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Abstract 

We present in this paper the ‘in situ’ preparation of manganese-containing polyoxotungstate 

[Mn(H2O)3)2(H2W12O42)]n
6n- (1) chains in vertically-oriented mesoporous silica thin films on 

indium-tin oxide (ITO) electrodes. Taking advantage of a soft sequential method allowing the 

formation of 1 inside the mesoporous matrix, we succeed in its ‘in situ’ formation according to 

two main steps: (i) a first one consisting of the immobilization of [Mn(H2O)6]2+ in sulfonate-

functionalized silica thin films; and (ii) a second one involving the reaction of the [Mn(H2O)6]2+ 

moieties with Na2WO42H2O. The electrochemical characterization of the functionalized 

materials obtained clearly demonstrates that the content of sulfonate groups in the starting films 

is a critical parameter to get the expected electroactive [Mn(H2O)3)2(H2W12O42)]n
6n- compound 

inside the silica nanochannels. The experimentally determined chemical composition of the 

films performed by X-ray Photoelectron spectroscopy (XPS) is in good agreement with the 

expected composition of 1 in the case of films obtained with the optimal content of sulfonate 
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functions (i.e., 5-6.5% sulfonate with respect to silica). Energy Dispersive analysis of X-rays 

coupled with Transmission Electron Microscopy (TEM-EDX) carried out on the cross section 

of the films show that a uniform composition in terms of Mn/W ratio is obtained after the 

functionalization process. This confirms the formation of [Mn(H2O)3)2(H2W12O42)]n
6n- 

uniformly within the whole thickness of the silica film (i.e., 80 nm), explaining also the long-

range charge transfer reactions occurring through such insulating silica membrane. Using 

sulfonated silica films as template, we develop a robust ‘in situ’ synthesis strategy to assemble 

1D linear polyoxotungstates onto ITO electrodes, exhibiting a stable electrochemical response 

once confined within the silica nanochannels. 

Keywords: 1D linear polyoxotungstates, vertically-oriented mesoporous silica films, modified 

electrode, long-range charge transport. 

 

1. Introduction  

Nanoporous solids have a large surface area, nanosized walls, and three-dimensionally porous 

networks, making them potential candidates for gas adsorption, separation, and heterogeneous 

catalysis [1, 2]. In this regard, the ordered mesoporous silicates are of particular interest due to 

the possibility of preparing materials exhibiting well-controlled nanostructures with tunable 

porosity and functionality [3]. They can be also manufactured in the form of thin membranes 

with preferential pore orientation [4-7]. The confinement of molecular chains in an oriented 

template can lead to unique and improved electronic, electrochemical, optical or mechanical 

properties of the nanocomposites thus obtained (e.g., as reported for conducting polymers [8, 

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

of interest to promote efficient charge transfer processes, with particular interest for 

nanoreactors and sensors [10,11]. 
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Polyoxometalates (POMs) are inorganic anionic compounds that consist of metal oxo clusters. 

These clusters are often composed of early transition metals, such as tungsten or molybdenum 

in their highest oxidation state, surrounded by oxygen atoms and containing heteroatoms with 

nanosized geometry. They exhibit rich electrochemical behaviour without significant changes 

in their structure [12-15], making them promising candidates for applications in 

electrocatalysis, energy conversion or electrochemical sensing [15-19]. However, for practical 

uses, POMs often need to be confined onto electrode surfaces. This can be achieved in particular 

via chemisorption, electrodeposition, encapsulation in polymers or inorganic matrices, and 

deposition as monolayers (Langmuir-Blodgett process) or multilayers (layer-by-layer 

assembly) [17, 19-24]. The use of POMs in the design and synthesis of hybrid materials or 

functional nanostructures is attractive due to their unique features such as high negative charge 

density, redox activity, available organic grafting and unique ligand properties [25, 26]. The 

use of supramolecular assemblies as templates, however, implies that these larger structures 

could guide the formation and assembly of other organized molecular assemblies [27]. 

Incorporating POMs into such mesoporous hosts may provide several advantages for practical 

applications by preventing their dissolution or aggregation for instance. 

