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Abstract 

The difference in electrochemical properties of three crown-type polyoxometalates multi-

substituted by Fe3+, Ni2+ or Co2+ ions and their precursor has been rationalized with respect to 

their electrocatalytic performances studied in solution and in the immobilized state within the 

layer-by-layer film formed with a positively charged pentaerythritol-based Ru(II)-

metallodendrimer. The film assembly was monitored with electrochemical methods and 

characterized by surface analysis techniques. An influence of the terminal layer on the electrode 

reaction and on film porosity has been observed. The electrocatalytic performance of the 

compounds on nitrite reduction was assessed in solution and in the immobilized state. 
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1. Introduction 

The electroreduction of nitrite at most electrode surfaces requires a large 

overpotential, but it has been previously shown to be catalyzed by metallated 

porphyrins [1-4]. Being catalytic analogues to porphyrins, monosubstituted 

polyoxometalates (POMs) have the additional advantage of thermal stability, 

robustness and inertness towards oxidizing environments. Since the late 1980s [5, 6] 

the electrocatalytic reduction of nitrite has been employed as a classical test for the 

investigation into the electrocatalytic properties of POMs. The last decade has marked 

increasing interest in higher nuclearity POM-based transition metal clusters. While 

such clusters can be obtained from mononuclear precursors [7], the most common 

approach relies on the use of preformed, highly vacant POMs. Being attractive, the 

hexavacant [H2P2W12O48]
12- [8], is however unstable and transforms easily in the 

presence of transition metal ions [9, 10]. Contrary to this, it’s cyclic tetramer 

[H7P8W48O184]
33- (P8W48) [11], is stable over a broad pH range and is now known to 

display a rich host–guest chemistry. Indeed, it can accommodate transition metals or 

lanthanide ions [12-17] and reveals electrocatalytic activity towards the reduction of 

nitrite [18] and hydrogen peroxide [19]. Also, Fe3+- [20], Co2+- and Ni2+-substituted 

[21, 22] P8W48 anions revealed independent metal ion centres available for redox 

switching. Introduction of different transition metal ions into POMs enhanced their 

electrocatalytic performance [21, 23]. 

The present work focuses on the comparative study of the effect of POM substitution 

with multiple metal ion centres on catalytic capabilities. This was acquired by the 

electrochemical characterization of crown-type POM modulated by the multi-

substitution with the transition metal ions. Electrocatalytic capabilities of developed 

compounds to nitrite reduction were assessed in the solution and attached to the 

electrode. The layer-by-layer (LBL) assembly was utilized as a strategy for the 

immobilization within the films characterized by the electrochemical and physical 

methods. 

 

 

2. Experimental 

2.1 Materials 

Three crown-type polyoxometalate salts substituted by Fe3+ ions 

(Li4K16[P8W48O184Fe16(OH)28(H2O)4]*66H2O*2KCl) (Fe16POM), or Ni2+ ions 
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(K14Li8Ni3[Ni4(H2O)16(P8W48O184)(WO2(H2O)2]*44H2O) (Ni7POM), or Co2+ ions 

(K12Li16Co2[Co4(H2O)16P8W48O184]*60H2O) (Co6POM) and their precursor salt 

(K28Li5[H7P8W48O184]*92H2O), were synthesised and characterized according to the 

literature [22, 24]. The pentaerythritol-based Ru-metallodendrimer [RuD](PF6)8 

(RuD) was synthesized by M. Zynek et al. following the method reported by 

Constable and Housecroft [25]. Poly(diallyldimethylammonium chloride) (PDDA, 

MW 20,000) and all other chemicals were purchased from Aldrich and were used 

without further treatment. HPLC grade water was used for preparation of all aqueous 

solutions. The aqueous buffer solutions were prepared from 0.5M Li2SO4 + 0.5M 

H2SO4 (pH 2.0), 0.5M H2SO4 (pH 0.0 - 0.5), 1M LiCl + 1M HCl (pH 1.0 - 3.0), and 

1M CH3COOLi + 1M CH3COOH (pH 3.5 - 7.0). For the electrocatalysis experiments 

solutions of NaNO2 and H2O2 were freshly prepared before use. 

