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ABSTRACT : Nanostructured thin films of tetrapropylammonium manganese oxide 
(TPA-MO) were prepared by depositing TPA-MO nanoparticles in the form of stable colloidal 
suspension - directly onto supporting stainless steel plates using the electrophoretic 
deposition technique. Electrochemical characterization by cyclic voltammetry indicated that 
TPA-MO thin films exhibited high charge capacity, good cycling reversibility and stability in --
1.0 M Na2S04 aqueous electrolyte. TPA-MO thin films with optimized film thickness, mass 
loading, and microstructure exhibited enhanced electrochemical properties with a specific 
capacitance of about 700 Fig. These films are therefore potential electrode materials for the 
fabrication of electrochemical capacitors. 
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INTRODUCTION 

Electrochemical capacitors are charge-storage devices which consist of an electrolyte 

being sandwiched between two electrodes of appropriate electroactive materials, and 

possess high power density, excellent reversibility and long cycle life (Kotz & Carlen, 

2000; Park et al., 2004; Hu & Tsou, 2003; Fabio et al., 2001). The unique pulse-power 

characteristic of electrochemical capacitors offers various potential applications 

including load-leveling, start-up, acceleration and regenerative braking in hybrid electric 

vehicles, and as back-up memory for electronic devices such as laptop, cellular phones, 

camcorders and personal digital assistant (PDA) (Reddy & Reddy, 2003; Jiang & 

Kucernak, 2002). Electrodes of electrochemical double layer capacitors (EDLC) are 

usually composed of very high surface area materials, for instance, carbon with 

surface area of 2,500 m2/g, whereas electrodes of redox electrochemical capacitors 

(or pseudocapacitors) consist mainly of electroactive materials with multiple oxidation states 

or structures such as hydrous metal oxides and conducting polymers (Jang et al., 2002; 

Broughton & Brett, 2004). 

During past decades, much research attention have been focused on developing 

electrode materials which are environmentally benign and cheap, as well as possessing high 

specific surface areas such as carbon, transition-metal oxides and conducting polymers 

for the fabrication of electrochemical capacitors of high power and energy density. Specific 

capacitance values as high as 720 F/g had been obtained using amorphous ruthenium 

oxide as electrodes in a pseudocapacitor with H2SO 4 as the electrolyte and operating at 2 

mV/s scan rate (Zheng, 1999). Ruthenium oxide has been known to be an ideal electrode 

material for pseudocapacitors, but it is very expensive and therefore not economically 

feasible for commercialization. On the other hand, manganese dioxide (Mn02) appears to be a 

promising electrode material for electrochemical capacitors due to its superior 

electrochemical performance, environmentally benign in nature, and low cost. Manganese 

dioxide has received considerable attentions since a capacitance value of about 700 F/g 

had been demonstrated for ultra-thin Mn02 films prepared by the sol-gel techniques (Pang 

et al., 2000; Chin et al., 2002). Such nanoparticulate Mn02 thin-film electrodes were formed 

by either "dip-coating" or "drop-coating" of stable colloidal Mn02 suspension directly onto 

clean nickel foils. However, these thin-film deposition techniques tend to produce Mn02 thin 

films of low uniformity and weak adherence to the supporting substrate, which could have 

contributed towards the observed capacity fading upon long-term cycling as consequences 

of 'peeling off' and partial dissolution of electroactive films in the electrolyte. 

In this study, thin films of tetrapropylammonium manganese oxide (TPA-MO) were prepared 

by depositing preformed manganese oxide nanoparticles in the form of stable TPA-MO 

colloidal suspension directly onto the supporting stainless steel plates electrophoretically. 

The electrophoretic deposition technique has been recognized as a versatile and 
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cost-effective deposition technique for conformal coatings on supporting substrate of complex 
shapes with controllable thickness and tailored microstructure (Zhitomirsky, 2002; Ghaemi & 
Binder, 2002). The main focus of this study was to enhance the electrochemical properties of 
tetrapropylammonium manganese oxide thin films through the optimization of film thickness 
and associated electroactive mass loading, as well as microstructural parameters such as 
specific surface area and porosity. 

