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3 OBJECTIVES 

Manganese oxides have become very promising materials for the application in 

supercapacitors. However there are certain disadvantages of the current fabrication 

methods for manganese oxides including sol-gel deposition method and anodic 

deposition. The sol-gel deposition method is only able to produce and stabilize very 

dilute suspensions and the Mn02 is easily reduced to other oxides which are not 

electrochemically active. The anodic deposition method will introduce the anodic 

dissolution which prevents the utilization of high surface area electrode. Also the 

deposition solution may be contaminated by the ions dissolved from the anode. 

The objective of this research is to develop a cathodic deposition technique for 

fabrication of Mn02 and investigate the deposition mechanism, microstructure, 

composition, electrochemical properties and the influence of processing on 

the performance of the Mn02 electrodes. 
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4 EXPERIMENT PROCEDURES 

.Cathodic deposition was performed from KMn04 and NaMn04 (Aldrich) aqueous 

solutions with the concentration of 20 mM to 100 mM at ambient temperature. 

Deposits were obtained on different substrates, including stainless steel, nickel plate 

and nickel foam, at a current density of 2mA/cm2
• The deposition time varied in the 

range of up to 9 min. Electrochemical cell for deposition included a cathodic substrate 

and two platinum counter electrodes. Deposit weight was studied by weighing the 

substrates before and after deposition followed by drying at room temperature for 24 

hours. 

The deposited films were scraped from the substrates and characterized using X-ray 

diffraction (XRD), thermogravimetric analysis (TGA) and differential thermal 

analysis (DTA) techniques. The composition of the deposited films was studied by 

XRD with a diffractometer (Nicoletl2) using monochromatic Cu Ka radiation at a 

scanning speed of0.5°/min. TGA and DTA tests were carried out in air between room 

temperature and 1200°C at a heating rate of 5°C min-1 using a thermoanalyzer 

(Netzsch STA-409). The surface morphology of the deposited coatings was 

investigated using a JEOL JSM-7000F scanning electron microscope (SEM) equipped 

with energy dispersive spectroscopy (EDS). 

The capacitive behavior of the deposited and annealed films was studied using a 

potentiostat (PARSTAT 2273), Princeton Applied Research) controlled by a computer 
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using a PowerSuite electrochemical software package. The electrochemical 

characterization of the films was performed using a standard three-electrode cell 

configuration with 0.1 M Na2S04 aqueous solution as an electrolyte. Purified nitrogen 

gas was implied to degas the electrolyte solution before measurements. The surface 

area of the working electrode was 1cm2
• The counter electrode was platinum gauze 

while the reference electrode was a standard calomel reference electrode (SCE). 

Cyclic voltammetry (CV) tests were carried out within a potential range of 0-1.0 V 

versus SCE at scan rates of 2-100 m V /s. The SC was calculated u.sing half the 

integrated area of the CV curve to obtain the charge (Q), and subsequently dividing 

the charge by the mass ofthe electrode (m) and the width of the potential window(~ 

V): 

C=Q/(~V) (4-1) 

Galvanostatic charge and discharge testing was performed at constant current density 

of 0.1-1.0 mA/cm2
• SC can be calculated from the obtained chronopotentiograms as 

well as the specific power density and specific energy density. 

C =I /(till I M)m 

E power = (I ·till) /(2m) 

E energy = E power ' M 

I= current 

~ = potential difference 

~t = discharging time 

(4-2) 

(4-3) 

(4-4) 
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m = sample mass 

Epower = power density 

Eenergy = energy density 

- - - - - - --- - - -- - -- -- -- - - - - - - ------ ----- -- ----- _,.. __ - ---

• 
Quartz crystal Reference 

Electrolyte 

Figure 4- 1 Instrumental set-up fo•· the linear sweep voltammetry and QC M studies. 

39 



M.A.Sc Thesis- Jianmei Wei McMaster- Materials Science and Engineering 

The deposition process has also been studied using a quartz crystal microbalance 

(QCM 922, Princeton Applied Research) controlled by a computer using a 

PowerSuite electrochemical software package. Figure 4-1 shows an instrumental set-up 

for the investigation of the deposition process using the linear sweep voltammetry and 

QCM studies. A three-electrode cell contained a quartz crystal working electrode, a 

platinum gauze counter electrode and a standard calomel reference electrode (SCE). 

The aqueous solution of the NaMn04 electrolyte was degassed with purified nitrogen 

gas before the deposition experiments. 

The deposit mass run was calculated using Sauerbrey's equation69
: 

(4-5) 

where l\F is frequency decrease of the QCM, F0 is the parent frequency of QCM (9 

MHz), A is the area of gold electrode (0.2 cm2
), pq is the density of the quartz (2.65 

g/cm3
) and llq is the shear modulus of quartz ( 2.95 x 1 ott dyn~/cm2). 

Cathodic deposits were also obtained galvanostatically on stainless steel and nickel 

foils (50x5QxO.l mm) at a current density of 2 mNcm2
• The deposition time was 

varied in the range of up to 8 min. The electrochemical cell for deposition included a 

cathodic substrate and a platinum counter-electrode. 
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5 EXPERIMENTAL RESULTS 

Cathodic deposition was successfully developed by using aqueous permanganate 

solutions. The experiment results can be divided into two parts based on the 

deposition precursor, 1) KMn04 aqueous solution and 2) NaMn04 aqueous solution. 

The influence of deposition conditions, heat treatment and testing conditions on the 

performance of the electrode was investigated. 

5.1 Electrodeposition from KMn04 solutions 

Cathodic deposits were obtained from 20mM KMn04 aqueous solutions on stainless 

steel foil substrates. The deposition yield increased with increasing deposition time at 

a constant current density of 2 mA/cm2 (Figure 5-1), which indicates a possibility of 

easy control of the film thickness. The deposition mechanism was studied by the 

linear sweep voltammogram (Figure 5-2). The reduction peak was obtained at -0.75V 

vs. SCE. at a scan rate of 10 mV/s and shifted to higher potentials at higher scan rate 

within the range of 10 to 100 mV/s. The surface ofthe electrode turned dark due to 

the formation of manganese oxide when the potential approached the potential range 

of the peaks. 
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Figure 5-1 Deposit weight versus deposition time for deposits prepared at a current density of 2 

mA/cm2 
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Figure 5-2 1 Linear sweep voltammograms for a stainless steel electrode in the 20 mM KMn04 

aqueous solution at scan rates of(a) 10, (b) 50, and (c) 100 mV/s. 
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The deposited films were scratched off the substrates for XRD characterization as 

well as TGA and DT A. 