 

2.2. Apparatus and procedures 

2.2.1 Electrochemical measurements 

All electrochemical experiments were performed with CHI660 electrochemical work 

station in a conventional three-electrode electrochemical cell. A glassy carbon 

electrode (GCE, 3 mm , surface area 0.0707 cm2) was used as the working 

electrode, a platinum wire as the auxiliary electrode, and a silver/silver chloride as the 

reference electrode (3M KCl) in aqueous media in all experiments unless otherwise 

stated. The working electrode was successively polished with 1.0, 0.3 and 0.05 µm 

alumina powders and sonicated in water for 10 min after each polishing step. Finally, 

the electrode was washed with ethanol and then dried with a high purity argon stream 

immediately before use. Solutions were degassed for at least 20 min with high-purity 

argon and kept under a blanket of argon during all electrochemical experiments. 

The following electrolytes were used: 0.5M Li2SO4 (pH 2.0), 1M LiCl (pH 1.0 - 3.0), 

and 1M CH3COOLi (pH 3.5 - 7.0). The pH adjustment was done with 0.5M H2SO4, 

1M HCl and 1M CH3COOH respectively. 

 

2.2.2 Construction of multilayer assemblies  

A clean glassy carbon electrode (GCE) was immersed in the 8% (v/v) PDDA solution 

for one hour for initial surface modification. Then electrode was then rinsed 

thoroughly with deionised water and dipped in a 0.25mM solution of the desired POM 

in pH 2.0 buffer solution for 20 minutes to allow the anionic layer to adsorb (Step 1). 
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The POM modified electrode was rinsed again thoroughly with deionised water and 

dried with a high purity nitrogen stream. Then the PDDA-POM-modified electrode 

was then dipped in a 0.2 mM solution of RuD in acetonitrile for 20 minutes to build 

up the cationic layer (Step 2). The electrode was then washed with acetonitrile and 

dried with nitrogen. To build the desired number of layers, steps 1 and 2 were 

repeated as appropriate. 

 

2.2.3 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy has been carried out in a 10 mM potassium 

ferricyanide and 10 mM potassium ferrocyanide solution in 0.1 M KCl at a potential 

of +230 mV (versus Ag/AgCl) from 0.1 to 105 Hz with a voltage amplitude of 5 mV. 

The measurement solution was freshly prepared and constantly degassed with 

nitrogen during the experiment.  

 

2.2.4 X-ray photoelectron spectroscopy (XPS) 

The multilayer films deposited on glass slides covered with indium tin oxide (ITO) 

were characterised using X–ray photoelectron spectroscopy (XPS). Analysis was 

performed in a Kratos AXIS 165 spectrometer using monochromatic Al Kα radiation 

of energy 1486.6 eV. Survey spectra and high resolution spectra were acquired at 

fixed pass energies of 160 eV and 20 eV respectively. In the near-surface region the 

atomic concentrations of the chemical elements were evaluated after subtraction of a 

Shirley type background by considering the corresponding Scofield atomic sensitivity 

factors. Surface charge was efficiently neutralised by flooding the sample surface with 

low energy electrons. Core level binding energies were determined using C 1s peak at 

284.8 eV as the charge reference. 

 

2.2.5 Scanning electron microscopy (SEM) 

LBL films of 12 assembly steps deposited onto ITO slides were characterised by SEM 

imaging using Hitachi SU-70 field emission scanning electron microscope operating 

at an accelerating voltage of 3 kV. The low voltage allowed for imaging the 

multilayer assemblies without the requirement of gold coating. 

 

2.2.6 Atomic force microscopy (AFM) 



5 

 

The LBL films formed on ITO slides were imaged in air using an Agilent 5500 

instrument operating in AAC (‘tapping’) mode, controlled by PicoView 1.10 

software. Micromasch NSC14 cantilevers (160 kHz typical resonant frequency, 5 N/m 

spring constant) were used. All images presented were obtained at 256 pixel 

resolution. Scan areas and scan speeds were optimized to suit the features observed 

for each sample; typically, scans of 1 x 1 μm were obtained at a scan speed of 0.7 

lines/second. Images were processed using PicoImage Advanced 5.1.1 software. Raw 

topography and amplitude data images were levelled using a three-point algorithm. 

