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Abstract 

The voltammetric behavior of bulky heteropolyanions belonging to the Dawson family of 

polyoxometalates, [P2VmW18-mO62]n- (m = 0, 3, 6), has been investigated at electrodes coated 

with vertically-aligned mesoporous silica thin films with pore openings in the 2-3 nm range. 

The experiments have been carried out in acidic medium (pH 0.3-1), where the silica surface is 

positively charged and thus likely to interact with the negatively charged redox probes, and at 

various ionic strengths of the medium. Better permeability of the films was clearly observed at 

lower pH values, corresponding to higher densities of positive charges onto the silica walls, and 

of films with a larger mesopore size, favoring the mass transport rates through the nanoporous 

membrane. Diffusion of such bulky anionic redox probes was dramatically influenced by the 

ionic strength of the medium, being especially restricted at low electrolyte concentrations where 

the thickness of the electrical double layer became of the same order of magnitude or larger 

than the mesopore radius, giving rise to very low voltammetric signals. The overall negative 

charge on POMs had few effects on their mass transport through the film, except at low ionic 

strength where the most highly charged redox probes gave rise to the lowest current responses. 

Keywords: Mesoporous silica film electrode, polyoxometalates, permeability, mass transport, 

cyclic voltammetry at membrane electrodes 
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1. Introduction  

Polyoxometalates (POMs) are molecular oxides made of transition metals at high oxidation 

state and oxygen, often containing heteroatoms, existing mainly in the form of bulky 

heteropolyanions with nanosized geometry and exhibiting multi-electron transfer properties 

without structure variation [1-3]. Thanks to their very rich electrochemistry [2, 4], these 

heteropolyanions of general formula [XxMmOy]n− (with X the heteroatom and M the metal 

atom) have found many applications as electrocatalysts, notably for electrochemical sensing 

and energy storage and conversion applications [4-7]. For practical uses, POMs often need to 

be confined onto electrode surfaces, which can be notably achieved via chemisorption, 

electrodeposition, encapsulation in polymers or inorganic matrices, and deposition as 

monolayers (Langmuir-Blodgett process) or multilayers (layer-by-layer assembly) [6, 8-12]. A 

controlled spatial arrangement (i.e., regular distribution at the nanoscale) might be also of 

interest to promote efficient charge transfer processes [13].  

From that point of view, the ordered mesoporous silicate-based materials (i.e., as prepared using 

supramolecular assemblies as template [14]) appear to be suitable hosts for POM confinement, 

as exemplified by the elaboration of heterogeneous POM-containing mesoporous catalysts [15-

18], with immobilization strategies involving either electrostatic interactions [16] or covalent 

bonding [17]. Mesoporous materials can be manufactured in the form of thin films on solid 

supports [19] and such configuration has been largely exploited in electrochemistry [20]. POMs 

have been previously accommodated to such mesoporous films on electrode and subsequently 

used for electrochemical applications [21-23]. One key parameter affecting the electrochemical 

response of mesoporous silica modified electrodes is the accessibility to the electrode surface 

and thus the mass transport through the nanoporous film [24]. This can be significantly 

influenced by the film characteristics (such as structure, pore size, hydrophobic/hydrophilic 

balance, or thickness [25-29]) or by solution parameters (such as pH and ionic strength or probe 

charge and size [25, 29-34]). An attractive mesostructure geometry is achieved in mesoporous 

silica films made of a dense hexagonal packing of mesopore channels all oriented vertically 

with respect to the underlying electrode surface, which can be easily generated by electro-

assisted self-assembly [35, 36], because it offers the most direct access to solution-phase 

species. Indeed, well-ordered one-dimensional (1D) mesopores that guide and confine the 

motions of reagents or analytes is often required to achieve optimal material performance in 

many applications. If the structure and orientation of such aligned nanoporous silica membranes 

can be easily characterized by grazing-incidence small-angle scattering and transmission 
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electron microscopy [37-39], accurate information on their permeation to external reagents or 

analytes is also necessary. Besides geometric considerations, the film permeability in solution-

phase applications depends upon the distribution of the analytes to regions nearest the pore 

walls [33, 34]. The relative polarities of the solute molecules, silica pore walls, and pore-filling 

medium are all key factors expected to govern the partitioning processes. The charge carried by 

the molecules and the pore surface and the thickness of the diffuse electrical double layer within 

the pore are also important [31-34]. To date, most investigations have been performed on the 

basis of small redox probes and we would like to extend it to bulkier ionic species. 

