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Abstract New oxide films have been electrodeposited
from [P,Mo,504,]°” by potential cycling in mildly acidic
aqueous media. To obtain an adherent and persistent
film, it is necessary that more than six electrons/molecule
be fixed on the framework of the heteropolyanion. The
film is then studied in pure supporting electrolyte. In this
medium, a remarkable current increase is observed
during the potential cycling. Whether the film is depos-
ited on a glassy carbon electrode or on the gold electrode
of an electrochemical quartz crystal microbalance
(EQCM), exactly the same steady current increase up to
a maximum is obtained in cyclic voltammetric mea-
surements. The EQCM reveals a steady mass increase
during the continuous cycling of the film in the sup-
porting electrolyte. This behaviour is interpreted as
featuring an irreversible water and electrolyte intake into
the film, up to a maximum, after which the phenomena
observed during reduction and oxidation processes are
taken as featuring intercalation/deintercalation, respec-
tively. This behaviour is much the same as described in
the literature for WO; and MoO; bronzes, except that
the present films seem very stable and have shown no
tendency to dissolve or deactivate.

Key words Heteropolyanion - Metal oxides -
Intercalation/deintercalation - Electrochemical
quartz crystal microbalance - Cyclic voltammetry

B. Keita - E. Abdeljalil - F. Girard - S. Gerschwiler - L. Nadjo (PX)
Laboratoire de Physicochimie des Rayonnements,

Associé au CNRS, Electrochimie et Photoélectrochimie,
Université Paris-Sud, Batiment 420, F-91405 Orsay Cedex, France
e-mail: nadjo@icmo.u-psud.fr

R. Contant

Laboratoire de Chimie des Métaux de Transition,
Associé au CNRS, Université Paris VI, 4 place Jussieu,
F-75252 Paris Cedex 05, France

C. Haut

Laboratoire de Métallurgie Structurale,

Associé au CNRS, Université Paris-Sud, Batiment 415,
F-91405 Orsay Cedex, France

Introduction

Electrochemistry studies, from our group and from
others, have largely demonstrated the existence of cat-
alytic properties for oxometalates toward numerous
chemicals in solution [1-7]. We have performed exten-
sive studies on proton, nitrite and nitric oxide reduction
or NADH oxidation. These studies were based on un-
ambiguous cyclic voltammetry and preparative scale
electrolysis experiments. Problems remaining to be
solved concern nitrite and nitric oxide and include, in
particular, the identification and quantification of the
products obtained by preparative electrolysis at the po-
tentials of the catalytic waves, and the mechanistic
pathways through which the catalysis proceeds. In this
direction, the work by Toth and Anson [4] deserves
emphasis: these authors also demonstrated that Keggin-
type iron-substituted polyoxometalates catalyze the re-
duction of nitrite and nitric oxide; the reduction occurs
primarily through the formation of an iron nitrosyl
complex that is further reduced at more negative po-
tentials by electrons accumulated in the tungsten
framework. The product obtained was ammonia, with a
relatively poor yield [4]. The authors presume that this
result might be due, at the potential necessary to accu-
mulate the right number of electrons, to the electrode
derivatization discovered previously and studied in some
detail by our group [8—14]. Recently, we have shown that
a series of one- and two-electron reduced heteropoly-
anions of the Keggin and Dawson series convert quan-
titatively NO into N,O in acidic aqueous media [15].
Unsubstituted and lacunary heteropolyanions, as well as
the heterometal-substituted heteropolyanions of these
two groups, prove active for this purpose.

One of our aims in the catalytic and electrocatalytic
use of oxometalates is to build stable modified catalytic
electrodes useful for the easy synthesis of measurable
amounts of chemicals. The results obtained, thus far,
first with the oxometalate in solution, and then with the
oxometalate entrapped in polymer matrices [3], are



rather satisfactory. Direct electrodeposition of hetero-
polyanions in mild conditions on electrodes should also
give catalytic surfaces.

With this reasoning and all the preceding results in
mind, our group is developing work on oxometalates in
several complementary directions, two of which are
briefly summarized in the following:

— To catalyse reactions that need several electrons to be
performed, it is interesting to avoid driving the
working electrode potential to too negative values,
while increasing the yield of these favourable reac-
tions; then, we set out to synthesize heteropolyanions
which could accumulate, in suitable media, several
electrons on their first wave or on their first of several
rather positive waves [16]. It is expected that better
selectivity and enhanced synthesis yields will ensue.

— Itis necessary to try and transfer the catalytic activity
observed in solution to electrode surfaces. Use of
polymer matrices or, particularly, direct electrode-
position of oxometalates are not easy tasks. We have
already demonstrated that the catalysts electrode-
posited at —1.2 V vs. SCE in acid medium and active
for the hydrogen evolution reaction do not neces-
sarily keep the Keggin or Dawson structure of the
starting heteropolyanion. Then, our strategy of
stepwise variation of the potential of the working
electrode for the electrodeposition [17] seems appro-
priate, in order to obtain a better insight into the
significance of the observations made at each step.
Very recently, our group has confirmed the interest of
this approach [18]. It has been demonstrated that
composite films of new electroactive metal oxides can
be electrodeposited on electrode surfaces in very mild
pH and potential conditions. The appropriate start-
ing substances were molybdenum-substituted tung-
sten frameworks and fully molybdic compounds. Not
unexpectedly, the results show the existence of dif-
ferent new species depending on the specific starting
oxometalate [18]. Hence, the idea is that we might be
synthesizing new families of substances and opening
up the way to complex, specific (hopefully) catalytic
decomposition and/or polymerization products of the
heteropolyanions. As a matter of fact, we and others
have now established that [W*!, W"] or [Mo"!, Mo"]
mixtures are useful catalysts and electrocatalysts [8, 9
(and references therein), 19-21].

