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Abstract The comparative study of isopolytungstates
immobilized on smooth Pt and platinized Pt (Pt/Pt)
provides a possibility to separate several specific effects
on H- and O-upd at an external platinum surface and
inside the pores of Pt/Pt. In the former case, a solid
rechargeable product is formed (nonstoichiometric
tungsten bronze), which an inherent porous structure
allows solution penetration and does not prevent
charging of the Pt/solution interface. Electrochemical
responses of smooth Pt give more precise information on
the film behaviour, when adsorption phenomena are
clarified on the basis of data for Pt/Pt. Electrocatalytic
tests (nitrate reduction) confirm unambiguously that the
major part of the internal Pt/Pt surface area is modified
by adsorbed polytungstate. This result gives, in its turn,
new understanding of the size of Pt/Pt pores on the
nanometre scale.

Keywords Isopolytungstates - Tungsten bronze -
Rechargeable films - Cyclic Voltammetry - Scanning
tunneling microscopy

Introduction

Electrochemistry of conductive inorganic solids is an
attractive and thriving research area at the border of
material science and electrochemistry. The style of
Galus’s scientific school as applied to this area [1, 2, 3]
demonstrates high-level examples of combining various
electrochemical techniques for self-consistent studies of
electrodeposition and characterization of solids. An
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attempt to apply a similar combination to the study of
an oxometalate-based system is presented here.

Catalysis by oxometalates (in particular, oxotung-
states) immobilized at the interfaces (both 2D and 3D
layers) form several fields [4, 5, 6, 7, 8, 9, 10, 11, 12, 13]
in which the number of promising findings is as much as
the number of still unclear mechanisms. One of these
fields is electrocatalysis by oxometalates, and the
majority of electrocatalytic data correspond to oxo-
metalates immobilized on carbon supports.

The broadly understood concept of mediator mech-
anisms (electron-transfer mediation or complex forma-
tion) basically looks realistic for many systems.
However, there are also some examples of catalytic
effects [14, 15, 16], which can be hardly explained un-
iquely by this type of mechanism and which are more
consistent with bifunctional mechanisms or third-body
effect. Usually these intriguing effects are observed when
metallic platinum and oxometalates coexist at the
surface.

The specific feature of polyoxometalates is their large
molecular size (usually exceeding 1 nm) comparable
with typical nanostructural sizes of catalysts of high
surface area. As highly dispersed materials are uniquely
of interest for electrocatalytic applications, we are sure
that one should combine the mechanistic electrocatalytic
studies of smooth modified electrodes with special test-
ing of dispersed materials.

We consider a platinum support as not only being of
interest for any type of model bifunctional catalysis, but
also as a very useful system for understanding the sur-
face location/properties of isopolytungstate species. In
this study we succeeded in exploiting the effects of iso-
polytungstate surface modification on H-and O-upd on
smooth polycrystalline and platinized platinum for
extracting information about the surface distribution of
the resulting oxotungstate species along the surface of
porous platinum. Simultaneously we were able to rec-
ognize some important structural features of platinized
platinum (Pt/Pt) which are of general interest for elect-
rocatalysis on modified surfaces and contribute to



further progress in electrochemistry of nanoporous
materials.

Recent experiments [17] demonstrated the specific
features of Pt/Pt fabricated in polytungstate-containing
solutions. Here we consider an alternative two-step
modification, namely deposition of isopolytungstates on
already prepared Pt/Pt. We use the original deposition
procedure [18] consisting in cathodic electrocrystalliza-
tion of H,WO3-nH,O bronze from metastable long-lived
acid solutions of isopolytungstates. A 3D film of this
material on smooth platinum undergoes quasiequilibri-
um recharging at the potentials of the H-upd region,
consisting in partial W(VI/V) reduction [19]. This
material is believed to be similar to well-known cata-
lytically active films formed on non-noble surfaces at
high negative potentials [21], but with a much lower
number of reduced tungsten atoms.

Materials and methods

The reagents Na,WO42H,0 and 18 M H,SO4 were of
analytical grade quality (Merck). Twice-distilled water
was additionally purified using a Milli-Q setup. High-
purity-grade H,PtClgH,O (Reakhim, Russia) was used
for platinization. All data were obtained for 0.5 M
H,SO,4 supporting solution. The model reactants for
electrocatalytic tests were potassium nitrate and sodium
nitrite (Reakhim, Russia) twice recrystallized from
bidistilled water.

