FULL PAPER

Investigation of Multi-Nickel-Substituted Tungstophosphates and Their
Stability and Electrocatalytic Properties in Aqueous Media

Darine Jabbour,?! Bineta Keita,! Israel-Martyr Mbomekalle,!?! Louis Nadjo,*!?! and
Ulrich Kortz!"!
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Several sandwich-type polyoxometallates based on the triv-
acant [PWgO34]% fragment with different Ni nuclearities
were selected. Their stability and redox behaviour in aque-
ous media were evaluated by UV/Vis spectroscopy and cyclic
voltammetry as a function of pH with the aim of finding the
conditions under which these compounds could be suitable
candidates for electrocatalytic processes. Two po-
lyoxoanions — [NizNa(H,0),(PWgO3,4),]''~ and (to a lesser
extent) [NiguMn,P3W,,00,]'"~ — were found to be stable over
a wide pH domain, while [Niy(H,0),(PW4Os34),]'°" requires

the pH to be greater than 4 for its stability. The other derivat-
ives are only suitable for solid-state studies. The stable po-
lyoxoanions were tested for their activity in the electrocata-
lytic reduction of nitrate. The results suggest unambiguously
that an increase in the number of Ni centres within these
sandwich-type polyanions has a beneficial effect on the elec-
trocatalytic process.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

Polyoxometallate ions are gaining widespread attention
owing to their possible applications in catalysis, electrocata-
lysis, medicine, materials science, photochemistry, analytical
chemistry and magnetochemistry.! 731 The impetus was
partly triggered by the pioneering remark by Baker!® that
monosubstituted heteropolyanions can be considered as the
analogues of metallated porphyrins, and used in catalytic
processes with the advantage, over their organic counter-
parts, of thermal stability, robustness and inertness toward
oxidizing environments. With regard to their electrochemis-
try and, correspondingly, their use in electrocatalysis, we
are currently studying the parameters, which eventually in
conjunction with pH effects, could improve the catalytic
properties of heteropolyanions (HPAs). The incentive be-
hind this search is to trigger those energetically favourable
cathodic processes that require several electrons for their
effectiveness by reduced HPAs.”"!1 Among several pos-
sibilities, substitution effects on the polyoxometallates are
considered with attention: the location of the metal atom
in the framework; the nature and number of substituents
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are expected to influence more or less the interactions be-
tween the electroactive centres within the HPA molecule.
The present paper is devoted to a study of the effects of
the accumulation of nickel centres in HPAs on their sta-
bility and electrocatalytic behaviour. Several reasons have
dictated this choice. Recently, we have demonstrated, for the
first time to the best of our knowledge, that Cu?*- or Ni**-
containing HPAs are the only monosubstituted po-
lyoxoanions to be effective in the electrocatalytic reduction
of nitrate in mildly acidic aqueous media.l'”] Also, we have
shown that the accumulation of Cu®>* centres within HPAs
is useful in enhancing the catalytic properties of the polyox-
ometallate.['3] Specifically, a comparison of the catalytic ac-
tivity of apBa-(Cu"OH,),Cu',(H4AsW,5056),'®~ based on
the novel Wells—Dawson complex HyAsW 3Oq,”~ ' with
those of the analogous monosubstituted Cu-HPAs demon-
strated a favourable effect of the accumulation of Cu centres
in the electrocatalytic reduction of nitrate; hence the idea
that multi-nickel derivatives might be interesting in this re-
spect. A large family of Ni-substituted tungstophosphates
with a sandwich-type structure is known!'”! and some other
structures exist as well.l'®"1°1 Novel polyoxoanions are
often difficult to obtain owing to the fact that the mecha-
nism of formation is far from well understood. Numerous
sandwich-type compounds have been synthesised and
characterised since the pioneering work of Weakley et
al.,? but the nickel-containing Keggin derivative
[Nig(H,0)>(PWyO14),]'°" has been isolated only recently
under severely controlled experimental conditions to avoid
or minimize other side products.'® The synthesis con-
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ditions suggest strongly that some species might be stable
only in narrow pH domains in solution. Our choice of
(PW0Os4)-based derivatives allows us to study several spec-
ies with different nuclearities. However, there are also com-
plications that have been reviewed recently, for example the
existence of multiple isomers and their transformation path-
ways.[2!1 It has been demonstrated recently that the triferric
sandwich-type complex [Fe>(FeOH,)(NaOH,)-
(P,W,5056),]'*" is significantly more stable than its diferric
and tetraferric analogues.[*?l The unique coordination en-
vironment of its single external iron site and the incorpor-
ated sodium ion most likely play an important, stabilizing
role. This observation suggests that the nuclearity and the
geometry of the incorporated transition metal centres might
also influence the stability of other sandwich-type poly-
anions. Finally, the aforementioned catalytic activity of a
monosubstituted Ni-HPA towards nitratel!”l and the diver-
sity of multi-nickel HPAs available at present justify the se-
arch for a unified view of their behaviour in aqueous media.