During the study of such films in pure supporting elec-
trolyte, a puzzling observation was made: upon contin-
uous cycling of several such films, a steady current
increase is observed, which is a function of time and also
of the number of cycles. In an attempt to understand this
behaviour, the present paper is mainly devoted to an
electrochemical quartz crystal microbalance (EQCM)
study of the electrodeposition, growth and electro-
chemical behaviour of such films. We focus on
[P,Mo,506,]®", which is one of the representative oxo-
metalates in the catalytic and quantitative reduction of
NO to N,O [15]. The EQCM technique is particularly
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useful in related studies [22 (and references therein)]. For
instance, we and others [23, 24] have demonstrated
previously, with this technique, that the oxidized form of
heteropolyanions adsorbs on electrode surfaces. Owing
to their numerous catalytic properties, the adsorbability
of oxometalates on various materials has been largely
studied by a variety of techniques [17, 25-32, 33 (and
references therein)]. The EQCM, however, has some
specific possibilities: it has permitted us to estimate easily
the deposited amounts of a substance, and to monitor
the influence of several parameters including the sup-
porting electrolyte composition, the polyanion concen-
tration, etc., on the adsorption kinetics. In the following,
the EQCM also proved useful for the study of the charge
transport kinetics within the deposited films. Several
such features are unique to EQCM studies.

Experimental

Apparatus and experimental set-up

The reference electrode was a saturated calomel electrode (SCE),
the counter electrode a platinum gauze of large surface area. These
electrodes were kept in compartments containing the appropriate
supporting electrolyte and separated from the working electrode
compartment by a medium-porosity glass frit for the counter
electrode, and a fine-porosity ceramic frit for the reference elec-
trode. The EQCM set-up used in this work was the system QCA
917 (Seiko/EG&G) using 9-MHz AT-cut crystals with gold elec-
trodes. Prior to each experiment, the gold electrodes were handled
as described previously [23]. Calibration of the QCM had been
performed as described previously [23] using silver electrodeposi-
tion under potentiostatic conditions. The calibration constant was
K = 0.730 Hz ng™! for the Seiko/EG&G system. It was in agree-
ment with the value expected for the 9-MHz AT-cut quartz crys-
tals. The handling of other electrodes not coupled to the EQCM
has been described previously [13].

Preliminary scanning electron microscopy (SEM) experiments
were performed on a LEO 260 microscope equipped with energy-
dispersive spectroscopy comprising a detector with a thin window
(NORAN Instruments) complemented with a ROENTEK system
for quantitative analysis.

The electrochemical set-up was an EG&G 273 A potentiostat
driven by a PC with the 270 software. The data from the Seiko/
EG&G system were recorded in the computer and then printed,
when necessary, on an HP Deskjet 560 C printer.

In the present study, we explore electrodeposition by potential
cyclic voltammetry. We found that potentiostatic conditions can
also be used to obtain film electrodeposition on the electrode sur-
face. The corresponding results will be published elsewhere.

Chemicals

Pure water was used throughout. It was obtained by passing water
through a Milli RO4 unit and subsequently through a Millipore Q
water purification set. All the chemicals were of high purity grade
and were used as received. H,SO, and Na,SO,4 (Prolabo) were
commercial products. The electrolyte was made up of 0.5 M Na,.
SO, + H,SO4 . The pH 3.50 and 4.50 values used in this work were
adjusted to these figures by appropriate addition of H,SO4 or
NaOH, respectively. [P,Mo,30¢,]°~ was prepared and character-
ized by one of the present authors [34]. In the present case of
[P.Mo0,506,]°", the experiment was started, when necessary, with
the two-electron reduced species.
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The solutions were deaerated thoroughly for at least 1 h with
pure argon and kept under a positive pressure of this gas during the
experiments.

For work with gold electrodes, even though a pH 3.50 is suit-
able for the film deposition [18], pH 4.50 was selected to minimize
the interference of proton reduction in the whole process.

The oxidized form of [PzMolgO(,z](” is not stable at pH 4.50,
but its two-electron reduced species is [35, 36]. Starting from this
reduced species for our experiments has no deleterious conse-
quences as the new films are expected to build up beyond the third
wave of [P2M018062]6_. Then, [P2M018062]6_ is thoroughly reduced
with 2F/mol in a pH 3.50 medium, and then the pH was adjusted to
4.50 for the subsequent work.

