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ABSTRACT 

 Three dimensional, conductive, macroporous nickel foams and mesoporous carbon 

aerogels have been utilized as skeletal supports for an electrochemically assisted deposition of 

mesoporous silica particles and films. Substrate-supported mesoporous silica particles were 

synthesized directly onto the conducting supports using a combined sol-gel/electrochemical 

method, termed Electrochemically Assisted Self Assembly (EASA). The EASA method resulted 

in mesoporous silica/nickel foam composites exhibiting high specific surface areas   

(20-120 m
2
 g

-1
) and narrow silica mesopore size distributions (2.6-3.8 nm), as determined by 

nitrogen physisorption characterization. Increasing the EASA deposition time resulted in the 

increase of mesoporous silica particle diameters (from less than 1 ɛm for deposition times of 80 

seconds to greater than 1 ɛm for deposition times of 3600 seconds), as well as an increase in the 

number of particles deposited and substrate surface coverage, as determined by scanning electron 

microscopy (SEM) and cyclic voltammetry, respectively. Transmission electron microscopy 

(TEM) analysis revealed that silica particles deposited by EASA possess a worm-like disordered 

morphology, due to poor surfactant ordering during the EASA process. Mesoporous silica 

particles on carbon aerogels resulted in an increase in electrochemical capacitance, from 7 F g
-1

 

for a bare carbon aerogel substrate to 20 F g
-1

 for a mesoporous silica/carbon aerogel composite.  

 Mesoporous silica/nickel foam composites were utilized as substrate-supported templates 

in a metal oxide nanocasting procedure. Aqueous and ethanolic cobalt nitrate infiltration and
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 thermal decomposition produced Co3O4/mesoporous silica/nickel foam composites. Removal of 

the mesoporous silica particle template resulted in hierarchically porous Co3O4/nickel foam 

composite electrodes, as determined by X-ray diffractometry (XRD) and nitrogen physisorption. 

 Co3O4/nickel foam composite electrodes fabricated from aqueous cobalt nitrate 

nanocasting exhibited relatively high surface areas (37-44 m
2
 per gram of electrode), small 

micropore volumes, and broad mesopore size distributions. Co3O4/nickel foam composite 

electrodes fabricated from ethanolic cobalt nitrate nanocasting resulted in Co3O4/nickel foam 

electrodes with lower surface areas of 12-29 m
2
 per gram of electrode. The electrochemical 

pseudocapacitance of Co3O4/nickel foam composite electrodes were investigated by 

galvanostatic constant current chronopotentiometry, with specific capacitances of 298-845 F per 

gram of deposited Co3O4 at low current densities.  
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CHAPTER 1  

INTRODUCTION 

1.1 Broad Context 

 Rising energy prices,
1
 uncertainty in global peak oil production,

2
 and global climate 

change
3
 have prompted a recent increased interest in alternative energy production and energy 

storage systems.
4
 Of the 1.03 x 10

17
 kJ of energy consumed by the United States in 2011 (Fig. 

1.1), 20% was from coal sources, of which 93% was used to generate electricity.
5
 The 

nationwide consumption of petroleum-based gasoline, the use of which is considered a major 

contributor to global climate change,
6
 corresponded to 46% (~1.79 x 10

16
 kJ) of nationwide 

petroleum consumption.
5
 This translates to 131 billion gallons of gasoline consumed by the 

United States for the year 2011. In contrast, alternative renewable energy only accounted for 9% 

of energy consumed by the United States in 2011, corresponding to 9.27 x 10
15

 kJ (Fig. 1.2).
5
 In 

order to increase the ability of renewable energy production sources to provide a greater 

percentage of the national energy demand and lessen the national dependence on limited natural 

resources, technological advancements such in energy conversion and energy storage are needed.  

 Intermittent renewable energy sources, such as wind-generated or solar-generated power, 

experience periods of high and low energy production.
7
 In order to compensate for periods of 

low energy production, energy storage systems are relied upon for ñload-levelingò; that is, 

storing energy in times of low demand and providing energy in times of high demand, thus 

providing a steady energy load.
8
 Excess energy produced from these sources or even from 
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Figure 1.1 2011 U.S. Energy Consumption by energy source. Total energy represented by chart 

is equal to 1.03 x 10
17

 kJ.
5
 

 

 

 

 

 

 

Figure 1.2 2011 U.S. Renewable Energy Consumption by energy source. Total energy 

represented by chart is equal to 9.27 x 10
15

 kJ.
5
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traditional coal-based or hydro-based power plants could be stored in times of low demand and 

released to electrical power grids in times of high demand.
9
 The global idea of ñlow demand 

storageò and ñhigh demand provisionò can also be applied on a local level, such as regenerative 

braking systems of electric or electric-hybrid passenger vehicles, where kinetic braking energy is 

collected and stored until it is consumed in short periods of vehicle acceleration.
10

  

 The charge/discharge time scales required for such energy storage systems can vary, from 

milliseconds to several hours.
11

 For certain applications, electrochemical energy storage devices, 

such as batteries, can provide adequate periods of energy. However, the nature of battery 

technology results in long charge/discharge times, typically on the order of hours.
12

 This 

charge/discharge time scale is unsuitable for applications such as regenerative braking, where 

vehicle braking/acceleration times are typically less than 10 seconds, or in ñreal-timeò load 

leveling of intermittent renewable energy sources.
13

 Electrochemical capacitors (also referred to 

as supercapacitors or ultracapacitors), are described as energy storage devices which bridge the 

gap between electrostatic capacitors and batteries and are considered to be ideal for energy 

storage applications which require short charge/discharge times. However, commercially 

available electrochemical capacitors suffer from low energy densities, as compared to 

commercially available batteries.
14

 Current research in this area has been directed towards 

increasing the gravimetric energy storage capabilities of electrochemical capacitors through 

nanostructuring, focusing on high surface area metal oxide pseudocapacitive electrodes with 

electrolyte-accessible pores in the micron and nanometer range.
15ï17

  

1.2 Hierarchically Porous Materials 

 Hierarchically porous materials (HPMôs), defined as materials which possess 

interconnected pores of various length scales
18

 (i.e. macropores ( > 50 nm), mesopores (2ï50 
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nm), and/or micropores ( < 2 nm), or pores of multiple diameters within these stated ranges), 

have garnered much interest in the materials science community.
18,19

 Due to the architecture of 

such materials, high surface area HPMôs are attractive for use in certain technological 

applications which require unhindered mass transport kinetics which allow for a large number of 

accessible surface-active sites in the material.  

 The combination of macro-, meso-, and micropores in HPMôs offer significant 

advantages over materials which exhibit monomodal porosity (i.e. materials which only possess 

pores of a single, uniform diameter). For example, microporous materials, such as activated 

carbons and metal organic frameworks (MOFôs), are attractive materials for applications in gas-

phase storage,
20

 gas-phase separations,
21

 and gas-phase catalysis.
22

 While these materials may 

possess high gravimetric surface areas (up to 5900 m
2
 g

-1
)
23

 the applications for microporous 

materials are limited due to both hindered guest molecule transport and small pore sizes which 

inhibit the adsorption of large guest molecules into pore cavities. Mesoporous materials, such as 

ordered mesoporous silicas, offer a clear advantage over microporous counterparts for solution-

phase based applications, due to larger pore diameters. Large guest molecules present in 

solution-phase are able to effectively enter the pore cavities and adsorb onto surface-active sites. 

Macroporous materials offer certain advantages over small-pore materials, such as unhindered 

mass transport, structural integrity, as well as a flexibility of geometric shapes attainable (e.g. 

foams, monoliths, and fibers). The combination of structural geometries and accessible pore 

ranges of high surface area HPMôs allow for mechanically stable porous structures which are 

able to accommodate a wide range of host molecules, offering clear advantages over monomodal 

porous materials. 

 An example of the advantages and practical application of HPMôs exists in modern 
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chromatography column technology.
24

 Hierarchically porous silica monoliths, featuring bimodal 

porosity in macro- and mesopore ranges, have been commercially employed as high performance 

liquid chromatography columns. The advantages of such HPM silica monoliths include reduced 

diffusion path lengths and low flow resistances, in contrast to tightly packed particulate columns, 

resulting in low pressure drops and high column permeabilities.
25,26

   

1.3 Hierarchically Porous Materials in Electrochemical Energy Storage 

 Research in electrochemical capacitor technology, as mentioned previously, has been 

focused on the nanostructuring of electroactive materials, thus providing an increased number of 

electroactive surface sites per unit volume or mass. The architecture of hierarchically porous 

materials provide ideal geometries for electrochemical capacitor applications: macroporosity 

allows for the unhindered mass transport of electrolyte solutions to surfaces that contain 

mesopores and/or micropores, allowing the electrolyte solution to interact with a large number of 

electroactive surface sites.  

 Efforts in constructing hierarchically porous electrodes for applications in 

electrochemical energy storage have typically concentrated on porous carbon materials (e.g. 

graphene, carbon nanotubes, carbon aerogels, and ordered mesoporous carbons);
16,27ï32

 however, 

these materials exhibit electrochemical double-layer capacitance (defined as charge storage via 

ion physisorption at the electrode surface). While these materials exhibit high power densities (in 

contrast to conventional batteries), the energy densities of electrochemical double layer 

capacitors are less than ideal (Fig. 1.3).
17

 Metal oxide pseudocapacitors (charge storage based on 

oxidation/reduction reactions of ions in solution with surface species) offer a solution to the low 

energy density problem associated with electrochemical double layer capacitors. Hierarchically  
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Figure 1.3 Typical Ragone plot of energy storage devices.  
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porous nickel oxide films have been reported by Xia et al.
33

 which exhibit a specific capacitance 

of 309 F g
-1

, compared to dense nickel oxide films which exhibit a specific capacitance of  121 F 

g
-1

 at the same current density. The authors attribute this increase in gravimetric capacitance to 

the hierarchical porous architecture, which is not present in dense nickel oxide films. 

1.4 Templated Syntheses of Substrate-Supported Hierarchically Porous Materials  

 The fabrication of hierarchically porous metal oxide electrodes is a nontrivial challenge.
19

 

Nanostructured electrode materials typically need to be supported on three-dimensional current 

collecting substrates (e.g. nickel grids, macroporous nickel foams,
34

 or carbon aerogels
35

), with 

direct contact between the electroactive material and the current collector. Methods for electrode 

construction include a two-step approach to this challenge, where a nanostructured electroactive 

material is first synthesized then physically adhered to a macroporous current collector using 

adhesives and conducting binders.
36

 This method is less than ideal, due to parasitic weight of 

adhesive and conducting binder material; a more ideal approach would be the simultaneous 

synthesis and physical deposition of an electroactive material directly onto the current collecting 

substrate.  

 Porous materials can be fabricated through a variety of methods. For the fabrication of 

substrate-supported porous materials, hard templating is an attractive approach. Hard templating 

involves the use of a preformed sacrificial template on a substrate which consists of the desired 

pore dimensions and geometries. Examples of hard templates include anodic alumina oxide
37,38

, 

block copolymer films
39

, colloidal crystals,
40

 and protein masks.
41,42

. Nanostructured porous 

materials are fabricated by filling the porous template through various methods (e.g. 

electrodeposition
43

, electroless deposition
44

, chemical vapor deposition
45

, or nanocasting 

methods
46

) then removing the sacrificial template. The resulting substrate-supported product 
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exhibits a nanostructured porosity directed by the structural parameters of the hard template. 

 Soft templating involves the synthesis of porous materials by employing an organic 

structure-directing agent (also referred to as pore-directing agent), such as cationic quaternary 

ammonium surfactants or block copolymers. Structure-directing agents can undergo self 

assembly, by forming organized micelles in solution. Porous material precursor species condense 

to form a matrix around the structure-directing agent micelles, which are then removed by 

calcination or solution extraction to form the desired porous material. Examples of such 

materials include mesoporous silica
47

 and mesoporous carbon.
48

 While porous materials 

synthesized by soft templating can be further used as hard templates for the fabrication of porous 

materials, there is interest in bypassing the hard templating step by using soft templating 

methods to form a final desired porous material. For example, mesoporous metal oxides have 

been synthesized by employing block copolymers as soft templates;
49,50

 however, this method 

requires precursor species which condense at low temperatures, due to disassembly of structure-

directing agent micelles at relatively low temperatures.  

1.5 Mesoporous Silica  

 The synthesis of liquid-crystal templated crystalline mesoporous silica (i.e. silica 

exhibiting pores of 2 to 50 nm in diameter) with regular ordered pores and narrow pore size 

distribution was first reported by Beck and coworkers
51,52

 at Mobil Research and Development  

Corporation in 1992. This seminal report describes the fabrication and characterization of a 

family of mesoporous molecular sieves (M41S) with ordered pores, uniform mesoporosity (pore 

diameters of 1.5 ï 10 nm) and high specific surface areas, up to 1040 m
2
 g

-1
. Mesoporous silicas 

with 2-dimensional, hexagonally ordered pores, termed MCM-41 (Mobil Composition of Matter 

No. 41), and mesoporous silicas with 3-dimensionally ordered pores, termed MCM-48
52,53

, 
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opened up a pathway for the investigation of mesoporous material with controllable pore 

ordering, pore orientation, uniform pore diameters, and controllable pore geometries. In the 

report, Beck et al.
51,52

 describe the fabrication of molecular sieves templated by quaternary 

ammonium cationic surfactants by a proposed liquid-crystal mechanism in which anionic 

silicates were mixed in a solution with surfactants and treated either with a base to induce silica 

polycondensation or by a hydrothermal method to obtain mesoporous molecular sieves.  

 The synthesis and characterization of MCM-41 mesoporous silica was independently 

reproduced in 1993 by Franke et al.
54

 and Chen et al.,
55,56

  while MCM-48 materials were 

independently reproduced at University of California Santa Barbara in 1993 from work by G.D. 

Stuckyôs laboratory.
57,58

  

 While the work by Beck et al.
51,52

 is typically credited in the literature as the first reported 

syntheses and characterization of ordered mesoporous zeolite material, Japanese researchers 

Yanagisawa et al.
59

 published a report in 1990 describing the synthesis of mesoporous silica by 

alkyltrimethylammonium chloride surfactant-templated kanemite (NaHSi2O5·3H2O) through a 

basic synthesis and heat treatment method. The study reported mesoporous silicas with ordered 

pores, narrow pore size distribution (2-4 nm), and high specific surface areas (900 m
2
 g

-1
). While 

this report predated the findings of Beck and coworkers by two years, it went largely unnoticed 

until 1995.
60

 

 Since 1992, published reports of mesoporous silica have increased rapidly (Fig. 1.4). 

Significant advancements have been achieved in tailoring two dimensional and three 

dimensional pore orderings, pore diameters, and morphologies of mesoporous silica materials. 

While a comprehensive and detailed review of mesoporous silica research is beyond the scope of  

this text, several reviews have been published detailing the myriad of syntheses, characterization 
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Figure 1.4 Number of publications that mention mesoporous silica from 1991-2011. 
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methods, and applications of mesoporous silicas.
47,61ï66

 In the following section, the chemistry of 

silica hydrolysis and condensation is discussed. 

1.6 Substrate-Supported Mesoporous Silica  

 Mesoporous silica is an attractive porous template material due to its high surface area 

(700-1200 m
2
 g

-1
), tunable pore sizes and pore volumes, various pore geometries, high degree of 

pore ordering and ability to form perpendicularly oriented pores.
67,68

 However, the synthesis of 

mesoporous silica on three-dimensional current collecting substrates is nontrivial due to the 

complex nature of mesoporous silica synthesis methods.  

 Mesoporous silica particle deposition onto three-dimensional substrates, such as ceramic 

foams
69,70

 and carbon aerogels,
71

 has typically been conducted via a two step method involving 

the formation of mesoporous silica particles by traditional hydrothermal syntheses followed by 

impregnating a macroporous substrate with a solution containing the mesoporous silica particles. 

While this method results in a hierarchically porous composite structure, the synthesis time is 

typically on the order of days and requires multiple impregnation steps. 

 The fabrication of mesoporous silica thin films on conducting substrates has been limited 

to traditional synthesis methods such as Evaporation Induced Self Assembly (EISA) via dip-

coating or spin-coating processes.
72,73

 The deposition of a sol-gel solution onto a supporting 

substrate via EISA uses rapid evaporation of the alcohol solvent and acid/base catalyst to induce 

self assembly of structure-directing agent micelles. Self assembly occurs via either a 

silicate/pore-directing agent cooperative assembly mechanism or a liquid crystal mechanism 

resulting in a polycondensed silica/pore-directing agent matrix. Removal of the pore-directing 

agent via calcination or solution extraction results in a silica thin film material deposited on the 

substrate with pore geometries dictated by the nature of the pore-directing agent.
72ï74
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  The synthesis of hexagonally ordered mesoporous silica films onto three-dimensional 

nickel foam substrates via EISA has been reported by Campbell et al.
75

 and Hu et al.;
76

 however, 

these materials suffered from discontinuous films and low degrees of long range order. Recent 

works by Walcarius and coworkers
77,78

 have utilized an electrochemically assisted method for 

the synthesis of hexagonally ordered mesoporous silica thin films on planar substrates which 

exhibit long range order and film continuity.  

1.7 Electrochemically Assisted Self Assembly of Thin Films on Planar Substrates 

 To address the problems associated with using the EISA method of dip-coating 

mesoporous silica thin films onto planar substrates, the method of Electrochemically Assisted 

Self-Assembly (EASA) was used to investigate mesoporous thin film deposition onto planar 

electrodes. Electrochemically Assisted Self Assembly (EASA) of mesoporous silica thin films on 

conductive substrates (Au, C, Cu, Pt, Indium Tin Oxide) was first described by Walcarius and 

coworkers, in which a cathodic potential applied to a conducting substrate immersed in a 1:1 

ethanol: water sol-gel solution containing tetraethyl orthosilicate (TEOS) silica precursor, 

quaternary ammonium cationic surfactants, NaNO3, and HCl (pH of solution =3) resulted in thin 

films exhibiting amorphous non-ordered, disordered wormlike, or hexagonally packed pores with 

an orientation perpendicular to the conducting substrate. Lattice parameters of the pores 

determined by GI-SAXS ranged from 3.8 to 4.6 nm and increased as a function of the carbon 

chain of the surfactant.
77,78

  The resulting thin films exhibited thicknesses ranging from 50 nm to 

750 nm depending on the time of applied potential
77

, concentration of surfactant, and 

concentration of the silica precursor in the sol-gel solution.
78

 In addition to an organized and 

oriented mesostructured thin film, unwanted silica aggregates were formed on the surface of the 

thin film during the EASA process, due to the slow rate of thin film deposition and fast rate of 
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bulk gelification at the electrode/solution interface.  Optimization of the EASA process resulted 

in the minimization of silica aggregate formation by employing short electrodeposition times (10 

to 20 s), silica precursor concentration of less than 125 mM, and surfactant/silica precursor ratio 

of less than 0.32.
78

   

 More recently, the EASA technique has been extended to fabricate hierarchically porous 

thin films on ITO electrodes dip-coated with polystyrene beads prior to the EASA process. 

Calcination at 550 °C allowed for removal of the surfactant molecules and polystyrene beads 

from the silica thin film resulting in a hexagonally ordered pore mesopore structure with  

macropores in the range of 100 nm formed by the generation of a silica thin film in the voids 

between polystyrene beads.
79

  

1.8 Chemistry of Silica 

 Carmen proposed that silicic acid polymerizes into discrete particles which aggregate into 

chains and networks.
80

 Iler has proposed that silica polymerizes in three stages:
81

 

1. Polymerization of monomer to form particles. 

2. Growth of particles. 

3. Particles link into chains, then into networks that extend through the liquid medium, 

thickening into a gel.  

 Silica gels are often polymerized from tetrafunctional alkoxide precursors which undergo 

hydrolysis to form monomers.
82

 Several anionic and cationic silica precursors have been 

extensively researched in the syntheses of mesoporous silicas. For the purposes of this text, focus 

will be centered around anionic silicates, particularly tetraethyl orthosilicate (TEOS).  TEOS  

consists of four ethyl groups centered on a SiO4
-
 anion (orthosilicate). The overall hydrolysis and 

dehydration (condensation) of TEOS can be expressed by the following reactions, respectively. 
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nSi(OC2H5)4 + 4nH2O ź nSi(OH)4 + 4nC2H5OH Reaction 1.1 

 

nSi(OH)4 ź (SiO2)n + 2nH2O Reaction 1.2 

 

The hydrolysis and condensation reactions can be further expanded at the functional group level:  

 

ſSi ï OC2H5 + H2O ź ſSi ï OH + C2H5OH Reaction 1.3 

 

ſSi ï OC2H5 + HO ï Siſ ź ſSi ï O ï Siſ + C2H5OH Reaction 1.4 

 

ſSi ï OH + HO - Siſ ź ſSi ï O ï Siſ + H2O Reaction 1.5 

 

 The reverse reaction of Reaction 1.3 is esterfication, while the reverse reactions of 

Reaction 1.4 and Reaction 1.5 are alcoholysis and hydrolysis, respectively. While hydrolysis of  

TEOS occurs in the sole presence of water at a slow rate, Aelion et al. 
83

 found by following the 

consumption of water by hydrolysis and its production by condensation using Karl Fischer 

titrations that the rate of hydrolysis of tetraalkoxysilanes in aqueous and mixed alcohol/aqueous 

solutions is increased significantly when in the presence of  acids or bases, and is mostly 

influenced by the  strength and concentrations of acids or base, such as HCl  or NaOH (Fig. 1.5). 