MATERIALS AND METHODS 

Synthesis of Stable Colloidal Manganese Oxide Suspension (Sol) 

A stable colloidal suspension of tetrapropylammonium manganese oxide (TPA-MO) was 
prepared by the reduction of tetrapropylammonium permanganate with 2-butanol in aqueous 
solution at room temperature based on the method reported in literature (Brock et al., 
2002). Typically, an aqueous solution of tetrapropylammonium bromide (TPABr) (15.5 mol) 
was added drop-wise with stirring to an aqueous solution of potassium permanganate 
(KMn04) (13.9 mol). The resulting purple precipitate of TPAMn04 was filtered and dried 
at room temperature. A measured amount of TPAMn04 salt was then added to a mixture 
of distilled water and 2-butanol (1 :1 v/v), and stirred continuously for 2 hours. A dark-red
brown colloidal suspension of tetrapropylammonium manganese oxide (TPA-MO) was 
formed as the lower aqueous layer. The concentration of the TPA-MO colloidal suspensions 
was determined quantitatively by an Atomic Absorption Spectrophotometer (MS). 

Preparation of TPA-MO Xerogels and Thin-Films 

TPA-MO xerogels were prepared by evaporating a measured volume of colloidal 
suspension at room temperature followed by heating in an oven at 105 °C until a constant 
weight had been achieved. TPA-MO thin films were deposited directly onto thoroughly 
cleaned stainless steel plates by depositing TPA-MO nanoparticles in the form of stable 
colloidal suspension using the ElectroPhoretic Deposition (EPD) technique. The deposition 
of TPA-MO thin films was conducted at room temperature by applying a constant positive 
direct current (DC) potential of +3 V, and an initial current density of 10 mA/cm2• In order 
to enhance film adherence to the supporting substrate, film uniformity and to minimize film 
cracking on the stainless steel surface, an ethanolic solution containing about 0.5 g/L each of 
polyvinyl butyral (PVB) and phosphate ester (PE) which served as a binder and dispersant, 
respectively, was mixed with a measured volume of the TPA-MO colloidal suspension. The 
rate of deposition and relative film thickness were controlled by the initial current density and 
the deposition duration which was varied between 1 to 5 minutes. All deposited films were 
air-dried at room temperature and then calcined at various temperatures up to 400 °C in air 
for 1 hour. 
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Characterization of Xerogels and Thin Films 

The specific surface area and cumulative pore volume of TPA-MO xerogels were 

determined based on the nitrogen gas adsorption-desorption method at 77 K 

using the Brunauer-Emmett-Teller (BET) analyzer (Sorptomatic 1990). The surface 

morphologies of both TPA-MO xerogels and thin films that had been heat treated at 

various temperatures were characterized using a Scanning Electron Microscope (SEM) 

(LEO Model 1525). The mass loading of TPA-MO thin films was determined 

quantitatively using an Atomic Absorption Spectrophotometer (AAS) by dissolving these 

films in a Hp/HN03 mixture. Using the measured concentration of Mn, the mass loading of 

TPA-MO per unit area of electrode was calculated based on the stoichiometric Mn02 formula 

weight of 86.94 g/mol. 

Electrochemical Characterization of Thin Films 

The electrochemical properties of TPA-MO thin films were characterized by Cyclic 

Voltammetry (CV) based on a standard three-electrode cell configuration. A 

saturated calomel electrode (SCE) fitted with a Vycor bridge, and a platinum foil (-2 cm2) 

were used as the reference electrode and the counter electrode, respectively. In all cyclic 

voltammetric experiments, a geometric area of 0.1257 cm2 of each thin-film sample was 

being exposed to 1 .0 M Na2SO 4 aqueous electrolyte. Cyclic voltammograms were 

generated by scanning within the potential range of 0.0 V - 1.0 V (vs. SCE) at a scan 

rate of 50 mV/s. 

