

cation at the HOPG electrode surface. HPOM 2 concentration was

5.12 · 10)3 M in a 0.1 M LiClO4 solution. Scan rate m ¼ 0.075 V s)1.

Table 1. Maximum height (MH) and roughness values calculated on

the AFM images for the HPOM electrodeposited films onto HOPG

electrode surfaces against number of potential scan cycle

Compound Number of

cycles

Maximum height

/nm

Roughness

(RMS)

/nm

HPA1 0/bare HOPG 6.2 2.2

7 57.8 18.4

14 163.4 55.3

HPA2 0/bare HOPG 11.8 7.7

3 11.0 6.4

7 6.4 6.1

14 9.5 10.4

HPA3 0/bare HOPG 28.8 8.9

1 25.1 14.6

7 24.7 26.8

14 23.9 29.3
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[RhMo6O18 (OH)6]
3), HPA 1, is being reduced and

electrodeposited on the HOPG surface [34].
Figure 3 shows the electrochemical response of the

Cu(NH4)[RhMo6O18(OH)6] Æ 7 H2O, HPOM (2), on the
HOPG electrode surface. This compound has Cu(II) as
countercation in contrast with HPOM (1). Here, two
main features can be observed. The first is the reduction
of Cu(II) at )170 mV and the second is the reduction of
[RhMo6O18(OH)6]

3) (HPA 2) at )950 mV. Moreover,
two potential cross links at )445 mV and )830 mV,
which are characteristics of Cu(II) and HPA 2 nucle-
ation and electrodeposition, respectively, are shown.
The sequence of the electrodeposits can be seen in
Figure 4: (a) shows a bare HOPG surface where some
natural defects (holes and lines) are observed; (b) shows
a HOPG surface covered with the electroreduced species
(copper and HPA 2) observed after 3 PSC. It is clear
that a very thin film covers the electrode surface since
the original holes and lines are still visible although the
texture of the surface changed. A similar phenomenon
was observed for another HPA [34].
Figure 5 shows the electrochemical behaviour of the

Cu(II)NH4[CoMo6O18(OH)6] Æ 7 H2O, HPOM 3, on the
HOPG electrode surface. HPOM 3 dissociates in Cu(II)
and HPA 3 ([CoMo6O18(OH)6]

3)) chemical species after
it is mixed with the aqueous solution of the supporting
electrolyte. In this case, the cathodic potential limit of
about )1.1 V vs Ag wire, was only enough to allow
copper reduction. This behaviour is very similar to that
presented by Grujicic and Pesic for Cu electrodeposition
onto a glassy carbon [37]. The cross-link of anodic to
cathodic current at )493 mV suggests that the Cu
electrodeposition occurs at the HOPG from the begin-
ning of the redox process. After the cathodic potential
limit was increased to a more negative value ()1.78 V),
the electrodeposition of both, Cu and HPA 3, occurred
as shown in Figure 6. In this voltammogram, an
increase in the cathodic potential is observed. Moreover,

an anodic peak appears at )1.07 V which corresponds
to [CoMo6O18(OH)6]

3) (HPA 3) reduction and partial
reoxidation (none-reversible). Although the anodic peak
is not evident in the first cycle, its peak value increases as

Fig. 4. 10 · 10 lm AFM images at the electrode–electrolyte interface after HPOM 2 electrodeposition. Images were taken after: (a) none (bare

HOPG) and (b) three potential scan cycles. Vertical scale bar indicates height of surface features.

Fig. 5. Cyclic voltammogram of the HPOM 3 reduction with Cu as

countercation. HPOM 3 concentration was 5.2 · 10)3 M in a 0.1 M

LiClO4 solution. Scan rate m ¼ 0.075 V s)1.

Fig. 6. Cyclic voltammogram showing seven consecutives cycles

(reaching an Ek ¼ )1.78 V) of the HPOM 3 electrodeposition at the

HOPG electrode surface. Concentrations as in Figure 5.