In a previous paper [40], we started studying the voltammetric response of a bulky polyanion 

(a Keggin-type POM, [SiW12O40]4-) at an electrode modified with a vertically-aligned 

mesoporous silica thin film. It came out that pH values below the point of zero charge of the 

silica (i.e., < 2-3, corresponding to positively-charged silica walls) were necessary to get 

significant current responses due to favourable electrostatic interactions and that the ionic 

strength of the medium played an important role in modulating the thickness of the electrical 

double layer in the mesopore channels. On the basis of these preliminary observations, we 

would like to go one step further by considering the effect of the mesopore size and the probe 

charge. POMs are nanometric anions with many delocalized charges, but their overall charge 

densities are low and their polarizabilities are expected to be high. Here, we have thus evaluated 

a series of Dawson-type POMs ([P2W18O62]6-, [P2V3W15O62]9- and [P2V6W12O62]12-), i.e., a bit 

larger than the Keggin one and bearing distinct charge densities, at electrodes coated with 

vertically oriented mesoporous silica films exhibiting two different pore diameters (2-3 nm 

range). Using cyclic voltammetry, the goal is to show how the mass transport of such bulky 

redox heteropolyanions through the mesoporous film is affected by these parameters (pore size 

and POM charge) as a function of the pH and the ionic strength of the medium. 

 

2. Experimental section 

2.1. Chemicals and reagents  

Tetraethoxysilane (TEOS, 98%, Alfa Aesar), ethanol (95-96%, Merck), NaNO3 (98%, 

Prolabo), HCl (37% Riedel de Haen), cetyltrimethylammonium bromide (CTAB, 99%, Acros) 

and octadecyltrimethylammonium bromide (ODAB) have been used as received. Pure samples 

of K6[P2W18O62].20H2O, K9[P2V3W15O62].20H2O and K9[P2V6W12O62].20H2O (see their 

structures in part A of Figure 1) were prepared by following a synthetic procedure previously 
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reported for octadecatungstodiphosphates and related lacunary compounds [41-43]. They were 

dissolved at the desired concentration in aqueous solutions containing H2SO4 and variable 

amounts of Na2SO4 as supporting electrolyte. 

2.2. Preparation of vertically-aligned mesoporous silica thin films 

The vertically-oriented silica thin films have been electrochemically generated on indium-tin 

oxide (ITO) electrodes according to the previously reported EASA procedure [36]. A 

hydroalcoholic solution (10 mL H2O + 10 mL EtOH) containing 100 mM of the silica precursor 

(TEOS), 32 mM of surfactant template (CTAB or ODAB) and 0.1 M of electrolyte (NaNO3), 

was prepared and its pH was adjusted to 3 by adding 0.1 M HCl. After a first step of hydrolysis 

for 2.5 h, a cathodic potential of -1.3 V was applied for 20 s to the ITO working electrode to 

initiate the oriented growth of the mesoporous silica layer. The film electrode was thoroughly 

rinsed with water and aged overnight at 130°C. The extraction of the surfactant template was 

achieved by immersing the film electrode in an ethanol solution containing 0.1 M HCl for 15 

min. Their hexagonal mesostructure and vertical pore orientation were confirmed by 

Transmission Electron Microscopy (see illustrations in part B of Figure 1). They were 

characterized by a thickness of 95 nm and mesopore sizes of 2.1 and 2.9 nm (respectively for 

films prepared from CTAB and ODAB surfactants), in agreement with previous observations 

made for similar nanoporous silica membranes [29]. 