To prepare long-lived sulfuric acid solutions of iso-
polytungstate we used Na,WO,42H,O. According to
UV-vis spectral data [18], two isopolyanions ([W704]®"
and [W,40+,]*") predominate in this deposition solu-
tion.” The necessary sodium tungstate portion was
placed into a flask, water was added (about 80% of the
final solution volume), and the flask was heated. When
boiling started, and the substance had completely dis-
solved, then the required amount of 18 M H,SO4 was
rapidly added into the hot tungstate solution (protective
measures were necessary to avoid the flask cracking),
and finally the solution level was adjusted to the mark
with water.. Details of the film preparation are presented
in Ref. [19]. In the course of preparation, the equilib-
rium in the deposition solution bulk shifts little by little
towards the formation of an insoluble product (tungstic
oxide). The possibility to stabilize W(VI) in acid by using
similar procedure was reported earlier [22], but any
solutions used by other authors to deposit solid WO,
were always prepared by other techniques, namely
metallic tungsten dissolution in H,O,-containing acid
[12].

A 0.2-mm-thick platinum foil was used directly
or after platinization. Platinum was deposited

'The latter anion is reduced at positive potentials (reference
hydrogen electrode, RHE, scale) [19], in contrast to other iso-
polytungstates [20], where reduction is accompanied by hydrogen
evolution
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potentiostatically from 10 mM H,PtClg and 0.5 M
H,SO,4 solution as described in Ref. [9]. Roughness
factors (Ry) were determined experimentally from H-upd
according to the conventional technique [23]. The weight
of the deposits was calculated from the deposition
charge and corrected for 90% current efficiency [23]. The
specific surface area after potentiodynamic ageing [23]
amounted to 10-16 m? g~', which is a typical value for
the deposition mode applied [24]. All charge and current
densities are reported here for the real surface area, if
there is no special indication.

Cyclic voltammograms (CVs) were measured with
scan rates of 5-100 mV s~' using an EG&G PAR
model 173 potentiostat/galvanostat equipped with a
model 175 universal programmer and a model 179 dig-
ital coulometer or an EG&G PAR model 273 device.
Stationary polarization curves of nitrate electroreduc-
tion were measured potentiostatically like in Refs. [25,
26, 27, 28]: any time after the application of a potential
step the current transient was recorded, and the sta-
tionary current value was determined; this differed from
the previous value by less than 1% per minute. Usually
it took about 15 min to attain the stationary value using
this criterion. The current values reported in Refs. [25,
26, 27, 28] are slightly less stationary, but the estimated
difference does not exceed 10%.

Three-electrode cells with separated compartments
and RHEs in the same solution were used in all experi-
ments. Before the experiment, the solutions were bub-
bled with argon for 30-60 min. All potentials are
reported using the RHE scale.

Scanning tunnelling microscopy (STM) images of
modified electrodes were obtained by using a LitScan-2
homemade device, typically under constant current
mode (about 200 pA), with a tunnelling voltage of about
300 mV. The specific features of Pt/Pt imaging are dis-
cussed in Refs. [23, 29].

Results and discussion

The modification procedure described in Ref. [18] for
smooth platinum foil was extended to Pt/Pt electrodes
with relatively low roughness (R; of about 100). We
avoided higher roughness at this stage because only for
the deposits of submicron thickness has the detailed
structure been characterized [24].

For both smooth platinum and Pt/Pt, cyclic treat-
ment in isopolytungstate solution (Fig. 1) results in an
increase of charge in the H-upd region (Qy).> For any
certain cycle number, the former effect is more pro-
nounced for smooth platinum (Fig. 1b). A simultaneous
decrease of charge in the O-upd region (Qo) takes place,
and looks similar for both materials. An additional

2We use “H-upd” here simply to indicate the potential region. H
subscript has the same meaning, i.e. Qy should be understood as
the total charge in the H-upd region, not as the charge spent for
hydrogen desorption
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Fig. 1 Cyclic voltammograms of a platinized Pt (Pt/Pt) (Ry=56)
and b Pt foil (R;=2.8)in 0.5 M H,SOy, solution (curves 1, a curve 6,
b curve 4) and in 0.5 M H,SO4 plus 1 mM Na,WO, modification
solution (a curves 2-5, b curves 2, 3). Curves 1 before modification;
a curve 6 and b curve 4 after modification. Cycle numbers in the
course of modification: curves 2 1; a curve 3 3, curve 4 40, curve 5
100; b curve 3 100. Scan rate 100 mV s

specific feature of smooth platinum behaviour in the
solution under study is the increase of current in the
overall double-layer region (for Pt/Pt it was observed
only at £<0.6 V).