Results and Discussion

Selection of Relevant Heteropolyanions

All polyanions studied here are derived from the Keggin
fragment [PWyOs,]°". The trilacunary [A,B-PWyOx,]°~
(A,B-PW,) and the monolacunary [0-PW,;030]" (PW))
were synthesised according to literature procedures.?324
Preparation of [B,a-PWo034°~ (B,0-PW,) was ac-
complished from A,B-PW, by heating according to the pro-
cedure first reported by Finke and co-workers?>’! and then
by Domaille.”* The solution behaviour of the various iso-
mers of the mono- and trilacunary Keggin species can be
helpful for understanding possible transformation pathways
of the Ni-containing compounds of interest. The following
polyoxoanions were synthesised by literature methods and
thoroughly characterised as pure samples. The mixed
nickel/manganese-substituted [NizMn,P;W»,004]'’~ con-
stitutes a novel polyanion:?”l  [H,PWoNi Os,(OH)s-
(H20)el*~  (NigH,PWo), [T [Niy(H,0)3PW,,030H,0]"~
(NisPW o)1 [Niy(H20)5(PW034)5]"0"  (NiyP,W )1
[Nig(OH)3(H,0)6(HPO4),(PWo034)5]'*"  (NigP3W);11¥1
[NizNa(H,0),(PW4034),]"' ~  (NisP,Wig);t>2¢ [NiyMn,-
P3W24004]'7"  (MnyNigP3Woy).21 - Also  [Niy(H,0),-
(P,W5056)-]'®" (NiyP,W30)281 will be considered for a
brief comparison. The structures of NizH,PWy, NizPWj,
NiyP,Wi5, NigP3sW»s, NizP,Wi5, Mn,NiyP3W,,, and
NiyP,W;, are shown in Scheme 1.

Cyclic Voltammetry (CV) Study of Selected Multi-Nickel
HPAs in pH 3 Sulfate Medium

The cyclic voltammograms of the various electroactive
species were monitored as a function of time. Therefore,
their recording was started shortly after addition of the rel-
evant HPA to the previously deaerated supporting electro-
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Scheme 1. Structures of polyanions

NigH,PW,,
NiyP,Wig, NigP3sWas, NizPoaWig, MnoNiyP3Wayu, and NigPyW5,

NisPW o,

lyte. The choice of CV in this issue stems from our primary
interest to detect stable electroactive species that constitute
the sole useful candidates for electrocatalysis. Three main
classes will be discussed: two compounds — NizP,W;g and
Mn,NiyPsW,, — are stable over a wide pH domain;
NiyP,Wg requires pH values higher than 4 for its stability;
no pH domain could be found for an appreciable stability
of Ni4H2PW9, Ni3PW10 and NigP3W27.

[H;PW,Ni,O3,(OH);(H,0)s]*~ (NiJH,PW,)

The very first voltanmmogram of NiZH,PWy shows a com-
posite reduction wave located between —0.600 V and
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—0.900 V vs. SCE. (Figure 1A). The proton reduction wave
which followed this immediately is not shown. Roughly 10
min after the addition of Ni;H,PWj to the solution a modi-
fication of the voltammetric pattern was observed, charac-
terised by two main features: (i) the whole voltammogram
experiences a shift to positive potential; (ii) the two waves
become better and better defined and separated. For the
sake of clarity, only the “initial”” cyclic voltammogram and
those recorded after 30 min and 4 h are shown in Fig-
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Figure 1. A: Cyclic voltammetry monitoring of the transformations
of 2 X 107* m NiyH,PW, as a function of time; medium 0.2 M
Na,SO, + H,SO, (pH = 3); scan rate: 10 mV-s~!; working elec-
trode: polished glassy carbon; reference electrode: SCE; B: super-
imposition of the final cyclic voltammetry patterns for Niy;H,PW,
and B,a-PWy; the experimental conditions are the same as in A;
C:) superimposition of the final cyclic voltammetry patterns for
NiyH,PWy and NiPW,; the experimental conditions are the same
as in A; for further details see text

