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ABSTRACT

Three dimensionatonductivemacroporous nickel foansd mesoporous carbon
aerogeldavebeen utilized as skeletal suppdids an electrochemically assisted deposition of
mesoporous silica particlesd films Substratesupported mesoporous silica particles were
synthesized directly onto the conducting suppasing a combined salel/electochemical
method, termed Electrochemically Assisted Self AsseftbASA). The EASA method resulted
in mesoporous silica/nickel foam composkasibiting high specific surface areas
(20-120 nf g*) and narrowsilicamesopore size distributions (2388nm), as determined by
nitrogen physisorption characterization. Increasing the EASA deposition time resulted in the
increase of mesoporous silica particle diamet
seconds to gr eat ertimeshofaB600 deconds), ab well as dreinrease in theo n
number of particles deposited and substrate surface coverage, as determined by scanning electron
microscopy (SEM) and cyclic voltammetry, respectively. Transmission electron microscopy
(TEM) analysis reealed that silica particles deposited by EASA possess a-il@disordered
morphology, due to poor surfactant ordering during the EASA process. Mesoporous silica
particles on carbon aerogels resulted in an increase in electrochemical capacitancé, fom 7
for a bare carbon aerogel substrate to 2d Foga mesoporous silica/carbon aerogel composite.

Mesoporous silica/nickel foam composites were utilizesubstrag-supportedemplates

in a metal oxide nanocasting procedurguéous and ethanolimbalt nitratanfiltration and



thermal decompositioproducel Cos0s/mesoporous silica/nickel foam composites. Removal of
the mesoporous silica partidiemplate resulteth hierarchically porous G@4/nickel foam
composite electrodeas determined by-ray diffractometry (XRD) and nitrogen physisorption.
Co304/nickel foam composite electrodes fabricated from aqueous cobalt nitrate
nanocastingxhibited réatively high suface areas37-44 m* per gram of electrodesmall
micropore volumes, and broad mesopore size distributi@m&,/nickel foam composite
electrodes fabricated frogthanoic cobalt nitrate nanocastingsulted in CgD4/nickel foam
electrodes with lowesuface areas of 129 nf per gram of electrod&he electrochemical
pseudgapacitance ofo;O4/nickel foamcomposite electrodesereinvestigated by
galvanostatic constant current chronopotentiometith specific capacitances 808-845F per

gram of deposited GO, at low current densities.
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CHAPTER 1
INTRODUCTION
1.1 Broad Context

Rising energyprices! uncertainty in global peak oil productidmnd global climate
changé have prompted a recent increased interest in alternative energy productaresgyl
storage systentsOf the1.03 x 107 kJ of energyconsumed by the United States in 2QEib.

1.1), 20% was from coal sources, of which 93% was used to geméeatdcity® The

nationwide consumption of petroledoased gasoline, the use of which is considered a major
contributor to global climate chan§eprresponddto 46%(~1.79 x 18° kJ) of nationwide
petroleum consumptiohThis translates to 131 billion gallons of gasoline consumed by the
United States for the year 2011. In contrast, alternative renewable emégygccounted for 9%
of energy consumed by the United States in 2011, corresponding to 9.2 (Fg. 1.2.° In
orderto increase the ability aEnewable energy production sources to provide a greater
percentage of the national energy demand lessen the national aggmlence on limited natural
resources, technological advancemeish inenergy conversioand energy storagee needed

Intermittent enewable energy sources, suchvagl-generated or solagenerated power,
experience periods of high and low energy productionorder to compensate for periods of
low energy production, energy storage systemsae celi u p o n -l feorre | i Inggadd t hat
storingenergy in times of low demand and providing energy in times of high demand, thus

providingasteady energy loatExcess energy produced from these sources or even from
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traditional coalbased or hydrbased power plants could be stored in times of low demand and
released to electrical power grids in times of high demlanti.e gl ob al idea of #l
storadgiehd ghhndlemand provisiono can also be appl
braking sytems of electric or electrbybrid passenger vehicles, where kinetic braking energy is
collected and stored until it is consumed in short periods of vehicle acceléfation.

The charge/discharge time scales required for such energy storage systems can vary, from
milliseconds to several houtsFor certain applications, electrochemical energyesferdevices,
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‘hAdis.
charge/discharge time scale is unsuitable for applitasoich as regenerative braking, where
vehicle braking/acceleration timgs mare | toyami ca
leveling of intermittent renewable energy sourteslectrochemical capacitors (also referred to
as supercapacitors or ultracapacitoasgdescribed as energy storage devices which bridge the
gap between electrositatapacitors and batteries aak consideretb beideal for energy
storage applications which regaiishort charge/discharge timeswever, commercially
available electrochemical capacitors suffer from low energy densities, as compared to
commercially awilable batterie$? 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 psapikitive electrodes with

electrolyteaccessible pores in the micron and nanometer rahge.

1.2  Hierarchically Porous Materials

Hierarchically porous materialSHPMGs), defined as materials which possess

interconnected pores of various length sc¢dlgs. macroporeg > 50 nm),mesopore$2i 50

3



nm), and/omicroporeg < 2 rm), or pores of multiple diameters within these stated ranges)
have garnered much interest in the materials science commutifue to the architecte of
such materialdhigh surface arellPMGs are attractive for use in certagthnological
applications which requerunhinderednass transport kinetiaghich allowfor alargenumber of
accessible surfaeactive sites in the material.

The combinatia of macre, mese, and micropores in HP8& offer significant
advantages over materials which exhibdnomodaporosity(i.e. materials which only possess
pores of a single, uniform diameteFor example, mroporous materials, such as activated
carbonsand metal organic frameworks (MOJs are attractive materials for applications in-gas
phase storag®,gasphase separatioiband gasphase catalysi&. While these materials may
possess high gravimetric surface ar@gsto5900m? g)* the applications for microporous
materials are limited due tmth hindered guest molecule transport amall pore sizewhich
inhibit the adsorption of largguestmolecules into pre cavitiesMesoporous materials, such as
ordered mesoporous silicas, offer a clear advantage over microporous countergaftgifor
phase basedpplications, due targer pore diameters. tge guest molecules present in
solutionphase are able &ffectively enter the pore cavitiend adsorb onto surfa@aetive sites.
Macroporous materials offeertainadvantgesover smaHlpore materialssuch asinhindered
mass transporstructural integrity, as well as a flexibility of geometric shapes atiigifa.g.
foams, monoliths, and fibérsThe combination of structurgeometrieand accessible pore
ranges ohigh surface aredlPM& allow for mechanically stable porous structures which are
able to accommodate a wide range of host molecules, offdeagadvantages over monomodal
porous materials.

