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Abstract 

 

The formation of variable thickness TiO2 nanoparticle – Nafion® composite films with open pores 

is demonstrated via a layer-by-layer deposition process. Films of ca. 6 nm diameter TiO2 

nanoparticles grow in the presence of Nafion® by “clustering” of nanoparticles into bigger 

aggregates and the resulting hierarchical structure thickens with ca. 25 nm per deposition cycle. 

Film growth is characterized by electron microscopy, AFM, and quartz crystal microbalance 

techniques. SAXS/WAXS measurements for films before and after calcination demonstrate the 

effect of Nafion® binder causing aggregation. Electrochemical methods are employed to 

characterize the electrical conductivity and diffusivity of charge through the TiO2-Nafion® 

composite films. Characteristic electrochemical responses are observed for cationic redox systems 

(diheptylviologen2+/+, Ru(NH3)6
3+/2+, and ferrocenylmethyl-trimethylammonium2+/+) immobilized 

into the TiO2–Nafion® nanocomposite material. Charge conduction is dependent on the type of 

redox system and is proposed to occur either via direct conduction through the TiO2 backbone (at 

sufficiently negative potentials) or via redox center based diffusion / electron hopping (at more 

positive potentials).  
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1. Introduction 

Mesoporous oxides are commonly used in sensors [1], photovoltaic devices [2], and in catalyst 

support systems [3]. In particular titanium oxide has found many applications [4] and is commonly 

applied in the form of mesoporous calcined films [5]. New alternative strategies for the deposition 

of ordered TiO2 films include nanotube growth [6] and sol-gel dip-coating [7], but the more 

commonly employed direct deposition of nanoparticulate material is usually sufficient for most thin 

film applications. Porous membranes of TiO2 have been formed by doctor-blading [8], printing [9], 

and by layer-by-layer deposition [10] of an alternating sequence of a negatively charged binder and 

the positively charged nanoparticulate TiO2.  

 

The layer-by-layer deposition of mesoporous oxides is versatile, reproducible, and ideal for the 

formation of thin coatings on electrode surfaces [11]. The methodology initially developed by 

Decher [12] allows molecular binders [13], ionomeric binders [14], and other types of nanoparticles 

[15] to be incorporated into the growing film. In this study the effect of employing Nafion® ionomer 

as a binder for TiO2 nanoparticles is explored (see Figure 1). 

 

Figure 1. Schematic representation of the layer-by-layer deposition process involving, (i) immersion of the ITO 

substrate into the positively charged nanoparticle solution, followed by rinsing steps, and (ii) immersion into Nafion® 

anionomer solution followed by rinsing steps. 
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Although layer-by-layer deposition is possible with small molecular binders, higher molecular 

weight ionomers such as Nafion® are known to produce a more stable film [16].  The thickness of a 

single layer of a film depends on factors such as the weight, size and concentration of the 

polyelectrolyte binder and of the charged species. Intermolecular forces, hydrophobic forces [17], 

and hydrogen bonding [18] all have been reported to have an effect on the structure of the deposited 

films.  

 

Composites of Nafion® (a chemically inert fluorocarbon with sulfonic acid groups [19]) and TiO2 

have been proposed for example for applications in proton-conducting membranes [20], in fuel cells 

[21], in photoelectrochemical devices [22], for photochemical degradation membranes [23], 

employed for dopamine sensing [24], and for nitric oxide sensing [25], and they have been 

produced with Langmuir-Schäfer techniques [26]. The combination of the chemically robust 

Nafion® binder with the mesoporous structure formed by the TiO2 nanoparticle backbone results in 

a very interesting and widely applicable thin film structure. 

 

In this study TiO2 nanocomposite films are constructed from a Nafion® ionomer binder and ca. 6 

nm diameter TiO2 nanoparticles. A simple dip coating approach allows films of variable thickness 

to be formed and investigated. Perhaps surprisingly, an open-pore structure is formed consisting 

primarily of the TiO2 backbone and a thin film of Nafion® at the surface. Voltammetric 

measurements in aqueous solution suggest that the charge transport at potentials negative of ca. -0.7 

V vs. SCE is dominated by electron conduction through the TiO2 backbone whereas at more 

positive potentials diffusion of redox species and inter-molecular electron hopping are dominating. 