We have already demonstrated [18] that there are two
redox-processes taking place simultaneously in isopoly-
tungstate solution: reversible redox W(VI/V) reaction
with participation of soluble species and W(VI) reduc-
tion with formation of a rechargeable solid product
which remains at the surface after washing. As the for-
mer process, the formal potential of which was estimated
as E(RHE)=0.14+0.05 V [18], is diffusion-controlled,
its rate is proportional to the geometrical surface area.
Correspondingly, its contribution to the CV of Pt/Pt is
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Fig. 2 Comparative representation of Qy (dashed areas) and Qo
(empty areas) changes at various deposition stages for a, b smooth
Pt and ¢ Pt/Pt. The difference between a and b consists in the
deposition mode (with or without delay at 0.05 V for 35 s)

negligible. This circumstance makes it easier to monitor
other phenomena taking place in the course of cycling.

The changes of Qi and Qg at various deposition
stages and the resulting changes after deposition (data
for freshly deposited films; for Pt/Pt data for aged films
are also included) are compared in Fig. 2. The latter are
always lower, at least for Qy, because the essential in-
crease of Qy in the deposition solution results from the



contribution of the redox process with participation of
soluble isopolytungstate species. Figure. 2a and b illus-
trates the role of delay at the cathodic potential limit,
which favours the accumulation of rechargeable solid
product.

For smooth platinum, both the increase in Qy and
the decrease in Qg with cycle number are monotonic.
For Pt/Pt more complex correlation of Qy and Qo
(Fig. 3a) was observed, which points out the interplay of
several phenomena. Three regions can be marked out:

1. Very few initial cycles, with a sharp decrease of
charge for O-upd and a fast increase of charge in the
hydrogen region.

2. Two dozen intermediate cycles, in which the charge
for O-upd continues to decrease, while the charge in
the hydrogen region demonstrates minor changes.

3. All subsequent cycles, in which there are practically
no changes of O-upd with simultaneous continued
growth of charge in the H-upd region.

For Qg there are no specific features compared with
smooth platinum (Fig. 3b). Nonmonotony in a few ini-
tial cycles comes from Qy behaviour (Fig. 3c). The
behaviour of the current maxima at potentials of weakly
and strongly bonded hydrogen differs strongly. For the
former, an initial decrease with cycle number is ob-
served, while for the latter, the growth of charge is
monotonic. We explain these data as the interplay of
polytungstate-induced inhibition of hydrogen adsorp-
tion and accumulation of a new rechargeable phase. It
was impossible to observe the first phenomenon for
smooth platinum because of the much higher redox
contribution.

The number of deposition cycles is limited by the
stability of the acidic isopolytungstate solution. When
the formation of insoluble tungstic acid starts, parallel
electrophoretic deposition contributes to solid oxo-
tungstate accumulation. We avoided such situations;
and to deposit thicker films we always changed the
solution for a fresh one every 1.5-2 h.

The most pronounced difference of smooth platinum
and Pt/Pt is observed after washing the electrode and
measuring the CV in supporting electrolyte solution
(Fig. la curve 6, Fig. 1b curve 4). For Pt/Pt, the chan-
ges after washing are less pronounced. As one can
conclude from Figs. 2 and 3, the stationary degree of
O-upd suppression never exceeds 20—40% for both
smooth platinum and Pt/Pt, even when the excess charge
in the hydrogen region differs up to one order. This
means that the film does not prevent completely solution
penetration inside porous Pt/Pt. At the same time, a
solid film cannot be formed inside the pores because
their size is comparable with the lattice parameter of
tungsten bronze [30, 31]. So the modification of the
internal surface (if any) is possible only with
(poly)tungstate (sub)monolayers.