An example of thedvantages angractical application of HPE& exists in modern



chromatography column technolo@f\Hierarchically porous silica montis, featuring bimodal
porosity inmacre and mesopore ranggave been commercially employed as high performance
liquid chromatography column¥he advantages of such HPM silica monoliths inchedieiced
diffusion path €ngths and low flow resistances,dontrast to tightly packed particulate columns,

resulting inlow pressure drops and high column permeabilftiés

1.3  Hierarchically Porous Materials in Electrochemical Energy Storage

Research in electrochemical capacitor technology, as mentioned previously, has been
focused orthe nanostructuring of electroactive materials, thus providing an increased number of
electroactive surface sitper unit volume or mas$he architecture of hierarchically porous
materials provide ideal geometries for electrochemical capacitor appigati@acroporosity
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 constrating hierarchically porous electrodes for applications in
electrochemical energy storage have typically concentrated on porous carbon nfatgrials
graphene, carbon nanotubes, carbon aerogels, and ordered mesoporous'@afohsever,
these materials exhibdlectroctemical doubldayer capacitancédefined as charge stomgia
ion physisorption at the electrode surfad&hile these materis exhibit high power densitieg(
contrast to conventiah batteries), the energy densit@dslectrochemical double layer
capacitos are less than ideal (Fig. 123 Metal oxidepseudocapacitor&harge storage based on
oxidation/reduction reactions of ions in solution with surface species) offer a sdatutioslow

energy density problem associated with electrochemical double layer cap&tigoaschically
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porous nickel oxide films have beegported by Xia et & which exhibit a spéfic capacitance
of 309 F ¢, compared to dense nickel oxide films which exhibit a specific capacitari@i ¢
g™ at the same current density. The authors attribute this increase in gravimetric capacitance to

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

1.4 Templated Syntheses of Substr8igpported Hierarchically Porous Materials

The fabrication of hierarchically porous metal oxéectrodes is a nontrivial challentje.
Nanostructure@lectrode materials typically need tosgported othreedimensionaturrent
collecting substrate(e.qg. nickel grids, macroporous nickel foathey carbon aerogeld, with
direct contact between the electroactive material and the current colMetbodsfor electrode
constructionincludea two-step approach to this challenge, where a nanostructured electroactive
material is firstsynthesizedhen physically adhered to a macroporous current collector using
adhesives and conducting bind&3his method is less than ideal, due to pai@sieight 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 thtoagrariety of methods. For the fabrication of
substratesupported porous materiatgrd templatingis an attractive approach. Hard templating
involves the use of a preformed sacrificial template on a substrate which consists of the desired
pore dimensios and geometries. Examples of hard templates include anodic alumin¥ &ide
block copolymer film&, colloidal crystal$® and protein mask&:*2 Nanostuctured porous
materials are fabricated by filling the porous template through various methods (e.g.
electrodepositioff, electroless depositidh chemical vapor depositidh or nanocasting

method$®) then removing the sacrificial template. The resulting subsstgtported product
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exhibits a nanostructured porosity directed ley/gtructural parameters of the hard template.
Softtemplatinginvolves the synthesis of porous materials by employing an organic

structuredirecting agen(also referred to as porirecting agent)such as cationic quaternary

ammonium surfactants or blocopolymers. Structurdirecting agents can undergo self

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

to form a matrix around the structetl@ecting agent micelles, which are then removed by

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

materials include mesoporous sifitand mesoporous carb8hwhile 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 desdgorous material. For example, mesoporous metal oxides have

been synthesized by employing block copolymers as soft temfiatémwever, this method

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

directing agenmicelles at relatively low temperatures.

1.5 Mesoporous Silica

The synthesis of liquidrystal 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 wadirst reported by Beck and coworkets?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 10 nm) and higlspecific surface areas, up to 1040gn. Mesoporous silicas
with 2-dimensional, hexagonally ordered pores, termed MAMMobil Composition of Matter

No. 41), and mesoporous silicas witiliBhensionally ordered pores, termed Me1gh*>
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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 at**?describe the fabrication of molecular sieves templated by quaternary
ammonium cationic surfactants by @posed liquiecrystal 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 ahacterization of MCM41 mesoporous silica was independently
reproduced in 1993 by Franke ef&and Chen et af>*® while MCM-48 materials were
independently reproduced at Mersity of California Santa Barbara in 1993 from work by G.D.

Stuckyods >

aboratory.

While the work by Beck et &:*?is typically credited in the literature as the first reported
syntheses and characterization of ordered mesoporous realégal, Japanese researchers
Yanagisawa et af published a report in 1990 describing the synthesis of mesoporous silica by
alkyltrimethylammaium chloride surfactartemplated kanemite (NaH&)s-3H,O) through a
basic synthesis and heat treatment method. The study reported mesoporous silicas with ordered
pores, narrow pore size distribution4z2im), and high specific surface areas (96@m). While
this report predated the findings of Beck and coworkers by two years, it went largely unnoticed
until 199%.%°

Since 1992, published reports of snporous 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 di¢d 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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methods, and applications of mesoporous siftt&° In the folowing section, the chemistry of

silica hydrolysis and condensation is discussed.

1.6  SubstrateSupported Mesoporous Silica

Mesoporous silicés an attractive porous template material due to its high surface area
(700-1200 nf g), tunable pore sizes apre volumes, various pore geometries, high degree of
pore ordering and ability to form perpendicularly oriented p&r&towever, the synthesis of
mesoporous silica on thre@mensional current collecting substrates is nontrivial due to the
complex nature ofnesoporous silica synthesis methods.

Mesoporous silica particle deposition onto thdgmensional substrates, such as ceramic
foam$®°and carbon aerogelshas 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 containingebeporousilica particles.
While this method results in a hierarchically porous composite structure, the synthesis time is
typically on the order of days and requires multiple impregnatieps.

The fabrication of mesoporous silica thimfg on conducting substrates taen limited
to traditional synthesis methods such as Evaporation Induced Self Assembly (EISA} via dip
coating or spircoating processeé.”*The deposition of a sajel solution onto a supporting
substrate vi&ISA usesrapid evaporation of the alcohol solvent and acid/base catalystuce
self assembly of structwdirecting agent micellesSelf assembly aurs via either a
silicate/poredirecting agent cooperative assembly mechanism or a liquid crysthhmism
resultingin a polycondensed silica/pedirecting agnt matrix. Removal of the pedirecting
agent via calcination or solution extraction results in a silica thin film material deposited on the

substrate with pore geometriestdied by the naturef the poredirecting agent®
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The synthesis dfiexagonally ordereshesoporous silica films onto threémensional
nickel foam substratesa EISAhas been reported by Campbell et’alind Hu et al”® however,
these materials suffered from discontinuous films and low degrees of long rangdrexnt
works by Walcarius and coworkefs’®have utilized an electrochemically assisted method for
the synthesis of hexagonally orderadsoporous silicthin films on planar substrategich

exhibit long range order and film continuity.

1.7  Electrochemically Assiste8elf Assembly of Thin Films on Planar Substrates

To address the problems associated with using the EISA method adatipg
mesoporous silica thin films onto planar subsg;atee method of Electrochemically Assisted
Self-Assembly(EASA) was used tonivestigate mesoporous thin film deposition onto plana
electrodes. Electrochemically Assisted Sesembly (EASA) of mesoporous silica thin films on
conductive substrates (Au, C, Cu, Pt, Indium Tin Oxide) was first described by Walcarius and
coworkers, inwhich a cathodic potential applied to a conducting substrate immersed in a 1:1
ethanol: water segdel solution containingetraethyl orthosilicateTEOS silica precursor,
guaternary ammonium cationic surfactants, NgNd HCI (pH of slution =3) resulked inthin
film s exhibiting amorphous neardered, disordered wormlike, bexagonally packed pores with
an orientation perpendicular to the conducting substrate. Lattice parameters of the pores
determined by GBAXS ranged from 3.8 to 4.6 nm and increaagga function of the carbon

chain of the surfactanif:’®

The resulting thin films exhibited thicknesses ranging from 50 nm to
750 nm depending on the time of applied potefftiabncentration of surfactant, and
concentration of the silicargcursor in the sajel solution® In addition to an aganized 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 interéa Optimizatn of the EASA process resulted
in the minimization of silica aggregate formation by employhgrt electrodeposition times (10
to 20 s), silica precursor concentration of less than 125 mM, and surfactant/silica precursor ratio
of less tha 0.327®

More recently, the EASA technique has begtended to fabricate hierarchically porous
thin films on ITO electrodes dipoated 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 redting 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 beaffs.