2038 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ure 1A. The two waves are attributed to the reduction of
WVT centres. This hypothesis was confirmed by controlled
potential electrolysis. The cyclic voltammograms recorded
after more than 4 h are nearly identical to that recorded
after 4 h, except for a small increase of the second wave at
the expense of the first one. It should be noted that the first
wave remains slightly composite. The next issue concerns
the nature of the new product(s). In particular, the possibil-
ity that one or several Ni’>* ions are lost from the new com-
plexes should be considered. As a matter of fact, the present
transformations resemble those of B,a-PW. In the support-
ing electrolyte used here, it was checked that B,a-PWjy is
rapidly converted into a species whose cyclic voltammog-
ram is identical to that of PW,;, in agreement with the lit-
erature.”!) In contrast, Figure 1B indicates a difference of
58 mV between the potentials of the first reduction peaks
of the transformation products of Ni;H,PWy and B,a-PWo,
the former complex being the more negative of the two.
Finally, Figure 1C shows that the new complex from
NizH,PWy has a cyclic voltammogram very close to that of
[PW;03oNi(H,O0)]°~ (PW,;Ni).

Comparison with Other Multi-Nickel Derivatives

The “initial” cyclic voltammogram of Ni;PW, is differ-
ent from that of NizZH,PW,; its conversion ends up in
NiPW/, in roughly 5 h (Figure 2A). The trimeric NigP3W»,
is also unstable in the pH 3 medium (0.2 m Na,SO,; +
H,SO,) and its conversion is relatively fast. The first-wave
current increases at the expense of the second one, which
has a larger current intensity than the first wave and which
is composite. Figure 2B shows, in superimposition, the “in-
itial” cyclic voltammogram of NigP;W,; and that recorded
after 1.5 h. A longer duration does not bring about substan-
tial changes in this cyclic voltammogram. The final pattern
is different from that of NiPW,;, except for the first wave,
which shows a peak located at the same potential in the two
systems. However, no conclusion can be drawn at this stage
(vide infra UV/Vis studies). For NiyP,W 3, the “initial” cyc-
lic voltammogram comprises a first composite wave, fol-
lowed by a second wave close to the reduction of protons
(Figure 2C). This pattern does not resemble any of the pre-
ceding ones. However, a very slow and gradual transform-
ation of the cyclic voltammogram is observed as a function
of time; in particular, the current intensity of the second
wave decreases significantly, while the wave itself becomes
better and better defined, with a gradual move of its re-
duction peak potential in the negative direction. In Fig-
ure 2C the “initial” cyclic voltammogram and those re-
corded after 3 h and 9 h are compared. Even after 9 h of
transformation of NiyP,W g the first wave remains slightly
composite, which could indicate the presence of a mixture
of products. No attempt was made to identify these other
products but it is likely that the mixture contains NizP,W .
This assumption is supported by Figure 2D, which com-
pares the last cyclic voltammogram recorded with
NizP,W g to that of NisP,W 5. Such a possibility is remi-
niscent of the aforementioned higher stability of the triferric
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Figure 2. A: Comparison of the “initial” and “final” cyclic voltammograms of 2 X 10~* M Ni;PW,y; medium 0.2 m Na,SO, + H,SO,
(pH = 3); scan rate: 10 mV-s~'; working electrode: polished glassy carbon; reference electrode: SCE; B: superimposition of the “initial”
cyclic voltammogram of NigP3W,; and that recorded after 1.5 h; the experimental conditions are the same as in A; C: cyclic voltammetry
monitoring of the transformations of 2 X 10~* M NigP,W 5 as a function of time; the experimental conditions are the same as in A; for
further details see text; D: superimposition of the “final” cyclic voltammogram of NiyP,W g with that of the stable NisP,Wg; the