Here we provide a simple method to confine ‘in situ’ a manganese-containing polyoxotungstate 

([Mn(H2O)3)2(H2W12O42)]n
6n-) in vertically-oriented mesoporous silica thin films while 

retaining its intrinsic electrochemical activity. This first involves the electro-assisted generation 

of sulfonate functionalized mesoporous silica films on ITO electrodes, followed by their 

reaction with [Mn(H2O)6]2+ and then with Na2WO42H2O. The resulting hybrid films are 

electroactive and their electrochemical response depends on the amount of sulfonate groups in 

the starting material, a critical parameter affecting the formation of 

[Mn(H2O)3)2(H2W12O42)]n
6n- in the nanochannels, as supported by TEM-EDX and XPS 

characterization. 
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2. Experimental section 

2.1. Chemicals and reagents  

Tetraethoxysilane (TEOS, 98%, Alfa Aesar), 3-mercaptopropyltrimethoxysilane (MPTMS, 

95%, sigma Aldrich), ethanol (95-96%, Merck), sodium nitrate (NaNO3, 98%, Prolabo), 

sodium tungstate dihydrate (Na2WO42H2O, ≥99%, Sigma-Aldrich), manganese acetate 

tetrahydrate (Mn(CH3COO)24H2O, >99%, Sigma-Aldrich), zinc acetate dihydrate 

(Zn(CH3COO)22H2O, Sigma Aldrich), potassium chloride (KCl, >99%, Sigma-Aldrich), 

hydrochloric acid (HCl, 36.5-38% Riedel de Haen), sulfuric acid (H2SO4, 98%, Sigma-

Aldrich), cetyltrimethylammonium bromide (CTAB, 99%, Acros) and 

octadecyltrimethylammonium bromide (ODAB) have been used as received. 

[(Mn(H2O)3)2H2W12O42]n
6n- (actually its powdered form 

K2Na4[(Mn(H2O)3)2H2W12O42]28H2O) was prepared by following a synthetic procedure 

previously reported [28]. 

2.2. Preparation of sulfonate-functionalized vertically-aligned mesoporous silica films 

The preparation of sulfonate-functionalized vertically-oriented silica thin films on ITO plates 

(surface resistivity 8−12 Ω, Delta Technologies) was carried out as previously described [29]. 

The first step consists of the preparation of thiol-modified silica thin films by the EASA 

procedure adapted from [30]. A hydroalcoholic solution (20 mL H2O + 20 mL EtOH) 

containing 100 mM of the silica precursors (TEOS and MPTMS), 32 mM of surfactant template 

(CTAB or ODAB) and 0.1 M of supporting electrolyte (NaNO3), was prepared and its pH was 

adjusted to 3 by adding 0.1 M HCl. The ratio MPTMS/TEOS varied from 2.5/97.5 to 8/92. 

After a first step of sol aging for 2.5 h to ensure proper hydrolysis of the precursors, a cathodic 

potential of -1.3 V was applied for 20 s to the ITO working electrode to initiate the oriented 

growth of the thiol-functionalized mesoporous silica layer. The film electrode was thoroughly 
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rinsed with water and aged overnight at 130°C. Extraction of the surfactant template was 

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

min. The thiol groups in the films were then chemically oxidized into sulfonate groups (see top 

left of Scheme 1) by using hydrogen peroxide as previously described [29].  

2.3. ‘In situ’ formation of [(Mn(H2O)3)2(H2W12O42)]n6n- in the oriented silica channels 

The ‘in situ’ synthesis of [(Mn(H2O)3)2(H2W12O42)]n
6n- in vertically-oriented sulfonate-

functionalized silica thin films was performed by adapting the synthetic protocol applied to 

form the corresponding powder [28] to the particular case of the silica films given their chemical 

stability. A first step of the synthesis consists of the impregnation of sulfonate-functionalized 

films in a solution 10 mM manganese (II) acetate tetrahydrate for 1h (see top right of Scheme 

1). Subsequently, the manganese-containing films ([Mn(H2O)6]2+SO3
−@SiO2) were thoroughly 

rinsed with ethanol. A solution of 3.0 g sample of Na2WO42H2O (9.1 mmol) dissolved in 5 

mL of water was slowly added upon stirring at room temperature to a 0.11 g sample of 

Zn(CH3COO)22H2O (0.5 mmol) dissolved in 18 mL of acetate buffer ( 0.5 M CH3COONa + 

0.5 M CH3COOH). The pH of this solution is close to 8 after completing the addition of 

Na2WO42H2O and is adjusted to 6 by addition of 1 M CH3COOH to keep the medium 

compatible with the chemical stability of silica. The cloudy solution obtained was heated at 

50°C for about 15 min. The manganese-containing films primarily prepared were dipped in this 

solution at 65°C for 1h to generate the manganese-containing polyoxotungstate chains inside 

the vertical nanochannels (see bottom of Scheme 1). The films were subsequently rinsed with 

the acetate buffer solution and dipped in a 1 M KCl solution for 5 min in order to remove any 

residual reaction products (such as highly soluble isopolytungstate or tungstate-based salts). 