Where appropriate, noise was removed by applying a median denoising spatial filter, 

and line noise arising from artefacts was removed. The resulting topography images 

are presented as pseudo-colour images. Height parameters were determined for each 

topography image according to ISO standard 25178. 

 

3. Results and Discussions 

3.1 Solution electrochemistry 

Figure 1A represents the cyclic voltammogram obtained for the Co6POM in 0.5 M 

H2SO4 (solid line). Two reversible redox processes with E1/2 values of -0.16 V and -

0.41 V, which represent the two consecutive eight-electron redox-processes of the 

POM’s tungsten-oxo (W-O) framework (I and II), are observed. Slight splitting of 

these redox processes into four simultaneous four-electron redox transfers is also 

apparent in the cyclic voltammogram. The anodic peak at +1.5 V represents the 

simultaneous one-electron irreversible oxidation of the six cobalt centres (Co2+/3+) 

within POM. The increase of pH to 4.5 (dashed curves) shows a cathodic shifts and 

subsequent decrease in peak currents for all redox processes, which is an inherent 

property of POM redox processes [19, 23, 26-29]. The observed pH dependences of 

the formal potentials for the W-O I and II redox processes points to the involvement 

of the protons. The cathodic shifts for W-O I redox processes of all compounds of 

study exceeded 59 mV per unit of pH, which is typical for POM redox processes with 

the same numbers of both protons and electrons involved [30]. The resulting scan rate 

study pointed to the diffusion controlled nature of the W-O I and II redox processes. 

The diffusion coefficients estimated for W-O I redox process of Ni7POM and 

Co6POM by Randles-Sevchik analysis were 0.43 x 10-6 cm2 s-1 and 0.35 x 10-6 cm2 s-

1, which are one order of magnitude smaller than the diffusion coefficient for POM 

anion [S2Mo18O62]
6- [31] of significantly smaller molecular weight and charge. 
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The Fe16POM and Ni7POM, as well as their precursor, all exhibited solution phase 

voltammetric behaviour associated with the POM’s W-O framework similar to 

Co6POM. For the Fe16POM the redox activity associated with the one-electron redox 

process for the sixteen iron centres appears with an Epa of +0.587 V and an Epc of -

0.215 V in pH 2.0. In more alkaline pH the anodic and cathodic waves are shifted 

cathodically to + 0.280 V and – 0.399 V in pH 4.5, respectively. However, Ni7POM 

showed the absence of any Ni2+-associated redox process, which is located out of the 

anodic limit of available potential window.  

The electrochemical reduction of nitrite typically requires a large overpotential at bare 

electrode surfaces [1]. Due to the inherent instability of HNO2 (pKa 3.3) via a 

disproportionation reaction [28] the electrocatalytic reduction of nitrite has been 

studied in this contribution at pH 4.5. Figures 1B-1E shows the effect of nitrite upon 

the redox behaviour of the precursor and Fe16POM, Co6POM and Ni7POM where an 

increase in the cathodic and decrease in the anodic peak currents of the W-O II redox 

process is clearly observed for all four compounds. This indicates that it is the 

multiply reduced form of the POM that catalyses the reduction of the added nitrite. 

Fe16POM and Ni7POM showed the higher electrocatalytic effects in comparison with 

Co6POM and the precursor, which is illustrated by the calibration plots of the 

voltammetric responses (Fig. 1F). The sensitivity of the responses decreases in the 

series Fe16POM (330 mA M-1 cm-2) ~ Ni7POM (330 mA M-1 cm-2) > Co6POM (180 

mA M-1 cm-2) > precursor (100 mA M-1 cm-2) with the Fe16POM exhibiting the wider 

linearity region.  

 

3.2 Metal Substituted P8W48-RuD LBL films 

Figure 2 (A and B) illustrates the voltammetric responses obtained during the 

construction of an electrode modified with LBL-films composed of the Co6POM and 

the RuD cationic moiety. What is apparent is the presence of all the redox processes 

associated with both the substituted POMs and the RuD moiety. The continuous 

increase in peak currents due to LBL assembly with both outer layers were more 

prominent for the W-O II and RuII/III redox processes, whereas the peak currents 

associated with the W-O I redox process does not increase markedly with increasing 

layer number. The decrease of the peak currents for the W-O II and RuII/III redox 

couples is observed with any RuD outer layer. (Fig. 2B). The switching effect of the 
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W-O II framework redox process was up to two times for the oxidation peak and up to 

three times for the reduction peak at 20 assembly steps. The weaker switching 

behaviour was observed for the RuII/III redox process, whereas the currents associated 

with the W-O I redox process did not change due to LBL assembly. 