603



the PSC does, which indicates that film formation is
taking place as previously discussed [34]. Although the
chemical form of the HPA3 electroreduced species
(ERS-HPA 3) is not known, it was demonstrated that
the same complex, in the absence of Cu, produced a film
which contained Co and Mo chemical species (EDS
analysis) [34]. Therefore, from these results, the presence
of Co, Mo and Cu species in the HPOM 3 film is
inferred.
On the other hand, we know that copper electrode-

position is reversible in the absence of HPOM [37].
Furthermore, we know that the HPA 3 species is
electrochemically irreversible in the absence of Cu(II)
[34]. When we combine both species, the electrochemical
reduction of Cu(II) also becomes irreversible, as can be
seen from the plots. One possible explanation of this
phenomenon is related to the processes taking place at
the HOPG/solution interface. When the ERS-HPA 3

forms a film at the HOPG surface, Cu(II) reduces to
Cu(0) and is trapped in the new film. As the number of
PSC increases, the concentration of Cu at the interface
decreases since the cathodic and anodic peak currents of
copper decrease in contrast to those of HPA 3. Thus, the
electrodeposition and film formation of the ERS-HPA 3

modifies the electrochemical and chemical reversibility
of Cu(II).
Since most of the time the electrodeposited films are

very thin, it is very difficult to detect or measure the
thickness of the new materials. Therefore, a roughness
analysis (statistical measurement of the surface mor-
phology) and a cross section study (vertical distance
between the highest and lowest point in the image) of
the electrode surface are required in order to show how
the surface is modified by the presence of the electro-
reduced species. Therefore, a roughness analysis and a
cross section study were performed on the AFM images
for the three compounds under study. For the HPOM 1
complex, root mean square (RMS) analysis reveals the
formation of a film on the HOPG surface. As the
number of PSC increased, the size of the clusters and
the average roughness values increased as a conse-
quence of the surface modification. In contrast, HPOM
2 behaviour was different compared to the two other
cases since the maximum height (MH) and the RMS
roughness values initially decreased, indicating that the
new film covered some natural defects of the HOPG
making it smoother. However, after the 14th PSC, there
was a MH and RMS roughness augmentation, which
suggests that once the surface is uniform the film grows
in a manner similar to HPOM 1. Finally, the HPOM 3

complex shows roughness values that increase as the
number of PSC increase while the opposite happens for
the MH values. This can be explained in terms of
surface modification. As new material is electrodepos-
ited on the electrode, some of it goes to the natural
defects of the substrate decreasing the MH but, at the
same time, flat terraces of the surface are covered with
small clusters which increase the average roughness
value. An important difference among the films is that

the complex without copper (HPOM 1) forms a less
smooth film, which can be important if a smooth
texture is required. Finally, the small thickness values
(nanometers) indicate the formation of thin films in all
cases.

4. Conclusions

It was demonstrated by in situ AFM that, after
reduction of HPAs of type [MMo6O18(OH)6]

3) with
M ¼ Rh(III) and Co(III) with Cu(II) as countercation,
the HPA and Cu can be coelectrodeposited on the
HOPG electrode surface using cyclic voltammetry. It is
interesting to note that, although the chemical reduction
and electrodeposition of copper is reversible in the
absence of any HPOM complex, it turns irreversible
when they are combined.
The HPOM 1 species, in the absence of copper,

produced thick films in comparison with the other two
compounds at the HOPG electrode surface with nodules
of high size and high roughness values. In contrast,
when copper is present as countercation, HPOM 2 and
HPOM 3 species, thin films were observed at the HOPG
electrode surface with nodules of small size and low
roughness values. From these results, the modification
of electrode surfaces with these compounds can be
controlled in order to obtain a particular film texture
with specific physical or chemical properties. Finally, by
using this technique some metallic species can be
trapped in inorganic films (previously characterized) in
order to modify the film properties such as conductivity
and porosity, among others. These experiments can be
used in catalytic and electrocatalytic areas where specific
surface properties are required.
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