They are denoted [Mn2W12O42]POM-SO3
−@SiO2.  
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2.4. Apparatus  

Film syntheses and electrochemical characterizations were carried out using an µAutolab 

potentiostat driven by the NOVA software (Methrom, France). A home-made one- 

compartment electrochemical cell with a classical three-electrode configuration was used for 

film synthesis (see supplementary material in Ref. [31]). A one-compartment cell with a 

standard three-electrode configuration was used for cyclic voltammetry experiments. The 

reference electrode was a Ag/AgCl electrode separated from the bulk electrolyte solution via 

fritted compartments filled with the same electrolyte. The counter electrode was a stainless steel 

of large surface area (chemically stable in the conditions used here). The working electrode was 

an ITO plate coated, or not, with a mesoporous silica film, analysed over a disk area of 0.20 

cm2. Cyclic voltammograms have been recorded at scan rates varying from 10 mV s-1 to 100 

mV s-1 from aqueous solutions of the POM at selected pH values and ionic strengths adjusted 

using H2SO4 and/or Na2SO4. 

 

Scheme 1. Illustration of the procedure applied to immobilize [Mn(H2O)3)2(H2W12O42)]n
6n- (1) 

on ITO electrode covered with an oriented sulfonate-functionalized mesoporous silica film. 
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3. Results and Discussion  

The synthesis of [(Mn(H2O)3)2(H2W12O42)]6- (1, see Figure S1 in Supporting Information) has 

been successfully achieved as described [28]. Single crystal X-ray analyses revealed a 2-D 

network structure. In the solid state, this manganese-containing polyoxotungstate forms linear 

chains of [(Mn(H2O)3)2(H2W12O42)]n
6n-, where [H2W12O42]10- fragments are linked in pairs via 

Mn2+ ions. Detailed electrochemical studies have been carried out previously [28] using glassy 

carbon electrodes in aqueous solutions (pH range 1–6) where 1 is stable. 

[Mn(H2O)3)2(H2W12O42)]n
6n- undergoes multiple electron-transfer processes that lead to the 

electrogeneration of high oxidation state manganese species that catalyse water electro-

oxidation on the anodic side, and to the electroreduction of tungsten centres on the cathodic 

domain, which are also effective in the electrocatalytic reduction of nitrite or dioxygen. In this 

sense, the immobilization of such linear structures on electrode surfaces can offer several 

advantages for practical applications, helping to improve the stability of the POM by preventing 

leaching or aggregation. This can make it possible to obtain a more durable catalyst, reusable 

over multiple cycles. Depending on the immobilization method or the template employed for 

immobilization, one could control the orientation of the linear structures, which could influence 

the accessibility of active sites and improve catalytic efficiency. With this in mind, it appears 

that vertically-oriented mesoporous silica films (MSF) obtained by electrochemically-induced 

self-assembly (EASA [4, 7, 32]) could be ideal templates for immobilizing such linear 

[Mn(H2O)3)2(H2W12O42)]n
6n--type structures. MSF employed in this work have pore sizes 

between 2 and 3 nm, which makes particularly difficult the post-synthesis introduction of such 

linear structures. We therefore propose here to confine linear chains of 

[Mn(H2O)3)2(H2W12O42)]n
6n- via their ‘in situ’ formation inside the nanoporous silica matrix 

using a soft sequential approach involving the immobilization of the [Mn(H2O)6]2+ in a first 

step and their coordination to [H2W12O42]10- units in a second step. 
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3.1. Electrochemical behaviour of [(Mn(H2O)3)2(H2W12O42)]n
6n- in solution on bare ITO 

Before proceeding with its immobilization, the electrochemical behavior of 1 has been studied 

by cyclic voltammetry (CV) on bare ITO electrode. Figure 1 shows typical CV curves recorded 

at various potential scan rates in aqueous medium (0.05 M Na2SO4 + H2SO4) at pH 3, in the 

potential window ranging from -0.5 to +1.4 V vs. Ag/AgCl. In the negative potentials window, 

one can see the first reversible signal corresponding to tungsten centers (i.e., W6+/5+ redox 

couple) in [Mn(H2O)3)2(H2W12O42)]n
6n- but not subsequent reductions occurring at lower 

potential values (visible on carbon electrode [28] but not on ITO due to the limit in the potentials 

that can be reached on the cathodic side). When scanning potentials on the anodic side, one can 

see the electrochemical oxidation of Mn(II) centers of 1 (oxidation peak located at +1.05 V vs. 

