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Abstract
Electrochemical capacitors are used fo r applications requiring high power output and 

high cycle capacity. Ruthenium  oxide has been used for pseudocapacitors: however, raw- 

material costs are prohibitive to large-scale commercial production and manganese 

oxides are becoming popular. In general, there are certain requirements necessary in 

order to develop capacitance from transition metal oxide materials. The films are porous 

and amorphous to allow for easy movement o f protons through the structure and the 

active sites (sites that develop capacitance) must be hydrated with a 4+ valence (e.g.. 

MnCb^nHiO).

A procedure combining physical vapor deposition and electrochemical oxidation was 

developed to produce a film that has excellent capacitance (~500F/g). The physical 

vapor deposition step is used to deposit a thin layer of Mn/MnO onto a standard Si 

substrate with Ti/Pt metallization. In the as-deposited state, the film is crystalline, dense. 

0/2+ valence, with no hydration and develops no capacitance. The film is subsequently 

oxidized in a solution o f 1M Na^SCU using a constant current up to a potential of 0.9V vs. 

Ag/AgCl. During this step in the processing, the manganese near the surface of the film 

is oxidized to the 4+ valence, develops significant hydration and becomes both porous 

and amorphous. It is after this oxidation step that the film becomes highly capacitive.

The porous surface layer responsible for the capacitive behavior can be produced on any 

PVD deposited manganese layer regardless o f the starting film morphology (e.g. dense or 

porous). Since the electrochemical oxidation step is critical to the formation of the
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porous layer, adjusting some of the oxidation parameters can have a significant effect on 

the porous layer and resulting capacitance. Overall, the capacitance o f the films increases 

as the oxidizing current density increases. Increasing the oxidation current density results 

in a thinner porous layer, but greater hydration content. The thickness o f the porous 

surface layer is also a function of the thickness o f the deposited film. As the starting film 

thickness increases, so does the resulting porous layer thickness. The hydration remains 

the same and therefore the thicker films produce greater areal capacitance (F/cm2) but the 

specific capacitance (F/g) remains constant.
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1 Introduction

Electrochemical supercapacitors are capacitors that make use of electrochemical 

phenomena in order to store charge. As charge storage devices they are primarily used 

for applications that require a high power output and a high cycle capacity. They are 

often used in conjunction with other energy storage devices, such as batteries, in an 

attempt to improve the overall performance of the system by supplementing the 

continuous power output o f the battery with periodic bursts o f high power provided by 

the electrochemical supercapacitor. Their primary advantage over traditional electrical 

capacitors is a significantly improved capacitance per unit mass44'4\

Electrochemical supercapacitors can be of two types: double layer and redox. The former 

type is comparable to a traditional capacitor as it employs the non-Faradic charge 

separation that occurs naturally across a double layer in an electrochemical cell in order 

to store charge. Activated carbon materials are predominantly used for this purpose 

because of their relatively low cost and high surface area (up to 2500m2/g)4'\  The redox 

capacitor makes use o f both reversible redox reactions and double layer charging in order 

to store charge, thereby giving a significant advantage over purely double layer 

capacitors. This behavior is typically termed “pseudocapacitance” and tends to resemble 

a re-chargeable battery more than a traditional capacitor. Traditionally, ruthenium oxide 

has been the material focused on for pseudocapacitors as it exhibits specific capacitance 

values of up to 750F/g. However, ruthenium raw material costs are prohibitive to large- 

scale commercial production '.

Manganese and its oxides have enjoyed some interest as replacement materials for the 

more costly ruthenium oxides in electrochemical supercapacitor applications because of 

their relatively low cost and low toxicity62. Typically. M nO: films have been created by 

chemical reactions and often result in an amorphous hydrated MnO: product or a weakly 

crystalline hydrated M nO: product61'62'6'1‘64'6:,‘66'67. Broughton and Brett developed a new 

procedure making use o f physical vapour deposition and an oblique vapour incidence
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angle in order to produce a chevron-type porous metallic structure that is then 

electrochemically oxidized and subsequently used as a capacitor74. Prior to this work, the 

specific capacitance realized by these films, 225± 25F/g, has yet achieved the thin-film 

levels o f Chin et al71 (720F/g).

W hat is lacking in the original analysis o f Broughton and Brett's method is an 

understanding of the phases involved and produced during the deposition, thermal 

annealing, and the electrochemical oxidation of the supercapacitor. A clear 

understanding of the phases and phase evolution will help in any work to modify and 

improve the supercapacitive behavior. The purpose of this research is to study the 

m anganese electrochemical supercapacitor films in their as-deposited, electrochemically 

oxidized, and furnace annealed states in order to conclusively determine which phases are 

present during each stage and suggest improvements in processing that may help this 

technique achieve the high capacitance values o f Chin et al71. X-ray diffraction, electron 

diffraction, transmission electron microscopy and scanning electron microscopy are used 

to characterize the materials.
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2 Literature Survey

There are two sections to the thesis and thus the literature survey. The first section 

focuses on studying the general growth o f films from the glancing angle deposition 

process. The second section examines manganese oxide electrochemical capacitor 

material which is the focus o f the thesis work.

2.1 Glancing Angle Deposition

The Glancing Angle Deposition (GLAD) technique for producing porous thin films has 

been studied by the research group o f Brett for several years1'2”' 4. Taking advantage of 

self-shadowing effects, it is possible, through careful control, to produce porous films 

composed of independent columns o f material. Ordinarily, an inclined vapour source 

will result in a film  that has columns inclined toward the direction o f the vapour source. 

However, if an extremely oblique vapour incidence angle (>80°) is used, the growing 

columns on the surface o f the substrate will shadow the area directly behind them thereby 

preventing any material from being deposited in that area (Figure 1). In this manner, it is 

possible to produce independent, inclined columns. The self-shadowing phenomenon 

may be exploited in order to produce porous thin films w ith a variety o f different 

structures: slanted posts, chevrons, helices, and vertical posts. Individual slanted posts 

are produced when no substrate rotation is used, ju st an extrem e oblique vapour 

incidence. Discontinuous substrate rotation of 180° at a  time will result in a chevron 

structure, while continuous substrate rotation during deposition will result in a helical 

structure. When the rotation speed is increased sufficiently, the helical pitch will become 

so small that the film will resemble a series of vertical posts. The relatively high surface 

area and porosity o f these sculpted films makes them ideally suited for a variety of 

applications including electrochemical supercapacitors. This type of substrate tilt and 

rotation can be adapted to virtually any physical vapour deposition system.
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evaporant
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shadowing
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F igure 1. Schematic illustrating the geometry of glancing angle deposition.

2.1.1 Growth of GLAD films

There is a significant body of work studying the parameters that influence the growth of 

GLAD films on a macroscopic/morphological scale. Of particular relevance and interest 

is the work done by M alac5'6Jand Dick8 that explores the microstructure of the films 

produced in significantly greater detail.13'4'9'10'11121'' Previous analysis of these films has 

revealed the importance o f adatom surface diffusion on the final microstructure o f the 

film, often described in terms of the dimensionless ratio Ts/Tm where Ts is the substrate 

temperature and T m is the melting temperature, both quoted in Kelvin. Materials with 

low surface adatom diffusion rates (low Ts or high T m) tend to exhibit branching or 

bifurcation due primarily to a combination of shadowing and limited diffusion, while 

those materials with high surface diffusion (high Ts. or low Tm) rates tend not to exhibit 

these characteristics because bulk and surface diffusion suppress branching1' -6'7 and 

reduce the effects of shadowing.

Through studying the microstructure of Si helices. Malac6 made the following 

observations regarding film growth during the GLAD process. The first is that an 

increase in adatom diffusion length is directly related to an increase in substrate 

temperature during film growth. Second, during growth there will be an increase in the 

amount o f material that is being deposited onto a growing helix due to a reduction in the 

num ber of neighboring helices. The reduction in neighboring helices is related to the 

random termination o f some growing helices through competition. Third, the increase in
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substrate temperature that accompanies film growth results in a decrease in the sticking 

co-efficient of the atom and thus causes an increase in the number o f atoms that are 

scattered between the growing helices. Fourth, bifurcation within a  growing helix occurs 

because of self-shadowing effects within the helix arm. Ultimately, this results in an 

increased number of fibers growing within each arm. Fifth, the bifurcation within a 

helix-arm may be assisted by preferential growth o f  fast-growing crystal planes.

The effect of rotation on the microstructure of the film s has been studied by Malac6 and 
•  8to some degree Dick , although his focus was m ostly on macrostructure and morphology. 

Malac concluded that increasing the rate o f rotation (transition from helices to posts) 

results in a suppression of the bifurcation phenom ena, resulting in pillars that appear to 

be formed from a single fiber. Dick found that materials with a low adatom diffusion rate 

(i.e.. Si and SiCb) showed a typical morphological transition from helix to post, but with 

little change in the underlying crystal structure o f the film and no change in the thickness 

o f the individual column. A similar trend to Si and SiOi was also found for higher 

adatom diffusion materials, such as Bi and Al, w here a transition from the helical to post 

structure occurs with increasing rotation speed. However, it was also noted with respect 

to Al in particular, that the increase in rotation speed resulted in significantly thinner 

columns and it was hypothesized that this is because increasing the substrate rotation 

speed will inhibit the surface diffusion of adatoms. In addition. Al exhibits a faceting of 

the surface that was suggested to be due to preferred growth along certain crystal planes, 

though no evidence of crystallinity in the films is presented in this study.

2.2 Manganese Oxide Materials
2.2.1 Properties and Phases

Manganese is a very common metal and has uses in many industries. In the case o f the 

power industry (batteries and capacitors), manganese oxides play a particularly important 

role. A partial phase diagram is shown in Figure 2 up to 60 a t% 0 . There are four 

phases of pure Mn metal: a .  (3. y, and 8 . a-M n is stable from room temperature to 707°C 

and has a complex bcc structure with fifty-eight atoms per unit cell. |3-Mn is stable up to
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1100°C and has a com plex cubic structure with twenty atoms per unit cell. y-Mn is stable 

up to 1138°C and has a simple fee structure with four atoms per unit cell. 6 -Mn is stable 

up to 1246°C and has a  simple bcc structure with two atoms per unit cell.

A t o m i c  P e r c e n t  O x y g e n

2000 y , - j .—

1800 -

OO
CJ
3
auoa.
E  M O O 
'D

E -

1200-

(pMn)
1000  ■

M n

F igure  2. Partial phase diagram for Mn-O14.

O f note is that the solubility o f oxygen in pure Mn. even at high temperatures is minimal, 

less than lwt% . Thus, any small amount of oxidation will lead to the formation of an 

oxide phase since the oxygen will not be accommodated within the Mn lattice. As a 

transition metal (atom ic num ber 25). manganese has many stable valences (2+. 3+. 4+. and 

7+) and thus a variety o f  different oxides are possible (MnO. Mn?0.i. M ^O ?. and MnO: 

are the main form s)15. The lowest valence oxide that forms is MnO (2+). The most 

com m on form o f this oxide is manganosite which has a face-centered cubic structure 

(NaCl type) with 4  M nO molecules per unit cell16. There are other polymorphs of MnO
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(orthorhombic) that can form as well, including a defect structure arising from oxygen 

vacancies. The next oxide that forms is M n ^ ,  commonly called hausmannite. The 

equilibrium phase has a tetragonal, deformed spinel structure at low temperatures 

(T<1433K) and a cubic spinel at high temperatures (T> 1433K). There are also several 

polymorphs of this phase, several o f which are cubic. The next stable oxide is MmO?. 

commonly called bixbyite, having a body-centered cubic unit cell with 16 formula units 

per unit cell. As with the other oxides, there are several different polymorphs o f MmO? 

with different crystal structures. The final oxide that forms commonly in nature is MnCX 

Again, there are several polymorphs o f this phase each with a different crystal structure 

and slightly different properties. The most common polymorphs o f MnC>2 are the a .  (3. y. 

8 , A.,ti,£ , and p  type, each with its own crystal structure and unique properties1'̂ . In 

addition, there are several other types of oxides that can be formed synthetically. Mn?Os 

and Mn.sOs for example, but they have very limited stability.

Because of the importance of the MnCK phase for electrochemical capacitor applications, 

it will be discussed in more detail. O f all the types of MnO?. it is believed that only 

pyrulosite and ramsdellite (P) are true M nOi modifications; the other crystalline forms 

are considered non-stoichiometric intergrowth structures o f the former and are 

fundamentally also types of P-Mn0 2 . The basis for all M n0 2  compounds is the same. It 

is believed to involve hexagonal close packing o f the O2' (with some hydroxyl ion 

substitutions) with half o f the octahedral sites occupied by Mn4+ and some Mn?+ ions.

The result is an octahedral form in which the Mn4+ ion is surrounded by six O2' ligands17. 

It is the arrangement o f the [M nCy octahedra that results in the formation of the different 

MnC>2 polymorphs. A listing of some of the more common polymorphs is shown in 

Table 1 along with the cell parameters and strong diffracting lines18.
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Table 1. Structures of manganese dioxides18.

Compound
Crystal

System

Unit Cell 

parameters (nm)
Strongest d-lines (A )

a b C d l d2 d3 d4

Pyrulosite (pMnOZ) tetragonal 0.440 0.440 0.287 0.314 0.241 0.163 0.213

Psilomelane (ctMnOj) monoclinic 0.956 1.385
0.288

3=92°
0.219 0.346 0.288 0.242

Cryptomelane(aM nO;) tetragonal 0.984 0.984 0.286 0.311 0.240 0.154
0.69/

0.49

Ramsdellite (pMnOZ) orthorhombic 0.927 0.453 0.287 0.407 0.161 0.136 0.254

y-MnO, orthorhombic 0.935 0.444 0.285 0.24 0.14 0.21 0.16

oc-MnOi itself has two common forms. The first, psilomelane. has a monoclinic unit cell. 

The lattice is created by cross-linking the double or triple chains of the [M n06] 

octahedra, which results in two-dimensional tunnels within the structure17. The structure 

is often unstable, and is stabilized in nature by incorporating cations into the tunnel 

portion o f the structure. Often these are K+, Ba+ or N H /. It is thought that without the 

cations, the tunnel structure would not exist. The simultaneous entry of the cation into 

the lattice during the crystallization o f a-M nO i is believed to cause tunnel formation. In 

order to maintain charge balance, some o f the Mn4+ is replaced by Mn of a lower valence 

or cations o f a lower valence but with a similar ionic radius. The cations within the cc- 

MnCK structure often adversely affect the performance of this material as a battery, which 

is why it is not often used for such applications17. The other a-MnO: structure has a 

tetragonal lattice, although it too has the unique tunnel structure caused by the cross- 

linking of the [MnC>6] octahedra18.

One of the most com monly occurring MnCK polymorphs is the P-MnO: phase existing in 

two forms: pyrolusite and ramsdellite. In this structure the [MnOa] octahedra will share 

edges in order to form single chains that extend along the c-axis19. Although this
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structure is classified as a rutile, the true rutile structure is never met due to the distortion 

of the [MnC>6] octahedra resulting in a lattice expansion in the c-axis and a contraction in 

the a and b axes. Ramsdellite is considered a dimorph of pyrolusite (and also part o f the 

p-M nO: family) and is made by alternating double chains of linked octahedra. which are 

further cross-linked to adjacent double chains by sharing oxygen atom s17'19. Because it is 

a non-equilibrium phase, ramsdellite tends to deviate from the MnCK stoichiometry more 

than pyrolusite18.

The 5-MnO: or phyllomanganates group has a layer structure, which contains infinite 

two-dimensional sheets of edge-shared [MnC>6] octahedra separated by approximately 

10A. There can then be intermediate layers of H2O molecules that are bonded to the 

octahedral layers by a cation such as Zn2+. Cd2+, or Mn2+. However, the layer structure 

indicates that this group of compounds is not a true modification of the MnC>2 structure.

y-Mn0 2 , or nsutite, is a non-stoichiometric M n0 2  compound with M n?+ replacing M n4+ 

and OH' replacing O-' in the lattice . In addition, it is common to have only partial 

substitution of the Mn4+ and O2', producing a wide variety of compositions within this 

subgroup and a wide variety of x-ray diffraction patterns for this group. As a result, these 

phases tend to have extensive defects and vacancies throughout the structure. y-Mn0 2  is 

commonly thought to be a hexagonal-type lattice structure. It has been suggested that y- 

M n0 2  is fashioned from alternating layers of pyrulosite and ramsdellite18'20. As a further 

note, the sub-group r|-M n0 2  differs from y-MnC>2 only in crystallite size and the 

concentration of microdomains of pyrolusite within the ramsdellite matrix: however, they 

have the same lattice. In addition, the T|-MnC>2 group seems to have adsorbed water 

whereas the y-MnC>2 group has chemically bound water. Most researchers consider these 

two sub-groups to be a single sub-group, y-MnCK

Electrolytic MnC>2 (EMD or e-MnCK) is often thought to belong to the y-MnC>2 family21. 

However, it has a different structure. There is a hexagonal close-packed lattice of O2' 

ions in which half the octahedral sites are filled randomly by Mn4+ ions, as with P-MnCK
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W hile this structure is not thought to be based on the [MnC>6] octahedra. it is thought that 

there may be some face-shared octahedra in e-M nO i17. e-MnO? is considered to be a 

thermodynamically metastable state and is easily recrystallized to the more stable y- 

MnC>2 and will form under conditions o f high current density, enhanced nucleation or 

limited growth situations. Like y-MnCK, £-MnOo also has significant defects and 

vacancies within the structure. It is these structural imperfections that explain the high 

water content, porosity and specific surface areas o f these two compounds'7.

The thermal transform ations that most likely occur between the different forms of 

manganese dioxide are shown in Figure 3.

/J-MnsOt

Figure 3. Schematic showing the transformations of the different forms of manganese 
dioxidels.

O f particular interest is that the various forms of MnCK all tend to form into the P-MnCK 

form. It is the most therm odynamically stable of the M n0 2  phases. a-M n0 2  is the only 

product that does not decom pose directly to P-MnC>2. but instead breaks down into either 

a -  or y-MmO?. However, it will decompose at a higher temperature than P-Mn0 2 . and 

thus the P-M n0 2  is still considered to be the most thermodynamically stable phase18.
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2.2.2 Electrochemical Behavior of Mn and the oxides

2.2.2.1 Mn ions in solution
The behavior o f manganese and its ions in aqueous solutions has been fairly well 

documented because of the importance of manganese oxide materials in the rechargeable 

battery industry. A Pourbaix diagram for manganese in aqueous solutions is shown in 

Figure 4. Through electrochemical oxidation, it is possible to produce manganese ions 

with oxidation states between +2 and +7 depending upon the particular conditions22. Mn 

is very unstable in most aqueous solutions. Under most conditions, the M n2+ ion is the 

m ost stable oxidation state for the element. The stability is attributed to its unique 

electronic structure, which contains a half-filled d-band (3d''')2?. The Mn2+ salts of strong 

acids are quite soluble, while the hydroxide salts are relatively insoluble2'.
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Figure 4. Pourbaix diagram for manganese in water assuming a temperature of 25°C and 
10'6M ion concentration24.

M n’+ is extremely unstable in aqueous solutions because it is a very strong oxidizer and 

will quickly undergo disproportionation to Mn2+ and manganese dioxide2’. In aqueous 

solutions, the only stable M n’+ exists as a solid o f extremely low solubility, e.g.. 

manganic fluoride and manganic oxide. Mn4+ is known to be a strong oxidizing agent, 

and its oxide. Mn0 2 , is completely insoluble in aqueous solutions. Higher valences of 

manganese ions have been identified. The hypomanganate ion (M n04)’' containing Mn''’* 

has been observed several times and is fairly stable in strongly alkaline solutions, but not 

at lower pH2'\ Mn6+ generally exists as the manganate ion M n042' and is also quite stable 

in alkaline solutions. The permanganate ion (M n04‘) is the only important species 

containing Mn7+. It is also a strong oxidizing agent and will slowly be reduced by the 

water in an aqueous solution. These higher valences o f manganese are not generally 

found as solid oxides in nature2 ’.
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2.2.2.1 Electrochemical behavior of M11O2

O f all o f the oxides, MnO: is the most studied because of its use in batteries and 

electrochemical capacitors. As mentioned earlier, there are many different types o f 

MnO: and the electrochemical behavior of each type is different. In view of the fact that 

y-MnOi can be discharged more efficiently than the other types o f MnO: and is, 

therefore, widely used for batteries and other cathode materials, the bulk of the literature, 

and hence my discussion, focuses on this particular form of Mn0 2 .

Neutral and Acidic Solutions
Based on investigations done in NH4CI at various pH values26'27 a reduction mechanism 

for MnO^ in neutral and acidic solutions has been proposed. The first step in the prim ary 

cathodic reaction is the reduction o f MnCb directly to aqueous M n2+. The Mn2+ then 

reacts with the remaining MnO: on the electrode to give MnOOH. There is the 

possibility that MnOOH is formed from an intermediate product, M n(OH)2. but that has 

not been verified. More extensive studies done by Vosburgh et al28'29 identified a slightly 

different mechanism in which the initial product of the cathode reaction is actually 

MnOOH according to the reaction:

M n0 2  + H+ +  e ' MnOOH

The formation o f the MnOOH phase is considered to be due to the diffusion o f protons 

and electrons into the Mn0 2  lattice28. When the current is applied to the electrode, 

electrons from  the electrode and protons from the electrolyte will meet at the surface o f 

the M n0 2  that is exposed to the electrolyte and also beneath the surface o f the electrode 

where the protons have penetrated into the lattice. The electrons are used by the M n4+ to 

form M n?+ and the protons attach themselves to O2' ions to form the OH' ions, thus 

making the MnOOH phase'0. As the surface composition changes from largely M n0 2  to 

largely M nOOH, the electrode potential decreases. When enough MnOOH has formed 

on the surface o f the Mn0 2 , a further reduction to Mn(OH )2 occurs according to:

MnOOH + H+ + e <-> Mn(OH )2
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The next step is the appearance o f M n2+ in the electrolyte as the surface continues to 

reduce and the potential of the electrode continues to fall. However, this subsequent 

reaction is dependent on the pH of the electrolyte. At a pH o f 5, the following reaction 

will occur:

2MnOOH + 21T <-» M n 0 2 + M n2+ + 2H20

If the pH is increased into the neutral range, then the following reaction will occur 

instead:

Mn(OH )2 + 2H+ «-» Mn2+ + 2H20 .

Technically, this final reaction involves two steps with the MnOOH that accumulates on 

the surface o f the electrode being reduced to M n(OH )2 and then the M n(OH )2 is dissolved 

back into the electrolyte as Mn2+.

More recent work on the oxidation and reduction of M n 0 2 in an acidic environment was 

carried out by Nijjer31 et al in 2000. The reactions given are more specific and perhaps, 

more useful for subsequent analysis. Their analysis confirm ed that the oxidation of Mn2+ 

to M n02 occurs in two steps. This first is an oxidation to M n ’+ as shown below.

Mn2+e M n ?+ +  e‘ (?23?)

with the Mn",+ immediately hydrolyzing to form  M nOOH and 3H+ <

The second step is the production o f M n 0 2 according to:

MnOOH M n02 + H+ + e (33*34)
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The oxidation step to M n3+ was found to be diffusion controlled, while the final reaction 

to form  M n0 2 was controlled by the rate of the chemical reaction"’1. Thus, higher 

temperatures and convection enhance the oxidation rate o f Mn2+ to M n02.

The subsequent reduction of M n0 2 to Mn:+ was proposed by many researchers to occur 

by the reactions proposed for the oxidation of the Mn2+ Other researchers have

com plicated the issue by suggesting various other reactions that are assumed to be 

occurring simultaneously34"36"37 and are listed below.

M n 0 2 +M n2+ + 2H20  2MnOOH + 2H+

0.5M nO 2 + 0.5M n2+ +  2H+ <-» Mn3+ + H20  

M nOO H + 3H+ <->• M n3+ +  2H20

Alkaline Solutions
T he reactions o f the M n 0 2 electrode in alkaline solutions were studied in depth by Bell 

and Huber"’8. They suggest that the reduction of M n0 2 proceeds in three main steps. The 

first is the conversion o f M n 0 2 to M nO i.7 occurs in a homogeneous phase reduction. 

Homogeneous reactions are chemical reactions that occur in the solution independently 

o f the electrode’9. The second step is a further reduction to MnOi.47 in a heterogeneous 

reduction (at the electrode/electrolyte interface) and then finally a reduction below 

M n O i . 4 7  in another heterogeneous reduction. It was also observed that under low current 

densities, the recrystallization of some of the lower manganese oxides would occur 

(M n20 ?  in some cases). It has also been suggested that the reduction of M n 0 2 in alkaline 

solutions may produce MnOOH through an H+ and electron diffusion into the crystal 

lattice, as seen in the acidic solutions, rather than forming Mn20 .f  3.

O ther studies by Kozawa et al40'41 in very concentrated alkaline electrolytes showed two 

distinct steps in the reduction process. The first is a reduction from M n02 to MnOi..s in 

w hich the potential was continually decreasing during the transformation. The electrons 

are introduced into the lattice and reduce the Mn4+ to M n’+. Simultaneously, H20
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decomposes at the electrode/electrolyte interface and the protons are inserted into the 

lattice and form OH'. The second step is the reduction o f the M nO 1.5 to MnO by a 

reaction in which the potential does not change during this process indicating a two-phase 

region. This particular reduction step was found to occur entirely in the solution phase41, 

as the Mn?+ and Mn2+ oxides were both quite soluble in the very concentrated alkaline 

solution. Kozawa et al assume that the two solid phases involved are MnOOH (or 

MnOi.5) and Mn(OH): (or MnO) and that both are in solubility equilibrium with their 

ions, Mn?+ and Mn2+. The potential o f the electrode can then be expressed as a function 

o f the dissolved species M n,+ and M n2+ according to the overall reaction:

Mn3+ + e' <h > Mn2+

Under conditions where the two solid phases are in equilibrium with their respective ions, 

the concentration of ions in the solution will not change, and therefore, the potential, 

according to the Nemst equation, does not change. In other words, the dissolution of the 

MnOOH into solution to form Mn3+ and the precipitation of the M n(OH )2 phase from 

Mn2+ according to:

MnOOH M n3+(aq,

Mn2+(aq) Mn(OH )2

must occur faster or at the same rate as the overall reduction (in the solution) of M n 'T to 

Mn2+ according to:

Mn3+ + e* Mn2+

If this is the case, then the potential of the electrode does not change during the reduction 

reaction.

Cha and Park proposed a slightly different method for the oxidation/reduction22. In the 

first step, the Mn metal oxidizes to form a Mn(II) hydroxide which will passivate the
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metal surface. The process continues through the production of manganese hydroxides of 

higher valence. The MnC>2 phase is finally produced through the simultaneous oxidation 

o f M n(OH )2 and M nOOH.

Gosztola and W eaver42 (in 1989) have identified a similar type of reduction mechanism 

shown in Figure 5.

,v
•o . j o l  \

' \

\  D
-0 .5 0 -

-0 .9 0  i

- I .3 0 i

130 300 300 400 500

Tirne/s

Figure 5. Galvanostatic potential-time curves for the reduction of MnO; film in 1 M KOH42.

The region in Figure 5 labeled A-C is considered to correspond to the reduction of the y- 

M n 0 2 to the a-M nO O H  according to:

M n0 2 + H20  +  e ' M nOO H + OH'

The region o f constant potential labeled C-D is considered to refer to the formation of the 

M n(OH )2 phase by a heterogeneous (at the electrode/electrolyte interface) phase 

reaction40'42 according to:
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MnOOH + H20  + e' Mn(OH )2 + OH'

Both of these reactions have been proposed in various forms by several other 

researchers22'23. The region from D-E is considered to be the further reduction o f the 

M n(OH )2 to the metal Mn, though details of this process were not given.