The rate for charge transport in the positive potential range is very similar to that measured for 

conventional bulk Nafion® films. 
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2. Experimental 

2.1. Chemical Reagents 

Nafion® perfluorinated ion-exchange resin (5 wt%, in a mixture of lower aliphatic alcohols and 

H2O), NaClO4, KCl, 1,1’-diheptyl-4,4’-bipyridinium dibromide or diheptylviologen, Ru(NH3)6Cl3, 

ferrocenylmethyl-trimethylammonium iodide (all Aldrich) were obtained commercially and used 

without further purification. TiO2 sol (ca. 6 nm diameter, anatase, 30-35% in aqueous HNO3, pH 

0.5, TKS-202) was obtained from Tayca Corp, Japan. Solutions were prepared using filtered and 

deionized water with a resistivity of not less than 18 MΩ cm.  

 

2.2. Instrumentation 

Voltammetric experiments were performed with an microAutolab III system (Eco Chemie, 

Netherlands) in a standard three terminal electrochemical cell with a saturated calomel reference 

electrode, SCE, (Radiometer, Copenhagen) placed ca. 0.5 cm from the working electrode and a 2 

cm × 2 cm platinum gauze counter electrode. The working electrodes were made from tin-doped 

indium oxide (ITO) coated glass (10 mm × 60 mm, 15 Ω per square, Image Optics, Basildon, UK). 

The ITO electrode was rinsed with ethanol and water, heat treated in a furnace (Elite Thermal 

Systems Ltd.) for 1 h at 500 oC, and re-equilibrated to ambient conditions before use. Prior to 

voltammetric experiments solutions were de-aerated with argon (BOC). All experiments were 

conducted at a temperature of 22 +/- 2 oC. 

 

Quartz crystal microbalance experiments were conducted with ITO-coated quartz crystals (Part no. 

QA-A-9M-ITOM, Advanced Measurement Technology, Wokingham, Berks). A quartz crystal 

oscillator circuit (Oxford Electrodes) connected to a frequency counter (Fluke, PM6680B) allowed 

the resonance frequency of the quartz crystal sensor to be monitored. The 9.1 MHz AT-cut quartz 



crystal microbalance system was calculated [27] to have a sensitivity factor of =
∆
∆

f
m  -1.05 ng Hz-1 

in air based on the expression 2
02 f

A
f
m QQρµ×

−=
∆
∆  with the area A = 0.2 cm2, the resonance 

frequency f0 = 9.1 × 106 Hz, the density of quartz =Qρ  2.648 gcm-3, and the shear modulus of 

quartz =Qµ  2.947 × 1011 g cm-1s2.  

 

Field emission gun scanning electron microscopy (FEGSEM) images were obtained on a Leo 

1530VP Field Emission Gun SEM system. A SAXS/WAXS (simultaneous small-angle x-ray 

scattering and wide-angle x-ray scattering) pattern of the TiO2-Nafion® films was obtained on a 

SAXSess system using a PW3830 X-ray generator and the x-ray image plates were observed using 

a Perkin Elmer Cyclone Storage Phosphor System. A TiO2-Nafion® film (50 deposition cycles on a 

microscopy cover plate) was produced and the patterns recorded in transmission mode with Cu Kα 

radiation (λ = 1.5406 Å) at 40 kV and 50 mA with an exposure time of 20 minutes. A background 

pattern from a clean cover plate was subtracted and the data corrected for slit smearing before 

fitting. 

 

2.3. Layer-by-Layer Deposition of TiO2–Nafion® Films 

The deposition procedure consisted of a sequence of liquid immersion steps with (i) a TiO2 sol (6 

nm diameter, 3 wt% in nitric acid, pH ca. 2) for 60 seconds followed by rinsing with distilled water 

and methanol, (ii) dipping into Nafion® anionomer solution (ca. 3 wt% in methanol) for ~10 

seconds followed by rinsing with methanol and distilled water. This completed a single layer 

deposition for the simple TiO2-Nafion® film and the cycle was repeated to add more layers. 
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3. Results and Discussion 