Ag/AgCl) into Mn(IV) species, corresponding most likely to the formation of manganese oxide-

based species (as reported for carbon electrode [28]). These manganese oxides partially 

redissolve on reverse scanning, which is characterized by the presence of a symmetrical 

cathodic peak located at +0.80 V vs. Ag/AgCl. The consecutive potential scans show a 

progressive shift of the anodic peak potential attributed to the continuous change in the nature 

of the surface due to the deposition of manganese oxides. When operating only towards 

negative potentials (Fig. 1B), the W6+/5+ redox signal intensity is directly proportional to the 

square root of potential scan rates, indicating a diffusion-controlled process. 
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Figure 1. Cyclic voltammograms of [Mn(H2O)3)2(H2W12O42)]n
6n- (1) recorded at various 

potential scan rates (from 100 to 10 mV s-1) in an aqueous solution at pH 3 containing 0.5 mM 

of 1 (in 0.05 M Na2SO4 + H2SO4). (A) full potential window; (B) scanning potentials on the 

cathodic side only. Working electrode: ITO; temperature: 293° K. 

 

3.2. ‘In situ’ formation of [(Mn(H2O)3)2(H2W12O42)]n
6n- in vertically-oriented sulfonate-

functionalized mesoporous silica thin films 

1st step: Immobilization of [Mn(H2O)6]2+in the films. 

The first step of the soft sequential process employed for the immobilization of the POM under 

mild experimental conditions (scheme 1) consists of the incorporation of [Mn(H2O)6]2+ in the 

sulfonate-functionalized vertically-oriented silica films. It has been described previously that 

organosulfonate moieties can interact with transition-metal hexaaqua cations via hydrogen 

bonds, probably to stabilize the coordination complexes [33]. Within the H2SO4 concentration 

range considered in this work, Mn(II) will be found as the [Mn(H2O)6]2+ hexaaqua ion in 

solution [34]. The sulfonate-functionalized silica films with various levels of functionalization 
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were dipped for 30 minutes in a solution containing 10 mM MnCl24H2O. The successful 

immobilization of [Mn(H2O)6]2+ inside the nanochannels was proved by cyclic voltammetry 

taking advantage of the electroactive nature of [Mn(H2O)6]2+ cations at pH 3 (in 0.05 M Na2SO4 

+ H2SO4, see Figure 2). As shown, the voltammetric signals increased with sulfonate content 

(Fig. 2A), confirming the successful incorporation of larger amounts of manganese species into 

the films. On forward scan, one can observe an anodic wave with characteristic nucleation 

overpotentials, as commonly reported for metal electrodeposition [35]. This is especially visible 

at higher potential scan rates, and corresponds to the slow formation of manganese oxides [36], 

which are partially cathodically stripped on scan reversal, revealing a symmetrical cathodic 

peak located around 0.8-0.6 V depending on the potential scan rate (Fig. 2B). Finally, the 

evolution of the electrochemical response over 50 consecutive scans (as performed at  

50 mV s-1, see insert in Fig. 2A) indicated a decrease of the peak currents. This is most likely 

due to a progressive passivation of the surface by the deposited manganese oxides and/or to 

some leaching of Mn(II) species out of the film in the external solution. 

 

Figure 2. (A) CV curves of [Mn(H2O)6]2+SO3
−@SiO2 films prepared on ITO electrode with 

CTAB and MPTMS/TEOS ratios of 2.5/97.5, 5/95 and 8/92, as recorded at a potential scan rate 
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of 50 mV s-1; the insert shows 50 successive CV scans obtained with the 5/95 film. (B) CV 

curves of the 5/95 film, obtained at potential scan rates of 10, 20, 30, 40, 60, 70, 80, 90 and 100 

mV s-1. All the curves were recorded in aqueous 0.05 M Na2SO4 + H2SO4 (pH 3). Temperature: 

293° K. 