Results and discussion

From our preceding paper on this subject [18], several
things have been learnt and will be recalled very briefly
here, because they are useful to understand film deposi-
tion procedures. The electrochemistry of [PaMo50¢,]®”
has been described previously [18, 34, 35, 36]. In the pH
domain where the anion is stable (pH < 3.50), the first
three waves feature two-electron reversible systems and
showed no tendency to split into one-electron waves at
high pH. Much the same results were found on a ro-
tating platinum electrode in 1 M H,SO, [36] and in cy-
clic voltammetry on a glassy carbon electrode [18] at pH
3.50. Electrodeposition of the new oxide film on the
glassy carbon electrode surface became effective when
more than six electrons were added to the starting
molecule. From this obervation and others, it was con-
cluded that the electrode derivatization should be faster
if the less negative limit of the potential cycling domain
were selected directly past the third wave of
[P,Mo0;506,]®". The idea was successful. It appeared also
that very low oxometalate concentrations are suitable
for the electrodeposition.

The exact identity of the electrodeposited film is not
known at present. Work is in progress by SEM and X-
ray photoelectron spectroscopy (XPS) to approach the
composition of the new metal oxide or mixture of metal
oxides. Preliminary SEM results indicate that the Mo/P
atomic ratio is much larger than that measured in the
starting [P.Mo0,3504,]®” molecule. Whether the phos-
phate moieties are linked to the deposited substance, or
merely trapped in it, is still under investigation. Fig-
ure 1 shows a representative SEM image. It pertains to
a rather thick film. The deposit is granular in nature.
Similar images, with a far better resolution, have been
obtained by atomic force microscopy (AFM) and
confirm that the same kind of morphology is observed
even at a very small scale. The results will be published
elsewhere. Turning to the SEM images, we found that
the whole surface is also homogeneously covered as the
domain shown in the figure. XPS experiments reveal
the presence of Mo"!' and Mo" species. No particular
care has been exercised, however, to protect the film
from the dioxygen of air during the handling of the
sample.
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Fig. 1 A representative SEM image of a thick film electrodeposited
from a two-electron-reduced solution of 1.6 x 107 M [P,M0;5062]®™ +
0.5 M Na,SO4 (pH 4.50) on a highly oriented pyrolytic graphite
electrode. For further details, see text

EQCM monitoring of film deposition
from [P,Mo0,30¢,]6~ on a gold electrode

As a preliminary step, it was necessary to study the
electrochemical behaviour of [P,Mo;304,]®” on a gold
electrode. The EQCM configuration was chosen for this
experiment. Figure 2A shows a representative cyclic
voltammogram obtained for [P,Mo,504,]®~ at pH 3.50
with the gold electrode of the EQCM. The voltammetric
pattern begins with three two-electron reversible waves
as also observed previously [18, 36]. On the cathodic
trace, a small peak appears after the third voltammetric
wave. Generally, this peak is clearly seen during the
second voltammetric cycle and grows on subsequent
cycles. However, restriction of the negative potential
limit just past the third voltammetric peak, reveals that
the “small fourth peak” growing-up during potential
cycles features a new product which might be one of the
components of the new oxides to be deposited. All these
observations are much the same as obtained previously
on glassy carbon electrodes. Then, the study was begun
with the potential domain restricted strictly to the first
three waves of [P,Mo; 8062]6_.

Figure 2B shows 15 consecutive records of the first
three waves of [P,Mo0;306,]®” in the pH 3.50 medium
used previously with glassy carbon. Here again, three
well-behaved two-electron reversible systems are ob-
served. In Fig. 2B are shown the first cyclic voltammo-
gram and also those resulting from the continuous
cycling of this pattern in the potential domain up to the
third wave. Obviously, the whole cyclic voltammetric
pattern does not change during this cycling. Thus, ex-
actly as observed in the case of glassy carbon surfaces,
no new material appears on the surface of the gold
electrode, in the present experimental conditions.
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Fig. 2 A Representative cyclic voltammogram obtained on the %old
electrode of the EQCM set-up, in a solutionof1.6 x 107 M
[P-M01504]°" + 0.5 M NaySOy4 (pH 3.50). B Cyclic voltammetry
pattern obtained upon continuous cycling of the gold electrode of the
EQCM in a potential domain, restricted to the first three redox
processes  of [P2M018062](”. The solution is 1.6x 107 M
[P,M0,306,]° + 0.5 M Na,SO4 (pH 3.50). C The EQCM frequency
response corresponding to the voltammograms of B. D Selected
representative cyclic voltammograms obtained on the gold electrode
of the EQCM set-up during film electrodeposition from a two-
electron reduced solution of 2x 10 M [P,Mo0;30e]®” + 0.5 M
Na,SO,4 (pH 4.50). E EQCM frequency responses recorded simulta-
neously with the cyclic voltammograms of D. The scan rateis 10 mV/s.
For further details, see text

Figure 2C represents the EQCM frequency responses
recorded simultaneously with the cyclic voltammo-
grams. The frequency variation corresponding to each
cyclic voltammogram is small. Even the whole frequency
shift during the continuous potential cycling is modest
and seems to tend toward a limit, as indicated by the
narrowing and then the superposition of the recorded
traces. However, when the electrode potential is driven
beyond the third voltammetric wave, an irreversible
modification of the cyclic voltammogram is observed
and is amplified on subsequent runs. In the following, we
demonstrate that stable films can be obtained by a few
discontinuous cycles. As a matter of fact, we found that
a very few number of cycles already furnish fairly stable
films.