Figure 5-3 shows that the as-prepared deposit was poorly crystalline at room 

temperature. After heat treatment at 200°C for 1 hour, the XRD spectrum exhibited 

broad peaks which can be attributed to rancieite structure (JCPDS file 22-0718). More 

distinct and sharp peaks were obtained at higher temperatures in the range up to 

a 

10 20 30 40 50 60 70 

28 (Degree) 

Figure 5-3 X-ray diffraction patterns for the deposits obtained from the 20 mM KMn04 aqueous 

solution at 2 mA/cm1
: (a) as prepared and after heat treatment at (b) 200"C, (c) 300"C, (d) 400"C, 

(e) soo•c, (t) 6oo•c. 

The obtained deposits were studied by TGA and DT A in the temperature range from 

20°C to 1200°C. The TGA data showed a sharp decrease in sample mass below 200°C, 
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followed by gradual weight loss up to 600°C (Figure 5-4). Additional step in weight 

loss was observed around 900°C. Small endotherms were observed in the DTA data at 

1 oooc and 900°C. It is suggested that observed endotherms correspond to the steps in 

weight loss. The reduction in sample weight below 600°C can be mainly attributed to 

deposit dehydration. At temperatures exceeding 500°C the weight loss may be caused 

by the reduction ofMn4
+ species and the formation ofMn20/0

• 
71

• The weight loss at 

-900°C can be related to the formation of Mn30/0
• The EDS data has further 

supported the results from XRD analysis by showing the presence of K and Mn in the 

deposits with a KIMn atomic ratio of x=0.35±0.04 (Figure 5-5). 
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Figure 5-4 (a) TGA and (b) DTA data for the as-prepared film prepared from 20 mM KMn04 

aqueous solution. 
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Figure 5-5 EDS data for films prepared from 20 mM KMn04 aqueous solution at 2 mA/cm2
• 

The surface morphology of the deposit films was studied by SEM which revealed 

highly porous structure containing nano-whiskers at high magnification for the 90 · 

f.tg/cm2 film (Figure 5-6). This porous structure is believed to be beneficial for ion 

exchange and redox reactions which underlie the energy storage mechanism since it 

provides large surface area. The effect of heat treatment was investigated by heating 

the sample in air in the temperature range up to 600°C for 1 hour. No significant 

change in surface morphology was obtained for the 90mg/cm2 sample after heat 

treatment up to 300°C. 
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Figure 5-6 SEM picture of as-prepared 90 J.lg/cm2 film at different magnifications 

Cyclic voltammetry is an important tool to investigate the capacitive behavior of 

materials. Figure 5-7 shows typical CVs for the 90mg/cm2 films within the potential 

range of 0 - l .OV vs. SCE. No redox peak was obtained within the corresponding 

potential range and the rectangular shape ofthe CV window indicated ideal capacitive 

behavior of deposited films. Maximum specific capacitance of 222 Fig was obtained 

at the lowest scan rate of 2 m V /s (Figure 5-8). This is because that longer diffusion 

time into pores was allowed at low scan rate resulting in better ion exchange, hence 

higher capacitance. The decrease in SC was obtained with increasing scan rate due to 

the low electronic and ionic conductivity of manganese oxide. Similar dependencies 

were observed for other manganese oxides prepared by different methods21
• 

72
• 

73
• 

74 
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Figure 5-7 Cyclic voltammetry of as-prepared 90 ...Wcm1 film deposited from 20 mM KMn04 

solution at the scan rates of(a) 5 mV/s, (b) 20 mV/s, and (c) 50 mV/s. 
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Figure 5-8 SC versus scan rate for the 90 pg/cm1 film deposited from 20 mM KMn04 solution. 
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The charge-discharge behavior of the manganese oxide films was examined by 

chronopotentiometry. The galvanostatic charge-discharge cycling was performed 

between 0 and 1.0 V versus SCE at different current densities. Figure 5-9 shows 

galvanostatic charge-discharge curves for the 90 J.tg/cm2 film. The average SCs for the 

manganese oxide films calculated from the chronopotentiometry data were found to 

be 156, 135 and 120 Fig for current densities of0.2, 0.5 and 1 mA/cm2
, respectively. 

The SCs obtained from the chronopotentiometry data were close to the SCs calculated 

from the CV s. The symmetric charge and discharge curves further proved that the 

deposited films exhibited ideal capacitive behavior. The Ragone plot presented in 

Figure 5-l 0 indicates relatively high power-energy characteristics of as-prepared 

films. Maximum energy density of28 Whlkg was obtained at room temperature. 

Figure 5-9 Galvanostatic charge/discharge curves for 90 Jlg/cm2 as-prepared film at current 

densities of (a) 0.2, (b) 0.5 and (c) 1 mA/cm2
• 

48 



M.A.Sc Thesis- Jianmei Wei McMaster - Materials Science and Engineering 

~ 
10000 ~ -

~ £ 
fl.l 

~ = Q,l 

"0 1000 ... 
Q,l 

~ 
~ 

100 
10 15 20 25 30 35 

Energy density (Wh/kg) 

Figure 5-10 Ragone plot obtained for as-prepared 90 f1g/cm1 film on stainless steel 

Figure 5-11 shows the equivalent circuits for a pseudocapacitance and involves the 

following circuit elements: the double-layer capacitance Cd~o a Faradaic reaction 

resistance RF, corresponding to the reciprocal of the potential-dependent charge-

transfer rate, a pseudocapacitance Cp, and the resistance of electrolyte Rs. At low 

frequency, the real part of the impedance approximately equals to the sum of RF and 

Rs while at high frequency, the real part of the impedance equals toRs. 