1.8 Chemistry of Silica

Carmen proposed that silicic agdlymerizes into discrete particles which aggregate into

chains and networl&.ller has proposed that silica polymerizegtiree stage®:
1. Polymerization of monomer to forparticles.
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 fom monomer$? Several anionic and cationic séi@recursors 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 cergdron a Si@ anion (orthosilicate). The overall hydrolysis and

dehydration (condensation) of TEOS can be expressed by the following reactions, respectively.
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NSi(OGHs)s + 4H,0  D1Si(OH)s + 4nC,HsOH Reactionl.1

nSi(OH, z ( 9m+2nH0 Reactionl.2

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

[ SiiOGHs+H,O z il G&Hi+ GHsOH Reactionl.3
[ SIiTOCGHs+ HOT Sif z [SiT OT Sil + C;HsOH Reactionl.4
[ SiiOH +HO-SIil z [SiT Of Sil + H,O Reactionl.5

The reverse reaction &eaction 1.3s esterfication, while the reverse reactions of
Reaction 1.4ndReaction 1.5re alcoholysis and hydrolysis, respectively. While hydrolysis of
TEOS occurs in the sole presence oferat a slow rate, Aelion et &f found by fdlowing 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 presemncacids or bases, and is mostly
influenced by the strength and concentrations of acids or base, such as HCI or NaOH (Fig. 1.5).
Increasing the bO:Si molar ratio i) of the hydrolysis reaction increases the rate of
hydrolysis of TEOS. This $D:Si mokr ratio also affects the morphology of the silica profitict.
According to Reaction 1.1,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 @disilica polymer chaingvhile silica

products formed from base catalyzed hydrolysis and condensgationvalues higher than 10
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form films 2* Silica products formed from base catalyzed hydrolysis reactions witlralne
greater than 10 form monodisperse, micron sized silica particles as described by StéBer et al.

Followi ng hydrol ysis, condensation occurs acc
According to ller, the polymerization process of silica can be divided into three pH domains
(Fig. 1.9:

1. <pH 2i Acid catalyzed condensation
2. pH 271 Intermediatebase catalyed condensation
3. > pH 7i 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 oB£ Silicacondensation can occur solely in aqueous
solutions Reactions 1.41.2), whereas acid catalyzed condensation occurs at a slower rate than
base catalyzed condensatidtig 1.5. ller®* proposed that base catalyzed condensation of

silicates follows the following reaction:

SiO + Si(OH)yz S OT Si+OH Reactionl.6

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

The synthesis of mesoporous silica typically involves the use of a hydrolyzed silica
precursor (TMOSTEQS, sodium silicate) in a mixed aqueous/atd@olgel solution
containingcationic or anionic counteriongpredirectingagentgsuch as quaternary ammonium
cationic surfactant$, anionic salt surfactarifsor nonionic block copolymetd, and an acid

(HCI) or base (NH(aq)) which acts as a catalyst for silica polycondensation.
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1.9 Theory and Methoodf Gas Physisorption for the CharacterizatdfPorous
Materials

The following sections detail the technique of structural parameter (ifacswarea,
mesopore/micropore diameter, and mesopore/micropore volume) characterizagam by
physisoption, a common and widely adopted porous material characterization method. Due to
the prevalent use of this method throughout the presented workf ambduction to the

measurement, theory, and characterarats provided in the followingections.

1.9.1 Gas Physisorption

The morphology, pore ordering, and pore orientation of porous materials may be
characterized using various instrumental method$) asscanning electron microscopy (SEM),
transmission electron microscopy (TENjpmic force microscopy (AFM), smadingle Xxray
scattenng (SAXS),grazingincidence smalangle Xray scattering (GISAXS)and smakangle
neutron scattering (SANS)

Strudural 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 béetoatenented irthe
literatureand several review® ** book chapters™>®®and book¥ *®have been published ohis
method While the most common gas used in gas physisorption is nitrogesr,common
methods employ various gasses, such as krypton, argon, and carbon Hioxide.

Thephysical process of gas physisorptionolves the formation of a monolayer or
multilayer of nitrogen molecules (adsorbate a liquidlike state on the suréa of a porous
sample (adsorbentThis is achieved by introducing nitrogen gas into a sample cell, which is

cooled to the boiling pat of nitrogen (77 K) and kept constant. Initially tteéative pressuref
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nitrogen the ratio ofthe pressure of nitrogen intdoiced into the sample cell to thBmospheric
pressurein torr) is low, approximately 0.01 to 0.02. After introdion of nitrogen into the

sampe cell, time is allowed to pasgs order for the adsorption to occur and for the temperature

of nitrogen to equilibratéequilibration time) After the equilibration time, the volume of

nitrogen physisorbed is measured, bynparing the observed pressure change to the expected
pressure change if no adsorbesais present in the sample cell. This procedure is continued in a
stepwise fashion at discrete relative pressures until a preset relative pressure is reached
(typically 099). 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 ghatted as the desorption branch of ib&therm.

Isotherms obtained through gas physisorption methods haweckassifid according to
shape (k. 1.6), as reported theJPAC Commission on Colloid and Surface Chemistry
including Catalysi§® Table 1.1 summarizes the interpretation of isothenape, as reviewed by
Sing et af® and Condori® The inflection poins of theisotherms(denoted as Bnd indicated by
arrowsfor Type Iland TypdV isothermsFig. 1.9, reflect micropore or small mesopore
filling /fevacuatiorby the adsorberat low relative pressures.

As can be seen in Figure 1.6, certain isotherm types (Type IV andcibjtex hysteresis
(Fig. 1.7) between the adsorption and desorption branches (the dashed lines of Figure 1.7
represent hysteresis observed due to micropdrdhe nature of hysteresis observed in
experimental gas physisorption isotherms has been wideliestt**>1%°*%® A thorough

discussion of the nature of hysteresis obsenin experimental gas physisogstiisotherms
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Figurel.6 Types of physisorption isothernisflection points (B)which correspond to
micropore or mesopore filling, are indicated by arrofdapted fran Referenc®9, with
permission© 1985 IUPAC.
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Tablel.1 Interpretation of gas physisorption isotherm types.

Isotherm Type

Qualitative Interpretation of Isotherm Types

vV
\%
Vi

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

Observed for nonporous or macroporous ( > 50 nm) materials with strong adsalbateent interactions.
Not common, observed for non porous or macroporous materials with weak adsodmateent interactions.
Observed for mesoporous amicroporous/mesoporous materials, characterized by hysteresis of the adst
branch and desorption branch of the isotherm.

Not common, observed for mesoporous materials which exhibit weak adsadsatbent interactions.
Observed for uniform ngorous surface, characterized by steps corresponding to the formation of solid
adsorbent monolayers. Typically observed is the sample is cooled below thediiglef the adsorbent.
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Figurel.7 Types of hysteresis loops of physisorptiorthesms. Adapted from Reference, 99
with permission, €985 IUPAC.
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would be exhausting; however, the interested reader is referred to a recent review by THommes.
Table 1.2 briefly summarizes the types géteresis loops presented in Figure 1.6, as reviewed

by Sing et af® and Thomme?&*

1.9.2 BrunauerfEmmettTeller 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. TimeaBerEmmettTeller (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 adgtion, 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:

Equationl.1

where

W= the weight of nitrogen at a relative pressRfeo
P = pressure, torr

Po = atmospheric pressure, torr

Wh = the weight of the nitrogen monolayer

CeeT = value related exponentially to the heat of adsorption of the first monolayer.
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Tablel1.2 Interpretation of hysteresis observed in physisorption isotherms.