experimental conditions are the same as in A

sandwich complex [Fe,(FeOH,)(NaOH,)(P,W50s56),]'4~
than its diferric and tetraferric analogues.”??! These com-
plexes show remarkable differences in their junction
connectivities. The tetrairon-substituted [Fe,(FeOH,),-
(P,W5056)-]'>~ has two B-junctions, the diiron-substituted
[Fe,(NaOH,)»(P,W;5056)-]'° has two a-junctions and the
triiron-substituted  [Fe,(FeOH,)(NaOH,)(P,W;505),]'4~
has one B-junction and one a-junction.?>2°-311 The junc-
tion connectivity of the Keggin-based NizP,W g is aaBal'
and therefore in complete agreement with the triiron
Wells—Dawson derivative of Hill et al.??! The unique coor-
dination environment of the single external Ni site and the
incorporated sodium ion seem to enhance the stability of
the trinickel species, in analogy with the triiron derivative.
Provisionally, it is worth recalling that Ni;P,W 5 is stable
in the present medium, as reported previously.[!>-26]

In summary, all of the above Ni-substituted tungstophos-
phates can be distinguished from each other, provided their
very first cyclic voltammograms are recorded shortly after
dissolution in the supporting electrolyte. With the exception
of NisP,W;5 and Mn,NiysP;W,, all polyoxoanions studied
here are unstable upon standing in the pH 3 sulfate me-

Eur. J. Inorg. Chem. 2004, 2036—2044 www.eurjic.org

dium.['>27] The slow transformation of NiyP,W 5 in this pH
3 medium is also worth noting.

Influence of Counteranions

In the case of NigH,PWj it was checked that replacement
of the countercation Na™ by Li* in the supporting electro-
lyte has a negligible influence on the observed electrochemi-
cal processes. Therefore, in the following study of the influ-
ence of the counteranion and the pH of the electrolyte we
selected the sodium counterion in all cases. This study was
performed with Ni;H,PW, as a representative polyoxomet-
allate. The choice of anions was restricted to those classi-
cally used in the electrochemistry of HPAs, namely ClO, ™,
H,PO,~, CH;COO~ and Cl—; SO,>~ has already been
studied above. For easier comparisons, all the experiments
were carried out at pH = 3 with 0.4 m Na™.

The cyclic voltammogram of Ni;H,PW, also changes as
a function of time for H,PO,~ and CH;COO™, resulting in
a mixture of electroactive products, and NiPW,; appears to
be the main product. To illustrate this conclusion, Fig-
ure 3A shows in superimposition the so-called “final state”
cyclic voltammograms recorded in the presence of these two

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2039
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Figure 3. A: Superimposition of the so-called “final state” cyclic voltammograms recorded for 2 X 10~# m NizH,PW, in pH 3 phosphate
(0.4 m NaH,PO, + H3PO,) and acetate (0.4 M CH;COONa + CH;COOH) media (pH = 3), respectively, and the cyclic voltammogram
of NiPW,; in sulfate medium (pH = 3); scan rate: 10 mV-s~!; working electrode: polished glassy carbon; reference electrode: SCE; B:
cyclic voltammetry monitoring of the transformations of 2 X 10~* M NigH,PW, as a function of time in the presence of 0.4 M NaClO,
+ HCIO, (pH = 3); the experimental conditions are the same as in A; C: cyclic voltammetry monitoring of the transformations of 2 X
10~* M NiyH,PW, as a function of time in the presence of 0.4 M NaCl + HCI (pH = 3); the experimental conditions are the same as in
A; D: superimposition of the “final” cyclic voltammograms of 2 X 10~* M NiyH,PW, observed in the presence of sulfate, chloride and

perchlorate anions (pH = 3), respectively; the experimental conditions are the same as in A; for further details see text

anions and the cyclic voltammogram of NiPW,; in sulfate
medium. The transformation yield into NiPW; is smaller
with CH;COO™. The presence of this anion induces an im-
portant formation of secondary species, as could be de-
tected by their electroactivity between 0 and —0.4 V. It
should also be noted that these “final states’” were obtained
after 2 h and 3 h for CH;COO™~ and H,PO,~, respectively.

More intricate observations are made for NiZH,PW,y in
the presence of ClO,~ or Cl™ as illustrated in Figure 3B
and C, respectively. These figures represent the “initial”” cyc-
lic voltammogram in superimposition with two other selec-
ted states; as a matter of fact, even after more than 6.5 h of
standing, no “final state’ could be reached. It is clear, how-
ever, that several electroactive species are formed irrespec-
tive of which of the two anions is present. Figure 3D com-
pares the cyclic voltammograms recorded after 6.5 h in the
presence of ClO4~ and CI~ with that recorded as a “final
state” in sulfate medium. The remarkable influence of the
two counteranions is obvious. The more marked effect is
seen in the presence of ClO4~ for which a small composite
wave is observed, followed by the proton reduction wave
(not shown).