3.1. Layer-by-layer Formation of TiO2 – Nafion® Nanocomposite Film Electrodes 

Nafion® is an anionic polymer which is widely used as ion-exchange membrane material [28] or as 

a protective semipermeable coating [29]. Solutions of Nafion® in aliphatic alcohols are employed 

for the formation of thin films and in this study a dilute solution of Nafion® in methanol (0.3 wt%) 

is employed to act as a binder to grow thin films of a novel open pore TiO2–Nafion® composite 

membrane. An aqueous TiO2 sol provides the source of positively charged TiO2 nanoparticles of 

nominal 6 nm diameter which are deposited with the Nafion® binder in a layer-by-layer deposition 

approach [30]. Tin-doped indium oxide (ITO) coated glass slides were employed as substrate (see 

Experimental). Due to the positive surface charge of the TiO2 sol particles, ITO coated glass slides 

immersed into the nanoparticle solution will readily adsorb a very thin nanoparticle coating. When 

this electrode is rinsed with water and methanol, and then immersed into a Nafion® solution, 

binding of the anionic polymer and a restructuring of the surface occur. “Clustering” of TiO2 

nanoparticles into aggregates is observed. The electrode is then rinsed and re-immersed into the 

TiO2 sol to continue the deposition process. An FEGSEM image of a 2-layer TiO2-Nafion® films is 

shown in Figure 2A. It can be seen that the contact with the Nafion® anionomer causes 

nanoparticles to “cluster” into aggregates of ca. 40 nm diameter. 

 



 

Figure 2: FEGSEM images of (A) a 2-layer TiO2-Nafion® film and (B,C) a 15-layer TiO2-Nafion® film (scratched with 

a scalpel) on ITO substrate. 

 

When the deposition process is continued, more aggregates form and they assemble into a porous 

structure. Figure 2B and 2C show a 15-layer TiO2-Nafion® film with pores of typically 10 to 30 nm 

diameter. These open pores create a hierarchical network and this can be beneficial by allowing gas 

and fluids to penetrate into the nanocomposite film. The thickness of the porous film is controlled 

by the number of deposition cycles employed. AFM images reveal the increase in thickness. An 

image of a 20-layer TiO2-Nafion® film on an ITO substrate is shown in Figures 3A and 3B. The 

film was scratched to reveal the cross section. The 20-layer film showed a height of ca. 500 nm (see 

Figure 3C) which suggests a thickness of approximately 25 nm per deposition cycle which 
8 8
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compares well with earlier studies employing other types of binder molecules [31]. 

 

Quartz crystal microbalance measurements at an ITO-coated quartz crystal oscillator were 

employed to quantify the weight change during the deposition of consecutive layers of the TiO2-

Nafion® nanocomposite. A plot of the frequency of the ITO resonator against the number of layers 

deposited is shown in Figure 3D. This plot shows a linear build up of the TiO2-Nafion® film with 

approximately 70 wt% contribution from TiO2 and 30 wt% from Nafion®. These weight 

measurements were taken for dry films but may still contain small contribution from adsorbed 

water. The Sauerbrey equation allows the average weight to be calculated for TiO2 particles 

deposited in one layer, 2600 ng cm-2 (corresponding to 6 × 1012 TiO2 particles using the density of 

the TiO2 anatase particles 3.9 g cm-3) and for Nafion® deposited in one layer, 1000 ng cm-2. These 

values are in good agreement with an average thickness per layer of 25 nm (vide supra). 

 

Further characterisation of the TiO2-Nafion® nanocomposite films was obtained using the 

simultaneous small-angle X-ray scattering and wide-angle X-ray scattering (SAXS/WAXS) 

technique. Figure 3E shows the intensity of the scattered X-ray diffraction pattern for both TiO2-

Nafion® and pure (calcined) TiO2 nanoparticle films. The experimental data can be fitted to a model 

(see red line) to determine the structure of the nanoparticle films. 