Impedance testing was carried out to study the conductivity of deposited films (Figure 

5-12). Electrolyte resistance of 14 ohm and charge-transfer resistance of 7 ohm were 

obtained for the as-prepared films at room temperature. T he curve of imaginary 
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impedance in Figure 5-13 shows capacitive behavior of the as-prepared films within 

the frequency range. The real part of impedance revealed relatively large equivalent 

series resistance (ESR). 

Figure 5-11 Schematic graph of an equivalent circuit of one electrode of a supercapacitor 
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Figure 5-12 Nyquist plot of the impedance for the as-prepared 90 ~g/cm1 film obtained as a 

function of frequency with Z' as the real part and Z" as the imaginary part of impedance. 
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Figure 5-13 The (a) real and (b) imaginary part of impedance as a function of frequency at room 

temperature. 

The cycling stability ofthe films has been investigated using CV cycling at a scan rate 

of 50 mV/s for 1000 cycles (Figure 5-14). A slight drop in the SC has been observed 

within the first 50 cycles. Then the SC remained unchanged which indicates good 

stability of the as-prepared electrode. The film exhibited change from their 

characteristic rectangular shape and showed a minor net decrease in the area of their 

respective CV s after 1000 cycles (Figure 5-15). No change in surface morphology 

was obtained in the SEM pictures after cycling (Figure 5-16), which further supported 

the evidence of good stability of the as-prepared electrode. The substantial change in 
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SC value and CV shape could be attributed to chemical degradation and partial 

dissolution of the films upon cycling. 
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Figure 5-14 Cyclic voltammetry for the as-prepared 90 p.glcm2 film up to 1000 cycles at a scan 

rate of 50 m V /s. 
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Figure 5-15 The CV window for as-prepared 90 p.glcm2 film at 50 mV/s after (a) 1 and (b) 1000 

cycles. 
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Figure 5-16 SEM pictures at different magnifications for the as-prepared 90 J.lg/cm 2 film (a, b) 

before and (c, d) after cycling. 

5.1.1 Effect of film thickness 

Since the deposit weight increases linearly with the deposition time, the film thickness 

can be easily controlled by varying the deposition time. Figure 5-17 reveals the 

surface morphology of the 65 )..lg/cm2 films which is not as porous as the thicker films 

(Figure 5-6). Figure 5-18 shows CVs for 66 and 135 )..lg/cm2 samples obtained at a 

scan rate of 10 mV/s. The calculated SCs were found to be 188 and 127 F/g for 66 

and 135 )..lg/cm2
, respectively Figure 5-19 shows SC versus scan rate dependencies 
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for films of different mass . The 45 )lg/cm2 film exhibited a SC of 353 Fig at a scan 

rate of2 mV/s. However, at a scan rate of 100 mV/s the SC was only 135 F/g. The 

difference in SC of films with di fferent thickness may be explained in the term of 

conductivity Thinner film possesses higher conductivit{' which results in higher SC 

due to ion transfer This phenomenon has been further supported by the results from 

cycling test. Figure 5-20 shows that both the films with different thickness exh ibit 

good stability up to I 000 cycles while higher SC was obtained for thinner film. 

Figure 5-17 SEM pictures for the 65 Jlg/cm2 samples prepared from 20 mM KMn0 4 solution on 

stainless steel. 
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Figure 5-18 Cyclic voltammetry data for as-prepared (a) 65 and (b) 135 pglcm1 films at a scan 

rate of 10 mV/s. 
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Figure 5-19 SC versus scan rate for as-prepared (a) 45 and (b) 97 pglcm1 films 
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Figure 5-20 Cyclic voltammetry for the (a) 65 p g/cm1 and (b) 90 pglcm1 films at 50 mV/s 

prepared from 20 mM KMn04 solution on stainless steeL 

5.1.2 Effect of heat treatment 

Effect of heat treatment on the performance of the as-prepared electrode was 

, investigated by carrying out cyclic voltammetry test and chronopotentiometry test on 

the samples after different heat treatments. Figure 5-21 and Figure 5-22 demonstrate 

the SC dependencies on temperatures calculated from CV and CD tests respectively. 

Both of the two tests showed consistent SC values and no significant influence of heat 

treatment was observed. There is a slight increase in SC after heat treatment which 

may be attributed to the weight loss due to dehydration according to Figure 5-4. 
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Figure 5-21 Specific capacitance versus temperature for the 90J1g/cm1 films at scan rates of (a) 5 

mV/s, (b) 10 mV/s, (c) 20 mV/s, (d) 50 mV/s and (e) 100 mV/s. 
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Figure 5-22 SC versus temperature for the 90 Jlg/cm1 films calculated from CD at the current 

densities of(a) 0.5 mA/cm1
, (b) 1 mA/cm1

, (c) 2 mA/cm1 and (d) 5 mA/cm1
• 
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SEM pictures showed no changes in surface morphology of the as-prepared samples 

after heat treatment up to 300°C (Figure 5-23), which is in agreement with the CV and 

CD results. 

Figure S-23 SEM pictures of 90 J.lg/cm2 films (a) before and after heat treatment at (b) IOO"C, (c) 

200"C and (d) 300"C. 

5.1.3 Effect of electrolyte 

As-prepared 90 1-1-g/cm2 films were tested in K2S04 and Na2S0 4 aqueous solution of 

diffe rent concentrations in order to investigate the effect of electrolyte. No significant 
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difference in SC was obtained between K2S04 and Na2S04 electrolyte. SC values 

increased with the concentration of the electrolyte since more ions available for ion 

exchange and redox reaction. 
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Figure 5-24 SC versus scan rate of the as-prepared 90 pglcm2 films in different electrolytes of (a) 

100 mM K2S04, (b) 500 mM K2S04, (c) 100 mM Na2S04 and (d) 500 mM Na2S04 aqueous 

solutions .. 