HysteresisType 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
blocking and percolation dictate hysteresis shape.
H3 Observed for porous materials with mobile aggregates of-litatparticles or groups of slghaped 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 0i08.3) should yield a straight line, with the slope and

intercept defined by Equations 1.2 and 1.3, respalgti

Ol T PsA P Equation1.2
w 6
ET OAO é)—AgB—é Equationl.3

The weight of the nitrogen monolayer can therefore be determined frastogeeand intercept

using Equation 1.4.

P .
———— A Equationl.4
Ol T EEA OAOAADPO a
The total surface area of the porous sample can be calculated from the weight of the nitrogen
monolayer (V) by Equation 1.5assuming that the nitrogen adsorbent forms a hexagenally
closepacked monolayer, and that the molecular eeesdional area of the adsorbed nitrogen is

equal to 16.2 A

w0 w

"YO 5 Equationl.5
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where
SA = thetotal surface arear?
Na = the Avogadro constant

& = the molecular crossectional eea of adsorbed nitrogen, 16.ZA

By gravimetric analysis of the porous sample, the gravimetric BET specific surface&Saia)(

can be calculatedsing Equation 1.6.

oy YO
Y'YO — Equationl.6

SSAer = the BET specific surface area?m

Whadsorment = Weight of the porous sample, g.

According thd UPAC recommendation$, expeimentaly determinedGer values and
multipoint BET plots obtainedrom Equations 1.1, should be provideten reporting BET
specific surface areas of porous materials. Howelempite these recommendations,\thkies
and figures of meribbtained fronEquation 1.lare rarely provided in either the main text or
supplemental irdrmation of literature reports. While the BET theory itself is trivial, it is the
opinion and view of this author that geerecommendations be followed, darrdamental
misundestanding of this characterization method and the underlying theoriekeathio
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

Structuralparameters of porous materials, such as mesopore diameters and mesopore and
micropore volumes, can be determined using data acquired from nitrogen physisorption
isothermsWithin the literature, the most prevalent modeked to generate mesopsiee
distributionsof porous samples is theaBettJoynerHalenda(BJH) model'® This classical
model, based on the Kelvin equation, calculates pore size distribution by assylmdgcal
pore geometry. Since the development of ordered mesoporous rsatbrsaimethod has been
experimentallystudied on MCM41 and SBAL5 mesoporous silicas by Niemark et4By
comparing experimental dabbtained from independeaharacterization techniquesuch as
TEM and SAXSijt was reportedhat the BJH model underestimates the mesopore size
distributions of MCM41 and SBA15 mesoporous silicas 20-30% for mesopore diameters
less than 10 nriv*%®

More recently, microscopic methods have been investigated for the determination of
mesopore disibutions of mesoporous materiaf8:****1% ¥ his method, based dwonlocal
Density Functional Theory (NLDFThas been employed to determine mesopore size
distributions of MCM41 and SBA15 mesoporous silicas which accurately reflect
experimentally observestesopore diameters observed from TEM and SAXS metlswdarsly

et all*?

investigated the application of NLDFT to nitrogen and ardoysgorption data of
disordered, worrike microporous and mesoporous silicas, and found excellent agreement with
pore diameters observed from smaatigle neutron scattering (SANS) characition.

Of note is the development of mesopore size distributdculations based on Quenched

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

materials:****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 dodelied

mesoporous carbons exhibiting slaped poreS:has been modified by Get al'**for the
determination of ordered spherigadre and glindrical-pore mesoporous carbons obtained

through templating methods, and is applicable for mesopore size distributions in the rainge of 2
50 nm.

While the mathematical construction of such mesopore size distributions is nontrivial,
most modern gas phigorption instrumentatiomanufacturers providsoftware packages which
calculate theoretical isotherrbased on mathematicaliyted experimental isotherms. The
theoretical isotherms are then utilized in NLDFT calculations to produce pore size d@tgbut
Due to the microscopic nature of the model, several NLDFT kernedaiable which account
for thechemical identity of the adsorbatdyemical identityof the adsorbents well as the
adsorbenpore geometry (e.guantachroménstrumentsa maufacturer of gas physisorption
instrumentation andnalysissoftware packages, provilsoftware (Novawin) which contain
NLDFT kernelsfor silica, carbon, andeolitesof various pore geometries and adsorbates)

Themathematical details of the BJH, NLDFand 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 Physisarpt

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 0.02 (@l0drated 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 thguantificationof microporous materials using gas physisorption
characterization. TheultipointBET plot is oty 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 inhererdrawback, several methods have been developed for the
semiquantitative analysis of microporous materials using gas physisorption mdthnedplot
method andl method are most prevalent within the literature. Both methods compare
experimental adsorptiisotherm data with that of a standard nonporous solidt-plee method
plots the volume of gas adsorbed for the sample of interest versus the multilayer thickness of a
standar d nonp ogmethos is sinailanfoltheplot nfetnaa; heweverhe volume
of adsorbate adsorbed for the sample of interest is plotted agagustcdadsorption This is
defined as thamount of adsorbate adsorbedtbe sample of interest divided by the amount of
adsorbate adsorbed the standard nonporous referersampleat 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 absentenicroporosity; extrapolation to the ordinate indicates
microporosity in the sample of interest. Thatercept then provides a value for the total
micropore volume.

While thet-p | o t ¢naethabs ddn provide meaningful data, the interpretationadf s
plots should be approached with cautfdhis 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 chacger as the sample of interest. If the appropnateporous standard isotherm is

available, the-p | ot snaethatls nbhy be employed in parallel to confirm the presence of
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micropore<® Adsorption data of nonporous reference solids are typically available through
commercial software packages or reported literature stifdies.

IUPAC recommends (in addition to thetl o t snaethabls) b pradsorption method
for the assessment of microporosityrhis mehod involves the pradsorption of molecules,
such as nonane, before gas physisorption anafysimnane molecules effectively fill the
micropores and are difficult to remove bycuam pumping at room temperature. This allows for
the determination of a sampleds external surf
macropores), providing a method to confirm the micropore volumes determinedtipidhe
an d /s mathod)

Othermethods of micrpore volume assessment includgh resolutiomitrogen (this
analysis is conducted at high vacuums, providing low relative presstiragjon physisorption
or carbon dioxide physisorption at 273#. Micropore diameters may lietermined from these
methods by employing Horvatkawazoé'® or SaiteFoley*?° calculations; howevemicropore
size distributionglerived from physisorption data may exhibit erroneous peaks for materials

which only exhibit mesoporosify.

1.10 OQutline of Dissertation

This work reports the synthesis and characterization of high surface area mesoporous
silica/3D substrateomposites fabricated viaectrochemically Assisted Self Assembly and their
use asubstratesupported sacrificial templates in a nanocasting process to produce
hierarchically porougiigh surface aremetal oxide/3D substrate pseudocapacitive composite
electrodes.

The formation of mesoporous silica particle films on 3D macroporakglifioam

substrates is presented in Chapte6gnthesis conditions were investigated, including time of
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applied potential, effects of the hydrocarbon chain lengths of struding@ing surfactants,

effects of counterions in the precursor-gel soluton, andeffects ofpostsynthesis treatments.
Transmission electron microscopy was employed to characterize mesoporous silica particles
liberated from the nickel foam substrafepreliminary,qualitative modelas constructetb

assess the modes of méisssport 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 demonstratéhe versatility of EASA on variou3D substrates, mesoporous silica
particle films were deposited onto carbon aerogels£ASA, with the results of experimental
findings reported in Chapter 3. The effects of mesoporous silica particles on the capatitance
carbon aerogels was investigated using galvanostatic constant current chronopotentiometry.