2040 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In short, NiyH,PWy is converted into respectable
amounts of NiPW; in the presence of SO,>~, H,PO, and
CH;COO™. The transformation yield is similar for SO,>~
and H,PO,~, but is smaller for CH;COO™. No attempt was
made to identify the secondary products. In contrast to this
first group of anions, more complex observations are made
in the presence of ClO,~ and CI7; in their presence,
NiyH,PW, is gradually converted into various products
with decreased overall electroactivity. This trend is represen-
tative of the main observations in the series of unstable
multi-nickel compounds, except for NiyP,Wg. The behav-
iour of the latter is illustrated in Figure 4, where the voltam-
mograms obtained in the presence of SO,>~, ClO,~ and
Cl™ are compared. Unlike the other compounds of the
series, no new electroactive species is detected in the ex-
plored potential domain. The two well-behaved waves re-
corded in the pH 3 sulfate medium undergo a general move
in the negative potential direction, with a slight distortion
of the second wave. Such behaviour has been observed pre-
viously for a large selection of stable Keggin and
Wells—Dawson HPAs and has been ascribed to the buffer
capacity of the electrolytes as a function of the coun-
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Figure 4. Superimposition of the “final” cyclic voltammograms of
2 X 10~* m NiyP,W 5 observed in the presence of sulfate, chloride
and perchlorate anions (pH = 3), respectively; scan rate: 10
mV-s~!; working electrode: polished glassy carbon; reference elec-
trode: SCE; for further details see text

teranion present in the medium.’?! Again, the clear obser-
vation of this phenomenon indicates a relatively large sta-
bility of NiyP,W 5 in the pH 3 media.

UVI/Vis Investigations

This study was performed as a function of pH.
NizH,PW, was selected as a representative example show-
ing the main UV/Vis features repeatedly encountered with
all the other compounds. Only the observations at pH = 3
(0.2 m Na,SO4 + H,SO,) are shown. Typically, a 4.3 X
107° M solution of NizH,PW, in a 1.00-cm optical-path
quartz cuvette was monitored as a function of time by UV/
Vis spectroscopy between 380 and 200 nm. Figure SA
shows the evolution of the spectrum over 10 h. The general
variation trends of the absorbance are sketched by arrows
and indicate a transformation of the complex. The very first
spectrum recorded does not go through the apparent isosb-
estic point in Figure 5A. It was checked that the variation
of absorbance remains negligible from 10 h to 24 h, thus
indicating that a complex stable in the pH 3 medium is al-
ready obtained. Figure 5B shows the initial spectrum of
NizH,PWy and the final spectrum recorded after 24 h of
standing. This last spectrum peaks at 252 nm. As it was
checked previously that B,a-PWy is rapidly converted, in the
supporting electrolyte used here, into a species whose cyclic
voltammogram is identical to that of PW;, we wondered
whether the final complex from Ni;H,PWy could be the
lacunary species PW,;, the UV/Vis spectrum of which
peaks at 248 nm. However, this peak is preceded by a
shoulder located between 280 and 260 nm, which rules out
the presence of this lacunary complex. In contrast, the spec-
trum of an authentic sample of NiPW/;, which is stable in
the pH 3 medium, peaks at 252 nm and has exactly the
same shape as the spectrum recorded after 24 h shown in
Figure 5B. These observations are in complete agreement
with the conclusions from the CV investigations.

In short, the initial spectrum observed with each of the
multi-nickel-substituted tungstophosphates of this work
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Figure 5. UV/Vis spectra of 4.3 X 107> m NiyH,PW,, recorded in
a pH 3 medium (0.2 m Na,SO4 + H,SO,) with a 1.00-cm optical-
path quartz cuvette; A: evolution of the spectrum with time; the
arrows indicate the direction of variation of the absorbance with
time; B: the initial spectrum and that recorded after 24 h of stand-
ing; for further details see text

was clearly different from those of NiPW;; or [PW;,050]” .
Long-term UV/Vis spectra and CV experiments on solu-
tions aged for appropriate durations converge to indicate
that the transformations of NiyZH,PW,y and NisPW, end
up, at least partly, in NiPW;;. Also, UV/Vis spectroscopy
confirms the presence of NiPW,; as a decomposition prod-
uct of NigP3W,;, a conclusion already suggested by CV
experiments.