2.3. Apparatus  

Both film syntheses and electrochemical characterizations were performed using an EG & G 

273 A potentiostat/galvanostat driven by a PC with the M270 software (Princeton Applied 

Research, Ametek, France). A home-made electrochemical cell was used for film synthesis 

[44]. A one-compartment cell with a standard three-electrode configuration was used for cyclic 

voltammetry experiments. The reference electrode was a saturated calomel electrode (SCE) 

separated from the bulk electrolyte solution via fritted compartments filled with the same 

electrolyte. The counter electrode was a platinum gauze of large surface area. The working 

electrode was an indium-tin oxide plate coated, or not, with a mesoporous silica film. Cyclic 

voltammograms have been recorded at 20 mV s-1 (unless specified otherwise) from aqueous 

solutions of the POM at selected pH values and ionic strengths adjusted using H2SO4 and/or 

Na2SO4. 
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Figure 1. (A) Representative structure of the heteropolyanions studied: [P2W18O62]6-, 

[P2V3W15O62]9- and [P2V6W12O62]12-. (B) TEM micrographs obtained for mesoporous silica 

films prepared from (a) CTAB and (b) ODAB surfactant templates. 

 

3. Results and Discussion  

Taking into account the amphoteric character of silica, the surface of mesopore walls can be 

either positive (due to the presence of ≡SiOH2
+ functions) at pH  2, neutral (mainly ≡SiOH 

groups) at pH 2-3 or negative (due to ≡SiO- moieties) at pH  3 [45]. As a consequence, redox-

active anions are likely to accommodate the film to reach the ITO surface primarily in acidic 

media, while being charge-excluded when the silica walls become negative due to electrostatic 

repulsions [32, 40]. The films permeability properties with respect to [P2VmW18-mO62]n- (m = 0, 

3, 6) derivatives have been investigated here at pH 0.3 and 1.0 using cyclic voltammetry (CV).  
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3.1. Electrochemical behavior of Dawson-type POMs on bare ITO 

Figure 2 shows typical CV curves recorded at a bare ITO electrode for the three POMs at the 

two pH values (0.3 and 1.0). The electrochemical behavior of [P2W18O62]6- is well-established, 

yet at carbon electrodes [2, 46, 47], and its behavior was the same on ITO (Fig. 2A). It involves 

four reversible redox processes associated with the reduction of the tungsten-oxo framework: 

two initial reversible single-electron processes (I and II) followed by two bi-electronic steps (III 

and IV). The peak potentials for I and II are essentially independent of pH; by contrast, those 

for the third and fourth processes shifted to more negative values with increasing pH, in 

agreement with the following equations: 

[P2W18O62]6- + 1e-  [P2W18O62]7-    Process I 

[P2W18O62]7- + 1e-  [P2W18O62]8-    Process II 

[P2W18O62]8- + 2e- + 2H+  [H2P2W18O62]8-   Process III 

[H2P2W18O62]8-+ 2e- + 2H+  [H4P2W18O62]8-  Process IV 

 

 

Figure 2. Voltammograms recorded in 0.5 mM [P2W18O62]6- (A), [P2V3W15O62]9- (B) or 

[P2V6W12O62]12- (C) at a bare ITO electrode, in H2SO4 solutions at pH 0.3 (black curves) and 

1.0 (violet curves), at 20 mV s-1. Working electrode area: 0.125 cm2 

 

The electrochemical behavior of the [P2V3W15O62]9- and [P2V6W12O62]12- species was much 

less investigated [48], but one can see from their CV curves (respectively parts B&C in Fig. 2) 

that they are characterized by two regions corresponding to the reduction of vanadium centers 

(at ca. 0.5-0.3 V) followed by the reduction of tungsten centers at more cathodic positions 

(below 0 V) with potentials shifting to more negative values with increasing pH, suggesting 

again the involvement of protons in the reduction processes. The redox steps have been 

elucidated for the reduction of [P2V3W15O62]9-, suggesting a very close sequence of two electron 
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transfer steps, one being two-electron and the other single-electron (corresponding to the 

reduction of the three VV centers into VIV), followed by two distinct four-electron and two-

electron processes (corresponding to the reduction of the W centers), and [P2V6W12O62]12- 

seems to behave similarly [48]. The determination of the exact electron transfer mechanisms 

was beyond the scope of the present work, as we are primarily interested in comparing the 

relative intensities of CV current responses when passing from bare ITO to the mesoporous 

silica film modified electrodes. 