 

Figure 2C represents the dependence of measured charges for the RuII/III redox 

processes with layer number. The increase of charge illustrates the building the 

Co6POM-RuD film. The switching effect of the RuII/III redox process increases with 

layer number. Generally, the depositions of substituted POM layers led to a more than 

two times increase in the RuII/III redox processes charge. On the contrary, the 

depositions of RuD layers led to a more than two times decrease of charge. The 

charges of W-O II redox process reveal the same behaviour with assembly. The 

possible reason of redox processes switching is an opposite changes in charge 

interactions between the terminal layer of the assembly and the ions 

inserting/expelling from/into LBL film for electroneutrality during the Faradaic 

processes. This oscillatory behaviour is inherent to POM-based LBL films [27]. The 

surface coverage assessed from the redox peaks charges for even numbers of layers 

by Faraday’s law (Г = Q/nFA, where Q – peak charge (C), n – number of transferred 

electrons, which is equal to 8 for crown type heteropolyanions P8W48 [18], F – 

Faraday’s constant (96485 C mol-1) and A – electrode surface area (0.0707 cm2)) 

revealed a continuous growth of redox active material on the electrode surface. W-O 

II oxidation peak showed up to 2.5 times increase of coverage up to 0.2 nmol cm2 due 

to the 15 steps of LBL assembly, whereas RuII/III oxidation peak gave a 4 times coverage 

increase up to 2.3 nmol cm2. Immobilization of Fe16POM by LBL technique led to 

changes in its voltammetric response. The peak separations for both W-O redox 

processes were decreased illustrating the increase of electron transfer rate. W-O I 

redox process was sufficiently suppressed. 

 

Due to the involvement of electrons in the POM redox processes, there is a pH 

dependency of the POM redox potentials both in solution and in the solid state [19, 

23, 28, 29]. The pH dependences of the formal potentials of the W-O I redox process 

for the substituted POM-RuD films exhibited higher pH shifts than those observed in 

solution. The involvement of 12 protons for the Ni7POM-RuD films and 16 protons 

for the Co6POM-RuD film have been measured. The W-O II redox process was 
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characterised by a smaller pH effect. No effect from the nature of the layer’s outer 

layer was observed on the pH dependent nature of the W-O redox processes. RuII/III 

redox process does not show any particular shift with the increasing pH illustrating 

the non-participation of protons in this redox process. 

 

Stability of the film-modified electrodes has been assessed by continuous cyclic 

voltammetry with 500 cycles at pH 2.0 and pH 7.0 electrolyte solutions. The loss of 

peak currents of W-O II redox process was not higher than 17% in both tests. 

Electrode modified with Ni7POM -RuD LBL film showed no change in peak currents 

after one month shelf storage. 

 

3.2.1. Kinetics analysis of electrode reactions. 

The linear dependences of the peak currents with scan rates from 0.01 V s-1 to 2 V s-1 

have been observed for all redox processes for all POM based LBL films in this 

contribution. Laviron’s theoretical approach for diffusion less electrochemical 

systems has been applied to the POM-LBL films for the assessment of the kinetics 

parameters associated with the film’s redox processes [32]. The peak separation, Ep, 

between the anodic and cathodic peaks for the W-O II redox process was higher than 

the expected 200/n mV, where n = 8 is the number of transferred electrons for the 

crown type heteropolyanions P8W48 [18]. Thus the transfer coefficient and rate 

constant for the electron transfer can be determined for the W-O II redox process. A 

graph of the anodic peak potential as a function of log[scan rate] yielded a straight 

line with a slope equal to 2.3RT/(1-)nF, where n, F, R and T have their usual 

significance, and is the transfer coefficient. The heterogeneous rate constants were 

calculated through the employment of equation 1: [32] 

 

log k =  log (1 – ) + (1 – ) log  – log (RT/nF) –  (1 – )nFEp/2.3RT…..(1) 

 