 Increasing the H2O:Si molar ratio (r) of the hydrolysis reaction increases the rate of 

hydrolysis of TEOS. This H2O:Si molar ratio also affects the morphology of the silica product.
83

 

According to Reaction 1.1, r values equal to 2 should be sufficient in the hydrolysis reaction. 

With r values of 1 to 2, the silica products formed from acid catalyzed hydrolysis and 

condensation form a spinnable viscous sol consisting of linear silica polymer chains, while silica 

products formed from base catalyzed hydrolysis and condensation with r values higher than 10 
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form films.
84

 Silica products formed from base catalyzed hydrolysis reactions with an r value 

greater than 10 form monodisperse, micron sized silica particles as described by Stöber et al.
85

 

 Following hydrolysis, condensation occurs according to Ilerôs proposed stages. 

According to Iler, the polymerization process of silica can be divided into three pH domains 

(Fig. 1.4): 

1. < pH 2 ï Acid catalyzed condensation  

2.  pH 2-7 ï Intermediate-base catalyzed condensation 

3. > pH 7 ï High-base catalyzed condensation. 

 A boundary exists near pH 2, due to the fact that the point of zero charge (the point where 

the surface charge of silica is zero) and the isoelectric point (where the electrical mobility of 

silica is zero) are in the pH range of 1-3.
82

 Silica condensation can occur solely in aqueous 

solutions (Reactions 1.1-1.2), whereas acid catalyzed condensation occurs at a slower rate than 

 base catalyzed condensation (Fig. 1.5). Iler
81

 proposed that base catalyzed condensation of 

silicates follows the following reaction: 

 

SiO
-
 + Si(OH)4 ź Si ï O ï Si + OH

- 
Reaction 1.6 

 

where a neutral silicate species is attacked by a nucleophilic deprotonated silanol. 

 The synthesis of mesoporous silica typically involves the use of a hydrolyzed silica 

precursor (TMOS, TEOS, sodium silicate) in a mixed aqueous/alcohol sol-gel solution 

containing cationic or anionic counterions, pore-directing agents (such as quaternary ammonium 

cationic surfactants
52

, anionic salt surfactants
47

 or nonionic block copolymers
86

), and an acid 

(HCl) or base (NH3(aq)) which acts as a catalyst for silica polycondensation. 
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Figure 1.5 Rates of hydrolysis, condensation, and dissolution of silica as a function of pH. 

Arrows indicate the corresponding y axis for a respective rate. Rates are determined by the 

inverse of the gel time.
87

 Adapted from Journal of Non-Crystalline Solids, 100, C.J. Brinker, 

Hydrolysis and condensation of silicates: Effects on structure, 31-50, Copyright (1988) with 

permission from Elsevier.  
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1.9 Theory and Method of Gas Physisorption for the Characterization of Porous 

Materials 

 The following sections detail the technique of structural parameter (i.e. surface area, 

mesopore/micropore diameter, and mesopore/micropore volume) characterization by gas 

physisorption, a common and widely adopted porous material characterization method. Due to 

the prevalent use of this method throughout the presented work, a brief introduction to the 

measurement, theory, and characterization is provided in the following sections. 

1.9.1 Gas Physisorption  

 The morphology, pore ordering, and pore orientation of porous materials may be 

characterized using various instrumental methods, such as scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), atomic force microscopy (AFM), small-angle X-ray 

scattering (SAXS), grazing-incidence small-angle X-ray scattering (GISAXS), and small-angle 

neutron scattering (SANS).  

 Structural parameters (such as surface area, pore diameters, and pore volumes) of 

mesoporous and microporous materials can be quantified using gas physisorption methods. 

Characterization of porous materials by nitrogen physisorption has been well documented in the 

literature and several reviews,
88ï94

 book chapters,
95,96

 and books
97,98

 have been published on this 

method. While the most common gas used in gas physisorption is nitrogen, other common 

methods employ various gasses, such as krypton, argon, and carbon dioxide.
99

 

 The physical process of gas physisorption involves the formation of a monolayer or 

multilayer of nitrogen molecules (adsorbate) in a liquid-like state on the surface of a porous 

sample (adsorbent). This is achieved by introducing nitrogen gas into a sample cell, which is 

cooled to the boiling point of nitrogen (77 K) and kept constant. Initially the relative pressure of 
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nitrogen (the ratio of the pressure of nitrogen introduced into the sample cell to the atmospheric 

pressure, in torr) is low, approximately 0.01 to 0.02. After introduction of nitrogen into the 

sample cell, time is allowed to pass in order for the adsorption to occur and for the temperature 

of nitrogen to equilibrate (equilibration time). After the equilibration time, the volume of 

nitrogen physisorbed is measured, by comparing the observed pressure change to the expected 

pressure change if no adsorbent was present in the sample cell. This procedure is continued in a 

step-wise fashion at discrete relative pressures until a preset relative pressure is reached 

(typically 0.99). The volume of nitrogen physisorbed is then plotted as a function of relative 

pressure (referred to as the adsorption branch) to obtain an experimental isotherm. In most cases, 

this procedure is then reversed and plotted as the desorption branch of the isotherm. 

 Isotherms obtained through gas physisorption methods have been classified according to 

shape (Fig. 1.6), as reported the IUPAC Commission on Colloid and Surface Chemistry 

including Catalysis.
99

 Table 1.1 summarizes the interpretation of isotherm shape, as reviewed by 

Sing et al.
99

 and Condon.
98

  The inflection points of the isotherms (denoted as B and indicated by 

arrows for Type II and Type IV isotherms, Fig. 1.6), reflect micropore or small mesopore 

filling /evacuation by the adsorbent at low relative pressures.  

 As can be seen in Figure 1.6, certain isotherm types (Type IV and V) exhibit a hysteresis 

(Fig. 1.7) between the adsorption and desorption branches (the dashed lines of Figure 1.7 

represent hysteresis observed due to micropores
99

). The nature of hysteresis observed in 

experimental gas physisorption isotherms has been widely studied.
54,95,100ï108

 A thorough 

discussion of the nature of hysteresis observed in experimental gas physisorption isotherms  

 



19 

 

 
Figure 1.6 Types of physisorption isotherms. Inflection points (B), which correspond to  

micropore or mesopore filling, are indicated by arrows. Adapted from Reference 99, with 

permission, © 1985 IUPAC. 
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Table 1.1 Interpretation of gas physisorption isotherm types.
98,99

 

Isotherm Type Qualitative Interpretation of Isotherm Types 

I Observed for microporous ( < 2 nm) materials or small mesoporous (2 to 4 nm) materials. 

II  Observed for nonporous or macroporous ( > 50 nm) materials with strong adsorbate-adsorbent interactions. 

III  Not common, observed for non porous or macroporous materials with weak adsorbate-adsorbent interactions. 

IV 
Observed for mesoporous and microporous/mesoporous materials, characterized by hysteresis of the adsorption 

branch and desorption branch of the isotherm. 

V Not common, observed for mesoporous materials which exhibit weak adsorbate-adsorbent interactions. 

VI  
Observed for uniform nonporous surface, characterized by steps corresponding to the formation of solid 

adsorbent monolayers. Typically observed is the sample is cooled below the triple-point of the adsorbent. 
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Figure 1.7 Types of hysteresis loops of physisorption isotherms. Adapted from Reference 99, 

with permission, © 1985 IUPAC. 
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would be exhausting; however, the interested reader is referred to a recent review by Thommes.
94

 

Table 1.2 briefly summarizes the types of hysteresis loops presented in Figure 1.6, as reviewed 

by Sing et al.
99

 and Thommes.
94

 

1.9.2 Brunauer-Emmett-Teller Theory for Surface Area Determination 

 As mentioned previously, data acquired form gas physisorption isotherms can be used to 

calculate the surface area of a porous sample. The Brunauer-Emmett-Teller (BET) theory of 

monolayer/multilayer adsorption has been widely adopted within the scientific community for 

the experimental determination of surface areas of porous materials. This theory, unlike the 

Langmuir model of monolayer adsorption, accounts for multilayer adsorption of an adsorbent 

species on a porous adsorbent within a specific relative pressure range. The BET theory of  

monolayer/multilayer adsorption is defined by the following equation: 

 

ρ

ὡ
0
0 ρ

 
ρ

ὡ ὅ

ὅ ρ

ὡ ὅ

0

0
 

Equation 1.1 

 

where 

W = the weight of nitrogen at a relative pressure P/P0 

P = pressure, torr 

P0 = atmospheric pressure, torr 

Wm = the weight of the nitrogen monolayer 

CBET = value related exponentially to the heat of adsorption of the first monolayer.
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Table 1.2 Interpretation of hysteresis observed in physisorption isotherms.  

Hysteresis Type Qualitative Interpretation of Hysteresis Types 

H1 Observed for porous materials with uniform pores and narrow pore size distributions.  

H2 
Observed for porous materials which consist of complex mesopore structures. Pore network effects such as pore 

blocking and percolation dictate hysteresis shape. 

H3 Observed for porous materials with mobile aggregates of plate-like particles or groups of slit-shaped pores. 

H4 Observed for porous materials consisting of both micropores and mesopores. 
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 Plotting the first term of Equation 1.1 as a function of relative pressure (for data acquired 

in the relative pressure range of 0.05 ï 0.3) should yield a straight line, with the slope and 

intercept defined by Equations 1.2 and 1.3, respectively. 

 

ÓÌÏÐÅὅ
ρ

ὡ ὅ
 Equation 1.2 

 

ÉÎÔÅÒÃÅÐÔ
ρ

ὡ ὅ
 Equation 1.3 

 

The weight of the nitrogen monolayer can therefore be determined from the slope and intercept 

using Equation 1.4. 

 

ὡ
ρ

ÓÌÏÐÅÉÎÔÅÒÃÅÐÔ
 Equation 1.4 

 

The total surface area of the porous sample can be calculated from the weight of the nitrogen 

monolayer (Wm) by Equation 1.5, assuming that the nitrogen adsorbent forms a hexagonally-

close-packed monolayer, and that the molecular cross-sectional area of the adsorbed nitrogen is 

equal to 16.2 Å
2
. 

 

Ὓὃ
ὡ ὔὥ

ὓ
 Equation 1.5 
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where 

SAt = the total surface area, m
2
 

NA = the Avogadro constant 

ὥ = the molecular cross-sectional area of adsorbed nitrogen, 16.2 Å
 2
. 

 

By gravimetric analysis of the porous sample, the gravimetric BET specific surface area (SSABET) 

can be calculated using Equation 1.6. 

 

ὛὛὃ
Ὓὃ

ὡ
 Equation 1.6 

 

SSABET = the BET specific surface area, m
2
/g 

Wadsorbent = weight of the porous sample, g. 

 

 According the IUPAC recommendations,
99

 experimentally determined CBET values and 

multipoint BET plots, obtained from Equations 1.1, should be provided when reporting BET 

specific surface areas of porous materials. However, despite these recommendations, the values 

and figures of merit obtained from Equation 1.1 are rarely provided in either the main text or 

supplemental information of literature reports. While the BET theory itself is trivial, it is the 

opinion and view of this author that these recommendations be followed, as a fundamental 

misunderstanding of this characterization method and the underlying theories may lead to 

reporting of exaggerated BET specific surface areas of porous material (see Section 2.3.3D, Fig. 

2.33). 
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1.9.3 Mesopore Size Distributions Determined by Gas Physisorption 

 Structural parameters of porous materials, such as mesopore diameters and mesopore and 

micropore volumes, can be determined using data acquired from nitrogen physisorption 

isotherms. Within the literature, the most prevalent model
95

 used to generate mesopore size 

distributions of porous samples is the Barrett-Joyner-Halenda (BJH) model.
109

  This classical 

model, based on the Kelvin equation, calculates pore size distribution by assuming cylindrical 

pore geometry. Since the development of ordered mesoporous materials, this method has been 

experimentally studied on MCM-41 and SBA-15 mesoporous silicas by Niemark et al.
108

 By 

comparing experimental data obtained from independent characterization techniques, such as 

TEM and SAXS, it was reported that the BJH model underestimates the mesopore size 

distributions of MCM-41 and SBA-15 mesoporous silicas by 20-30% for mesopore diameters 

less than 10 nm.
95,108

 

 More recently, microscopic methods have been investigated for the determination of 

mesopore distributions of mesoporous materials.
100,104,110,111

 This method, based on Nonlocal 

Density Functional Theory (NLDFT), has been employed to determine mesopore size 

distributions of MCM-41 and SBA-15 mesoporous silicas which accurately reflect 

experimentally observed mesopore diameters observed from TEM and SAXS methods. Smarsly 

et al.
112

 investigated the application of NLDFT to nitrogen and argon physisorption data of 

disordered, worm-like microporous and mesoporous silicas, and found excellent agreement with 

pore diameters observed from small-angle neutron scattering (SANS) characterization. 

 Of note is the development of mesopore size distribution calculations based on Quenched 

Solid Density Functional Theory (QSDFT) for the characterization of porous carbon 

materials.
113,114

 This method, unlike NLDFT methods, accounts for chemical heterogeneity of 
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carbon pore walls resulting in the absence of artifacts in the regions of ~1 nm and ~2 nm of pore 

size distributions of mesoporous carbons. This method, initially developed for disordered 

mesoporous carbons exhibiting slit-shaped pores,
113

 has been modified by Gor et al.
114

 for the 

determination of ordered spherical-pore and cylindrical-pore mesoporous carbons obtained 

through templating methods, and is applicable for mesopore size distributions in the range of 2 ï 

50 nm. 

 While the mathematical construction of such mesopore size distributions is nontrivial, 

most modern gas physisorption instrumentation manufacturers provide software packages which 

calculate theoretical isotherms based on mathematically fitted experimental isotherms. The 

theoretical isotherms are then utilized in NLDFT calculations to produce pore size distributions. 

Due to the microscopic nature of the model, several NLDFT kernels are available, which account 

for the chemical identity of the adsorbate, chemical identity of the adsorbent, as well as the 

adsorbent pore geometry (e.g. Quantachrome Instruments, a manufacturer of gas physisorption 

instrumentation and analysis software packages, provides software (Novawin) which contain 

NLDFT kernels for silica, carbon, and zeolites of various pore geometries and adsorbates).  

 The mathematical details of the BJH, NLDFT, and QSDFT calculation methods have 

been omitted for brevity; however, the interested reader is encouraged to review the references 

reported in this section for detailed discussions. 

1.9.4  Methods for the Determination of Micropore Volumes from Gas Physisorption 

 Primary micropore (i.e. micropores with diameters close to that of the adsorbate 

molecule) filling occurs at low relative pressures (< 0.01). Larger micropores become filled with 

adsorbate molecules in the higher relative pressure range of 0.01 to 0.02 (illustrated by the fast 

rate of adsorption illustrated in Type 1 isotherm presented in Figure 1.3). This process presents a 
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challenge in the quantification of microporous materials using gas physisorption 

characterization.  The multipoint BET plot is only relevant in the relative pressure range of 0.05 

to 0.3; therefore, BET theory is not suitable for the quantification of surface area, pore size 

distributions, or pore volumes of microporous materials.  

 Despite this inherent drawback, several methods have been developed for the 

semiquantitative analysis of microporous materials using gas physisorption methods. The t-plot 

method and Ŭs method are most prevalent within the literature. Both methods compare 

experimental adsorption isotherm data with that of a standard nonporous solid. The t-plot method 

plots the volume of gas adsorbed for the sample of interest versus the multilayer thickness of a 

standard nonporous sample. The Ŭs method is similar to the t-plot method; however, the volume 

of adsorbate adsorbed for the sample of interest is plotted against a reduced adsorption. This is 

defined as the amount of adsorbate adsorbed on the sample of interest divided by the amount of 

adsorbate adsorbed on the standard nonporous reference sample at a fixed relative pressure 

(typically 0.4). Both methods provide an indirect semiquantification of micropore volumes by 

extrapolating best fit lines of the respective graphed data. Extrapolation to the origin or the 

abscissa indicates an absence of microporosity; extrapolation to the ordinate indicates 

microporosity in the sample of interest. The y-intercept then provides a value for the total 

micropore volume.  

 While the t-plot and Ŭs methods can provide meaningful data, the interpretation of such 

plots should be approached with caution.
99

 This is due to the nature of the models themselves; 

both methods rely on a nonporous sample which is composed of the same chemical composition 

and surface character as the sample of interest. If the appropriate nonporous standard isotherm is 

available, the t-plot and Ŭs methods may be employed in parallel to confirm the presence of 
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micropores.
88

 Adsorption data of nonporous reference solids are typically available through 

commercial software packages or reported literature studies.
115

  

 IUPAC recommends (in addition to the t-plot and Ŭs methods) a pre-adsorption method 

for the assessment of microporosity.
99

 This method involves the pre-adsorption of molecules, 

such as nonane, before gas physisorption analysis.
116

 Nonane molecules effectively fill the 

micropores and are difficult to remove by vacuum pumping at room temperature. This allows for 

the determination of a sampleôs external surface area (surface area due to mesopores and 

macropores), providing a method to confirm the micropore volumes determined by the t-plot 

and/or Ŭs method.  

 Other methods of micropore volume assessment include high resolution nitrogen (this 

analysis is conducted at high vacuums, providing low relative pressures),
117

 argon physisorption 

or carbon dioxide physisorption at 273 K.
118

  Micropore diameters may be determined from these 

methods by employing Horvath-Kawazoe
119

 or Saito-Foley
120

 calculations; however, micropore 

size distributions derived from physisorption data may exhibit erroneous peaks for materials 

which only exhibit mesoporosity.
88

  

1.10 Outline of Dissertation 

 This work reports the synthesis and characterization of high surface area mesoporous 

silica/3D substrate composites fabricated via Electrochemically Assisted Self Assembly and their 

use as substrate-supported sacrificial templates in a nanocasting process to produce 

hierarchically porous, high surface area metal oxide/3D substrate pseudocapacitive composite 

electrodes.  

 The formation of mesoporous silica particle films on 3D macroporous nickel foam 

substrates is presented in Chapter 2.  Synthesis conditions were investigated, including time of 
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applied potential, effects of the hydrocarbon chain lengths of structure-directing surfactants, 

effects of counterions in the precursor sol-gel solution, and effects of post-synthesis treatments. 

Transmission electron microscopy was employed to characterize mesoporous silica particles 

liberated from the nickel foam substrate. A preliminary, qualitative model was constructed to 

assess the modes of mass transport to the nickel foam substrate during the EASA process. A 

working quantitative model of the increase in specific surface areas of mesoporous silica/nickel 

foam composites with respect to time of applied potential is also presented.  

 To demonstrate the versatility of EASA on various 3D substrates, mesoporous silica 

particle films were deposited onto carbon aerogels via EASA, with the results of experimental 

findings reported in Chapter 3. The effects of mesoporous silica particles on the capacitance of 

carbon aerogels was investigated using galvanostatic constant current chronopotentiometry. 

 The morphology and qualitative elemental composition of mesoporous silica/nickel foam 

(Chapter 2) and mesoporous silica/carbon aerogel (Chapter 3) composites were characterized by 

field emission scanning electron microscopy and energy dispersive X-ray spectroscopy. The 

qualitative assessment of the surface coverage of mesoporous silica particles on nickel foam and 

carbon aerogel substrates was performed using a molecular probe (ferrocene methanol) and 

cyclic voltammetry. Nitrogen physisorption was employed to quantitatively assess the specific 

surface area, mesopore diameters and volumes, and micropore volumes of mesoporous 

silica/nickel foam and mesoporous silica/carbon aerogel composites. 

 Chapters 4 and 5 present the experimental findings of the use of mesoporous silica/nickel 

foam composites as substrate-supported sacrificial templates in a vacuum-assisted aqueous 

cobalt nitrate solution (Chapter 4) and ethanolic cobalt nitrate solution (Chapter 5) 

infiltration/thermal decomposition nanocasting process. The resulting cobalt oxide/nickel foam 
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composites were characterized using field emission scanning electron microscopy, energy 

dispersive X-ray spectroscopy, and X-ray diffractometry. Specific surface areas, mesopore 

diameters and volumes, and micropore volumes of cobalt oxide/nickel foam composites were 

assessed using nitrogen physisorption. 

 Results of the electrochemical characterization of nanocast cobalt oxide/nickel foam 

composites are presented in Chapter 6. The pseudocapacitance of cobalt oxide/nickel foam 

composites (described in Chapters 4 and 5) in an aqueous basic solution were investigated using 

cyclic voltammetry and galvanostatic constant current chronopotentiometry.  