STM evidence of film formation at an external Pt/Pt
surface is presented in Fig. 4. The surface morphology
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Fig. 3 The coulometric analysis of data for deposition on Pt/Pt:
a Qy versus Qg correlation, and the dependencies of b Qg and ¢ Qy
on the cycle number. Data for two electrodes with Ry=156 (solid
symbols) and 82 (open symbols) are presented. All charge values are
normalized for the corresponding charges for the bare support
(marked with superscript 0). Capital letters mark the deposition
periods for the samples imaged in Fig. 4
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Fig. 4 Scanning tunnelling
microscopy (STM) images of
the surface of Pt/Pt after
various numbers of deposition
cycles: a 0; b 4; ¢ 25; d 100

gt

was imaged by ex situ STM after various periods of
electrode modification (corresponding cycle numbers are
marked in Fig. 3). As soon as this process took some
time, the modification solution was changed after each
STM measurement. The typical globular nanostructure
of Pt/Pt is given in Fig. 4a; it agrees with previous data
[23]. It is demonstrated in Fig. 4b that after four initial
cycles there are already two types of surface morphol-
ogy. The first one is still identical to Pt/Pt [23], but
contains fragments of a more-ordered structure. The
ordered rows of new solid start to cover all surfaces at
higher deposition time (Fig. 4c, d). At this stage there is
already a further decrease of oxygen adsorption
(Fig. 3b).

The 3D deposit in Fig. 4a and b looks like the film on
smooth platinum (images presented in Ref. [18]). It can
be concluded unambiguously that the film is easily per-
meable for solution, because the voltammetric responses
confirm oxygen adsorption on a large portion of the real
surface of Pt/Pt (including the internal surface). Two
explanations can be proposed:

1. Some narrow pores of Pt/Pt are blocked with newly
formed solid, and only a portion of the initial true

surface area (60-80%) takes part in the O-upd pro-
cess at the unmodified internal surface.

2. The major part of the internal surface is still available
for O-upd, but the properties of this surface are
modified by adsorbed (poly)tungstate, and the sur-
face coverage with oxygen at a given potential is
lower than on bare Pt/Pt.

Explanation 2 looks more probable because of the
similar degrees of O-upd suppression for smooth plati-
num and Pt/Pt; however, more stronger confirmation
comes from the electrocatalytic test.

The ability of adsorbed heteropolycompounds to
enhance the reduction of nitrite is widely known, while
for nitrate there are no reliable catalytic effects [8].
Nitrate reduction on platinum is a slow process (purely
kinetic control) with a region of self-inhibition by
hydrogen adatoms [25, 26, 27, 28]. For platinum modi-
fied by tungstates two types of catalytic effects can be
expected for nitrate reaction. First, the appearance of a
parallel mediator pathway is possible. Second, the sup-
pression of H-upd by adsorbed tungstate species, if any,
takes place selectively in the region of self-inhibition,
and it is possible to prevent this passivation. An example



of the second mechanism is the acceleration of nitrate
reduction by foreign adatoms at a certain low coverage
of the latter [26]. At higher coverage adatoms suppress
not only H-upd, but also the adsorption of nitrogen-
containing reactant, and induce inhibition. The perme-
ability of the solid film (tungsten bronze) gives a chance
to overcome the latter disadvantage. Electrodes modi-
fied with isopolytungstates also look to be possibilities
because of the possibility to withdraw them without the
loss of the modified layer.

For freshly modified electrodes, a pronounced in-
crease of current in the self-inhibition region was ob-
served, while complete inhibition took place at E>0.3 V
(compare curves 1 and 2 in Fig. 5). The same is observed
for smooth platinum. This complex catalytic behaviour
cannot be related either to blocking effect, or to the
presence of a solid film on internal surface, because
the activity is proportional to the true surface area. As
the current on unmodified platinum is zero in the
vicinity of zero RHE potential, so the high activity per
true surface area confirms that the internal surface is
also modified. This means that isopolytungstate species
(or monotungstate species, the concentration in the
deposition solution of which is, however, negligible)
penetrate into the pores of Pt/Pt. No effect of tungstates
on nitrite electroreduction rate was found. This means
that we can refer the observed effect (Fig. 5) directly to
the initial steps of nitrate reduction.