Table 1 represents the kinetic parameters obtained for the W-O II redox process for 

various POM based LBL modified electrodes. It can be seen that all films exhibit the 

same transfer coefficient with the heterogeneous rate constants significantly 

increasing for films based on the Ni7POM with respect to the Co6POM-based film. It 

can be observed also that the higher heterogeneous rate constant obtained for Ni7POM 
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is more sensitive for the terminal layer. The peak to peak difference, Ep, for the 

RuII/III redox process was lower than 200/n mV, where n = 1. Therefore, the transfer 

coefficient was equal to 0.5 and the working function of Laviron [32] has been used to 

determine the ratio between the heterogeneous rate constant and film thickness. The 

ratio was 20 s-1 at 2 V/s, which did not change sufficiently with film composition or 

the nature of the outer layer in the LBL films. Assuming the film thickness of 10 m, 

the value of the heterogeneous electron transfer rate constant for the Ru(III/II) redox 

processes at a LBL film modified electrode was estimated as 0.02 cm s−1, which is 

close to the values obtained for the Ru(III/II)(bpy)3 redox process in solution (0.066-

0.07 cm s-1) [33]. 

 

3.2.3 Electrochemical Impedance Spectroscopy (EIS) 

Figure 3A represents Nyquist plot of impedance spectra obtained at an electrode 

modified with LBL films with different outer layers at a potential of +0.23 V, which 

is associated with the formal potential for the potassium ferri/ferrocyanide couple. 

There is a continuous increase in the diameter of observed semicircle, which is 

associated with an increase in the charge transfer resistance RCT with layer number. 

The interpretation of the impedance data has been carried out employing the Randles 

equivalent circuit [27], which consists of a double layer capacitance in series with 

solution resistance and in parallel with a diffusion branch, i.e. Warburg impedance in 

series with a charge transfer resistance. The constant phase element was introduced 

instead of a double layer capacitance, which illustrates non-uniform distribution of 

capacitance over electrode surface. 

 

It is seen (Fig. 3B), that the increase in RCT with layer number for LBL films of both 

Co6POM and Ni7POM can be described with a single exponential function up to 8 

steps of assembly. This effect strongly confirms, that electron transfer between the 

ferri/ferrocyanide couple and the underlying electrode surface is controlled by 

coherent electron tunnelling across the LBL film [34], which can be expressed in 

terms of the tunnelling decay constant  [34, 35]: )exp(0 xRR CTCT  , where RCT
0 is 

the factor depending upon both the redox probe and electrode surface properties. The 

slopes obtained for both POM-based films give almost the same decay constants  

approximately of 0.2 per layer. The decay constants for thiol monolayers formed at 
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gold surfaces per methylene unit are up to two times higher than obtained here [34]. 

Thus a sufficiently smaller decrease in the electron-tunnelling probability with a 

length of a spacer is observed here, which probably is evidence of hoping 

conductivity of the LBL films via the embedded redox sites. 

 

3.2.4 Permeability of LBL films towards different redox probes 

The porosity and permeability of the LBL films on electrodes were investigated by 

voltammetry in presence of the cationic redox probe [Ru(NH3)6]
3+/2+, which is 

characterised by reversible monoelectronic redox process at -0.24 V (vs Ag/AgCl). 

The probe can undergo the redox transformation at the underlying electrode surface 

after diffusion through the multilayer system or within the film by electron transfer 

mediated by the redox sites within the LBL film [28]. Figure 4 presents the 

voltammograms obtained for the blank GCE and with electrodes modified with 

Ni7POM-RuD LBL films as a function of both layer number and the nature of the 

outer layer. It can be seen that modifications of the electrode surface with LBL films 

led to a suppression of the probe’s redox peaks indicating the enhanced difficulty of 

the probe to diffuse through the LBL films for reaction at the underlying electrode. 

Only electrodes modified with thin LBL film (assembly number 8) and with anionic 

POM outer layers showed the residual redox activity of the cationic probe at the 

underlying electrode surface (thick line at Fig. 4A) due to favourable electrostatic 

interactions between probe and outer layer. The absence of the redox activity at the 

electrode modified by LBL films with thickness (assembly number 9) with cationic 

outer layer (Fig. 4B) shows the unfavourable electrostatic repulsion between the probe 

and outer layer. On the other hand, the increase in the cathodic currents of the W-O I 

and II redox processes observed in the presence of the probe shows the appearance of 

an electrocatalytic reduction of oxidized probe due to electron transfer from the POM. 