 Finally, general conclusions of the experimental findings of this work are presented in 

Chapter 7.  Concerns and limitations encountered during experimental investigations are 

identified and discussed. Brief suggestions for future experimental studies are also provided to 

address these concerns.   
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CHAPTER 2  

ELECTROCHEMICALLY ASSISTED SELF ASSEMBLY OF MESOPOROUS SILICA 

ONTO NICKEL FOAM SUBSTRATES 

2.1 Introduction 

 Two- and three-dimensional (2D and 3D) mesoporous silica structures, such as thin films, 

particles, and monoliths are an attractive material for use as templates in the fabrication of metal, 

metal oxide, and carbon nanostructures, such as nanowires, nanoparticles, and nanostructured 

monolith replicas. Ordered and disordered mesoporous silica structures with well defined pore 

geometries, diameters, void volumes, ordering, and orientation have been well characterized, and 

several reviews have been published focusing on the syntheses of mesoporous silicas with 

respect to certain 2D and 3D geometries.
63,64,72,121,122

  

 Silica thin films supported on planar substrates are suitable for certain applications, such 

as nanowire fabrication for use in electrochemical sensors, solar energy conversion technology, 

and information storage media,
68,121,123,124

 whereas mesoporous silica monolithsô inherent 3D 

geometries and high specific surface areas are considered more suitable as templates for 

nanostructured catalysts and chemical separations. An area in which certain characteristic 

properties of both silica thin films and silica monoliths overlap is in the fabrication of high 

surface area energy storage devices (i.e. electrochemical capacitors and batteries) which require a 

3D current collecting substrate.
34

  

 Ideally, a silica thin film with well defined porous structures formed onto the 3D current 

collecting substrate could serve as a removable template for the directed synthesis of 



33 

 

nanostructures either physically or chemically adsorbed to the substrate. Removal of the silica 

template would result in a high surface area, heterogeneous electrode with well defined 

nanostructures. Campbell et al.
75

 reported such a fabrication of nickel nanowires electrodeposited 

into polymer-templated mesoporous silica thin films supported by a 3D nickel foam substrate, 

which was synthesized by Evaporation Induced Self Assembly (EISA). This resulted in a 120-

fold increase in surface area of the nickel nanowire/nickel foam electrode after mesoporous silica 

removal, as determined by cyclic voltammetry. However, dip-coated mesoporous silica thin 

films on nickel foam electrodes did not exhibit pore ordering compared to well-ordered 

mesoporous silica thin films dip-coated onto nickel and ITO planar substrates from a sol-gel 

solution of the same composition. In addition, the dip-coating method was problematic due to 

pooling effects of the sol-gel solution in the ligaments of the nickel foam, causing cracking of the 

silica thin film upon surfactant removal. Hu et al.
76

 reported the fabrication of untemplated silica 

thin films on a three-dimensional nickel foam substrate via a dip-coating EISA method, resulting 

in silica/nickel foam composites exhibiting specific surface areas of ~150 m
2
 g

-1
 as determined 

from data obtained from nitrogen physisorption characterization; however the mesoporous silica 

film was not utilized as a template for the directed fabrication of nanostructures.  

 While dip-coating and spin-coating EISA methods have proven efficient in the formation 

of ordered and disordered mesoporous silica thin films on conducting non-metal and metal 

planar and three-dimensional substrates, alternate synthesis routes of mesoporous silica films 

have been explored.  Huerta et al.
69

 reported the fabrication of silica/three-dimensional substrate 

composites by impregnating a three-dimensional ceramic foam substrate with mesoporous silica 

particles using a colloidal suspension method, which resulted in UVM-7 (Unversitat de València 

Material No. 7, an MCM-41-like silica particle with bimodal mesoporosity
125

) silica 
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nanoparticles adhering to the ceramic foam surface. Single cycles of impregnation resulted in a 

non-uniform coating of the silica particles on the surface, whereas multiple impregnation cycles 

exhibit a continuous silica particle film with filling of the macroscopic voids in the ceramic foam 

substrate. Silica/ceramic foam electrodes exhibited good specific surface areas ranging from 44 

m
2
 g

-1
 for one cycle of impregnation to 140 m

2
 g

-1
 upon four impregnation cycles, determined by 

BET calculations from nitrogen adsorption data, and exhibited small uniform mesopore 

diameters (~3 nm).  

 While the method reported by Huerta et al.
69

 consisted of separate steps for the synthesis 

of silica nanoparticles and the impregnation of ceramic foams, Granato et al.
70

 reported an in situ 

one step method for the hydrothermal synthesis and impregnation of mesoporous silica particles 

on three-dimensional ceramic foam substrates; however the total fabrication time took a total of 

72 hours.  Silica/ceramic foam composited fabricated by Granato et al. exhibited specific surface 

areas in the range of ~5 to 57 m
2
 g

-1
, depending on the sol-gel composition and silica reaction 

temperature. 

 While traditional methods of silica film deposition presents particular problems such a 

discontinuous films and low degrees of long range order, due to the nature of the EISA process, 

and colloidal impregnation and in situ impregnation of silica particle films require either multiple 

impregnation steps or long fabrication times, alternate synthesis routes have been investigated to 

fabricate surfactant templated mesoporous silica film depositions onto 3D substrates. In the 

present work, a surfactant-templated mesoporous silica thin film fabrication technique first 

described by Walcarius and coworkers
77,78

 is extended to 3D conducting substrates. This 

technique, termed Electrochemically Assisted Self Assembly (EASA), is a novel synthesis of 

hexagonally ordered mesoporous silica thin films exhibiting uniformly sized pores oriented 
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perpendicularly to conducting substrates. This is performed by applying a cathodic potential to a 

conducting substrate immersed in a surfactant/silicate precursor sol-gel solution for a relatively 

short time interval, resulting in a continuous mesoporous silica thin film with controllable film 

thickness and pore size, ordering, and orientation.  

 The mechanism of silica thin film formation by the EASA process proposed by 

Walcarius and coworkers suggests that silica polycondensation occurs via a base catalysis 

reaction initiated by the reduction of H
+ 
and/or H2O, or by the electrochemical generation of 

hydroxide ions by NO3
-
 reduction resulting in a rise of the local pH of the electrode/solution 

interface. The base catalysis mechanism proposed by Walcarius and coworkers
77,78

 is supported 

by the formation and growth of unwanted spherical silica aggregates during the EASA process. 

In silica syntheses from sol-gel solutions in the pH range of 7-10.5, condensed primary silica 

particles become ionized resulting in repulsion between the particles, at which point silica 

condensation proceeds via monomer-cluster growth by the addition of silica monomers to 

existing silica particles resulting in an increase in the condensed silica particle size.
82

  

 Herein the EASA method is employed to fabricate surfactant templated mesoporous 

silica particles onto nickel foam, which is a commercially available, porous, three dimensional 

metal foam
126

 with relatively low specific surface areas (approximately 5 m
2
 g

-1
) that is used as 

current collecting substrates in experimental batteries
127ï130

, fuel cells,
131ï134

 electrochemical 

capacitors, 
34,135,136

 and heterogeneous catalysts.
76,137ï141

 The EASA method allows for the 

fabrication of mesoporous silica/nickel foam electrodes with controllable silica particle loadings, 

specific surface areas and narrow mesopore diameters.  

 The following section describes the synthesis and characterization of mesoporous silica 

structures supported on conducting nickel foam substrates using a sol-gel solution comprised of 
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tetraethyoxy silane (TEOS, a common silica source in the synthesis of mesoporous silicas) and 

four separate cationic quaternary n-decyl trimethyl ammonium bromide surfactants (Table 2.1). 

Characterization methods include scanning and transmission electron microscopy, nitrogen 

physisorption, and electrochemical methods, followed by a statistical analysis of structural 

parameters of mesoporous silica/nickel foam electrodes, and a qualitative evaluation of the 

current response during the EASA process. A model is proposed and discussed, describing the 

increase of silica/nickel foam surface areas as a function of deposition time during the EASA 

process. 

2.2 Experimental Methods 

 Silica/nickel foam electrodes were fabricated using the materials and methods detailed in 

Sections 2.2.1 ï 2.2.4. Characterization techniques are described in Section 2.2.5. Data analysis 

methods and regression analysis methods are detailed in Sections 2.2.6 and 2.2.7, respectively.  

2.2.1 Materials 

 The following chemicals for the preparation of silica/surfactant sol-gel solution were 

used as received: hydrochloric acid (Fisher Scientific, Certified ACS Plus), nitric acid (50-70%, 

Fisher Scientific, Certified ACS Plus), ammonium hydroxide (Fisher Scientific, Certified ACS  

Plus), sodium nitrate (Sigma-Aldrich, ACS reagent), tetraethoxysilane (TEOS; 96%, TCI 

America; 98%, Sigma-Aldrich).   

 The cationic quaternary ammonium surfactants used is sol-gel solutions were 

dodecyltrimethylammonium bromide (C12TAB; 99%, TCI America), 

tetradecyltrimethylammonium bromide (C14TAB; 99%, Amresco), 

hexadecyltrimethylammonium bromide (C16TAB; 99%, Sigma-Aldrich; 99%, Acros Organics)  
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Table 2.1 Cationic quaternary ammonium surfactants used in EASA process. 

Name Abbreviation Structure 

Dodecyltrimethyl 

ammonium bromide 
C12TAB 

 

Tetradecyltrimethyl 

ammonium bromide 
C14TAB 

 

Hexadecyltrimethyl 

ammonium bromide 
C16TAB 

 

Octadecyltrimethyl 

ammonium bromide 
C18TAB 
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 Solvents used were ultrapure water (18.2 MɋĀcm, Barnstead EasyPure II UV/UF Model 

# D8611 equipped with a 0.2 ɛm bacteria final filter) and ethyl alcohol (Pharmco-AAPER, 95%, 

ACS/USP Grade). 

 Incofoam Nickel Foam (2.5 mm thick, 90 ppi) was supplied by Novamet Vale Inco 

(Wyckoff, NJ).  

2.2.2 Sol-Gel Preparation 

 Silica sol-gel solutions were prepared using a technique reported by Walcarius and co-

workers.
77,78

  A typical silica sol-gel solution consisted of 50 mL of aqueous 0.1 M NaNO3 and  

1 mM HCl, 50 mL of ethanol, and 7.54 mL of TEOS. Surfactant was added to the sol-gel 

solution while stirring, the amount of which corresponded to a surfactant/TEOS molar ratio of 

0.32. The pH was adjusted to 3 by adding 0.1 M HCl drop wise to the sol-gel solution.  The sol-

gel solution was stirred for 2.5 hours prior to use. 

2.2.3 Substrates 

 Nickel foam substrates were prepared by cutting strips (approximately 3 cm by 0.5 cm) 

from a sheet (2.5 mm thick, 90 pore per inch) using a rotary cutting tool (Dremel MulitPro 

Model # 395). Nickel wire (0.1 mm diameter) was threaded through the foam to ensure electrical 

contact.  

2.2.4 Electrochemically Assisted Self Assembly (EASA) of Mesoporous Silica Particles onto 

Nickel Foam Substrates 

  Mesoporous silica particles were synthesized using a three electrode electrochemical cell 

using nickel foam substrates as the working electrode and applying a constant potential of -1.245 
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V vs. saturated calomel electrode (SCE; Accumet standard pre-filled calomel reference 

electrode) for deposition times of 80, 1253, 2426, and 3600 seconds using a CH Instruments 

440A potentiostat/galvanostat or 750A bipotentiostat with a platinum basket counter electrode. 

After deposition, substrates were immediately immersed in 18.2 MɋĀcm water. Deposited 

substrates were then placed in an oven overnight at 130 °C to increase silica cross-linking.  

2.2.5 Post Synthesis Treatment 

  In order to remove the surfactant template, silica/nickel foam substrates were immersed 

for 1-2 hours in an ethanolic 0.1 M HCl solution then allowed to dry at 80 °C for 1 hour.  To 

increase adhesion of silica particles to the substrate, select silica/nickel foam electrodes were 

immersed in 1 M NH4OH overnight at 90 °C, prior to surfactant removal, then sonicated in 

ethanol for 30 minutes.  Silica particles were liberated from nickel foam substrates by dissolution 

of the nickel foam in 50-70% nitric acid overnight.  The solution was filtered by gravity 

filtration. The resulting silica retentate was washed with 18.2 MɋĀcm water and dried at 100 ÁC 

overnight. 

2.2.6 Characterization Methods 

 Nitrogen physisorption isotherms were carried out at 77 K using a Quantachrome Nova 

2200e Surface Area and Pore Size Analyzer operating in helium mode. Samples were outgassed 

under vacuum using a roughing pump and simultaneously heated at 150-250 °C. Multipoint BET 

specific surface area and pore size calculations were performed using NovaWin Version 10.01 

software. 

 Field emission scanning electron micrographs and energy dispersive X-ray spectra of 

nickel foam and mesoporous silica/nickel foam electrodes were acquired using either a 
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JEOL7000 FE-Scanning Electron Microscope equipped with an Oxford Instruments INCAx-

sight Energy Dispersive Spectrometer detector (later upgraded to an INCA X-Max 20 mm
2
 

Large Area Silicon Drift Detector) or a Philips XL 30 SEM equipped with a SuperQuantum 

Energy Dispersive Spectrometer detector. 

 Transmission electron micrographs were acquired using a FEI Tecnai F-20 Transmission 

Electron Microscope operating at an accelerating voltage of 200 kV. Silica/nickel foam 

electrodes and silica particles were sonicated in 7 to 8 mL of ethanol for 30 minutes then placed 

on a carbon coated TEM grid by pipetting one drop of silica/ethanol solution. 

 Mass spectrometry spectra were acquired using a Bruker Ultraflex MALDI/TOF 

spectrometer in reflector positive ion mode equipped with a continuous flow nitrogen laser 

operating at 337 nm. Samples were mixed with dihydrobenzoic acid matrix (11 mg/mL, 50/50 

acetonitrile/H2O, 0.1% trifluoroacetic acid). 

 Qualitative analysis of surface coverage of nickel foam substrates by mesoporous silica 

particles was performed by cyclic voltammetry of silica/nickel foam electrodes using either a CH 

Instruments 440A potentiostat/galvanostat or 750A bipotentiostat. The solution used consisted of 

0.5 mM ferrocene methanol and 0.5 M potassium hydrogen phthalate in aqueous solution. Cyclic 

voltammetry was performed in the potential range of -0.4 to 0.6 V vs. SCE at potential scan rates 

of 5, 10, and 20 mV s
-1

 using a saturated calomel reference electrode and a platinum basket 

counter electrode. 

2.2.7 Statistical Data Analysis Methods 

 The following sections discuss the methods used to statistically describe experimental 

measurements. 
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2.2.7.A Bartlettôs Test for Variances  

 Bartlettôs test for variances
142,143

 was employed to test for homogeneity of variances of 

averaged specific surface areas of mesoporous silica/nickel foam electrodes deposited for four 

separate deposition times (80, 1253, 2426, and 3600 seconds) using separate surfactant 

template/TEOS systems (C12TAB, C14TAB, C16TAB, and C18TAB). Bartlettôs test assumes 

the null hypothesis that all population variances are equal and is used to test for the homogeneity 

of more than two variances with unequal degrees of freedom. The following equations were used 

to calculate an F ratio, which is compared to a calculated two-tailed critical F value (Fcritical). 

  The estimated variance of an averaged population can be calculated using Equation 2.1: 

 

ί  
Вὢ ὢ

ὲ ρ
 Equation 2.1 

 

where  

si2 = estimated variance 

X = individual observation 

ὢ = arithmetic average of individual observations 

n = number of observations. 

 

The pooled variance (sp2) of two or more populations can be calculated using Equation 2.2: 

ί  
Вὲ ρί

ὔ Ὧ
 Equation 2.2 

 

where  

ni = the number of observations associated with each variance 
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si2 = estimated variance of a population 

Ni = the sum of all niôs 

k = the number of variances being compared. 

Using the defined values of Equations 2.1 and 2.2, Equations 2.3 and 2.4 are used to calculate 

values, M and A: 
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Equation 2.4 

 

Using the value of M calculated using Equation 2.3, an F ratio is obtained using Equation 2.5 

using df1 and df2 as defined by Equations 2.6 and 2.7, and b as defined by Equation 2.8. 
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 Equation 2.5 

 

where  

df1 = the degrees of freedom of the denominator, defined by Equation 2.6 

df2 = the degrees of freedom of the numerator, defined by Equation 2.7. 
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ὨὪ Ὧ ρ  Equation 2.6 
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Equation 2.8 

 

The resulting F value, calculated by Equation 2.5 is compared to a two-tailed critical F value 

(Fcritical), which is calculated using a value for the significance level (ɻ, typically 0.05) and the 

degrees of freedom calculated using Equations 2.6 and 2.7. An experimental F value which does 

not exceed the critical F value results in the failure of the null hypothesis (that the variances of 

two or more populations are equal) being rejected. 

2.2.7.B Studentôs t Test 

 To compare the estimated averages of specific surface areas of mesoporous silica/nickel 

foam electrodes with unknown and equal variances, the Studentôs t test was employed
144

, using 

the following equations. Studentôs t test assumes the null hypothesis that there is no significant 

difference between population averages, with the failure to reject the null hypothesis if an 

experimental t value does not exceed a calculated, two-tailed critical t value (tcritical), for a 

significance level (ɻ). An experimental t value (texp) is calculated using Equation 2.9: 
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Equation 2.9 

 

where 

n1 = number of observations comprising the first average ὢ 

n2 = number of observations comprising the second average ὢ 
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sp = pooled standard deviation of the standard deviations s1 and s2 for the first and second sets of 

data, calculated by Equation 2.10. 

 

ί  
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 Equation 2.10 

 

The degrees of freedom used to calculate the critical t value is calculated by Equation 2.11: 

 

ὨὪ  ὲ ὲ  ς Equation 2.11 

 

2.2.7.C Calculation of Errors 

 Estimates of averaged data are presented with error ranges, calculated by Equation 2.12, 

using a critical t value calculated at the 0.05 significance level, using Equation 2.13 to calculate 

the degrees of freedom: 

 

‘  ὢ
ὸί
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 Equation 2.12 

 

where 

ɛ = the true average of the data set 

s = the estimated standard deviation of the data set 

n = the number of observations of the data set. 

 

ὨὪ ὲ ρ Equation 2.13 
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2.2.8 Regression Analysis Methods 

 Nonlinear univariate and multivariate regression analyses were performed using the 

Microsoft Excel 2007 Solver function (Office Button/Excel Options/Add-Ins). Utilization of this 

program requires a user to input a model equation and an approximation of desired parameter 

values to be computed. The Solver function optimizes the desired variables by an iterative 

calculation of variables which minimizes the differences between the sum of squares of observed 

values and values calculated from the input equation.
145,146

  

2.3 Results and Discussion 

 The following sections present the results and discussions of the fabrication and 

characterization of silica/nickel foam electrodes using chronoamperometry, scanning electron 

microscopy, energy dispersive x-ray spectroscopy, nitrogen physisorption, and cyclic 

voltammetry. Structural parameters of silica/nickel foam electrodes are described using statistical 

analysis methods. A qualitative analysis of the current response during the EASA process is 

presented followed by the results and discussion of a proposed model for the description of the 

growth of silica/nickel foam electrode surface areas as a function of EASA deposition time. 

2.3.1 Silica Deposition by EASA onto Nickel Foam Substrates 

 Silica was deposited onto nickel foam electrodes from a surfactant/TEOS sol-gel solution 

by electrochemically assisted self assembly (EASA) process described in Section 2.2.3. The 

resulting current-time curves obtained during the EASA deposition process are shown in Figures 

2.1A-B and 2.2A-B for silica/nickel foam electrodes templated by C12TAB, C14TAB, C16TAB 

and C18TAB for specific deposition times of 80 (Fig. 2.1A), 1253 (Fig. 2.1B), 2426 (Fig. 2.2A),  
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Figure 2.1A-B Transient current density response of nickel foam electrodes in a mixed solution 

containing 4.65 x 10-2 M NaNO3 and a corresponding C12TAB ( ), C14TAB ( ),C16TAB 

( ), and C18TAB ( )/TEOS molar ratio of 0.32 at an applied potential of -1.245 vs. SCE for 

a time of 80 seconds (A) and 1253 seconds (B). 
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Figure 2.2A-B Transient current density response of nickel foam electrodes in a mixed solution 

containing 4.65 x 10-2 M NaNO3 and a corresponding C12TAB ( ), C14TAB ( ),C16TAB 

( ), and C18TAB ( )/TEOS molar ratio of 0.32 at an applied potential of -1.245 vs. SCE for 

a time of 2426 seconds (A) and 3600 seconds (B). 
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and 3600 seconds (Fig. 2.2B).  Currents are normalized to the weight of the nickel foam 

substrate.   