 



 

Figure 3. AFM image data showing a 20-layer deposit of TiO2-Nafion® on an ITO surface: (A, B) topography, (C) 

cross section. The surface has been scratched prior to imaging. (D) Quartz crystal microbalance data obtained during 

deposition of consecutive TiO2 and Nafion® layers onto an ITO coated quartz resonator. (E) SAXS/WAXS data: 

experimental data for TiO2 film only (black), for a TiO2-Nafion® film (green), and for a theoretical fit for polydisperse 

TiO2 spheres (mean radius 38.81 Å, polydispersity 0.295) (red line). 
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The simulation model is that of isolated polydisperse spheres with a mean radius of 38.81 Å 

(assuming no interaction between each sphere) and is seen to give an excellent fit for the calcined 

TiO2 film (treated at 500 oC in air for 30 minutes) between 0.04 and 0.1 Å-1 indicating that there is 

no significant colloidal crystallinity. The small divergence between the fit and experimental data at 

greater values of Q may suggest possible interaction between spheres. A step in the intensity level 

is observed in the TiO2-Nafion® and pure TiO2 film at 0.04 Å-1 and 0.08 Å-1, respectively, that 

relates to the size of the particle or aggregate spheres. It is possible to establish that the TiO2-

Nafion® aggregates are in average almost double the size of pure TiO2 nanoparticles. However, a 

more complex composite structure is present which is not easily modeled with conventional 

approaches. From FEGSEM image evidence (see Figure 2) a raspberry-type packing or hierarchical 

clustering seems to occur. The step in intensity level at 0.02 Å-1 and 0.04 Å-1 in the TiO2-Nafion® 

and pure TiO2 films, respectively, can be attributed to an artifact generated after the subtraction of 

the background scattering pattern. 

 

3.2. Electrochemical Processes in TiO2 – Nafion® Nanocomposite Film Electrodes 

The voltammetric response observed for a clean ITO electrode immersed in aqueous 0.1 M KCl 

(used as an inert electrolyte) between +0.5 V vs. SCE and -1.0 V vs. SCE is featureless and 

consistent with a clean background (not shown).  Figure 4 shows the voltammetric responses for a 

series of TiO2-Nafion® films on ITO immersed in 0.1 M KCl.  A reduction response commences at 

-0.7 V vs. SCE which is typical for a TiO2 film and is explained by the filling of the conduction 

band within the oxide [32]. Upon reversal of the scan direction an oxidation peak is observed which 

is consistent with electrons moving back from the oxide to the ITO substrate. The basic shape of the 

voltammograms can be explained by capacitive charging of the oxide and a resistance, which is 

mainly due to the ITO film [33]. The three different electrodes were (i) 2, (ii) 10, and (iii) 20 layers 

of TiO2-Nafion®. The increase of TiO2 film thickness is demonstrated by the approximately 



proportional increase in the voltammetric response, which is associated with the reduction of Ti(IV) 

(vide infra).   

 

Figure 4. Cyclic voltammograms (scan rate 100 mVs-1) for the reduction and oxidation of 6 nm TiO2 nanoparticles 

bound by Nafion®, immobilized on ITO electrodes (area 1 cm2) immersed in 0.1 M KCl. (i) 2 layers TiO2, (ii) 10 layers 

TiO2, (iii) 20 layers TiO2.  

 

In order to explore the reactivity of the TiO2-Nafion® film in the presence of redox systems, three 

cationic redox systems with reversible one-electron characteristics have been chosen with reversible 

potentials close and more positive away from the TiO2 conduction band edge.  

 

The 1,1’-diheptyl-4,4’-bipyridinium (or diheptylviologen) system exhibits a reversible redox 

process at -0.62 V vs. SCE (see Figure 5A) and a second reversible reduction step at more negative 

potentials (not shown) [34]. In order to obtain this response, a 5-layer TiO2-Nafion® film was 

immersed into a solution of 1,1’-diheptyl-4,4’-bipyridinium dibromide (1 mM in ethanol) for one 

minute. The 1,1’-diheptyl-4,4’-bipyridinium was quickly immobilised into the Nafion® binder in 

the TiO2-Nafion® film. The resulting electrode was then placed into aqueous 0.1 M KCl electrolyte 

and a cyclic voltammogram was recorded. 
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Figure 5. (A) Cyclic voltammograms (scan rates (i) 20, (ii) 50, (iii) 100 mVs-1) for the reduction and oxidation of 1,1’-

diheptyl-4,4’-bipyridinium in a 5-layer TiO2-Nafion® film immobilized onto an ITO surface (area 1 cm2). The electrode 

was first immersed into a 1 mM solution of 1,1’-diheptyl-4,4’-bipyridinium dibromide in ethanol for 1 minute, then 

rinsed with ethanol, and then the electrode was immersed in a 0.1 M KCl electrolyte. (B) Cyclic voltammograms (scan 

rates (i) 20, (ii) 50, (iii) 100, and (iv) 200 mVs-1) for the reduction and oxidation of Ru(NH3)6
3+ in a 20-layer TiO2-