5.1.4 Effect of the concentration of deposition precursor 

Different concentrations of KMn04 solution were used to prepare the manganese 

oxide electrode. At a constant concentration of deposition precursor, the deposit 

weight increases almost linearly with the deposition time (Figure 5-25). However, 
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higher deposition yield was obta ined for the deposition solution wi th lower KMn04 

concentration . 
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Figure 5-25 Deposit weight versus deposition time for the deposits prepared on N i foil from (a) 20 

mM, (b) 50 mM and (c) 100 mM KMn04 aqueous solution at a current density of 2 mA/cm2 

Figure 5-26 SEM pictures of films prepared on nickel foil from (a) 20 mM and (b) 100 mM 

KMn04 solutions. 
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SEM pictures in Figure 5-26 reveal highly porous structure of the electrode prepared 

from 20 mM KMn04• The film deposited from 100 mM KMn04 demonstrates dense 

microstructure with cracks. However, no significant difference was obtained in the SC 

values, energy density and power density between the deposits prepared from 20 mM 

and 100 mM KMn04 (Figure 5-27 and Figure 5-28). It will be shown below that such 

coatings consist of two layers: dense layer at the metal-film interface and porous or 

cracked top layer. Such structure can explain similar capacitive behavior of porous 

and cracked films. 
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Figure 5-27 SC versus scan rate of the 90 pglcm2 films prepared on nickel foil from (a) 20 mM 

and (b) 100 mM KMn04 solution. 
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Figure 5-28 Ragone plot of the 90 pglcm1 films prepared on nickel foil from (a) 20 mM and (b) 

100 mM KMn04 solution. 
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Figure 5-29 Impedance data with Z' as the real part and Z" as the imaginary part of the 90 

pglcm1 films prepared on nickel foil from (a) 20 mM and (b) 100 mM KMn04 solutions. 
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5.1.5 Effect of substrates 

Manganese oxide films were successfully cathodically deposited and tested on 

different substrates, including stainless steel foil and nickel foil. Higher SC values 

were obtained for the films deposited on nickel foil for both of the two concentrations 

of deposition solution. More ideal capacitive behavior was obtained on nickel 

substrate with a rectangular shape of the CV window (Figure 5-32). Figure 5-33 

shows the surface morphology of the films deposited on different substrates including 

stainless steel meshes and nickel foam which possess a much higher surface area 

compared to foils. 
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Figure 5-30 SC versus scan rate of the 90 J1g/cm1 films prepared from 100 mM KMn04 solution 

on (a) stainless steel foil and (b) nickel foil. 
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Figure 5-31 SC versus scan rate of the 90 pglcm2 rums prepared from 20 mM KMn04 solution on 

(a) stainless steel foil and (b) nickel foil. 
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Figure 5-32 Typical CVs of the Mn02 rums deposited from 20 mM KMn04 solution on (a) 

stainless steel and (b) nickel foil. 
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Figure 5-33 SEM pictures at different magnifications for the deposits obtained from the 20 mM 

KMn04 aqueous solutions (a, b) on the stainless steel meshes and (c, d) nickel foam at a current 

density of 2 mA/cm 2 

5.2 Electrodeposition from NaMn04 solutions 

The experimental data presented in Figure 5-34 indicates that the deposit weight 

increases linearly with the deposition time and higher deposition yield was obtained 

using 20 mM NaMn04 solutions compared to the I 00 mM NaMn04 so lutions. This is 

in good agreement with the results obtained for KMn04 solutions. Figure 5-34 shows 

a linear sweep voltammogram for a go ld coated quartz crystal electrode in the 20 mM 

NaMn04 solution. The observed broad maximum in the current versus potential curve 
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can be attributed to the reduction of NaMn04• As the electrode potential approached 

the potential region of the maximum, the surface of the electrode turned black due to 

the deposition of manganese oxide. QCM studies showed mass increase related to the 

formation of a cathodic deposit. 

300 
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Figure 5-34 Deposit weight versus deposition time for deposits prepared on Ni foil from (a) 20 

mM, and (b) 100 mM NaMn04 aqueous solution at a current density of2 mA/cm2
• 
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Figure 5-35 (a) Linear sweep voltammogram for a gold coated quartz crystal electrode in the 20 

mM NaMn04 aqueous solution at a scan rate of 10 mVs"1 and (b) the corresponding deposit mass 

versus deposition time dependence obtained using QCM. 

X-ray studies revealed different crystallization behavior of the deposits prepared from 

the 20 mM and 100 mM NaMn04 solutions. The XRD studies of the films prepared 

from the 20 mM NaMn04 solutions ( 

Figure 5-36) indicate the formation of a birnessite phase at room temperature (JCPDS 

file 43-1456) and dehydrated birnessite after heat treatment at 200°C for 1 hour. At 

higher temperatures the transformation from birnessite to the cryptomelane phase 

(JCPDS file 44-1386) was observed. In contrast, the X-ray studies ofthe deposits 

prepared from the 100 mM NaMn04 solutions ( 
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Figure 5-37) showed their amorphous nature at temperatures below 400 °C. At higher 

temperatures the formation of the cryptomelane phase was observed. 

10 20 30 40 50 60 70 

26 (Degrees) 

Figure 5-36 X-ray diffraction patterns for the deposits obtained from the 20 mM NaMn04 

aqueous solution: (a) as prepared and after heat treatment at (b) 100°C, (c) 200°C, (d) 300°C, 

(e) 400°C, (t) 500°C, (g) 600°C (+- birnessite, • - dehydrated form of birnessite, T­

cryptomelane) 
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10 20 30 40 50 60 70 

29 (Degrees) 

Figure 5-37 X-ray diffraction patterns for the deposits obtained from the 100 mM NaMn04 

aqueous solution: (a) as prepared and after heat treatment at (b) 100°C, (c) 200°C, (d) 300°C, (e) 

400°C, (f) 500°C, (g) 600°C (T- cryptomelane). 

EDS studies showed that the deposits contained Na and Mn species. Typical EDS data 

for as-prepared deposits are presented in Figure 5-38. Numerous EDS analyses 

showed a Mn!Na atomic ratio of 4.14±0.04 and 7.40±0.05 for the films prepared from 

the 20 mM NaMn04 and 100 mM NaMn04 solutions, respectively. 
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Figure 5-38 EDS data for the deposits prepared from (a) 20 mM NaMn04 solution (b) 100 mM 

NaMn04 solution. 