Figure 2D shows a selected series of representative
cyclic voltammograms run between 0 V and —0.7 V vs.
SCE in a pH 4.50 sulfate medium. The potential starts
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from 0 V towards negative values to avoid oxidation of
the two-electron reduced species of the heteropolyanion,
but mainly because it is not expected to observe the
“positive”” waves of [P,Mo;506,]®” when the appropriate
films build up [18]. For the sake of clarity, only the first,
third, fifth and the eighth voltammograms recorded
discontinuously during an experiment are represented
here. A slight current increase and a remarkable positive
potential shift are observed for every other run. Another
remark concerns the morphology of the waves. Their
cathodic parts are clearly composite; this is less obvious
for anodic traces, but they are large. In the cathodic
pattern, at least two current components, which could
also be composite themselves, are distinguishable. These
voltammograms indicate that the film remains stable
and continues to thicken at each run.

Figure 2E shows the EQCM frequency response re-
corded simultaneously with the voltammograms of
Fig. 2D. The frequency decreases (mass increases) during
the reduction step. This decrease slows down, but con-
tinues during the subsequent positive going scan. As a
whole, the frequency variation observed during each cy-
cle of the potential does not reverse to zero, even on
maintaining the system in open circuit conditions. Be-
cause the EQCM frequency responses were culled from
discontinuous potential cycling recording, these re-
sponses were reset at a common zero line. This observa-
tion indicates that some “irreversible” electrodeposition
phenomenon is observed. Another feature in Fig. 1E
deserves attention. Contrary to the current increase with
time in Fig. 2D, the mass increase associated with each
cyclic voltammogram decreases slightly after each other
run, thus suggesting a slowing down of film thickness
increase with time. Several phenomena could be invoked
to explain the patterns observed on Figs. 2D and E. It is
worth noting that the “first” cyclic voltammogram in
Fig. 2D is rather ‘‘irreversible” and that reversibility
gradually appears and is enhanced in the other runs.
Even though the experimental conditions are clearly
different, it must be pointed out that analogous behav-
iour had been observed during the continuous cycling in
1 M H,S0,4 of WOj; evaporated film electrodes contain-
ing a small amount of water and of WO; anodic film
electrodes [37]. Also, as our electrode is still studied in the
modification medium, electron exchange phenomena
between the electrodeposited material and the molecules
in solution must occur in parallel with the direct reduc-
tion/deposition of these molecules on the electrode sur-
face. These phenomena could explain the current
increase. Furthermore, the steady electrodeposition of
the film and its own redox processes might be accompa-
nied by a change in porosity with various consequences.
Obviously, numerous processes could be operative.
Therefore, further discussion is postponed until the
electrodeposited film is studied in pure supporting elec-
trolyte, which is more relevant to the present work.

This modified electrode is taken out from the modi-
fication medium, rinsed with the supporting electrolyte
and transferred to this pure supporting electrolyte
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(pH 4.50), for characterization. It is remarkable that the
frequency measured with the film remains practically the
same in the electrodeposition medium and after rinsing
and transfer to the pure supporting electrolyte, thus
confirming again the stability of the film. A surface wave
is observed, which is also broad and composite. This
surface wave could be cycled in the supporting electro-
lyte for a long period of time without any decrease.
Figure 3 summarizes the main findings: curves 1 and
1’ of this figure are respectively the last cyclic voltam-
mogram in Fig. 2D and the corresponding EQCM fre-
quency variation in Fig. 2E. Curves 2 and 2’ feature the
surface wave observed in the pure supporting electrolyte
and the associated EQCM frequency response. As ex-
pected, the surface wave is clearly smaller than the wave
obtained in the modification medium. The difference is
still more striking between the EQCM frequency re-
sponses reset at a common zero line. No significant
admittance variation was measured between the experi-
ments in the modification medium and in the pure
supporting electrolyte. If Fig. 3A can be explained
straightforwardly, Fig. 3B deserves more attention.
Curve 2’ of Fig. 3B would indicate a modest but sizeable
irreversible mass increase on the electrode surface.
Assuming that the rigid layer approximation holds
for the the electrodeposited films, the apparent molar
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Fig. 3 Comparison of two cyclic voltammograms (A) and of the
corresponding EQCM frequency responses (B). Scan rate: 10 mV/s.
Curve I cyclic voltammogram corresponding to the eighth cycle of the
electrode potential in a two-electron reduced solution of 2 x 107> M
[P2M0,506,]°” in 0.5 M Na,SO,4 (pH 4.50). Curve 2: the preceding
modified electrode was taken out from the previous medium, and then
cycled in the pure supporting electrolyte (pH 4.50)

mass M of the deposited species can be evaluated. In
these conditions, the frequency variation Af is linearly
related to the charge Q passed during the electrochem-
ical process and the formula reads [22]:

10°M
n

Af = x K xQ

where F is the Faraday constant, K is the calibration
constant given in the Experimental section and # is the
number of electrons transferred to effect the deposition.
For the calculation, we assume two indicative values for
n. With the present experimental conditions, the mini-
mum value for n is n = 6. The second value will be
taken as n = 10, following the remark that a four-
electron wave is observed after the first three two-elec-
tron waves of [P,Mo0,30¢,]°” in 1 M H,SO, [36]. This
value should be considered as a reasonable guess, be-
cause possible disproportionation processes among the
highly reduced species of [P;Mo0;50¢,]°” are not easy to
take into account at present. With Q = 108 pC and
Af =101 Hz, the evaluated values for M are 743 g and
1238 g for n = 6 and n = 10, respectively. The varia-
tion of Af'in the pure supporting electrolyte is only 8 Hz
and has been neglected in the preceding calculation. The
calculated values include the mass of the accompanying
electrolyte and solvent. Even so, they are clearly lower
than the molar mass of P,Mo,g anion, which is 2780 g in
the absence of neutralizing cations and in the absence of
water molecules. The results indicate that some degra-
dation of [P2M018062]6_ occurs. However, MoOs, with a
molar mass of 144 g, cannot be the only species depos-
ited. Thus, it appears likely that a partial decomposi-
tion of [P,Mo;306,]®” will fit both with the evaluated
masses and with the preliminary SEM results.

EQCM characterization of the films
electrodeposited from [P,Mo;506,]®" solutions

In the pure supporting electrolyte, several striking ob-
servations are made. During a continuous potential cy-
cling, the voltammogramm and the corresponding
EQCM frequency response change steadily. Several se-
ries of such cycling experiments have been carried out
successively. It must be pointed out that, at the end of
each series, the modified electrode, left without polar-
ization for several minutes to several hours in the sup-
porting electrolyte, takes what can be termed an
“equilibrium composition” in the medium. Then, the
very first cyclic voltammogram at the beginning of a new
series of potential cycling appears usually as slightly
different from the subsequent ones as concerns its
morphology and its potential location. In particular, its
composite nature, the clear observation of which de-
pends on the scan rate, is less marked than for subse-
quent ones. Figure 4A shows a typical first cyclic
voltammogram at the beginning of a series of cycles. The
corresponding EQCM response shows an “irreversible”
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Fig. 4A-D Cyclic voltammograms obtained in the plain supporting
electrolyte, 0.5 M Na,SO4 (pH 4.50) with an electrode modified as
described in the text. Scan rate: 10 mV/s. A A representative cyclic
voltammogram. B The EQCM frequency response associated with A.
C Example of continuous cycling of a modified electrode. D The
EQCM frequency response associated with C

mass increase. This observation could appear surprising,
as no heteropolyanion is available in the solution to
induce eventually a film thickness increase. It is worth
noting from Figs. 4A and B that this mass increase is
correlated with the more cathodic of the two ‘“waves”
distinguishable in the composite trace in Fig. 4A. Fig-
ure 4C shows the cyclic voltammograms obtained dur-
ing the continuous potential cycling initiated with
Fig. 4A. Here again, a small but steady increase of the
current is observed during the cycling. This increase
concerns essentially the less cathodic part of the com-
posite wave. The corresponding EQCM frequency re-
sponse appears in Fig. 4D. It is worth pointing out that
the irreversible mass increase is always larger at the end
of the first scan than for subsequent ones. From the
second scan onwards, the frequency decrease is much the
same for each scan. This phenomenon has been observed
for several tens of cycles and experiments. This indicates,
at least, the long term permeability of the film.

In an attempt to elucidate the significance of the
above observations, the cycling process was continued
for several days, including rest periods. Figures 5 and 6
summarize the main information. The current function
increases slowly but steadily for several days. One
striking phenomenon is that the morphology of the cy-
clic voltammograms, in their cathodic traces, passes
roughly from a one shoulder and one peak system to a
single plateau-shaped wave and then again to a peak
system. The particular case of the plateau current is
shown in Fig. 5A, along with the corresponding EQCM
frequency response. This simultaneous record of cyclic
voltammetry and EQCM results confirms that the mass
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Fig. 5A, B Characteristic evolution of cyclic voltammograms with
time. Scan rate: 10 mV/s. For other details, see text. A Example of
cyclic voltammogram showing a polarogram-like plateau and
the EQCM frequency response associated with it. Inser: evolution of
the morphology of polarogram-like curves with scan rate. From the
smallest to the highest currents, the scan rates are respectively: 10, 20,
30, 40, 50 and 60 mV/s. B A representative selection of cyclic
voltammograms corresponding to increasing numbers of discontinu-
ous cyclings of the same electrode

increase recorded by the EQCM actually begins at or
just after the completion of the now “unique wave” of
the composite system. In the inset of Fig. 5A, the in-
fluence of the scan rate has been studied on the evolution
of the morphology of the cyclic voltammogram. In the
inset, we start again from the plateau situation shown in
Fig. 5A, at a scan rate of 10 mV/s (dotted line curve). It
is observed that this situation persists at higher scan
rates; however, the peak shape is gradually restored. The
frequency responses show the following trend: the higher
the scan rate, the smaller the “irreversible” part of mass
increase. This behaviour remains whatever the wave
shape. Figure 5B illustrates more generally the evolution
of wave shapes as a function of time. It shows a repre-
sentative selection of the last cyclic voltammograms
obtained at the end of several series of continuous po-
tential cycling programmes. The current increased with
time during the cycling and also increased from one
cycling session to the other. It is clear that the “‘two-
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Fig. 6 A Evolution of cyclic voltammograms after several hours of
rest of the modified electrode, without polarization in the pure
supporting electrolyte of 0.5 M Na,SO, (pH 4.50). The very first
cyclic scan does not show any clear composite pattern (dotted curve).
B The EQCM frequency responses corresponding to the above cyclic
voltammograms. Scan rate: 10 mV/s

component” composite wave gradually becomes a “one-
component” plateau-shaped wave and then a ‘“‘one
component” peak-shaped wave.