Nafion® film. The electrode was first immersed into 1 mM Ru(NH3)6
3+ in water, then rinsed with water, and then the 

electrode was immersed into a 0.1 M KCl electrolyte. (C) Cyclic voltammograms (scan rates (i) 20, (ii) 50, and (iii) 100 

mVs-1) for the reduction and oxidation of ferrocenylmethyl-trimethylammonium+ in a 20-layer TiO2-Nafion® film. The 

electrode was first immersed into 1 mM ferrocenylmethyl-trimethylammonium iodide in water, then rinsed with water, 

and then the electrode was immersed into a 0.1 M KCl electrolyte. Dashed lines indicate the approximate potential for 

redox processes. 
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In Figure 5A, Process 1 (P1) denotes the reduction of 1,1’-diheptyl-4,4’-bipyridinium2+ to 1,1’-

diheptyl-4,4’-bipyridinium+ by electrons directly from the ITO electrode surface (see equation 1). 

This particular mechanism operates solely at the ITO surface and requires molecular or charge 

diffusion within the Nafion® film. A second type of electron transfer is possible at more negative 

potentials, denoted Process 2 (see equation 2). TiO2 at sufficiently negative potentials is conducting 

electrons and therefore direct electron transfer from TiO2 becomes possible [35].  

 

Process 1:     [Ox]n+(Nafion®)  +  e-(ITO electrode)           [Red](n-1)+(Nafion®)                   (1) 

Process 2:     [Ox]n+(Nafion®)    +    e-(TiO2)                     [Red](n-1)+(Nafion®)                     (2) 

Process 3:   Ti(IV)(TiO2)  +  e-(ITO electrode)  + H2O      Ti(III)(TiO2) + H+(TiO2) + OH-   

(3) 

 

A third process observed at potentials negative of -0.7 V vs. SCE can be attributed to the 

conduction band filling of TiO2 (see Figure 4) which is associated with proton uptake (see equation 

3). Next, a 20-layer TiO2-Nafion® film is immersed into a solution of Ru(NH3)6
3+ (1 mM in water) 

for one minute. The cationic Ru(NH3)6
3+ is immobilised into the Nafion® binder and after rinsing 

with water a reversible voltammetric response is observed at -0.25 V vs. SCE (see Figure 5B). This 

voltammetric signal occurs positive of the potential zone where TiO2 is conducting and therefore 

can be attributed purely to Process 1 (equation 1). A new a separate irreversible reduction peak at -

0.5 V vs. SCE corresponds to Process 2, the Ru(NH3)6
3+ reduction via TiO2 (equation 2). 

 

Finally, a redox system with even more positive reversible potential was selected. 

Ferrocenylmethyl-trimethylammonium+ (TMAFc+) is readily adsorbed into Nafion® and shows 

highly reversible electron transfer characteristics. A 20-layer TiO2-Nafion® film was immersed into 
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a solution of TMAFc+ iodide (1 mM in water) for one minute. The TMAFc+ cation was 

immobilised into the Nafion® anionomer binder. The resulting electrode was then immersed into 

aqueous 0.1 M KCl electrolyte and voltammograms recorded (see Figure 5C). A reversible response 

at 0.37 V vs. SCE corresponds to Process 1 (equation 1), the one electron oxidation/reduction of 

TMAFc+ by electrons directly from the ITO surface. A second reduction response is observed at -

0.75 V vs. SCE (see Process 2). The signal is irreversible and observed only immediately after 

scanning into the TMAFc+ oxidation. It is interesting to note that the potential for Process 2 is 

dependent on the type of redox system and this may reflect (i) the rate of electron transfer from 

TiO2 to the molecular redox system and (ii) the ability of the redox system to interact with the TiO2 

nanoparticle surface. More hydrophobic redox systems such as TMAFc+ appear to interact less 

effectively with TiO2 which may be responsible for the shift of Process 2 to more negative 

potentials.  