3.2. Electrochemical behavior of Dawson-type POMs on a mesoporous silica film electrode  

When using ITO electrodes coated with the large pore mesoporous silica film (2.9 nm in 

diameter) and operating at pH 0.3, a significant increase in the current responses was observed, 

as illustrated in Figure 3. These curves were obtained after template removal, as no 

electrochemical signal can be observed prior to ODAB surfactant extraction (data not shown, 

but totally in agreement with previous works reporting electrochemical studies of ionic redox 

probes at such mesoporous silica film electrodes [32, 49]). The almost two-fold current increase 

(Ifilm/Ibare  1.8-2.0) in the presence of the film indicates the accumulation of the negatively-

charged POMs via favorable electrostatic interactions with the positively-charged silica surface 

of the mesochannels, with approximately the same efficiency independently on the nature of 

the heteropolyanion, yet perhaps with a slightly better effectiveness of the process for more 

charged POMs, but the variation is of the magnitude of the measurement error (Ifilm/Ibare = 

1.8±0.1 for [P2W18O62]6-, 2.0±0.1 for [P2V3W15O62]9- and 1.9±0.1 for [P2V6W12O62]12-). Current 

enhancement was observed for all redox processes of the various probes. As Ifilm is proportional 

to Dfilm
1/2×Cfilm (and Ibare to Dsol

1/2×Csol, with sol = solution) according to the Randles-Sevcik 

equation [50], and assuming Dfilm < Dsol (because of expected resistance to mass transport in 

such small nanochannels, in agreement with slower diffusion of electroactive species through 

other types of membranes such as poly(vinylferrocene) films [51, 52]), the results of Figure 3 

indicate a quite high accumulation effectiveness (Cfilm >> Csol). Nevertheless, no noticeable 

shift in the characteristic peak potentials can be seen, indicating rather weak interactions 

between POMs and the mesoporous silica matrix, in agreement with previous observations for 

[P2W18O62]6- encapsulated in sol-gel films [10]. Stronger interactions would have resulted in 

potential shifts due to changes in the rate of electron transfer processes [53]. Also note that 

POM transport into the mesoporous films has not to be considered as pure physical diffusion 

and that diffusion coefficients (Dfilm) are actually “apparent diffusion coefficients” because of 
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these POM interactions with the silica walls. At the present stage of the investigation, this 

behavior is very similar as that previously observed for the Keggin-type POM probe, 

[SiW12O40]4- [40], which exhibited similar current enhancements (Ifilm/Ibare  2) although its 

negative charge was lower and its size slightly smaller, but size effects will be further discussed 

in the following. 

 

Figure 3. Voltammograms recorded in 0.5 mM [P2W18O62]6- (A), [P2V3W15O62]9- (B) or 

[P2V6W12O62]12- (C) at an ITO electrode covered by an ODAB-based mesoporous silica film 

(blue curves), as obtained in 0.5 M H2SO4 (pH 0.3) at 20 mV s-1. The voltammetric curves 

recorded on bare ITO are superimposed for comparison purpose (black curves). Working 

electrode area: 0.125 cm2 

 

3.3. Effect of the mesopore diameter and the probe size 

Figure 4 (parts A&B) compares the voltammetric responses obtained for [P2W18O62]6- using 

two film electrodes characterized by mesopore diameters of 2.1 nm (TEOS/CTAB film) and 

2.9 nm (TEOS/ODAB film), respectively, at two pH values (0.3 and 1.0). As shown, for pH 0.3 

(Fig. 4A), if the [P2W18O62]6- species are likely to cross easily the ODAB-based film and even 

to be accumulated inside (Ifilm/Ibare = 1.8), their response at the CTAB-based film electrode was 

much less intense and even lower than at bare ITO (Ifilm/Ibare = 0.55). This can be explained by 

the smaller pore diameter of the CTAB-based film, inducing more resistance to mass transport 

through the silica nanochannels. This effect was even more noticeable and restrictive at pH 1.0 

(Fig. 4B) for which the Ifilm/Ibare values are of ca. 0.6 and 0.2 (respectively for ODAB- and 

CTAB-based films). This clearly indicates a pH-influenced size selectivity of the mesoporous 

films. 