Reactions based on a metallic Mn starting material in an alkaline medium were studied 

by Messaoudi et al in 200143. The transitions identified by the research are summarized 

in the schematic shown in Figure 6 .

H2 Mn2+

f X .

Mn Mn(OH)9<-» Mn90 3 <-̂  M n 0 9

-0.9V -0.5V 0V 0.2V 0.6V

Figure 6 . Schematic illustrating the various transitions occurring upon immersing Mn in an 
alkaline solution ' .  The forward reaction is illustrated with the solid arrows and the reverse 
reaction is indicated with the dashed arrows. The potential of the transition is indicated 
below the reaction path, while the gas and soluble products are indicated above the main 
reaction path.

It was determined experimentally that metallic manganese, when immersed in a strong 

alkaline solution (1M NaOH), will immediately passivate. This reaction takes place at 

-0.9V vs. Hg/HgO. and involves the oxidation of Mn to M n(OH )2 as illustrated in the first 

part of the schematic (Figure 6 ). This oxidation from Mn to M n(OH )2 occurs with the 

elimination o f H3 0 +. At the same time, Mn is also directly ionizing into M n2+(aq) and the 

Mn(OH )2 that forms is also producing Mn2+(aq> through a chemical dissolution process 

(Figure 6 ). This reaction can be best represented by:

Mn*2H: 0  + 2H20  M n(OH )2 + 2H30 + + 2e‘

Mn3+ 0 2 M n 04' + M n 0 4~

/  t f /
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There is a second passivation process that occurs at -0.5V vs. Hg/HgO where the 

M n(OH): is transformed into M ^C L according to:

3M n(OH )2 <-» M n30 4«2H20  + 2H+ +  2e'

The third passivation process takes place at 0V vs. Hg/HgO and results in the formation 

of M n2C>3 during which M n3+ is dissolved chemically from both the Mn?0 4 and the 

Mn20 3 . The suggested reaction is:

Mn30 4#2H20  + O H ' 2MnOOH + M n(OH ) 3 + e

where MnOOH is often considered the hydrated form of MnOi.? (MrnOs)

On the other hand, reducing from M n20 3  to MnsOj will result in the formation of a 

soluble Mn2+ species (Figure 6 ), which is either a hydroxide or a hydrated structure. 

Above 0.2V vs. Hg/HgO, M n20 3  transforms to M n 0 2 according to:

2(2MnOOH + M n(OH)3) +  3 0 H ' (6M n0 2).5H20  + 3H+ + 6 e‘

Above 0.6V vs. Hg/HgO, the M n0 2 converts to M n0 4 ,aq)and M n042‘ ,aq) at the same 

time as the oxygen evolution reaction is occurring.

2.3 Electrochemical Supercapacitors
Electrochemical supercapacitors, or electrochemical capacitors, are charge storage 

devices that make use o f electrochemical phenomena in order to store charge. Like ail 

electrochemical systems, they require two electrodes (anode and cathode), an electrolyte, 

and a conducting charge path in order to operate. These four components are then 

packaged together and can be used, as a conventional capacitor would be. The 

capacitance can be defined as follows:
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where q is charge and V is the voltage ( 1)

However, because the system is electrochemical, the amount of charge, Aq, is defined by 

the current, i, according to:

There are two major types of electrochemical capacitors: those that exhibit a true 

capacitance (electrostatic), and those that exhibit a pseudocapacitance (Faradic). The 

electrostatic capacitors store charge directly across the electrical double layer, while the 

Faradic capacitors store the charge indirectly using a redox reaction.

23.1 Electrostatic Capacitors

23.1.1 Electrostatic Capacitance Theory
Electrostatic capacitors store the electric charge directly across the double layer of the 

electrode. Because there is no charge transfer across the interface, this is a true 

capacitance effect. Figure 7 is a very simplified schematic o f the electrical double layer. 

The capacitance arises from the two array layers o f opposing charges that are separated 

by a small distance (x). directly analogous to a parallel plate capacitor. As an excess or 

deficiency of charge builds up on the electrode surface, ions of the opposite charge build 

up in the electrolyte near the electrode/electrolyte interface in order to provide charge 

balance. In this manner, the amount of charge stored is proportional to the voltage

(2)

and thus, the capacitance is defined as:

iA t lA V (3)
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applied to the electrode as described by C =  and the charge can be stored

electrostatically, and released by simply reversing the polarity of the system.

electrode

i i n

solvated 
ions in the 
electrolyte

electrode/solution
interface

Figure 7. Simplified schematic of a double-layer capacitor.

If the current is held constant, and the electrode is truly electrostatic, then the capacitance 

does not change with changing potential. Thus. C can be calculated as the reciprocal of 

the slope o f the relation between potential and time44 as shown in Figure 8 . This relation 

is only valid in a certain voltage range (particular to the system) until the Faradic 

decomposition of the solution begins and then there is a non-linear deviation from the 

original charging curve44. Once this non-linear deviation occurs, the system is no longer 

considered electrostatic, and the capacitance cannot be calculated in this manner.
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S3

O
©c. 1/C

time (at constant i)

F igure 8 . Charging curve for an electrode exhibiting electrostatic or double layer 
capacitance44.

The CV (cyclic voltammogram) scans for an electrostatic electrode (Figure 9) exhibit a 

rectangular shape that is typical o f an ideal capacitor with potential independent 

capacitance. With this type o f testing, the applied potential is varied linearly with time 

and the resulting time-dependent current is measured, allowing for the construction of a 

potential/current graph. The anodic current corresponds to the discharging o f the 

capacitor while the cathodic current corresponds to the charging of the capacitor. Because 

the capacitor is ideal and the capacitance is independent of potential, the anodic and 

cathodic currents are constant and equal in magnitude, although opposite in sign. In an 

ideal system, once the polarity of the system is reversed, the direction of current reverses 

immediately and results in the rectangular CV scan. As a result, the CV scan is very 

useful in determining the nature of the capacitor, whether it is electrostatic or otherwise.

It can also provide a simple means of calculating the capacitance. From C = / •  At I A V .

the capacitance is defined as a function of the current and the term. In the case of
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an ideal (electrostatic) capacitor, the current (i) is constant and the applied potential 

sweep rate of the scan, v, is simply the inverse o f the ^ j / ^ y  term. Thus, the capacitance 

can be re-written for this ideal case as

C = i / v (4)

u

o

discharge

Potential (V)

charse

Figure 9. Cyclic voltammogram for an interface having potential-independent capacitance44 
(ideal capacitor).

Because electrostatic capacitors make use o f the double layer in order to "store*' the 

charge, the greater the amount o f double-layer area, the greater the amount of charge that 

can be stored, giving rise to a large current and hence a large capacitance. Thus, very 

high surface area electrodes are employed for this kind of capacitor.
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2.3.1.2 Activated Carbon Materials
Carbon based materials are very popular for these applications because o f their low cost, 

high surface area, availability of material, and because it is already an established 

electrode production technology. In fact, carbon electrodes can be produced with a 

specific area o f up to 2500 m:/g4‘\  Pure electrostatic capacitance is difficult to achieve 

outside o f a parallel plate capacitor; however, activated carbon materials produce 

electrodes that are the closest to exhibiting true electrostatic capacitance behavior. W hile 

the overwhelm ing bulk o f the capacitance is due solely to double-layer charging, it has 

been found that there is some element of the capacitance that is due to a redox reaction 

involving the surface functionalities on the surface of the carbon electrode45. However, 

the behavior o f these electrodes is very nearly entirely electrostatic.

Theoretically, these double-layer capacitors can reach a specific capacitance of 250 F/g; 

however, practically, only 20% of the theoretical value is achievable44. Even at such 

seemingly low values, this translates to a greater capacitance per area than a conventional 

capacitor, accounting for the popularity of the electrochemical capacitor. A small 

disadvantage o f these carbon electrodes is that they can sometimes have stability issues in 

the electrolyte45 resulting in a slow breakdown of the capacitor.

23.2 Faradic Capacitors

23.2.1 Faradic Capacitance Theory

All Faradic capacitors are considered pseudocapacitors because there is an exchange or 

passage o f  charge across the double layer, rather than a static separation of charge across 

a finite distance as is the case with the electrostatic double layer capacitor. The 

capacitance originates because certain thermodynamic conditions cause a unique 

relationship between the extent of charge acceptance (Aq) and the change in electrode

potential (AV) giving rise to the derivative • which is defined as a capacitance44.
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From a thermodynamic perspective, pseudocapacitance originates when a property that is 

related to the amount of charge being passed, y. is related to potential by an equation

where R is the ideal gas constant, T is the temperature in Kelvin, F is Faraday's constant 

and V is the potential.

Taking the derivative with respect to V gives the following relationship. d y j d V . which is

Theoretically, the maximum capacitance occurs at half the value o f “y*\

If cyclic voltammetry (CV) is used to evaluate the capacitance o f  the system, the 

relationship in Equation 4, C = H v ,  is still valid. However, unlike the electrostatic 

capacitors where the current is constant, for Faradic capacitors, the current is not always a 

constant value and may exhibit a current maximum. In this m anner, a CV scan may be 

used to differentiate between systems that exhibit pseudocapacitance behavior and 

systems that exhibit electrostatic capacitance.

There are three main systems that produce a  pseudocapacitive response: underpotential 

deposition, lattice intercalation, and redox systems. The latter is of primary interest to 

this thesis and will thus be discussed in greater detail than the first two systems, which 

will only be discussed very briefly. However, the general equations for 

pseudocapacitance hold true for each o f the three systems.

taking the form44:

v / ( l - y )  = K  exp(——) (5)

proportional to the capacitance44:

(6)
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1.3.2.2 Underpotential deposition pseudocapacitance

Underpotential deposition (UPD) systems are really an electrochemical surface process 

that gives rise to pseudocapacitive behavior. These types of systems involve the Faradic 

deposition or desorption o f an electroactive species onto the surface of a metal electrode. 

One o f the most com mon types of UPD systems is the deposition of H onto the surface of 

a metal, M (most often a noble metal) according to the following reaction where M is the 

metal electrode.

H 30 + + M + e '<-» MHads + H20

This type of process is very common for the deposition of hydrogen on catalytic noble 

metals such as Pt, Rh, Ru, and Ir46 and also for base metal adatom deposition processes 

on Au or Ag44. The process is referred to as an underpotential deposition because the 

potential at which the H ion is adsorbed to the surface is at potentials positive to the 

reversible hydrogen electrode potential and therefore occurs prior to the formation of 

hydrogen gas at the electrode surface. Thermodynamically, the Gibbs energy of the 

hydrogen to metal bond must be lower than the Gibbs energy for the hydrogen to 

hydrogen bond if  adsorption pseudocapacitance is to take place.

The defining property for this process is the fractional surface coverage. 0. which is 

proportional to the am ount of charge passed and hence corresponds to the variable “y” in 

the equations (5 & 6 ). The mathematics reveals that the maximum capacitance will be 

derived in the situation in which 0 = 0.5. or half o f the sites on the surface are covered by 

adsorbed hydrogen. Because the passage of Faradic charge is required for the adsorption 

o f the ion onto the surface of the material, the fraction of the electrode surface that is 

covered is a function o f  the amount of charge passing and the potential of the system and 

thus gives rise to a pseudocapacitive behavior. Unlike the electrostatic capacitor, the CV 

scan for a UPD system is not a true rectangle, but often has several current spikes that are 

com mon for pseudocapacititive behavior. Figure 10 shows a typical CV scan for the 

adsorption o f Pb on a single crystal (110) Au electrode surface. The relatively 

rectangular shape o f the scan indicates significant capacitance, but the multiple current

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



27

spikes during capacitive charging and discharging differentiate this type o f 

pseudocapacitive scan from the electrostatic capacitor.

a
Au(110)

<SJ
I
Eo

<

200 400 600 800-200 0

A E  /m V

Figure 10. CV profile for the UPD of Pb adatoms on Au surfaces47.

2 3 .2 3  Intercalation pseduocapacitace

Intercalation systems are often thought o f as a transition region between electrochemical 

capacitors and batteries and are quite sim ilar to the UPD systems. Instead of involving 

surface adsorption, the ions are intercalated (inserted) into the lattice structure. A very 

common system is Li+ intercalation into a layer-lattice host cathode material (M 0 S2. TiS:-
48V60 |? , and C0 O2) . Although these types of intercalation systems are often used as 

batteries, their cyclic voltammetry profiles are consistent with what is seen in the UPD 

system and exhibit a similar type of pseudocapacitance behavior.

The defining property for this type of process is X. the occupancy fraction o f the layer 

lattice sites. This then defines the fraction o f available layer lattice sites in the host 

material, e.g.. TiS2, that are occupied by the intercalated ion, e.g.. Li+. Thus for this 

system, the property, y. in the defining equations, becomes X. Since a Faradic charge is 

required for the deposition of the Li+ into the cathode host material, the quantity X
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depends on the amount o f charge that is passed and is thus related to the potential o f the 

electrode, giving rise to a formal pseudocapacitance. Thus, like the UPD systems, 

maximum capacitance will occur at the half-occupancy of the available lattice sites by the 

intercalating ion44.

2.3.2.4 Redox Pseudocapacitance

In addition to the two surface types of pseudocapacitance mentioned above, redox 

reactions can also give significant capacitance. There are a few different groups of 

materials that are capable o f producing a redox pseudocapacitive response.

2.3.2.4.1 Conducting Polymers

Some polymeric materials, p- and n-dopable poly(3-arylthiopene), p-doped poly(pyrrole), 

poly(3-methylthiophene), or poly( 1,5-diaminoanthraquinone) for instance, have exhibited 

pseudocapacitive behavior when used as capacitive electrodes49-:>0. Because the behavior 

is pseudocapacitive, the typical CV curve is not rectangular like that of an ideal capacitor, 

but instead has a well-defined current peak at the redox potential of the polymer4',  

making their performance more like a battery than a capacitor. These polymeric 

capacitors have com parable capacitance values to the other redox pseudocapacitance 

systems. However, the electroactive polymers often swell and shrink during cycling, 

ultimately degrading the quality o f the capacitor making them difficult to use for long

term applications4-'.

2.3.2.4.2 Transition Metal Oxides

Transition metal oxides also produce a pseudocapacitive response. Their CV 

characteristics are rectangular in shape like those for a purely capacitive electrode, but the 

shape is not due to pure capacitive effects as with electrostatic capacitors. Instead, the 

transition metal oxide electrodes undergo a sequence of redox reactions, rather than one. 

that gives rise to a rectangular shaped CV scan. This effect is a result of the many 

possible valence states for transition metals4-'.  Generally, it is thought that in order to 

provide effective pseudocapacitance, these films must have three characteristics. The 

first is good electronic conductivity. The second is the ability to exist easily in more than
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a single oxidation state in order to accommodate the electron hopping. Finally, it is 

necessary to allow protons to freely intercalatate into and out o f the oxide lattice during 

the reactions according to the reaction O'" 20H". These electrodes can have very high

specific capacitance coupled with very low resistance resulting in a high specific power, 

which makes them very appealing in commercial applications. The mechanism o f 

pseudocapacitance has been suggested to be proton insertion into the lattice bulk causing 

a partial valence change in the host material. The most com monly used transition metal 

oxide for this type of electrode has been ruthenium oxide. However, there have been 

problems making these electrodes cost-effective and dealing with the toxic nature o f  the 

ruthenium, resulting in the pursuit o f cheaper and less toxic raw materials, such as 

manganese oxide.

Ruthenium Oxide

Hydrous RuO: was studied extensively as an electrode material for electrochemical 

capacitors. Ultimately, specific capacitance values as high as 750 F/g were reported and 

the electrodes exhibited excellent cyclability ( - l t f )  with little deterioration. Any 

degradation that does occur is due to the formation of RuC>42" at the high potential ends of
A -j

the CV cycle . Unfortunately, the electrodes were found to be too expensive to pursue 

as a commercial product; however, the extensive research on this material may help 

explain the behavior o f other transition metal oxide systems.

There are two procedures by which RuCF films have generally been formed. The first is 

to electrochemically cycle bulk metallic Ru or a similar ruthenized substrate, between 

0.05 and 1.4V in aqueous H2SO4 to produce a hydrated RuCK producr’14’2404’'. Film s of 

up to several microns thickness can be grown. The second method is to paint a suitably 

stable anodic metal (Ti) with RuCU and then fire the deposit in an oxygen environm ent at 

300-400°C:>4':’6. This causes a thermochemical decomposition resulting in RuCF. Both 

of these methods will produce electrochemically active RuCK films44. However, it has 

been noted by several researchers that the electrochemically produced films have superior 

properties (in a capacitive sense) than the thermally produced films44. This was 

postulated to be a result of the fact that thermally produced R uO : is only partially

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30

hydrated, resulting in 2-7% o f the Ru being involved in the redox reaction. In the 

electrochemically produced films, 100% of the Ru takes part in the redox reactions'^. 

Thus, it is suggested that the electron transfers are localized to sites where water 

molecules are present. In addition to the redox process that must occur to develop the 

pseudocapacitance, there must also be an injection or withdrawal of protons in order to 

electrically balance the conversion of O2' to O H '54. The increased hydration gives the 

film both protonic and electron-hopping conductivity as well. In addition, it has been 

suggested44 that the capacitance developed by the thermally produced films is entirely 

due to double-layer capacitance, while the electrochemically produced films are clearly 

producing capacitance in excess o f  what can be developed by double layer charging 

alone.

The mechanism for charging and discharging o f the ruthenium electrodes is similar to the 

process used in N i"/N iin oxides44. Because R u 0 2 possesses relatively good conductivity 

(10_4ohm 'lcm 'l)r’6. it allows for relatively easy movement of electrons through the bulk 

electrode. In addition, if the R u 0 2 has a hydrous structure, then proton transfer through 

the bulk is also made possible44. N o explanation is given as to why that is possible. 

These two effects allow simultaneous reactions to occur:

Ru4+ +  e' —> Ru?+

Ru6+ +  2e' Ru4+

O2' + H+ -»  OH' 

or

Ru?+ +  e' Ru2+

O2' + H+ -»  OH'

Both possibilities ultimately lead to the formation of RuCOHh44 A similar, but more 

general, redox process was proposed for the electrochemical oxidation of Ru in a 

hydrated state and is shown below'-’5.

RuOx (H20 )  RuO(x+g) H20 (v.s, + 25H+ + 28e'
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Although the insertion of a proton into the lattice structure appears at first to be an 

intercalation process (as with Li+ into MnCb), this is not strictly true. The proton has a 

localized state (on O2' as OH') and thus this charge/discharge mechanism is considered to 

be a redox mechanism rather than an intercalatation mechanism44. In addition, it is 

suggested that interlattice ionization of the hydrate water could provide additional OH' or 

O"' according to:

HiO H+ (lattice) + OH' (lattice)

OH' (lattice) HT (lattice) + O2' (lattice)

If this is the case, then it is important for the base electrode structure to have significant 

hydration.

The total specific capacitance exhibited by the film is due to both the redox 

pseudocapacitance and the double layer capacitance for the electrode1'7’58, which has been 

estimated to be as high as 150 pF/cm2 for these electrodes’̂9.

M anganese Oxide

As an alternative material for the ruthenium oxide electrochemical capacitors, manganese 

oxides are currently being studied. Not only do these materials exhibit supercapacitive 

behavior, but also the technology of fabricating manganese oxides for battery 

applications is fairly well advanced making fabrication o f an electrochemical capacitor a 

logical progression.

Several of the techniques currently being employed to produce porous manganese oxide 

films rely on wet chemistry methods, or wet chemistry in conjunction with 

electrochemical synthesis.

Electrochemical Deposition from chemical bath
Jiang and Kucemak60 have produced an M n?04 structure containing a moderate amount 

o f carbon to improve the electrical conductivity o f the electrode using an
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electrodeposition process from a manganese halide complex in water containing an 

acetonitrile electrolyte at room temperature. The film  is deposited onto an indium-doped 

tin oxide (ITO) glass from the acetonitrile solution by cycling the potential several times 

between - 1 .2 and 1.5 V at room temperature. Approximately 800 cycles were used to 

produce a 12  micron film whose physical and chemical characteristics were studied for 

supercapacitor application. The films were identified as tetragonal haussmanite Mn30 4 

with approximately 19wt% C. The capacitance values ranged from 50 to 144 F/g 

depending upon the cycle rate that was used. A faster CV cycling rate produced a 

smaller specific capacitance due to kinetic effects limiting the insertion o f protons into 

the structure o f  the lattice. The charge storage on the film electrode was suggested to be 

a result of a sequence o f redox reactions occurring in the manganese oxide shown 

below4'.

Mn»2H20+ 2H 20  <=> M n(OH )2 + 2H 30 + + 2e'

3Mn(OH )2 <=> M n30 4*2H20  +  2H+ + 2e'

Mn30 4*2H20  +  OH' <=> M nOOH + M n(OH )3 + e '

4 MnOOH + 2 Mn(OH )3 +  O H ' <=> (6M n02)«5H20  + 3H+ + 6 e'

It has been further suggested that the charge storage process may be completed by the 

combination o f chemisorption/desorption o f ions from the electrolyte and proton insertion 

from the water, although no proof is offered60. Similarly, there is no indication of the 

amount of hydration that is present in their structures although it is assumed that the 

oxide is produced in the hydrated state since it follows a similar procedure to that used 

for ruthenium oxide, which resulted in a hydrated oxide.

Hu and Tsou64 and Hu and W ang76 developed a procedure for producing an amorphous, 

hydrated electrode using a plating process. The M nOx»nH20  is electroplated directly 

onto a graphite substrate. Originally, the plating bath was 0.25M M nS04«5H20  and the 

deposition was done potentiostatically64 with a total passed charge o f 0.4 C/cm2. These 

anodically deposited films were shown to exhibit fairly substantial capacitance values of
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36-43 mF/cm 2 M. Hu and Tsou proposed that the mechanism for developing capacitance 

was analogous to that for ruthenium oxide.

M nOa(OH)b +  5H+ + 8e MnOa-5(OH)b+6

The original work64 by Hu and Tsou further investigated the effect of annealing on the 

capacitance o f the films, as it was previously shown that annealing had the positive effect 

o f stabilizing the ruthenium oxide films. The annealing of the manganese films, 

however, resulted in a fairly significant loss of capacitance (measured at room 

temperature), often half the value at the higher annealing temperatures. This loss o f 

capacitance was felt to be a result of the reconstruction of the oxide, where surface Mn 

oxides that have lower coordination numbers would move into the lattice, effectively 

reducing the number of non-stoichiometric sites and thus reducing the number of possible 

sites for redox transition. Perhaps more importantly, their XPS (X-ray photoelectron 

spectroscopy) O ls  deconvolution results show that during the annealing process, the 

hydrated portion of the film (Mn-O-H) is reduced from 38.80at% to 14.36at%. This is a 

fairly significant decrease in hydration, and should result in reduced capacity for proton 

m ovem ent within the lattice structure.

In the later work by Hu and Wang76, the plating bath was adjusted to 0.16 M 

M nS 0 4 .5 H i0  with a pH of 5.676. The deposition occurred potentiostatically at O.SV. 

galvanostatically at 3.7mA/cm2 or using cyclic voltammetry at 10mV/s between 

potentials of 0.4 and 1.0 for 30 cycles. Morphologically, the galvanostatic and CV films 

look quite sim ilar exhibiting a three-dimensional nano-structured network, termed 

nanorods. XPS analysis for these films indicated that they were a mixture of Mn(II). 

M n(III) and Mn(IV). Each different method of deposition (potentiostatic. galvanostatic. 

and CV) resulted in approximately the same quantity of each Mn species, but a more 

substantial difference in terms of the relative hydration of the film (information from the 

O ls  spectra). The results are summarized below in Table 2.
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Table 2. XPS analysis for films deposited using potentiostaic mode, galvanostatic mode, 
and CV mode.76

Deposition Mn (II) Mn (III) Mn(IV) Mn-O-Mn Mn-O-H H-O-H

Mode at% at% at% at% at% at%

Potentiostatic 13.86 29.69 56.45 64.21 25.68 10.11

Galvanostatic 16.89 27.90 55.21 60.34 23.07 16.59

CV 17.98 24.30 57.72 71.74 14.82 13.44

Clearly, the CV method o f  deposition results in films with the smallest quantity of 

hydration within the oxide structure (Mn-O-H), which may result in poor capacitance. 

However, that is not the case. The galvanostatic deposition results in the highest 

capacitance at 230 F/g followed by the CV deposition with 200 F/g. Potentionstatic 

deposition results in only 150 F/g o f capacitance being developed. Although there is no 

full explanation for this result, the FE-SEM  (field emission scanning electron 

microscope) images of the three different films suggests less porosity for the film 

deposited under potentiostatic conditions which may therefore account for the poor 

capacitance.

More recently. Hu and W u61 have produced capacitive electrodes from a 0.1 M solution 

o f Mn(CH-;COO)2 * 4 ^ 0 ,  again using potentiostatic deposition at 1 .OV. It was found 

that increasing the thickness o f electrodeposited material ultimately reduced the 

capacitive response of the film. This decrease in capacitance was attributed to the 

increase in the equivalent series resistance for the thicker deposit because of the relatively 

poor conductivity of amorphous MnOi coupled with the significant proton diffusion 

barrier in these thicker materials61. No capacitance values were available in the article 

nor was there any explanation o f why potentiostatic deposition was used despite its 

previously poor result in terms of capacitance.

Similarly, a research group from Japan. Chigane and Ishikawa and Izaki76-' 7 has also been 

working on a potentiostatic deposition procedure with fairly similar results. The first
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procedure involved a substrate of glass coated with conductive tin oxide being immersed 

in a solution o f manganese ammine complex [Mn(NH-?)x2+] with a pH of 8 . The film was 

deposited using a potential of 0.2V vs. Ag/AgCl for 1 h and 1.2V for 1 min at 298K7:>. 

W ith the second attempt, the procedure was modified slightly to include an anodic 

electrolysis at 1.2V for 30 s followed by a chemical deposition for 2 hours at 298K. At 

potentials below 0.4V, Mn^Oj and/or Mn^CU formed during the deposition process. At 

potentials of 0.4V and above, Mn7 0 i3*5 H2 0  formed, and is often considered to be a 

hydrated, non-stoichiometric MnO: compound. The extensive XPS work done by this 

group is summarized in Table 3.

Table 3. XPS peak analyses of MnOx films deposited at different potentials.7'1

Sample Valence Mn-O-Mn (at%) Mn-O-H (at%) H-O-H (at%)
0.2 V 2,3 41.37 51.80 6.83
0.3V 3 46.84 44.98 8.18
0.4V 3.4 64.97 18.80 16.23
0.6V 3.4 73.07 15.75 11.18
0.8V 3.4 74.62 16.08 9.30
1.2 V 3,4 67.86 18.66 13.48
1.7 V 3.4 71.91 21.15 6.94

Deposition at the lower potential values (0.2V and 0.3V) resulted in significantly more 

hydration than deposition at the higher values (>0.4V). No reason was suggested for 

these data, neither was it postulated as to whether or not the increased hydration was 

somehow related to the different phase that formed at lower potentials. Additionally, 

there was no capacitance data to indicate which films exhibited superior capacitance, 

although it was briefly suggested that the best electrochemical behavior was found in the 

films produced at the higher potential o f 1.2V. Unfortunately, there were no data 

presented to explain this result.