 

Next, electron and charge transport within the mesoporous TiO2-Nafion® film is investigated in 

more detail. By changing the film thickness and the potential scan rate quantitative insights into the 

charge transfer and diffusion within the nanocomposite films can be obtained.  

 

3.3. Charge Diffusion in TiO2 – Nafion® Nanocomposite Film Electrodes 

By focusing on one particular redox system, ferrocenylmethyl-trimethylammonium+, it is possible 

to further explore the effects of charge diffusion in the TiO2-Nafion® composite material. Initially, a 

study of the adsorption characteristics of the ferrocenylmethyl-trimethylammonium cation 

(TMAFc+) into the TiO2-Nafion® films was undertaken. Figure 6 shows the experimental results 

indicating a reversible voltammetric response at a potential of 0.35 V vs. SCE with increasing peak 

area as a function of TMAFc+ immobilization concentration. Essentially Langmurian characteristics 

are observed and for ferrocenylmethyl-trimethylammonium+ a binding constant of 9000 dm3 mol-1 



can be extracted. 

 

 

Figure 6. (A) Cyclic voltammograms (scan rate 0.1 V s-1) for the oxidation and re-reduction of ferrocenylmethyl-

trimethylammonium+ immobilized into a 5-layer TiO2-Nafion® film at an ITO electrode surface (area 1 cm2) and 

immersed into aqueous 0.1 M NaClO4. The ferrocenylmethyl-trimethylammonium+ concentration during the 

immobilizations step was (i) 3.2 µM, (ii) 16 µM, (iii) 80 µM, (iv) 0.4 mM, and (v) 2 mM in water. (B) Plot of the 

ferrocenylmethyl-trimethylammonium+ concentration in the immobilization solution versus the charge under the 

voltammetric signal. The line shows a Langmuir dependence with a binding constant of K = 9000 dm3 mol-1.  

 

The transport of charges in the porous TiO2-Nafion® membrane is an interesting feature and must 

be connected to both (i) the mobility of an immobilized redox system such as ferrocenylmethyl-

trimethylammonium+ (TMAFc+) and (ii) intermolecular electron hopping. In the positive potential 

range TiO2 is clearly electrically insulating and charge transport along the pore walls within the 

mesoporous composite must be occurring. This was further confirmed by calcination of the TiO2-

Nafion® nanocomposite (this treatment at 500 oC in air fully removed all organic components and 
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leaves a purely inorganic anatase film, see Figure 3E) followed by re-adsorption of Nafion® from 

the dip coating solution (this process took approximately 24h for a 20-layer film due to slow 

penetration of the anionomer back into the porous TiO2). The resulting calcined film is believed to 

have much better TiO2 particle-particle contacts but otherwise very similar dimensions. However, 

the voltammetric features did not change significantly (see below) and therefore a contribution from 

the TiO2 backbone to charge conductivity is highly unlikely. 

 

In order to study the effect of the film thickness on the voltammetric features a sequence of 

experiments was undertaken using a 2 mM ferrocenylmethyl-trimethylammonium+ deposition 

solution and a 0.1 M NaClO4 electrolyte solution (see Figure 7). The increase in film thickness 

clearly resulted in an increase of the voltammetric peak current. 

 

Figure 7. (A) Cyclic voltammograms (scan rate 0.02 V s-1) for the oxidation and re-reduction of ferrocenylmethyl-

trimethylammonium+ immobilized into a (i) 5, (ii) 10, (iii) 15, and (iv) 30-layer TiO2-Nafion® film at an ITO electrode 

surface (area 1 cm2) and immersed into aqueous 0.1 M NaClO4. The ferrocenylmethyl-trimethylammonium+ 

concentration during the immobilizations step was 2 mM in water. (B) Plot of the peak current versus the number of 

deposition layers. The line corresponds to a fit employing equation 6 with a concentration of c = 0.1 M and an apparent 

diffusion coefficient of D = 3.5 × 10-14 m2s-1.  
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The relation ship of the peak current with film thickness (see Figure 7B) is not proportional and at 

sufficiently thick films (ca. 1 µm) a stable peak current remains, completely independent of 

thickness. This transition in behaviour is consistent with a diffusion layer thickness in the 

mesoporous film. Approximate expressions can be written to describe this effect. The peak current 

for a complete electrolysis of the thin film at the electrode surface is given by equation 4 [36]. 