The morphology and qualitative elemental composition esaporous silica/nickel foam
(Chapter 2) and mesoporous silica/carbon aerogel (Chapter 3) composgehamcterized by
field emission scanning electron microsc@mgenergy dispersive Xay spectroscopylhe
gualitative assessment of the surface coverage of mesoporous silica particles on nickel foam and
carbon aerogel substrates was performed usinglecoiar probeférrocene methanpand
cyclic voltammetryNitrogen physisorption was employed to quantitatively assess the specific
surface area, mesopore diameters and volumes, and micropore vofurmeEsoporous
silica/nickel foam and mesoporous silcarbon aerogel composites.

Chapters 4 and 5 present the experimental findings of the use of mesoporous silica/nickel
foam composites as substratgpported sacrificial templates in a vacuassisted aqueous
cobalt nitrate solution (Chapter 4) and ethanobbalt 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 Xray spectroscopy, arXk-ray diffractometry. Specific surface areas, mesopore
diameters and volumes, and micropore volumes of cobalt oxide/nickel foam composites were
assessedsing nitrogen physisorption.

Results of the electrochemical characterizationasfocast cobalt ox@nickel foam
composites are psented in Chapter 6. The pseudocapacitance of cobalt oxide/nickel foam
composites (described in Chapters 4 and @niaqueous basic solution were investigated using
cyclic voltammetry and galvanostatic constant currertrobpotentiometry

Finally, general conclusions of the experimental findings of this work are presented in
Chapter 7. @ncernsand limitationsencountered during experimental investigatiares
identified and discussed. Brisfiggestions for future experental studies are also provided to

address these concerns.
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CHAPTER 2

ELECTROCHBVICALLY ASSISTED SELF ASSEMBLY OF MESOPOROUS SILICA
ONTO NICKEL FOAM SUBSTRATES

2.1 Introduction

Two- and threedimensional (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, rietegand nanostructured
monolith replicas. Ordered and disordered mesoporous silica structuregelitefinedpore
geometries, diametergpid volumesprdering and orientation have been well characterized, and
several reviews have been publisheduising on the syntheses of mesoporous silicas with
respect to certaidD and 3Dgeometrie$> 6472121122

Silica thin films supported on planar substsatee suitable for certain applications, such
as nanowire fabrication for use in electrochemical sensors, solar energy conversion technology,
and information storage medt&!?1#1%yhereasnesoporousilica monolith§inherent 3D
geometresand high specific surface asmreconsidered morsuitableas templates for
nanostructuredataly$s 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
surfece area energy storage devides. glectrockmical capacitorand batteriesyvhich require a
3D current collecting substraté.

Ideally, a silica thin film with well defined porowss$ructures formed onto the 3D current
collecting substrate could serve as a removable template for the directed synthesis of
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nanostructures either physically or chemically adsorbed to the substrate. Removal of the silica
template would result inlaigh surface area, heterogeneous electrode with well defined

nanostructuresCampbellet al”®

reported such a fabrication of nickel nanowires electrodeposited
into polymertemplated mesoporous silica thin films supported Bipanickel foamsubstrée,
which was synthesized by Evaporation Induced Self Assembly (EISA)r@hitedin a120-
fold increase in surface area of the nickel nanowire/nickel foam electrode after mesoporous silica
removal as determined by cyclic voltammetry. However,-dgated mesoporous silica thin
films on nickel foam electrodes did not exhibit pore ordering compared tevasgied
mesoporous silica thin films dipoated onto nickel and ITO planar substrates from-gelo
solution of the same composition. In addition, theabpating method was problematic due to
pooling effects of the sajel solution in the ligaments of the nickel foam, causing cracking of the
silica thin film upon surfactant removalu et al’® reported the fabrication of untemplated silica
thin films on a threelimensional nickel fam substrate via a digpating EISA method, resulting
in silica/nickel foam composites exhibiting specific surface areas of ~1§3 as determined
from data obtained from nitrogen physisorptaharacterizationhowever the mesoporousica
film was not utilized as a template for the directed fabrication of nanostructures.

While dip-coating and sphtoating EISA methods have proven efficient in the formation
of ordered and disordered mesoporous silica thin films on conductingetznand metal
planar and thredimensional substrates, alternate synthesis routes of mesoporous silica films
have been explorecHuertaet al®® reported the fabrication of silica/threémensional substrate
composites by impregnating a thi@enensional ceramic foam substrate with mesoporous silica

particles using a colloidal suspension methodgchviesulted in UVM7 (Unversitat de Valéncia

Material No. 7, an MCM41-like silica particle with bimodal mesoporosity silica
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nanoparticles adhering to the ceramic foam surfacegle cycles of impregnation resulieda
nortuniform coating of the sita particles on the surface, whereas multiple impregnation cycles
exhibit a continuous silica particle film wifilling of the macroscopigoids in the ceramic foam
substrateSilica/ceramic foam electrodes exhibigabd specific surface areas ranging from 44
m? g for one cycle of impregnation 10 nt g* upon four impregnation cycledetermined by
BET calculations from nitrogen adsorption datad exhibitedsmall uniform mesopore

diameters (~3 nm).

While themethod reported by Hueréd al®® consisted of separate steps for the synthesis
of silica naoparticles and the impregnation of ceramic foams, Grasat® reported a in situ
one step method for é¢hhydrothermal synthesis and impregnation of mesoporous silica particles
on threedimensional ceramic foam substrates; however the total fabrication time took a total of
72 hours. Silica/ceramic foam composited fabricated by Gratatioexhibited speéic surface
areasn the range of ~5 to 57 1g*, depending on the sgel composition andilica reaction
temperature.

While traditional methods of silica fildeposition presentsarticular problems such a
discontinuous films and low degrees of longge orde, due tothe nature of the EISA process
and colloidal impregnation and situimpregnation of silicgarticlefiims require either multiple
impregnation steps or long fabrication timakernatesynthesigoutes have been investigated to
fabricate surfactant templated mesoporous silica film depositions8brdabstrates. In the
present worka surfactantemplated mesoporous silica thin film fabrication technique first
described by Walcaus and coworkefé8is extended t@D conducting substrates. iEh
techniquetermed Electrochemically Assisted Self AssenfBIxSA), is a novel synthesis of

hexagondl ordered mesoporous silica thin films exhibiting uniformly sized pores oriented
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perpendicularly to conducting substratéhis is performedby goplying acathodic potential to a
conducting substrate immersed in a surfactant/silicate precutsgelssolution 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 byhe reduction of Hand/or BO, or by the electrochemical generation of
hydroxide ions by N@ reduction resulting in a rise of the local pH of the electrode/solution
interface. The base catalysis mechanism proposed by Walcarius and colt¥iessipported
by the brmation and growth of unwanted spherical silica aggregates during the EASA process.
In silica syntheses from sgkl solutions in the pH range oflD.5, condensed primary silica
particles become ionized resulting in repulsion between the particlesicht pdint silica
condensation proceeds via monofokrster growth by the addition of silica monomers to
existing silica particles resulting in an increase in the condensed silica partiéfe size.

Herein the EASA method is employed to fabricatefactant templated mesoporous
silica particlesontonickel foam, whichs a commercially available, porous, three dimensional
metal foam?®® with relatively low specific surface are@pproximatelys nf g*) that isusedas
current collectingubstratein experimental batteriés' **°, fuel cells*** *** electrochemical

34.1321303nd heterogeneous catalySt$3' 14! The EASA method allows for the

capacitors
fabrication ofmesoporousilica/nickel foam electrodes with controllable silmarticleloadings,
specific surface areas and narrow mesemiameters.