 

2nd step: ‘In situ’ formation of [(Mn(H2O)3)2H2W12O42]n
6n- in the nanochannels and influence 

of the initial composition of the film 

Once the [Mn(H2O)6]2+ are incorporated in the mesoporous matrix, the 

[(Mn(H2O)3)2(H2W12O42)]n
6n- could be formed in the nanoporous channels by reaction with 

Na2WO42H2O, following a slightly modified procedure like that described for the preparation 

of the corresponding powder [28] (Scheme 1), adapted here to the pH constraints related to the 

chemical instability of the silica films in alkaline medium. An aqueous solution of 

Na2WO42H2O is slowly added to a solution containing Zn(CH3COO)2 in acetate buffer (pH 

4.6) buffer. Once the addition is complete and due to the basic nature of Na2WO42H2O, the pH 

of the solution increases up to 7.8 which is then reduced to 6 by addition of acetic acid in order 

to prevent any degradation of the silica membranes. The resulting solution is heated at 50C for 

15 min. After this period the previously prepared [Mn(H2O)6]2+SO3
−@SiO2 materials 

functionalized at different degrees were dipped in this solution and heated at 65C for a period 

of 1 hour in quiescent conditions to get the [Mn2W12O42]POM-SO3
−@SiO2 films.  

The proof of the formation of POM in the films is first given by cyclic voltammetry. Figure 3 

compares the shape of the electrochemical response of the obtained functionalized films, 

showing an important evolution as a function of their initial sulfonate contents. For the films 

with a low content of sulfonate functions, i.e. MPTMS/TEOS 2.5/92.5 (see Fig. 3A) and 4/96 

(not shown), the CV curves recorded in the studied potential window only show the presence 
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of manganese as electroactive species. This suggests that [Mn(H2O)6]2+ cations are not 

sufficiently concentrated in the nanochannels to allow the formation of 

[(Mn(H2O)3)2(H2W12O42)]n
6n- chains, but this does not necessarily mean the absence of 

monomeric tungsten species (that would not be electrochemically accessible in the potential 

window investigated here) such as [H2W12O40)]6n- or [H2W12O42)]10n- [28]. Indeed, EDX data 

(Table 1) indicates the presence of W in the silica film but largely in excess over Mn (i.e., 

W/Mn ratio of about 12-13) compared to the ratio expected for the POM (6, corresponding to 

12 W for 2 Mn). On the contrary, well-defined electrochemical response was obtained after ‘in 

situ’ formation of [(Mn(H2O)3)2(H2W12O42)]n
6n- using mesoporous silica films prepared from 

MPTMS/TEOS ratios of 5/95 and 6.5/93.5 (see respectively parts B&C in Fig. 3). The curves 

exhibit the characteristic W6+/5+ reversible peaks in the negative potential window and the 

typical Mn(II) oxidation signal on the anodic side, and the overall shapes observed are in good 

agreement to that obtained for 1 on bare ITO (Fig. 1) under the same experimental conditions 

(0.05 M Na2SO4 + H2SO4, pH 3). Again, this is consistent with EDX data indicating W/Mn 

molar ratios of 6-7 (Table 1), i.e. close to the value of 6 expected for 

[(Mn(H2O)3)2(H2W12O42)]n
6n- chains.  
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Figure 3. CV curves of [Mn2W12O42]POM-SO3
−@SiO2 films prepared on ITO electrode with 

CTAB and MPTMS/TEOS ratios of (A) 2.5/97.5, (B) 5/95, (C) 6.5/93.5 and (D) 8/92, recorded 

in aqueous 0.05 M Na2SO4 + H2SO4 (pH 3) at potential scan rates of 20, 40, 60, 80 and 100 mV 

s-1. The inserts in parts B and C show 40 successive CV scans obtained at 100 mV s-1 towards 

negative potential values corresponding to W6+/5+ centers in the POM. Other conditions as in 

Fig. 2. 
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Table 1. TEM-EDX analyses of Mn and W at different points of the micrograph cross sections 

as a function of the functionalization level (MPTMS/TEOS ratio in the starting silica thin films). 