Further analysis75 has suggested a mechanism for charging and discharging based on the 

releasing and combining of H+ from a terminal OH group to oxygen within the oxide 

structure resulting in a valence shift between 2+ and 4+. This reaction is summarized 

below.
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MnOx(OH)2-x + yH+ + ye' M nOx.v(OH)2-x+y where (0<y<x<2)

Powder synthesis from wet chemistry procedures
Powder synthesis methods typically result in a hydrated, amorphous M n0 2  product or a 

weakly crystalline product62' 6 ’’ 64'65 66' 67. Some o f the original work fabricating these 

types of materials as powders was done by Tsang, Kim and M anthiram68. The process 

involves a reduction reaction between a fixed volume o f 0 .1M KMnCU (50 mL) and 

varying volumes of 0.25M KBH4 . The KBH4 is dissolved into a solution o f KOH in 

order to maintain a high pH (11-12) to prevent the rapid loss o f hydrogen before the 

reduction reaction through the hydrolysis o f the borohydrides. Their results are presented 

in Table 4. Note that the phases for each sample were identified after heating in an 

evacuated, sealed silica tube at 550°C for 2 days. The valence state o f the oxide 

produced was determined through potentiometric redox titration.
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T able 4. Reduction o f 50 mL of 0.1 M KMn04 with varying amounts of 0.25M KBRj at 
varying pH68.

pH Volume of 

KBHU 

(mL)

Water Content 

(nH20 )

Oxidation 

state of Mn

Phases

1 3 0.76 3.68 MnO (100%)

1 20 0.79 3.78 MmO-i (100%)

3 10 1.15 3.97 K2.xMn8O16(70%) 

Mn2Oj (30%)

3 30 0.86 3.69 Mn20 3(100%)

6 3 1.27 3.76 MnO (100%)

6 20 0.31 3.05 Mn?O4 (100%)

11 3 1.62 3.99 BUMruOs (90%) 

Mn30 4 (10%)

11 10 1.74 3.99 K2Mn40 8 (95%) 

Mn50 4 (5%)

11 28 0.69 3.58 Mn20 3 (40%) 

Mn30 4 (60%)

Initial XRD results from the samples in their as-deposited state indicated that they were 

am orphous; however, the SAD patterns from these same samples suggested that they 

were nano-crystalline and not completely amorphous as previously thought. The 

inform ation contained in Table 4 suggests that any number of phases may be produced 

through this process m aking it quite versatile. However, it is important to note that the 

M n 0 2 phase is only produced as a K-based compound. Under acidic conditions (pH<3). 

the oxidation state is greater than 3.68+. which is consistent with the previously 

developed solution chemistry in which Mn3+ will disproportionate in an acid to give Mn4+ 

in the solid and Mn2+ in the solution69. At the more neutral conditions, oxidation states of 

close to 3+ are achieved due to the relative stability of M n’+ in neutral solutions.
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Additionally, there is a tendency to produce potassium based products at the higher pH 

values.

Jeong and Manthriam67 continued the previous research to some degree, but with some 

slight changes to the procedure. 0.1M KMnOj was still combined with 0.25M KBHj. but 

with the addition of NaiSiCU, N a^P C ^ H iO  or some HC1. Once the powdered material 

had been produced, it was mixed with 25 wt% carbon and 5 wt% polytetrafluoroethylene. 

This mixture was then added to a small amount o f water to make it more homogeneous, 

then the entire mixture was rolled out and cut into square pieces with a  thickness of 

0.1mm. An electrode was made by pressing these squares onto pieces o f titanium to give 

the necessary support. With only these small changes to the procedure (addition of 

certain other chemicals), the powder phase has been identified as nano-crystalline MnO: 

which is a slight change from the previous results. The major change has been the 

elimination of the potassium ion in the compound. Samples reduced with just KBH4 

were found to have the best capacitance values. A summary o f the results from these 

investigations is tabulated in Table 5.

Table 5. Synthesis conditions and capacitance of the various samples.67

Capacitance (F/g)

Reducing agent A fter drying a t A fter drying a t

pH 75°C 100°C

KBH4 1 248 234

KBH4
~s 161 155

KBH4 6 12 0 132

KBH4 11 153 109

HC1 0.5 164 126

Na^S^Oj 1 191 160

NaH:P 0 : .H20 1 175 177

There are some general trends that can be taken from these data. At a constant drying 

temperature, an increase in the pH of the solution used to produce the powder results in a
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decrease in the capacitance o f the electrode. At the same pH. KBH4 is obviously the 

superior reducing agent followed by Na2S2 0 4 and then N afyP C K ^O . Generally, the 

films dried at the low er temperature exhibited greater capacitance values; however, this 

was not always the case (i.e., KBH4 with a pH of 6 ). These differences in capacitance are 

attributed to differences in surface area. Less surface area is produced at higher pH 

values, while m ore surface area is produced for KBH4 -based reactions. It is felt that the 

differences noted as a function o f drying temperature are due to the composition o f the 

final films and the relative hydration.

The effect o f  electrolyte was also studied with respect to these films. Three different 

electrolytes were studied, KC1, Na2S0 4 and LiCl. The results from the tests in different 

electrolytes are shown in Table 6 .

Table 6 . Capacitance values in various electrolytes.67

Electrolyte Sample drying tem perature (°C) Capacitance (F/g)

2M NaCl As-prepared 186

2M NaCl 50 2 1 0

2M NaCl 75 248

2M NaCl 1 0 0 234

2M NaCl 125 171

2M NaCl 150 177

2M KC1 75 195

2M LiCl 75 180

0.1 M Na2S 0 4 75 188

The first result is that an increase in drying temperature causes an initial increase in 

capacitance, reaching a maximum at 75°C followed by a decrease in capacitance with 

further temperature increase. This suggests that there is an optimum water content and 

that the associated microstructure and degree of crystallinity are essential to maximizing
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the capacitance. It is suggested that the decrease in water content with increasing drying 

temperature may increase the degree of crystallinity and thereby the degree of 

chemisorption and hence the capacitance values. With respect to the different 

electrolytes, the NaCl electrolyte produces the highest capacitance values, followed by 

KC1, Na2S0 4 , and finally LiCl. The capacitance values ranged from  248 F/g as the 

highest value, and 180 F/g as the lowest value. Each of the CV scans exhibited the 

typical rectangular shape for pseudocapacitance with no redox current spikes apparent for 

any of the electrolytes. The differences in capacitance for these electrolytes is related to 

the hydration spheres of the various ions. Although the K ion itself is fairly large, it has a 

smaller hydration sphere than the Li ion, which leads to faster diffusion and a faster 

chemisorption rate. Both Na and K have similar hydration characteristics, but because 

the Na is a smaller ion to begin with, it has slightly better capacitance values. The reason 

that Na2SC>4 has a lower capacitance rate than the NaCl is related to the SOj2’ ion. which 

is thought to decrease the chemisorption rate and therefore decrease the capacitance72.

Jeong and Manithram67 suggest two alternative reactions that may account for the 

pseudocapacitance behavior. The first involves just the Mn ions, while the second is 

based on the intercalation of an ion from the electrolyte into the manganese oxide lattice.

M n0 2 + FT + e <-» MnOOH 

or

MnO2.s.0.67H2O + 0.21Na+ + 0.2 le ' Nao.2lM n 0 2.5.0.67H20

The research group Hong, Lee and Kim70 and Lee. Kim and Lee6:> has also worked on a 

precipitation procedure coupled with a KC1 electrolyte. They used a similar type o f 

precipitation process, mixing KMnCL with a manganese acetate aqueous solution causing 

instantaneous precipitation. To fashion an electrode, the powder was mixed with 30wt% 

conducting carbon. This entire mixture was then homogenized in a mortar with 

poly(vinylbutral-co-vinyl) in order to make a slurry. This slurry was then dried onto a 

titanium foil in order to add structure to the electrode. This procedure, then, was very 

similar to the other procedures, with the exception o f using slightly different chem icals.
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In the original work65 the need for conducting carbon was demonstrated quite clearly as it 

was shown that films without the carbon did not develop very significant capacitance 

values. It was suggested that the large capacitance values are a result of the extension of 

the active site area by the point contacts that develop between carbon and the MnO*.

The researchers suggested that the active sites within the oxide lattice could be extended 

through contact with the carbon particles since the electrons are expected to flow from 

the contact point between the carbon and the surface o f the oxide a short distance away, 

thereby extending the overall active area and improving the capacitance behavior. The 

carbon-mixed electrodes exhibit the typical rectangular cyclic voltammograms. 

developing specific capacitance values as high as 210 F/g. This value is within the same 

range as other research that is occurring in this area. However, there was very little 

microstructural analysis to accompany these results.

A Canadian group is also working with a similar type of precipitation reaction62. KMn0.t 

was dissolved in de-ionized water and then MnSQ* was added. Immediately upon the 

addition o f the MnSCX precipitation occurred according to 2Mn7+ + 3Mn:+ —» 4M n4+, 

thereby producing the 4+  valence in the manganese. In order to produce an electrode, the 

precipitated powder was mixed with 7.5wt%  of acetylene black. 7.5 wt% graphite, and 

5wt% poly(tetrafluoroethylene) to produce a rubber-like paste. This rubber paste was 

then flattened and pressed onto a stainless steel grid to provide a backing substrate 

support.

In the as-deposited state, a weakly crystalline MnCF product was formed. Upon 

annealing, the powder samples became more and more crystalline and at 400°C 

decomposition of MnCF to MmCh begins. By 600°C. the entire powder had become 

fully crystallized MmO.v FE-SEM  im ages showed a fairly rough surface with significant 

porosity and surface area. The calculations showed a specific surface area of 180 m2/g 

that should give substantial double layer capacitance in addition to the 

pseudocapacitance. The average m anganese valence was 3.85 indicating the presence of 

both the 4+ cation and the 3+ cation. In terms o f the electrochemical behavior, the CV 

scans exhibit the typical rectangular shape that is associated with pseudocapacitance in
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the Na^SCU electrolyte. No capacitance behavior was noted in the H2SO4 or NaOH 

electrolytes. Both o f these electrolytes show irreversible redox peaks. At the higher CV 

sweep rates, the capacitance values developed were fairly low, 100 F/g compared with 

other research that is being done. However, the authors reported much higher capacitance 

values at a lower sweep rate (2 mV/s), but it is commonly known that a lower sweep rate 

greatly enhances the capacitance.

Toupin et al62 did have some very interesting results regarding the effects o f annealing on 

the capacitance o f the films. They noted that the as-precipitated powder showed the 

highest specific capacitance. After heating for 3 hours between 100 and 200°C, there was 

a noted decrease in capacitance of 20 F/g. Additionally, as the temperature o f the 

annealing was increased, the capacitance value decreased more and more rapidly. After 

annealing at 600°C. very little capacitance was measured (40 F/g). It was suggested that 

the heat treatment between 100 and 200°C removed both the physically and chemically 

adsorbed water and decreased the surface area of the active material, causing an overall 

decrease in the capacitance value. Above 400°C, there was a decomposition o f the MnO: 

into MmO-?, which ultimately led to the very significant decrease in capacitance that they 

noted. These results are only in partial agreement with the previous work done .67

The superior results have thus far come from a group at the University o f W isconsin- 

Madison using a precipitation process. The initial step in this process is a reaction of 

Mn(VII)(potassium permanganate) with Mn(II)(manganous perchlorate) in an alkaline 

aqueous medium (~pH 10.5) to produce small particles of manganese oxide63'66. Later, 

they adjusted the procedure to use a stable colloidal suspension of tetrapropylammonium 

manganese oxide (TPA-MO) that was produced through reduction of 

tetrapropylammonium permanganate with 2-butanol in an aqueous solution71. In each 

case, a dip-coating process was used, in which a nickel foil was dipped in a solution of 

the manganese oxide particles produced by either process, until a film of desired 

thickness was produced. In addition, an electrochemical deposition process was used for 

comparison to the sol gel process by applying a positive potential o f 0.4V vs. SCE to a 

solution of manganous acetate and sodium sulfate.
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With these procedures, the CV curves are rectangular scans indicating the strong 

pseudocapacitive reaction, although the sol-gel deposited films are slightly more 

rectangular63. The results for the capacitance that can be developed by these films is 

tabulated in Table 7.

Table 7. Average specific capacitance of dip-coated sol-gel and electrodeposited MnO: 
films63.

Sample Average specific capacitance (F/g)

Sol Gel

300°C 678

200°C 607

Electrodeposition 

for 300s

25 °C 350

300°C 389

Electrodeposition 

for 600s

25 °C 311

300°C 359

The tabulated data show that the maximum capacitance values can be reached for the sol- 

gel films, often with a specific capacitance value over double that of the electrodeposited 

films. It is thought that this is related to the fact that the films produced by 

electrodeposition are significantly thicker than the sol-gel coated films6'. In addition, the 

capacitance values increase quite substantially with the annealing or calcining 

temperature. This effect is attributed to fact that the higher annealing temperature causes 

the desorption of surface and some structural water, but does not cause decomposition to 

other manganese oxides. Thus, the increase in capacitance is suggested to be due to the 

increased electrical conductivity that accompanies the annealing.

The pseudocapacitive reaction proposed by the W isconsin group is very similar to that 

proposed by the other groups, just written in a slightly different manner:

MnOOH + M nO: MnCKHi-s +  MnCKHs (0<8<0.5)
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Charging occurs in the left hand direction (production of M n02) and discharging occurs 

in the right-hand direction towards the consumption of MnO:- The overall reaction can 

be split into two reactions at each electrode, the positive and the negative electrode. At 

the positive electrode, the following reaction will occur.

M nOOH  M n 0 2H , .5 + 5H+ + 8 e'

with charging resulting in the production of MnOOH.

At the negative electrode, the following reaction is occurring:

M n 0 2 + 5H+ +  5e ' M n 0 2H6

with charging resulting in the production o f M n 0 2.

In a subsequent study66, more attention was paid to the microstructural characterization of 

the film s resulting from the sol-gel and electrodeposition procedure. The x-ray 

diffraction data indicate that even after annealing the film at 300°C. it remains 

am orphous. This, in fact, is an advantage of their process as an amorphous structure can 

m ore easily accommodate the insertion o f protons during charging and discharging 

cycles. From FE-SEM images, both the sol-gel and electrodeposited films are extremely 

porous with quite large surface areas. XPS analysis was carried out on the films, but no 

deconvolution data were presented. Instead, it was noted that the peak positions did not 

vary significantly. These films showed excellent reversibility o f the supercapacitor with 

no permanent phase changes being detected after 1500 cycles for thinner samples.

Thicker samples, however, did show more permanent changes upon cycling perhaps 

accounting for their relatively poor performance.

In the most recent work by this group with the slightly adjusted procedure, the maximum 

specific capacitance was reached using a structure that was heated to 300°C. but 

rem ained amorphous71. The researchers have attributed the high capacitance to the fact 

that the amorphous phase allows unhindered movement of the proton into the lattice, 

enhancing stability and charge capacity. As well, the heat treatment will lower the water
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content of the film increasing the electronic conductivity71, but the film remains 

amorphous to allow for easy proton movement. These electrodes have produced specific 

capacitance values o f 720 F/g equaling that o f ruthenium oxide, which is the state-of-the- 

art value.

In general, there are two opposing theories concerning the mechanism of 

pseudocapacitance in the Mn oxide films. Many researchers feel it is an analogous 

process to ruthenium with the insertion o f a proton into the bulk lattice6' 66' 71. However, 

there are those researchers who feel the mechanism is related to the surface 

chemisorption o f electrolyte ions such as N a+ and K+67'72. As yet. there is no clear 

indication as to which mechanism is correct.

Physical Vapour Deposition Methods
Physical vapour deposition has been studied in the past as a possible way of making 

electrochemically active devices7'’. The oxide film was deposited using e-beam 

evapouration onto a substrate o f glass and ITO (indium tin oxide). The deposition took 

place using a pure Mn target (>99.9%) in an atmosphere of 8 x 1 O'4 torr of oxygen in order 

to produce an oxide film. X-ray diffraction did not identify the film as rutile (MnO:) as 

expected, but as Mn^O^ The films were then immersed into a solution of 1M LiClOj/y- 

butyloactone (an organic electrolyte) in order to measure the CV characteristics o f the 

particular film. The as-deposited film of M n ^  demonstrated significant 

electrochemical activity when immersed into the electrolyte, developing fairly significant 

charge storage. For the M nj0 4  films, a charge storage of 35 mC/cm 2 (17.5mF/cm2) was 

initially measured, dropping to 3 mC/cm 2 (1 .5mF/cm2) after 2x 104 cycles. With this 

system, however, the CV curves were not typical o f  a pseudocapacitive system with a 

mirror image, rectangular shape. Instead, the CV scans were asymmetric, exhibiting 

some current spikes that are indicative o f a redox process, which is likely the cause of the 

significant reduction in charge capacity during long term cycling tests. Nonetheless, this 

paper provides a significant contribution in terms o f developing alternate processing 

routes for these devices.
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More recently a technique was developed to produce the manganese oxide capacitor 

materials using a combination of physical vapour deposition and electrochemical 

processes rather than the traditional wet chemistry methods described previously. With 

this technique, the metal film is deposited (by sputtering or e-beam evapouration) and 

then electrochemically oxidized separately. The advantage of this particular technique is 

that thin-film deposition of metal films is considered to be highly scaleable and already 

well known in the manufacturing industry74. In addition, there may be some advantage to 

depositing the metal film first and then oxidizing the structure as it may provide more 

flexibility during processing.

Metal chevron film s were deposited using e-beam evapouration with the GLAD 

deposition apparatus that was discussed earlier. The base pressure was typically 5x 1 O' 7 

torr and deposition was done on Si wafers with layers of Si^N, Ti, and Pt. respectively, to 

provide a dielectric surface, an adhesion layer, and an innocuous standardized base layer 

for the experim ents. Depositions were conducted using vapour incident angles ranging 

from 50 to 8 6 °, and also at 0° in order to examine the supercapacitive behavior of the 

bulk material. All as-deposited manganese films were roughly 500 nm thick.

The oxidized structure that exhibits the supercapacitive behavior must be produced in two 

separate steps. The first step involves a pre-conditioning of material in which the films 

are oxidized in the electrolyte for 30 minutes with a current capped at 100 pA. The pre

oxidation step is not thought to completely oxidize the material, but to stabilize the film 

prior to com pleting the oxidation74. The oxidation of the film is completed during the 

first few CV cycles, and is considered to be complete once the CV cycle stabilizes.

Porous films (>60°) responded quite well to this procedure, although it was found to be 

more difficult on the denser materials (<60°). According to Broughton and Brett, this is 

possibly due to a lack of electrolyte penetration into the film.

A typical CV scan for a manganese chevron film deposited at 84° is shown in Figure 11. 

The large rectangular shape of the curve that is seen for the Mn film and not the Pt film is
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typical o f capacitor materials and confirms that these films have fairly significant 

capacitance values.
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Figure 11. CV scan of a Mn film deposited at 84° using 0.1M Na2SC>4 and a sweep rate of 
50mV/s. Also shown on the right axis is the CV scan of a blank Pt wafer for comparison74.

The specific capacitance o f these films as a function of the film deposition angle is shown 

in Figure 12. Dense films (0° up to approximately 65°) exhibit a constant specific 

capacitance below 150 F/g. However, decreasing the density o f these films by increasing 

the deposition angle (>65°) will increase the specific capacitance o f the films to 

approximately 225 F/g74. Although this value has not yet reached the levels o f  Chin et 

al71 at 700 F/g, it is consistent with the results obtained by other groups presented in the 

previous sections.
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F igure 12. Graph showing the specific capacitance values as a function of the film
74  °deposition angle .
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3 Experimental Methods

3.1 Capacitor Electrode Fabrication

The procedure for fabricating the capacitor electrodes was developed by Dr. J.N. 

Broughton while working in Dr. Brett's research laboratory in Electrical and Computer 

Engineering. All fabrication of electrodes for this project was done in collaboration with 

Dr. Broughton. The fabrication procedure to produce the capacitor electrodes in this 

work is a two-step process. The first stage o f the process is the deposition o f a 

manganese film on a Si substrate with 25 nm o f sputtered Ti to act as an adhesion layer 

and 250 nm of sputtered Pt to act as a charge collector. In this project, two morphologies 

of film are studied. The first morphology is a porous nanostructured film that is 

composed of closely spaced chevrons. The original intention was to use the inherent 

porosity in the chevron film to achieve a higher surface area. The second morphology is 

a standard dense thin film. The second step in the fabrication process requires an 

electrochemical oxidation of the manganese film in order to activate the electrode.

3.1.1 Thin Film Fabrication-GLAD Technique

The GLAD films are all produced using e-beam evaporation of a Mn source in a carbon 

crucible using a typical physical vapour deposition set up with the exception o f  a rotating 

and tilting substrate holder. The crucible to substrate distance was constant at 22 inches. 

The e-beam power source was run at 7.5 kV with a current o f 20-25 mA. The base 

pressure of the chamber is approximately 5x1 O' 7 torr. with a deposition pressure of 

approximately 2x10''’ torr in order to produce an acceptable deposition rate (20 A/s).

K eping the vapour source inclined obliquely to the substrate surface during the 

deposition will result in a film o f slanted posts. Discontinuous substrate rotation o f 180° 

at a time during the deposition will result in the growth o f a chevron structure. The 

chevron (zigzag) structure was the only GLAD structure investigated during this project.
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3.1.2 Thin Film Fabrication-Dense Films

The dense films were all produced in a sputter system using 2 inch Mn target with a 

standard sputtering set-up (i.e. no substrate tilting). The target to substrate distance was 

kept constant at 18 inches. The base pressure of the system was 3x 1 O' 7 torr and the 

pressure in the cham ber during deposition was approximately 6-7 mTorr. The sputtering 

gas was argon fed in at a rate o f 10 seem. The sputtering was carried out under constant 

power operation at 200W.

3.1.3 Electrochemical Oxidation

Electrochemical measurements were done in a solution of 1M N a:S04 (pH = 6.3) unless 

specified otherwise. An Ag/AgCl reference electrode and a Pt counter electrode were 

used for all o f the measurements. The thin films acted as the working electrode in a 

typical three-electrode system using two different cell set-ups: the electrodeposition cell 

(Figure 13) and the testing cell (Figure 14). Unless otherwise specified, most of the 

experimental work was conducted using the testing cell.
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Pt counter 
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Figure 13. Oxidation cell with a vertical sample orientation.
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Figure 14. Oxidation cell with horizontal sample orientation.

The major difference between the two cell set-ups is that the electrodeposition cell has a 

vertical sample orientation and a separate counter electrode and reference electrode. The 

testing cell has a  horizontal sample orientation with the counter electrode wrapped around 

the reference electrode and the entire assembly placed into the neck o f  the testing cell 

near the sample surface.

The second step for fabricating the capacitor electrode is an electrochemical oxidation 

step. This is done galvanostatically (constant current). A constant current, in the range 

o f 1 O'4 A to 10' 3 A, is applied using a Gamry 750 potentiostat. The potential vs. time data 

are collected, and the oxidation process is stopped when the potential reaches 0.9V vs. 

Ag/AgCl as the film begins to break down if  the voltage exceeds 0.9V vs. Ag/AgCl.

Once this step is complete, the film is capacitive.
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3.2 Electrode Characterization
3.2.1 Electrochemical Characterization

The capacitance is evaluated electrochemically by cyclic voltammetry using a Gamry 

PC4 750 potentiostat/galvanostat. The cells shown in Figure 13 or Figure 14 are also 

used for this aspect of the testing. The CV scans are set up to start at 0 V vs. Ercf . scan 

up to a potential of 0.9V vs. Ercf and then reverse the scan to OV. The scan rate used is 50 

m V/s for ease of comparison with others working in this area.

Because the CV scans did not always yield a constant current it would be fairly 

inaccurate to estimate the capacitance using equation 4 and an estimate o f the current. /. 

Instead, the capacitance is estimated from the current vs. time curve that is part o f the CV 

data set. Integrating the area underneath the current vs. time curve between the potentials 

o f  0  and 0.9 V will give an estimate of the total charge capacity of the film. If this is then 

divided by the change in voltage. 0.9V. an estimate of the capacitance o f the film can be 

obtained.

T he areal capacitance is defined as F/cm2 where the area is the planar area of the 

electrode that is involved in the capacitive reaction. For the specific capacitance to be 

calculated. F/g. knowledge of the mass of the active portion o f the electrode is required. 

For this work, the specific capacitance is quoted in terms of total mass of manganese 

oxide after the electrochemical oxidation process. The film is oxidized and then weighed 

on a Fisher scientific microbalance. The manganese oxide material is stripped o ff using a 

solution of concentrated nitric acid leaving behind the Si wafer with Ti/Pt metallization. 

This wafer is then weighed again, and the difference is used as the active mass of 

manganese oxide material. A typical weight for a film is several micrograms.

3.2.2 Structural Characterization

3.2.2.1 Scanning Electron Microscopy
T he bulk of the imaging in the scanning electron microscope (SEM) was done on a JEOL 

6 3 0 IF  FE-SEM. The samples were imaged first in a JEOL field emission scanning
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electron microscope (FE-SEM) at 5 kV without any conductive coating. Some charging 

was evident producing noise in the images. The prim ary use of the SEM was to produce 

an image of the film texture, but not to do any microstructural phase analysis.

3.2.2.2 Conventional TEM
Higher resolution imaging and phase analysis was done using a conventional TEM. A 

JEOL 2010 transmission electron microscope (TEM) with a Noran ultra-thin window 

(UTW) x-ray detector for compositional analysis was used. Both plan view and cross- 

section samples were imaged at 200 kV. Crystal structure analysis was done using 

electron diffraction patterns. The energy dispersive x-ray (EDX) all contained artifacts of 

Si and C. The C is often a result o f contamination from the pump oils in the microscope. 

Si was a sputtering artifact as a result o f the Si substrate being sputtered away during the 

ion-milling step and re-deposited on the surface o f the film of interest.

3.2.2.3 Scanning TEM
Higher spatial resolution analysis was done on select samples using a Technai F20 field 

emission gun (FEG) TEM /STEM  located at the University of Calgary. Images were 

obtained in STEM mode using the annular dark field detector, which provided better 

contrast for thicker samples. This instrument was also used in conventional TEM mode 

in order to provide a fine enough beam to analyze the structure with convergent beam 

electron diffraction (CBED).

3.2.2.4 TEM Sample Preparation
Cross-section samples were made using the following procedure. Two pieces of equal 

size were first cleaved from the sample. The two pieces, with deposit surfaces facing 

each other, were glued together. Scrap Si pieces were used as supports on either side of 

the glued samples to build a raft structure. The raft was then ground to a thickness of 200 

|im . after which a 3 mm disk was machined from the raft with the sample interface 

centered in the disk. The disk was dimpled on both sides until optical transparency was 

reached (-3 0  pm ) at the center. The sample was sputtered using a Gagan Model 600 

Dual Ion mill from both sides, with a current o f 0.5 mA per gun at 5 kV and an incidence 

angle of 85°. until perforation. At this time, the incident angle was increased to 87° and 

the current and gun energy lowered to 0.3 mA per gun and 4 kV respectively, to reduce
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ion damage. Sputtering was continued for 40 minutes, or until a smooth edge at the hole 

was formed. All samples were cooled with liquid nitrogen prior to and during 

sputtering, to reduce preferential sputtering effects.

Plan view samples were made by dimpling from the back side of the material to 

approximately 10 Jim in thickness. Then, the sample was sputtered from the substrate 

side only using the same conditions as above.

3.2.2.5 X-ray Diffraction
X-ray diffraction (XRD) analysis was done using a Rigaku Rotaflex rotating anode 

diffractom eter with a thin film camera attachment. The filament voltage and current were 

set at 40 kV and 110 mA, respectively. Samples were scanned between 10° and 90° (2- 

theta) at a rate of 2 °/min using an x-ray incidence angle of 2 ° to ensure no substrate was 

sampled. A blank wafer with just the metallization layers, prior to thin-film deposition, 

was run for background signal comparison and elimination.