 

cA
RT
FnVc

RT
FnI p δνν

44

2222

filmthin , ==                                                                                            (4) 

 

In this equation, the peak current is related to the number of transferred electrons per molecule 

diffusing to the electrode surface, n, the Faraday constant, F, the gas constant, R, the absolute 

temperature, T, the scan rate, v, the electrode area, A, the film thickness, δ, and the concentration of 

redox active material, c. In contrast, for a thick film a diffusion-controlled peak current (assuming a 

homogeneous material) is expected (see equation 5 [37]). 

 

RT
DnFnFAcI p
ν446.0diffusion, =                                                                                               (5) 

 

In this equation the apparent diffusion coefficient is denoted by D. The transition of behaviour as a 

function of film thickness may be approximated by combining these two expressions in equation 6. 
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+

×
=                                            (6) 

 

Analysis of the thickness dependent voltammetric peak current data (see Figure 7B and equation 6) 
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suggests an approximate apparent diffusion coefficient of D = 3.5 × 10-14 m2s-1 for 

ferrocenylmethyl-trimethylammonium+. This value is very similar to the apparent diffusion 

coefficients reported for example for Ru(bipy)3
3+/2+ in pure Nafion® [38,39]. 

 

Next, the scan rate is systematically varied. In Figure 8 voltammetric data for the oxidation of 

ferrocenylmethyl-trimethylammonium+ immobilised in a 5-layer TiO2-Nafion® film are shown. A 

plot of the logarithm of the peak current versus the logarithm of the scan rate is expected to result in 

two linear regions: (i) a linear region with slope 1 due to thin film behaviour (see equation 4) and 

(ii) a region with slope ½ due to diffusion within the film (see equation 5).  

 

Figure 8. (A) Cyclic voltammograms (scan rate (i) 0.002, (ii) 0.01, (iii) 0.02, (iv) 0.1 V s-1) for the oxidation and re-

reduction of ferrocenylmethyl-trimethylammonium+ immobilized into a 5-layer TiO2-Nafion® film at an ITO electrode 

surface (area 1 cm2) and immersed into aqueous 0.1 NaClO4. The ferrocenylmethyl-trimethylammonium+ concentration 

during the immobilizations step was 2 mM in water. (B) Plot of the peak current for the oxidation peak versus scan rate. 

 

The plot in Figure 8B clearly shows a transition between thin film and diffusion characteristics at a 

transition scan rate of vtrans ≈ 0.05 Vs-1. By combining equations 4 and 5 an approximate expression 
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for this transition can be obtained (equation 7). 

 

2

784.1
⎟
⎠
⎞

⎜
⎝
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δν
RT

Fn
D trans                                                                                                                     (7) 

 

For data in Figure 8B the apparent diffusion coefficient is calculated as D ≈ 1 × 10-14 m2s-1 in good 

agreement with the estimate obtained above. The thickness of the film δ introduces a considerable 

error into this calculation and therefore the methodology based on thickness variation is probably 

more accurate. 

 

4. Conclusions  

It has been shown that well defined open-pore mesoporous structures are obtained by a layer-by-

layer deposition of TiO2 with Nafion® ionomer binder. TiO2 particles of nominal 6 nm diameter 

tend to cluster into aggregates of ca. 20-40 nm size. The properties of the resulting films have been 

investigated and redox reactions for three cationic redox systems studied. At potentials sufficiently 

positive of the conduction band edge, charge propagation/diffusion within the films is entirely due 

to electron hopping and molecular diffusion and very similar in magnitude when compared to 

processes in conventional Nafion® membrane systems. The open structure of these films allows fast 

diffusional access into the porous structure and in future this kind of membrane could be beneficial 

as a sensor films or it could be employed as a host for proteins or enzymes. 
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