RESULTS AND DISCUSSION 

Nitrogen Adsorption-Desorption (BET) Analysis 

Table 1 shows the specific surface area and cumulative pore volume of TPA-MO 

xerogels calcined at various calcination temperatures between 100 °C and 400 °C. Both 

the specific surface area and cumulative pore volume were observed to increase 

substantially as the calcination temperature was increased from 100 to 300 °C, but 

decreased thereafter as the calcination temperature was increased to 400 °C. The 

specific surface area and cumulative pore volume of xerogel samples reached a maximum 

of 36 m2/g and 0.29 cm3/g, respectively at 300 °C, but decreased to 20 m2/g and 0.22 

cm3/g, respectively at 400 °C. The substantial increase in the specific surface area and 

total pore volume of xerogels calcined at temperatures between 100 °C and 300 °C could be 
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attributed to the removal of both physisorbed and chemisorbed water molecules, the 
residual solvent molecules (2-butanol), and the combustion of organic templates, all of which 
would lead to the formation of micro- or mesopores within the xerogels. The removal of 
structural water content and organic templates from TPA-MO xerogels upon calcination 
had been confirmed by thermal analysis in our previous studies (Chin et al., 2002). At 
temperature beyond 300 °C, increased densification of xerogel samples was observed, due 
to the collapse of micro- and mesopores which therefore resulted in the observed decrease 
in the specific surface area and pore volume. 

Table 1. Specific surface area and cumulative pore volume of TPA-MO xerogel 
samples calcined at different calcination temperatures 

Calcination Specific Surface Area Cumulative Pore Volume 

Temperature ( °C) (m2/g) (cm3/g) 

25 3.59 0.0203 

100 1.33 0.0367 

200 21.37 0.1177 

300 35.59 0.2904 

400 20.00 0.2238 

However, the specific surface area of the TPA-MO xerogels calcined at 300 °C was 
somewhat lower than those reported in earlier studies. Chin et al. reported that TPA-MO 
xerogels calcined at 300 °C showed a specific surface area of 53 m2/g (Chin et al., 2002). 
Xerogels and ambigels forms of Mn02 were reported to have specific surface areas of 63 
m2/g and 72 m2/g, respectively (Reddy & Reddy, 2003). The comparatively lower specific 
surface areas of TPA-MO xerogel samples obtained in this study could be attributed to 
differences in the synthesis conditions such as the gelation and sintering conditions used. 
In this study, the gelation of TPA-MO colloidal suspensions was hastened by mild heating, 
and the calcination of xerogels was performed using a conventional furnace without any 
preprogrammed heating regime. 
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Scanning Electron Microscopy (SEM} 

Figure 1 shows SEM micrographs of TPA-MO thin films on supporting stainless steel 

plates that had been heat treated at various temperatures in air for 1 hour. These 

films were observed to be nanoparticulate and porous in nature, with average particle 

sizes ranging from 1 O to 30 nm in diameter. The porous nature of these films could be 

attributed to the aggregation of primary particles and the subsequent formation of larger 

agglomerates upon evaporation of the solvent. TPA-MO films calcined at 200 °C were 

observed to consist of densely packed nanoparticulate clusters probably due to the 

presence of residual water and organic template molecules which occupied the interlayer 

spaces and pores. This was further supported by the observed negligibly low cumulative pore 

volume. 

Figure 1. SEM micrographs of TPA-MO thin films deposited on stainless steel plates 

and calcined at different temperatures in air for 1 hour (a) 200 °C, 

(b) 300 °C and (c) 400 °C 

However, films calcined at 300 °C showed the presence of void spaces among loosely 

packed nanoparticulate clusters as a consequence of the complete removal of structural 

water andorganic template molecules. This observation is consistent with our previous 

thermal analysis on the TPA-MO samples (Chin et al., 2002). TPA-MO films calcined at 

400 °C had achieved higher degree of densification as evidenced by the coarser grain sizes, 

and smoother and denser surface morphologies. Incidences of cracking were also 

observed due to shrinkage of films upon heat treatment. According to Hu et al. microstructural 

changes upon heat treatment were attributed to the reconstruction of MnO. which occurred 

significantly at,:!! 350 °C (Hu et al., 1999). 
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The microstructural morphologies of TPA-MO films with different relative films . 
thicknesses deposited at various EPD deposition durations were shown in Figure 2. For 
thinner films prepared with shorter deposition durations of 1 to 3 minutes (Figure 2(a) and 
(b)), void spaces or pores were clearly visible among loosely packed nanoparticulate clusters. 
However, thicker film deposited at longer deposition duration of 5 minutes was observed to 
be comparatively denser and more compact without any observable cracks. 