For comparison purposes, the results obtained for the Keggin-type POM [SiW12O40]4- are also 

shown (Fig. 4C&D). They demonstrate the dramatic influence of the balance between mesopore 
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diameter and probe size on the voltammetric response of POMs at mesoporous silica film 

electrodes. Whereas a significant current enhancement can be observed at pH 0.3 for the smaller 

probe ([SiW12O40]4-) at both films exhibiting pore entrances of 2.1 and 2.9 nm, only the larger 

nanochannels were likely to enable significant ingress of the slightly larger [P2W18O62]6- probe 

(see blue curves in Fig. 4A&C for instance), while smaller nanochannels led to much more 

resistance to mass transport of [P2W18O62]6- relative to [SiW12O40]4- (compare red curves in Fig. 

4A&C). These features were observed for the two pH values investigated here (yet with less 

intense currents at pH 1.0, see explanation below): little effect of the mesopore diameter on the 

response of [SiW12O40]4- (Fig. 4C&D) as compared to the very different signals recorded for 

[P2W18O62]6- at the two film electrodes, respectively prepared from CTAB or ODAB (Fig. 

4A&B).  

 

Figure 4. Voltammograms recorded in 0.5 mM [P2W18O62]6- (A, B) or 0.5 mM [SiW12O40]4- 

(C, D) at bare ITO electrode (a) and ITO electrodes covered by CTAB-based (b) or ODAB-

based (c) mesoporous silica films, respectively in H2SO4 solutions at pH 0.3 (A, C) and 1.0 (B, 

D), at 20 mV s-1. Working electrode area: 0.125 cm2 

 

Differences observed between pH 0.3 and 1.0 can be explained by taking into account several 

parameters. At both pH values, the silica surface is positively charged [45] but the density of 

≡SiOH2
+ groups onto the mesopore walls has been reported to be slightly higher at lower pH 
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[54], possibly contributing to the accumulation of more POM anions. However, this is certainly 

not the main reason leading to the big differences shown on Figure 4, as the silica surface state 

is expected to be mostly the same at a defined pH for both smaller and larger pore films. The 

mesopore diameter and probe size seem to play a major role. Actually, when adjusting the pH 

by tuning the concentration of a strong acid (H2SO4) as we did here, another parameter is 

evolving concomitantly, the ionic strength, thus affecting the electrical double layer (EDL) 

associated with the charged surface. The thickness of the electrical double layer can be 

estimated from the Debye length (D), which can be calculated from equation 1:  

D= ට
బಳ்
ଶேಲ

మூ
    (1) 

where 0 is the vacuum permittivity (8.85 × 10-12 m-1), r is the relative permittivity of water 

(7.84 × 10-10 F m-1 at 25°C) also called dielectric constant, KB is the Boltzmann constant 

(1.38 × 10-23 J K-1), T is the temperature in K, q is the charge of an electron, I is the ionic strength 

and NA is the Avogadro constant (6.02 × 1023 mol-1).  

According to equation 1, the Debye length is proportional to the reciprocal square root of the 

ionic strength. The larger the concentration of ions, the more they "shield" the charged surface 

and the thinner the Debye length is. This is illustrated in Figure 5 for the two media considered 

above (0.5 M H2SO4, pH 0.3, and 0.1 M H2SO4, pH 1.0) and the two film electrodes, 

respectively prepared from CTAB or ODAB (Fig. 5A). As shown, the same EDL thickness 

variation in smaller and larger mesopores does not have the same effect in terms of “effective 

pore diameter” (i.e., “pore size – 2” values) (Fig. 5B). This contributes to explain the big 

differences observed between the voltammetric responses of the Dawson [P2W18O62]6- and 

Keggin [SiW12O40]4- POM probes at the two film electrodes and two pH values (Fig. 4). At pH 

0.3 (Fig. 4A&C), both probes are likely to cross easily the large mesopore channels (as their 

“effective pore diameter” remain large, i.e. 2.0 nm, Fig. 5A) whereas noticeable restrictions 

appear for [P2W18O62]6- at the smaller pore film (“effective pore diameter” of ca. 1.2 nm, Fig. 