MPTMS/TEOS ratio At. Conc. % Mn At. Conc. % W W/Mn Depth 

2.5/97.5 1.0 ±0.1 
1.1 ±0.1 
1.0 ±0.1 

12.6 ±0.8 
12.5 ±0.8 
12.8 ±0.8 

12.6 ±1.5 
11.4 ±1.3 
12.8 ±1.5 

15 nm 
45 nm 
65 nm 

5/95 3.5 ±0.2 
3.4 ±0.2 
3.6 ±0.2 

24.9 ±1.4 
24.8 ±1.4 
24.9 ±1.4 

  7.1 ±0.6 
  7.3 ±0.6 
  6.9 ±0.6 

10 nm 
40 nm 
70 nm 

6.5/93.5 4.2 ±0.2 
4.1 ±0.2 
4.1 ±0.2 

25.5 ±1.4 
25.6 ±1.4 
25.5 ±1.4 

  6.1 ±0.5 
  6.2 ±0.5 
  6.2 ±0.5 

20 nm 
50 nm 
80 nm 

8/92 6.4 ±0.2 
6.5 ±0.2 
6.3 ±0.2 

25.4 ±1.4 
25.3 ±1.4 
25.4 ±1.4 

  4.0 ±0.3 
  3.9 ±0.3 
  4.0 ±0.3 

15 nm 
35 nm 
70 nm 

 

 
Finally, the electrochemical behavior the film more concentrated in Mn2+ (prepared from 8/92 

MPTMS/TEOS) made it possible to observe almost only the manganese signals in the positive 

potentials window, with only a residual small peak at -0.37 V (Fig. 3D). This suggests that the 

self-assembly of [(Mn(H2O)3)2(H2W12O42)]n
6n- inside the nanochannels is hindered in this case, 

most likely due to the lack of space or unfavorable spatial distribution of such higher contents 

of sulfonate functions in the film. The W/Mn ratio of 4 observed for this 8/92 film (Table 1) 

also confirms the excess of unreacted manganese species. In conclusion, the observed 

electrochemical behavior highlights that the composition of the starting films, and in particular 

the content of sulfonate functions, plays an essential role in the successful synthesis of the 

[(Mn(H2O)3)2(H2W12O42)]n
6n- inside the nanochannels of the silica matrix. So far, this ‘in situ’ 

synthesis is the only way to immobilize such POM in oriented mesoporous silica films since 

‘simple’ impregnation with [(Mn(H2O)3)2(H2W12O42)]6n- species did not allow their effective 

incorporation inside the nanochannels due to electrostatic repulsions induced by the negatively-

charged silica walls (which is known to reject anions [7]). 
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3.3. Further characterization of [Mn2W12O42]POM-SO3
−@SiO2 films and effect of pore size 

Figure 4 displays typical TEM imaging (top view and cross-section) of [Mn2W12O42]POM-

SO3
−@SiO2 films, where one can clearly see that the degree of order and hexagonal packing of 

the mesopore channels are maintained after generation of the [(Mn(H2O)3)2(H2W12O42)]n
6n- 

chains inside the mesoporous film (Fig. 4A) and that all nanochannels are vertically oriented 

(Fig. 4B). This is consistent with previous observations on functionalized mesoporous silica 

membranes prepared by EASA [8, 37], but it also indicates that the conditions applied here for 

POM synthesis are compatible with the chemical stability of the silica matrix. EDX analysis 

(Fig. 4C) at different depth of TEM cross-section micrographs (as summarized in Table 1) show 

a homogeneous distribution of the different elements indicating a uniform composition through 

the whole length of the mesopores. The GISAXS pattern (Fig. 4D) confirms that the regular 

and vertically oriented hexagonal structure is maintained over the whole film area, with a 

characteristic diffraction spot at 1.7 nm-1 [8]. When confined in the nanochannels, the POM 

chains are characterized by good operational stability, as evidenced by the almost identical CV 

curves recorded under multi-scan conditions (see inserts in Fig. 3B&C). After 40 potential scans 

at 100 mV s-1, a decrease of the signal by only 4% was observed for the 5/95 film and 12% for 

the 6.5/93.5 film. For the ‘best’ film (i.e., as prepared from 5/95 MPTMS/TEOS ratio), 

integrating the area under the cathodic peak gave a value of 4.5 µC, which would correspond 

(taking into account the Faraday law and one electron exchanged per POM) to 27 1012 POM 

units that are electrochemically accessible. Considering a mesopore density of 5 1012 pores per 

cm2 (as assessed from TEM, Fig. 5A) and an electrode surface area of 0.20 cm2, this would 

roughly correspond to 27 POM per nanochannel involved in the electrochemical processes. 