 Current significantly decreases from the onset of potential application to the electrode  

until approximately 200 seconds, as seen in Figure 2.1B, with a decrease in the current decay 

rate approaching 3600 seconds (Fig. 2.2B). Current decay is consistent with results reported by 

Walcarius et al.
77

 for EASA synthesized ordered mesoporous silica thin films onto gold-coated 

quartz-crystal resonators with a surface area of 0.2 cm
2
. However, the current decay occurs 

significantly faster (< 2 seconds) than the presented results, due to a higher current density, 

calculated from data obtained from the report to be approximately 21 A m
-2

 decreasing to 5 A m
-

2
 after deposition from a C16TAB/TEOS sol-gel solution for 20 seconds. Comparatively, current 

density of EASA synthesized mesoporous silica particles onto a nickel foam substrate from a 

C16TAB/TEOS sol-gel solution was calculated to be 7.2 x 10
-3

 A m
-2

 decreasing to 1.0 x 10
-3
 A 

m
-2

 after a 3600 second deposition (using the BET specific surface area of bare nickel foam 

electrodes as determined by nitrogen physisorption, Section 2.3.3).  

 Deposition curves (Fig. 2.3) of nickel foam electrodes in solutions without C16TAB or 

TEOS exhibit lowered initial currents, as compared to current-time curves obtained from typical 

sol-gel solutions, which decay to a steady state exhibiting higher currents. In the absence of 

NaNO3, the initial current response is comparable to that exhibited by EASA of nickel foam 

electrodes in an unaltered sol-gel solution. Further discussion of the transient current decay 

during the EASA process is provided in Section 2.3.5, along with a qualitative current decay 

model. 

 Figures 2.4A-B and 2.5A-B present individual and averaged values for the weight of 

silica deposited during the EASA process, per gram of nickel foam substrate, for  
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Figure 2.3 Transient current density response of a nickel foam electrode during the EASA 

process in a typical sol gel solution C16TAB ( ); in a surfactant-free sol gel solution ( ); in a 

TEOS-free sol gel solution ( ); and in NaNO3-free sol gel solution ( ). A potential of -1.245 

V vs. SCE was applied for 3600 seconds. 
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Figure 2.4A-B Individual (ƺ) and average (ǅ) values for weight of silica deposited by EASA per 

weight of nickel foam substrate after surfactant extraction, for deposition times of 80, 1253, 

2426, and 3600 seconds. Silica/nickel foam electrodes were templated by C12TAB surfactant 

(A) and C14TAB surfactant (B). Error bars are 95% confidence intervals of the estimated 

averages of replicate samples. 
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Figure 2.5A-B Individual (ƺ) and average (ǅ) values for weight of silica deposited by EASA per 

weight of nickel foam substrate after surfactant extraction, for deposition times of 80, 1253, 

2426, and 3600 seconds. Silica/nickel foam electrodes were templated by C16TAB surfactant 

(A) and C18TAB surfactant (B). Error bars are 95% confidence intervals of the estimated 

averages of replicate samples. 
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surfactant/TEOS sol-gel solutions containing C12TAB, C14TAB, C16TAB and C18TAB, 

respectively, after surfactant extraction. Error bars were calculated by using Equations 2.12 and 

2.13 (see section 2.2.6.C.)  For each surfactant/TEOS system, the weight of deposited silica 

increased as a function of the time of applied potential. A best of fit line was calculated using the 

least squares method for the time range of 80 to 3600 seconds, to qualitatively assess linearity of 

the silica deposition rate in the stated time range. The errors in the weight values of silica 

deposited per weight of nickel foam electrodes can be attributed to the small number of 

replicates and to errors in sample handling during gravimetric analysis. 

2.3.2 Morphology, Topography, and Qualitative Elemental Analysis of Silica/Nickel Foam 

Electrodes Fabricated by EASA 

 Figure 2.6A-D presents  typical field emission scanning electron micrographs (FE-SEM) 

of an uncoated nickel foam substrate with large, irregularly shaped pores (diameter ~ 50-300 

ɛm). Energy dispersive X-ray (EDS) spectrum (Fig. 2.7) of the nickel foam yields peaks 

expected for nickel.  Typical FE-SEM micrographs (Fig. 2.8A-D) of silica/nickel foam 

electrodes templated by C16TAB for deposition time of 80 seconds show spherical silica 

aggregates with diameters less than 1 ɛm on the surface of the nickel foam ligaments with 

moderate coverage for the entire nickel foam substrate (Fig. 2.8D).  Increasing the deposition 

time to 3600 seconds results in an increase of silica particle aggregation on the nickel foam 

surface (Fig. 2.9A-C) and in silica particle size, as well as partial to complete filling of the voids 

between the nickel foam ligaments (Fig. 2.9C).  An EDS spectrum (Fig. 2.9D) shows the 

expected peaks for oxygen and silicon. 

 Elemental analysis results of C16TAB templated silica/nickel foam electrodes obtained 

by EDS are presented in Table 2.2; O:Si atomic ratios for electrodes templated at deposition  
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Figure 2.6A-D FE-SEM micrographs of an undeposited nickel foam substrate. 
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Figure 2.7 Energy dispersive x-ray spectrum of uncoated nickel foam substrate. 
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Figure 2.8A-D FE-SEM micrographs of silica/nickel foam electrode, templated by C16TAB, 

deposition time of 80 seconds. 
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Figure 2.9A-D FE-SEM micrographs of mesoporous silica/nickel foam electrode, templated by 

C16TAB, deposition time of 3600 seconds (A-C). D EDS of mesoporous silica/nickel foam 

electrodes, acquired from micrograph shown in Figure 2.9C.  
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Table 2.2 Results of EDS analysis of silica/nickel foam electrodes templated by C16TAB for 

deposition times of 80 and 3600 seconds after surfactant extraction. 

       

  80 s  3600 s 

Element  Weight % Atomic %  Weight % Atomic % 

O K  55.13 68.32  55.37 68.54 

Si K  44.87 31.68  44.63 31.36 
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times of 80 seconds and 3600 seconds are 2.15 and 2.18, respectively, providing a qualitative 

indicator of the composition of particles deposited on the nickel foam electrode. 

 FE-SEM micrographs of a silica/nickel foam electrode fabricated by EASA for 3600  

seconds from a sol-gel solution without a templating surfactant are presented in Figure 2.10A-D.  

In contrast to silica/nickel foam electrodes fabricated from a surfactant/TEOS sol-gel solution, 

the amount of silica deposited decreases significantly, and the silica aggregate morphology 

consists of a more flattened shape.  

 Figure 2.11A-D presents FE-SEM micrographs of silica/nickel foam electrodes fabricated 

by EASA for 3600 seconds using a C16TAB/TEOS sol-gel solution without sodium nitrate. 

Consistent with silica particles deposited from a sol-gel solution containing sodium nitrate, silica 

particles fill the majority of the voids between nickel foam ligaments and present a spherical 

morphology with a range of particle size between 1 and 5 ɛm. 

 Transmission electron micrographs (TEM) of silica particles liberated from a silica/nickel 

foam electrode templated by C18TAB and deposited for 2426 seconds are presented in Figure 

2.12A-B. Silica particles exhibit a disordered, worm-like three dimensional mesoporous structure 

with diameters less than 5 nm, consistent with reports of similar pore structures for KIT-1,
147,148

 

HOM-13,
63

 and MSU-J
149

 type mesoporous silicas. 

2.3.3 Characterization of Structural Parameters of Silica/Nickel Foam Electrodes by Nitrogen 

Physisorption Methods 

 The following sections present results calculated from data obtained by nitrogen 

physisorption isotherms at 77 K. Quantitatively, data obtained from nitrogen physisorption 

isotherms were used to calculate mesopore size distributions, diameters and volumes (Section  
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Figure 2.10A-D FE-SEM micrographs of silica/nickel foam electrode fabricated by EASA for 

3600 seconds, in a surfactant-free sol-gel solution. 
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Figure 2.11A-D FE-SEM micrographs of silica/nickel foam electrode fabricated by EASA using 

C16TAB surfactant, for 3600 seconds, in a NaNO3-free sol-gel solution. 
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Figure 2.12 TEM micrograph of silica particle templated by C18TAB liberated from nickel foam 

substrate on a carbon coated TEM grid. 
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2.3.3.B.); micropore volumes (Section 2.3.3.C); and specific and total surface areas (2.3.3.D.) of 

silica/nickel foam electrodes. 

2.3.3.A Nitrogen Physisorption Isotherms of Silica/Nickel Foam Electrodes 

 The nitrogen physisorption isotherm (Fig. 2.13A) of an uncoated nickel foam shows a 

Type II reversible isotherm as designated by IUPAC, and is typical of nonporous material 

exhibiting no hysteresis.
99

 The lack of a characteristic bump in the isotherm in the low relative 

pressure range indicates that monolayer formation occurs below the achievable lower limit of 

relative pressures of the instrument. 

  Figure 2.13B provides nitrogen physisorption isotherms for silica/nickel foam electrodes 

templated by C12TAB, for deposition times of 80, 1253, 2426 and 3600 seconds, which exhibit a 

Type I adsorption isotherm as designated by IUPAC
99

 and is characteristic of porous silicas 

templated with short hydrocarbon chain surfactants.
111,150ï152

 Each isotherm exhibits an increase 

in nitrogen adsorption/decrease in nitrogen desorption in the low relative pressure range (P/P0) 

equal to 0.02 to 0.2 (this pressure range is the equilibrium transition pressure which corresponds 

to capillary condensation/evaporation of nitrogen inside mesopores) indicating that nitrogen 

adsorption is limited by the accessibility of  small mesopores or micropores.
94,99

 The complete 

reversibility of the isotherm for the sample deposited at 3600 seconds (as well as the lack of 

hysteresis of the desorption branch at the equilibrium transition pressure of samples deposited at 

80, 1253 and 2426 seconds) is consistent with gas physisorption isotherms of materials with 

cylindrical, open-ended mesopores.
103,104,153

 At higher relative pressures, the isotherms reach a 

plateau until approaching relative pressures equal to 1, where the volume of nitrogen adsorbed 

rises sharply. This short rise in volume of adsorbate is indicative of the presence of macropores, 

usually attributed to the void space between particles.
99

  The absence of large hysteresis loops at  
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Figure 2.13A-B Nitrogen physisorption isotherms at 77 K of A undeposited nickel foam 

substrate. and B silica/nickel foam electrodes templated by C12TAB, deposited by EASA, after 

surfactant extraction, for deposition times of 80 (Ǐ), 1253(ö), 2426 (), and 3600 (ƺ) seconds. 

Adsorption branch is indicated by open symbols, desorption branch is indicated by filled 

symbols. 
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higher relative pressures of the desorption branch suggests that primary mesopores are unblocked 

and that there is an absence of larger secondary mesopores in the silica.
95,111

 The appearance of 

hysteresis in the isotherms of samples deposited at 80 seconds and 1253 seconds at higher 

relative pressure range, and the inconsistency of the plateau region of the sample deposited at 

2426 seconds, may be attributed to error in the instrument due to insufficient pressure tolerances, 

equilibration times, premature equilibration timeouts, or a high relative humidity (> 40%) 

leading to evaporation of the liquid nitrogen and/or icing in the liquid nitrogen dewar. Values for 

pressure tolerance (P± ), equilibration times (tequil), and equilibration timeouts (tout) used in the 

acquisition of nitrogen physisorption isotherms at 77K (presented in Figures 2.13A-B, 2.14A-B, 

and 2.15) are presented in Table 2.3 

 Nitrogen physisorption isotherms for silica/nickel foam electrodes templated by C14TAB 

are presented in Figure 2.14A, which exhibit a Type IV behavior, with a characteristic bend in 

the low relative pressure range of  0.02-0.13 due to monolayer-multilayer adsorption.
99

 The 

relative pressure range of 0.13 to 0.23 corresponds to capillary condensation/evaporation for the 

adsorption branch and desorption branch, respectively, exhibiting no hysteresis, indicating that 

the mesopores are fully accessible to the adsorbate. As in Figure 2.13B, at the higher relative 

pressure range of 0.23 to 0.96, nitrogen physisorption reaches a somewhat horizontal plateau 

then rises sharply approaching relative pressure of 1. As mentioned earlier, this sharp rise is 

indicative of filling of the void space between silica particles. Of note is the isotherm for the 

silica/nickel foam electrode deposited at 3600 seconds, which has an overall smaller volume of 

nitrogen adsorbed/desorbed than that of the sample deposited at 2426 seconds. This suggests that 

silica deposited between 2426 and 3600 seconds does not significantly contribute to the 

mesoporosity of the electrode. 
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Table 2.3 Specified parameters for the acquisition of nitrogen physisorption isotherms at 77 K for silica/nickel foam electrodes 

deposited by EASA. 

     

Surfactant tdep (s) P±  (torr) tequil. (s) tout (s) 

- - 0.05 90 360 

     

C12TAB 80 0.1 80 240 

C12TAB 1253 0.1 120 240 

C12TAB 2426 0.1 120 240 

C12TAB 3600 0.1 90 240 

     

C14TAB 80 0.07 150 300 

C14TAB 1253 0.1 120 240 

C14TAB 2426 0.1 120 240 

C14TAB 3600 0.1 120 240 

     

C16TAB 80 0.1 80 240 

C16TAB 1253 0.1 120 240 

C16TAB 2426 0.1 120 240 

C16TAB 3600 0.1 80 240 

     

C18TAB 80 0.1 80 240 

C18TAB 1253 0.1 120 240 

C18TAB 2426 0.1 120 240 

C18TAB 3600 0.1 80 240 
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Figure 2.14A-B Nitrogen physisorption isotherms at 77 K for silica/nickel foam electrodes 

templated by A C14TAB and B C16TAB, deposited by EASA, after surfactant extraction, for 

deposition times of 80 (Ǐ), 1253(ö), 2426 ( ), and 3600 (ƺ) seconds. Adsorption branch is 

indicated by open symbols, desorption branch is indicated by filled symbols. 
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 Figure 2.14B shows nitrogen physisorption isotherms for samples templated by C16TAB 

at deposition times of 80, 1253, 2426 and 3600 seconds.  As in nitrogen isotherms of 

silica/nickel foam electrodes templated by C14TAB (Fig. 2.14A), isotherms of samples 

templated by  C16TAB are Type IV,
99

 with an observable bump at lower relative pressure ranges 

(P/P0 = 0.03-0.16). Capillary condensation/evaporation occurs at the relative pressure range of 

0.16 to 0.3, shifted to higher relative pressures from that of samples templated with C14TAB, 

consistent with nitrogen physisorption isotherms of mesoporous silicas templated with 

surfactants of increasing hydrocarbon chain length, and is an indication of increasing average 

pore size.
151,152,154

 As seen in Figures 2.13B and 2.14A, the volume of nitrogen physisorption 

reaches a more horizontal plateau at higher relative pressures (P/P0 = 0.3-0.96) culminating in a 

short rise in nitrogen adsorption approaching relative pressure of 1. Unlike the trend observed in 

Figure 2.24 for samples templated by C14TAB (2426 and 3600 second deposition times) the 

overall volume of nitrogen adsorbed/desorbed increases with increasing deposition times, 

indicating that mesoporosity of silica is maintained during deposition from 2426-3600 seconds.  

 The nitrogen physisorption isotherms for samples templated by C18TAB at deposition 

times of 80, 1253, 2426 and 3600 seconds are presented in Figure 2.15A. Isotherms exhibit 

similar features to those for samples templated by C14TAB and C16TAB, with monolayer-

multilayer formation occurring at the relative pressure range of 0.025 to 0.17.  Capillary 

condensation/evaporation is shifted to higher relative pressures compared to samples templated 

by C14TAB and C16TAB, occurring at relative pressure range of 0.17 to 0.35, which, as 

previously stated, is consistent with reported trends.
151,152,154

 

 Nitrogen physisorption isotherms of silica/nickel foam electrodes fabricated by EASA 

(tdep of 3600 seconds) from a C16TAB/TEOS sol-gel solution with and without sodium nitrate  
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Figure 2.15A-B Nitrogen physisorption isotherms at 77 K for silica/nickel foam electrodes 

templated by A C18TAB, deposited by EASA, after surfactant extraction, for deposition times of 

80 (Ǐ), 1253(ö), 2426 ( ), and 3600 (ƺ) seconds; and B templated by C16TAB, after surfactant 

extraction, for deposition times of 3600 seconds from sol-gel solutions with (Ǐ) and without (ö) 

sodium nitrate present. Adsorption branch is indicated by open symbols, desorption branch is 

indicated by filled symbols. 
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are presented in Figure 2.15B. At lower relative pressure ranges, the isotherms are in good 

agreement; however, the volume of nitrogen uptake at higher relative pressures increases for the 

silica/nickel foam electrode fabricated in the absence of sodium nitrate, which, along with FE- 

SEM micrographs, suggests that the role of sodium nitrate in the condensation of silica particles 

during the EASA process is minimal, contrary to suggestions by previous reports by Walcarius 

and coworkers,
77 

 Shacham et al.,
155

 and Choi et al.
156

 for the electrochemical generation of 

hydroxide catalysts for the formation of silica and zinc oxide thin films. 

 Nitrogen physisorption characterization of EASA deposited silica/nickel foam electrodes 

fabricated without the use of cationic quaternary ammonium surfactants resulted in data which is 

considered unsuitable for further characterization (Fig. 2.16), and strongly suggests that the role 

of surfactant is crucial to the formation of mesostructured pore networks in silica/nickel foam 

electrodes fabricated by EASA. This result is contrary to those reported by Blin et al.,
157

 who 

fabricated MSU-J type disordered mesoporous silicas utilizing a nonionic surfactant 

(decaoxyethylene cetyl ether) and TMOS in an aqueous solution. In the absence of surfactant, 

disordered mesoporous silicas which were hydrothermally synthesized from neutral, acidic (pH 

of 2, adjusted with H2SO4), and basic (pH of 11, adjusted with NaOH) sol-gel solutions exhibited 

monomodal pore size distributions of less than 1 nm, 2.0-3.7 nm, and 10.1 nm, respectively, as 

determined by the BJH method. Upon addition of the nonionic surfactant, the BJH pore size for a 

pH of 2 sol-gel solution increased from less than 1 nm to 4.8 nm, with an increase in BET 

specific surface area of 789 to 880 m
2
 g

-1
.  While the report concluded that microporous and 

mesoporous disordered silicas could be obtained without the use of a templating surfactant, 

similar results in this work were not obtained. 
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Figure 2.16 Nitrogen physisorption isotherm at 77 K for silica/nickel foam electrode deposited 

by EASA for a deposition time of 3600 seconds from a surfactant-free sol-gel solution. 

Adsorption branch is indicated by open symbols, desorption branch is indicated by filled 

symbols. 
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Figure 2.17 BJH (adsorption branch) (Г) and NLDFT (  pore size distributions of undeposited 

nickel foam. NLDFT pore size distributions were obtained by applying NLDFT calculations 

(silica, cylindrical pore equilibrium transition kernel) to nitrogen physisorption isotherm. Inset is 

of typical region of interest. 
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2.3.3.B Pore Size Distribution 

 Pore size distributions (Fig. 2.17) of uncoated nickel foam electrodes generated from 

Barrett-Joyner-Halenda (BJH) and Non-local Density Functional Theory (NLDFT) calculations  

 (using the silica, cylindrical pore equilibrium transition kernel), calculated using data obtained 

from the nitrogen physisorption isotherm presented in Figure 2.13B, exhibit a negligible pore 

volume (less than 4.0 x 10
-3

 cm
3
 nm

-1
 g

-1
) over a broad distribution of pore diameters less than 20 

nm, indicating that any mesoporosity that might be present in undeposited  nickel foam does not 

significantly contribute to surface area. 

 NLDFT pore size distributions (silica, cylindrical pore equilibrium transition kernel) of 

silica/nickel foam electrodes templated by C12TAB are shown in Figure 2.18. Distributions were 

calculated from the data obtained from the physisorption isotherms presented in Figure 2.13B. 

Each pore size distribution exhibits a bimodal distribution, with primary mesopore peaks at 2.58 

nm. A secondary mesopore peak is observed, which increases in peak height upon increased 

deposition times. Primary (dprimary ) and secondary (dsecondary) mesopore peaks, corresponding 

peak heights, and total (Vtotal) pore volumes are summarized in Table 2.4. Primary mesopore 

volumes as well as secondary mesopore volumes increase with increased deposition times, 

whereas the total pore volume of the silica/nickel foam electrode deposited at 2426 seconds is 

larger than that of the silica/nickel foam electrode deposited at 3600 seconds, as shown by the 

increase in nitrogen physisorption of the isotherm (Fig. 2.13B). 