5A). This can be attributed to a slower mass transport of [P2W18O62]6- through the nanochannels 

due to its obviously bigger size compared to [SiW12O40]4-; for [SiW12O40]4- a hydrodynamic 

radius has been reported (RH = 0.52 nm in H2O + 250 mM NaCl [55]), corresponding to a sphere 

with diameter of 1.04 nm (consistent with its molecular size determined by X-ray 

crystallography [56-58]) and, even if no RH data is available for [P2W18O62]6-, it should be 

significantly larger on the basis of crystallographic information (rugby ball-like shape with a 
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molecular size of ca. 1.1×1.45 nm for [P2W18O62]6- [58-60]). At pH 1.0, mass transport 

processes were even more restrictive for both POMs, but much marked for the bigger 

heteropolyanion, especially for the smaller pore film (Fig. 4B&D). Interestingly, one can notice 

the very similar intensity of the voltammetric signals of [P2W18O62]6- at the small pore film at 

pH 0.3 (see curve “b” on Fig. 4A) and the larger pore film at pH 1 (see curve “c” on Fig. 4B), 

both situations corresponding to the same “effective pore diameter” of 1.2 nm (Fig. 5A). Of 

course, the EDL layer is not a truly physical barrier, but rather an anionic zone acting as an 

electrostatic screening/shielding barrier for preventing effective mass transport of the 

heteropolyanions through the mesoporous films, from the solution to the underlying electrode 

surface, but not blocking it totally. For instance, the electrochemical response was not totally 

suppressed for both POMs at the small pore film electrode at pH 1 (see curves “b” on Fig. 

4B&D), even if this situation corresponds to an “effective pore diameter” of 0.4 nm (Fig. 5A). 

In this case, Ifilm/Ibare values of ca. 0.2 (for [P2W18O62]6-) and 0.8 (for [SiW12O40]4-) were 

calculated, suggesting that not only the size but also the charge of the POM can affect the 

electrochemical response (the more the anion is charged, the stronger the electrostatic barrier 

is). All the above results and discussion demonstrate the key role of the mesopore diameter in 

tuning the access of such bulky anionic redox probes to the electrode surface and point out a 

major influence of ionic strength, which will be further discussed hereafter from H2SO4 

solutions with added electrolyte (Na2SO4). 

 

 

Figure 5. (A) Schematic view of mesopore channels of CTAB- and ODAB-based films with 

electrical double layers corresponding to pH 0.3 and 1.0. (B) Variation of the effective pore 

diameters (i.e., “pore size – 2” values) of both films as a function of the ionic strength (dashed 

lines represent the pore diameter of both mesoporous films). 
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3.4. Effect of the ionic strength 

The ionic strength can also be varied by adding a strong electrolyte in the medium. Figure 6 

shows typical results obtained with the large pore film electrode (i.e., ODAB-based mesoporous 

silica) at pH 0.3 and 1.0. Significant variations in peak current intensities (for all [P2W18O62]6- 

redox processes) can be seen when adding increasing concentrations of Na2SO4 in the medium. 

In 0.10 M H2SO4 (pH 1.0, see Fig. 6C&D&F), Ifilm/Ibare values were found to increase from 0.6 

in the absence of added electrolyte to 1.1 in the presence of 0.10 M Na2SO4, which can be 

explained by a decrease in the EDL thickness due to a larger ionic strength (changing from 0.12 

to 0.42) and making the “effective pore diameter” larger enough (i.e., 2.0 nm in this case) to 

enable easier ingress of [P2W18O62]6- species through the nanochannels (and accumulate 

somewhat in the film). At larger ionic strength, however, this beneficial effect in terms of 

increasing the “effective pore diameter” is counterbalanced by a competition originating from 

the presence of larger amounts of SO4
2- anions, limiting thereby the accumulation of 