Obtained deposits were studied by TGA and DTA. TGA data showed a sharp 

reduction in sample weight below - 200 °C, which can be attributed to deposit 

dehydration (Figure 5-39). The DTA data showed corresponding endotherms in the 

range of -100-150 oc (Figure 5-39). The weight loss at higher temperatures can be 

attributed to the thermal dehydration of the deposits and partial reduction of Mn 

species. The total weight loss at 1200 oc was found to be 21.9 and 23.7 wt% for 

deposits prepared from 20 mM and 100 mM NaMn04, respectively. 
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Figure 5-39 (a, b) TGA and (c, d) DTA data for deposits prepared from (a, c) the 20 mM 

NaMn04 solution and (b, d) the 100 mM NaMn04 solution. 

Figure 5-40 compares the SEM images of the deposits prepared from the 20 mM and 

100 mM NaMn04 solutions. The deposits prepared from the 20 mM NaMn04 

solutions exhibited a porous microstructure with typical pore size of about 100-200 

nm. Under high magnification (Figure 5-40c), the surface structure is composed of 

nanowhiskers with typical length of~ 100 nm. In contrast, the films prepared from the 

100 mM NaMn04 solutions showed a "cracked-mud" morphology75
, which consisted 

of dense islands separated by cracks. Again, this phenomenon is in good agreement 

with the results obtained from KMn04 aqueous solutions. 
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Figure 5-40 SEM pictures of films at different magnifications prepared from (a, b, c) the 20 mM 

NaMn0 4 solution and {d, e, f) the 100 mM NaMn04 solution at a current density of 2 mA/cm2 

and dep osition time of 2 min. 
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The investigations of the films prepared from the 20 mM NaMn04 solutions showed 

changes in microstructure with increasing film thickness. Figure 5-41 compares 

microstructures of films of different mass prepared from the 20 mM NaMn04 

solutions. The SEM observations of the surface of the 50 Jlg/cm2 film showed denser 

microstructure compared to that of the 90 Jlg/cm2 film. This is in a good agreement 

with the results of SEM investigations of the film cross sections. The result indicates 

that deposits consist of relatively dense bottom layer and porous top layer. Film 

growth resulted in an increasing thickness of the both layers. As an example, Figure 

5-42 shows a cross section of a 400 Jlg/cm2 film removed from the Ni substrate. The 

thickness of the layers is about 2 Jlm. It is important to note that two layer 

microstructure of the deposits prepared by cathodic electrosynthesis has been also 

reported in the literature for the zirconia films75
• However, both layers exhibited 

cracking and contained islands of dense nanostructured zirconia. 
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Figure 5-41 SEM pictures at different magnifications for films of different mass: (a, b) 50 

f.1g/cm 2 and (c, d) 90 flg/cm\ prepared from the 20 mM NaMn04 aqueous solutions. 

Figure 5-42 SEM picture of a cross section of a film prepared from the 20 mM NaMn04 aqueous 

solution at a current density of 2 mA/cm2 
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The capacitive behavior of the films prepared from the 20 mM NaMn04 solutions was 

investigated in the potential range of 0-1.0 V versus SCE. Figure 5-43 shows typical 

CVs for the 90 J.tg/cm2 sample in the 100 mM Na2S04 solutions. Within the potential 

range of 0-1.0 V versus SCE the manganese oxide electrodes exhibited capacitive-like 

current-potential responses. It is clear from Figure 5-43 that there are no redox peaks 

in the range between 0 and 1.0 V. More ideal behavior was obtained for the films 

deposited from 100 mM NaMn04 than that from 20 mM NaMn04 solution (Figure 

5-44). 
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Figure 5-43 Cyclic voltammetry of as-prepared 95 pglcm2 film deposited on nickel from 20 mM 

NaMn04 solution at the scan rate of(a) 5 mV/s, (b) 20 mV/s, and (c) 50 mV/s. 
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Figure 5-44 Cyclic voltammetry of as-prepared 95 pglcm1 film deposited on nickel from (a) 20 

mM and (b) 100 mM NaMn04 solutions. 

5.2.1 Effect of substrates 

The effect of substrates was investigated by comparing the film performance on 

stainless steel and nickel foil. Higher SC was obtained on nickel substrates as shown 

in Figure 5-45, which can be attributed to the higher conductivity at the interface 

between the films and substrates on nickel foil (Figure 5-46). The impedance data at 

high frequency shows a semicircular arc for the films deposited on stainless steel 

which demonstrates the presence of the parallel arrangement of a charge-transfer 

resistance and a double-layer capacitance. 
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Figure 5-45 SC vs. scan rate for as-prepared 90 f1g/cm1 f"dms deposited from 20 mM NaMn04 on 

(a) stainless steel and (b) nickel foil. 
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Figure 5-46 Impedance data with Z' as the real part and Z" as the imaginary part for the 90 

Jlg/cm1 films prepared from 20mM NaMn04 solution on (a) stainless steel and (b) nickel foil. 
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5.2.2 Effect of deposition precursor 

After investigating the influence of substrates on electrochemical supercapacitors, the 

performance of electrodes prepared from different deposition precursor was also 

studied. Higher SCs were obtained on stainless steel for the films deposited from 

K.Mn04 aqueous solution (Figure 5-47) and on nickel for the films deposited from 

NaMn04 solutions (Figure 5-49) which are attributed to the corresponding lower 

resistance at the interface as shown in Figure 5-48 and Figure 5-50. 
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Figure 5-47 SC versus scan rate of the 90 11g/cm2 films prepared on stainless steel from 20 mM (a) 

KMn04 and (b) NaMn04 aqueous solution. 
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Figure 5-48 Impedance data with Z' as the real part and Z" as the imaginary part of the 90 

pglcm2 films prepared from 20 mM (a) KMn04 and (b) NaMn04 solution on stainless steel. 
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Figure 5-49 SC versus scan rate of the 90 f1g/cm2 films prepared on nickel from 20 mM (a) 

KMn04 and (b) NaMn04 aqueous solution. 
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Figure 5-50 Impedance data with Z' as the real part and Z" as the imaginary part of the 95 

p.glcm1 falms prepared from 20 mM (a) KMn04 and (b) NaMn04 solution on Ni. 
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6 DISCUSSION 