The following section describes the syntlBesmid characterization of mesoporous silica

structuresupported on conducting nickel foam substrates using@e$sblution comprised of
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tetraethyoxy silane (TEQ@ common silica source ihé synthesis of mesoporous silicasd

four separate cationic quaternargecyl trimethyl ammonium bromide surfactants (Table 2.1).
Characterization methodiscludescanning and transmissietectron microscopy, nitrogen
physisorption, and electrocheralanethods, followed by a statistical analysis of structural
parameters ainesoporousilica/nickel foam electrodeandaqualitative evaluation of the
current response during the EASA proceéssnodel is proposed and discussegeiscribing the
increase osilica/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 2.2.4. Characterization technigue®described in Section 2.2.5aka analysis

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

2.2.1 Materials

The following chemical$or the preparation of silica/surfactant-g@l solutionwere
used as receide hydrochloric acid (Fisher Scientific, Certified ACS Plus), nitric acid{8%,
Fisher Scientific, Certified ACS Plus), ammonium hydroxide (Fisher Scientific, Certified ACS
Plus), sodium nitrate (Sigraldrich, ACS reagent), tetraethoxysilane (TEOSY®a ClI
America; 98%, Sigmaldrich).

Thecationicquaternary ammonium surfactants ugedolgel solutionsvere
dodecyltrimethylammonium bromide (C12TAB; 99%, TCI America),
tetradecyltrimethylammonium bromide (C14TAB; 99%, Amresco),

hexadecyltrimethylamonium bromide (C16TAB; 99%, Signr#eddrich; 99%, Acros Organics)
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Table2.1 Cationic quaternary ammonium surfactants used in EASA process.

Name Abbreviation Structure

Dodecyltrimethyl

; . C12TAB
ammonium bromide

Tetradecyltrimethyl
ammonium bromide

’/_/_/_/_F B
SNt
PN
J—/_/—/_/_F -
SNt
N
Hexade_cyltrlmethyl C16TAB B
ammonium bromide
SNt
P
J_/_/_/—/_/f Br~
N T
N

C14TAB

Octadecyltrimethyl

: : C18TAB
ammonium bromide
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Solvents used were ultrapure water (18.
# D8611 equipped witha02m bacteria final f i |I-AAPER,95%n d
ACS/USP Grade).

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

(Wyckoff, NJ).

2.2.2 SolGel Preparation

Silica sotgel solutions were prepared using a technigue reported by Walcarius-and co
workers!”"® A typical silica solgel sdution consisted of 50 mL of aqueous 0.1 M Nal\abd
1 mMHCI, 50 mL of ethanol, and 7.54 mL of TEOS. Surfactant was added to tgelsol
solution while stirring, the amounf which corresponded to a surfactant/ TEOS molar ratio of
0.32. The pH was adjtesd to 3 by adding 0.1 M HCI drop wise to the-gel solution. The sel

gel solution was stied for 2.5 hours prior to use.

2.2.3 Substrates

Nickel foam substrates were prepared by cutting stapproximately8 cm by 0.5 c
from a sheet (2.5 mm thick, 9fbre pelinch) using a rotary cutting to@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 FoamSubstrates

Mesoporous silica particles wesgnthesized using a three electrode electrochemical cell

usingnickel foam substratess the working electrode aagplying a constant potential €f.245
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V vs. saturatedcalomel electrode (SCE; Accumet standardfpled calomel referace

electrode¥or deposition times of 80, 1253, 2426d3600 seconds using a CH Instruments

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

After deposition, substrates were immediateljnme r sed i n 1 Depdsitddgq Acm wat e

substrates were then placed in an oven overnight at 130 °C to increase silidekirugs

2.2.5 Post Synthesis Treatment

In order to remove the surfactant templatecaihickel foam substrates were immersed
for 1-2 hours in an ethanolic 0.1 M HCI solution then allowed to dry &C8for 1 hour. To
increase adhesion of silica particles to the substrate, select silica/nickel foam electrodes were
immersed in 1 M NEHOH owernight at 9CC, 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 500% nitric acid overnight. The solution was filtered by gravity
filtration. The resulting silica retentate was

overnight.

2.2.6 Characterizatioethods

Nitrogenphysisorptionsotherms were carried out at 77 K usiaguantachrome Nova
2200e Surface Area and Pore Size Analygeerating irhelium mode. Samples were outgassed
under vacuunusing a roughing pump and simultaneously heateldbG250 °C. Multipoint BET
specific surface area and pore size calculations were performed using NovaWin Version 10.01
software.

Field emision scanning electron micrographs and energy dispexsres spectraf

nickel foam and mesoporous silica/nickel foam electred®® acquired using either a
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JEOL7000 FEScanning Electron Microscope equipped with an Oxford Instruments INCAX
sight EnergyDispersive Spectrometer detecftater upgraded toreNCA X-Max 20 mn%

Large Area Silicon Drift DetectoQr a Philips XL 30 SEM equipped with a SuperQuantum
Energy Dispersive Spectrometer detector.

Transmission electron micrographs were acquired wsiagl Tecnai 20 Transmission
Electron Microscope operating at an accelerating voltage of 200 kV. Silica/nickel foam
electrodes and silica particles were sonicatedtm8/mL of ethanol for 30 minutes then placed
on a carbon coated TEM grid by pipettioge drop of silica/ethanol solution.

Mass spectrometry spectra were acquired using a Bruker Ultraflex MAODBI
spectrometer in reflector positiven mode equipped with a continuous flow nitrogen laser
operating at 337 nm. Samples were mixed wittydrobenzoic acid matrix (11 mg/mL, 50/50
acetonitrile/HO, 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 electnasiageither a CH
Instruments 440Apotentiostat/galvanostat 750Abipotentiostat. The solutiamsed consisted of
0.5 mMferrocene methanaind 0.5 M potassium hydrogen phthalataqueous solution. Cyclic
voltammetry was performed in the potial rarge of-0.4 to 0.6 Ws. SCEat potential scan rates
of 5, 10, and 20 mV susing a aturateccalomelreferenceelectrode and a platinum basket

counter electrode.

2.2.7 Statistical Data Analysis Methods

Thefollowing sections discuss theethods used to staiistlly describe experimental

measurements.
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2.2.7.A Bartletd Test for Variances

Bartlettos Y**%wvasemployed o test itmmogereity ofariances of
averagedpecific surface areas of mesoporous silica/nickel foam electrodes deposited for
separate deposition times (80, 1253, 2426, and 3600 secmidsseparate surggant
template/TEOS systems (C12TAB, C14TAB, C16TAB,and C18TAB)Bar t | et t 6 s t est
the null hypothesis that all population variances are eapdiis used to test for the homogeneity
of more than two variances with unequal degrees of freefibenfdlowing equations were used
to calculate arfr ratio, which is compared to a calculatib-tailed criticalF value citical)-

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

i Boo—oo Equation2.1
E D

where

S2 = estimated variance

X=individual observation

& = arithmeticaverage of individual observations

n=number of observations

The pooled variances(?) of two or more populationsan be calculated using Equation 2.2:

Be pi

_ Equation2.2
U Q

where

n = the number of observations associated with each variance
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52 = estimated varianoaf a population

M = the sum of alhi0 s

k = the number of variances being compared

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

values, Mand A:

0 0 QIT z ¢ plld Equation2.3

8

P
x o P Equation2.4

Using the value oM calculatedusing Equation 2.3, afratio is obtained using Equation 2.5

usingdhf anddr as defined by Equations 2.6 and 2.7, &as defined by Equation 2.8.

A ; Equation2.5

O 0 T q

where

dhf = the degrees of freedom of thenominator, defined by Equation 2.6

df = the degrees of freedom of the numerator, defineiduation 2.7.