[P2W18O62]6- species and leading to lower Ifilm/Ibare values. The optimal ionic strength has thus 

to be found as the best compromise between a value high enough to keep the EDL as thin as 

possible (and the free diffusion zone as large as possible in the nanochannels), but not too high 

to avoid a competition between the electrolyte anions and [P2W18O62]6- to accumulate in the 

film. This is consistent with previous observations made for the Keggin POM at a small pore 

film electrode ([SiW12O40]4- at CTAB-based mesoporous silica film [40]), but the effect is more 

marked here for the bulkier and more charged [P2W18O62]6- probe, which needs larger pore film 

electrode to be evidenced.  

When working at pH 0.3, it is impossible to lower the ionic strength below 0.52 M 

(corresponding to 0.50 M H2SO4), and the only observed effect of increasing the Na2SO4 

concentration of the medium is the competition for accumulation sites (decrease in Ifilm/Ibare 

values, see Fig. 6A&B&E). It is also interesting to compare three cases corresponding to very 

close values of the “effective pore diameter” of ca. 2.0 nm (i.e., 0.50 M H2SO4 corresponding 

to pH 0.3 (see red curves on Fig. 6A&B), and 0.10 M H2SO4 + 0.10 M Na2SO4 corresponding 

to pH 1.0 (see blue curves on Fig. 6C&D) and 0.01 M H2SO4 + 0.15 M Na2SO4 corresponding 

to pH 2.0 (data not shown)). In these cases, distinct Ifilm/Ibare values were obtained (i.e., 1.8 at 

pH 0.3, 1.1 at pH 1.0 and 0.8 at pH 2.0), suggesting a more effective [P2W18O62]6- accumulation 

via electrostatic attractions at lower pH (due to higher density of ≡SiOH2
+ groups onto the 

mesopore walls [54]). On the other hand, the ionic species responsible for adjusting a similar 

ionic strength in both media are not the same (more monovalent species in the first case, i.e., 
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mainly H+ and HSO4
-, and much more bivalent SO4

2- in the second and third cases) so that 

additional competitive binding cannot be excluded in the latter two.  

Overall, in addition to the pore dimensions (Fig. 4), many factors are shown to affect the 

intensity of the voltammetric signals of POMs at mesoporous silica film electrodes in acidic 

medium (Fig. 6): the pH value itself (defining the binding site density), the ionic strength 

(controlling the “effective” pore size via variation of the EDL thickness and induced 

electrostatic shielding) and the concentration of electrolyte anions (likely to compete with 

[P2W18O62]6- for binding sites). Even if most data seem to support electrochemical processes 

based on diffusion-control, one cannot exclude the possibility of charge transfer by electron 

hopping hopping from POM species adsorbed onto the mesopore walls (as it is the case for 

redox molecules covalently attached to silica films [44, 61]). This mechanism, if existing here, 

is certainly not the prominent one because of the weak electrostatic interactions between POM 

and silica (in agreement with previous observations for electrodes modified with ion exchangers 

[62, 63]). In addition, the great mobility of POM species is confirmed by their fast desorption 

when immersing a [P2W18O62]6--loaded electrode in a POM-free electrolyte solution, leading to 

a loss of the voltammetric signals (i.e., by ca. 90% in 0.5 M H2SO4 + 0.1 M Na2SO4), consistent 

with what was observed for the Keggin-type POM [40]. 

 

 

Figure 6. (A-D) Voltammograms recorded in a solution containing 0.5 mM [P2W18O62]6- and 

H2SO4 at concentrations adjusted to fix the pH to 0.3 (A, B) or 1.0 (C, D) and Na2SO4 added at 
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selected concentrations (0.10, 0.15 or 0.20 M), using a bare ITO electrode and ITO covered 

with ODAB-based mesoporous silica film (see conditions in insets), at 20 mV s-1. (E, F) 