 Figure 2.19 shows a comparison of pore size distributions using three separate NLDFT 

kernels (silica, cylindrical pore equilibrium transition kernel; silica, cylindrical pore adsorption 

branch kernel; silica, cylindrical pore adsorption branch kernel for pores < 5 nm) as well as the  
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Figure 2.18 Pore size distributions of silica/nickel foam electrodes templated by C12TAB 

surfactant, deposited for 80 (), 1253 (Г), 2426 ( ), and 3600 () seconds. Pore size 

distributions were obtained by applying NLDFT calculations (silica, cylindrical pore equilibrium 

transition kernel) to nitrogen physisorption isotherms. 
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Table 2.4 Structural parameters of primary and secondary mesopore peaks of silica/nickel foam electrodes templated by C12TAB. 

      

tdep (s) dprimary  (nm) 

Primary Peak Height 

(cm
3
 nm

-1
 g

-1
) dsecondary (nm) 

Secondary Peak Height 

(cm
3
 nm

-1
 g

-1
) Vtotal (cm

3
 g

-1
)
a 

80 2.58 5.9 x 10
-3 

2.19 8.7 x 10
-3 

2.2 x 10
-2 

1253 2.58 1.4 x 10
-2 

2.27 3.1 x 10
-3 

3.8 x 10
-2 

2426 2.58 2.4 x 10
-2 

2.27 7.7 x 10
-3 

5.0 x 10
-2 

3600 2.58 3.5 x 10
-2 

2.35 2.0 x 10
-2 

4.6 x 10
-2 

      
a
Total pore volume calculated using NLDFT method at P/P0 equal to 0.99. 

 



77 

 

 
Figure 2.19 Pore size distributions of silica/nickel foam electrodes templated by C12TAB 

surfactant, EASA deposition time of 1253 seconds. Pore size distributions were obtained by 

applying NLDFT calculations (silica, cylindrical pore equilibrium transition kernel ( ); silica, 

cylindrical pore adsorption branch kernel (Г); silica, cylindrical pore adsorption branch kernel for 

pores < 5 nm ( )) and BJH (adsorption ( ) and desorption(  ) to nitrogen physisorption 

isotherms. 
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BJH pore size distribution obtained when applied to the adsorption branch and desorption branch 

of the isotherm of silica/nickel foam electrode templated by C12TAB for deposition time of 1253 

seconds. For all three NLDFT pore size distributions, a secondary mesopore peak is shown to the 

left of the primary mesopore peak, indicating consistency in the calculation of NLDFT pore size  

distributions for each deposition time. The BJH pore size distributions shown in Figure 2.19 are 

shifted to smaller pore diameters, consistent with reports that the BJH calculation for pore sizes 

less than 10 nm underestimates pore diameters by 20-30%.
95,108,158ï161

  The pore size 

distributions calculated by the BJH method for the adsorption and desorption branch of the 

nitrogen isotherm are in good agreement, as expected due to the lack of hysteresis observed in 

the isotherm.
95

 

 The experimental physisorption isotherm for the silica/nickel foam electrode templated 

by C12TAB at a deposition time of 1253 seconds is compared to its measured isotherm as well 

as the corresponding theoretical NLDFT isotherm (silica, cylindrical pore equilibrium transition 

kernel), as seen in Figure 2.20. The theoretical isotherm is in good agreement with the 

experimental; however, it does not account for the nitrogen adsorbed/desorbed at relative 

pressures approaching 1, which corresponds to the void space between silica particles. 

 To assess the source of the bimodal pore distribution of silica/nickel foam electrodes 

templated by C12TAB, a sample of C12TAB surfactant was analyzed by matrix-assisted laser 

desorption/ionization/time of flight (MALDI /TOF) mass spectrometry (Fig. 2.21). An intense 

mass to charge peak is observed at 228.3, which is attributed to the ionized cation  

C12H25N
+
(CH3)3. A less intense peak is observed at 535.5, which is attributed to 

((C12H25N
+
(CH3)3)2 Br

-
, indicating that the C12TAB surfactant was void of contaminants from 

the manufacturer or of cationic quaternary ammonium surfactant homologues.  
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Figure 2.20 Comparison of experimental nitrogen physisorption isotherm ( ) (silica/nickel foam 

electrode templated by C12TAB surfactant, EASA deposition time of 1253 seconds) with fitted 

( ) and measured ( ) NLDFT theoretical isotherm (silica, cylindrical pore equilibrium 

transition kernel). Open symbols denote adsorption branch, closed symbols denote desorption 

branch. 
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Figure 2.21 MALDI /TOF mass spectrum of C12TAB surfactant, as received. 
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Figure 2.22A-B Pore size distributions of silica/nickel foam electrodes templated by A C14TAB 

and B C16TAB surfactant, deposited for 80 (), 1253 (Г), 2426 ( ), and 3600 () seconds. Pore 

size distributions were obtained by applying NLDFT calculations (silica, cylindrical pore 

equilibrium transition kernel) to nitrogen physisorption isotherms.  
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Figure 2.23 Pore size distributions of silica/nickel foam electrodes templated by C18TAB 

surfactant, deposited for 80 (), 1253 (Г), 2426 ( ), and 3600 () seconds. Pore size 

distributions were obtained by applying NLDFT calculations (silica, cylindrical pore equilibrium 

transition kernel) to nitrogen physisorption isotherms.
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Table 2.5 Structural parameters of mesopores of silica/nickel foam electrodes templated with C14TAB, C16TAB and C18TAB 

obtained from NLDFT calculations (silica,cylindrical pore equilibrium transition kernel). 

       

Surfactant tdep (s) NLDFT Fitting Error (%) d (nm) PWHH (nm) 

Peak Height 

 (cm
-1
 nm

-1
 g

-1
) Vtotal (cm

3
/g)

a 

C14TAB 80 1.99 3.42 0.98 0.7 x 10
-2 

2.0 x 10
-2 

C14TAB 1253 0.77 2.94 0.53 1.9 x 10
-2 

4.4 x 10
-2 

C14TAB 2426 0.67 2.94 0.56 3.1 x 10
-2 

6.1 x 10
-2 

C14TAB 3600 0.53 2.82 0.59 2.4 x 10
-2 

5.6 x 10
-2 

       

C16TAB 80 1.66 3.67 0.94 1.0 x 10
-2 

2.6 x 10
-2 

C16TAB 1253 0.61 3.54 0.66 3.3 x 10
-2 

4.8 x 10
-2 

C16TAB 2426 0.86 3.42 0.81 3.8 x 10
-2 

5.9 x 10
-2 

C16TAB 3600 1.40 3.42 0.73 3.9 x 10
-2 

6.8 x 10
-2 

  C16TAB
b 

3600 0.81 3.18 0.62 9.9 x 10
-2 

6.4 x 10
-2 

       

C18TAB 80 1.66 3.78 0.91 1.2 x 10
-2 

3.2 x 10
-2 

C18TAB 1253 1.92 3.78 0.64 3.0 x 10
-2 

5.8 x 10
-2 

C18TAB 2426 0.59 3.67 0.68 3.4 x 10
-2 

6.8 x 10
-2 

C18TAB 3600 0.94 3.67 0.71 11 x 10
-2 

8.3 x 10
-2 

       
a
Total pore volume calculated using NLDFT method at P/P0 equal to 0.99. 

b
Mesoporous silica/nickel foam electrode synthesized from a NaNO3-free sol-gel solution. 
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 NLDFT pore size distributions (silica, cylindrical pore equilibrium transition kernel) 

calculated from data obtained from nitrogen physisorption isotherms (Fig. 2.14A-B and 2.15A) 

for samples templated by C14TAB, C16TAB and C18TAB at the stated deposition times are 

presented in Figures 2.22A, 2.22B, and 2.23, respectively. Mesopore diameters (d), peak widths  

at half height (PWHH), peak heights, and total pore volumes (Vtotal) are summarized in Table 2.5. 

Pore size distributions of electrodes templated with long long hydrocarbon chain surfactants (i.e. 

C14TAB, C16TAB, and C18TAB) display a narrow, monomodal distribution in the mesopore 

range, with peak widths at half height of 0.53 to 0.98 nm. Increased deposition times result in a 

shift to smaller mesopore diameters (Fig. 2.24A-D) as well as an increase in pore volumes and 

total pore volumes, with the exception of the peak height and total pore volume of silica/nickel 

foam electrode templated by C14TAB surfactant at deposition times of 3600 seconds, which is 

slightly lower than for the electrode deposited at 2426 seconds.  

 Figures 2.25A-B and 2.26A-B display comparative pore size distributions for samples 

templated with C14TAB, C16TAB, and C18TAB surfactants at each deposition time. As 

expected, average mesopore diameters increase with increasing surfactant hydrocarbon chain 

length for the respective deposition times (Fig. 2.27A-D), consistent with reports of syntheses of 

mesoporous silica using cationic quaternary ammonium surfactants with different alkyl chains 

lengths as structure-directing templates.
52,151,152

 

 NLDFT pore size distributions of silica/nickel foam electrodes fabricated by EASA for 

3600 seconds using C16TAB/TEOS sol-gel solutions with and without sodium nitrate are 

presented in Figure 2.28. The modal pore size shifts to a lower diameter of 3.18 nm from 3.42 

nm for silica/nickel foam electrodes fabricated in the presence of sodium nitrate, with an increase 

in the peak height from 3.9 x 10
-1

 to 9.9 x 10
-2

 cm
3
 nm

-1
 g

-1
. This result is consistent with those  
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Figure 2.24A-D Silica mesopore diameters of silica/nickel foam electrodes as calculated by 

NLDFT (silica, cylindrical pore equilibrium transition kernel), as a function of time of applied 

potential. Mesoporous silica/nickel foam electrodes were deposited by EASA and templated by 

A C12TAB, B C14TAB, C C16TAB, and D C18TAB surfactants. Error bars are 95% confidence 

intervals of the estimated averages of replicate samples. Data points without error bars indicate 

perfect replication. 
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Figure 2.25A-B Pore size distributions of silica/nickel foam electrodes for deposition time of A 

80 seconds and B 1253 seconds, templated by C12TAB (), C14TAB (Г), C16TAB ( ), and 

C18TAB ( ). Pore size distributions were obtained by applying NLDFT calculations (silica, 

cylindrical pore equilibrium transition kernel) to nitrogen physisorption isotherms. 
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Figure 2.26A-B Pore size distributions of silica/nickel foam electrodes for deposition time of A 

2426 seconds and B 3600 seconds, templated by C12TAB (), C14TAB (Г), C16TAB ( ), and 

C18TAB ( ). Pore size distributions were obtained by applying NLDFT calculations (silica, 

cylindrical pore equilibrium transition kernel) to nitrogen physisorption isotherms. 
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Figure 2.27A-D Silica mesopore diameters of silica/nickel foam electrodes as calculated by 

NLDFT (silica, cylindrical pore equilibrium transition kernel), as a function of surfactant carbon 

chain length. Mesoporous silica/nickel foam electrodes were deposited by EASA by applying a 

potential for A 80 seconds, B 1253 seconds, C 2426 seconds, and D 3600 seconds. Error bars are 

95% confidence intervals of the estimated averages of replicate samples. Data points without 

error bars indicate perfect replication. 
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Figure 2.28 Pore size distributions of silica/nickel foam electrodes templated by C16TAB, 

deposited by EASA, after surfactant extraction, for deposition times of 3600 seconds. 

Silica/nickel foam electrodes were deposited from sol-gel solutions with (Ǐ) and without (ö) 

sodium nitrate present. Pore size distributions were obtained by applying NLDFT calculations 

(silica, cylindrical pore equilibrium transition kernel) to nitrogen physisorption isotherms. 
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Figure 2.29 Standard reduced adsorption plot of a reference amorphous macroporous silica 

material, LiChrispher Si-1000. Graph was constructed using data published by Reference 115. 
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reported by Berr et al.
162

 (in a study of the effects of counterions on alkyltrimethyl ammonium 

micelle size and charge by small angle neutron scattering), who found that the micelle 

aggregation number (and hence the size of the micelle) decreases with the Hofmeister series of 

NO3
 
> Br

-
> CH3SO3

-
 > Cl

-
 >> OH

-
.  

2.3.3.C Comparative Standard Reduced Adsorption ɻs Plots for Micropore Analysis 

 Figure 2.29 is a standard reduced adsorption ɻs plot of a reference amorphous  

macroporous silica material, LiChrospher Si-1000, constructed from data obtained from a report 

by Jaroniec et al.
115

 For the reference silica, the ɻs parameter is obtained from high resolution 

(P/P0 å 5 x 10
-7
 ï 0.99) nitrogen adsorption data obtained by dividing the volume of nitrogen 

adsorbed at a relative pressure by the volume of nitrogen adsorbed at a specific arbitrary relative 

pressure (typically P/P0 = 0.40). Comparative plots are obtained by plotting the volume of 

nitrogen adsorbed on a microporous or mesoporous sample as a function of the standard reduced 

adsorption volume of nitrogen adsorbed on the macroporous reference solid with similar surface 

properties.
115

 

 Figure 2.30A shows such a comparative ɻs plot for silica/nickel foam electrodes 

templated by C12TAB for EASA deposition times of 80, 1253, 2426 and 3600 seconds, after 

surfactant extraction. In the absence of micropores and mesopores, the volume of nitrogen 

adsorbed would be expected to be linear throughout the entire pressure range, similar to that of 

Figure 2.29. In the presence of micropores, the volume adsorbed at the lower ɻs range 

(corresponding to the low relative pressure range) would have an upward deviation from 

linearity, due to filling of the micropores followed by linearity at higher relative pressures 

corresponding to nitrogen monolayer/multilayer formation.
111,115,116,163

 The value of the adsorbed 
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volume of nitrogen at the lower ɻs range can be used to assess the micropore volume; however, 

high resolution nitrogen adsorption is a non-trivial characterization technique and often the 

micropore volume can be estimated from adsorption data obtained in the relative pressure range 

of 0.1 to 0.35 by extrapolation of the linear region to the intercept. In the absence of micropores, 

the extrapolation of the linear region extends to the origin; however, each of the extrapolated 

linear regions in Figure 2.30A extends to the abscissa, indicating either absence of microporosity 

or that the data obtained in the low relative pressure range is unsuitable for micropore 

characterization. 

 Figure 2.30B-D shows comparative ɻs plots for silica/nickel foam electrodes templated 

by C14TAB, C16TAB, and C18TAB, respectively, for EASA deposition times of 80, 1253, 2426 

and 3600 seconds, after surfactant removal. Similar to Figure 2.30A, the extrapolated linear  

regions in Figure 2.30B-D each extend to the abscissa, in which the same conclusions can be 

drawn as that for silica/nickel foam electrodes templated by C12TAB surfactant.  

2.3.3.D BET Plots and BET Specific Surface Area Calculations 

 A representative multipoint Brunauer-Emmett-Teller (BET) plot for bare nickel foam 

substrate (Fig. 2.31) was generated from data in the relative pressure range of 0.06-0.30 of the 

adsorption branch of a nitrogen physisorption isotherm using Equations 1.1-1.6.
99,164

 

 Multipoint BET plots (normalized for the weight of the electrode) of silica/nickel foam 

electrodes templated by C12TAB, C14TAB, C16TAB, and C18TAB surfactants are presented in 

Figures 2.32A-D, respectively, for deposition times of 80, 1253, 2426, and 3600 seconds. 

Multipoint BET plots were generated using data obtained from the nitrogen adsorption branch of 

nitrogen physisorption isotherms in the relative pressure range of 0.05-0.18, within the range of  
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Figure 2.30A-D Comparative Ŭs plot for silica/nickel foam electrodes templated by A C12TAB, 

B C14TAB, C C16TAB, and D C18TAB, for EASA deposition times of 80 (ƴ), 1253 (ǅ), 2426 

(ƶ), and 3600 (ǒ) seconds, after surfactant removal. 
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Figure 2.31 Multipoint BET plot obtained from nitrogen physisorption isotherms at 77 K of 

undeposited nickel foam substrate (ƴ). 
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Figure 2.32A-D Multipoint BET plot obtained from nitrogen physisorption isotherms at 77 K of 

silica/nickel foam electrodes templated by A C12TAB, B C14TAB, C C16TAB, and D 

C18TAB, for EASA deposition times of 80 (ƴ), 1253 (ǅ), 2426 (ƶ), and 3600 (ǒ) seconds, after 

surfactant removal. 
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Table 2.6 Values for parameters of BET equation (Equations 1.1-1.6) for silica/nickel foam electrodes fabricated by EASA. 

      

Surfactant tdep (s) Wm (g) CBET P0 (torr) R2 

- - 0.224 x 10
-3
 6.121 765.89 0.9867 

      

C12TAB 80 1.499 x 10
-3 

49.78 764.72 0.9985 

C12TAB 1253 2.717 x 10
-3 

35.37 761.75 0.9948 

C12TAB 2426 2.949 x 10
-3
 32.88 762.46 0.9971 

C12TAB 3600 6.432 x 10
-3 

40.31 76.395 0.9986 

      

C14TAB 80 1.183 x 10
-3 

47.39 760.36 0.9993 

C14TAB 1253 2.831 x 10
-3
 51.07 764.72 0.9983 

C14TAB 2426 3.311 x 10
-3 

46.36 763.29 0.9976 

C14TAB 3600 4.725 x 10
-3
 37.99 766.86 0.9975 

      

C16TAB 80 1.371 x 10
-3
 61.07 765.32 0.9990 

C16TAB 1253 2.721 x 10
-3 

60.79 766.12 0.9995 

C16TAB 2426 5.149 x 10
-3
 67.61 763.52 0.9995 

C16TAB 3600 4.865 x 10
-3 

65.27 764.39 0.9993 

  C16TA
a 

3600 3.296 x 10
-3 

52.88 758.70 0.9994 

      

C18TAB 80 1.982 x 10
-3 

64.99 764.08 0.9995 

C18TAB 1253 2.165 x 10
-3
 58.10 760.85 0.9997 

C18TAB 2426 2.749 x 10
-3 

68.36 761.85 0.9997 

C18TAB 3600 7.111 x 10
-3 

64.05 766.43 0.9995 

      
a
Mesoporous silica/nickel foam electrode synthesized from a NaNO3-free sol-gel solution. 
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Table 2.7 Values for parameters of BET equations (Equation 1.1-1.6) and resulting total and specific surface areas of silica/nickel 

foam electrodes fabricated by EASA. 

     

Surfactant tdep (s) Welectrode (g) SAt (m
2
) SSABET (m

2
 g

-1
) 

- - 0.1973 0.7788 3.947 

     

C12TAB 80 0.1504 5.221 34.71 

C12TAB 1253 0.1112 9.460 85.08 

C12TAB 2426 0.0885 10.27 116.0 

C12TAB 3600 0.1843 22.40 121.5 

     

C14TAB 80 0.1690 4.120 24.38 

C14TAB 1253 0.1283 9.858 76.84 

C14TAB 2426 0.1014 11.531 113.7 

C14TAB 3600 0.1496 16.46 110.0 

     

C16TAB 80 0.1489 4.775 32.07 

C16TAB 1253 0.1301 9.475 72.83 

C16TAB 2426 0.1964 17.93 91.30 

C16TAB 3600 0.1720 16.94 98.50 

  C16TAB
a 

3600 0.1127 11.47 101.7 

     

C18TAB 80 0.1952 6.904 35.37 

C18TAB 1253 0.1022 7.541 73.78 

C18TAB 2426 0.1031 9.572 92.85 

C18TAB 3600 0.2255 24.76 110.8 

     
a
Mesoporous silica/nickel foam electrode synthesized from a NaNO3-free sol-gel solution. 
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0.05 to 0.30 suggested by IUPAC
99

.  Three to four data points were chosen for each isotherm 

based on degree of linearity quantified by the coefficient of determination, R2. As recommended 

by IUPAC
99

, values for the parameters Wm, CBET, and P0 are reported in Table 2.6 for multipoint 

BET plots, as well as the coefficients of determination. 

 Values for the weight of the electrode (Welectrode), total surface area (SAt), and BET 

specific surface area (SSABET), calculated from data obtained from Figure 2.32A-D, are presented 

in Table 2.7. All values for SSABET for silica/nickel foam electrodes increase upon increased 

deposition times, as can be seen in Table 2.7 (e.g. from 34.71 m
2
 g

-1
 for electrodes templated by 

C12TAB at 80 second deposition time to 121.5 m
2
 g

-1
 at 3600 second deposition time).  