Deposition mechanism 

Manganese oxide films were successfully prepared by cathodic deposition from 

KMn04 or NaMn04 aqueous solution on different substrates. The cathodic reduction 

of Mn04- species and precipitation of manganese oxide is in agreement with the 

Pourbaix diagram for Mn76
• However, only limited information is available in the 

literature related to the complex chemistry of the reduction of K.Mn04. Kinetic 

pathway of reducing Mn7
+ to Mn4

+ depends on electrode potential, pH, concentration 

ofMn04- and other species in the solutions. In neutral aqueous solutions the following 

reaction can result in the reduction ofMn04- species76
: 

(6-1) 

However, the reduction of Mn7
+ to lower oxidation states such as Mn3

+ is also 

possible with the increasing negative potentiaf6.This reaction results of accumulation 

of Mn02 particles at the electrode surface. Various forms of colloidal particles of 

oxides, hydroxides or peroxides are possible to compose the deposits66
• It has been 

reported that the formation of a deposit is caused by flocculation introduced by the 

electrolyte1
•
77

• The coagulation of colloidal particles could be enhanced by the electric 

field and electrohydrodynamic flows, resulting from the cathodic reactions78
-
80

• 

Moreover, particles coagulation could also be enhanced by coulombic attraction 

resulting from ion correlation and depletion forces78
-
80

• 
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For both the deposition precursor, almost linear relationship was obtained between the 

deposit weight and deposition time. Higher deposition yield was obtained using 

deposition precursor with lower concentration compared to that of higher 

concentration. It is suggested that the deposition process includes the diffusion of 

anionic Mn04- species towards the cathode and electrosynthesis of manganese oxide 

nanoparticles in reaction (14). The difference in the deposition yield in deposition 

precursor with different concentrations (Figure 5-25 and Figure 5-33) can be 

attributed to various factors, such as changes in diffusion-electromigration kinetics, 

surface pH, and kinetics of other cathodic reactions66
•
81

, which can reduce the 

efficiency of manganese oxide formation. Moreover, the experimental data indicated 

that the composition and microstructure of the deposits depend on concentration of 

the deposition precursor. 

Charge and discharge mechanism 

The mechanism of charge storage in manganese oxides is based on the adsorption of 

ions on the oxide surface. Both the charge-transfer reaction at the electrode and 

electrolyte interface as well as the metal or hydrogen ion diffusion in the electrode are 

important in terms of the charge and discharging process for supercapacitors. Recent 

studies showed that the pseudocapacitance of hydrous a-MnOinH20 is attributed to 

reversible redox transitions involving exchange of protons and/or cations with the 

electrolyte20
: 
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MnOa(OH)~ + oW + oe- - Mn0a..a(OH)~+5 (6-2) 

where MnOa(OH)~ and Mn0a..a(OH)~+5 indicate interfacial a-Mn(h·nH20 at high and 

low oxidation states, respectively. Similar charging mechanism can be proposed for 

the hydrous manganese oxide films obtained in this work. 

Effect of film thickness and scan rate 

It was observed that thinner manganese oxide films possess higher specific 

capacitance values. This can be explained by the considerable lower resistivity for 

electron conduction of thinner films across the film onto the current collector. Also 

thinner films provide a shorter diffusion path length, with enhanced proton diffusion 

kinetics into and out of bulk materials21
•
82

• Moreover, it is well known that the 

Faradaic reaction in a supercapacitor is limited to the surface layer of the electrode. 

As the film thickness increases, the content of active materials compared to the total 

sample weight decreases which results in lower capacitance value. 

The maximum capacitance was obtained at the lowest scan rate because the ions have 

the time to reach the electrode surface which is hidden deep in the pores. As the scan 

rate increases, the ions can not reach the depth of the electrode pores anymore 

resulting in lower capacitance. To improve the ion dynamic the manufactures try to 

optimize the ion access to the pores with particular activation process83
• 
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Effect of heat treatment 

The XRD data of films prepared from either KMn04 or NaMn04 aqueous solution 

exhibited poorly crystalline or amorphous structure at room temperature which is 

beneficial for dilation of Mn02 lattice during protonation thereby enhancing the 

integrity and stability of these films. 

The films prepared from KMn04 solution showed a rancieite structure after heat 

treatment at 200°C which has the hexagonal structure with a general formula 

AxMn02+y(H20)z where A= K, Li, Ca or other cations84. The peak broadening could 

be related to the small particle size. 

The films deposited from NaMn04 solution demonstrated a birnessite structure at low 

temperature which is a layered structure with alternately stacked sheets of Mn06 

octahedra linked through oxygen atoms and the water molecules occupy the 

interlayers85 (Figure 6-l(a)). The interlayer spacing of this layered type manganese 

oxide material is nearly 7 A. The water molecules at the interlayers can be easily 

desorbed by heat treatment forming dehydrated birnessite at 300°C. Further heat 

treatment resulted in the formation of cryptomelane-type manganese oxides which 

consisted of (2x2) matrices of tunnel structures with pore size of 4.6A with a general 

composition of Ao.s-uMns016 where A= K, Na, Ca or other cations85 (Figure 6-l(b)). 