Influence of pH

The pH influence was studied for all selected HPAs All
solutions, except for the 0.5 m H,SO, (pH = 0.33) solution,
contained Na* at a concentration of 0.4 M as the major
cation, in order to avoid any possibility of cation effect. The
compositions of these media are indicated in the Exp. Sect.

Unstable HPAs

The polyanions NigZH,PWg, NisPW,,, and NigP;W,, are
unstable at all pH values studied in this work. Occasionally,
identification of a major transformation product by CV
was achieved.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2041
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Media of pH = 3

In 0.5 M H,SO,4 (pH = 0.33) NiyH,PWj is not stable and
precipitates gradually. In pH 1 and 2 media (0.2 M Na,SO,4
+ H,S0,), its current intensity for the whole pattern de-
creases steadily, without any other significant modifications
of the CV characteristics, nor any appearance of significant
new waves. The decomposition products are probably not
electroactive in these two media. The decomposition is
noted to be faster the higher the proton concentration.
Also, the decompositions of NizPW, and NigPsW,; are so
fast at pH = 2 that further studies at lower pH were not
carried out. For instance, CV monitoring of the transform-
ation of Ni;PW,, shows its concentration to decrease by a
factor of two in less than 2 h; no new wave was observed,
which indicates that the decomposition products do not
show any electrochemical activity in this medium. In con-
trast, the decomposition of NigP3W,; is characterised by
several new waves indicating the presence of various elec-
troactive species.

Media of pH = 3

In pH 4 or 5 buffer media NiyH,PWy, NizPW;, and
NigP;W,; are converted into PWNi as the major product,
with Ni;PW,, being by far the most unstable. At pH = 6,
only NizH,PWj is slowly converted (7 h) into NiPW,; as
the major product. Compounds resulting from decompo-
sition of NizPW,, and NigP3sW,; have cyclic voltammog-
rams with characteristics close to those of NiPW;; these
cyclic voltammograms might feature isomers of NiPW ;. At
pH = 7, the three complexes and NiPW,; exhibit ill-defined
cyclic voltammograms, with a steady decrease in current
and no new waves appearing.

The preceding sections have revealed that NigPoW g must
be considered as a special case among the series of unstable
multi-nickel species. Figure 6 illustrates the evolution of the
cyclic voltammograms of NiyP,W g as a function of pH. As
expected, this polyanion behaves differently from the other
three unstable HPAs as a function of pH variation. The
transformation at pH < 3 leads to the same (not fully ident-

2.0}
0.0}
<
b4
Z .2.0t
-4.0f
1.2 -0.9 -0.6 -0.3 0.0
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Figure 6. Superimposition of the “final”’ cyclic voltammograms of
2 X 107* m NiyP,W 5 observed as a function of pH; scan rate:
10 mV-s~!; working electrode: polished glassy carbon; reference
electrode: SCE; for further details see text
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ified) product as observed in the pH 3 medium. The only
difference is the faster kinetics at lower pH. The steady de-
crease of the transformation kinetics with increasing pH
values could explain why NigP,W g is stable at pH > 4. The
tendency for separation of waves with decreasing pH is not
unusual in polyoxometallate electrochemistry.**l Anyhow,
despite the limited pH stability domain for NiyP,W3, the
behaviour of this polyanion is distinctly more favourable
than that of the  Wells—Dawson analogue
[Nig(H,0)5(P,W50s56)5]""  (NigPsW30)  described by
Ruhlmann and co-workers, for which slow degradation was
observed during any titration between pH = 1 and 6.8