Figure 2. SEM micrographs of TPA-MO thin films deposited on stainless steel plates 
at deposition duration of: (a) 1 minute, {b) 3 minutes, and (c) 5 minutes 

Effect of Calcination Temperature 

Figure 3 shows the cyclic voltammograms (CV) of TPA-MO thin films that have been heat 
treated at different temperatures of between 100 °C and 400 °C in air for 1 hour. All CVs were 
observed to be mostly featureless and rectangular in shape within the potential window of 
0.0 V - 1.0 V (vs. SCE) at a scan rate of 50 mV/s. The CV curve of TPA-MO film calcined at 
300 °C showed almost perfect rectangular shape over the potential range of 0.0 V to 1.0 V, 
indicating that it exhibited excellent capacitive behaviour and cycling reversibility. Both the 
anodic and cathodic currents were observed to increase with higher calcination temperature 
between 100 °C and 300 °C, but decreased substantially at the calcination temperature 
of 400 °C. 
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Figure 3. Cyclic Voltammograms (CV) of TPA-MO films at different calcination 

temperatures (°C) 

The charge capacity of TPA-MO films was calculated by integrating the anodic charges within 

the scan range based on equation (1 ): 

Q (mC/cm2) = I I dt = I l.dVl(dV!dt) =I 10 (//SR) dV (1) 

where I is the instantaneous anodic current in ampere and dV!dt is the scan rate. If one 

expresses current as current density based on the geometric electrode area, then charge 

capacity, Q, would be expressed in units of farads per unit area (F/cm2) . For nanoparticulate 

electrode materials, the specific capacitance which has units of farads per unit mass of 

electroactive material (F/g) is more commonly being reported (Pang et al., 2000). The 

specific capacitance ( C) for TPA-MO films with different Mn02 mass loadings can be 

calculated based on equation (2): 

C=llm·R (2) 

where I is the average current in amperes, m is the mass loading of Mn02, and R is the 

scanning rate. A maximum charge capacity of 142 mF/cm2 was obtained for TPA-MO thin 

films that have been calcined at 300 °C whereas those of films calcined at 200 °C and at 

156 



Optimization of Electrophoretic Deposited Manganese Oxide Thin Films 
as Electrode Materials for Electrochemical Capacitors 

400 °C were substantially lower at 47.6 mF/cm2 and 60.6 mF/cm2 respectively. (Figure 

4(a)). Similar trend was observed for the specific capacitance of the TPA-MO films with the 

maximum value achieved at the calcination temperature of 300 °C, but considerably lower at 

the calcination temperature of 400 °C. 

The quantity of chemically bound water within the TPA-MO films could have played a major 

role in the observed variations of the charge capacity. The water content in manganese 

oxides was known to affect the electrochemical reactivity and thermodynamic stability of 

various Mn02 phases due to the variation of crystal lattice, and consequently of electrical 

conductivity and electrode potential (Desai et al., 1985; Era et al., 1967). The effect of 

structural water content on the specific capacitance of oxide materials have been reported 

(Gamby, 2001 ). The presence of structural water content was considered to be essential 

for the transportation of active ionic species by promoting proton diffusivity in manganese 

oxide. However, its resistivity increased with increasing water content. Thermal treatment of 

TPA-MO films at 300 °C in air for 1 hour could have the effect of lowering their structural 

water content retained within the oxide lattice as has been shown by thermal analysis in our 

previous studies (Chin et al., 2002). 