3.2.2.6 X-ray Photoelectron Spectroscopy (XPS)
Surface analysis o f various films was carried out by x-ray photoelectron spectroscopy 

(XPS) using a Kratos AXIS 165 x-ray photoelectron spectrometer. A monochromatic A1 

source was used operating at 210 W giving a pass energy o f 20 eV and a step of 0.1 eV.

A survey scan was done to identify all elements present in the surface layer and high 

resolution scanning was done in order to determine the valence and relative hydration of 

the layer according to a procedure developed by Chigane and Ishikawa7;,'76'7/'78. The C 1 s 

peaks exhibit a low intensity shoulder at a binding energy greater than 285 eV suggesting 

there is some contamination. This effect has been linked to differential charging in the 

past and has made it difficult to determine the manganese valence from deconvolution of 

the Mn 2p peaks7\  Instead, the Mn 3s peaks were used to approximate the valence using 

3s peak splitting wddths from Chigane and Ishikawa77'75. These values are tabulated in 

Table 8 .
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Table 8 . Table of M n 3s peak splitting values fo r various m anganese oxides.75'77

Sample M n 3s splitting 

w idth, AE (eV)

Valence of 
M n

M nO 5.79-5.8 2

MmO-i 5.3-5.50 2.3
M n2 0 3 5.2-5.41 3
MnOa 4.7-4.78 4

W hen a photoelectron is ejected from the surface o f the sample, the result is a final state 

in which there exists unpaired electrons in the valence band level, often in the d level 

shells. The exchange interactions between core (or s-level) electrons and those in the 

incomplete shells (i.e.. d-shells) gives rise to m ultiplet splitting o f the s electrons 

themselves (Mn3s peak splitting). The separation o f the peak energies (AE) can therefore 

be described in terms of the exchange interaction energy shown below:

AE= (2S +1) K [3s, 3d]

where S is the total spin o f the unpaired electrons in the 3s and 3d levels in the final states 

and K[3s, 3d] is the exchange integral between the 3s and 3d levels. The result is that the 

lower valences of Mn give rise to w ider peak splitting (as seen in the literature values).

The amount of hydration in the samples can be determined from the de-convolution of 

the OI s spectra into three different spectra representing three different types of bonding: 

pure oxide bonding (Mn-O-Mn). hydroxide bonding (M n-O-H). and free water bonding 

(H-O-H). The area beneath each individual curve gives a semi-quantitative analysis of 

the amount of that bond present. The hydration o f the film is given by the quantity of the 

Mn-O-H bonds. The standards are tabulated below (Table 9).
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T able 9. Table o f O ls  deconvolution energies for different bonds.75

Bond Type Binding energy (eV)

M n-O-M n 529.3-530.0
Mn-O-H 530.5-531.5
H-O-H 531.8-532.8

3.3 Solution Characterization
3.3.1 Atomic A bsorption Spectroscopy (AAS)

The solution used for the electrochemical oxidation (1M Na^SO.;) was characterized 

using AAS to determine the amount of Mn in the solution during the oxidation processes. 

The samples were analyzed using a VARIAN FS220 which has a detection limit of 0.04 

ppm. No dilution was necessary since the solution samples were within the linear range, 

which for Mn is up to about 10 ppm. The results are given as mg/L. The total volume of 

solution is measured for both the bulk solution collected and the amount of solution used 

to rinse the surface of the sample. In this manner, the amount of Mn (mg) lost during 

oxidation can be calculated and then divided by the area of the individual sample so that 

the amount o f M n lost per unit area can be determined.
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4 Results

4.1 General Structures

GLAD films offer many different kinds of unique structures with many interesting 

avenues for study. The following work is a brief look at the effects o f some different 

variables on the ultimate microstructure of these unique films. This work is brief since 

the focus of the thesis shifted towards the characterization of materials for 

electrochemical capacitors.

4.1.1 Effect of Material

The effect of the material on the microstructure of the films is mostly a function of 

surface diffusion. Previously, this value has been evaluated as a ratio. Ts/T m. (substrate 

temperature over melting temperature): however, this does not always adequately address 

the diffusion process. This shortcoming can be seen in the helical films made o f Cr 

(BCC) and Ti (HCP), with melting points of 2148 K and 1941 K, respectively. With a 

higher melting point (and lower T /T m value), C r film s should exhibit slightly increased 

bifurcation and a smaller grain size5'6'7"s. However, the images (Figure 15. Figure 16) 

indicate that there is more branching and smaller grains in the Ti helix. This result is 

presumed due to the difference in material-dependent surface diffusivities. Thus, 

although Cr has a lower Ts/Tm value, a faster surface diffusion rate than Ti is necessary to 

account for the surprising result of a larger grain size and less bifurcation than the Ti 

sample. The reason for this higher surface diffusivity has yet to be determined.
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100nm
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Figure 15. TEM BF image of a Cr helix growing in the direction of the arrow with the 
diffraction pattern inset, b) TEM BF image showing detail of branching in a helix, and c) 
corresponding dark field (DF) image, from the (110) reflection, of the same area in (b) 
showing an approximate grain size of 50 nm.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



60

lO O nm  ^
lOOrun

Figure 16. a) TEM BF image of Ti helix growing in the direction of the arrow with inset 
diffraction pattern, b) TEM BF image showing detail of branching in helix, and c) 
corresponding DF image, from the (100) reflection, of the same area in (b) showing an 
approximate grain size of 20 nm.

Crystal structure is also an important factor in microstructure evolution. The effect o f 

crystal structure on growth is illustrated by the zigzag films o f  Cr and TiO. Both Cr and 

TiO have fairly similar melting temperatures (-2100K ) thus suggesting similar diffusion 

rates. This would suggest that the two materials would deposit in a fairly similar manner, 

and their morphology is certainly similar as seen in the TEM  bright field (BF) images 

(Figure 17a and Figure 18a). However, the two structures are actually quite different as 

revealed by the dark field images (Figure 17b and Figure 18b). The Cr zigzags deposit 

with a large grain size of 100 nm in width and 500 nm in length. Indeed, each arm of the 

zigzag comprises an individual grain of chromium growing in the <100> direction. 

However, the TiO zigzags have a much finer grain size (50 nm) resulting in 

polycrystalline arms. The difference in grain size is due to the ordered nature o f TiO as 

compared to the random structure of Cr. Cr is BCC. while TiO is FCC (specifically
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NaCl-type). As TiO has a NaCl-type lattice structure, the Ti and 0  must fill specific 

positions in the unit cell. More time is required for the atoms to diffuse to suitable Ti and 

O lattice sites, resulting in a finer grain size than for the Cr structure where the atoms 

may fill any vacant lattice site. Indeed, a new Cr grain is only formed once the full 180° 

rotation occurs.

Figure 17. a) TEM BF image o f Cr zigzag growing in direction of arrow with inset 
diffraction pattern, and b) TEM DF image o f the Cr zigzag from the (110) reflection.

lOOnm a)

100nm
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Figure 18. a) TEM BF image of TiO zigzag growing in direction of arrow with inset 
diffraction pattern, and b) TEM DF image of TiO zigzag from the (111) reflection.

4.1.2 Annealing o f GLAD structures

The effects of annealing bulk materials have been extremely well documented. However, 

these effects have not been studied in GLAD films. Titanium oxide samples (vertical 

posts) were annealed at 500°C for 5 hours in an inert atmosphere in order to study the 

effects o f annealing on the structure79. Vertical posts were amorphous in the as-deposited 

condition as indicated by the diffuse diffraction pattern shown in Figure 19a. However, 

after annealing, the diffraction pattern (Figure 19b) indicated a crystalline structure, 

which was indexed as the anatase phase of TiCh. Although this is the metastable phase, 

rather than the equilibrium phase, rutile, it is not unusual for anatase to form.
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Figure 19 a) Selected area (SAD) pattern for an as-deposited titanium oxide vertical post, 
and b) SAD pattern for an annealed titanium oxide vertical post, indexed as the anatase form 
of TiO:.

Other than crystallizing the material, there is an obvious morphological change (Figure 

20a and b). After annealing, the structure o f an individual post has become much 

smoother with a noticeable absence o f  the branching that was seen prior to annealing. 

This effect is a result o f  the diffusion that occurs during the crystallization process. 

During the amorphous to crystalline transformation, the atoms are undergoing significant 

diffusion, resulting in a  smoothing out o f the external surface as new, fairly large, non- 

equiaxed grains. -2 0 0  nm in length and -5 0  nm in width, are formed (Figure 21).

Similar results were produced with slanted post structures and helices though the images 

are not shown. The change in structure that results from annealing has been shown to 

significantly increase transm ission of light across the visible spectrum in TiO: films, 

which is a very useful processing step79.
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F igure  20. a) TEM BF image of the as-deposited TiO: vertical post, and b) TEM BF image 
o f the annealed TiO: vertical post growing in the direction of the arrow.

100 nm

-t

F igure 21. TEM DF image from the (103) reflection for anatase showing the grain size.

4.1.3 Effect of Rotation

Changing the rotation speed of the substrate is one of the easiest methods of changing 

film  morphology. However, the effect is primarily macroscopic rather than microscopic. 

This is especially the case for materials with very high surface diffusion rates (low 

m elting points). Aluminum vertical post films were made with two different rotation 

speeds: 42 and 3 RPM. TEM images for the two films are shown in Figure 22. with their 

corresponding diffraction patterns. The TEM images support previous results6'8 in which 

it was noted that faster than typical rotation (>1RPM) will suppress bifurcation and 

inhibit surface diffusion and may result in faceting of the structure (Figure 22b).
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Although the post broadens at the top as the rotation speed is reduced, each post remains 

single crystal as indicated by the diffraction patterns, without exhibiting a common 

growth direction over the entire film. This suggests that the microstructure of the 

individual films is unaffected by the rotation speed, but determined by the material. It is 

likely that the faceted structure occurs only at the slower rotation speeds because of the 

time necessary for surface diffusion. A t the faster rotation rates, the faceting is 

suppressed because the rotation is fast enough to prevent adequate diffusion and diffusion 

atoms become quickly buried beneath incoming atoms. Further studies of other materials 

are necessary to confirm these effects.

100nm

,/A.OM

Figure 22. a) TEM BF image o f aluminum vertical post deposited with a 42 RPM rotation 
speed growing in the direction of the arrow, with an inset of the single crystal diffraction 
pattern, and b) TEM BF image o f an aluminum vertical post deposited with a 3 RPM rotation 
speed growing in the direction of the arrow, with an inset of the single crystal diffraction 
pattern.

4.2 Manganese oxide electrochemical capacitor materials

Manganese oxide materials are becoming more and more popular as potential 

electrochemical pseudocapacitor materials, replacing ruthenium oxide and the more 

common double layer capacitors. As discussed in the literature survey, there are many
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different procedures that can be used to produce a viable electrochemical electrode. In 

continuation of the study started by Broughton and Brett74, the structure o f the electrodes 

produced by their particular process (PVD coupled with electrochemical oxidation) was 

the focus o f this study in order to identify the microstructural features that are critical for 

developing high capacitance.

4.2.1 As-deposited PVD films

The electrochemical capacitor electrodes were produced from a starting substrate material 

o f a Si wafer with a SiN layer to provide dielectric isolation, followed by a thin (25 nm) 

Ti layer for adhesion, and a 250 nm Pt layer to act as the charge collector. A manganese 

layer was sputtered or evapourated onto this base and the entire structure then became the 

basis for the capacitor electrode. Two different morphologies of the deposited 

manganese layer were studied: a chevron structure produced through the GLAD 

technique and a traditional dense sputtered film. The FE-SEM images of these as- 

deposited structures are shown in Figure 23. The relative porosity of the film surface for 

the chevron structure is shown in Figure 23a, although the zigzag structure is not visible 

as the image was taken in plane with the zigzags. Figure 23b does, however, show the 

typical zigzag structure of the manganese chevron texture produced at a 77° flux 

incidence angle.

Figure 23b also reveals that the zigzags are quite close together, limiting the overall 

macroporosity of the structure. The dark areas in the cross-section are not porosity, but 

missing material that has been removed as a result of cleaving during specimen 

preparation. If in-plane zigzags are observed, there is very little macroporosity between 

the individual columns. The dense sputtered film (Figure 23c). as expected, is quite 

dense with a typical columnar structure.
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100 nm

Figure 23 a) FE-SEM secondary electron (SE) images of the as-deposited manganese 
chevron film revealing the surface texture, b) The chevron film in cross-section showing the 
morphological texture, c) FE-SEM SE image of the sputtered dense film in cross-section.

The internal structure o f the chevron films is revealed in TEM cross-sectional images, 

both bright field and dark field (Figure 24). The bright field image (Figure 24a) o f the as- 

deposited chevron film reveals that the film, while exhibiting the chevron structure that is 

visible in Figure 23. is still quite dense. In fact, macroporosity, between the zigs and 

zags, appears quite limited. Comparison of this image with Figure 23 shows that the only 

visible porosity appears to be in the final portion of the film that is deposited, i.e.. the 

small visible space between the individual columns near the surface of the film.

An energy dispersive x-ray (EDX) spectrum (Figure 24b). taken from the central region 

o f the zigzag layer indicates that there is a significant amount of oxygen within the 

manganese zigzag layer. The carbon peak in the spectrum is contamination from the 

microscope and specimen, while the Si peak is an ion-milling artifact from the Si
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substrate. These types of artifacts are present in each EDX spectrum and will not be 

commented on henceforth.

Selected area diffraction (SAD) from the zigzag layer resulted in the ring pattern shown 

in Figure 24c and corroborates the EDX results. The pattern has been indexed as a 

mixture of cubic manganese, with a cell parameter o f 0.8192 nm. and cubic MnO. with a 

cell parameter of 0.445nm. This is the first major difference between this process and the 

other processes discussed in the literature survey. Both the electrodeposition and the 

powder techniques involve the production o f an amorphous product immediately. With 

the GLAD technique, however, a crystalline product is initially produced. In addition, 

the manganese layer is produced in a relatively low valence (0/2+) instead o f the 4+ 

valence that is produced with the other procedures.

Both the EDX and SAD results indicate that an oxide phase is forming. Although it was 

expected that only metallic manganese would be deposited, due to the relatively low 

deposition pressure (~10°torr), it is not unusual for materials to oxidize during a physical 

vapour deposition process. The dark field image of the layer (Figure 24d). which is 

formed from part of the 111 and 200 reflections for M nO and the 330 reflections for Mn. 

indicates that the oxidation process is occurring during the deposition rather than post

deposition. Grains -2 0  nm in size appear throughout the layer and since the Mn and 

MnO grains are indistinguishable it suggests that the MnO grains are throughout the 

layer. The apparent absence o f grains from the central portion of the zigzag layer is an 

artifact of the specimen preparation process. The M n/M nO layer sputters more slowly 

than the Pt, Ti or Si. leaving it thicker in the middle and thus those grains are not visible.

Similar results are produced for the dense sputtered film although the morphology is 

significantly different (Figure 25a). The EDX spectrum (Figure 25b) shows a fairly 

significant amount of Pt in the layer and no trace o f oxygen. W hat is likely to have 

occurred is that, due to the thin nature o f the film (38 nm), some Pt was sampled during 

the EDX collection process and there was insufficient volume of material to produce a 

substantial oxygen peak. The SAD pattern from this film (Figure 25c) is identical to the
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SAD pattern in Figure 24c and confirms that this layer is also a two-phase mixture of Mn 

and MnO. The dark-field image indicates that the layer is nano-crystalline (Figure 25d).
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Figure 24 a) Cross-section TEM BF image of an as-deposited chevron film, b) EDX 
spectrum from the zigzag layer shown in Figure 15a. c) Indexed SAD pattern from the 
deposited zigzag layer showing the presence of Mn and MnO. d) TEM DF image of 
deposited layer from part of the (111). (200) reflections for the MnO and part of the (330) 
reflection for the Mn.
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Figure 25 a) Cross-section TEM BF image of an as-deposited dense film, b) EDX spectrum 
from the dense layer shown in Figure 25a. c) Indexed SAD pattern from the dense layer, d) 
TEM DF image of the deposited layer from part of the ( 111). (200) reflections for the MnO 
and part of the (330) reflection from the Mn.
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The x-ray diffraction (Figure 26) data confirm s the EDX and electron diffraction results. 

The major peaks for both Mn and MnO can be indexed, in addition to some of the peaks 

from the Pt layer.

zigzag film

MnO(200)
dense film

2-theta

Figure 26. XRD pattern from as-deposited zigzag and dense films showing Mn and MnO. 

4.2.2 Therm ally Oxidized Films

In the original work by Broughton74, the chevron films were thermally oxidized and then 

electrochemically cycled in order to determ ine if any increase in capacitance could be 

produced as reported by other researchers63'6''71. However, the electrochemical oxidation 

process proved ultimately destructive to the thermally annealed film, making capacitance 

measurements impossible74. In order to determine the physical cause for the poor 

capacitive performance, the deposited zigzag films were thermally oxidized for 30.60. 

120. and 1920 minutes and then studied using a combination of SEM and TEM imaging.
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as well as electron and x-ray diffraction. Figure 27 shows FE-SEM SE images for the 

four different annealing times. What becomes immediately obvious from these images is 

that a colum nar layer, likely an oxide layer, is formed on the top of the zigzag layer. In 

fact, even at 30 minutes, the entire zigzag layer is essentially capped, reducing surface 

porosity. By 1920 minutes, the bulk of the zigzag layer has been replaced by a dense 

oxide structure with very little zigzag texture remaining.

oxide layer

tOOrnn.
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Figure 27 FE-SEM SE images of the zigzag layer annealed for a) 30 minutes, b) 60 minutes, 
c) 120 minutes and d) 1920 minutes.

If the thickness of the thermally produced oxide film is plotted versus the square root of 

time (Figure 28) a linear trend is found. This result implies that oxide growth is diffusion
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controlled, i.e., x V(Dt), where x is the thickness of the oxide film. D is the diffusivity 

and t is the diffusion time. The graph does not extend to a zero intercept because an 

incubation time is needed for oxide formation.
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Figure 28. Plot of thermal oxide layer thickness versus annealing time.

The effects o f annealing on the internal structure of the zigzag layer were studied using 

the TEM. Figure 29 shows both bright field and complementary dark field images o f the 

zigzag layer at the various annealing times. Due to sputtering effects, the surface oxide 

layer is not visible in the sample that was annealed for 30 minutes (it was sputtered away) 

and the full layer thickness of the sample annealed for 1920 minutes could not be imaged 

(it too was sputtered away). The surface oxide layer, however, is clearly visible in both 

the 60-minute and 120-minute samples. Evident in the dark field images is a gradual 

coarsening o f the grains within the zigzag structure from -25  nm to -75  nm. EDX 

spectra taken from the columnar oxide layer in the 60-minute sample confirms that it is a 

manganese oxide (Figure 30).
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F igure 29 a) TEM BF image of a cross-section sample of the layer annealed at 300°C for 30 
minutes, b) TEM DF image of the annealed zigzag layer in (a) using part of the (111) and 
(200) reflections for MnO and the (330) reflection for Mn. c) TEM BF image of the layer 
annealed for 60 minutes clearly showing the oxide layer, d) TEM DF image of the annealed 
zigzag layer in (c) using part of the (111) and (200) reflections for MnO and the (330) 
reflection for Mn. e) TEM BF image of the layer annealed for 120 minutes with the visible 
oxide layer on the top. f) TEM DF image of the annealed zigzag layer in (e) using part of 
the (111) and (200) reflections for MnO and the (330) reflection for Mn. g) TEM BF image 
of the layer annealed for 1920 minutes, h) TEM DF image of the annealed layer in (g) using 
part of the (111) and (200) reflections for MnO.
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Figure 30 EDX spectrum taken from the oxide layer on top of the manganese zigzag layer 
that was annealed for 60 minutes.

A comparison of the SAD patterns from the zigzag portion o f the layer for the four 

different annealing times is shown in Figure 31. The first three SAD patterns (Figure 

31a-c) are all indexed as a mixture of cubic Mn and cubic MnO and are identical to the 

as-deposited sample. The diffraction pattern in Figure 31 d (1920 minutes) is different 

from the others and can be indexed to both MnO and Mn^CU. Thus, it appears that the 

zigzag structure is also slowly oxidizing to MrnOt. The XRD spectra for the four 

annealing conditions (Figure 32) corroborate the TEM  results. The M n?04 peaks are 

significantly more intense in the 1920-minute sample, relative to the other three 

annealing times. The Mn is consumed during the oxidation process, and completely 

absent in the 1920-minute sample. The absence of the M n ^  rings in the SAD patterns 

o f Figure 31 a-c may just be a sampling phenomenon o f the TEM. The SAD patterns are 

taken from just a small portion o f the sample while XRD samples involve a large area of 

the sample. Therefore, it is possible that not all areas present in the layer are sampled 

during SAD analysis.
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Figure 31 SAD patterns from the cross-section samples of the layers annealed for a) 30 
minutes, b) 60 minutes, c) 120 minutes and d) 1920 minutes.
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Figure 32 Overlaid XRD spectra from the four annealed samples indexed to show the 
disappearance of Mn and the growth of tetragonal Mn;,04.

Micro-diffraction of individual grains of the oxide was done for further verification o f the 

above analysis. Four micro-diffraction patterns, taken from grains in the oxide layer of 

the 120-minute sample, are shown in Figure 33. Micro-diffraction was not attem pted on 

the 30 and 60 minute samples because the oxide layer was too thin, and the grains were 

too small to provide suitable patterns. XRD results (Figure 32) showed that the same 

oxide was forming on all samples. The first three micro-diffraction patterns in Figure 

33(a-c) are indexed as the cubic form of MnO. while the last micro-diffraction pattern 

(Figure 33d) is indexed as the tetragonal form o f M n?04. confirming that there are two 

different oxides in the columnar layer.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



83
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ZA= [114]

F igure  33. Microdifffaction patterns from three different grains in the surface oxide layer, 
a), b) and c) are indexed as the cubic form of MnO and d) is indexed as the tetragonal form of 
Mn*04.

Based on the above SEM , TEM and X RD results, the following model is proposed, and 

illustrated schematically in Figure 34, for the thermal oxidation process. The as- 

deposited sample (Figure 34a) consists o f a zigzag structure made up of interspersed 

grains (-2 0  nm in size) o f  Mn and M nO. As mentioned previously, some of the Mn is 

oxidized to MnO during the physical deposition process. During annealing, the 

remaining Mn is progressively oxidized to MnO (gray) (Figure 34b and c). The zigzag 

morphology is lost during oxidation, due to the volume increase that accompanies MnO 

formation since the density o f MnO (5.43 g/cnr’) is approximately 75% of that for Mn 

(7.20 g/cirO . As the oxidation of Mn proceeds, the MnO begins to oxidize to M n?04 

(black), from the surface inwards (Figure 34b-d). By 1920 minutes, the original zigzag 

structure is almost com pletely consumed, leaving a thick M n?04 layer covering a thin
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MnO layer (Figure 34d). Further annealing would result in complete oxidation of the 

layer to Mn.iO.* and eventually MnCX

Mn/MnO

substrate a)

V' • v' -M mOj

substrate b>

MmOj

substrate
c )

MnjO-j

substrate
d)

Figure 34 Schematic illustration of oxide growth, a) The original material composed of Mn 
and MnO zigzags, b and c) The original zigzag layer slowly transforms to a columnar oxide 
layer that is both MnO and Mn^Oj . d) The final structure where the original oxide layer has 
been destroyed and replaced by the columnar oxide layer that is primarily MmOj with some 
MnO.
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Further confirmation for the proposed model was obtained through analysis of plan view 

specimens. Specimen preparation is such that only the outermost layer is visible in the 

TEM. The image and diffraction pattern, shown in Figure 35 a and b. are from the 60- 

minute sample, which has a fairly thin outer oxide layer (<100 nm). The SAD pattern 

can be indexed as a combination of MnO and Mn-?04. However, the sample annealed for 

1920 minutes (Figure 35c and d) has a diffraction pattern that can be indexed exclusively 

as M nj04, confirming the oxidation mechanism proposed in Figure 34.

MnO COO) 
Mn304 (103)

Mn304 (101)

Mn304 (112)
MnO (111 >/Mn304 (211) 
Mn304 (220)

MnO(220)Mn,Oj(321)

Figure 35 a) TEM BF image o f the plan view section of the sample annealed for 60 minutes, 
b) SAD pattern from the area in the BF image showing the MnO and Mn?04 phases. c) TEM 
BF image of the plan view section of the sample annealed for 1920 minutes, d) SAD pattern 
from the area in the BF image showing Mn^O-j.
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The literature indicated that in general the amorphous, hydrated M n 0 2 phase produces 

excellent capacitance, although hydrated Mn30 4 has been recently reported as an 

electrochemical supercapacitor material60. The following redox reactions were proposed 

in an alkaline medium for electrodeposited Mn30 4. While the first two reactions do not 

necessarily apply to the films in this project, which are metallic Mn and MnO rather than 

the pure Mn used by Jiang and Kucemak, the final two reactions may give a good starting 

point for the possible reversible reactions that could occur during the charge/discharge 

cycle for the samples that have been thermally oxidized.

M n«2H20 + 2 H 20  <=> Mn (OH)2 + 2H30 + + 2e'

3M n(OH)2 «=> Mn30 4»2H20  + 2H+ + 2e 

M n30 4«2H20  + OH' <=> 2MnOOH + Mn(OH)3 +  e'

4 M nOOH + 2 Mn(OH)3 + OH' »  (6M n02)«5H20  + 3H+ + 6e

W hat is missing in the films produced by the thermal oxidation process in this project is 

the presence o f water in the form of a hydrated compound, M n30 4«2H20 . and the 

presence o f an amorphous structure. The key result of the Jiang and Kucemak60 study is 

the form ation of a porous layer that is both hydrated and amorphous. They achieve this 

result by using an electrochemical deposition method. These qualities (porous, 

am orphous, and hydrated) are difficult to achieve through the thermal oxidation process 

and the excess thermal energy tends to crystallize and reduce films to the lowest surface 

area possible in order to maximize the surface area to volume ratio. Additionally, there is 

no chance for hydration to occur during a dry thermal oxidation, leaving these film s with 

none o f the necessary attributes to develop capacitance. XPS analysis of a film annealed 

for 1920 minutes confirms that the surface oxide contains no hydrated manganese (Mn- 

O-H). only anhydrous compounds (50% Mn-O-Mn) and free water (50% H-O-H). There 

is a significant quantity o f free water (~ 50%) in the original scan, but heating the sample 

to 100°C for a short time in the XPS chamber resulted in a significant reduction in the 

am ount o f water present (-30%  reduction). The removal o f water upon low temperature 

heating confirms that it is surface adsorbed water from the surrounding environment and
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not structural water, and thus does not provide any useful chemical hydration (i.e., Mn-O- 

H type bonds) to develop capacitance.

Furthermore, it is impossible to electrochemically oxidize the thermally annealed sample 

in order to obtain the necessary hydration. W hen a thermally annealed sample is put into 

the NaiSO.; solution and the oxidizing current is applied, the film does not oxidize, but is 

instead destroyed. It is believed that thermal oxidation o f the film prior to 

electrochemical treatment has altered the surface phases and chemistry such that it is no 

longer possible to produce a hydrated and amorphous layer upon further electrochemical 

oxidation. The reason that the thermally annealed layer does not benefit from 

electrochemical oxidation is likely because the layer is already in an advanced state of 

oxidation (Mn?0 4). and therefore the application of an oxidizing current is detrimental to 

the film as there is very little material remaining to be oxidized. The end result is that 

any attempt to electrochemically oxidize the sample after thermal annealing results in 

complete de-lamination of the film from the substrate. Thermal annealing may be more 

effective if it is applied after the film has been electrochemically oxidized and then the 

results reported in literature may be observed in this system as well.