Figure 6 illustrates also another influence of time.
This influence is particularly striking with modified
electrodes which have been cycled for a long period of
time in the supporting electrolyte and that still show a
cathodic composite wave ; however, the phenomenon
remains true whatever the wave shape. The influence is
described as follows: such an electrode is left without
polarization, for at least several hours, and usually
overnight, in the supporting electrolyte with a positive
pressure of argon; then, the very first cyclic voltammo-
gram recorded with this electrode shows a single “nor-
mal-shaped” pattern, with no apparent distorsion, as
appears in Fig. 6A (dotted line). From the second po-
tential scan onwards, the composite shape is restored
with a continuous move in the positive potential direc-
tion. Concomitantly, the current ratio of the ‘“two
components” of the composite wave varies with time,
the more positive one growing at the expense of the
other. This evolution eventually ends in the observation
of a single roughly plateau-shaped wave, at more posi-
tive potential than that observed in Fig. 6A (dotted
line). The EQCM frequency responses in Fig. 6B indi-

cate an important difference between the first scan and
the others. However, from the second scan onwards, the
observed frequency variations are comparable.

Some of the observed phenomena are not without
analogous precedent in the pertinent literature [37-49].
For instance, during the continuous cycling in 1 M
H,SO,4 of a WO; evaporated film electrode [37], a steady
current increase and an improvement in reversibility
were observed and attributed to a continuous irrevers-
ible hydration of the film and a change in its porosity.
Exactly as also observed in our experiments, the current
increase is fast at the beginning and then slows down
and reaches a maximum. However, after reaching this
maximum, the current starts decreasing upon continu-
ous cycling of the film of WO;5 [37]. Much the same
indications appear in more recent papers [38—41], which
emphasize also the influence of pH [39] or the role of
irreversible trap sites in the films [40, 41]. By contrast, no
such decrease was observed in the present work. It
cannot be excluded that, despite a long but discontinu-
ous cycling during several days, a situation likely to in-
duce some degradation was still not reached. Also, an
analogous irreversible cation and/or solvent uptake had
been observed during the cycling of electrodeposited
MoOs; films [42, 43] and MoOs; films prepared by ther-
mal oxidation of electrodeposited MoS; [44]. As a
whole, completely analogous explanations hold roughly
for our observations. However, we note that the current
intensity enhancement, the preservation of reversibility
and the stability are much more remarkable in our sys-
tem than in related ones [37-49]. We keep in mind that
the method used to prepare the oxide films in the WO;3
as well as the MoOj series might lead to materials with
different behaviour. However, the main electrochemical
behaviour of our films and preliminary SEM and XPS
results induce us to compare them more thoroughly with
molybdenum oxide based films [42-49], including the
existence of different trap sites in the films. It emerges
out that the redox pattern of the films should feature
intercalation/deintercalation processes, with irreversible
water and/or electrolyte uptake up to maximum hydra-
tion. Before this maximum, the increase of the current
between two successive series of potential cycling ex-
periments indicates that part of the hydration, accom-
panied by a change in porosity, occurs during rest
periods of the film. In this context, more or less complex
molybdenum oxide bronzes are expected. The problem
arises concerning the competition of hydrated proton
and sodium cations for anionic sites in the film. As a
matter of fact, pure sodium bronzes, pure hydrogen
bronzes and mixed sodium and hydrogen bronzes are
known in aqueous media [45].

In a different experiment, it has also been shown that
the extent of lithium incorporation is negligible in MoOj3
films prepared by thermal oxidation of electrodeposited
MoS; films and then cycled in 0.1 M LiClO4, 14 mM
HCIO, and 2% H,O/propylene carbonate [44]. This
result indicates that the protons are the ionic species
involved in the intercalation process, in this case [44].



Results culled from the literature [44, 45] indicate that
the competition between hydrated protons and sodium
ions should be actually active in the pH 4.50 solution
used in our experiments. Our results might support these
views. The observed composite reduction waves, for
instance in Figs. 4-6 and the associated EQCM fre-
quency responses, can be explained tentatively along
these lines. In fact, much work, in several complemen-
tary directions, is still necessary before completely reli-
able interpretations of the observed phenomena could be
given. Analysis of the films, at various stages of their
synthesis or cycling, will be carried out. Also, the nu-
merous possibilities of reduction of Mo(VI) species with
associated chemical reactions should be considered [48].
One other very likely possibility is the existence of dif-
ferent insertion sites within the films [44, 49], which,
associated with morphology changes, could explain the
observed composite reduction waves. During several
hours of rest periods, partial oxidation of the films by
trace amounts of dioxygen might also intervene.