Although no thermal stability experiments have been performed here, it is expected to be good 

as tungsten-based POMs are often stable up to 500°C or higher and silica is also highly 

thermally stable, keeping its structural and chemical integrity at temperature above 1000°C. 
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Figure 4. TEM (A) top view and (B) cross-section of [Mn2W12O42]POM-SO3
−@SiO2 films 

prepared with MPTMS/TEOS ratio of 5/95 using CTAB surfactant. (C) corresponding EDX 

spectra recorded on the cross-section (at blue arrow). (D) GISAXS intensity profile plotted 

against qy. 

 

As illustrated in Figure 5 for the 5/95 film, the presence of POM was also evidenced by XPS 

by comparing the signals of Mn2p and W4f core levels respectively obtained before and after 

formation of the POM. The [Mn(H2O)6]2+SO3
−@SiO2 film exhibited the characteristic Mn2p3/2 
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and Mn2p1/2 peaks (respectively located at 641.8 eV and 653.6 eV, with a small satellite signal 

at 645 eV (Fig. 5A), consistent with binding energies and spin-orbit splitting reported for Mn(II) 

species [38, 39], and obviously no signal for W (Fig. 5B). The Mn atomic percent contents 

increased with the sulfonate functionalization levels, confirming larger amounts of Mn2+ ions 

in the [Mn(H2O)6]2+SO3
−@SiO2 films (consistent with CV data, Fig. 1), but also S/Mn ratios 

around 3 or slightly larger (Table 2) indicating that not all sulfonate groups are involved in the 

binding of [Mn(H2O)6]2+ as a result of unfavorable distribution on the mesopore walls (some of 

them remained “free”) as previously observed for Fe2+SO3
−@SiO2 films [29]. On the contrary, 

well-defined W4f signals (W4f7/2 and W4f5/2 peaks centered respectively at 36.2 eV and 38.4 

eV) characteristic of [Mn(H2O)3)2(H2W12O42)]n
6n- species [28], were obtained for the 

[Mn2W12O42]POM-SO3
−@SiO2 films (Fig. 5D). Also, Mn2p3/2 and Mn2p1/2 signals of the 

[Mn2W12O42]POM-SO3
−@SiO2 film (Fig. 5C) were broader than those of the 

[Mn(H2O)6]2+SO3
−@SiO2 film and centered at slightly different binding energies (respectively 

641.4 eV and 654.1 eV, see Fig. 5A) but consistent with data reported for other Mn-based POMs 

[40, 41], suggesting a different chemical environment for Mn(II) species in the POM compared 

to the “free” [Mn(H2O)6]2+ species. In agreement with the EDX data above (Table 1), the 

observed W/Mn atomic ratios were close to the value of 6 expected for the POM with 5/95 and 

6.5/93.5 films but deviated ideality for the others (Table 2) for the same reasons as above, 

confirming the successful formation of the POM at a functionalization level around 5-6.5% of 

sulfonate groups in the material. Overall, although XPS revealed only surface concentrations, 

EDX reported total Mn and W contents throughout the film thickness, and electrochemistry 

provided information only on electrochemically accessible POM species, all results 

demonstrated the critical effect of the amount of sulfonate groups in the starting material to 

achieve efficient formation of the target [Mn(H2O)3)2(H2W12O42)]n
6n- POM in the mesoporous 

films in an electroactive and stable form. 
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Figure 5. (A, C) Mn2p and (B, D) W4f core level spectra recorded for (A, B) 

[Mn(H2O)6]2+SO3
−@SiO2 and (C, D) [Mn2W12O42]POM-SO3

−@SiO2 films prepared from 5/95 

MPTMS/TEOS ratio. 
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Table 2. Sulfur, manganese, and tungsten, relative atomic surface concentration (%At.) 

obtained from XPS data for [Mn(H2O)6]2+SO3
−@SiO2 and [Mn2W12O42]POM-SO3

−@SiO2 

films prepared from various MPTMS/TEOS ratios. 