NQ Q p Equation2.6

Q"Q Q P Equation2.7
0
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& Q"Q
o Equation2.8
p 0 QLQ

The resulting~valug calculated by Equation 2.5 is compared twattailed critical Fvalue
(Fritical), Which is calculated using a value for the significance lguelypically 0.05) and the
degrees of freedom calculated using Equations 2.6 and 2.7. An experifeaitawhich does
not exceedhe critical Fvalue results inhe failure ofthe null hypothesis (that the variances of

two or more populations are equbbing rejected.

227B St udeTmedt 6 s

To compare the estimated averages of specific surface areas of mesoporous silica/nickel
foam el ectrodes with unknowiestwasdmpoyd asingvari an
the foll owi ng etegsuaastmes thesnull hypothekiatthere 8 80 significant
difference between population averagegh the failure to rejedhe null hypothesis if an
experimental value does not exceed a calculated -taited criticalf value (Zitcal), for a

significance level)). An experimental value(Zxp) is calculated using Equation 2.9:

b p i s & Equation2.9
where
m = number of observations comprising the first avexage

> = number of observations comprising the second avébage
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$ = pooled standard deviation of the standard deviaspasds; for the first and second sets of

data, calculated by Equation 2.10.

i £ i P! ‘8 P! Equation2.10

The degrees of freedom used to calculate the criticaue is calculated by Equation 2.11:

QQ ¢ ¢ G Equation2.11

2.2.7.C Calculation of Errors

Estimates of averaged data are presented with mmges calculated by Equation 2.12,
using a criticalf value calculated at the 0.05 significance level, uiggation 2.13 to calculate

the degrees of freedom

0 =— Equation2.12

where
€ =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.

QQe p Equation2.13
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2.2.8 Regression Analysis Methods

Nonlinearunivariate and multivariateegression analgs wereperformed usinghe
Microsoft Excel 2007 Solver functigi®ffice Button/Excel Options/Addhs). Utilization of this
program requirea user to input enodel equation and an approximation of desired patam
values to be computed. The Solver function optimizes the desired variables by an iterative
calculation of variables which minimig¢he difference between the sum of squares of observed

values andalues calculated from the input equattdh'*®

2.3 Results and Discussion

The following sections present the results and discussions of the fabrication and
characterization ddilica/nickel foam electrodes using chronoamperometry, scanning electron

microscopy, energy dispersiveray spectroscopy, nitrogen physisorption, and cyclic

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

analysis method$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 furaftiBASA deposition time.

2.3.1 Silica Deposition bYEASA onto Nickel Foam Substrates

Silica was depositednto nickel foam electroddsom a surfactant/TEOS sglel solution
by electrochemically assisted self assembly (EAf#Less described in Section 2.Z.8e
resulting currentime curves obtained during the EASAmbsitionprocessare shown irFigures
2.1A-B and 2.2AB for silica/nickel foam electrodes templated by C12TAB, C14TAB, C16TAB

and C18TAB for specific deposition times of @tg. 2.1A) 1253(Fig. 2.1B) 2426(Fig. 2.2A),
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and 360GsecondgFig. 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 seeRigure 2.1B, with a decreasethe current decay
rateapproaching 3600 secondsd. 2.2B).Current decay is consistent with results reported by
Walcariuset al’’ for EASA synthesizedrdered mesoporous silica thin films ontdycoated
quartzcrystal resonators with a surface area of 0.2 efowever, the current decay occurs
significantly faster (< 2 seconds) than the presented results, due to a higher current density,
calculated from data obtained from tfegort to be appromately 21 Am decreasing to 5 A
2 after deposition from a C16TAB/TEOSIsgel solution for 20 second€omparatively, current
density ofEASA synthesized mesoporous silica particdeso a nickel foam substrate from a
C16TAB/TEOS solel solution wasalculated to be 7.2 x oA m? decreasing to 1.0 x T0A
m’ after a 3600 second depositi@rsing the BET specific surface area of bare nickel foam
electrodes as determined by nitrogen physisorption, Section.2.3.3)

Deposition curvesHig. 2.3 of nickel foam electrodes in solutiomsthout C16TAB or
TEOS exhibit lowered initial currents, as compared to cuitierd curves obtained from typical
sokgel solutions, which decay to a steady state exhibiting higher currents. In the absence of
NaNG;, the initial current response is comparable to that exhibited by EASA of nickel foam
electrodes in an unaltered gg®| solution. Further discussion of the transient current decay
during the EASA process is provided in Section 2.3.5, along with a quaitativent decay
model.

Figures 24A-B and 2.5AB 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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surfactant/TEOS seajel 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 weigtusifedkesilica

increased as a function of the time of applied potentikle#t of fit linewas 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 st@téme range. The errors in txeightvaluesof silica

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

replicates and to errors in samplendling during gravimetric analysis.

2.3.2 Morphology, Topography, andu@litative Elemental Analysis of Silica/Nickel Foam
Electrodes Fabricated by EASA

Figure 26A-D presentstypical field emission scanning electron micrografffE-SEM)
of an uncoated nickel foam substrate with large, irregularly shaped pores (diame{&dG- 50
em) . E n e r gXrraydBEDS)smectrarfFig. 8.7) of the nickel foam yields peaks
expected for nickel. Typical FEEM micrographgFig. 2.8A-D) of silica/nickel foam
electrodes templated by C16TAB for deposition time of 80 seconds show spherical silica
aggregates with diameters | ess than 1 em on t
moderatecoverage for the entire nickel foam substréig.(2.8D). Increasinghedeposition
time to 3600 seconds results in an increase of silica particle aggregation on the nickel foam
surface(Fig. 2.9AC) and in silica particle size, as well as partial to complete filling of the voids
between the nickel foatigaments Fig. 2.99. An EDSspectrum (Fig. 2.9D) shows the
expected peaks for oxygen and silicon.

Elemental analysis resulté C16TAB templated silica/nickel foam electroddsained

by EDS are presented in Table 2@:Si atonic ratios for electrodes templated at deposition

53



54



Figure2.6A-D FE-SEM micrographk of anundeposited nickel foam substrate
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Figure2.7 Energydispersive xray spectrum of uncoated nickel foam substrate.
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Figure2.8A-D FE-SEM micrograpk of silica/nickel foam electrode, templated by C16TAB,
deposition time of 80 seconds.
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500em

Figure2.9A-D FE-SEM micrograpk of mesoporousilica/nickel foam electrode, templatby
C16TAB, deposition time of 3608econdgA-C). D EDS of mesoporous silica/nickel foam
electrodes, acquired fromicrographshownin Figure 2.9C.
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Table2.2 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 %
OK 55.13 68.32 55.37 68.54
SiK 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, respgutoreting a qualitative

indicator of the composition of particldgposited on the nickel foam electrode
FE-SEM micrographs of a silica/nickel foam electrode fabricated by EASA for 3600

seconds from a sa@el solution without a templating surfactant are presented in Figure-210A

In contrast to silica/nickel foamextrodes fabricated from a surfactant/TEOSglsolution,

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

consists of a more flattened shape.
Figure 2.11AD present$-E-SEM micrographs of silica/nickel foam electrodes fabricated

by EASA for 3600 seconds using a C16 TAB/TEOSgllsolution withousodium nitrate.