The associated lower activation energy of electrical conductance would therefore 

lead to higher electronic conductivity of calcined TPA-MO films. Besides, the thermal 

treatment of TPA-MO xerogels at 300 °C in air for 1 hour could have the effect of increased 

densification, grain size and electronic conductivity of these films. The specific conductivity 

of different types of y-Mn02 formed under different conditions and thermal treatments 

had been reported to increase exponentially with decreased in their water contents and 

the associated lower activation energy of electrical conductance (Ruetschi & Giovanoli, 

1998). As shown in Table 1, the specific surface area and pore volume were the highest for 

TPA-MO xerogel samples calcined at 300 °C. Higher surface area and pore volume would 

allow more electrolyte ions to penetrate deeply into the oxide matrix. A combination of these 

factors could have contributed collectively to the substantial higher charge capacity of films 

calcined at 300 °C. 

The cycling reversibility of the TPA-MO thin films was evaluated by determining 

the respective anodic and cathodic charge ratios (Q/QJ TPA-MO thin films that 

have been heat treated at 300 °C, exhibited high reversibility as evidenced by the 

anodic and cathodic charge ratio (Q/Qc) approximately equaled to 1 ( Figure 4(b)). 
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Figure 4. Effect of calcination temperature on (a) the charge capacity and specific 

capacitance, and (b) the cycling reversibility (Qa/Qc Ratio) of TPA-MO films 

Effect of Relative Film Thickness and Mn02 Mass Loading 

The electrophoretic deposition of TPA-MO films on stainless steel substrates were observed 

to depend on both the deposition duration and applied current density. In this study, the 

deposition duration at constant applied current density provided a good measure of the 

relative thickness of TPA-MO films deposited on stainless steel foils. The deposition duration 

was being varied between 1 and 5 minutes, whereas the applied current density was being 

fixed at 10 mA/cm2• Figure 5 shows the cyclic voltammograms (CV) of TPA-MO films being 
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deposited at different deposition durations. The CV curve of TPA·MO film deposited for. 

3 minutes was almost rectangular in shape. However, CV curves for films deposited at 

deposition duration lower or higher than 3 minutes (i.e. 1, 2, 4 and 5 minutes) showed 

somewhat distorted rectangular shapes. Such distorted CV curves of larger anodic areas 

could be attributed to inherent irreversible cycling behaviors of ultra-thin and exceedingly 

thick films. 
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Figure 5. Cyclic Voltammograms of TPA-MO films of different relative film 

thickness deposited with various deposition durations 

1.2 

Figure 6 shows the effect of deposition duration on both the Mn02 mass loading and charge 

capacity of TPA-MO films calcined at 300 °C in air. The charge capacity of deposited films was 

observed to increase more rapidly initially, but the rate of increase abruptly declined at longer 

deposition durations of more than 2 minutes. This could be partly attributed to the higher 

resistance of thicker films being deposited at longer deposition durations. Any increase in 

the film thickness being deposited on the stainless steel substrate during the EPD process 

should, in turn, be accompanied by a corresponding increase in the Mn02 mass loading of 

TPA-MO films. As shown in Figure 6, the Mn02 mass loadings at various deposition durations 

between 1 and 5 minutes were observed to increase continuously albeit non-linearly with 

increased deposition duration. The highest Mn02 mass loading of 0.18 mg/cm2 was achieved 

for TPA-MO films deposited at deposition duration of 5 minutes, which could represent the 

maximum film thickness achievable under the specific deposition conditions. As such, 

insignificant increase in the Mn02 mass loading of film would be anticipated at deposition 

duration of exceeding 5 minutes. 
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The relative film thickness and associated Mn02 mass loading of TPA-MO films was 

observed to have significant effect on both their charge capacities and cycling reversibility 

(Q/00 ratio). While the charge capacity was observed to increase with increased Mn02 mass 

loading and associated film thickness, the cycling reversibility was observed to be lower for 

both thinner and thicker films. TPA-MO films deposited at deposition duration of 3 minutes 

exhibited excellent cycling reversibility as evidenced by the anodic and cathodic ratios (Q/ 

0 0 ) of -1.00 (Inset, Figure 6). 