The increase in the electrocatalytic currents with increasing film thickness (assembly 

numbers 16 and 17, Fig. 4C and 4D correspondingly) represents the involvement of 

redox sites within the film.  

 

3.2.6 Preliminary electrocatalytic properties of LBL films 

Nitrite ion reduction has been used previously [6, 36-38] to assess the electrocatalytic 

activity of LBL films. Figure 5 shows the nitrite concentration dependence of the 

cathodic current increase of the POM’s W-O II redox process observed at an electrode 
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modified with the Ni7POM-RuD LBL film of 16 assembly steps. As observed in 

solution the W-O I redox process is not affected by the presence of NO2
-, whereas the 

cathodic peak current for the W-O II process increased greatly (Inset of Fig. 5), 

accompanying by a decrease in the redox processes anodic peak current. The 

calibration plot showed two linearity regions, which probably illustrates the 

complexity of the electrocatalytic process occurring at the LBL film. The sensitivity 

of nitrite detection estimated at the linearity region of 0.2-0.6 mM was 132 mA M cm-

2, which is larger than the reported values of sensitivity obtained at different film-

modified electrodes for electrocatalytic reduction of nitrite [39-46]. The significant 

decrease of sensitivity down to 15.7 mA M cm-2 was observed at linearity region of 

higher nitrite concentrations (0.6-5 mM). In addition, there is no electrocatalytic 

response between the POM and nitrate up to 10 mM concentration (data not show). 

The same behaviour was observed with films of all substituted POM and different 

assembly numbers. Therefore, it might be concluded that the POM multi-substituted 

with transition metal ions showed excellent selectivity towards the reduction of nitrite. 

LBL assembly of catalyst led to significant decreases of sensitivity and of linearity 

regions, which is typical for electrocatalyst surface immobilization.  

 

3.3 Surface analysis of substituted P8W48-RuD LBL film 

3.3.1 X-Ray Photoelectron Spectroscopy (XPS) 

Surface composition of the deposited multilayer films on PDDA modified ITO glass 

slide were determined by performing X-ray photoelectron spectroscopy (XPS) which 

has a probe depth of approximately 10 nm. The survey spectra (Fig. S1) confirms the 

presence of the substituted metal ions in their respective multilayer assemblies. The 

peaks corresponding to the metal ions are more prominent in the high resolution 

spectra (not shown here) of individual elements. The relative compositions of the 

elements are quantified in Table S1. 

The presence of the Ni7POM is evident from the Ni 2p doublet peak at binding energy 

of 2p2/3 at 855.9 eV, W 4f doublet at 35.2 eV and P 2p at 133.0 eV [47, 48]. High 

resolution spectrum of C 1s can be decomposed mainly into peaks representitive of 

C=C (284.8 eV), C-O/C-N ( 286 eV) and O=C-O/N (288.5 eV). In addition, the 

related N 1s peak at 400 eV and Ru 3d at 281 eV confirm the presence of pyridine 

based Ru dendrimer layer. Lithium present in the LBL films could not be identified 

perhaps due to its  concentrations below the detection limit of the instrument (~ < 0.1 
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atomic %) and its low sensitivity in XPS. Similarly the presence of Co6POM is 

evident from the Co 2p peaks at binding energies 781.4 eV respectively. 

 

3.3.2. Atomic force microscopy (AFM) 

AFM was conducted at different stages of LBL assembly of films on the ITO to 

examine the resulting changes in the topography of the multilayers. The dependence 

of the root mean square height of the surface (Sq), determined during deposition 

process for both Ni7POM and Co6POM, on the assembly number is presented Fig. 6E. 

Upon depositing the initial PDDA layer on the ITO substrate, the polymer filled in the 

low-lying valleys on the ITO surface, but followed the contours of the high features 

on the substrate, resulting in an overall increase in Sq in consistence with the 

mechanism proposed by Zynek et al. [29]. Co2+-substituted POM, The addition of the 

first POM layer yielded a homogenous surface topography, resulting in a significant 

reduction in Sq. Following further deposition, globular structures were observed (Fig. 