Finally, another fact should also be taken into ac-
count: it is indicated in the recent literature [S0] that
ammonium molybdophosphate irradiated with a large
dose of electrons is partly converted to MoO3; and am-
monium molybdate. Here, it is worth reminding that we
fix a large number of electrons on the skeleton of the
heteropolyanion; furthermore, a pH 4.50 medium is
used, and it is known that highly reduced species of
[P,Mo,506,]®” are not stable in acid media. Owing to
these electrodeposition conditions used in our experi-
ments, it is likely that a partial decomposition analo-
gous to that described recently [50] is obtained. As a
consequence, several “mixed”” behaviours might be en-
countered. Then, the composite reduction might feature
an association of the oxido-reduction of MoO; with
waves of the starting or, presumably, a new hetero-
polyanion. The oxide, which can remain coated on the
original salt [50], might bring about the properties of
layered structures, useful for intercalation phenomena.
Such a composition of the film might also explain sev-
eral observed differences with other oxides described in
the literature.

We found that the continuous cycling of the modified
electrode in the potential domain from 0 V to —0.88 V
(““cathodic pattern”) favours the build-up of at least one
species which could be oxidized at positive potential. In
the following, this wave will be termed the ‘“oxidation
wave”’. Provisionally, it has been checked that the same
behaviour is observed on glassy carbon electrodes and,
therefore, cannot be ascribed to the use of Au film
electrodes in the present experiments. Figure 7 illustrates
this finding. The potential scanning program starts from
zero to negative values, then goes to positive values
before stopping at zero. As shown in Fig. 7A, the new
main anodic wave in the positive potential domain is
rather irreversible. After several strictly cathodic
(0V — —0.88V — 0V) cycles, the oxidizable species is
found to be stable, as suggested by the inset in Fig. 7A
in which only the ‘“oxidation wave” 1is scanned
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Fig. 7 A Complete cyclic voltammogram obtained in the pure
supporting electrolyte of 0.5 M Na,SO, (pH 4.50), with an electrode
modified as described in the text and stabilized by a long cycling in the
“cathodic domain”; the anodic domain is then explored and shows an
irreversible oxidation pattern. Scan rate: 10 mV/s. For other details,
see text. Imset: only the anodic wave is scanned. B The EQCM
frequency responses corresponding to the complete cyclic voltammo-
gram in A

(0V — +0.6V — 0V). However, it must be pointed out
that the current intensity of this wave decreases at every
other scan, until it vanishes completely. Figure 7B shows
the EQCM frequency response associated with the first
whole potential scanning programme in Fig. 7A.

Other consequences of the scanning up to the “oxi-
dation wave” appear on Fig. §, showing a connection
between this anodic wave and the ‘“‘negative pattern”.
Only the negative potential domain is scanned. Curve 1
of Fig. 8A is merely the “negative pattern” of Fig. 7A.
Curve 2 is the first cyclic voltrammogram (‘‘negative
pattern”) obtained just after the whole potential scan-
ning program (0V — —0.88V — 4+0.6V — 0V) has
been performed. The rather plateau-shaped cathodic
wave now becomes peak-shaped with an overall negative
shift in potential. A slight loss of reversibility is ob-
served. From the second cyclic voltammetry run on-
wards (wave 3 of Fig. 8A), the plateau form is already
visible and the initial pattern is completely restored upon
the subsequent run. Incidentally, it must be noted that
the “oxidation wave’ (not shown) is fully restored after
a larger number of cathodic scans. The EQCM fre-
quency responses are interesting. Figure 8B, curve 27,
shows clearly that the film looses some species during the
recording of curve 2 and that no irreversible intercala-
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Fig. 8 A Cyclic voltammogram obtained in the pure supporting
electrolyte of 0.5 M Na,SO,4 (pH 4.50), with an electrode modified as
described in the text and stabilized by a long cycling in the “cathodic
domain”. Scan rate: 10 mV/s. For other details, see text. / Cyclic
voltammogram of the stabilized electrode, restricted to the cathodic
domain, 2 First cyclic voltammogram restricted to the cathodic
domain, obtained after the recording the oxidation pattern of Fig. 7A.
3 Second cyclic voltammogram restricted to the cathodic domain,
obtained after the recording of the oxidation pattern. B The EQCM
frequency responses corresponding to the above cyclic voltammo-
grams

tion phenomenon is obtained, as no overall frequency
variation could be observed at the end of the cycle. By
contrast, the intercalation process is almost fully re-
stored during the following scan (curve 3’, Fig. 8B). We
propose the following rationale for these observations.
Curves 2 and 2’ of Fig. 8 might be associated with a
change in morphology or porosity of the film. As a
matter of fact, we found that, when the film is oxidized
and the potential returned to zero, the final mass is
smaller than that obtained at the end of the cathodic
scan, even though part of the irreversible insertion per-
sists. This mass loss is believed to feature mainly a sol-
vent and/or electrolyte egress. A shrinkage of the film
should ensue. The phenomenon could explain the be-
haviour observed on curve 2 of Fig. 8B, with no irre-
versible intercalation obtained during the first run
following an oxidation process. An analogous change
from intercalation to deintercalation during cyclic vol-
tammetry has been observed recently [51] and attributed
to the phase transformation of electrochemically pre-
cipitated nickel hydroxides.