Ageing of the film results in a decrease of the elect-
rocatalytic effect (Fig. 5, curve 3), but never to its dis-
appearance. The stability of the film in the course of
prolonged exposure to working solutions was checked
with STM (Fig. 6). Despite some morphological differ-
ences there is no doubt that the solid film still exists and
does not disappear in the course of the measurements.
The film thickness is at least 200 nm (about 250 mono-
layers of tungsten bronze), as can be estimated using the

I/mA.cm”
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Fig. 5 Stationary polarization curves of nitrate electroreduction
measured in 0.5 M H,SO4 plus 25 mM KNOj; solution on Pt/Pt:
bare (/), freshly modified (2), modified and aged (3). Curve 4
corresponds to a blank experiment with isopolytungstate in
supporting electrolyte solution
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difference of heights in these images. Degradation results
preferentially in reorganization of the globular structure.
Simultaneous changes of film rechargeability are dis-
cussed in Ref. [19].

The extremely complex structure of Pt/Pt and its
dependence on the deposition potential are beyond
question. Although the attempts to present some Pt/Pt
materials as “well characterized” look slightly naive, a
number of important structural features were deter-
mined unambiguously. Namely, the relatively wide size
distribution of platinum crystals in the range 2-20 nm
was confirmed by both STM imaging [23] and harmonic
analysis of precise X-ray diffraction data [24]. Pore size
distributions in Pt/Pt materials were studied by means of
reference porometry [30, 31]. For freshly deposited
4-um-thick Pt/Pt, extremely narrow pores with a radius
of less than 1 nm were found, which, according to
Ref. [30], contribute up to 50% to the real surface area.
This result can hardly be considered as having a quan-
titative meaning, as the possibility to apply the Kelvin
equation for the radius versus pressure dependence for
these molecular-sized pores looks doubtful. Additional
uncertainties probably come from the noncylindrical
geometry of the pores, which, if taken into account [32],
should decrease the surface-to-volume ratio for the
narrowest pores. It should also be mentioned that up to
30% of the true surface area as recalculated in Ref. [30]
from porometric data (21 m? g~') does not contribute to
the H-upd surface area (for the latter a value of
13.8 m? g~! was reported in Ref. [31]). This means that
when referring any adsorption data to H-upd one is
dealing only with the pores available for water adsorp-
tion.

The key problem is the possibility for large oxo-
tungstate species to penetrate inside the narrow pores.
This possibility was discussed as rather questionable
even for low molecular anions [31], which demonstrated
decreased values of adsorption referred to the H-upd
true surface area. The latter result can be explained
irrespective of penetration limitations: the decreased
equilibrium surface coverage by anions in the pores of
low curvature can result from electrostatic reasons and/
or the difference in packing geometry. The minimal size
of the pores spatially available for oxotungstates can be
estimated from adsorption data on zeolites, for which
dodecatungstate penetration into the cylindrical pores of
1.5-nm radius has been determined experimentally [33].

For isopolytungstates it is difficult to estimate the size
of species because some decomposition—polymerization
of oxotungstate fragments in the course of adsorption
cannot be ruled out, including the formation of open-
chain structures [34]. However, in any case the size of the
species hardly exceeds the size of adsorbed dodeca-
tungstate anions (about 1.2 nm [35]). So we can con-
clude that an oxometalate probe is a very good
possibility for analysis of the nanometre-scale porous
structure of dispersed platinum, in particular to recog-
nize the portion of the surface inside pores of radius
greater than 1.5-2 nm.
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Fig. 6 STM images of a
modified Pt/Pt electrode
surface: a freshly deposited;

b after 48-h exposure to
supporting electrolyte solution;
¢ after 48-h exposure to 0.5 M
H,SO4 plus 25 mM KNO;
solution; d after ageing in air

Conclusions

Parallel electrochemical characterization of smooth and
dispersed modified electrodes appeared to favour better
understanding of adsorption and electrocrystallization
isopolytungstates. Simultaneously it was found that
indirect structural tests with polytungstate probes pres-
ent another interesting application, especially for thicker
platinum deposits with pronounced inhomogeneity of
the porous structure [24].

To stress the importance of the topic we should also
mention that a number of impressive effects were
reported for WO -containing fuel cell catalysts [36] and
polytungstates as fuel cell electrolytes [37]. The appear-
ance of oxotungstate species can also be a reason for
anodic activation of tungsten carbide [38] and the high
activity of tungsten-containing multimetallic composi-
tions [39]. Tungsten bronze films with known oxygen
stoichiometry [19] should be considered as a useful
model system to study general phenomena in tungsten-
containing catalytic systems.
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