4.23 Electrochemical Oxidation

The electrochemical oxidation step has proved to be a critical step for the production of a 

capacitive electrode. The as-deposited film is crystalline. 0/2+ valence, with no 

hydration. Therefore, the electrochemical oxidation step is thought to be critical to 

provide the necessary qualities (4+ valence, amorphous, porous, and hydrated) for a 

capacitive electrode, since thermal oxidation was shown to be unsuccessful in providing 

hydration and an amorphous structure. The as-deposited zigzag or dense film was 

oxidized by applying a constant current rather than a constant voltage, as it was desirable 

to precisely control the reaction rate. A typical trace for the oxidation process of a dense 

film in the 1M NaiSOa solution is shown in Figure 36. For this portion of the research, 

dense films were used as they were sim pler to produce. The actual oxidation time will 

vary according to the thickness of the sample or the oxidation current that is applied.
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Figure 36. Oxidation trace for a dense sample of 50nm Mn nominal starting thickness 
oxidized at a current density of lxlO^A/cm2.

There are four distinct plateau regions marked in the trace at - l  .35V. -0.8V, 0.1V and 

0.9V vs. Ag/AgCl. The oxidation was stopped at 0.9V vs. Ag/AgCl after which the film 

began to delaminate from the substrate.

To identify the reactions occurring during the plateaus, samples oxidized to each of the 

voltages previously mentioned were studied. The different traces for each stage of 

oxidation are shown in Figure 37. Although each sample came from the same wafer, it is 

obvious that there is not perfect reproducibility in the oxidation process. Although the 

oxidation occurs in the same manner (i.e.. the traces are identical in terms o f plateau 

location), the time required for oxidation varies slightly as does the starting potential. 

There are many possible reasons for this variation. The most important is the variation in 

the as-deposited Mn film itself. During any sputter process, there is always some
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variation in the thickness o f  the layer (2-30% variation) deposited across the diameter o f 

the wafer, with the thinnest layer being found near the edges. The result is a slightly 

variable time required for the oxidation process (Section 4.2.7) as shown in Figure 37.

0.9V

0 . 6 0

0.1V

100 200 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0 9 0 0

%  - 0 .4 0

-0.8V
- 0 .9 0

- 1 . 4 0

-1.35V Time (s)

Figure 37. Plot o f the potential o f the film as a function o f oxidation time during the 
oxidation process. Four oxidations have been done, each stopped during a different stage of 
oxidation.

The morphology o f the layer is seen in the FE-SEM images for each o f  the four samples 

at various stages o f  the oxidation process in Figure 38.
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S in  oxide layer.

Figure 38. FE-SEM SE images in cross-section and oblique view o f samples oxidized to a) - 
1.35V. b) -0.8V. c) 0 .1V and d) 0.9V.
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What is immediately apparent, upon comparison to the as-deposited dense structure 

(Figure 23c), is that the oxidation process drastically changes the film morphology with 

the formation o f an extremely porous surface layer that can be seen in both the oblique 

and cross-section view. This porous surface layer forms almost immediately during the 

electrochemical oxidation process, since it is present at a potential of -1.35 V vs. Ag/AgCl 

after only 32s (Figure 38a). D uring the oxidation process, the film maintains a similar 

morphology up to and including 0.1 V vs. Ag/AgCl. After this potential, the film 

becomes thinner and produces the somewhat finer porous surface layer seen at the final 

stage o f 0.9V vs. Ag/AgCl (Figure 38d). This trend can be seen in Figure 39 where a 

sharp decrease in film thickness occurs between 0.1 and 0.9V vs. Ag/AgCl. indicating 

that the film has become thinner with parts of the film perhaps dissolving into solution, or 

with the film becoming slightly denser.
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Figure 39. Graph of thickness o f porous film produced during the oxidation process as a 
function of the final oxidation potential reached.
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While the film thickness gives a good representation of morphology, it does not give a 

good indication of the rate o f oxidation. For that, the weight change during the oxidation 

process must be considered, as illustrated in Figure 40.
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Figure 40. Growth of manganese oxide layer as a function o f oxidation time.

The general trend (marked “ linear trend”) between weight gain and oxidation time is a 

linear relationship with the following equation:

m = 0.0009t + 0.0645

where m is the oxide mass in mg/cm: and t is the oxidation time in seconds.

Ordinarily, the rate of oxidation decreases with time due to the increasing oxide 

thickness, which acts as a progressively stronger diffusion barrier with increasing tim e 

and thickness. This type of relationship results in a parabolic growth rate where diffusion 

of the metal cations becomes the rate-controlling step. However, this type of rate law 

assumes that a uniform and continuous oxide layer is being produced that is both com pact
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and non-porous. This is not the case for these films; the layer is far from uniform or 

continuous (Figure 38). If the SEM images o f the films produced are considered in 

concert with the oxidation data, a linear rate law is very reasonable. The linear rate law 

typically applies to the formation of a highly porous, poorly adherent or cracked non- 

protective oxide layer, so the process is often reaction controlled rather than diffusion 

controlled.

Although the growth rate is linear, and an extremely porous layer is produced, the SEM 

images (Figure 38) indicate a dramatic thinning between the potentials of 0.1 and 0.9V. 

This behavior suggests that some portion o f  the Mn from the original dense layer is lost 

into solution during the oxidation process. This idea is supported by Figure 40. If the 

graph is considered more closely, the first three points on the graph form a perfect linear 

relationship with the final point (800s) lying below the projected linear trend based on the 

first three data points. The equation for this projected line is given below:

m = 0.0012t + 0.0153

where m is the mass in m g/cm 2 and t is the time in seconds.

The location o f the final data point relative to the projected linear trend suggests that 

some material is indeed lost during the latter stages, accounting for the difference in the 

morphology of the film and the slightly lower than expected weight.

The material loss is also corroborated by the atomic absorption spectroscopy (AAS) 

results (Figure 41) that were used to analyze the amount of Mn that is lost at each stage of 

the oxidation. The Mn in solution refers to the Mn that is found in the bulk of the 

electrolyte solution. A fter oxidation, there is always some portion of the electrolyte that 

remains on the surface o f the sample. The Mn rinsed off the wafer refers to the amount 

of Mn contained in the solution that rem ains on the surface of the sample. The total Mn 

lost during the oxidation process is then the combination of these two values. The Mn 

lost during oxidation is likely in two forms: ionic (due to disproportionation during
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oxidation) and as an oxide (due to small portions of the porous layer being broken off the 

sample surface). Both of these forms of manganese will be measured by the AAS.
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Figure 41. Graph of concentration of Mn at the various stages of oxidation in various 
locations.

The amount of Mn in solution is slowly increasing during the oxidation process (Mn in 

solution). However, there is also a significant amount of Mn near the surface o f the 

sample that is readily rinsed off the surface of the wafer (Mn rinsed off wafer). Initially 

( -1.35V). this value is quite large since the oxidation process has not been occurring for 

very long and the bulk of the Mn that is lost (in ionic and oxide forms) is still resting on 

the sample surface. During the next two stages, the amount of Mn still on the surface of 

the wafer has decreased significantly, but as a consequence, there is more Mn in the bulk 

solution. After complete oxidation (0.9V). the amount of Mn in the bulk solution does 

not change significantly from the previous stage: however, there is a very large amount of 

Mn resting on the surface of the wafer. This indicates that between the potentials of 0.1V 

and 0.9V. there is a dramatic change resulting in a significant loss of Mn material that 

remains seated on the surface of the wafer and does not make its way into the bulk
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solution. Combining these two trends (Mn in solution and Mn rinsed off wafer), there is 

an overall trend of increasing Mn loss (total) during the oxidation process, with the most 

significant change occurring between 0.1V and 0.9V. This result also corroborates the 

FE-SEM results (Figure 38) and growth results (Figure 40), where there is a dramatic 

thinning of the film between these two potentials and a corresponding loss of material. 

Although there is a weight gain during the 400-800s time period (Figure 40) due to the 

incorporation of additional oxygen, it is less than predicted by the linear trend indicating 

a loss of some material, which is corroborated by the AAS results.

It is expected that the plateau regions (Figure 36) in the potential-time plots correspond to 

some type o f bulk transformation and are. therefore, expected to be two-phase or multi

valence regions.

The valence of the manganese in the porous film was determined through XPS analysis 

and measuring the splitting width of the Mn 3s spectra. A representative XPS spectrum 

is shown in Figure 42.
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Figure 42. Mn 3s spectrum from the sample oxidized at O.lmA/cm2 until a potential o f 0.9V 
vs. Ag/AgCl is reached.
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Figure 43. XPS results from oxidation o f film at various stages showing the splitting width 
o f the films as compared with the standard values given in the literature. These standard 
values are tabulated in Table 8.
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The initial XPS results (Figure 43) appear to support the hypothesis that the plateau 

regions are two-phase. Figure 43 also includes the data from the standards found in 

literature. A range of values is often quoted and. thus, the data from the standards is 

presented as two lines of the same color between which a particular phase exists. There 

is some overlap between the ranges o f M n3C>4 and M n2C>3. but this is to be expected given 

the similarity in both structure and valence between Mn^Oj (2+, 3+) and Mn2C>3 (3+), and 

therefore, some interpretation is required for these XPS results. The as-deposited 

structure clearly lies above the M nO single-phase region, and thus is considered to be 

both MnO and Mn as indicated by the TEM  results earlier. Unfortunately, there were no 

data available for the splitting width o f pure Mn. so it must be interpreted that since the 

splitting width o f the as-deposited film lies far above the single phase region for MnO 

that there is some quantity o f Mn in the film. The data clearly show that as the oxidation 

proceeds, the valence o f the Mn is continually increasing. During the first plateau (- 

1.35V) at 33s. the data point lies right on the boundary o f Mn?0 4 . so the sample is not 

technically two-phase. However, if the oxidation traces in Figure 37 are considered as 

well, it can be seen that there is some variation in subsequent oxidation processes in 

addition to some dispute as to the actual start and end potential o f the first two plateaus. 

Because of these uncertainties, it is likely that oxidation to 33s places the film at the very 

end o f the plateau where the bulk transformation would be nearly complete, and the film 

would be single phase. In this case, the single phase is Mn?0 4 , which implies that the 

bulk transformation that is occurring is from MnO to M n - ^ .  In addition, there must also 

be a transition from Mn to M n? 0 4  (since the starting material is Mn/MnO): however, 

given the reactive nature of metallic M n24. it is suggested that the transformation from 

Mn to MnO occurs almost instantaneously when the film is exposed to the electrolyte and 

then the bulk transformation from MnO to Mn? 0 4  occurs during the first tens of seconds 

o f oxidation.

The second plateau at -0 .8V  vs. Ag/AgCl and 266 s results in the production of a two- 

phase film as expected. Although the data point lies in the confusing transition region 

between M n ^  and Mn20?. it appears that both phases are present in the film. Given the 

location of the data point, it can be inferred that there is more Mn20 ?  present in the film
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than Mn.^O:}, but this too can be explained by referring back to Figure 37. When 

comparing the oxidation trace to -0.8V  with the oxidation trace to 0.9V, it is obvious that 

the oxidation to -0 .8 V  was stopped near the end of the plateau again. This means that the 

bulk transformation is nearly complete resulting in the bulk of the Film being made up of 

MmO.v If the oxidation process were stopped earlier in the plateau, more Mn?0 4 would 

be present as com pared with the MmO?.

The third plateau at 0.1 V (500s) is more clearly defined and obviously one of the major 

transitions to occur during the oxidation. In this case, the data point lies clearly in the 

two-phase region between MmO? and MnO: as expected. The final oxidation ends at 

0.9V at the end o f a smaller plateau and the resulting film is clearly single phase MnO:.

It is unknown, however, whether the transition to single phase MnO: occurs completely 

within the plateau at 0.1 V or after a potential of 0.9V is reached. Since this is the most 

important transition, a sample was thus produced with a final potential o f 0.5V and 

analyzed in the XPS in order to determine the phases present and identify conclusively 

when the oxidation to M nO: occurs. Using the peak splitting of the Mn 3s peak again, the 

film at 0.5V was found to be a mixture of two phases: MmO.i and M nO: (Figure 44).
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Figure 44. XPS results from oxidation o f film at various stages, now including 0.5V. 
showing the splitting width of the films as compared with the standard values given in 
literature. These standard values are tabulated in Table 8.

The points for the films produced at a final potential o f 0.1 V and 0.5 V are labeled on the 

figure. Although they both clearly lie in the two-phase region, the film at 0.5V has a 

slightly higher peak splitting value indicating slightly more MmOj than the film at 0.1V. 

The opposite effect was expected, i.e., more MnO? produced as oxidation proceeds. 

However, this incongruity may be due to the inherent scatter in this process. As 

mentioned earlier, although the oxidation process follows the same voltage vs. time 

curve, the time required for oxidation is quite variable due to differences in the deposited 

Mn/MnO layer (i.e., thickness, relative oxygen content, etc.). Thus, the film at 0.5 V may 

simply have slower reaction kinetics than the film at 0.1 V. The important result, 

however, is that the film in the transition region between plateaus is also a two-phase 

structure. This indicates that the full oxidation from MmCb to M n02 occurs between the 

potentials o f  0.1 V and 0.9V. From this result, it can be inferred that the previous 

oxidation process, MnO to M njO ^ may occur between the potentials o f - 1 .4V and 0.8V 

and so on. Thus, it can be concluded that the change in phase involves both a region o f  

constant potential and a region o f  increasing potential. There is no acceptable
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explanation o f this phenom enon in the literature, although other researchers42 have 

suggested that the constant potential region corresponds to a heterogeneous reaction (at 

the electrode/electrolyte interface) and the regions of increasing potential correspond to 

hom ogeneous reactions (those reactions occurring in the solution). It may be that a 

com bination o f these tw o types o f reactions is necessary in order to complete the 

transform ation from one phase to another.

A substantial amount o f  the MnC>2 phase that is known to give high capacitance values is 

produced at the end o f the plateau at 0.1 V (~500s), and therefore, films oxidized just past 

0.1V may also exhibit capacitance. This idea will be explored further in a later section.

A nother necessary quality for the films is their relative hydration, as hydration plays an 

im portant role in developing significant capacitance. The hydration values can be 

gleaned from deconvoluting the oxygen Is peaks (O ls) into its three major bond 

com ponents: M n-O-Mn, M n-O-H. and H-O-H (Table 9). A representative de-convoluted 

O ls  spectrum is shown in Figure 45 with complete results shown in Figure 46.
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Figure 45. O ls spectrum from the sample oxidized at O.lmA/crrr until a potential of 0.9V 
vs. Ag/AgCl is reached. The peak has been deconvolved into its major constituents: H-O-H. 
Mn-O-Mn. and Mn-O-H.
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Figure 46. Relative hydration of the film during the oxidation process.

The growing oxide film appears to reach its maximum hydration relatively early in the 

oxidation process (~33s) and then hydration remains fairly constant to the end o f the 

plateau at 0.1 V (~500s). During the transition from 0.1 V to 0.9V (~500s-800s). there is 

first an increase in hydration (measured at 0.3V or 650s and 0.5V or 725s) followed by a 

significant decrease in the relative hydration of the film to the final value of 25 at% at 

0.9V. It should be noted that a hydration value of 25% is typical of the values achieved 

by the other researchers in this area. However, the fact remains that the phases identified 

through XPS are all clearly present in the hydrated state. Although the pH of the solution 

indicates it is slightly acidic (pH=6.3). the reactions given in the literature for MnO: in an 

acidic medium do not seem an appropriate fit to these results. The reactions given for 

MnO: in an alkaline solution, however, do provide a fairly good understanding of the 

possible reactions that are occurring.
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Three groups, Cha and Park22, Gosztola and Weaver42 and M essaoudi et al43, give very 

specific and similar reactions for the oxidation of metallic Mn to MnCK in an alkaline 

medium, which are very similar to this process with the exception of the slightly more 

acidic solution. Cha and Park22 suggested that the oxidation process proceeds from Mn 

metal to MnOi through a successive production o f hydroxides o f various valences. While 

this is a very reasonable supposition, and can address the formation of MnO (Mn(OH)2) 

and MmOj (MnOOH), it does not adequately address the formation of M n30 4 in our 

system. Gosztola and Weaver42, show an oxidation trace (Figure 5) that is very sim ilar to 

the traces produced in this thesis (Figure 37). However, they provide only a simplified 

mechanism whereby metallic Mn is converted to Mn(OH )2 (hydrated MnO). M n(OH )2 is 

then converted to MnOOH (hydrated MmO?), which then transforms to M n0 2 - These 

reactions, MnO to MmO? to Mn0 2  are insufficient to explain the process in Figure 37. 

Messaoudi et al.43 provide the most complete set o f reactions that cover all the 

transformations from Mn to Mn0 2  except that they are for an alkaline medium. It is 

reasonable to assume, however, that these reactions could occur in a slightly acidic 

medium with some small modifications. More importantly, however, the reactions that 

Messaoudi et al. suggest cover all phases that are forming in this particular system.

According to Messaoudi. the oxidation from Mn to Mn(OH )2 occurs with the elimination 

o f H30 + and Mn2+ according to

Mn-2H20  + 2H20  Mn(OH )2 + 2H30 + + 2e'

The results from the process developed in this thesis suggest that this reaction is likely 

occurring almost immediately upon immersion of the film in the Na2SC>4 and at the 

starting potential o f the process (-1 .4V). only MnO is present.

The second transformation reaction according to Messaoudi is the transformation of 

Mn(OH )2 to Mn30 4  according to:

3Mn(OH )2 Mn30 4-2H20  + 2H+ + 2e
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According to the XPS results for this system (Figure 43), this reaction is likely occurring 

at -1 .35  V in the first tens o f seconds o f the oxidation process where both MnO and 

Mn30 4  simultaneously appear. The large am ount of Mn that was detected by AAS in the 

early oxidation stages (Figure 41) is likely the M n2+ that was released during the initial, 

and nearly instantaneous, transformation o f  the Mn to the Mn(OH)2.

The next transformation is M n30 4  to M n20 3 accompanied by the dissolution of Mn'1+ 

according to:

Mn?0 4 .2H20  + OH' 2M nOOH +  M n(O H ) 3 + e'

where M nOOH is often considered as the hydrated form of MnO 1.5 (Mn20 3)

Again, according to the XPS data (Figure 43), this reaction occurs at -0.8V . The 

dissolution of M n’+ ions is verified by the AAS data, where a fairly substantial amount of 

Mn is shown in to be in solution and on the surface o f the wafer (Figure 41). It is 

possible that the redox reaction occurs during the plateau region and the subsequent 

dissolution of M n',+ (which is a chemical reaction) occurs during the transition region 

between -0 .8V  and 0.1 V.

The substantial transform ation that occurs at 0 . 1V is clearly the most important reaction. 

M n0 2 forms according to:

2(2MnOOH + M n(OH )3) + 3 0 H ' (6 M n 0 2) o H 20  + 3H+ + 6 e

By comparison, the m ajor transformation (at constant potential) for Gosztola and 

Weaver42 was identified as a sim ilar transition from MnOOH to Mn(OH)2. which is not 

realistic for this particular system. Beyond 0.1V. there is a region of increasing potential 

that is not described in other systems found in the literature and then a final plateau at 

approximately 0.9V. A gain, this plateau is not identified in any other system discussed in 

the literature. However, the XPS evidence indicates that reaction from MnOOH to 

6M n0 2*5H20  is occurring between the potentials o f 0.1 and 0.9V. Perhaps, it is
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reasonable to assume that the reaction from MnOOH to 6MnC>2*5H2C> is occurring in two 

distinct steps, though there is no evidence to support which steps these would be. 

Experimentally, it has been noted that beyond 0.9V, the film delaminates and falls off the 

substrate. It is possible that the reaction beyond 0.9V is described by the final reaction 

suggested by Messauodi et al. whereby the MnO: converts to M nO f (aq) and M n 0 42' (aq) 

accompanied by oxygen evolution. There is no direct evidence of this except for the 

evolution o f an unknown gas at potentials beyond 0.9V.

There is still one criterion necessary for high capacitance. The structure needs to be 

amorphous, to allow for easier proton insertion into the oxide structure. The internal 

structure of the porous layer and the rest of the film has been studied using the TEM.

This hypothesis was tested using the zigzag films, rather than the dense films, as a greater 

sample volume/thickness was desired to facilitate diffraction work in the TEM.

Again, a current density of 0.1mA/cm: was used for oxidation of the films. One sample 

was oxidized completely (to 0.9V), and one sample was oxidized only partially. For the 

thicker zigzag films, complete oxidation occurred in 4750s (to a potential o f 0.9V). A 

second sample was chosen at 1700s representing 36% of total oxidation (a potential of -  

0.8V). The FE-SEM images of these two films are shown in Figure 47.
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Figure 47. FE-SEM SE images of zigzag films in an oblique view that have been oxidized 
for a) 1700s. representing 36% of the total oxidation time and b) 4750s. representing 100% of 
the total oxidation time.

Figure 47 shows FE-SEM images o f the oxidation process for the zigzag films and 

reveals the formation o f a similar porous surface layer. The bulk of the zigzag layer
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remains intact. While these results are not different from what was seen with the dense 

sam ples, the greater thickness of these samples makes identification and visualization of 

the different layers much easier. The sample oxidized for 1700s reveals that there are, in 

fact, tw o layers that form as a result of the oxidation. Directly on the surface of the 

zigzag is a dense intermediate layer. On top o f this layer is a fairly thick, extremely 

porous layer protruding from the surface. These layers are hereafter referred to as the 

dense intermediate layer and the porous surface layer, respectively. Although only the 

porous surface layer is readily visible in the FE-SEM images of the dense films, it is 

likely that the dense intermediate layer exists in that structure as well, but is simply too 

thin to be imaged properly in the FE-SEM. Similarly, the FE-SEM image o f the film 

oxidized for 4750s also shows a porous surface layer that was visible in the previous 

samples, a dense intermediate layer and the zigzag layer.

XPS analysis (Mn 3s and O ls) was used to confirm that the chemical structure of the 

porous layer produced on the zigzag films was the same as those produced on the dense 

films. The results are shown in Table 10.

Table 10. XPS data for zigzag films and dense films.

Sample Splitting 
Width (eV)

Phase %
Hydration

Zigzag film 
oxidized to 

36%

5.48 Mn^Oj & 
MmO?

45

Zigzag film 
oxidized to 

100%

4.79 MnO: 32

Dense film 
oxidized to 

33%

5.3 MmO: & 
MmO?

45

Dense film 
oxidized to 

100%

4.7 MnO: 25
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Table 10 makes it clear that the same phase or phases are form ing at the same stage of 

oxidation regardless of the initial morphology o f the evaporated film: zigzag or dense. 

Additionally, there is a sim ilar trend with respect to the hydration of the porous layer, 

showing a trend o f decreasing hydration as the film  reaches complete oxidation.

Since the porous layers o f the two different morphologies have been revealed to be 

identical, it is possible to analyze the TEM  results o f the zigzag structure and apply them 

directly and generally to the oxidation o f  other substrate morphologies. The TEM images 

for the zigzag films are shown in Figure 48.

Mn304<224)

Mn304(112)
Mn3O4(101)

Nln3O4(103)

intermediate
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—M n0(200) 
-M n3O4(101)

-Mn304(112)
-MnO(111)

-MnO(220)

—Mn0(200)

g )

Figure 48. a) TEM BF cross-sectional image of the sample oxidized for 1750 s (36% of 
total oxidation time) with inset diffraction pattern showing some crystal Unity, indexed as 
single phase M n ^ .  b) Representative EDX spectrum from the porous surface layer, c) 
TEM BF plan view image of porous surface layer with inset diffraction pattern indexed 
as a mixture of MnO and M njO ^ d) TEM  DF plan view image taken from boxed area in 
diffraction pattern in (c) showing partial crystallinity. e) TEM BF cross-sectional image 
of zigzag layer from sample electrochemically oxidized for 1750s. f) SAD pattern from 
the dense intermediate layer indexed as a mixture o f M nO and Mn-^O^ g) SAD pattern 
from zigzag layer indexed as single phase MnO.

For the sample oxidized to 36%, the cross-sectional TEM  image (Figure 48a) clearly 

shows the porous surface layer on the surface o f the denser Mn zigzag layer. EDX 

analysis from the porous layer (Figure 48b) reveals that it is predominantly manganese- 

based. indicating a portion of the original zigzag layer has reacted to produce the new 

layer. The Si in the spectrum is from the surrounding glue, which is Si-based while the S
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is likely a contaminant from the Na^SC^ solution. The diffraction pattern from the 

porous surface layer o f the sample (inset Figure 48a), with a combination of sharp rings 

and diffuse rings, indicates partial crystallinity and was indexed as the Mn?C>4 phase. 

Despite the weak intensities, there were no MnO rings identified, suggesting the porous 

surface layer is single phase M n .304  with mixed crystalline and amorphous content 

(confirmed as single phase M n .304  by XPS). However, there is also a possibility that part 

o f the dense intermediate layer is sampled in this diffraction pattern, making it impossible 

to conclude at this stage if the porous layer is fully amorphous or partially crystalline.

Plan view sections were made in order to attempt to confirm the diffraction analysis in 

the cross-section. A representative plan view section (Figure 48c) reveals a layer that is 

partially crystalline in nature but with some amorphous content. However, the 

morphology presented in the plan section suggests that the images in Figure 48c and d are 

not of the porous surface layer, but rather, the denser intermediate layer just beneath. The 

inset diffraction pattern also indicates a mixture of MnO and Mn.3 0 4 . rather than single 

phase M n? 0 4  that was obtained in cross-section. Although the layer could not be 

completely characterized in the TEM  at this stage, it is suggested that the porous layer is 

completely amorphous, thereby accounting for the diffuse rings in the inset diffraction 

pattern in Figure 48a. The crystalline M n -?04 rings are coming from the dense 

intermediate layer, which has both amorphous and crystalline components.

Unfortunately, in cross-section, it is not possible to image all layers at one time because 

of preferential sputtering effects during sample preparation. Figure 48e shows a higher 

magnification image o f the layers closest to the Si wafer of the partially oxidized 

structure with accompanying diffraction patterns. The undisturbed zigzag layer and the 

dense intermediate layer, visible in Figure 48a. are also visible in Figure 48e. The dense 

intermediate layer is identified through diffraction as a mixture of MnO and Mn? 0 4  

(Figure 48f). Again, the reflections for the MnO phase are extremely weak indicating the 

bulk of the material is Mn?0 4 . In addition, the lower portion of the zigzag layer is 

identified as single phase MnO (Figure 48g) indicating the Mn in the zigzag layer is 

oxidizing from Mn to M nO. The bulk zigzag film remains crystalline, while the dense
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intermediate layer has both amorphous and crystalline components. If the intermediate 

layer is a mixture of amorphous and crystalline phases, it is reasonable to assum e that the 

porous surface layer is completely amorphous.

Once the oxidation cycle is completed (4750 s), the film exhibits the capacitive 

tendencies previously reported74. Figure 49 a and b show two TEM cross-section views 

of the film. Figure 49a shows a region where two samples have been glued face-to-face, 

so that the porous surface layer on each surface is visible. Figure 49b shows the 

undisturbed zigzag layer with an inset diffraction pattern from the area indexed as single 

phase Mn^CV

—Mn304(224)

_Mn3O4{103)
Mn304(112)

-Mn3O4(101)

Mn304{200)

Figure 49 a) TEM BF cross-section image of interface showing growth of the porous surface 
layer, b) TEM BF cross-section image of zigzag layer only with inset diffraction pattern 
indexed as single phase MmC^.