 Figure 2.33 shows a comparison of multipoint BET plots for silica/nickel foam electrode 

templated with C12TAB deposited at 3600 seconds.  By the addition of three data points to the 

plot, the CBET value reduces from 40.31 to -1081, with a reduction of BET specific surface area, 

from 121.5 m
2
 g

-1
 to 100.2 m

2
 g

-1
. The coefficient of determination (R2) slightly reduces from 

0.9986 to 0.9939, indicating that a reasonable correlation is maintained. Although the coefficient 

of determination is only slightly reduced by the addition of three data points, the CBET value is 

greatly reduced to a negative value, which results in a 17.5% decrease in the BET specific 

surface area and suggests the significance of reporting values and pressure ranges employed for 

the BET equation. Values for the BET specific surface areas of silica/nickel foam electrodes 

fabricated at the stated deposition times and surfactant/TEOS systems are statistically described 

in Section 2.3.6. Section 2.3.7 discusses a proposed semi-quantitative model for the increase in 

BET specific surface as a function of deposition time.  
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Figure 2.33 Multipoint BET plot obtained from nitrogen physisorption isotherms at 77 K of 

silica/nickel foam electrodes templated by C12TAB, deposited by EASA for 3600 seconds, after 

surfactant extraction. 
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Figure 2.34 Nitrogen physisorption isotherms at 77K of a silica/nickel foam electrode templated 

by C18TAB, deposited by EASA for 3600 seconds, before (Ǐ) and after (ö) surfactant extraction 

with 0.1 M ethanolic HCl for 2 hours. Adsorption branch is indicated by open symbols, 

desorption branch is indicated by filled symbols. 
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2.3.4 Characterization of Morphology and Structural Parameters after Post Synthesis 

Treatment 

 Figure 2.34 presents nitrogen physisorption isotherms for silica/nickel foam electrodes 

templated by C18TAB, deposited for 3600 seconds, before and after surfactant extraction. 

Surfactant extraction was performed by soaking the silica/nickel foam electrodes in ethanolic 0.1 

M HCl solution
77,165,166

 for 2 hours, then subsequently washing the electrode with ethanol and 

allowing to dry (as described in Section 2.2.3). The nitrogen physisorption isotherm of the 

electrode before surfactant extraction shows a significant reduction in the volume of nitrogen 

physisorption compared to the isotherm of the surfactant extracted sample, with some semblance 

of a Type IV isotherm. Pore size distributions, calculated for both isotherms using NLDFT 

(silica, cylindrical pore equilibrium transition kernel), are presented in Figure 2.35. As can be 

seen from the pore size distributions, mesopore volumes significantly increase upon surfactant 

extraction. The BET specific surface area of the silica/nickel foam electrode increases from 

9.675 m
2
 g

-1
 to 122.3 m

2
 g

-1
 upon surfactant extraction, indicating that pore opening via an acidic 

solution method is a viable alternative to traditional high temperature calcination methods. 

 To increase adhesion of the loosely bound silica particles to the nickel foam substrate, a 

silica/nickel foam electrode templated with C16TAB and deposited for 3600 seconds was 

immersed in 1 M NH4OH at 90 °C overnight prior to surfactant extraction and subsequently 

washed with ethanol and allowed to dry (as described in Section 2.2.4). This method was 

employed by Nakanishi et al.
167

 (using macroporous and mesoporous silica gels templated with 

polyethylene oxide as the templating agent) to dissolve the silicate species from sites with 

positive curvature and re-precipitate onto negative curvature sites. As can be seen from the FE-

SEM micrographs presented in Figure 2.36A-D, silica particles decrease in size to less than 500 

nm and present a more uniform and spherical morphology than those of samples not treated with  
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Figure 2.35 Pore size distributions of a silica/nickel foam electrode templated by C18TAB, 

deposited by EASA for 3600 seconds, before ( ) and after (Г) surfactant extraction with 0.1 M 

ethanolic HCl for 2 hours. Pore size distributions were obtained by applying NLDFT calculations 

(silica, cylindrical pore equilibrium transition kernel) to nitrogen physisorption isotherms. 
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Figure 2.36A-D FE-SEM micrographs of silica/nickel foam electrode templated by C16TAB 

deposited by EASA for 3600 seconds, after surfactant extraction. Before surfactant extraction, 

samples were treated with 0.1 M NH4OH overnight. 
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Figure 2.37 Nitrogen physisorption isotherms at 77 K of silica/nickel foam electrodes templated 

by C16TAB surfactant, deposited by EASA for 3600 seconds.  Before surfactant extraction, 

samples were treated with 0.1 M NH4OH overnight. Isotherms were collected before (Ǐ) and 

after (ö) sonication for 30 minutes in ethanol. Adsorption branch is indicated by open symbols, 

desorption branch is indicated by filled symbols. 
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ammonium hydroxide (Fig. 2.9A-C), while maintaining good coverage of the electrode (Fig. 

2.36A). Nitrogen physisorption isotherms of ammonium hydroxide-treated electrodes after 

surfactant extraction (Fig. 2.37) show good similarity to untreated samples (Fig. 2.14B), with the 

exception of a desorption hysteresis exhibiting a type H2 hysteresis shape
99

 (see Figure 1.X) 

occurring in the relative pressure range of 0.38 to 0.52, indicating that dissolution and re- 

precipitation of silica results in pore entrances that are somewhat smaller in diameter than pore 

cavities of the silica.
100

    

 To investigate the increase in silica particle adhesion, an ammonium hydroxide-treated 

electrode was sonicated in ethanol for 30 minutes and allowed to dry. A nitrogen physisorption 

isotherm of the sonicated sample is compared to an unsonicated sample (Fig. 2.37) , showing a 

decrease in the volume of nitrogen uptake. This decrease can be attributed to the loss of silica 

mass from the sonicated electrode. Pore size distributions (Fig. 2.38) were calculated from the 

isotherms presented in  using NLDFT (silica, cylindrical pore equilibrium transition kernel) for  

both the sonicated and unsonicated silica/nickel foam electrodes treated with ammonium 

hydroxide. The pore diameters for both samples were found to be 3.54 nm (Table 2.8), a slight 

increase from 3.42 nm for untreated silica/nickel foam electrodes templated with C16TAB 

deposited at 3600 seconds (Table 2.5).  Pore size distributions are also broadened to 1.23 nm and 

1.17 nm (Table 2.8) for the unsonicated and sonicated electrodes, respectively, increasing from 

0.73 nm for untreated silica/nickel foam electrode (Table 2.5). This result is consistent with 

results reported by Nakanishi et al.
167

 BET specific surface areas of silica/nickel foam electrodes 

treated with ammonium hydroxide are consistent with those of untreated silica/nickel foam 

electrodes (Table 2.7); however, a decrease in the BET specific surface area, from 95.39 m
2
 g

-1 
to 

83.33 m
2
 g

-1
, was observed upon the sonication procedure.   
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Figure 2.38 Pore size distributions of silica/nickel foam electrodes templated by C16TAB 

surfactant, deposited by EASA for 3600 seconds, before () and after (Г) sonication for 30 

minutes in ethanol. Before surfactant extraction, samples were treated with 0.1 M NH4OH 

overnight. Pore size distributions were obtained by applying NLDFT calculations (silica, 

cylindrical pore equilibrium transition kernel) to nitrogen physisorption isotherms. 
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Figure 2.39 Nitrogen physisorption isotherms at 77 K of silica particles liberated from nickel 

foam substrate by 50-70% HNO3 etch overnight. Silica particles were templated with C14TAB 

(Ǐ), C16TAB (ö), and C18TAB ( ) surfactants. Adsorption branch is indicated by open 

symbols, desorption branch is indicated by filled symbols. 
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Table 2.8 Post synthesis treatment and structural parameters of silica/nickel foam electrodes fabricated by EASA and liberated silica 

particles. 

         

Surfactant tdep (s) 

Post Synthesis 

Treatment 
SSABET 
(m

2
/g) 

NLDFT Fitting 

Error (%) d (nm) PWHH (nm) 

Peak Height 

 (cm
3
 nm

-1
 g

-1
) 

Vtotal  
(cm

3
 g

-1
)
a 

 

C18TAB 

 

3600  - 9.675 4.20 3.54 0.96 1.75 x 10
-3 

8.0 x 10
-3 

 

C18TAB 

 

3600 0.1 M HCl/EtOH 122.3 0.94 3.67 0.70 4.54 x 10
-2 

8.9 x 10
-2 

 

 
        

C16TAB 3600 
1M NH4OH, 

 0.1 M HCl/EtOH 
95.39 1.32 3.54 1.23 2.43 x 10

-2 
7.8 x 10

-2 

C16TAB 3600 

 

1M NH4OH, 

 0.1 M HCl/EtOH, 

sonicated 

83.33 1.24 3.54 1.17 2.18 x 10
-2 

6.9 x 10
-2 

 

 
        

C14TAB 3600 
0.1 M HCl/EtOH, 

50-70% HNO3 
196.0 

1.71 

  1.13
b 

3.54 

  4.89
b 

1.26 

  1.95
b 

1.06 x 10
-1 

  1.10 x 10
-1b

 

2.24 x 10
-1 

  2.26 x 10
-1b

 

C16TAB 3600  
0.1 M HCl/EtOH, 

50-70% HNO3 
476.7 1.71 4.89 1.51 1.33 x 10

-1 
4.07 x 10

-1 

C18TAB 3600 
0.1 M HCl/EtOH, 

50-70% HNO3 
732.8 0.89 3.66 0.86 2.99 x 10

-1 
5.56 x 10

-1 

         
a
Total pore volume calculated using NLDFT method at P/P0 equal to 0.99. 

b
NLDFT data calculated using the silica, cylindrical pore adsorption branch kernel from data obtained from the adsorption branch of 

the nitrogen physisorption isotherm. 
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 In order to liberate the silica particles from the nickel foam substrate, silica/nickel foam 

electrodes were immersed in 50-70% HNO3 overnight at room temperature and subsequently 

washed with deionized water and allowed to dry, which dissolved the nickel foam substrate (as 

described in Section 2.2.4). Nitrogen physisorption isotherms of silica particles templated by 

C14TAB, C16TAB, and C18TAB, for deposition times of 3600 seconds, are presented in Figure 

2.39. The volume of nitrogen uptake per gram of sample for each isotherm is significantly higher 

than isotherms for silica/nickel foam electrodes (Fig. 2.13B, 2.14A-B, and 2.15A), due to the 

absence of mass of the nickel foam substrate. Each isotherm maintains a Type IV shape. The 

overall shape of the isotherm for silica particles templated by C18TAB is consistent with that of 

its parent silica/nickel foam electrode (Fig. 2.15A). For silica particles templated with C16TAB, 

the rise in nitrogen physisorption at the capillary condensation/evaporation relative pressure 

range is less pronounced than that of the parent silica/nickel foam electrode (Fig. 2.15A).  The 

isotherm for silica particles templated by C14TAB maintains a Type IV isotherm, with a 

significant H2 hysteresis of the desorption branch at relative pressure range of 0.42 to 0.70, 

indicating a significant change in the mesopore network structure.  

 Pore size distributions of liberated silica particles (Fig. 2.40) were calculated using 

NLDFT (silica, cylindrical pore, equilibrium transition kernel) from data obtained from nitrogen 

physisorption isotherms (Fig. 2.39). Due to loss of mass from the nickel foam substrate, the pore 

volume per gram of sample is significantly increased for each surfactant/TEOS (Tables 2.4-2.5) 

system. The modal mesopore size diameter for silica particles templated by C18TAB remains 

relatively unchanged (3.67 nm for particles compared to 3.66 nm for silica/nickel foam 

electrode) with slight broadening of the peak width at half height (Table 2.8). 

  TEM micrographs of silica particles templated by C18TAB (Fig. 2.41A-B) show that the  
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Figure 2.40 Pore size distributions of silica particles liberated from nickel foam substrate by 50-

70% HNO3 etch overnight. Silica/nickel foam electrodes were fabricated by EASA for 3600 

seconds using C14TAB (), C16TAB (Г), and C18TAB ( ) as surfactant. Pore size distributions 

were obtained by applying NLDFT calculations (silica, cylindrical pore equilibrium transition 

kernel) to nitrogen physisorption isotherms. 
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Figure 2.41A-B Transmission electron micrographs of silica particles on a carbon coated TEM 

grid, templated by C18TAB and liberated from substrate by dissolution of nickel foam in 50-

70% HNO3 overnight. 
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disordered worm-like mesopore network structure remains relatively undisturbed after 

dissolution of the nickel foam substrate by HNO3 treatment. Pore size distributions for silica 

particles templated by C14TAB and C16TAB are significantly broader than those for 

silica/nickel foam electrodes (Fig. 2.22A-B) and are shifted to higher average pore diameters 

(Table 2.8). 

 It has been suggested by Thommes
95

 that hysteresis of the desorption branch of nitrogen 

physisorption isotherms for highly disordered mesoporous systems may be due to pore blocking 

and percolation effects. Pore size distributions calculated using NLDFT from data obtained from 

the desorption branch (silica, cylindrical pore equilibrium transition kernel) may be artificially 

sharp due to the observed hysteresis of the nitrogen isotherm, and the adsorption branch may be 

more suitable as the basis for pore size distribution calculations.  Pore size distributions of silica 

particles templated by C14TAB are presented in Figure 2.42, calculated using data obtained from 

both the desorption branch (silica, cylindrical pore equilibrium transition kernel) and adsorption 

branch (silica, cylindrical pore adsorption branch kernel). As can be seen in Figure 2.42, the pore 

size distribution based on the desorption branch is significantly sharper than that based on the 

adsorption branch and is also shifted to a lower average pore diameter (Table 2.8), consistent 

with results reported by Thommes on highly disordered vycor glass.
95

 

 Multipoint BET plots obtained from nitrogen physisorption isotherms of liberated silica 

particles are presented in Figure 2.43. BET specific surface areas of silica particles templated by 

C14TAB and C16TAB were calculated to be 196.0 m
2
 g

-1
and 476.7 m

2
 g

-1
 (Table 2.8), 

respectively, and are much lower than values reported for disordered, worm-like mesoporous 

silicas
63,147,148

 with similar pore diameters, further suggesting that the mesopore network 

structure is disturbed during the silica liberation process. BET specific surface areas of liberated  
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Figure 2.42 Pore size distributions of silica particles, templated by C14TAB, liberated from 

nickel foam substrate by 50-70% HNO3 etch overnight. Pore size distributions were obtained by 

applying NLDFT calculations (silica, cylindrical pore equilibrium transition kernel ( ); silica, 

cylindrical pore adsorption branch kernel (Г)) to nitrogen desorption isotherm and adsorption 

isotherm, respectively.  
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Figure 2.43 Multipoint BET plot obtained from nitrogen physisorption isotherms at 77 K of 

silica particles liberated from nickel foam substrate by 50-70% HNO3 etch overnight. 

Silica/nickel foam electrodes were fabricated by EASA for 3600 seconds using C14TAB (), 

C16TAB ( ), and C18TAB (ƶ) as surfactant. 
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Table 2.9 Starting materials and structural parameters of reported syntheses of disordered, worm-like mesoporous silicas.  

       

Silica Silica Source Surfactant SSABET  (m
2
 g

-1
) d (nm) PSD Method Reference 

KIT-1
147,148

 Sodium Silicate (C16H33)N(CH3)3Cl 1000 3.4 HK  

KIT-1
147,148

 Sodium Silicate (C16H33)N(CH3)3Cl 840 2.9 BJH  

       

MSU-1
168

 TEOS (CH3(CH2)14(EO)12 910 2.4 BDB  

MSU-1
168

 TEOS (CH3(CH2)14(EO)12 1053 3.5 BDB  

       

-
a169

 TEOS C16H33NH2 978 5.0 BJH  

-
a169

 TEOS C16H33NH2 854 6.32 BJH  

-
a169

 TEOS C16H33N(CH3)2 1234 2.64 BJH  

-
a169

 TEOS C16H33N(CH3)2 1579 2.94 BJH  

       

HOM-13
63

 TMOS C12EO23 1060 2.5 NLDFT  

HOM-13
63

 TMOS C12EO23 1200 3.4 NLDFT  

HOM-13
63

 TMOS C12EO23 1380 2.8 NLDFT  

HOM-13
63

 TMOS C12EO23 1003 3.6 NLDFT  

       

a
No nomenclature mentioned. 
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silica particles templated by C18TAB were calculated to be 732.8 m
2
 g

-1
 (Table 2.8), consistent 

with reported literature values of BET specific surface areas of disordered, worm-like 

mesoporous silicas (Table 2.9). 

2.3.5 Surface Coverage of Nickel Foam by Silica Particles using Cyclic Voltammetry 

 To qualitatively asses the surface coverage of nickel foam electrodes by silica particles, 

cyclic voltammetry was performed on a bare nickel electrode, as well as silica/nickel foam 

electrodes fabricated by EASA using C16TAB as the templating surfactant, for deposition times 

of 80, 1253, 2426, and 3600 seconds. Cyclic voltammograms of a bare nickel foam electrode,  

using ferrocene methanol (Fig. 2.44A) (E0 = 0.154 V vs. SHE; ɻ = 0.5; k0 = 0.2 cm s
-1

)
170,171

 as a 

probe molecule, are presented in Figure 2.44B. Cyclic voltammograms were performed in an 

aqueous 0.5 mM ferrocene methanol + 0.5 M potassium hydrogen phthalate solution in the 

potential range of -0.4 to 0.6 V vs. SCE with potential scan rates of 5, 10, and 20 mV s
-1

. 

 Voltammograms for the bare nickel foam electrode exhibit quasireversible behavior, with 

the anodic peak current (ipa) increasing from 0.258 mA to 0.659 mA for potential scan rates of 5 

and 20 mV s
-1

, respectively. A shift in the oxidation peak is observed, from 0.256 V to 0.392 V 

for potential scan rates of 5 and 10 mV s
-1

, respectively. The shift to 0.392 V is close to the 

theoretical E0 value of 0.409 V vs. SCE. Cyclic voltammograms of silica/nickel foam electrodes 

deposited for 80, 1253, 2426, and 3600 seconds, before surfactant extraction, are presented in 

Figure 2.44C, 2.44D, 2.44E, and 2.44F, respectively.  

 For electrodes modified with a pinhole or membrane blocking layer, the shape of the 

cyclic voltammogram is dictated by the fractional surface coverage (ʃ), the potential scan rate 

(ʑ), the heterogeneous rate constant (k0), and the half distance between active sites (R0), as 
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Figure 2.44A-F A Chemical structure of ferrocene methanol. B-F Cyclic voltammograms of a 

bare nickel foam electrode (B), and a silica/nickel foam electrode deposited for 80 (C), 1253 (D), 

2426 (E), and 3600 (F) seconds by EASA using C16TAB as surfactant, before surfactant 

extraction. Cyclic voltammograms were recorded in an aqueous 0.5 mM ferrocene methanol + 

0.5 M potassium hydrogen phthalate solution at potential scan rates of 5 (), 10 ( ), and 20 

mV s
-1

 (  ). 
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reported by Amatore et al.
172,173

 for electrodes with blocking layers containing pinholes. These 

parameters are utilized in the following dimensionless equations: 

 

‗  
ὈὙὝὊ‡ϳ

πȢφὙ ρ —
 Equation 2.14 

 

Ώ  
Ὧ ρ —

ὙὝὈὊ‡ϳ
 Equation 2.15 

 

where  

D = diffusion coefficient, cm
2
 s

-1 

R = universal gas constant,  

T = temperature, K 

F = Faraday constant. 

 

 By assessing the shape of cyclic voltammograms presented in Figures 2.44C-F, relative 

estimates of the surface coverage of silica particles on nickel foam electrodes can be qualitatively 

evaluated using a zone diagram published by Amatore et al.
172,173

 According to calculations 

based on the pinhole blocking layer model, large values of ʇ result in cyclic voltammograms 

which exhibits reduction/oxidation peaks with a decrease in the apparent rate constant, compared 

to that of a bare, unmodified electrode. For large values of ʇ and ɤ, the apparent rate constant is 

large, and cyclic voltammograms appear to be Nernstian in shape. For small values of ʇ, cyclic 

voltammograms exhibit a sigmoidal shape and become kinetically irreversible; with large values 

of ɤ, cyclic voltammogram behavior becomes characteristic of an ultramicrode array, exhibiting 

limiting currents.  
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 Cyclic voltammograms at different scan rates of silica/nickel foam electrodes deposited 

for 80 seconds by EASA, before surfactant extraction (Fig. 2.44C), show a shift in the anodic 

and cathodic potential, indicating a decrease in the apparent rate constant due to the formation of 

a blocking layer of silica particles on the surface of the electrode. The shape of the 

voltammograms is consistent with calculated voltammograms exhibiting large values of both ʇ 

and ɤ, suggesting high fractional surface coverage and large values of R0, according to the zone  

diagram for a pinhole blocking layer.
172

 This result is consistent with those reported by Etienne 

et al.
174

 for spin-coated thiol functionalized mesoporous silica thin films on glassy carbon 

electrodes, before surfactant extraction, using ferrocene ethanol as the redox probe molecule. 