6B and 6C). These globules were of similar shape and distribution for films with 

POM or RuD terminal layers. However, the associated change in Sq was 5 times 

smaller for the POM terminal layer than for RuD (3.51 nm vs. 15.9 nm). These 

observations suggest that the negatively charged POM preferentially fills in the low-

lying valleys on the surface, whereas cationic RuD and PDDA layers agglomerate, 

resulting in increased Sq with respect to the underlying surface. These observations 

are in agreement with data reported previously [29, 49]. Little phase contrast was seen 

for all the layers analysed; this suggests that the samples consisted of a homogeneous 

film within the areas of interest imaged. 

 

3.3.3. Scanning Electron Microscopy (SEM) 

The morphologies of multilayer films were also investigated by SEM which showed 

that the surfaces of all metal ion-substituted POM-RuD films were rather flat with the 

sizes of the particles on the film being 1-200 nm in diameter (Fig. 6D). No globular 

structure was observed. Both films were also quite uniform and seemed to be porous. 

 

Conclusions 

The molecular engineering via host-guest chemistry allowed the multi-substitution of 

crown-type POM with a transition metal ions. The introduction of metal ion centres 

led to the enhancement of electrocatalytic capabilities of designed molecules as it was 
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shown by the comparative study of electrochemical properties of POMs multi-

substituted with Fe3+, Co2+ and Ni2+ ions in solution and attached to an electrode 

surface through LBL assembly with a pentaerythritol-based Ru(II)-metallodendrimer. 

Fe16POM showed the highest electrocatalytic activity for nitrite reduction, which, 

probably, is due to the largest number of accommodated metal ions. Electrochemical 

studies of LBL assemblies showed a switching behaviour of the films as well as 

performance control with the terminal layer and pH. 
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Table 1. Kinetic parameters of W-O II redox process observed at LBL film-modified 

electrode. 

 

Type of film  k*, cm s-1 

Co6POM films 

with outer RuD layer 

 

0.76 

 

0.07 

with outer POM layer 0.73 0.12 

Ni7POM films 

with outer RuD layer 

 

0.83 

 

4 

outer POM layer 

 
0.76 1.1 

* estimated at 2 V s-1 
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Figure legends 

 

Figure 1. Electrochemical properties of crown-type POM multi-substituted by 

transition metal ions in solution. A: Effect of pH on the voltammetric responses. 

Cyclic voltammograms have been recorded at GCE in 0.5 M H2SO4 (solid line) and in 

pH 4.5 buffer (dashed lines) solution (1 mM) of Co6POM (scan rate 10 mV s-1). B-F: 

Effect of substitution by transition metal ion of POM on the electrocatalytic 

capabilities for nitrite reduction in solution. Cyclic voltammograms have been 

recorded at GCE in 1 mM solutions of precursor (B), Fe16POM (C), Co6POM (D) and 

Ni7POM (E) before and after additions (dashed lines) of 2 mM solution of sodium 

nitrite (pH 4.5 buffer, scan rate 10 mV s-1). F: Calibrations plots of electrocatalytic 

reduction of sodium nitrite by Fe16POM (), Ni7POM (), Co6POM () and their 

precursor (). 

 

Figure 2. Assembly of Co6POM-RuD LBL-films monitored by voltammetry. 

Consecutive cyclic voltammograms obtained at GCE electrode modified with of LBL 

films with POM terminal layers (A) and with RuD terminal layers (B). C: the 

dependences of peak charges of RuII/III redox process on the number of layers ( and 

– charges of cathodic and anodic peaks correspondingly). Scan rate 10 mV s-1, pH 

2. 

 

Figure 3. Assembly of Co6POM-RuD LBL-films monitored by impedance 

spectroscopy. A: Nyquist plot of impedance spectra recorded at LBL film-modified 

electrode at solution of redox probe (10 mM K3[Fe(CN)6], 10 mM K4[Fe(CN)6], 0.1M 

KCl); solid lines – fitting curves. 1 - spectrum of blanck electrode; 2 - spectrum of 

PDDA-modified electrode; 3, 5 and 7 - spectra of modified electrode after first and 

third and fifth assembly steps (POM as terminal layer); 4, 6 and 8 - spectra of 

modified electrode after second, forth and sixth assembly step (RuD as terminal 

layer). 5 mV amplitude, 230 mV potential of measurement. Inset: high frequency plot. 