All these results therefore demonstrated that optimized TPA-MO films should show high 

capacitive behavior and excellent cycling reversibility at a scan rate of 50 mV/s. The 

observed decrease in the reversibility of thinner films could be attributed to low uniformity in 

their thicknesses. On the other hand, thicker films possess higher resistivity and substantially 

reduced accessibility of active sites within the oxide matrix towards electrolyte ions during 

charge discharge cycling. Henceforth, films that exhibited CV curves of almost rectangular 

in shape and high cycling reversibility was deemed to possess optimum film thickness and 

Mn02 mass loading. TPA-MO films with enhanced electrochemical properties such as charge 

capacity, cycling reversibility and stability could therefore be prepared by optimizing the 

electrophoretic deposition conditions. 
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Figure 6. Effect of deposition duration on the Mn02 mass loading and the charge 

capacity of TPA-MO films calcined at 300 °C. Inset: The cycling reversibility 

(Q/Qc ratio) of TPA-MO film as a function of deposition duration 

160 



Optimization of Electrophoretic Deposited Manganese Oxide Thin Films 
as Electrode Materials for Electrochemical Capacitors 

Figure 7 shows the contrasting effects of Mn02 mass loadings on . the charge . capacity 
(mF/cm2) and specific capacitance (Fig) of TPA-MO films. Generally, the charge capacity 
increased linearly with Mn02 mass loading, whereas the specific capacitance decreased 
almost exponentially with increasing Mn02 mass loading. As shown in Figure 7, the charge 
capacity was observed to increase linearly from 83.6 to160 mF/cm2 as the Mn02 mass 
loading was increased from 5.00 x 10-3 to 0.42 mg/cm2• On the contrary, the specific 
capacitance of TPA-MO films was observed to decrease almost exponentially with increasing 
Mn02 mass loadings to about 400 F/g at high Mn02 mass loadings. The highest specific 
capacitance value of 967 F/g was obtained for ultra-thin film with Mn02 mass loading of 
about 0.115 mg/cm2, The specific capacitance was observed to decrease from 967 F/g 
to 412 F/g (-57 %) as the Mn02 mass loading was increased from 0.115 to 0.416 mg/cm2 

(+262 %). Such rapid decrease in the specific capacitance with higher Mn02 loadings and 
film thickness could be attributed to reduced porosity and specific surface area of thicker 
films.· As a consequence, the accessibility of active sites within the bulk electrode material 
towards electrolyte ions would be substantially reduced (Lee et al., 2001 ). The combined 
effect of higher resistivity and reduced porosity of thicker films could have led to the substantial 
reduction of their specific capacitances. 

On the contrary, exceptionally high specific capacitance values (> 1,000 F/g) were observed 
for ultra-thin films which could be in part due to the high uncertainty in the determination 
of its mass loadings. A very low mass value would, in turn, erroneously magnified the 
value of specific capacitance substantially. Ultra-thin films of porous microstructure should 
possess high specific surface area and provide easy access of active sites for electrolyte ions 
during the charging and discharging cycles. As such, the observed high specific 
capacitance of ultra-thin films could be attributed to the high utilization efficiency of 
electroactive materials. Besides, thinner films should provide shorter diffusion path-length 
with enhanced kinetics of proton diffusion into and out of bulk electrode materials (Lee et 
al., 2001). As shown in Figure 7, the cross-over point between plots of the charge capacity 
and specific capacitance should represent the optimal level of Mn02 mass loading and 
associated film thickness of TPA-MO films which would in turn exhibit both moderately high 
charge capacity and specific capacitance. For instance, a film of about 0.18 mg/cm2 Mn02 

mass loading would exhibit a charge capacity of 110 mF/cm2, which corresponded to a 
specific capacitance of about 700 Fig. Under the specified deposition conditions, films with 
0.18 mg/cm2 of Mn02 loading required a deposition duration of about 3 minutes. Obviously, 
the high divergence between plots of the charge capacity and specific capacitance for thicker 
films with high Mn02 mass loadings indicating that there is ample scope for further enhancing 
the electrochemical properties through microstructural optimization of these TPA-MO films. 
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The effect of long-term cycling on the charge capacity of TPA-MO thin films of various 

relative film thicknesses in 1.0 M Na2S04 aqueous solution are shown in Figure 8. The charge 

capacities of thicker films, in particular, were observed to decline more rapidly for the initial 

200 cycles, but very gradual decline was observed thereafter within the span of 1,500 cycles. 