This result is also consistent with Walcarius et al.
77 

for the electrochemically assisted self 

assembly of hexagonally ordered mesoporous thin films on gold electrodes, before surfactant 

extraction, using ferrocene ethanol as the redox probe molecule; however, the mechanism for the 

current response is explained in terms of the neutral ferrocene ethanol solubilizing from the 

solution phase into the liquid crystal surfactant phase,
175

 rather than diffusion to the electrode 

surface through defect sites in the thin film.
167

 

 Increasing the deposition time from 80 seconds to 1254 seconds (Fig. 2.44D) results in an 

irreversible voltammogram, with a disappearance of the anodic ferrocene methanol oxidation 

peak and a diminished cathodic reduction peak, consistent with reports by Wang et al.
176

 for 

cyclic voltammograms of anchored (3-mercaptopropyl)trimethoxysilane layers on gold 

substrates in a ferrocyanide solution. This is an expected result, due the increase in mass of silica 

deposited on the nickel foam substrate at higher deposition times. According to the zone diagram 

for pinhole blocking film model, this corresponds to low values of ɚ, indicating either the half 

distance between active sites is large, or the fractional coverage of silica particles is lower than 
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that of silica/nickel foam electrodes deposited at 80 seconds. The shape of the voltammogram 

also corresponds to a high ɤ value, indicating that the either the fractional surface coverage or 

apparent rate constant has increased. Given that the mass of silica increases with increased 

deposition times, it is more likely that the half distance between active sites and fractional 

surface coverage increases with increased deposition time.  

 Figure 2.44E presents cyclic voltammograms of silica/nickel foam electrodes deposited 

for 2426 seconds, before surfactant extraction, exhibiting a reemergence of the anodic oxidation 

peak and a more pronounced cathodic reduction peak, compared to Figure 2.44D, once again 

indicating high values of fractional surface coverage and half distance between active sites. 

Increasing the mass of silica deposited from 80-1253 seconds, the expected result would be the 

complete disappearance of the ferrocene methanol anodic oxidation peak and further diminishing 

of the cathodic reduction peak, corresponding to high fractional surface coverage and increased 

half distance between active sites. Transient current decay curves of silica/nickel foam electrodes 

deposited at 2426 seconds (Fig. 2.2A) indicate that the current response during the EASA 

process is comparable to that of the current response of silica/nickel foam electrodes deposited at 

1253 seconds (Fig. 2.1B), indicating that the local pH of the solution/electrode interface is not 

significantly different between the two deposition time ranges. However, the increase in time 

that the surface of the silica/nickel foam electrode remains in contact with a hydroxide rich 

solution combined with the results from the cyclic voltammograms suggests that silica 

condensation and dissolution occurs simultaneously longer deposition times, resulting in an 

increase of active sites of the electrode participating in the reduction and oxidation of the 

ferrocene methanol probe.  

 Cyclic voltammograms of silica/nickel foam electrodes deposited for 3600 seconds (Fig. 
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2.44F) before surfactant extraction exhibit the expected irreversible behavior of a blocking layer 

modified electrode with few pinholes and large half distances between activation sites, according 

to the pinhole blocking layer zone diagram with a reduction in the apparent rate constant. The 

anodic oxidation peak completely disappears with a diminishing and broadening of the cathodic 

reduction peak. This result indicates that very few active sites of the electrode participate in the 

probe redox reaction, with a thick blocking layer and is consistent with FE-SEM micrographs of 

silica/nickel foam electrodes deposited for 3600 seconds (Fig. 9A-C), indicating a complete 

coverage of the nickel foam electrode, with silica particles filling the large voids of the nickel 

foam.   

 Figure 2.45 is a comparative cyclic voltammogram of silica/nickel foam electrodes 

deposited for 80, 1253, 2426, and 3600 seconds, before surfactant extraction, recorded at a 10 

mV s
-1

 potential scan rate and normalized for the weight of the silica/nickel foam electrode. 

Compared to the normalized voltammogram of a bare nickel foam electrode (inset of Figure 

2.45), current density responses are diminished for silica/nickel foam electrodes at each 

deposition time, indicating blocking of the ferrocene methanol probe from the surface of the 

nickel foam surface due to a relative increase in surface coverage of silica particles on nickel 

foam electrodes, with the exception of the anodic branch of silica/nickel foam electrodes 

deposited at 2426 seconds exhibits a higher current density than expected.  

 Upon surfactant removal, the current response for silica/nickel foam electrodes deposited 

for 80, 1253, 2426 and 3600 seconds (Fig. 2.46A-D, respectively) exhibit quasireversible 

behaviors, similar to that of bare nickel foam electrodes, consistent with reports by Etienne et 

al.
79

 and Walcarius and coworkers,
77,78

 as discussed earlier for current responses of silica thin 

films before surfactant extraction. The return to pronounced oxidation and reduction peaks  
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Figure 2.45 Cyclic voltammograms of silica/nickel foam electrodes deposited for 80 (), 1253 

( ), 2426 ( ), and 3600 ( ) seconds by EASA using C16TAB as surfactant, before 

surfactant extraction, in an aqueous 0.5 mM ferrocene methanol + 0.5 M potassium hydrogen 

phthalate solution at a potential scan rate of 10 mV s
-1

. Inset is a cyclic voltammogram of bare 

nickel foam electrode at a potential scan rate of 10 mV s
-1
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Figure 2.46A-D Cyclic voltammograms of a silica/nickel foam electrode deposited for 80 (A), 

1253 (B), 2426 (C), and 3600 (D) seconds by EASA using C16TAB as surfactant, after 

surfactant extraction. Cyclic voltammograms were recorded in an aqueous 0.5 mM ferrocene 

methanol + 0.5 M potassium hydrogen phthalate solution at potential scan rates of 5 (),  

10 ( ), and 20 mV s
-1

 (  ). 
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Figure 2.47 Cyclic voltammograms of silica/nickel foam electrodes deposited for 80 (), 1253 

( ), 2426 ( ), and 3600 ( ) seconds by EASA using C16TAB as surfactant, after 

surfactant extraction, in an aqueous 0.5 mM ferrocene methanol + 0.5 M potassium hydrogen 

phthalate solution at a potential scan rate of 20 mV s
-1

. Inset is a cyclic voltammogram of bare 

nickel foam electrode at a potential scan rate of 20 mV s
-1

. 
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indicate an open silica pore structure which allows the mass transport by diffusion of ferrocene 

methanol probe molecules to the surface of the nickel foam electrode. According the zone 

diagram proposed by Amatore,
172

 this corresponds to a diffusion layer thickness which is small 

in comparison to the size and spacing of pores in the blocking layer. A comparative cyclic 

voltammogram (Fig. 2.47) of silica/nickel foam electrodes deposited for 80, 1253, 2426, and 

3600 seconds, after surfactant extraction, recorded at a 20 mV s
-1

 potential scan rate and 

normalized for the weight of the silica/nickel foam electrode indicates higher current densities 

compared to a bare nickel foam substrate (inset of Figure 2.45) for each deposition time, 

indicating a relative increase in the number of active sites contributing to the current response, 

compared to cyclic voltammograms of silica/nickel foam electrodes before surfactant extraction. 

The anodic oxidation current response for silica/nickel foam electrode deposited for 1253 

seconds exhibit the highest values, which can be attributed to both the larger pore diameter of 

silica particles, compared to silica/nickel foam electrodes deposited for 80 seconds and to the 

increase in the number of active pore sites, indicating an increase in the fractional surface 

coverage of silica particles. Longer deposition times result in silica/nickel foam electrodes which 

allow for the mass transport of the ferrocene methanol probe to the electrode surface; however, 

the current density response is diminished, suggesting an increase in the blocking layer of silica 

particles on the surface of the nickel foam electrode hindering the relative mass transport of the 

ferrocene methanol probe to the nickel surface.   

2.3.6 Statistical Analysis of BET Specific Surface Area of Silica/Nickel Foam Electrodes 

 In order to evaluate the consistency of the fabrication methods of  mesoporous 

silica/nickel foam electrodes by the EASA process, several replicate silica/nickel foam electrodes 

were fabricated at four separate deposition times (80, 1246, 2426, and 3600 seconds) for each  
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Table 2.10 Bartlett test for comparison of variances of specific surface areas, SSABET, of silica/nickel foam electrodes templated with 

C12TAB for given deposition times, tdep. 

            

            

 SSABET (m
2
 g

-1
)        

tdep = 80 s 1253 s 2426 s 3600 s  ί M A df1 df2 b 
 39.98 89.10 108.3 121.4  27.95 3.331 1.225 3 182 215.1 

 38.91 97.75 115.9 125.0        

 34.68 84.93 106.7 118.8  F F0.05/2 ,3.182     

 31.49   110.2  0.347 3.19     

 32.91     
 

     

            

Avg. = 35.592 90.591 110.30 118.84        

Std. dev. = 3.7128 6.5363 4.9381 6.2749        

Variance = 13.79 42.72 24.39 39.37        
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Table 2.11 Bartlett test for comparison of variances of specific surface areas, SSABET, of silica/nickel foam electrodes templated with 

C14TAB for given deposition times, tdep. 

            

            

 SSABET (m
2
 g

-1
)        

tdep = 80 s 1253 s 2426 s 3600 s  ί M A df1 df2 b 
 18.33 71.71 102.2 99.08  66.13 4.950 1.373 3 3 6.960 

 20.04 76.76 109.5 100.1        

 21.57 77.86 113.6 102.7  F F0.05/2 ,3.3     

 28.52   109.9  2.178 15.4     

 30.29   111.7  
 

     

            

Avg. = 23.752 75.445 108.44 108.88        

Std. dev. = 5.3232 3.2772 5.7800 11.473        

Variance = 28.34 10.74 33.41 131.6        
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Table 2.12 Bartlett test for comparison of variances of specific surface areas, SSABET, of silica/nickel foam electrodes templated with 

C16TAB for given deposition times, tdep. 

            

            

 SSABET (m
2 
g

-1
)        

tdep = 80 s 1253 s 2426 s 3600 s  ί M A df1 df2 b 
 25.61 64.54 82.92 98.41  18.99 1.346 0.1658 3 182 215.1 

 29.22 64.66 87.13 100.8        

 32.04 72.76 91.22 108.3  F F0.05/2 ,3.182     

 32.44   109.9  0.382 3.19     

 32.66     
 

     

            

Avg. = 30.394 67.320 87.089 104.33        

Std. dev. = 3.0109 4.7118 4.1502 5.592        

Variance = 9.066 22.20 17.22 31.27        
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Table 2.13 Bartlett test for comparison of variances of specific surface areas, SSABET, of silica/nickel foam electrodes templated with 

C18TAB for given deposition times, tdep. 

            

            

 SSABET (m
2
 g

-1
)        

tdep = 80 s 1253 s 2426 s 3600 s  ί M A df1 df2 b 
 21.13 69.61 89.59 91.41  64.23 10.536 0.1833 3 149 179.2 

 24.77 70.35 94.21 112.3        

 25.63 75.71 103.3 122.3  F F0.05/2 ,3,149     

 27.15   
 

 3.096 3.21     

 27.49     
 

     

            

Avg. = 25.233 71.889 95.684 108.69        

Std. dev. = 2.5493 3.3307 6.9523 15.771        

Variance = 6.499 11.09 48.33 248.7        
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surfactant/TEOS system (C12TAB, C14TAB, C16TAB and C18TAB) and characterized by 

nitrogen physisorption after surfactant extraction.  In order to test for homogeneity of variances 

of the estimated averages of silica/nickel foam electrodes, the Bartlett test
143

 was employed 

(Section 2.2.6.A.), which is applicable to two or more variances with unequal degrees of 

freedom. 

 Tables 2.10-2.13- show individual and averaged values for BET specific surface areas of  

silica/nickel foam electrodes templated by C12TAB, C14TAB, C16TAB and C18TAB, 

respectively, at the stated deposition times, along with standard deviations (s), variances (s2), and 

the variables ί, M, A, df1, df2, and b as calculated using Equations 2.1-2.8. For each 

surfactant/TEOS system at the stated deposition times, the null hypothesis is failed to be rejected 

due to the experimental F values not exceeding the values calculated critical F values, indicating 

that the Bartlett test has detected no difference of the estimated variances of the averages of BET 

specific surface areas of silica/nickel foam electrodes, and are said to be homogeneous.  

 In order to compare the estimated averages of BET specific surface areas of mesoporous 

silica/nickel foam electrodes, Studentôs t test
177

 was employed (Section 2.2.6.B.), for the 

comparison of two independent averages with unknown and equal variances. The experimental t 

value (texp)  is compared to a critical t value (tcrit ical) obtained from the two-tailed t table at the 

0.05 significance level for each degree of freedom df.  The established null hypothesis is that the 

two estimated averages, ὢ and ὢ, are equal. Table 2.14 gives the experimental t values 

calculated using Equations 2.9-2.11 for the estimated averages of BET specific surface areas 

between two deposition time intervals. As can be seen from Table 2.14, for each comparison of 

estimated BET specific surface area averages the experimental t value exceeds the value for the 

calculated critical t value and the null hypothesis is rejected; that is, the estimated BET specific  
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Table 2.14 Student's t test for comparison of estimated averages of BET specific surface areas of silica/nickel foam electrodes for 

given deposition time intervals. 

            

 80 s - 1253 s  1253 s - 2426 s  2426 s - 3600 s 

Surfactant texp tcrit ical df  texp tcrit ical df  texp tcrit ical df 
C12TAB 15.6 2.45 6  4.17 2.78 4  1.94 2.57 5 

C14TAB 14.9 2.45 6  8.60 2.78 4  0.06 2.36 7 

C16TAB 13.8 2.45 6  5.45 2.78 4  4.46 2.57 5 

C18TAB 22.5 2.45 6  5.35 2.78 4  1.31 2.78 4 

            

            

 80 s - 2426 s  80 s - 3600 s  1253 s - 3600 s 

Surfactant texp tcrit ical df  texp tcrit ical df  texp tcrit ical df 
C12TAB 24.6 2.45 6  24.9 2.36 7  5.80 2.57 5 

C14TAB 21.2 2.45 6  15.2 2.26 9  4.80 2.36 7 

C16TAB 22.6 2.45 6  25.6 2.36 7  9.22 2.57 5 

C18TAB 21.3 2.45 6  12.2 2.45 6  3.95 2.78 4 
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surface area averages for two separate deposition times from the same surfactant/TEOS system 

are significantly different, with the exception of the estimated averages for deposition time of 

2426 seconds when compared to the estimated averages for deposition time of 3600 seconds 

(Table 2.14) for silica/nickel foam electrodes templated by C12TAB, C14TAB, and C18TAB 

surfactants. 

 The values for the estimated averages of BET specific surface areas of undeposited nickel 

foam electrodes and silica/nickel foam electrodes templated by C12TAB, C14TAB, C16TAB 

and C18TAB were plotted as a function of deposition time (Fig. 2.48A-D, respectively), with the 

error bars shown in the plots calculated from Equation 2.12. As can be seen from Figures 2.48A-

D, the estimated averages of specific surface areas of silica/nickel foam electrodes significantly 

increase upon increased deposition times until the deposition time interval of 2426 to 3600 

seconds. At this deposition time interval, the estimated averages of BET specific surface areas of 

silica/nickel foam electrodes templated with C12TAB, C14TAB, and C18TAB are not 

significantly different according to the Studentôs t test, indicating that any silica deposited from 

the TEOS/surfactant solution during this time interval is unlikely to significantly contribute to 

the mesoporous network structure.  

2.3.7 Mathematical Modeling of Specific Surface Areas of Silica/Nickel Foam Electrodes 

 Taking into account that the weight of silica deposited (Fig. 2.4A-B and 2.5A-B) and the 

BET specific surface areas of silica/nickel foam electrodes (Fig. 2.48A-D) are both reasonably 

directly proportional to the amount of time of applied potential in the EASA fabrication process, 

a semi-quantitative model for the increase in specific surface area as a function of time is 

proposed and evaluated. Following the results of the model is a brief discussion of the steady 

state approximation employed and its derivation. 
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Figure 2.48A-D Individual (ƺ) and average (ǅ) values for BET specific surface areas of 

silica/nickel foam electrodes templated by A C12TAB, B C14TAB, C C16TAB, and D C18TAB 

surfactants. Specific surface areas were calculated by applying BET calculations to the linear 

region of the adsorption branch of nitrogen isotherms at 77 K. Error bars are 95% confidence 

intervals of the estimated averages of duplicate samples. Specific surface area values at time of 

zero seconds are for undeposited nickel foam electrodes. 
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2.3.7.A Implementation and Evaluation of Proposed Model 

  Based on visual inspection of the increase in estimated averages of BET specific surface  

areas of silica/nickel foam electrodes as a function of the square root of time, a model of an 

exponential approach to a steady state was chosen, which has the following general equation: 

 

ὼὸ ὼ ὼ ὼπᶻÅØÐὸὯ  
Equation 2.16 

 

where  

x(t)  = response variable dependent of time 

xSS = steady state value of response variable 

x(0)  = response variable at time equal to zero 

t = time  

kexp = exponential constant. 

  

 Plotted values of BET specific surface areas for each surfactant/system as a function of 

the square root of time of applied potential were fitted to calculated values of BET specific 

surface area using a variation of the exponential approach to steady state model and the Solver 

add-in found in Microsoft Excel 2007 as mentioned in Section 2.2.7. Figure 2.49A shows the 

experimental estimated averages and calculated values for the BET specific surface area  

 (SSABET) of silica/nickel foam electrodes fabricated by the EASA deposition process using 

C12TAB surfactant, as a function of the square root of time of applied potential.  Fitted values 

were calculated using the following equation (Equation. 2.17). The 95% confidence limits  
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Figure 2.49A-D Averaged values of experimental specific surface areas (ƴ) of silica/nickel foam 

electrodes fabricated by EASA as a function of the square root of deposition time, and 

unweighted least squares fit ( ) calculated using Equation 2.17. Confidence intervals ( ) are 

calculated using 95% critical t value. Silica/nickel foam electrodes were templated by A 

C12TAB, B C14TAB, C C16TAB, and D C18TAB. 
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indicated in Figure 2.49A were calculated using a calculated critical Studentôs t value and the 

standard errors of experimental and calculated BET specific surface area values. 

 

ὛὛὃ ὸ  ὛὛὃ ὛὛὃ ὛὛὃ π ÅØÐ
ὸ

Ὕ
 Equation 2.17 

 

where 

ὛὛὃ ὸ   specific surface area of silica/nickel foam electrode at deposition time  

 greater than zero equal to SSABET, m
2
 g

-1
 

 

ὛὛὃ π  specific surface area of silica/nickel foam electrode before applied   

 potential, equal to SSAnickel foam, 5.715 m
2
 g

-1
 

 

ὛὛὃ = the steady state specific surface area, as deposition time approaches infinity, m
2
 g

-1 

tdep = time of applied potential, s 

T = e-folding time, s. 

 

The e-folding time can be defined as the time it takes for e to fold upon itself. It is also defined as  

 

Ὕ  
ρ

Ὧ
 Equation 2.18 

 

where  

kSA = exponential decay constant, s
-1

. 

 

 Figure 2.49A displays a good correlation between experimental and calculated BET  
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Figure 2.50A-D Averaged values of experimental specific surface areas (ƴ) of silica/nickel foam 

electrodes fabricated by EASA as a function of the square root of deposition time, and weighted 

least squares fit ( ) calculated using Equation 2.17. Confidence intervals ( ) are calculated 

using 95% critical t value. Silica/nickel foam electrodes were templated by A C12TAB, B 

C14TAB, C C16TAB, and D C18TAB. 

  

A B

C D

0

25

50

75

100

125

0 20 40 60

S
p
e

c
if
ic

 S
u
rf

a
c
e

 A
re

a
 (

m2
/g

)

Time1/2 (s1/2)

-20

20

60

100

140

0 20 40 60

S
p
e

c
if
ic

 S
u
rf

a
c
e

 A
re

a
 (

m2
/g

)

Time1/2 (s1/2)

-20

0

20

40

60

80

100

120

0 20 40 60

S
p
e

c
if
ic

 S
u
rf

a
c
e

 A
re

a
 (

m2
/g

)

Time1/2 (s1/2)

0

20

40

60

80

100

120

0 20 40 60

S
p
e

c
if
ic

 S
u
rf

a
c
e

 A
re

a
 (

m2
/g

)

Time1/2 (s1/2)



138 

 

specific surface area values as a function of the square root of time of applied potential; however, 

to assess the impact of experimental BET specific surface area values which exhibit a greater 

degree of error, a weighted least squares fit was calculated (Fig. 2.50A). The weighted least 

squares plot of experimental and calculated BET specific surface areas as a function of the 

square root of time of applied potential for silica/nickel foam electrodes templated by C12TAB 

were  calculated by using Equations 2.19 and 2.20:  

 

ὡ
ρ

ί
 Equation 2.19 

 

where  

Wi = weight of average i 

si2 = standard deviation of i 

 

The weight value is used to modify the sum of squares (S) between the experimental BET 

specific surface area values and the calculated values obtained by Equation 2.17 using Equation 

2.20: 

 

Ὓ ὡὛ Equation 2.20 

 

where  

Sw = weighted sum of squares 

S = sum of squares, defined by Equation 2.21. 
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Ὓ  ὛὛὃ ὸ ὛὛὃ ὸ  Equation 2.21 

 

 By minimizing the weighted sum of squares between the observed estimated averages of 

the experimental BET specific surface areas of silica/nickel foam electrodes and the calculated 

values of specific surface areas obtained by Equation 2.17, weighted calculated values of specific 

surface areas are obtained.  