B: dependence of fitted values of charge transfer resistance on the assembly number 

of LBL films based on Ni7POM () and Co6POM ().  

 

Figure 4. Porosity of Co6POM-RuD LBL-films towards [Ru(NH3)6]
3+/2+ redox probe 

diffusion. Cyclic voltammograms were recorded at pH 2 buffer before (thin line) and 
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after (thick line) addition of 1 mM [Ru(NH3)6)Cl3. Dashed line – voltammogram of 

redox probe at blank GCE. A: electrode modified with LBL film of 8 assembly steps 

(POM as a terminal layer); B: film of 9 assembly steps with RuD terminal layer; C: film 

of 16 assembly steps (POM as a terminal layer); D: film of 17 steps (RuD as a terminal 

layer). Scan rate 10 mV s-1, pH 2. 

 

Figure 5. Calibration plot of nitrite electrocatalytic reduction at the electrode modified 

by Ni7POM-RuD LBL film of 16 assembly steps. Inset: cyclic voltammograms obtained 

in absence (solid line) and after additions of sodium nitrite (dashed lines): 0.5, 1, 1.5, 

and 2 mM. Scan rate 5 mV s-1, pH 4.5. 

 

Figure 6. Evolution of topography observed during the LBL film assembly. The AFM 

images obtained for bare ITO (A) and for slides modified by Ni7POM LBL film with 

POM (B) and RuD (C) as a terminal layers (14 and 15 assembly steps, respectively); D: 

SEM micrograph of Co6POM-RuD LBL film (12 assembly steps); E: the dependences 

of the root mean square height of the surface on the assembly number assessed from 

AFM data for LBL films based on Ni7POM () and Co6POM (). 
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Figure 4. 

 

-6

-3

0

3

-6

-3

0

3
B

A

 

 

 I
 /

 µ
A

  

-6

-3

0

3

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

-6

-3

0

3

  

 

 

D

E / V

C



26 

 

 

 

 

 

Figure 5. 

0 2 4 6 8 10

0

50

100

150

-1.0 -0.8 -0.6 -0.4 -0.2

-20

-15

-10

-5

0

E / V (vs Ag/AgCl)

I 
/ 

A

 

 

J
 /
 

A
 c

m
-2

CNaNO2 / mM



27 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. 

 

 

 

0 2 4 6 8 10 12 14

0

5

10

15

20

25

30

S
q
 /
 n

m

Number of layers



*Corresponding author 

 

SUPPORTING INFORMATION 
Electrocatalysis by crown-type polyoxometalates multi-substituted by 

transition metal ions; Comparative study 

 

Rashda Naseer,a Sib Sankar Mal,b,x Ulrich Kortz,b Gordon Armstrong,c Fathima 

Laffir,c Calum Dickinson,c Mikhail Vagin*,d Timothy McCormaca 

 

aElectrochemistry Research Group, Department of Applied Science, Dundalk 

Institute of Technology, Dublin Road Dundalk, County Louth, Ireland 

bJacobs University, Department of Life Sciences and Chemistry, P.O. Box 750561, 

28725 Bremen, Germany 

cMaterials and Surface Science Institute, University of Limerick, Limerick, Ireland 

dDepartment of Physics, Chemistry and Biology, Linköping University, SE-581 83, 

Linköping, Sweden; tel.: +46702753087; mikva@ifm.liu.se 

 

xCurrent address: Department of Chemistry, Science Block, NITK Surathkal, 

Mangalore-575025, India 

mailto:Calum.Dickinson@ul.ie
mailto:mikva@ifm.liu.se


2 

 

 

 

 

Figure S1. Survey spectra of LBL films based on Ni7POM (A) and Co6POM (B). 
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Table S1. Relative composition of LBL films analysed by XPS 

 Atomic % 

P8W48O184 Ni Co O N C P W Ru K 

Ni2+-

substituted 
0.4 - 29.2 6.2 56.3 1.1 5.6 0.9 0.5 

Co2+- 

substituted 
- 0.4 28.7 5.7 56.8 1.3 5.8 0.9  
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