Inside the tunnel structure of manganese oxide materials, oxygen or potassium ions 

are present as exchangeable cations which are beneficial for conductivity and energy 
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storage. The capacitance of the different materials depends strongly on the crystalline 

structure, especially when the size of the tunnels limits the intercalation of cations85
• 

0 e e 
0 

0 -0 
EX 

~ (a) 

Figure 6-1 (a) Birnessite (Ex= K, Na, etc.) and (b) Cryptomelane type manganese oxide 

The thermogravimetric behavior of the films deposited from different deposition 

precursors was investigated and the results showed weight loss by heating up to 

200°C in air which can be attributed to the successive removal of both surface and 

structural water from the solid phase. Mn02 undergoes rapid decomposition to form 

Mn20 3 at around 530°C and then be further reduced to Mn30 4 at 900°C. It has been 

reported that only a small portion of water in the electrodeposited manganese oxide 

films would be volatile at 120°C, while an effective portion of water can be absorbed 

up to 350°C in a relatively smooth manner85
• 

Water content in manganese oxide is believed to play an important role in the 

electrochemical reactivity and thermodynamic stability of various phases of MnOz 

due to the variation in electrical conductivity and electrode potential caused by the 
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difference in crystal lattice85
' 

86
• The hydrates can result in increase of the 

pseudocapacitance and the improvement of reversibility of the redox reaction as they 

provide the kinetically facile sites for the charge-transfer reaction and cation 

diffusion1
' 

87
' 

88
• The charge-transfer resistance is also influenced by the oxidation 

states of manganese for the dehydrated electrode since the oxidation states are 

associated with the orbitals ofMn-cation available for the electron transfer89
• Both the 

amount of hydrates and the oxidation states of manganese in the electrode can be 

effectively controlled by heat treatment temperature90
• It has been reported that as the 

amount of hydrates decreases after heat treatment, the electrochemical active region 

becomes markedly narrower within the electrode specimen because less hopping sites 

are provided for the cation diffusion in the electrode. The reduced diffusion depth will 

result in lower capacitance value88
• Higher electronic conductivity was obtained with 

increasing oxidation states of manganese due to the reduced activation energy. 

Overall, a lower capacitance value was expected after heat treatment. However, this 

reduction may be compensated by the increase in SC resulted from weight loss. 

Therefore, no significant change was obtained for the films after heat treatment in our 

work. 

The effect of heat treatment in charge and discharge mechanism for amorphous 

manganese oxide electrode also has been investigated by Chun et al. It was proposed 

that the charging and discharging is purely limited by cation diffusion for electrode 

with the most hydrates. A transition occurs from pure diffusion control to a mixed 
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diffusion and charge-transfer reaction control when the amount of hydrates decreases 

after heat treatment within the range of 50-150°C. Then the charge-transfer reaction at 

the interface becomes predominant for the dehydrated electrodes heated at 200-

4000C88. 

Impedance spectroscopy 

Conductivity is one of the most important factors affecting the performance of 

electrochemical supercapacitors. Electrochemical impedance spectroscopy (EIS) is a 

typical analytical tool for investigation of electrical conductivity. For an ideal 

capacitor, the Nyquist plot would show a vertical line only coinciding with the 

vertical axis with the real part of Z being 0. For an ideal capacitor connected in series 

with a resistor (with resistance R), the vertical line in the Nyquist plot is shifted on the 

vertical axis by the amount of R The equivalent RC circuit for an ideal capacitor can 

be described as below. 

----i.___R_;------tl ~ Circuit l 

For which, Z = R + 11 jaJC = R- j I wC 

As w~oo, Z~R 
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Figure 6-2 Complex-plane impedance plot for the series RC circuit 1 with Z' as the real part and 

Z" as the imaginary part of impedance 

The equivalent circuit for a pseudocapacitance has been shown earlier in Figure 5-11. 

The corresponding impedance curve intersects the real axis (ImZ=O) at about Rs 

towards high frequencies. At such high frequencies, the supercapacitor behaves 

almost like a simple resistor. For low frequencies, the spectrum approaches a vertical 

line with a real part equals to the sum ofRs and RF as shown in Figure 6-3. 
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Figure 6-3 Complex-plane impedance plots for a Faradaic pseudocapacitance with no desorption 

resistance with Z' as the real part and Z" as the imaginary part of impedance. 
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In practical, the charge and discharge process always involves Faradaic charge 

transfer resulted from interfacial redox reactions of impurities or surface 

functionalities at the electrode surfaces. Hence the kinetic representation of 

frequency-response behavior is important in interpreting the impedance spectroscopy 

of various types of electrochemical capacitors that do not behave in an ideally 

polarizable way. Therefore, the impedance involving ion diffusion is introduced as 

'Warburg impedance element', represented by the symbol W. for a simple charge 

transfer reaction under diffusion control; the following equivalent circuit represents 

the impedance behavior. The as-prepared films in our work demonstrated similar 

behavior as the films in Figure 6-4 indicating the involvement of diffusion control ion 

exchange process during charge and discharge. 

Circuit 2 
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Figure 6-4 Complex-plane impedance plot for a Faradaic process involving transition to diffusion 

control at low frequency,m, associated with the presence of the Warburg impedance element, W, 

exhibiting a 45° phase angle. 

Effect of substrates 

The effect of substrates was investigated by studying the performance of manganese 

oxide films deposited on stainless steel and nickel foil. Mismatch in thermal 

expansion coefficient can lead to poor adhesi_on of the deposited films and current 

collectors after heat treatment. Also the contact resistance at the interface between 

current collectors and electro-active materials plays an important role in determining 

the capacitive performance of the electrodes. Both the mechanical properties and the 

capacitive behavior can be improved by choosing the suitable substrates for metal 

oxide films. Favorable adhesion, good interface behavior between current collector 

and active materials, as well as the extra pseudo-capacitance has been obtained on 

graphite electrodes compared to nickel foils91
• In our study, to compare the capacitive 
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behaviors of the resulting Mn02 films on different substrates, the Mn02 films from 

corresponding deposition precursors with identical deposit weight were evaluated by 

CV running in 0.1 M Na2S04 solution. Higher capacitance values and more ideal CV 

windows were observed on nickel substrates compared to stainless steel foil. To 

further confirm the advantage of nickel over stainless steel foil, electrochemical 

impedance analysis was performed. Higher conductivity was obtained on nickel foil 

demonstrating better contact between the substrates and Mn02 films. 