The continued oxidation of the structure does not destroy the porous layer, it simply 

further oxidizes the material in the porous surface layer to MnC>2 (Table 10) and the
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zigzag material underneath the surface layer from MnO (Figure 48) to M n?04. Indeed, 

the plan view (Figure 50), which is truly representative of the outermost, surface layer, 

reveals that the continued oxidation results in the formation of an entirely amorphous 

layer as previously suggested. Thus, between the potentials of-1.35V  and 0.9V. there is 

an overall oxidation of the under-layer (in this case, the zigzag layer) and the formation 

of the amorphous porous surface layer.

Figure 50. a) TEM BF plan view image o f porous surface layer, b) Amorphous SAD 
pattern from a).

Given the results from the TEM, XPS and FE-SEM. an oxidation process can be 

postulated that fits with all the results. The oxidation of the Mn in the electrode film 

occurs almost immediately upon its immersion into the solution (i.e.. spontaneously with 

no applied current) and the porous surface layer forms at this time. The porous layer 

maintains an approximately constant thickness throughout the oxidation process (-1.35V 

to 0.1 V) until it finally thins just before 0.9V. Thus, it is likely that the porous layer 

forms in full thickness almost immediately (prior to - 1 .35V) in the process and is 

amorphous upon formation. There are two reasons to support the theory that the porous 

film forms in the amorphous state. The first reason is related to the kinetics of the
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process. With the application of an anodic current, the oxidation process is artificially 

accelerated and thereby occurs fast enough to prevent crystallization. In addition, it is 

unlikely that a crystalline film would form in the first stages o f a process and convert 

over time to an amorphous state; normally, the opposite is true. The TEM  results show 

that the base electrode film remains crystalline, but the intermediate layer is partly 

amorphous. Thus, the portion of the Mn that reacts initially to form the porous layer 

produces an amorphous product, while that material that is not used to form the porous 

layer remains crystalline (base, undisturbed material). In between these two layers is the 

intermediate transition layer, i.e.. the transition region that has mixed amorphous and 

crystalline behavior.

When the amorphous porous layer initially forms it has a 2+ valence. As the oxidation 

process proceeds, the manganese within the porous layer continues to oxidize (eventually 

reaching the necessary 4+ valence). However, in addition to the continued oxidation of 

the porous layer, the base layer of undisturbed material continues to oxidize as well, 

ultimately becoming crystalline MnjO.*. A schematic illustration o f the oxidation process 

is shown in Figure 51.
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*.**'» V*
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F igure 51. Schematic illustration showing the oxidation process of the porous surface 
film and the underlying sub-layer through the various stages, a) As-deposited state, b) 
Immersion into solution showing the immediate dissolution o f the manganese and the 
formation o f the porous amorphous surface film (MnO). c) The film during the first 
plateau at -1 .35  V vs. Ag/AgCl, showing the continued oxidation of the porous surface 
film from MnO to Mn^O.*. The sub-layer continues to oxidize from Mn to MnO. d) The 
film during the second plateau at -0 .8V  showing the oxidation of the surface film from 
Mn? 0 4  to MmO-?. The sub-layer begins to oxidize from MnO to Mn.^Oa- e) The film 
during the third plateau at 0.1 V showing the start o f the oxidation of the porous surface 
layer from MmO? to M nO:. The sub-layer continues the oxidation process from MnO to 
Mn.-?0 4 . f) The film in the transition region between 0.1 V and 0.9 V showing the 
continued oxidation of the porous surface film from MmO? to MnO:. The sub-layer 
continues the oxidation process from MnO to M n?0 4 . The porous surface film begins to 
become slightly thinner, f) The film at the final potential of 0.9V showing the formation 
o f a porous surface layer that is entirely com posed of MnO:. The sub-layer has converted 
entirely to Mn-?0 4 . In addition, the porous surface film has been significantly reduced in 
thickness.
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The transition from 0.1 to 0.9V shows a significant decrease in hydration and also a loss 

in the porous surface layer thickness. If this information is combined with the phase 

results, which show that a significant amount o f  hydrated M nO: forming before 0.1 V, it 

seems more desirable to stop the oxidation process at the end o f the plateau at 0.1V 

where the sample has significant amounts o f  the desired phase, MnO:, with much higher 

hydration (45at% at 0.1 V vs. 25at% at 0.9V) and possibly superior surface area. Only the 

hydrated lattice sites are said to take part in the capacitive process and therefore higher 

hydration in the structure means more sites are available to contribute to the overall 

capacitance o f  the film44. I f  the capacitance o f  these films is tested (CV cycling) at 

various potentials after the plateau at 0. IV , a surprising result is obtained. Figure 52 

shows the current vs. potential plots for the various oxidations, which gives a measure o f 

capacitance.
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Figure 52. Current vs. potential plots for samples oxidized to various end potentials and then 
cycled 100 times. The tenth cycle is shown.

If  the different amount o f  charge capacities are compared, it is obvious that a sample 

oxidized to 0.9V contains the most significant capacitance (11.8 mF/cm2). However, a
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sample oxidized to 0.8V, very close to 0.9V, measures only 7 mF/cm2. by far the poorest 

value of the films tested. The intermediate potentials o f 0.3V and 0.5V result in 

capacitance values between the previous two values, 8 m F/cm 2 and 8.4 mF/cm2. 

respectively.

Fairly significant capacitance can be developed after oxidation to 0.3V. The capacitance 

increases slightly as the potential is increased (to 0.5V in this case) and then decreases 

rather dramatically at the onset o f the final plateau (0.8V). There is a very dramatic 

increase in capacitance once 0.9V has been reached. It is assumed that the reasonable 

amount o f capacitance that can be developed at 0.3 V and 0.5 V is related to the phase 

(significant amount of Mn4+) and the extremely high hydration of the films, giving a 

substantial number o f capacitive (or active) sites. The noticeable decrease in capacitance 

at 0.8V is suspected to be a result o f the dramatic decrease in hydration that occurs 

between the potentials o f 0.5V and 0.9V  reducing the num ber of useable capacitance 

sites. The oxidation time to reach 0.8V is approximately 760s (Figure 37). which would 

place the hydration value for the sam ple oxidized to 0.8V most likely much lower than 

the value for 0.5V according to the results shown in Figure 46. The sample oxidized to 

0.9V has the largest capacitance, but low hydration, and therefore the high capacitance 

must be related to the effective surface area of the porous film. Although the thickness of 

the sample is significantly reduced at 0.9V. it likely has a much finer structure resulting 

in an overall increase in the surface area of the film. Thus, despite the decrease in 

relative hydration, the dramatically increased surface area actually results in more sites to 

take part in the capacitance reaction, thereby resulting in the higher capacitance value. In 

addition, at 0.9V. the film should be 100% MnCb which is expected to significantly 

increase the capacitance.

The microstructure (thinner but possibly with more surface area) can be seen to some 

degree in the FE-SEM oblique view (Figure 38) where the film is not nearly as thick, but 

the porosity is much finer in scale and the film likely has a greater overall area exposed to 

the electrolyte. The refinement o f the surface area is likely the transition that is occurring 

during the plateau leading up to 0.9V. In addition, if the film at 0.8V has the lower
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hydration value and does not yet have the very refined structure to provide substantial 

surface area, it will naturally have a very poor capacitance value. Developing 

significant capacitance is a balance between the hydration and the available sites for 

reaction (surface area). Only the hydrated sites are thought to take part in developing 

capacitance; therefore, for samples of equal surface area, the sample with the greater 

hydration will develop greater capacitance since there are more hydrated sites present. 

Likewise, for samples of similar hydration quantity, the sample with the largest surface 

area will develop the highest capacitance since the greater amount o f active (hydrated) 

sites are present. Thus, it is possible for a sample o f seemingly lower hydration (i.e.. 

oxidation to 0.9V) to develop greater capacitance than a sample o f much higher hydration 

(i.e.. oxidation to 0.5V) because it has a much greater surface area and therefore a greater 

overall number o f hydrated sites.

Since it is necessary to finish the oxidation at 0.9V in order to maximize the capacitance, 

it is desirable from a morphological and chemical perspective to reduce the changes that 

occur during the oxidation between 0.1V and 0.9V in order to maintain higher surface 

area and hydration. If the sample is oxidized with two separate currents, it may be 

possible to retain some of the more desirable qualities of the films at 0.1 V. even after 

oxidizing to 0.9V. If the sample is oxidized slowly to 0.1 V, there would be ample time to 

produce a large porous layer and significant hydration. Once 0.1 V is reached, the 

oxidation process is sped up to reduce the amount o f time spent in the region between 0.1 

V and 0.9V where the bulk of the loss of hydration occurs. The film should still be able 

to fully convert to MnO? and refine the structure slightly to increase surface area. This 

type o f oxidation scheme is illustrated in Figure 53. where one of the curves represents 

complete oxidation at 0.1 mA/cm2. The second curve, that is slightly disjointed, 

represents oxidation at 0.1 mA/cm2 until a voltage of 0.3V is reached and then 

completion o f the oxidation process at 0.8 mA/cm2. The reason for the slight break in the 

graph is because of the small time delay that takes place when the potentiostat switches to 

the second current, although the potential continues to increase on its own.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



120

1.00 :

0.80

0.60

0.40a
0.20W
0.00

100 200 300 400 500 600 700- 0.20

■0.40

-0.60 — oxidation at 0.1 mA/cm2 
— single oxidation 0.1 mA/cm2: 
— oxidation at 0.8mA/cm2

-0.80

- 1.00

- 1.20

-1.40

Time (s)

Figure 53. Graph of potential as a function o f  time for samples oxidized using two different 
current densities (0.1/0.8mA/cnr) compared with a sample oxidized using a single current 
density (0.1 mA/cm2).

The sample oxidized at a single current (0.1 mA/cm2) completes the oxidation process in 

630s, however, approximately 270 s o f  that oxidation process is spent in the potential 

range o f  0.1-0.9V vs. Ag/AgCl. Although this time is used for the transition to MnO;, 

there are detrimental effects such as loss o f  hydration. In the other curve, the sample is 

oxidized at 0.1 mA/cm2 until a potential o f 0.3V is reached (to ensure good hydration). 

At this point, the oxidizing current is changed to 0.8 mA/cm2 in order to speed the 

transition to M nOi with a minimal loss in hydration but still refine the structure to 

provide good surface area. With this type o f  oxidation, only 30s are spent in the critical 

region between 0.1 and 0.9V.

The morphology o f these two films is shown in the FE-SEM images in Figure 54.
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Figure 54. FE-SEM SE images in oblique and cross-section view from films oxidized at a) a 
single current density (0.1 mA/cm2) and b) two separate current densities (0.1 /0.8mA/cm2).
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There is a substantial visible difference in the morphology o f  these two films. The single 

current oxidation process (Figure 54a) results in a thicker film with far greater porosity 

and surface area and therefore, likely superior capacitance. The film oxidized using two 

different current densities, in contrast, looks quite flat. Figure 55, which is a plot o f the 

current vs. potential behavior for the two films during CV cycling, confirms this 

hypothesis. The charge storage capability o f the single current oxidation film is far 

superior (greater area under the curve), giving a capacitance o f 11.8 mF/cm2 vs. only 7.7 

mF/cm2 for the dual current oxidation film. This difference is fairly substantial, over 

50% more capacitance.

-6.0E-04 ,
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3.0E-04

4.0E-04 J

Figure 55. Plot o f current vs. potential behavior for the tenth CV cycle for a film oxidized at 
0.1 mA/cm2 and a film oxidized at 0.1 and 0.8mA/cm2.

Although the multiple current oxidation was intended to preserve hydration, this was not 

the case. XPS analysis o f the film oxidized with two current densities gave a final 

hydration value o f 29 at%, which is very close to the 25 at% normally achieved with 

single current oxidation and a significant decrease from the higher values achievable at
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oxidation to 0.5V (>50 at%). In addition, the final oxidation at 0.8 mA/cm2 for the last 

30s serves to nearly destroy any porosity in the film rather than refining the structure. 

The higher current density, although accomplishing the oxidation process more quickly, 

was clearly more destructive to the film. Perhaps this higher current density, and thus 

faster reaction rate, caused more o f the delicate porous layer to be broken off resulting in 

a thinner film  with less porosity. Some support for this hypothesis can be seen in the 

AAS results (Figure 56).

0.012  -

! O oxidation a t 0.1 mA/cm2 
; ■  oxidation a t 0.1 /0.8mA/cm2

Mn rinsed off Mn in solution Total Mn 
sam ple

Figure 56. Graph showing the difference between the solubility of Mn during a single 
current deposition and a bi-current deposition.

Oxidation at a single current results in much less Mn being lost from the structure 

through rinsing. Although there is roughly the same amount of Mn going in the solution, 

the rapid and immediate increase in oxidizing current at the end of the process ultimately 

results in significantly more Mn resting on the surface of the sample than if a single 

oxidizing current was used. It is felt that the rapid change in current causes spalling of 

the delicate porous portion o f the film leaving behind only the thinner dense under-layer, 

which is incapable of developing significant capacitance. The large build-up of Mn 

material on the surface o f the film is probably remnants of the porous portion of the film
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that has spalled from the film surface. The combination o f poorer surface area with 

essentially unchanged hydration results in the decrease in m easured capacitance.

In summary, the electrochemical oxidation process in Na^SCU results in the formation of 

an extremely porous surface layer. This layer, in morphology, is quite similar to the 

morphology seen in other films that have been produced by other processes using an 

electrodeposition technique. Although the underlying zigzag layer is oxidized from 

Mn/MnO to single phase MnjC^. the more important result is the formation o f  the porous 

surface layer. Electron microscopy has confirmed the porous nature o f this film, and 

selected area diffraction has confirmed its amorphous nature. XPS results indicate that 

the surface o f the film is made up of hydrated manganese oxide in the 4+ valence state 

which is the necessary component required for developing good capacitance.

In particular, there is a striking resemblance between the films produced through the 

electrochemical oxidation step and those produced by Pang and Anderson6'’'66'71 through 

electrodeposition. Pang and Anderson similarly produced a hydrated film with a 44- 

valence. and with a very similar looking porous surface layer. Unfortunately, their films 

are shown only in SEM plan view images. W hile their plan view images are quite similar 

to those in this work, it is impossible to tell if the films are similarly consistent in the 

cross-section since none were provided in their work. It should be mentioned as well 

that, though both types o f films were produced by a different method, both involved an 

electro-oxidation step and it is likely the electro-oxidation is the cause o f this unique film 

morphology.

The most significant difference between the films in this work and those of Pang and 

Anderson is the scale of the porosity. The porosity is much finer in the films produced by 

Pang and Anderson than the films that are produced here. Pang and Anderson currently 

have the superior films (-20%  better) and it is worthwhile to be able to reproduce the 

superior film morphology using a different process. W hat is also interesting to note is 

that the films produced by other groups working with electrodeposition processes do not 

produce films with such a  fine-scale porosity in the manner o f  these two processes.
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There is no real reason why the films should not be similar in morphology, but they are 

not. It is likely related to the currents used for deposition, or the chemical reagents that 

were employed. Unfortunately, there is insufficient information in the various papers to 

identify the exact reason for the different morphologies.

It has been shown that the morphology o f the underlying substrate is not a factor in 

electrochemical oxidation as both dense and zigzag films of manganese oxide form the 

porous, amorphous, hydrated surface film. It is likely that the bulk film does not take part 

in the charge/discharge process, only the porous surface film does. The dense 

intermediate layer directly beneath the porous layer may simply be a physical marker of 

the separation o f the active portion o f the electrode from the carrier/substrate portion of 

the electrode. As a  result, the thicker zigzag films do not provide a significant advantage 

over the dense film s since there is such a large amount of material that is essentially 

useless in terms o f developing capacitance. Although the dense intermediate and bulk 

layers are thought to be also present in the dense samples, due to the smaller starting 

thickness o f material, these layers end up being much smaller resulting in a more efficient 

structure. These ideas will be discussed further in subsequent sections.

The results presented here should greatly simplify the electrode fabrication process.

Little attention needs to be paid to the porosity of the starting material as originally 

thought, since the electrochemical oxidation process produces its own suitably porous 

surface. This finding eliminates the need to produce the porous amorphous films using 

the more com plicated, multi-step processes o f sol-gel or precipitation, since the original 

surface area/porosity of the electrode is not a significant factor. In addition, this finding 

surpasses the current electrochemical deposition techniques that deposit the hydrated 

product directly onto the electrode carrier, since it eliminates the need for carefully 

controlled M nOx deposition from a chemical bath. Instead, supercapacitive processing 

requires only a single solution o f Na2S0 4  and the electrochemical oxidation process can 

be done in-situ after the capacitor is packaged. In addition, the starting electrode material 

need not be pure Mn. This process works extremely well using a two-phase mixture of 

Mn/M nO. which is easily produced in any PVD system since there is no requirement for
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low oxide content. The capacitance of the films produced through the 

PVD/electrochemical oxidation process, reported as 250 F /g 74. is on par or superior to 

the majority of the films produced in other laboratories and somewhat below the state of 

the art value of 720 F/g produced by Pang and Anderson63'66'71.

4.2.4 Effect of CV cycling

4.2.4.1 Microstructure
As mentioned in the previous section, it seems apparent that the only portion o f the film 

developing any usable capacitance is the porous surface layer, and the bulk of the 

substrate layer is providing only structural support because it is physically and chemically 

not suitable for capacitance. To confirm this idea, films that were cycled were analyzed 

in the TEM and by XPS. For this portion of the work, the zigzag films were again 

studied as they provided a greater volume of material for diffraction work.

A zigzag film cycled as a supercapacitor several hundred times is shown in Figure 57. 

The three important features in this image are the presence o f the porous surface layer, 

the denser intermediate layer directly below, and the undisturbed base material. All three 

were seen at the various stages throughout the oxidation. Thus, even after substantial 

cycling, the three-part structure is not destroyed. However, the porous surface layer does 

look more fragile and with a finer texture than was seen prior to CV cycling (Figure 47b 

and Figure 50a). In Figure 58. the zigzag structure is identified through selected area 

diffraction as single-phase Presumably, any changes to the zigzag occurring

during cycling are reversible as there is no phase change from the pre-cycled condition.
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Figure 57. TEM BF cross-section image of a zigzag film that has been electrochemically 
oxidized and then cycled one hundred times between 0 and 0.9V.
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F igu re  58 a) STEM annular DF image o f the electrochemically oxidized sample, b) SAD 
pattern taken from zigzag layer indexed as single phase Mn^O-t. c) EDX spectrum taken from 
the thin layer region marked with an X and d) EDX spectrum taken from the bulk sample 
region marked with an O.

There are conflicting results in the literature as to whether the capacitance is due to a 

proton insertion mechanism, or the chemisorption of sodium from the electrolyte67. The 

corresponding EDX spectra (Figure 58c.d) from the each area o f the film provide some
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useful information. The dense intermediate layer that is present on top of the zigzag layer 

was found, through EDX analysis (Figure 57c). to contain much higher levels o f Na 

relative to the bulk material suggesting the chemisorption mechanism is more likely. 

Alternatively, the effect may simply be due to ordinary adsorption mechanisms from the 

electrolyte. Unfortunately, the layer was too thin to be evaluated by convergent beam 

diffraction. More importantly, the ED X  results suggest that the bulk substrate structure, 

once oxidized from Mn/MnO to M n .3 0 4  is essentially isolated from the electrolyte (no 

sodium found-Figure 57d), while the porous surface layer and dense intermediate layer 

clearly have more contact with the electrolyte. This is yet more evidence indicating that 

the development o f capacitance is restricted to the porous surface layer.

Again, due to the nature of the porous surface layer, it was analyzed by XPS to glean 

both the valence of the Mn and the relative hydration o f  the film. Once the sample has 

been cycled several hundred times, although there is no change in the bulk substrate 

layer, there is a definite change in the chemical m ake-up of the porous surface layer. The 

Mn 3s data indicates a valence of 2+ (M nO) (Table 11) for the cycled sample. This result 

reveals that changes have occurred and a portion o f the surface film has been reduced 

from the 4+ to the 2+ and may be indicative of irreversibility in the process where a redox 

reaction is occurring in conjunction with the pseudocapacitive reaction. The hydrated 

content of the film (33%) has not changed noticeably from the pre-cycled condition 

(Figure 46). suggesting that the hydrated structure is not being destroyed through the 

reduction process. However, the fact that the only changes occurring during the CV 

cycling process are restricted to the porous surface layer is some evidence that the base 

substrate structure is not required for developing capacitance, and therefore, thinner films 

should be used to reduce material waste.
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Table 11. XPS results for zigzag sample cycled 100 times.

Sample Mn 3s Splitting Phase at%
W idth (eV) hydration

Cycled (100 times) 5.79 MnO

Un-cycled 4.79 Mn02 32

4.2.4.2 Capacitance
Knowing that the valence o f  the porous surface film is decreasing, it is reasonable to 

assume that the capacitance would decrease as well. This trend has been revealed for 

dense films oxidized in a horizontal sample orientation and the current-time curves are 

shown in Figure 59. These curves provide the total charge storage for the film and when 

divided by the voltage, give a capacitance value.
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Figure 59. Current vs. Time curves for a dense film oxidized in a horizontal sample 
orientation at a current density of 0.2mA/cm2.
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Although the first curve has a somewhat different appearance from the other curves, it is 

clear that the area under the curve (total charge storage) decreases as the number of 

cycles increases. For instance, the calculated capacitance for the first cycle is 

5 .60m F/cm \ for the fiftieth cycle it is 4.44m F/cm 2 and for the hundredth cycle it is still 

4.44mF/cm~. There is a fairly significant decrease (-21% ) in the capacitance values 

between the first and fiftieth cycle showing the detrimental nature o f the cycling. 

However, after the fiftieth cycle, the capacitance stabilizes. The decrease in capacitance 

can be explained by the previous XPS results (Table 11) where, after 100 cycles, the 

valence of the manganese was reduced to M n2+ instead o f M n4+. The literature seems to 

base all its reactions on the Mn4+ ion; however, a fairly significant amount o f capacitance 

remains (-80% ) and seems to have reached an equilibrium state despite the relatively low 

valence. It is important to note that there is minimal decrease in the capacitance after 30 

cycles suggesting that the bulk of the irreversibility is occurring within the first 30 cycles, 

after which the film appears to stabilize and maintain a constant capacitance value up to 

100 cycles.

In general, the cycling reproducibility o f this process is equivalent to anything that has 

thus far appeared in the literature. In one study. Pang et a!66 report a 10% decrease in 

capacitance over the space of 1500 cycles, significantly more than the 100 cycles tested 

in this thesis. However, in another study71, a loss o f over 20% capacitance is reported 

over the span of 1500 cycles. Other researchers. Hu and W ang76, report a loss o f 5% 

capacitance over 550 cycles. Hong and Kim70 report a  loss o f 7% capacitance after 100 

cycles and Jeong and Manithram67 report a 5% loss after 200 cycles. Thus, the loss in 

capacitance recorded by the films made by the PVD/oxidation process are competitive in 

terms of cyclability. In addition, the results from the literature indicate that a significant 

decrease in capacitance occurs within the first tens o f cycles66'68'70'71'76 similar to the 

PVD/oxidation process, which had a capacitance change of -20%  within the first 30 

cycles. After the initial decrease, all films appear to reach a final capacitance value.
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In general, the researchers in this area do not report any evidence of a valence change in 

their films, as is reported in this study. It is possible, however, that the valence o f their 

films is changing during cycling, but none of the publications have closely studied the 

effect o f  cycling on the morphology and chemistry of their films. Pang and Anderson66 

identify, through SEM  imaging, some changes to the morphology of the electrodes as a 

function o f repeated CV cycling. They notice a slight degradation in the structure of the 

electrode films, but because the samples are imaged in plan view, there is not a true sense 

o f the potential dam age that may have been inflicted upon their films. In addition, their 

SEM  images are not accompanied by any kind of chemical or phase analysis, so it is 

difficult to determ ine the extent o f the damage to the films to determine if it is simply a 

morphological change, or a chemical change as well.

Chigane and Ishikawa75'77 on the other hand, have some limited phase analysis o f the 

film s as a function o f CV cycling. In their particular study, they measured the 

absorbance o f 400nm  light and were able to relate it to the chemical state of the film. In 

order to determine the effects o f CV cycling on the film, the absorbance of light was 

m easured as a function o f the number of cycles. What was noted was that the absorbance 

in the oxidized and reduced states increased during the first 1000 cycles. After 1000 

cycles the absorbance increased gradually, but the difference in absorbance between the 

oxidized and reduced state increased by only 7%. They assumed that potential switching 

(during cycling) produced a repetition of the transient redox state. Thus, the increase in 

absorbance in the first 1000 cycles and after was attributed to a shifting of the reaction 

system from [Mn2+. M nv7M n4+] to [Mn'v7M n4+] and finally to [Mn',+. Mn4+/Mn4+]. They 

have reported a gradual oxidation of their system as the cycling continues which is 

certainly detrimental.

Chigane and Ishikaw a's results are slightly contradictory to the results obtained in this 

study, where it was found that after 100's of cycles, the film has been reduced to Mn2t. 

Although the starting film consists of amorphous, hydrated Mn4+. many changes may 

occur during cycling. Looking at the CV curve for the first and tenth cycle (Figure 60). 

the starting potential is set at 0V vs. Erct-: however, the value of the current at that
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potential is vastly different between the two cycles. Note, that the sign convention gives 

a positive current if it is anodic and a negative current if  it is cathodic. During cycling, 

the film starts a potential of OV and slowly scans up to 0.9V (top portion o f  the curve) 

and then returns from 0.9V to 0V (bottom portion o f the curve) to com plete the scan. In 

the first cycle, the starting current is very large and cathodic, indicating some initial 

reduction from the Mn4+ state has occurred. As the progress of the cycle continues, the 

current eventually becomes oxidizing signaling an oxidation. Once 0.9V is reached, and 

the reverse trace starts, the current almost immediately becomes negative (cathodic) 

signaling a reduction process (Figure 61) down to a starting potential o f  OV. During the 

tenth cycle, as the potential increases, the current becomes oxidizing right away and 

exhibits a rectangular shape that is typical o f pseudocapacitance. Thus, the first cycle 

seems to indicate an initial reduction o f the film is required before true pseduocapacitive 

cycling can begin. This is logical if it is considered that a film in the 4+  state will not be 

able to oxidize further. In addition, the cycling tests are always stopped at OV. which is 

the reduced form o f the film. In light of this, and the results presented by Chigane and 

Isikawa7'\ it is reasonable to assume that our PVD/electrochem system is the in [Mn2+. 

Mn”7Mn4+] reduction couple that they discuss. Thus, a reasonable pseudocapacitive 

mechanism for our film is

MnOx(OH)2.x + yH+ + y e 'M n O x.v(OH)2-x+v where (0<y<x<2)

based on the work o f Chigane and Ishikawa7'\  For our particular system, a possible 

reaction could have x=2=y. If this is the case, the reaction reduces to 

M n02 + 2H+ + 2e Mn(OH)2

In the oxidized state, the manganese has a valence o f 4+  and in the reduced state the 

manganese has a valence of 2+. which corresponds to the XPS results. This 

pseudocapacitive reaction is considered to be the most favorable for this system since it 

fits the experimental data quite well.

If the reaction proposed by Pang and Anderson6-’ is considered (seen below) it is possible 

to have a 4+ valence, but impossible to obtain the 2+ valence that appears in our system
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unless no charge is passed. The difference arises because Pang and Anderson deal only 

with partial charge transfer while Chigane and Isikawa do not make that limitation.