Stable Multi-Nickel HPAs: Preliminary Evaluation of
Electrocatalytic Processes

The representatives of this group are NizP,W;g and
Mn,NiyPsW,y, to which NiyP,W 5 can be added at pH >
4. The electrochemistry of the two “fully” stable species at
pH = 3 and 5 has been described in detail previously.['>27]
However, in order to envision electrocatalytic applications
we decided to investigate the stability and redox behaviour
of these polyanions from pH = 0 to 7 by UV/Vis spec-
troscopy and CV. The stability conclusions were deduced
from the comparison of the UV/Vis spectra run on the
freshly prepared solution and on the same solution after
standing for 24 h. This duration is much longer than neces-
sary for an electrochemical characterisation, but was con-
sidered useful to envision electrocatalytic applications. The
results indicate that Ni;P,W g is very stable from pH = 1
to 6. The stability domain of Mn,Ni,P;W,, ranges from
pH = 2 to 6. However, even at pH = 7 its decomposition
is not very fast and reaches only 34% of the starting com-
plex after 24 h. The characteristics of the W centres within
the complexes were monitored by cyclic voltammetry as a
function of time and pH. The results confirm the stability
of the two HPAs. In agreement with previous observations
at pH = 3 and 5,['>?7] the redox behaviour of the W centres
is pH-dependent. Figure 7A shows the evolution of the cyc-
lic voltammogram of Ni;P,W g for pH = 1—6. The curve
for pH = 3 fits perfectly in the scheme, but it has been
published previously!!’! and is therefore omitted here for
clarity. Coulometric determinations have also already been
performed at pH = 3 and 5 and indicate that the first wave
features an overall four-electron/four-proton process.!'”!
From a more qualitative point of view, the evolution of cyc-
lic voltammograms with pH is illustrative of a behaviour
frequently encountered in multi-electron/multi-proton pro-
cesses. The distribution of the formal potentials and pK,
values of the various intermediate species will determine the
broadness of the corresponding waves (and the current
intensity of the wave). The same parameters will favour the
merging of waves (or eventually their splitting) when their
displacements as a function of pH are different. A remark-
able example of such behaviour has been described recently
in the electrochemistry of the tetrameric polyanion
[H7PsW450 547 .27
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Figure 7. A: Superimposition of the cyclic voltammograms of 2 X
10~* M NisP,W 5 observed as a function of pH; scan rate: 10
mV-s~!; working electrode: polished glassy carbon; reference elec-
trode: SCE; B: comparison of the cyclic voltammograms of 2 X
10~* M NizP,W g and Mn,NiyPsW,, at pH = 3 (0.2 M Na,SO, +
H,SO,); for further details see text

Figure 7B compares the cyclic voltammograms of
Ni;P,W;5 and Mn,NiuP3sW,4 at pH = 3. The redox pro-
cesses of the Mn centres in the latter complex do not require
further comments. For both polyanions the W-centred re-
dox processes are very similar in shape, with the current
intensities being larger for Mn,NiyP3sW,, than for
NizP,W ;5. Coulometry in the pH 3 sulfate medium indi-
cates a six-clectron process for the first W wave of
Mn,NiyP;W,,. These trends comply with expectations if it
is assumed that all relevant parameters in the electrochemis-
try of the two complexes are close or even equal, except for
their different diffusion coefficients.

Cyclic voltammetry was used to evaluate the activity of
NizP,W,s and Mn,NiyP3sW,, in the electrocatalytic re-
duction of nitrate. The choice of the substrate is tricky, as
nitrate is difficult to reduce. To the best of our knowledge,
the only examples where HPAs have proven to be useful in
this system have been described recently by our
group.['>13:34] For this purpose, the excess parameter is an
operational parameter defined as y = CRo,~/C°upa Where
C ° designates the concentration of the relevant species. The
electrocatalysis is characterised by the catalytic efficiency,
CAT, defined as: CAT = 100 X [[ppa+nos~ — mra))/

Eur. J. Inorg. Chem. 2004, 2036—2044 www.eurjic.org

I441pa), Where Iipa+No4 ) I8 the peak current for reduction
of the heteropolyanion (HPA) in the presence of NO3;~ and
I94pa,) is the corresponding diffusion peak current for the
HPA alone. CAT values are sufficient to compare the ef-
ficiencies for a given electrocatalytic process either for one
compound as a function of pH or for two compounds un-
der the same experimental conditions. However, it must be
recognized that a more detailed comparison would necessi-
tate determination of the nature and yields of the final
products, which is beyond the scope of this work. As a first
example, CAT values were measured in the presence of
Ni;P,W g for the electrocatalytic reduction of nitrate in a
pH 2 sulfate medium. CAT was measured at —0.840 V and
varied from 2098 to 2733 for y = 500 and 1000, respectively.
These values indicate an efficient electrocatalysis of the re-
duction of nitrate by NizP,Wg at pH = 2. Furthermore,
several tests with NO,~ and/or with NO under the afore-
mentioned conditions confirm that these species are easily
reduced electrocatalytically at substantially less negative po-
tentials than nitrate.?*! Insofar as nitrite and NO are known
to appear as intermediates in the reduction of nitrate by
various metals, the present results suggest that highly re-
duced species should be obtained in the electrocatalytic re-
duction of nitrate in the presence of NisP,W 5. Also, the
number of accumulated electrons in the polyoxoanion
framework at the potential where the transformation of ni-
trate takes place is large enough for a complete reduction,
which supports also the assumption of reduction of inter-
mediates.