All the preceding results make us assume that the
present oxide film behaves much like layered materials
of the MoO; and WO; series [37-49] Then, oxido-re-
duction phenomena observed in the “negative pattern”
might feature also the dynamic intercalation/deinterca-
lation processes of our new material. With such an hy-
pothesis, previous work on MoOj [45] would suggest
that a large ion like Cs™ will not easily enter our new
oxide material lattice, during potential cycling. Figure 9
illustrates the results of such an experiment. A film is
first prepared in 0.5 M Na,SO, (pH 4.50) and cycled in
this medium up to “stabilization”. The electrode is then
taken out, rinsed with a Cs,SO, solution adjusted to pH
4.50 with H,SO,, and then studied in this supporting
electrolyte. The solid line curve of Fig. 9A is obtained.
The new voltammetric pattern, which is the very first run
in the presence of Cs™, is clearly different from that
observed in Na,SO4 medium (see, for instance, curve 1
of Fig. 8A). It is constituted by two well-separated ca-
thodic waves. The less cathodic of them is small and

LA ]
+8f +32
I ] 5
s oo =
=~ o.of n 22
= : j0.0 =
- 8F 4-32
L ) 1 !
I B 1
+8[ J+20
[ ] N
<« =
3. ~

E/ V vs. SCE

Fig. 9A, B Influence of Cs™ cation on cyclic voltammograms and on
the corresponding EQCM frequency responses. The modified
electrode is prepared as previously and stabilized in the pure
supporting electrolyte, 0.5 M Na,SO, (pH 4.50). A The preceding
electrode is taken out of the electrolyte, rinsed with the pure Cs,SOy4
electrolyte and studied in Cs,SO4 solution (pH 4.50) with the same
ionic strength as previous sodium solutions. The EQCM frequency
response recorded simultaneously is superimposed on the cyclic
voltammogram. B Evolution of the cyclic voltammogram and the
corresponding EQCM frequency response during the cycling of the
film in the Cs* supporting electrolyte. In A and B, attention is drawn
to the directions of the frequency variations



apparently irreversible; the second one is the same as
observed previously in the sodium medium, with a
negative shift in potential. The EQCM frequency re-
sponse (dotted line) is superimposed on the cyclic vol-
tammogram. During all the negative going scan, an
important loss of mass is observed, clearly at variance
with the observation made in the presence of sodium. It
must be noted that the mass loss continues partially
during the subsequent positive going scan and that the
frequency response does not reverse to its initial value at
the end of this scan. Figure 9B shows the third volta-
mmetric run and illustrates the evolution that takes
place. The less cathodic of the voltammetric waves of
Fig. 9A has disappeared and the second one has di-
minished slightly. The EQCM frequency response still
features a steady mass loss during the negative going
scan and part of the positive going one, but now the
frequency reverses to its initial value at the end of the
potential scan. On subsequent runs, the same pattern is
repeated, with a continuous decrease of current as well
as frequency amplitudes. All these observations would
indicate that Cs™ does not enter easily the new oxide
lattice and is confined first in the very surface layer of the
film. The less cathodic of the voltammetric waves in
Fig. 9A should be associated with the presence of Cs ™.
The difficulty of insertion of the cesium cation in the film
during the time scale of our cyclic voltammetric runs
would then explain the disappearance of the first ca-
thodic wave and also the steady decrease of the second
one during subsequent scans, leading gradually to a loss
of electroactivity of the film. The current and frequency
responses should also be associated with a change in
morphology or porosity of the film. It must also be kept
in mind that cesium salts of heteropolyanions are gen-
erally insoluble.

Conclusion

The reduction of [P,Mo0,504,]°” in mildly acidic aqueous
media in the potential domain in which more than six
electrons/molecule can be delivered to the heteropoly-
anion results in an electrodeposit which is then studied
in pure supporting electrolyte. This film is adherent,
persistent and electrochemically active. It has been
possible to cycle the same sample several hundred times
in the supporting electrolyte. An EQCM study of this
system, in parallel with a more classical electrochemical
study, when necessary, reveals several interesting be-
haviours of this film. A freshly deposited film shows a
cyclic voltammetric pattern with two very closely spaced
waves. The striking observation is a steady current in-
crease and mass increase of this film during its contin-
uous cycling in the pure supporting electrolyte. This
behaviour was rationalized by considering the swelling
of the film by continuous water and electrolyte uptake
during redox processes of the film, up to a maximum,
after which only intercalation/deintercalation processes
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are observed. It is worth mentioning that no tendency to
dissolution has been observed for this film after several
hundred cycles. We also emphasize the close analogy
with WO3 and MoOj; bronzes, which suggests interpr-
etations of the voltammetric and EQCM behaviours of
the new metal oxides.

However, the wealth and variety of the observed
behaviours demand that complementary work, in sev-
eral directions, be carried out before a complete ratio-
nalization could be expected. For instance, study in
progress might reveal remarkable electrochromic prop-
erties for the new materials. Also, from the study of Cs™
cation, it is strongly suggested that ion effects should
bring about several enlightening behaviours. Such
studies are under way, along with the study of pH effects
and solvent effects. In this context, intercalation/dein-
tercalation of selected electroactive cations is envisioned.
Also, work in progress by surface analysis and imaging
techniques will help in determining the composition, the
morphology of the film and related parameters.
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