M n02 + SH+ + 8e' M n02H6 0<5<0.5

O.OE+OO ^  
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Figure 60. CV curves for the first and tenth cycle.
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Figure 61. CV curves for the first and tenth cycle.

4.2.5 Effect o f sample orientation on the oxidation process and production o f a porous 

surface layer

The results o f  the previous sections have identified the crucial role played by the porous 

surface layer in the development o f  significant capacitance. Thus, the manipulation and 

improvement o f  this layer will ultimately increase the capacitance o f these films. One o f 

the important factors influencing the morphology and chemistry o f this layer is the 

sample orientation during the oxidation process. The previous results were all achieved 

using the horizontal cell configuration seen in Figure 14. I f  the cell configuration is 

changed, such that the sample is held vertically (Figure 13) rather than horizontally, there 

are some changes in the oxidation process and the resulting films (Figure 62 and Figure 

63).
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Figure 62. Graph o f oxidation process stopped during the various stages indicated by the 
legend for the sample in a vertical orientation.

Comparing the results for a vertical sample orientation to the results for the horizontal 

sample orientation (Figure 37), it can be seen that the plateaus all occur at the same 

voltage and there is the same type o f  scatter for the oxidation rates even within the same 

wafer. Again, this is due to minute differences in surface quality and Mn layer thickness. 

It is worth noting that the overall oxidation time for the sample with the vertical 

orientation is slightly less than the time required for oxidation with a horizontal 

orientation. It is difficult to say i f  this difference is due to different surface qualities and 

part o f the data scatter. The oxidation for both sample orientations was carried out at a 

current density o f  0.1mA/cm: . The differences in the oxidation process appear quite 

minor, and the differences in film morphology appear similarly minor (Figure 63).
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Figure 63. FE-SEM SE images o f the various stages of oxidation in both oblique and cross- 
section views for samples oxidized with a vertical sample orientation to a final potential of a) 
-1.35V. b) -0.8V. c) 0.1V and d) 0.9V.
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Immediately obvious from the FE-SEM images is that the same type o f porous surface 

layer forms as for the films produced using a horizontal sample orientation. A major 

difference in the films, as Figure 64 shows, is the thickness of the overall porous surface 

layer. A s well, the morphology of the film at 0.9V (the critical stage) appears to be less 

porous than the film produced using a horizontal sample orientation. Ultimately, this is 

not a desirable outcome as the surface area of the layer may be significantly reduced.
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Figure 64. Graph of porous film thickness as a function of oxidation time and sample 
orientation.

Since the thickness of the porous layer does not aid in sorting out the growth mechanism 

o f the film: the mass of the film as a function of oxidation time must be considered 

(Figure 65).
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Figure 65. Graph of film mass as a function of oxidation time.

The trend for each sample orientation is linear which is expected since the same type of 

oxidation curve is produced in each case with a similar type o f porous film resulting. 

However, there is significantly more m ass gained with the vertical sample orientation 

than for the horizontal sample orientation. The best explanation is that the increased 

access of solution to the sample surface in the set-up for the vertical sample allows the 

reaction to occur more quickly than in the set-up with the horizontal sample, thus 

resulting in a greater film mass. This hypothesis will be discussed in the following pages.

The amount of Mn that is lost during the oxidation process was analyzed using the AAS. 

The amount of Mn going into the solution during the vertical oxidation process is 

compared with the horizontal configuration in Figure 66.
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Figure 66. Graph showing the amount of total Mn lost during oxidation as a function of the 
oxidation potential and sample orientation.

At the end o f the oxidation process (0.9V). there is approximately the same total amount 

o f Mn being removed from the sample. These values represent both the Mn in the 

solution and the Mn that is rinsed off the surface of the wafer. In the vertical sample 

orientation, the total rate o f Mn loss is fairly constant. The amount of Mn lost in the 

horizontal sam ple orientation is fairly constant up to a transition between the potentials of 

0.1 and 0.9V when a more significant amount o f the Mn is dissolved into solution.

The major difference in the sample orientations, however, is revealed in Figure 67. 

which considers the Mn lost from near the surface of the sample.
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Figure 67. Graph of amount of Mn rinsed off the sample during the oxidation process.

There is consistently more Mn rinsed off the horizontal sample than the vertical sample. 

The amount of Mn rinsed from the vertical sample is the same at each potential and is 

quite small. Thus, most of the Mn lost from the vertical sample goes straight into 

solution. On the other hand, a significant quantity o f the Mn lost during oxidation of a 

horizontally orientated sample actually remains on the surface o f the sample, especially at 

- l.3 5 V  and 0.9V where this accounts for the majority of the total Mn. This results in the 

U-shaped curve that is seen in Figure 67, which was explained previously in Section 

4.2.3 and is illustrated in Table 12, which specifies the location o f the Mn after a 

complete oxidation cycle (0.9V). The same amount o f Mn is lost during the oxidation 

process regardless of the orientation of the sample. However, in the vertical test there is 

no detectable Mn on the surface o f the sample as it has all gone into solution. On the 

other hand, in the horizontal cell, three times as much Mn remains loosely resting on the 

surface o f the sample such that it is easily removed with a gentle rinse in de-ionized 

water. This difference can be easily understood if the schematics of sample orientation 

are considered (Figure 68)
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Table 12. AAS results for complete oxidation for the two different sample orientations.

Cell set-up Mn in solution 
rinsed off wafer 
(mg/cm2)

Mn in bulk solution 
after oxidation 
(mg/cm2)

Total Mn in rinse 
and solution 
(mg/cm2)

Electrodeposition 
Cell (vertical)

0 0.0128 0.0128

Testing cell 
(horizontal)

0.0096 0.0034 0.0130

Pt a)

dense
Mn
layer'

Figure 68. a) A schematic of oxidation process with a horizontal sample orientation showing 
the location of the lost Mn . b) A schematic of the oxidation process with a vertical sample 
orientation showing the location of the lost Mn.
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When the oxidation occurs on a sample oriented horizontally (Figure 68a) any Mn that 

leaves the layer during oxidation (either ionic or in the oxide form) is likely to remain 

near the surface of the growing porous layer due to gravitational effects. However, with 

the vertical sample orientation (Figure 68b) most o f the M n leaving the sample during 

oxidation will slip off the surface o f the growing layer due to the gravitational effects, 

resulting in less Mn on or near the surface of the sample, and more in the solution as 

compared with the horizontal sample orientation. These schematics can also help to 

explain why the growth rate of the vertical sample was larger than the horizontal sample. 

Consider the effects of concentration on the potential o f an electrochemical reaction as 

described by the Nemst equation.

RT
£  = £ , + — log C

nF

where E is the potential, Es is the standard potential, R is the universal gas constant. T is 

the temperature of the system, n is the number of electrons transferred during the 

reaction, F is Faraday's constant and C is the concentration o f the ions.

As the concentration of the Mn ions increases in the diffusion layer, the potential o f the 

electrode will become more and more positive, m aking oxidation less likely. However, if 

the Mn ion concentration is quite low in the diffusion layer, the electrode potential 

becomes more negative resulting in a greater tendency for oxidation. Thus, in the vertical 

sample orientation, as the Mn is more easily removed from the vicinity o f  the sample, the 

Mn concentration near the surface is relatively low. resulting in a more negative 

potential, and quicker oxidation. In the horizontal sample orientation, the Mn ions can 

easily remain near or on the surface of the sample and thus the Mn concentration is 

relatively high near the surface, which serves to slow the oxidation process and result in 

relatively less mass gain. Thus, it is beneficial to oxidize vertically, as a greater mass of 

film can be produced (hence more active sites): however, if  the surface area is not as 

great as the surface area produced through horizontal oxidation, then fewer active sites 

will be exposed to the electrolyte.
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The chemical make-up o f the porous films, produced using the vertical orientation, was 

evaluated using XPS and the results are presented in Figure 69 and Figure 70. Note that 

the trend o f  oxidation is the same for the vertical sample as for the horizontal sample with 

the same transformations occurring in the same plateau regions for each film regardless 

o f  orientation: MnO—>Mnj0 4  in the first plateau, MnjCU-^MmOj in the second plateau, 

Mn^Oj—»MnC>2 in the third and fourth plateaus and a thinning o f  the film at the end o f  the 

fourth plateau. As well, the hydration o f the film follows the same trend regardless o f 

sample orientation except that the absolute value o f  the hydration is greater for the 

vertical sample orientation during the initial stages o f  oxidation. However, both types o f 

samples ultimately achieve the same hydration value in the end, so there is no gain in 

hydration by oxidizing using a vertical sample orientation.

•  as-dep

a horizontal 
sample 
orientation 

♦ vertical sample 
orientation

4.4
0 100 200 300 400 500 600 700 800 900 1000

O xidation Tim e (s)

Figure 69. Plot o f Mn 3s splitting width from XPS as a function o f oxidation time.

Mn30

Mn20
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Figure 70. Plot of hydration of the porous film as a function of oxidation time.

Although the vertical sample orientation results in more film (i.e.. greater mass) and 

therefore, more active sites (Figure 65), it also appears less porous (Figure 63) resulting 

in fewer active sites being exposed to the electrolyte. The ultimate result is significantly 

less capacitance for the films oxidized vertically. This can be seen in the graph o f current 

vs. time, which give the total charge of the films per square centim eter of wafer surface
-y

(Figure 71). It is obvious that there is significantly less charge per cm ' for the vertical 

sample, with the actual values of 0.0032C/cm2 for the vertical sample as compared with 

0.0068C/cm2 for the horizontal sample. This is a doubling o f the charge storage for the 

samples produced horizontally. If this value is converted to a capacitance (dividing by 

the voltage range) the capacitance values are 3.6mF/cm2 for the vertical sample compared 

with 7.6mF/cm2 for the horizontal sample. Thus, the films produced horizontally are 

vastly superior to those produced vertically.
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Figure 71. Plot o f current vs. time for cyclic voltammetry scans.

W hat is not clear is the cause o f  the large difference in surface area between the films 

produced horizontally and vertically. Those samples produced vertically obviously differ 

in sample orientation, but in addition, the solution volume that is exposed to the sample 

(Figure 14) is significantly smaller than the solution volume in the vertical cell set-up 

(Figure 13). The main cause o f  this is the narrow neck (Figure 14), which does not allow 

the solution above to easily penetrate the area sitting near the sample surface, restricting 

the usable sample volume to approximately 1 mL. This is a much smaller volume as 

compared with the approximately 45mL that are used during oxidation o f  the vertically 

orientated sample.

To help determine the cause o f  the film differences, the sample set-up in Figure 13 was 

reconfigured to produce a film with a horizontal orientation rather than a vertical 

orientation to see if  there was a noticeable change in the nature o f  the film. As the 

solution volume was held constant, the effects o f  gravity could be tested independently o f 

solution volume. In addition, a sample was produced (horizontally) using a similar cell
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set-up as Figure 14, but with an increase in solution volume in order to test the effects of 

solution volume on the production of the porous layer independently o f the effect of 

gravity. In the cell shown in Figure 14. a total solution volume o f 25mL is ordinarily 

used. In order to test the effect of solution volume, double the volume (50mL) is used for 

the testing. However, the actual increase in solution volume may be far greater. 

Exam ining the geometry o f Figure 14 more closely, the small neck diameter effectively 

limits the amount of solution that can realistically contact the sample surface. If this 

geometrical constraint is considered, then the volume is increasing by a factor o f 50 as 

there is only lm L of solution within the neck region of the cell. The results o f these 

experim ents are shown in Figure 72. The vertical and horizontal control samples were 

prepared in the standard manner using the oxidation cells seen in Figure 13 and Figure 

14. The effect of gravity was tested by using the vertical oxidation cell (Figure 13) but 

positioning the sample horizontally. The counter electrode remained in its position on the 

other side of the cell, with the reference electrode held close to the side of the sample as 

was done with the vertical sample orientation. The effect o f  solution volume was tested 

using the vertical oxidation cell again with a horizontally orientated sample. The 

difference from the previous test was that the counter electrode and reference electrode 

were suspended directly above the surface of the sample as they were in the horizontal 

test cell (Figure 14).
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Figure 72. Graph of oxidation process at a constant current o f 0 .1 mA/cm2 under different 
geometrical constraints.

Considering the two control samples from Figure 72, the horizontal orientation takes a 

longer time to complete the oxidation than the vertical sample, which was previously 

explained in terms o f concentration o f ions near the surface o f  the growing layer. In 

addition, the two oxidation traces for the samples made to study the effects o f gravity and 

sample volume exhibit identical traces. This confirms that the oxidation process is 

independent o f  the location o f  the counter electrode. This is an expected result since a 

well-designed oxidation cell should not be sensitive to the location o f  the counter 

electrode.

The effects o f  sample orientation (or gravity) can be understood by comparing the 

vertical control sample oxidation in the vertical testing cell with horizontal geometry 

oxidation. The oxidation with a horizontal geometry, instead o f  a vertical geometry, 

takes longer to reach a final oxidation state. This result suggests a reduction in the rate o f 

oxidation for the horizontal sample that is likely due to a local increase in the Mn ion 

concentration next to the surface o f  the growing porous layer. Thus, the porous surface
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layers for these two samples should look different. A comparison of the morphology of 

the two films is shown in Figure 73.

100nm

lOOnm
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Figure 73. FE-SEM SE oblique and cross-section images of films produced using a) a 
normal vertical sample orientation and b) a horizontal sample in the vertical sample cell. The 
oxidation current for both samples was 0.1m A/cm \

The difference in surface texture is immediately apparent between the sample held 

vertically and the sample held horizontally. The sample held horizontally has far more 

porosity that extends more deeply into the film than the sample held vertically. This is 

also mirrored in the thickness o f the layers. For the vertical sample, the thickness was 

measured as 200 nm while the thickness o f the horizontal sample was also 200 nm.

There is essentially no difference between the two. Additionally, the horizontal film has 

a similar morphology to the film produced using the standard horizontal sample cell 

(Figure 14). with the exception that it is slightly thinner than the standard horizontal 

sample: 200nm vs. 230nm (Figure 38).

The AAS results offer m ore insight into this process. Figure 74 clearly shows that there 

is no Mn in the rinse solution for either the horizontal or vertical sample. It is expected 

from previous results that the vertical sample would have no Mn in the rinse solution: 

however, it is also expected that the horizontal sample would have a significant quantity
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o f Mn in the rinse solution (Table 12). Instead, for both samples, all the Mn lost during 

the oxidation process is going into solution. This suggests that the reason for the 

increased Mn concentration near the surface of the film during horizontal oxidation is not 

entirely due to gravity, but may be due to the restricted solution volume as well.

However, gravity still has some effect as evidenced by the FE-SEM images and the 

oxidation trace.

0.012 1

□Vertical control sam ple 
U Horizontal sam ple in vertical cell

Mn rinsed off sam ple  Mn in solution Total Mn

Figure 74. AAS results comparing the control sample, with a vertical orientation, to a 
sample with a horizontal orientation in the vertical oxidation cell to identify the location and 
amount o f Mn lost during the oxidation process.

The XPS results from the porous surface film (Table l3)show that all other properties of 

the films are the same. Thus, the only difference is the relative amount o f surface area, 

indicating that the horizontal oxidation geometry does result in a superior film.
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Table 13. XPS results from the Mn 3s splitting data and the O ls  peak de-convolution for the 
different geometries. Each sample was oxidized to 0.9V.

Sample Mn 3s Splitting 
W idth (eV)

Phase at%  hydration

Vertical control 4.9 MnO: with 
trace MmO?

20

Horizontal film in 
vertical cell

4.65 MnCb 17

To consider the effects of solution volume independent of the effects o f gravity, the data 

for the horizontal test cell must be compared to the data for the horizontal test cell with 

greater solution volume. Figure 72 clearly shows that the horizontal test cell, with the 

increase in solution volume, completes the oxidation process much more quickly than the 

horizontal solution with the small volume (654s vs. 916s). This quicker oxidation 

indicates that there is likely less buildup of Mn ions near the growing oxide film as 

compared with the test sample. These results are confirmed by the morphology of the 

film as seen in the FE-SEM images in Figure 75.

100nm
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100nm

Mn oxide

b)

F igure 75. Oblique and cross-sectional FE-SEM. SE images for a) horizontal test sample and 
b) horizontal sample with greater solution volume. Both samples were oxidized at 
0.1m A/cm2.

The difference in film morphology between the two samples is quite subtle. However, 

the horizontal test sample (smaller volume) has a greater amount of porous film and 

greater texture, which ultimately leads to a greater surface area. The thickness o f these 

films is also different. The test film has a thickness of approximately 300nm. while the 

thickness o f the film produced with a greater solution volume has a thickness o f only 

200nm. Since the effect o f gravity is not an issue with this set of films, it is clear that the 

limited solution volume in the control test results in a superior film in terms of 

morphology and hence capacitance.
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The AAS results (Figure 76) confirm this idea. The horizontal control sample has a 

significant quantity of Mn remaining loose on the surface o f the sample as a percentage 

of the total amount of Mn lost during the oxidation process. On the other hand, the 

horizontal oxidation carried out with a greater solution volume has virtually no Mn left 

on the solution of the film, with all the lost Mn in the bulk o f the solution. These results 

suggests that the greater amount of solution volume allows for better movement o f the 

Mn ions away from the oxide layer interface and thus a faster oxidation process and a 

film with a decreased surface area (and hence capacitance).

0.014 i

I □  horizontal control sam ple

I ■  horizontal sam ple  with g rea te r solution 
volume

Mn rinsed off sam ple

Figure 76. AAS results comparing the amount and location of Mn lost during the oxidation 
process for the horizontal control sample and the horizontal sample with greater solution 
volume.

The chemical structure of the films was evaluated again using XPS (Table 14).
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Table 14. XPS Mn 3s peak splitting results and O Is de-convolution results for different 
solution volumes

Sample Mn 3s Splitting 
Width (eV)

Phase at% hydration

Horizontal control 4.6 MnO: 27

Horizontal film with 
greater solution 
volume

4.9 MnCb with 
trace MmO?

16

W hile the valence o f the films is nearly the same, there is a rather significant difference 

in the relative hydration: 27% for the control sample vs. 16% for the greater solution 

volume. These results confirm that the control sample clearly produces a superior film 

for capacitive purposes, although there is no explanation as to why the hydration should 

be reduced for the sample produced in a greater solution volume. Similarly, there is no 

reasonable explanation as to why a trace amount of MmO? remains in the porous surface 

film.

The above suppositions are supported by the capacitance data shown in Figure 77. The 

horizontally produced control sample, as expected from its morphology and hydration, 

produces the highest charge capacity and capacitance at lOmF/cm2. The film made with 

a horizontal geometry, but with greater solution volume has a much lower capacitance 

value (3.6mF/cm2) as a result o f its poorer morphology and lower hydration. Finally, the 

vertically produced film displays the poorest capacitance (3mF/cm2) due largely to its 

poor morphology since its hydration is fairly similar to that for the horizontal control 

sample. W hat is interesting to note is that changing the sample geometry has little effect 

compared with changing the solution volume, in terms of how much capacitance can be 

developed. Thus, it can be concluded that the most critical variable to creating maximum 

capacitance is restricting the volum e o f the solution to impose a diffusion limiting 

situation.
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Figure 77. Current vs. time curves for films o f differing geometry.

In order to produce a highly capacitive film, two things are required during the oxidation 

process. The first is a horizontal sample orientation, which provides the benefit o f 

increased Mn ion concentration near the surface o f the growing film resulting in a more 

porous film. The second necessity is a small solution volume. The result again is to 

confine the lost Mn ions near to the surface o f  the growing film to again produce an 

increase in porosity, likely due to greater incorporation o f  Mn, and an increase in 

hydration o f  the film. Both qualities are essential for high capacitance. An unfortunate 

by-product o f  these results is that this process may be very difficult to scale up. It could 

be challenging to restrict the solution volume in the scaled-up experimental set-up 

without exactly reproducing the geometry o f  Figure 14 (or at least the neck portion), 

which could be difficult to work with in an industrial setting.

4.2.6 Effect of curren t density on porous layer formation

With the intention o f producing the best possible porous surface layer, and therefore, the 

highest possible capacitance, the effect o f  the oxidizing current density on the formation
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of the porous layer was studied for the two different morphologies of deposited layer: 

zigzag and dense.

4.2.6.1 Zigzag films
Samples oxidized using different current densities were studied in an attempt to 

determine which produces the superior porous surface layer on the surface of the zigzag 

structure. The experimental details o f the samples are listed in Table 15.

Table 15. Sample descriptions for oxidation o f zigzag films at different oxidizing currents.

Oxidation Current Density 
(mA/cm2)

Oxidation Time to 
0.9V (s)

0.2 2950
0.4 1650
0.8 460

1 300

3500

3000 -

2500 -

2000  -

1500 -

1000

500

0.2 0.6 0.80.4 1

Current density  (mA/cm2)

Figure 78. Plot of the oxidation time to 0.9V for the zigzag samples as a function of applied 
oxidation current density.
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The graph in Figure 78 shows an exponential decay in the am ount of time required for the 

oxidation (to 0.9V) with respect to applied current density. The negative trend is not 

unexpected as a higher current density is essentially a higher reaction rate and therefore 

the oxidation will occur more quickly.

Figure 79 shows the trend of the porous layer thickness as a function of the applied 

current density. Porous layer thickness decreases linearly with an increase in oxidizing 

current density, which is not an unexpected result. The increase in current density gives a 

faster reaction rate resulting in less time for the oxidation process and thus a thinner 

layer. This trend is very visible in the corresponding FE-SEM images o f  these films in 

Figure 80.
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Figure 79. Plot of the thickness of the porous layer as a function o f the applied current 

density.
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Figure 80. FE-SEM SE images of the zigzag films oxidized at various current densities a) 
0.2 mA/cm2. b) 0.4 mA/cm2. c) 0.8 mA/cm2 and d) 1 mA/cm2.

W ithout doing any quantitative work, it is still possible to note the trend o f decreasing 

surface layer thickness with increasing current density. In fact, at current densities of 

8x1 O'4 and lx lO '’1 A/cm2, the porous surface layer is so fine that it is often difficult to 

resolve in the FE-SEM. Where it is visible, the structure is not nearly as coarse as for the 

lower current densities (Figure 80 a and b). Intuitively this makes sense, as higher
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current densities impose a faster reaction rate resulting in lim ited growth and maximum 

nucleation. and hence a finer structure. A t the lower current densities, however, the 

reaction rate is slowed enough to allow for continual growth o f  the structure. In addition, 

because the oxidation process takes longer for the lower current densities, there is more 

time to produce a thicker layer. In contrast, the faster times for oxidation at a higher 

current density do not provide enough time to grow a substantial layer. Because the 

porous layers that are produced at the higher current densities are thin and very fine in 

structure, their surface area may be small relative to the porous layers produced at lower 

currents.

In order to further analyze the structure o f the porous surface layers, the samples were 

studied in the TEM. The samples oxidized at 2x1 O'4 and lx lO '3 A/cm2 have been 

analyzed. The TEM cross-sectional images are shown in Figure 81 for both samples and 

the difference in film morphology is quite apparent.
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porous surface layer
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porous surface layer

Figure 81. a) TEM BF cross-sectional image of a zigzag sample oxidized at 2x10"* A/cm: 
with inset diffraction pattern identifying the phase of the zigzag as MmsO-t. b) TEM BF 
cross-sectional image of sample oxidized at 2x1 O'4A/cm2 showing porous structure, c) TEM 
BF cross-sectional image of sample oxidized at 1x10° A/cm2 with inset diffraction pattern 
identifying the phase of the zigzag as MnO and Mn?C>4. d) TEM BF cross-sectional image of 
sample oxidized at 1x10'’ A/cm2 showing detail of the porous surface layer.

O f particular note is the smaller amount o f surface film produced for the sample oxidized 

at the higher current density. The maximum thickness o f the layer is approximately 50 

nm at 1 mA/cm2 as compared with a maximum thickness o f approximately 150 nm for the 

sample oxidized at 0.2mA/cm2. Also of note is that the bulk zigzag structure o f the 

sample was converted entirely to M n j0 4 at the lower current density, but remains a two- 

phase mixture o f MnO and Mn^CU for the higher current density. This is likely a direct 

result of the time required for oxidation. At the higher current density. 300s is clearly not 

enough time to completely oxidize the bulk structure. However, the ultimate phases 

present in the base zigzag layer are considered unimportant, since the phases do not take 

part in the capacitive reaction but are simply by-products of the oxidation process.
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The porous surface layer has been shown to be amorphous earlier in this thesis and 

therefore XPS was used to identify the structure of the surface layer. The results for all 

four samples are presented in Table 16.

Table 16 XPS results giving valence of the samples.

Oxidation current density 
(mA/cm2)

Splitting width (eV) Valence

0.2 4.7 4
0.4 4.9 3.4
0.8 5.10 3.4

1 5.12 3.4

All four samples are fairly close in value, although there are some minor differences. All 

samples were oxidized to the same end point (0.9V vs. Ag/AgCl): however, the samples 

oxidized at the higher current densities have a higher splitting width indicating 

incomplete conversion to MnO^. The most probable explanation for this is that the 

oxidation rate is too quick to complete the oxidation prior to reaching 0.9V. Previous 

results (Figure 44) indicate that for low current densities (0.1 mA/cm2) some MmO? is 

still present in the film at 0.5V when most of the oxidation has already occurred. 

Therefore oxidations at higher current densities may occur too quickly to complete the 

oxidation to MnC>2 before 0.9V is reached. However, given the values of the splitting 

width, there is clearly far more MnC>2 than MmO? in the porous layer of samples oxidized 

at the higher current densities.

The amount o f hydration in the porous layer, can be gleaned from the O Is peaks, as 

shown in Figure 82.
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Figure 82. Graph showing hydration of the film as a function of the oxidizing current 
density.

The hydration amount of the porous film increases with increasing current density. 

Typically a large amount of hydration results in better capacitance: however, in this case, 

the high hydration could be counterbalanced by the finer structure (and possible reduction 

in surface area) that is produced at the higher current densities. In addition, it is difficult 

to infer which will make the greater contribution to capacitance, hydration or surface 

area. Given the relatively small amount o f porous layer produced from such a significant 

amount o f starting material, the zigzag films were not considered to be very effective 

substrate materials and the focus returned to the dense starting materials.

4.2.6.2 Dense films
Dense films oxidized using different current densities were studied in an attem pt to 

determine if trends similar to those seen with the zigzag m orphologies would be 

produced. The experimental details of the samples are listed in Table 17.
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Table 17 Sample descriptions for oxidation of dense films at different oxidizing currents.

Oxidizing C u rren t 
(mA/cm2)

Oxidizing Time to 0.9V (s)

0.2 447

0.4 206

0.8 89

1 73

The trend regarding oxidation tim e (to 0.9V) is similar to that seen for the zigzag films, 

following a sim ilar exponential decay trend of decreasing oxidation time required for an 

increase in current density (Figure 83). O f note is that the overall oxidation times at a
•y

particular current density (e.g.. 0.2m A /cirr) are significantly less for the dense film than 

for the zigzag film  (e.g.. 447 s vs. 2950 s). The full explanation for this phenomenon can 

be found in Section, 4.2.7, but it is essentially related to the amount of material (i.e.. 

thickness) to be oxidized.
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Figure 83. Oxidation time to 0.9V as a function of current density for the dense films.