The media of pH = 3 and 5 were selected to compare the
efficiencies of NisP,W g and Mn,NiyP; Wy, respectively, in
the electrocatalytic reduction of nitrate because the latter
complex is not very stable at pH = 2. Whatever the pH,
Mn,NizP;W,,4 was found to be the more efficient of the two
complexes: its CAT values were four and seven times larger
at pH = 3 and 5, respectively, than those measured for
Ni;P>W g under the same conditions.

The results for these two complexes were compared with
the efficiencies obtained with NiyP,W g and NiPW,; in the
pH 5 medium where all these complexes are stable. The ef-
ficiencies for Ni;P,W;g and NiyP,W,s turned out to be
comparable. In contrast, NiPW; shows a negligibly small
activity toward the electrocatalytic reduction of nitrate in
this medium.

Finally, comparisons of the efficiencies of several Ni-sub-
stituted tungstophosphates vis-a-vis the catalytic electrored-
uction of nitrate suggest that an increase of the number of
Ni centres incorporated in stable sandwich-type po-
lyoxoanions has a very beneficial effect.

Concluding Remarks

Several conclusions emerge from this work. The stability
of a large variety of Ni-containing sandwich-type po-
lyoxoanions has been investigated by electrochemistry in
aqueous media. Such an evaluation is necessary in order to
detect those species suitable for solid-state studies. Simul-
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taneously, such a study permits the selection of good candi-
dates for electrocatalysis applications along with the appro-
priate pH conditions. At least two complexes turned out to
be stable over a fairly wide pH domain. To the best of our
knowledge such a broad, comparative overview has not
been performed previously. The remarkable stability of the
Keggin-based NizP,W ;3 must be emphasised and is remi-
niscent of that demonstrated by Hill and co-workers for the
Wells—Dawson-based triiron analogue./*?! Concerning elec-
trocatalysis perspectives, it is worth noting that reduction
of the W centres in the present complexes provides an ap-
preciable electron reservoir under conditions where modifi-
cation of electrode surfaces does not take place. The ac-
cumulated electrons in the HPA framework might therefore
be useful for various electrocatalytic processes.

Experimental Section

General Methods and Materials: Pure water was used throughout.
It was obtained by passing through a RiOs 8 unit followed by a
Millipore-Q Academic purification set. H,SO4, Na,SO,4 HCI,
NaCl, HClO,, NaClO4, CH3CO,H, CH,CICO,H, CH;CO;,Na,
H;PO,4, NaH,PO,4 were of high-purity grade and were used as pur-
chased (Prolabo) without further purification. The UV/Vis spectra
were recorded with a Perkin—Elmer Lambda 19 spectrophotometer
from 600 to 200 nm using solutions that contained 2.5 X 107> M
or 43 X 107> m of the relevant HPA. The measurements were
performed in matched 1.000-cm optical-path quartz cuvettes. The
preparation and characterisation of Ni;H,PWo, NizPWy,
NiyP,W g, NigP3W,5, NizP,W g, and NiyP4sW3, have already been
described in detail ['>:18:19-26.281 The synthesis and characterisation
of the novel polyanion Mn,Ni P;W,,4 are described elsewhere.[?”]

Electrochemical Experiments: The same media as for UV/Vis spec-
troscopy were used for electrochemistry, but the HPA concentration
was at least 2 X 10~* M. All cyclic voltammograms were recorded
at a scan rate of 10 mV-+s~!, unless otherwise stated. The solutions
were deaerated thoroughly for at least 30 min with pure argon and
kept under a positive pressure of this gas during the experiments.
The source, mounting and polishing of the glassy carbon (GC, To-
kai, Japan) electrodes has been described previously.*®! The glassy
carbon samples had a diameter of 3 mm. The electrochemical setup
was an EG & G 273 A driven by a PC with the M270 software.
Potentials are quoted against a saturated calomel electrode (SCE).
The counter electrode was a platinum gauze of large surface area.
All experiments were performed at laboratory temperature.
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