 

 

 

 

 

 

 

 

 

Finally, experiments similar to those above were performed with mesoporous silica films 

having a larger pore diameter (i.e., 3 nm instead of 2 nm, as prepared from ODAB instead of 

CTAB surfactant [42]) and showing a similar hexagonal structure pore orientation and 

composition as determined from TEM-EDX measurements (data not shown). Their behaviour 

was very similar those described above. Figure 6 displays typical CV curves obtained for 

[Mn2W12O42]POM-SO3
−@SiO2 films prepared from MPTMS/TEOS ratios of 5/95 (Fig. 6A) 

and 6.5/93.5 (Fig. 6B). As shown, they exhibit the characteristic W6+/5+ reversible peaks on the 

cathodic side and the Mn(II) oxidation signal when going to the anodic direction. The tungsten 

signals coming from the species [Mn(H2O)3)2(H2W12O42)]n
6n- are of fairly similar intensities, 

indicating that similar amounts of [Mn(H2O)6]2+ cations are necessary in these larger 

nanochannels to enable successful formation of POM by reaction with Na2WO42H2O (pore 

[Mn(H2O)6]2+SO3−@SiO2 

MPTMS/TEOS ratio At. Conc. % S At. Conc. % Mn S/Mn 

2.5/97.5 2.3 0.8 3.1 

5/95 5.2 1.6 3.2 

6.5/93.5 6.3 1.8 3.5 

8/92 7.4 2.4 3.1 

[Mn2W12O42]POM-SO3−@SiO2 

MPTMS/TEOS ratio At. Conc. % Mn At. Conc. % W W/Mn 

2.5/97.5 1.8 17.3 9.6 

5/95 4.1 25.2 6.2 

6.5/93.5 4.9 28.1 5.7 

8/92 6.5 18.3 2.8 

[Mn(H2O)6]2+SO3−@SiO2 

MPTMS/TEOS ratio At. Conc. % S At. Conc. % Mn S/Mn 

2.5/97.5 2.3 0.8 3.1 

5/95 5.2 1.6 3.2 

6.5/93.5 6.3 1.8 3.5 

8/92 7.4 2.4 3.1 

[Mn2W12O42]POM-SO3−@SiO2 

MPTMS/TEOS ratio At. Conc. % Mn At. Conc. % W W/Mn 

2.5/97.5 1.8 17.3 9.6 

5/95 4.1 25.2 6.2 

6.5/93.5 4.9 28.1 5.7 

8/92 6.5 18.3 2.8 
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size does not seem to have any significant effect on the ‘in situ’ POM formation). Even if the 

POM is immobilized into the film casted onto the electrode surface, its voltammetric behavior 

exhibits a characteristic diffusive component originating from the restricted transport of 

counterions from the solution to maintain charge balance in the film, as common for this kind 

of films functionalized with redox-active chains [8]. Again, when successfully generated in the 

mesoporous film, the [Mn(H2O)3)2(H2W12O42)]n
6n- chains exhibited quite good operational 

stability as evidenced by multisweep CV, yet with some more decrease in cathodic currents 

(i.e., -17% after 25 cycles, see inserts in Fig. 6) which could be due to low leaching from these 

larger nanochannels. 

 

Figure 6. CV curves of [Mn2W12O42]POM-SO3
−@SiO2 films prepared on ITO electrode with 

ODAB and MPTMS/TEOS ratios of (A) 5/95 and (B) 6.5/93.5, recorded in aqueous 0.05 M 

Na2SO4 + H2SO4 (pH 3) at a potential scan rate of 100 mV s-1. The insert in part B shows 25 

successive CV scans sampled to more negative potentials  corresponding to W6+/5+ redox 

couple. Other conditions as in Fig. 2. 
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4. Conclusions  

This work demonstrates the successful ‘in situ’ synthesis of [(Mn(H2O)3)2(H2W12O42]6n- POM 

species inside vertically aligned mesoporous silica thin films of 2 and 3 nm pore sizes on ITO 

electrodes. This is possible thanks to the confinement of [Mn(H2O)6]2+ in sulfonate-

functionalized silica films and their subsequent reaction with Na2WO42H2O provided that 

there is an adequate sulfonate content in the material (5-6.5 %). When immobilized, this POM 

remains electrochemically accessible in spite of the insulating properties of the silica matrix. 

So far, such POM structures can be only obtained in a durably immobilized form on an electrode 

surface according to this ‘in situ’ formation strategy, also applicable to other POMs [43] or to 

metal polypyridyl complexes [44] and offering stable operational stability during multi-scan 

cyclic voltammetry. 
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