In a general sense, the dense films and the zigzag films produce a similar looking porous 

surface layer, although they have a different starting morphology. Ultimately, the higher 

current densities produce an oxidized layer that is very fine and much thinner for both 

zigzag and dense morphologies. The morphology of the dense films is shown in 

Figure 84.
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Figure 84. FE-SEM SE images of the films produced at various oxidizing currents in 
oblique view and cross-sectional view, a) 0.2mA/cm\ b) 0.4mA/cm2. c)0.8m A/cm : . and 
d) Im A /cnr.

A sim ilar linear trend for layer thickness as a function o f current density is obtained for 

both zigzag and dense films. The layer thickness decreases as the current density
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increases. The dense film produces a slightly thicker porous layer than the zigzag film, 

although the difference is not extremely large (Figure 85). However, if the amount of 

porous film produced relative to the am ount o f starting film is considered (Figure 86). 

then the trend becomes far more pronounced. Again, this phenomenon is explained 

more clearly in the following section.
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Figure 85. Plot of porous layer thickness as a function o f oxidizing current density for both 
dense and ziszas films.

The trend in Figure 86 can also be inferred from the FE-SEM  images (Figure 80 and 

Figure 84). where it is clear that most o f the dense film has transformed into a porous 

film during the oxidation. The bulk o f the zigzag film  remains morphologically 

untouched with only the surface region transforming into a usable porous surface layer.
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Figure 86. Plot of percent increase in the total layer thickness (porous surface and dense 
under-layer) as a function of the oxidizing current density for both zigzag and dense films.

The XPS results for the dense films are again similar to the results obtained for the zigzag 

films and are shown below in Table 18 and Figure 87.

Table 18 XPS Mn 3s splitting width results giving valence of the samples.

Oxidation current density 
(mA/cm2)

Splitting width (eV) Valence

Dense films Zigzag films Dense films Zigzag films
0.2 4.7 4.7 4 4
0.4 4.7 4.9 4 3.4
0.8 4.7 5.10 4 3.4

l 4.9 5.12 3.4 3.4
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Figure 87. Graph showing the hydration of the dense film as a function of the oxidizing 
current density.

At the highest current density, there is incom plete oxidation resulting in a two-phase mix 

of MnC>2 and MmO.v although the amount o f MmO? is miniscule (Table 18). The 

difference between the zigzag films and the dense films is that there were more instances 

of incomplete oxidation of the porous surface layer with the zigzag films than with the 

dense films. It is possible that this phenom enon is related to the overall thickness of the 

deposited layer. The zigzag films are much thicker (500nm as opposed to 50nm). 

resulting in a longer oxidation time since a greater volume o f material must oxidize. In 

addition, because of the increase in the volum e o f material to oxidize there are more 

instances of incomplete oxidation for zigzag films where the entire porous surface layer 

is not able to convert to M nO:. W hile the porous surface layer is oxidizing, the dense 

sub-layer is also oxidizing. Because o f the greater thickness o f zigzag material, there 

may be issues with conductivity through the dense layer to the porous surface that affect 

the ability of the porous surface layer to oxidize completely in the time allowed.
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The variation in the hydration o f the film as a function of the oxidizing current density 

follows a fairly sim ilar trend as the zigzag film, i.e.. there is an overall increase in the 

hydration of the film  with an increase in the oxidizing current density. Again, this results 

in tw o com peting mechanisms: film hydration increases with increasing current density, 

but there is a sim ultaneous reduction in the thickness of the film and possibly the surface 

area as well. The actual change in hydration with current density is far more pronounced 

for the zigzag film s than for the dense films, although, they ultimately both achieve a 

sim ilar amount o f  hydration (-35% ). The dense films have nearly constant hydration 

content until 0.8m A/cm 2 is reached after which the increase in hydration is more 

substantial. For instance, the hydration varies between 25% and 35% over the range of 

current densities tested for the dense films and between 10% and 35% for the zigzag 

films.

4.2.6.3 Capacitance
Given the relatively small amount of porous layer produced from such a significant 

am ount o f starting material, the zigzag films were not considered to be very effective 

substrate materials for electrochemical capacitors, and were therefore not tested for 

capacitive qualities. The effect of oxidizing current on the final capacitance o f the dense 

films, however, w as studied and the results are shown below (Figure 88). By 

overlapping the various CV curves it is seen that the films oxidized at a higher current 

density exhibit a C V  curve that encloses a greater area and thus have larger capacitance 

values. The relationship between capacitance and oxidizing current density is shown in 

Figure 89. Although the trend is not extremely strong, within errors, planar capacitance 

increases with increasing current density.
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Figure 88. Current-Voltage curves for the dense samples oxidized at various 
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Oxidizing current density (mA/cm2)

Figure 89. Plot of planar capacitance for the dense samples as a function of the oxidizing 
current density.

The increase in capacitance with increasing oxidizing current density is partly due to the 

increased hydration o f the films. However, there may be more to the increased 

capacitance than just an increase in the hydration of the sample. Although both the 

hydration and the capacitance increase with increasing current density, there does not 

appear to be a direct correlation. The hydration increases 40% over the range of current 

densities tested while the capacitance increases only 25%. It is reasonable to assume that 

the films produced at higher current densities have less overall surface area due to the 

fine structure that is produced. If the decrease in surface area is not as significant as the 

increase in hydration, then the overall effect will be a reduction in the positive trend 

between current density and capacitance (Figure 89). as compared with the positive trend 

between hydration and current density.
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The solution from each oxidation was analyzed using AAS to determine the am ount of 

Mn present in the solution. The results, for the total amount of Mn left in the solution are 

shown in Figure 90.

0.015

^  0.01 J 
.o  I

R i
-I 0.005 - j

0   ---------------------------------------------

0 0.4 0.8

Current Density (mA/cm2)

Figure 90. Graph showing the amount of Mn left in solution following an oxidation at a 
particular current density.

As the oxidizing current density increases, the amount o f Mn left in the solution is 

minimal (near zero). The initial decrease in Mn in the solution is quite substantial (0.1 to 

0.2mA/cm: ) but remains constant from 0.2-0.8mA/cm: and then drops to 0 at 1 m A /cm 2. 

Thus, since the samples oxidized with the higher current densities lose less M n. they have 

more Mn in the structure to provide more active sites to develop capacitance and hence 

higher capacitance values. This effect is likely related to the amount of tim e required for 

the oxidation. At the higher current densities, the oxidation occurs faster and thus there is 

less time/opportunity for the soluble Mn to make its way into the solution. This effect, 

combined with the higher hydration amount clearly compensates for the thinner layers 

produced at the higher current densities.
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The effect of current density on the morphology of the porous surface layer is quite 

pronounced in both the zigzag and dense layers. In both films, a higher current density 

results in a much thinner, finer porous layer. In addition, the increased current density 

results in a film with greater relative hydration. The result is a slight increase in 

capacitance with increasing current density. However, this increase is not overly 

pronounced, suggesting that the com peting variables of hydration and film surface area 

are fairly balanced in these situations. From a manufacturing perspective, it is 

advantageous to oxidize with a higher current density since it will not only produce 

marginally better capacitance, but it will also significantly reduce the manufacturing 

time.

Although other researchers have explored the use of galvanostatic deposition (Hu and 

W ang76), they have used only a single deposition current and have not studied the effects 

of the deposition current on the quality o f their films. As a result, it is difficult to 

compare this section o f the thesis with work currently being done in the literature. In 

addition, the current applied to the films in this study is done purely to oxidize the 

manganese that has already been deposited on the electrode substrate. In the literature, 

galvanostatic deposition is used to deposit a manganese oxide film directly from a plating 

bath, and thus, it is unlikely that these results can be applied to other galvanostatic 

systems unless they were also oxidizing a previously deposited manganese film.

4.2.7 Effect of starting layer thickness on porous layer formation

4.2.7.1 Dense Films
Many of the differences (hydration, valence) between the zigzag films and the dense 

films have been attributed to differences in thickness. Because o f this effect, it was 

important to determine more precisely the effects of starting layer thickness on the porous 

layer. Samples o f  different deposited Mn layer thickness were therefore oxidized using a 

constant current. Each sample was oxidized to a potential of 0.9V vs. the Ag/AgCl 

reference electrode. The experimental details of the samples are listed in Table 19.
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Table 19 Sample descriptions for dense films of different deposited thicknesses.

Starting film 
thickness (nm)

Oxidation Current 
Density (mA/cm2)

Complete Oxidation 
Time (s)

25 0.1 250
60 0.1 520
110 0.1 1350
230 0.1 3100

Figure 91 reveals that the time required for complete oxidation is linear with the 

thickness of the starting layer. The results in Figure 91 are intuitively obvious. A thicker 

film has more material that needs to be oxidized and therefore more time will be required 

to complete the oxidation. In addition to the greater time required for oxidation, the final 

total film thickness is a linear function of the starting layer thickness (Figure 92) which is 

clearly visible in the corresponding FE-SEM images (Figure 93). The results in Figure 

92 are also intuitively obvious. If the starting layer is quite thick prior to oxidation, it is 

expected to become even thicker after the oxidation.
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Figure 92. Effect o f starting layer thickness on the thickness of the final layer.
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100 nm

Figure 93. FE-SEM SE images in the oblique and cross-sectional views for samples 
different starting film thickness, a) 25nm, b) 60nm. c) l lOnm. and d) 230nm.
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From the images in Figure 93 it is clear that films with a greater starting thickness 

produce thicker final layers. However, looking closely at the cross-section o f these films, 

it is apparent that the entire film thickness is not a porous layer. Like the zigzag films 

that were studied previously, during the oxidation process, only a certain portion of the 

film transforms into the porous hydrated structure. A portion of the film remains, 

morphologically, the same as before the oxidation step (although there is a phase change 

from Mn/M nO to MnjCL). This effect can be seen most clearly in Figure 93d. where the 

bottom 200nm o f the deposited film has retained its dense structure during the oxidation 

process. Therefore, the final film thickness includes both the porous surface layer (active 

layer) and a dense layer that makes up the substructure.

If the final thickness of the porous layer is plotted against the starting layer thickness, the 

linear relationship in Figure 94 is revealed. However, although there is a relationship 

between the two quantities, it is not a one to one correlation: i.e. the porous film thickness 

is not consistently four times the size of the starting film thickness. The film with a 

starting film thickness of only 25 nm produced a porous surface film of lOOnm. four 

times the size o f the starting film. However, a film with a starting film thickness of 230 

nm. produces a porous film with a thickness of only 350 nm or approximately 1.5 times 

the original thickness o f the film. The reason for the drop in the proportion o f porous 

film that can be produced is related to the thickness of the film. The thicker films, by 

nature, will experience more problems with electronic conductivity through the bulk of 

the layer that may serve to slow the oxidation process and overall, result in a 

proportionally thinner porous layer being produced.
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Figure 94. Effect of the starting layer thickness on the thickness of the porous surface layer 
produced.

A similar trend is occurring with respect to the dense under-layer. If the final thickness 

of the dense sub-layer is graphed versus the starting layer thickness, the linear 

relationship in Figure 95 is revealed. Again, although the relationship is linear, there is 

no one to one correlation between the two quantities. For instance, the dense under-layer 

measures 75 nm in the film with 25 nm starting thickness (three times the original value). 

However, in the film with 230 nm starting thickness, the dense under-layer measures 

approximately 230nm. Thus, there is proportionally less dense material being produced 

as the thickness of the starting layer is increasing. Although it may at first seem counter

intuitive to have 75 nm of dense material present after the oxidation o f a layer that was 

only 25 nm of dense material to start, it is a combination of volume expansion during the 

phase change from Mn/MnO to Mn^Qi and the production o f a layer with less than bulk 

density. As a benchmark, the greatest volume change would occur if a film of dense Mn 

(7.2g/cnr’) transformed to a film of dense M n? 0 4  (4.8g/cm'’). In this case, the original 25 

nm Mn layer would become a 50 nm layer o f M njOj. Since the starting layer is actually
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a m ixture of Mn and M nO (5.4g/cm3) rather than pure Mn, its initial density would be 

significantly less than 7.2g/cm3 and therefore the volume change associated with the 

transformation o f M n/M nO to Mn?C>4 would be less than the change associate with the 

transformation o f Mn to MnjO.*. Experimentally, the layer thickness increases from 

25nm  to 75 nm, a  change too large to be accounted for by volume expansion alone. 

Therefore, the thickness change must be a result of volume expansion during the 

transformation and the production o f a layer with a density significantly less than bulk 

density.

2 5 0  n 
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F igure  95. The effect of starting layer thickness on the thickness of the dense under-layer.

The relationships in Figure 94 and Figure 95 are both linear, though the slope is not the 

sam e for the two graphs. The slope is twice as great for the porous surface layer graph, 

indicating the starting film thickness has a more pronounced effect on the final thickness 

o f the porous layer than on the dense layer beneath. This is an advantage for this process 

since the focus is on obtaining the largest porous layer. From the standpoint of

50  100 150

Starting layer thickness (nm)

200 250
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developing capacitance, thicker films, which have greater porous surface area, should 

produce greater capacitance.

There is no clear explanation for why a thicker starting layer should result in a thicker 

porous surface film. There is obviously some kind o f balance established between the 

amount of material that can oxidize into the porous layer and the amount o f material that 

will remain intact as the dense sub-layer. Thus, the greater amount of starting material 

(i.e., thicker layer) allows more film to be oxidized, resulting in a thicker porous surface 

layer.

Surface area is not the only important factor in developing capacitance. The valence and 

relative hydration of the films were exam ined using XPS and the results are shown in 

Table 20 and Figure 96.

Table 20 XPS Mn 3s peak splitting results giving valence of the samples.

Starting film thickness 
(nm)

Splitting width (eV) Valence

25 4.6 4
60 4.5 4
110 4.7 4
230 4.6 4
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Figure 96. Graph of relative hydration of films as a function of the starting film thickness.

Changing the thickness o f the starting film has no impact on the final valence of the film 

as they all produce MnCX However, this was not the case with respect to the zigzag 

films. In previous sections, it was seen that the zigzag films tended to have more trace 

MmO? in the porous surface layer than the thinner dense films. This effect was attributed 

to the difference in thickness between the two films. Although the dense films do not 

show a tendency to form MmC^ as the thickness of the starting film increases, it must be 

mentioned that the zigzag film s have a thickness of 500nm (substantially greater than the 

230 nm tested with the dense films) which would compromise electronic conductance 

even more and the inherent porosity in the zigzag structure itself is certainly disruptive to 

conductance. All dense films were oxidized at 0.1 mA/cm2. a current density at which 

the zigzag films also exhibited complete conversion to MnCb. If higher current densities 

were used, it is speculated that thicker dense films would experience an inability to 

oxidize completely (i.e. some trace MmO? found in the porous surface layer).

Given the errors of the XPS technique, the % hydration remains constant despite the 

starting film thickness. Thus, based on previous work, the amount of hydration in the
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sample is a function of the current density used for oxidation rather than the thickness of 

the film. This is an expected result since the starting film thickness should not affect the 

final chemistry of the film, just the final size of the film. Considering that the hydration 

is independent o f the starting film thickness, it is suggested that a thicker film would give 

better capacitance per planar area due to the increase in thickness o f the porous layer that 

provides more active sites for capacitance.

4.2.7.2 Capacitance
The effect of starting film thickness on the capacitance o f the films was studied for the 

four different dense film thicknesses. The results for the planar capacitance are shown in 

Figure 97. The trend is obviously one o f increasing planar capacitance with an increase 

in starting layer thickness. This result was expected from the analysis o f the porous layer 

done in the previous section. The thicker films produce more of the porous surface layer, 

with the same amount of hydration as the other starting film thicknesses and thus, are 

expected to develop greater capacitance. The capacitance appears to tail off at the larger 

starting film thicknesses suggesting the possibility o f reaching a maximum value. 

However, with the data collected thus far, there is no way to determine what that 

maximum value would be or if there is a maximum value.
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Figure 97. Effect of starting film thickness on the planar capacitance of the films.80

One must also consider, however, not ju s t the final amount of porous layer that can be 

produced, but also the proportion o f the original film that is converted to porous film. 

Referring to Figure 93, the thicker starting films, although they produce larger porous 

layers, also leave significantly more “unused” material. Figure 98 reveals that the 

relative % of porous layer produced is the greatest for the thinnest layers, and slowly 

drops off. Thus, from a manufacturing perspective, the thinner starting layers result in 

the most efficient use o f material. This trend concerning efficient material use is also 

reflected in the specific capacitance (F/g) o f the film (Figure 99). The specific 

capacitance is calculated with respect to  the total mass of manganese oxide film 

(including both the porous surface layer and the dense underlayer). Although there is 

some error in the weight measurements (+/-1 microgram for a film that is hundreds of 

micrograms), the scatter in the capacitance data (Figure 99) is much greater than this 

measurement error. Therefore, error bars are not shown since the error is encompassed in 

the scatter. W ithin errors, the specific capacitance is independent of the starting film 

thickness. This effect is quite simple to  explain. While the capacitance increases with 

the starting layer thickness, the amount o f material is also increasing. Therefore, the
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amount of capacitance developed per gram of manganese oxide material is the same as 

for the thinner films, which develop less capacitance but also have significantly less 

mass. The significant scatter is a direct result o f the difficulty in obtaining accurate mass 

measurements when working with such small amounts o f material (micrograms).
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Figure 98 Graph of the porous film thickness as a fraction of the original film thickness.
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Figure 99. Graph o f the specific capacitance of the film as a function of the starting film 
thickness80.

The effect of the deposited layer thickness on the quality o f the porous layer produced 

through electrochemical oxidation is quite pronounced. As the thickness of the originally 

deposited layer increases, so does the thickness o f  the porous layer that is produced 

during the electrochemical oxidation. The result is a significant increase in the surface 

area of the layer. The oxidation occurs at a single current density and. as a result, the 

relative hydration o f the film does not change noticeably as the thickness of the deposited 

layer is increased. The ultimate effect o f increasing the deposited layer thickness is the 

production of a porous surface layer that increases in thickness, but with a constant 

amount o f hydration. The combination o f variables results in a significant increase in the 

areal capacitance o f the film with increasing deposited layer thickness. The specific 

capacitance remains relatively unchanged because, although the capacitance for the 

thinner deposited films is much less, the mass o f porous material is much less, resulting 

in a similar value for specific capacitance.
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It is difficult to compare these results to those found in literature since the processing is 

quite different. However, several groups66'63 have reported the effects of electrodeposited 

layer thickness on the subsequent capacitance. Since Pang and A nderson's group makes 

use o f  a sol-gel process, they have correlated the thickness o f the electrode (num ber of 

dip-processes) with the value of capacitance for the film. As a general trend, an increase 

in the thickness of the film was shown to greatly increase the capacitance o f the films, 

though this is accompanied by a subsequent loss of stability upon cycling. In addition, 

the capacitance increases linearly with the thickness of the films (though no reason is 

given). However, the excessively thicker films also have significantly reduced cycle 

lives, which were suggested to be due to a higher rate of dissolution during charging and 

discharging resulting in greater changes to the electrode film. This is similar to the 

results from this thesis, where a dramatic increase in areal capacitance was seen with 

increasing deposited layer thickness.

In general, the specific capacitance that can be generated by these films (~500F/g) is 

superior to many groups working in this field who produce values of approximately 

25OF/g62‘6x67'70'76. but less than the current state-of-the-art of 720F/g71 produced from an 

ultra-thin film. Overall, this process is near the top of the field for producing good 

capacitance values and should, therefore, be considered a  viable manufacturing process.

It can be misleading to compare specific capacitance results to each other. For instance, 

in this thesis, it was necessary to include the dense sub-layer in the overall mass used to 

calculate specific capacitance since the two layers (porous surface layer and dense sub

layer) could not be separated. However, if a specific capacitance were calculated based 

on just the mass of the porous surface film, the values would naturally be much higher. 

From a manufacturing perspective, therefore, areal capacitance (F/cm2 of projected area) 

is felt to be a more meaningful measure o f the capacitance since it gives an idea o f the 

size o f device required to develop a particular capacitance. Considering the current trend 

in reduction o f packaging size, a capacitor that can develop high capacitance in a small 

geometric area (F/cm2 of projected area) is obviously more meaningful than a capacitance 

developed per gram of material where the geometry is unknown. Although it is desirable
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to reduce the weight o f devices for portable applications (cell phones, laptops) the weight 

o f the capacitive film will be insignificant compared with the overall weight of the 

packaging materials. Thus, it is felt that reporting capacitance per gram of material is a 

less meaningful number than reporting capacitance per geometric area. With respect to 

this project, the thicker dense films are clearly superior since they produce greater 

capacitance per area. The additional thickness (230 nm vs. 25 nm) and the additional 

weight (several milligrams) o f the capacitive film are not felt to be significant 

considering the weight and thickness o f the total package. Unfortunately, much of the 

work being done by other researchers to-date focuses on specific capacitance.
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5 Conclusions
There are several new and important conclusions that have resulted from this study for 

both the general growth of GLAD films and for the use of MnCL materials for 

electrochemical capacitor applications. For convenience, they will be broken up into two 

sections to deal with the two sections o f work dealt with in this thesis.

5.1 General GLAD structure

1. W hile the macrostructure (morphology) of the film can be easily predicted from 

process variables (Ts/Tm), it is more difficult to predict microstructure from these 

variables. In many instances, the crystal structure of the material is more 

important for determining the final microstructure than the process variables.

2. Annealing o f GLAD structures was found to induce crystallinity and significantly 

reduce the surface area of the film: however, the annealing does not alter the 

overall morphology of the structures at lower temperatures.

3. Rotation speed has a very significant effect on the macroporosity (morphology) of 

the films that are produced, but a limited effect on the microstructure as seen in 

the TEM  pictures.

5.2 Manganese oxide electrochemical capacitor materials

1. The PVD process that produces both the zigzag and dense films results in a two- 

phase layer. The Mn and MnO are evenly distributed throughout the film and the 

grains o f one are indistinguishable from the other. The entire structure is 

crystalline in the as-deposited state. The zigzag exhibits only limited 

macroporosity, while the dense films exhibit a columnar structure free from 

porosity.

2. Thermal annealing of the zigzag films at a temperature of 300°C results in the 

growth o f a dense capping layer on the surface of the zigzag material. This 

capping layer grows linearly with time, ultimately converting entirely to Mn.^Oj. 

Because this oxidation occurs thermally, there is no hydration (Mn-O-H) in the 

structure at all. As a result, this film does not develop any capacitance at all. 

When the structure is immersed into the electrolyte, and a current is impressed, 

rather than continuing the oxidation process, the current destroys the film making
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it useless for capacitance. The annealing step must therefore be done after the 

electrochemical oxidation in order to obtain the benefits.

3. Electrochemical oxidation is shown to be the critical step in the process. It is this 

step alone that is responsible for the production of the porous, hydrated, 

amorphous layer that has a 4+ valence.

4. The porous layer is produced almost immediately during the oxidation process. 

The plateau at - 1 .35V corresponds to the transition from MnO to MmO.*. The 

plateau at -0 .8  corresponds to the transition from Mn-?04 to Mn^Ch. The larger 

plateau at 0.1 V corresponds to the transition from MmO? to M nO:. It is unclear 

what step is occurring during the final plateau at 0.8V. During the transition from

0.1 to 0.9V, there is a significant reduction in film thickness and a fairly 

significant reduction in hydration.

5. The maximum capacitance occurs once the film is oxidized to 0.9V.

6. The position o f the film during oxidation is also quite important. Horizontally 

oriented films produce more capacitance than vertically oriented films. The 

horizontally produced films have superior film surface area. In addition, the 

volume of solution used during the oxidation plays an important role in the 

quality of the film produced. Films oxidized with a very limited amount of 

solution ultimately produce thicker layers with greater surface area and better 

capacitance.

7. Current density has a very significant effect on the morphology o f the film, but a 

more limited effect on the actual value o f the capacitance. As the current density 

used for the oxidation is increased, the thickness of the layer is reduced, but 

becomes finer. However, the hydration o f the film increases with the increasing 

current density. The result is a slight increase in the capacitance of the film as the 

oxidizing current density is increased. This is true for both the zigzag and dense 

films.

8. The effect of the thickness o f the starting layer on the production o f the porous 

layer is more significant. As the thickness o f the starting layer is increased, the 

thickness of the final porous layer is also increased in a linear fashion. Because 

the current density remains constant, there is little change in the hydration of the
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film. The overall result is a dramatic increase in the areal capacitance of the film 

as a function o f the starting film thickness. The increased starting layer thickness 

results in a thicker porous layer, and thus greater areal capacitance. However, the 

thicker films result in more material remaining on the electrode and thus the 

overall specific capacitance (F/g) does not change significantly as the thickness of 

the starting layer is increased.
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6 Further Recommendations

There are a number of recommendations for further study that can be made regarding this

project.

6.1 General GLAD structure

1. The study clearly needs to be extended to include more materials, and more 

processing variables. In order to accomplish this, it is necessary to be able to 

measure substrate temperature very accurately. This type of study would also 

require a deposition system that is very consistent in terms of the quality o f film 

fabricated to eliminate some unexpected differences in the films (oxygen content, 

thickness, etc.).

6.2 Manganese oxide electrochemical materials

1. The true mechanism causing pseudocapacitance needs to be identified. This is an 

important step, since it may help give a better understanding of how the process 

can be controlled. In order to study this effectively, in-situ experimentation will 

be required. There are systems in place for in-situ Raman spectroscopy and in- 

situ-XRD that would allow for the identification o f the phase (XRD) and the 

chemical make-up of the film (Raman). With this type of in-situ study, it may be 

possible to determine if the mechanism is related to proton insertion or 

electrolyte ion insertion.

2. The cause of irreversibility during extended cycling needs to be identified. The 

results show that in addition to the pseudocapacitive reaction, there must also be 

a redox reaction occurring since the valence o f the film is changing over a 

number of cycles. It is imperative that the cause o f this irreversibility be 

determined since it limits the viability o f this process for industrial applications.

It is likely that an extended study will be required, perhaps making use o f in-situ 

techniques to determine, first o f all. which reaction is occurring and secondly, 

the reason for this alternate reaction. It is im perative that this issue be solved 

before the process can be considered a reasonably viable technology.
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3. There w as no advantage to using the zigzag structure due to insufficient porosity 

to make a true difference. For instance, the electrolyte was not able to penetrate 

through the pores in the zigzag to oxidize the material down the sides of the 

zigzag structure. However, if a structure were made in which the posts are 

situated farther apart, it would be possible for the entire structure to be oxidized, 

thereby maximizing the surface area available for capacitance (Figure 100).

With the posts far enough apart, it would be possible to oxidize all sides of them 

as well as the material between the posts, which should significantly increase the 

amount o f  porous layer that can be produced. Producing this post structure has 

already been perfected by B rett’s group in Department of Electrical and 

Com puter Engineering through a combination of lithography and GLAD 

deposition. In addition, it would be quite simple to produce this patterned 

structure using electrochemical deposition onto a wafer patterned using standard 

lithography techniques, which may be a more inexpensive option.

Figure 100. Schematic illustration of modified post structure.
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4. A recommendation for the future direction of the research would be to look at the 

hybrid capacitors. This is the new direction being explored for research in this 

field. A hybrid capacitor involves not only hybrid materials (i.e., M nOx with 

carbon in the same electrode), but also electrodes o f two different materials (i.e.. 

MnOx electrode coupled with a polymer electrode). The advantage of these 

systems is increased power capacity and increased voltage range over which they 

are stable, ultimately making them more attractive to the industrial market.

5. There is also the possibility that this process could be used in photocapacitor 

cells81. A photocapacitor combines both a solar cell and a capacitor device on a 

single chip in order to simplify the storage of the energy developed by the solar 

cell. Current technology makes use of an activated carbon layer to store the 

charge in the double layer: however, it is reasonable to assume that this process 

for MnOx could be used in this capacity and thereby increase the efficiency o f the 

device.
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