Effect of electrolyte 

In electrochemical supercapacitors, the capacitance arises from the intercalation of 

alkali ions into the electrode materials causing redox transitions. Conductivity and 

mobility of the alkali ions may be the determining factor for behavior in different 

electrolytes. Aqueous electrolyte was utilized due to its advantage in view of power 

_because it can provide higher ion conductivity than a non-aqueous electrolyte. the 

parameters including ionic radius, radius of water of hydration, free energy formation 

of water of hydration and conductivity of different ions are critical to the performance 

of a supercapacitor. Na2S04 solution was chosen due to the small ionic size of sodium 

ions. However, in aqueous electrolyte, the radius of hydration sphere also plays an 

important role. Therefore, similar capacitance values of the deposited films in K2S04 

and Na2S04 solution were obtained since potassium ions possess smaller hydration 

sphere and higher conductivity as reported in Table 128. Wen et al. has obtained 
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similar results that the capacitance of manganese oxide electrode do not change by 

changing the cation from K 1 to Na + or Li+ ion92· 93. The concentration of the alkaline 

ions is the only important factor for determining the capacitance of the electrodes. It 

has also been reported that the charge storage mechanism of the Mn02 electrode 

involves the redox reactions through both the proton exchange, Mn02+ BW + Be- ~ 

Mn02..o(OH)a and the K+ exchange Mn02 + BW + Be-~ Mn~..o(OK)a. 

Table 1 Crystal radius, radius of hydration sphere, free energy of hydration, conductivity of 

alkali ions. 

Alkali ion Crystal radius Radius of hydration Gibbs energy Conductivity 

(A) sphere (A) (kcallmol) (cm2/Qmol) 

Na+ 0.95 3.58 162.3 50.1 

K+ 1.33 3.31 179.9 73.5 

Effict of deposition precursor 

The influence of deposition precursor on the deposition rate of hydrous manganese 

oxide in amorphous form was investigated by Chen et at65
• Higher deposition rate at 

lower potentials was obtained using Mn(CH3COO)i4H20. However, the capacitive 

characteristics of a.-MnOinH20 were found to be independent of precursors as long 

as the mean oxidation state of Mn remained the same. In our work, different crystal 

structures were obtained for the films prepared from different deposition precursors. 

The films prepared from KMn04 solution on stainless steel showed higher 
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capacitance which can be attributed to its much higher conductivity compared to the 

films deposited from NaMn04 solution (Figure 5-48). For nickel substrate, better 

capacitive behavior was obtained on the films prepared from NaMn04 which also can 

be explained as the corresponding lower resistance of the films. Also the porous 

surface morphology with higher surface area may be responsible for higher 

capacitance value compared to the films deposited from KMn04 solution. From the 

above, it can be concluded that conductivity of the films plays a very important role in 

determining the capacitive performance of the electrodes. 
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7 CONCLUSIONS 

Cathodic electrosynthesis has been utilized for the fabrication of manganese oxide 

films from the KMn04 and NaMn04 solutions. The results of linear sweep 

voltarnmetry and QCM studies indicate that cathodic reduction of Mn04- resulted in 

the formation of manganese oxide films. The deposition yield can be controlled by 

variation of deposition time at a constant current density. Higher deposition rate was 

obtained in the deposition solution with higher concentration. 

For the films prepared from KMn04 solution, the results of XRD, TGA/DTA and 

EDX indicate the formation of rancieite-type manganese oxide films 

KxMn02+y(H20)z (x=0.35±0.04). SEM investigations showed the formation of 

nanostructured porous films with typical pore size of about 100-200 nm. Heat 

treatment resulted in reduced porosity and improved crystallinity of the films. The 

rancieite-type manganese oxide films electrochemically tested in the 0.1 M Na2S04 

solutions showed the pseudocapacitive behavior in a potential window of 0-l.OV 

versus SCE with good stability up to 1000 cycles. The highest specific capacitance of 

- 353 Fig was obtained for 45 IJ.g/cm2 film at a scan rate of 2 m V /s. The capacitance 

decreased with increasing scan rate and film thickness. No significant effect was 

obtained by using different electrolyte of Na2S04 and K2S04 aqueous solution. The 

deposited films exhibited slightly higher capacitance after heat treatment due to 

94 



I 

M.A.Sc Thesis- Jianmei Wei McMaster - Materials Science and Engineering 

dehydration. Better capacitive behavior was observed on nickel substrates compared 

to stainless steel foil. 

For the films prepared from NaMn04 solution, the results of XRD, TGA/DT A and 

EDS indicate that the film composition can be expressed as NaxMn02+y(H20)z with 

x=0.24±0.002 and x=0.14±0.001 for the films prepared from 20 mM and 100 mM 

NaMn04 solution respectively. The deposition rate, composition and microstructure 

of the deposits depend on the concentration of NaMn04 in the solutions used for 

electrosynthesis. Electrosynthesis from 0.02 M NaMn04 solutions resulted in the 

formation of crystalline films with a birnessite structure. Amorphous films were 

obtained using 0.1 M NaMn04 solutions. The formation of a cryptomelane phase was 

observed after annealing at temperatures exceeding 400°C. The films obtained from 

the 0.1 M NaMn04 solutions showed low porosity and exhibited cracking, attributed 

to drying shrinkage. Crack-free porous films with typical pore size of about 100-200 

nm were obtained from the 0.02 M NaMn04 solutions. The microstructure of the 

films obtained from the 0.02 M NaMn04 solutions changed from relatively dense to 

porous with increasing film thickness. The films electrochemically tested in the 0.1 M 

Na2S04 solutions showed the pseudocapacitive behavior in a potential window of 0-

l.OV versus SCE. The highest specific capacitance of~ 250 Fg-1 was obtained for a 

90 ~gcm-2 sample at a scan rate of 2 mvs-1
• The capacitance decreased with 

increasing scan rate. Better capacitive behavior was obtained on stainless steel from 

KMn04 aqueous solution due to its high conductivity, while in contrast higher 
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capacitance was obtained for the films deposited from NaMn04 solution on nickel. 

The films prepared by cathodic electrosynthesis from both deposition precursors can 

be considered as possible electrode materials for ES. Obtained results paved the way 

for the fabrication of advanced electrodes for electrochemical supercapacitors. 

8 FUTURE WORK 

Low conductivity is the main disadvantage of the as-prepared manganese oxide films 

for the application of electrochemical supercapacitors. Improvement of conductivity 

can be carried out for further investigation including possible co-deposition such as 

carbon nanotube or other metals. The capacitive behavior of the films deposited on 

substrates with higher surface area, such as nickel foam and nickel plaques, may also 

be interested to investigate. 
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