 Figure 2.49B-D presents the unweighted least squares fit of experimental and calculated 

BET specific surface area values for silica/nickel foam electrodes templated by C14TAB, 

C16TAB and C18TAB, respectively. For silica/nickel foam electrodes templated with C14TAB 

and C16TAB, the 95% confidence intervals include a wider range of values, which is indicates 

either error in the averaged values of experimental BET specific surface areas or the 

inadequacies of the proposed model. Silica/nickel foam electrodes templated by C18TAB exhibit 

both good correlation between the experimental and calculated data and 95% confidence 

intervals with a reduced range.  

 Figure 2.50B-D are the weighted least squares fits of experimental and calculated BET 

specific surface areas of silica/nickel foam electrodes templated with C14TAB, C16TAB and 

C18TAB, respectively, with no modest improvement to either the correlation of experimental 

and calculated BET specific surface area values or the ranges of the 95% confidence intervals. 

Values for steady state specific surface area (SSASS), the e-folding time (T), and the coefficient of 

determination (R2) of unweighted and weighted calculated BET specific surface areas calculated 

by Equation 2.17 are presented in Table 2.15, along with calculated estimates of uncertainties. 

Estimates of uncertainties were calculated by using the jack knife approach (in which residuals 

are systematically omitted from the data set and a least squares best of fit line is  
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Table 2.15 Steady-state specific surface areas, e-folding times, and coefficients of determination calculated using Equation 2.18. 

        

  Unweighted    Weighted  

        

Surfactant SSASS (m
2
 g

-1
) T  

(s) R2  SSASS (m
2
 g

-1
) T  (s) R2 

C12TAB 145.9 ± 2.26 1590 ± 0.05 0.9997 ± 0.0003  143.4 ± 6.610 1472 ± 276.6 0.9997 ± 0.0005 

C14TAB 219.3 ± 48290  7813 ± 2.77 x 10
8 

0.9866 ± 0.0216  273.6 ± 45310 14345 ± 2.53 x 10
8 

0.9854 ± 0.0240 

C16TAB 225.0 ± 548.6 8088 ± 94990 0.9918 ± 0.0110  131.1 ± 704.8 2124.1 ± 128260 0.9832 ± 0.0249 

C18TAB 260.2 ± 149.7 13940 ± 22020 0.9995 ± 0.0050  225.1 ± 324.4 9839 ± 49545  0.9991 ± 0.0020 
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obtained).
146,178,179

 The calculated variables are recorded with each residual omission, and the 

standard errors of the resulting values calculated as the estimates of uncertainties. While the 

coefficients of determination indicate good agreement of experimental and calculated values (> 

0.98) for each surfactant system, the estimates of the uncertainties for both the steady state 

specific surface areas and the e-folding constants are not within reasonable limits, with the 

exception of silica/nickel foam substrates templated with C12TAB. The estimates of 

uncertainties of silica/nickel foam substrates templated with C18TAB are relatively improved; 

however, are still not within an acceptable range for an adequate model.   

 Large values for the estimates of uncertainties can be attributed to error in sample 

handling and measurement, which would negatively impact the measured values and the 

associated errors. However, the exponential approach to steady state model for the deposition 

time range of 80 to 3600 seconds seems to be an appropriate choice, as indicated by the 

relatively low estimate of uncertainties for both the unweighted and weighted calculated values 

for silica/nickel foam electrodes templated by C12TAB. While the model assumes a steady state 

approximation predicated on an infinite silica/surfactant source, it is expected that deposition 

times longer than 3600 seconds would result in a decrease in BET specific surface area, as the 

surface of the electrode would be increasingly hindered due to silica/surfactant particle blocking 

layer resulting in a decreased generation of hydroxide catalyst.  Improvements of this model can 

be made by adequate sample handling techniques, improvement in the BET specific surface area 

measurements, and increased number of data points to reduce error while simultaneously 

establishing an adequate distribution model which would allow for the identification of outliers. 

2.3.7.B  Definition of Steady State Approximation 

 As can be seen by Equation 2.18, the specific surface area of the silica/nickel foam 
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electrodes at deposition time greater than zero can be described as an exponential approach to a 

specific surface area steady state approximation.  As the deposition time approaches infinity 

(Equation. 2.22), the exponential term approaches zero and the projected specific surface area of 

the silica/nickel foam electrode reaches an upper limit horizontal asymptote, defined as SSASS. 

 

ÌÉÍ
ᴼ

ÅØÐ
ὸ

Ὕ
π Equation 2.22 

  

The rate of decay from the steady state specific surface area with respect to the change in time 

can be defined by Equation 2.23. 

    

ὨὛὛὃ

Ὠὸ
 

ρ

ςὸ Ὕ
ὛὛὃ ὛὛὃ ὸ  Equation 2.23 

 

Rearranging Equation 2.23 yields Equation 2.24. 

 

ὨὛὛὃ

ὛὛὃὛὛὃ ὸ
 

ρ

ςὸ Ὕ
 Ὠὸ Equation 2.24 

 

By taking the integral of both sides of Equation 2.24, Equation 2.25 can be solved (Equation 

2.26). 

ὨὛὛὃ

ὛὛὃὛὛὃ ὸ
 

ρ

ς ὸ Ὕ
 Ὠὸ Equation 2.25 

 

ÌÎὛὛὃ ὛὛὃ ὸ  
ὸ

Ὕ
ÌÎÃ  Equation 2.26 
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where  

c1 = constant, m
2
 g

-1 

 

Rearranging Equation 2.26 to solve for the square root of time dependent term yields Equation 

2.27. 

 

ÌÎὛὛὃ ὛὛὃ ὸ ÌÎÃ  
ὸ

Ὕ
 Equation 2.27 

 

Using the natural logarithm quotient rule, then raising each side of the equation to e yields 

Equations 2.28 and 2.29. 

 

ÌÎ
ὛὛὃ ὛὛὃ ὸ

Ã
 
ὸ

Ὕ
 Equation 2.28 

 

ÅØÐÌÎ
ὛὛὃ ὛὛὃ ὸ

Ã
ÅØÐ

ὸ

Ὕ
 Equation 2.29 

 

Equation 2.29 reduces to Equation 2.30. 

 

ὛὛὃ ὛὛὃ ὸ

Ã
ÅØÐ

ὸ

Ὕ
 Equation 2.30 

 

Rearranging to solve for the specific surface area of the silica/nickel foam electrode at a given 

deposition time: 
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ὛὛὃ ὸ ὛὛὃ  Ã ÅØÐ
ὸ

Ὕ
 Equation 2.31 

 

To solve for the constant c1, tdep is set to zero and the value for SSAElectrode is set to the 

experimental BET specific surface area of undeposited nickel foam (SSAnickel foam), equal to 5.715 

m
2
 g

-1
. Substituting terms into Equation 2.27 yields Equation 2.32. 

 

ÌÎὛὛὃ υȢχρυÌÎÃ  
π

Ὕ
π Equation 2.32 

 

Rearranging Equation 2.32 and solving for c1: 

 

ÌÎὛὛὃ υȢχρυ ÌÎÃ   Equation 2.33 

 

ὛὛὃ υȢχρυ Ã  ὛὛὃ ὛὛὃ π Equation 2.34 

 

Substituting Equation 2.34 into Equation 2.31 yields Equation 2.18, restated here as Equation 

2.35. 

 

ὛὛὃ ὸ ὛὛὃ  ὛὛὃ ὛὛὃ π ÅØÐ
ὸ

Ὕ
 Equation 2.35 

 

 To define the units of the steady state specific surface area (SSASS), the following 

dimensional analysis was performed. The BET specific surface area of the bare nickel foam can 

be described using the following units: 
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ὛὛὃ π
Ὓὃ

ά
 Equation 2.36 

 

where 

SANF = total surface area of nickel foam substrate, m
2 

mNF = mass of nickel foam, g. 

 

Taking into account the contribution of the total surface and mass of nickel foam substrates to 

the BET specific surface area of silica/nickel foam electrodes: 

 

ὛὛὃ ὸ
Ὓὃ Ὓὃ

ά ά
 Equation 2.37 

 

where 

SAS = total area of deposited silica, m
2 

ms = mass of deposited silica, g. 

 

By dimensional analysis of Equation 2.35, the approximation of the steady state specific surface 

area can be defined by the following units: 

 

ὛὛὃ
Ὓὃά Ὓὃά

ά ά ά
 Equation 2.38 

  

 The rate of change of the steady state specific surface area with respect to the change in 

time (which can be considered as the rate in increase of specific surface area with respect to the 

change in time) is therefore a function of the rate of mass of silica deposited on the nickel foam 
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substrate with respect to time, the increase in the area of silica deposited (which is a function of 

the rate of mass of silica deposited and the porosity of the deposited silica), and the area and 

mass of the nickel foam substrate.   

 The following proposed model based on an exponential approach to a steady state serves 

as the groundwork for a more complete and adequate model with well defined rates of silica 

deposition and surface area growth. As stated earlier, it is expected that as the deposition time 

exceeds 3600 seconds, the BET specific surface area of silica/nickel foam electrodes would 

decrease, rendering the proposed model invalid for greater deposition times; however, data fits 

well for C12TAB templated silica/nickel foam electrodes for the stated deposition time range. 

Improvements of the model can be made by a more adequate definition of the steady state 

approximation by investigation of the rate of silica deposition, and the overall model can be 

improved by reducing the error in sample handling and measurement, increasing the number of 

replicates, quantitative assessment of BET specific surface areas at well defined deposition times 

(within the stated deposition time range), and identification and elimination of outliers.  

2.3.8 Mathematical Models of Current-Time Behavior 

 It is evident from Figures 2.1A-B ï 2.3 that current decay occurs during the EASA 

process of silica deposition onto nickel foam substrates from surfactant/TEOS solutions. Figures 

2.1B ï 2.3 indicate a faster rate of current decay from a time of applied potential of 0 to 80 

seconds with a significant decrease in rate of current decay for times greater than 80 seconds, 

indicating, qualitatively, that there exists two separate modes for mass transfer of ions in solution 

to the electrode/solution interface for deposition times greater than 80 seconds. Given that the 

nickel foam electrode surface area is quite large (~5,000 - 10,000 cm
2
) and the small volumes of  
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the surfactant/TEOS solution (~100 - 150 mL), the deposition process can be described in terms 

of a bulk electrolysis of a chemical species O. 

 Bulk electrolysis assumes that the bulk concentration of species O (ὅᶻ) is a function of 

time of applied potential and that the solution is completely homogeneous, neglecting the 

diffusion layer volume near the surface of the electrode. Equation 2.39 relates the change in 

current with respect to time for bulk electrolysis: 

 

ὭÔ  ὭπÅØÐ ὴὸ  Equation 2.39 

 

where  

i(t)  = current at time t, A 

i(0)  = initial current, A  

t  =  time of applied potential, s. 

 

In Equation 2.39, p is defined using Equation 2.40: 

 

ὴ  
ά ὃ

ὠ
 Equation 2.40 

 

where  

mO = mass transfer coefficient of species O, cm s
-1 

Aelectrode = area of electrode, cm
2
 

V = volume of solution, cm
3
. 

 

 Figure 2.51A-D show experimental and fitted current-time curves during the EASA 
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process using nickel foam as the electrode in surfactant/TEOS sol-gel solutions for times of 

applied potential of 0 to 80 seconds. Fitted curves were calculated using Equation 2.39. 

Calculated values for p, and the corresponding coefficient of determination values (R2) related to 

the experimental data are presented in Table 2.16. As can be seen in Figure 2.51A-D, the 

calculated current values are in relative good agreement with experimental data, indicating that 

the reduction of the chemical species, O, is characteristic of a first-order reaction up to a 

deposition time of 80 seconds; however, deviation of the fitted curve from the experimental 

occurs as the time of applied potential increases, indicative of a contribution to the current decay 

by an additional mode.  

 Figure 2.52A-C presents current decay curves using nickel foam electrodes in sol-gel 

solutions in the absence of TEOS, C16TAB, and NaNO3, respectively.  In the deposition time 

range of 0 to 80 seconds, the absence of both TEOS and C16TAB deviate from behavior 

predicted by Equation 2.39 and is evident in the reduction of the coefficients of determination 

(Table 2.16). In the absence of NaNO3, the p value falls within the expected range and the 

coefficient of determination (> 0.99) indicates that the electrolysis of species O during short 

deposition times is not directly impacted by the absence of NaNO3.  

 At EASA deposition times greater than 80 seconds, current decay occurs at a slower rate 

(Fig. 2.1B ï 2.3) and deviates from the bulk electrolysis behavior described in Equation 2.39, in 

which the current due to electrolysis becomes negligible. Figure 2.52D shows experimental and 

fitted current decay using Equation 2.39 for C14TAB/TEOS solutions for deposition time of 

3600 seconds. The calculated current decay in Figure 2.52D assumes that the p value for 

deposition time of 0 to 80 seconds remains unchanged for the remaining deposition time of 3600 

seconds. As can be seen from Figure 2.52D, Equation 2.39 predicts that current decays to a  
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Figure 2.51A-D Experimental ( ) and fitted ( ) current-time curves for nickel foam 

electrodes in a typical sol-gel solution containing A C12TAB, B C14TAB, C C16TAB, and D 

C18TAB surfactants, with time of applied potential of 80 seconds at 1.245 vs. SCE. Fitted 

current-time curves were obtained using Equation 2.39. Confidence intervals (  ) were 

calculated at the 95% level. 
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Table 2.16 Experimental and calculated values from Equation 2.39 for current decay in a mixed solution containing 4.65 x 10
-2
 M 

NaNO3 and a surfactant/TEOS molar ratio equal to 0.32 during the EASA silica deposition process using nickel foam substrates as 

electrodes. Values were calculated for the deposition times of 0-80 seconds. 

     

Surfactant tdep (s) i(0) exp (mA) p (s-1
 x 10

-3
) R2 

C12TAB 80 -7.74 5.20 
 

0.9990 

C14TAB 80 -12.0 3.90  0.9992 

C16TAB 80 -9.60 4.42  0.9996 

C18TAB 80 -9.33 3.16  0.9997 

     

  C16TAB
a 

3600 -3.06 4.90  0.8034 

- 3600 -3.95 3.55  0.9803 

  C16TAB
b 

3600 -4.29 5.15 0.9983 

     
a
No TEOS present in solution. 

    b
No NaNO3 present in solution. 

    
 



151 

 

 
Figure 2.52A-D Experimental ( ) and fitted ( ) current-time curves for a nickel foam 

electrode in A a TEOS-free sol-gel solution containing C16TAB, B a surfactant-free sol-gel 

solution, and Ca NaNO3-free sol-gel solution, with time of applied potential of 80 seconds at 

1.245 vs. SCE. Confidence intervals (  ) were calculated at the 95% level. D Experimental 

( ) and fitted ( ) current-time curves for a nickel foam electrode in a typical sol-gel solution 

containing C14TAB, with time of applied potential of 3600 seconds at 1.245 vs. SCE. The fitted 

current-time curves were obtained using Equation 2.39.  
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steady state for deposition times greater than ~1000 seconds. This deviation of the current-time 

behavior predicted by Equation 2.39 is likely due to lack of convection, as well as the formation  

of a blocking layer in the form of silica/surfactant particles on the surface of the nickel electrode 

which would allow for the conditions of Equation 2.39 to adequately describe the bulk 

electrolysis of electroactive ions for deposition times greater than 80 seconds and would predict 

that the current would decay exponentially to a steady state.
173

   

 The contribution to the current decay for deposition times greater than 80 seconds can be 

attributed to the diffusion of ions from the bulk solution into the depleted concentration gradient 

near the silica/nickel foam electrode surface. This diffusion limited current decay can be 

expressed using the Cottrell equation (Equation. 2.41)
173

, which assumes a spherical electrode 

geometry: 

  

ὭÔ ὲὊὃ Ὀὅᶻ
ρ

“Ὀὸ

ρ

ὶ
 Equation 2.41 

 

where 

id(t)  = diffusion-limited current, A 

n = stoichiometric number of electrons involved in an electrode reaction 

F = Faraday constant, 96485.34 C/mol 

Aelectrode = geometric area of electrode, cm
2
 

DO = diffusion coefficient of species O, cm
2
 s

-1
 

CO* = the bulk concentration of species O, mol cm
-3

  

r0 = radius of an electrode, cm. 
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For diffusion at a spherical electrode, the Cottrell Equation (Equation.2.41), can be rewritten as: 

 

ὭÓÐÈÅÒÉÃÁÌὭÌÉÎÅÁÒ
ὲὊὃ Ὀὅᶻ

ὶ
 Equation 2.42 

 

For a planar electrode (the first bracketed term of Equation 2.41), current approaches zero as 

time approaches infinity, which predicts the lack of a steady state current at long deposition 

times. 

 

ÌÉÍ
ᴼ
ὭÌÉÎÅÁÒ π Equation 2.43 

 

However, the current contribution of a spherical electrode can be described by Equation 2.44. 

 

ÌÉÍ
ᴼ
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 Equation 2.44 

 

The second term in Equation 2.41 converges to a non-zero limit as time of applied potential 

increases, indicating a diffusive steady state for spherical electrodes, due to the diffusion field 

being able to draw material from an increasingly larger area at the outer limit of the diffusion 

field. This results in the concentration gradient at the surface to be independent of the time of 

applied potential.
173

 

 For a qualitative approach to the description of current decay due to Cottrellian diffusion, 

values for CO* and D are assumed to be equivalent to the concentration and diffusion coefficient 

of nitrate ions. The reduction of nitrate ions has been proposed as a possible mechanism for the 

generation of hydroxide catalysts in EASA fabricated thin films
77,155,156

; however, as discussed in 

previous sections, the absence of nitrate ions does not hinder the deposition or mesostructure of 
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silica particles on nickel foams in the EASA process. Using 4.65 x 10
-5

 M as the value of CO*,
 

taking the diffusion coefficient of nitrate ions in water (Ὀ  = 1.9 x 10
-5
 cm

2
 s

-1
), and assuming 

n is equal to 2, diffusion-limited currents were calculated for current-time curves of nickel foam 

electrodes in surfactant/TEOS solutions for times greater than 80 seconds using Equation 2.41 

(Fig. 2.53A-D, 2.54A-D, and 2.55A-D).  Calculated values for the area of electrode (Aelectrode), 

radius of electrode (r0), and the coefficients of determination (R2) for calculated current values 

are presented in Table 2.17. 

 As can be seen in Figures 2.53A-D, 2.54A-D, and 2.55A-D, calculated diffusion-limited 

current curves are in good correlation with experimental data, indicating that current decay 

during the EASA process at long deposition times is restricted by the rate of diffusion of 

electroactive species to the silica/nickel foam electrode/solution interface.  

 Diffusion-limited current decay curves were calculated using Equation 2.41 for nickel 

foam electrodes in sol-gel solutions in the absence of TEOS, C16TAB, and NaNO3  

(Fig.2.56A-C, respectively). While the experimental current decay in the absence of TEOS in the 

solution is in good agreement with the calculated current decay predicted by the diffusion-

limited model (R2 equal to 0.9951), the experimental current decay in the absence of C16TAB 

exhibits current fluctuations not predicted by diffusion-limited current model, resulting in poor 

correlation with the predicted diffusion-limited current decay.  

 Current decay behavior in a NaNO3-free sol-gel solution follows closely the predicted 

diffusion-limited current decay calculated using Equation 2.41, with good correlation (R2 equal 

to 0.9941); however, the calculated values of the radius of electrode (r0) is significantly increased 

from the expected range (Table 2.17). This result, combined with that found of NaNO3-free sol- 

gel solutions for short deposition times, indicates the role of NaNO3 in the EASA process is   
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Figure 2.53A-D Experimental ( ) and fitted ( ) current-time curves for nickel foam 

electrodes in a typical sol-gel solution containing A C12TAB, B C14TAB, C C16TAB, and D 

C18TAB surfactants, with time of applied potential of 1253 seconds at 1.245 vs. SCE. Fitted 

current-time curves were obtained using Equation 2.41. Confidence intervals (  ) were 

calculated at the 95% level. 
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Figure 2.54A-D Experimental ( ) and fitted ( ) current-time curves for nickel foam 

electrodes in a typical sol-gel solution containing A C12TAB, B C14TAB, C C16TAB, and D 

C18TAB surfactants, with time of applied potential of 2426 seconds at 1.245 vs. SCE. Fitted 

current-time curves were obtained using Equation 2.41. Confidence intervals (  ) were 

calculated at the 95% level. 
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Figure 2.55A-D Experimental ( ) and fitted ( ) current-time curves for nickel foam 

electrodes in a typical sol-gel solution containing A C12TAB, B C14TAB, C C16TAB, and D 

C18TAB surfactants, with time of applied potential of 3600 seconds at 1.245 vs. SCE. Fitted 

current-time curves were obtained using Equation 2.41. Confidence intervals (  ) were 

calculated at the 95% level.






















































































































































































































































































































































































































































































