Variation of the peak current ratio between film and bare electrodes (Ifilm/Ibare values) as a 

function of the ionic strength, as calculated respectively from data (B, D). Working electrode 

area: 0.125 cm2 

The above trends were confirmed for the vanadotungstate heteropolyanions also investigated 

here, [P2V3W15O62]9- and [P2V6W12O62]12-, as illustrated in Figure 7 on the basis of data 

obtained at pH 1.0 at various ionic strengths. Without added Na2SO4 electrolyte, Ifilm/Ibare values 

were lower than for [P2W18O62]6- (~0.4 for [P2V3W15O62]9- and ~0.3 for [P2V6W12O62]12-, as 

estimated from the W signals (because those related to the V centers were too ill-defined), 

compared to 0.6 for [P2W18O62]6-). This fact, associated to peak potentials slightly shifted 

towards more cathodic values, indicated more impeded mass transport and charge transfer 

processes for the most highly charged heteropolyanions in the case of small “effective pore 

diameter” (due to thick EDL on the charged silica walls). But again, adding the Na2SO4 

electrolyte in the medium led to significant increase in peak currents as a result of more open 

nanochannels (thinner EDL), providing its concentration was not too high to avoid competition 

from SO4
2- species for the accumulation sites. This highlighted not only the effect of the charge 

density of the POM (Note that at the low pH values investigated here, these POMs are expected 

to be partially protonated (even if the pKa values are unknown for [P2W18O62]6-, [P2V3W15O62]9- 

and [P2V6W12O62]12-, these species are considered as strong acids [64,65]), but one can 

reasonably assume a trend of negative charge density following that of the pristine series: 

[P2W18O62]6- < [P2V3W15O62]9- < [P2V6W12O62]12-), but also that the main conclusions drawn 

here should be also valid for other heteropolyanions, which might be of wider interest 

considering the diversity of electron-rich polyoxometalates and their importance in 

electrochemistry and beyond [66].  
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Figure 7. Voltammograms recorded in a solution containing 0.5 mM [P2V3W15O62]9- (A) or 

[P2V6W12O62]12- (B) and 0.10 M H2SO4 (pH 1.0) to which Na2SO4 was added at selected 

concentrations (0.10, 0.15 or 0.20 M), using a bare ITO electrode and ITO covered with ODAB-

based mesoporous silica film (see conditions in insets), at 20 mV s-1. Working electrode area: 

0.125 cm2 

 

 

4. Conclusions 

The presence of mesoporous silica membranes onto an ITO electrode, exhibiting a dense 

hexagonal packing of vertically oriented nanochanels with monodisperse size, greatly 

influenced the voltammetric response of the Dawson-type [P2VmW18-mO62]n- (m = 0, 3, 6) 

polyoxometalates (and of a Keggin-type POM, [SiW12O40]4-, for comparison purposes). This 

has been investigated here in acidic media (pH 0.3 - 1.0, where the silica surface is positively 

charged and thus likely to accumulate POM anions), at various ionic strengths (0.1 - 0.8 M 

range), and using film electrodes with distinct mesopore diameters (2.1 nm and 2.9 nm). The 

main factors affecting the intensity of the voltammetric signals are: (1) the membrane pore size, 

(2) the POM probe charge and size, and (3) the solution pH and ionic strength. The effectiveness 

of mass transport issues through the mesoporous films, and thus the resulting intensities of the 

voltammetric signals, is governed by the “effective pore size” of the film resulting from the 

interplay between the membrane pore diameter and the thickness of the EDL formed onto the 

silica walls of mesopore channels. This was especially restrictive for bigger and more charged 

heteropolyanions and when working with small pore film electrodes at low ionic strength, so 

that only significant electrochemical signals for the quite big and highly charged Dawson-type 

POMs were obtained with the larger pore film (2.9 nm) and a medium composition with an 

ionic strength large enough (i.e. ≥0.4 M) to ensure an EDL as thin as possible. Lower pH values 

also contributed to more effective accumulation, which was however limited at high electrolyte 

concentration (due to competitive binding). Overall, this work has demonstrated a pH-

dependent accumulation behavior, along with a significant pore size- and ionic strength-

dependent permselectivity, which was more or less marked depending on the probe size and 

charge.  
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