All films of various thicknesses showed varying degree of changes in their CV shapes and 

decrease in their CV areas after 1,600 cycles. Films that had been cycled for more than 500 

cycles showed CVs of slightly distorted rectangular shape which could be attributed to a 

combination of factors such as chemical degradation, microstructural changes, or partial film 

dissolution into the electrolyte. 

Generally, thinner films appeared to be comparatively more reversible and stable towards 

long-term cycling than thicker films. The overall decrease in charge capacities after 1,600 

cycles for thinner films and thicker films were about 26 % and 46 %, respectively. Thicker 

films showed rather high capacity loss during the initial 200 cycles which accounted for more 

than 15 % of the total charge capacity loss upon cycling for 1,600 cycles. As reported by Pang 

et al., the observed charge capacity fading upon cycling could be attributed mainly to loss 

of electroactive material through partial dissolution of films into the electrolyte, rather than 

structural or chemical degradation of the films (Pang & Anderson, 2000). Dissolution of Mn02 
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during discharge in neutral electrolyte could occur by both the disproportionation 
reaction and solid phase diffusion. · The slow dissolution of TPA-MO films into the aqueous 
electrolyte due to the disproportionation reaction of Mn3+ into Mn4+ and soluble Mn2+ 

could have resulted in the capacity fading observed. However, it is speculated that other 
factors may also be involved, especially changes in the electronic conductivity of the films 
during cycling which was associated with changes in the oxidation states and structural water 
content. 

This capacity fading problem needs to be addressed critically by investigating factors such 
as the type and nature of electrolytes, film thickness, composition and microstructure of 
TPA-MO films. It is noteworthy that even though thicker film possesses higher capacity; 
excessively thick film could be detrimental to its cycle life as evidenced by the higher net 
loss in the charge capacity (%0 loss) due to its higher rate of dissolution during charge and 
discharge cycling. 

Optimization of film thickness, mass loading, and microstructure of electroactive materials 
is therefore necessary in order to enhance the electrochemical performances and cycle 
life of electrochemical capacitor devices. Although the electrophoretic deposition technique 
have been successfully employed for the deposition of TPA-MO films on stainless steel 
plates, a better understanding of the deposition mechanisms and kinetics is essential for 
optimizing the deposition parameters such as the applied current density, voltage and 
deposition duration, as well as the composition, concentration and rheology of the colloidal 
suspensions in order to obtain thin films of high uniformity and tailored microstructure. 
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Figure 8. Effect of long-term cycling on the charge capacity of TPA-MO films of 
various relative thicknesses 
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Figure 9 shows the effect of long term cycling on the charge capacity of optimized 

TPA-MO thin films in 1.0 M Na2S04 solution at 50 mV/s scan rate for 1,600 cycles. The charge 

capacity was observed to fade more rapidly for the initial 200 cycles, but such decline was 

very gradual thereafter. The overall net loss in the charge capacity was determined to be less 

than 30 % for optimized TPA-MO films upon cycling for 1,600 cycles. All optimized TPA-MO 

films were observed to exhibit good cycling reversibility throughout the duration of cycling as 

indicated by the Q/Qc ratios being very close to 1.00. 
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Figure 9. Effect of long-term cycling on the charge capacity and cycling reversibility of 

optimized TPA-MO thin films 

CONCLUSION 

We have demonstrated that optimized TPA-MO thin films on stainless steel plates 

prepared by the electrophoretic deposition technique exhibit high charge capacity, 

excellent cycling reversibility and stability in a mild aqueous electrolyte. Coupled with their 

low cost and environmental friendliness, these thin films offer greater advantages over 

other transition metal oxides as novel electrode materials for the fabrication of 

electrochemical capacitors. However, the wide divergence between the charge capacity 

and specific capacitance values at various film thicknesses indicates that there is ample 

scope for further optimization of TPA-MO films and enhancing their electrochemical 

performances. 
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