Consistent with silica particles deposited from agadlsolution containing sodium niteatsilica

particles fill the majority of the voids between nickel foam ligamant$ present a spherical

mor phol ogy with a range of particle size betw
Transmission electron micrographs (TEM) of silica particles liberated drsitica/nickel

foam electrode templated by C18TAB and deposited for 2426 seconds are presEigackin

2.12A-B. Silica particlesexhibita disordered, worrlike three dimensional mesoporous structure

with diameters less than 5 nm, consistent with reports of sipular structures for KITL,*47148

HOM-13°% and MSUJ***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 obtainettdxyem
physisorption isotherms at K. Quantitatively, data obtained from nitrogen physisorption

isotherms were used to calculate mesopore size distributions, diameters and volumes (Section
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Figure2.10A-D FE—SE micrograph of silica/nickel foam electrode fabricated by EASA for
3600 seconds, insurfactandfree solgel solution
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Figure2.11A-D FE-SEM micrograph of silica/nickel foam electrode fabricated by EASA using
C16TAB surfactant, for 3600 seconds, iNaNOs-free solgel solution.
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Figure2.12 TEM micrograph of silicgarticletemplated 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 surfasd26:28.D.) of

silica/nickel foam electrode

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

The nitrogermphysisorptiorisotherm(Fig. 2.13A)of anuncoated nickel foam shows a
Type Il reversible isotherm as designated by IUPAC, and is typical of nonpoeiasal
exhibiting no hysteresi&.The lack of a characteristic bump in the isotherm in the low relative
pressure range indicates that monoldgemation occurs below the achievable lower limit of
relative pressures of the instrument.

Figure 213B provides nitrogemhysisorptionsothermdor silica/nickel foam electrodes
templated by C12TAB, for deposition times of 80, 1253, 2426 &0 3econds, which exhibit a
Type | adsorption isotherm as designated by IUP&@d is characteristic of porous silicas
templated with short hydrocarbon chain surfactatts°*°? Each isotherm exhibits an increase
in nitrogen adsorption/decrease in nitrogen desorption in the low relative pressur@Pr&y)ge
equal t00.02to 0.2 (this pressure rangetise equilibrium transition pressunéhich correspond
to capillarycondensation/evaporatiarf nitrogen inside mesoporesgyicating that nitrogen
adsorption is limited by the accessibility of small mesopores or micropfotéghe complete
reversibility of theisotherm for the sample deposited at 3600 sectasigell as the lack of
hysteresis of the desorption branch at the equilibrium transition pressure of samples deposited at
80, 1253 and 2426 seconasconsistentvith gasphyssorption isotherms of nbarials with
cylindrical, operended mesoporé81%4153at higher relative pressures, the isotherms reach a
plateau until approachinglative pressures equall, where the volume of nitrogen adsorbed
rises sharply. This shortse in volume of adsorbate is indicative of the presence of macropores,

usually attributed to the void space between partiieghe absence of large hysteresis loops at
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Figure2.13A-B Nitrogenphysisoptionisotherns at 77 K ofA undeposited nickel foam

substrateandB silica/nickel foam electrodes templated by C12TAB, deposited by EASA, after
surfactant extractgn f or deposition times @afd8®6Q0 ) (3125
Adsorptionbranch 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 mesoporesilit#i& ' The appearance of
hysteresis in thesotherms of samples deposited at 80 seconds and 1253 seconds at higher
relative pressure range, and the inconsistency of the plateau region of the sangitedlapo
2426 seconds, may be attributed to error in the instrument due to insufficient pressure tolerances,
equilibration times, prematueguilibrationtimeouts, o high relative humidity (0%)
leading to evaporation of the liquid nitrogen and/amngcin the iquid nitrogen dewaiValues for
pressure toleranc®y), equilibration times #&quil), and equilibration timeoutdd.) used in the
acquisition of nitrogemphysisorptionisotherms at 77K (presentediigures 213A-B, 2.14AB,
and 2.1% are presented in Tabk3

Nitrogenphysisorptionsothermdor silica/nickel foam electrodes templated by C14TAB
are presented iRigure 214A, which exhibit a Type IV behavior, with a characteristic bend in
the low relative pressure range 0.02-0.13 due to monolayenultilayer adsorptiorl’ The
relative pressure rangé 0.13to 0.23 corresponds to capillacpndensation/evaporation for the
adsorption branch and desorption branch, respectively, exhibiting no hysteresis, indicating that
themesopores are fuflaccessible to the adsorbae. in Figure2.13B, atthehigher relative
pressure rangef 0.23to 0.96, nitrogerphysisorptiorreaches a somewhat horizontal plateau
thenrisessharply approachingelative pressure df. As mentioneckarlier, his sharp risaes
indicative offilling of the void gace between silica particl€df note is the isotherm fahe
silica/nickel foam electrode deposited at 36@8onds, which has an overall smaller volume of
nitrogen adsorbed/dedmd than that of the sample deposited at 2426 secbhdsuggestthat
silica deposited between 2426 and 3600 secdads nosignificantlycontribute to the

mesoporosity of the electrode.
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Table2.3 Specified parameters for the acquisition of nitrogbysisorptionsotherms at 77 K for silica/nickel foam electrodes
deposited by EASA.

Surfactant tdep (S) P: (torr) lequil. (S) fout (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
Cl14TAB 1253 0.1 120 240
Cl14TAB 2426 0.1 120 240
Cl14TAB 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 2.14Bshows nitrogemhysisorptionsotherms for samples templated by C16TAB
at deposition times of 80, 1253, 2426 and 3600 seconds. As in nitrogen isotherms of
silica/nickel foam electrodesrwlated by C14TABKig. 2.14A) isotherms of samples
templated by C16TAB are Type R?with an observable bump at lower relative pressure ranges
(P/Po =0.030.16). Capillary condensation/evaporation occutbatelative pressure range of
0.16t0 0.3, shifted to higher relative pressures from that of samples templated with C14TAB,
consistent with nitrogephysisorptionisotherms of mesoporous silicas templated with
surfactants of increasirtg/drocarbon chain length, and is an indication of incnepaverage
pore size>1°21%*As seen irFigures 213B and 2.14Athe volume of nitrogephysisorption
reaches a more horizontal plateau at higher relative presfdRss«0.3-0.96) culminating in a
short risein nitrogen adsorption approachinglative pressure of Lnlike the trend observed in
Figure 2.24or samples templated by C14TAB (2426 and 3600 second deposition times) the
overall volume of nitngen adsorbed/desorbed increases with incredgipgsition times,
indicating that mesoporosity of silica is maintaireadling deposition from 2428600 seconds.

The nitrogen physisorptioisotherms for samples templated by C18TAB at deposition
times of 80, 1253, 2426 and 3600 seconds are preserfiggline 215A. Isothems exhibit
similar features téhose for sampleemplated by C14TAB and C16TAB, with monolayer
multilayer formation occurring at the relative pressure rari@e025t0 0.17. Capillary
condensation/evaporation is shifted to higher relative pressures compared to samples templated
by C14TAB and C16TAB, ccurring atrelative pressure range of 0.17 to 0.35, which, as
previously stateds consistent with reported trengs°%1>*

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

(Zaep of 3600 seconddjom a C16TAB/TEOS sejel solution with and without sodium nitrate
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Figure2.15A-B Nitrogen physisorption isotherms at 77 K for silica/nickel foam electrodes
templated byA C18TAB, deposited by EASA, after surfactant extractiondeposition times of
80 (1)0),2426Q 5 3 ( and s&énOsQang tgmplated by C16TARafter surfactant
extraction for deposition times @600 seconds from sgkl solutions with( T apd without(o)
sodium nitrate present. Adsorption branch is indicated by open symbstsption branch is
indicated byfilled symbos.

70



are presented in Figure 2.15B. At lower relative pressure ranges, the isotherms are in good
agreement; however, thelume 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 oasiictasp
during the EASA process is minimal, contrary to suggestions by previous reports by Walcarius
and coworkerd’ Shachanet al.’**and Choiet al**®for the electrochemical generation of
hydroxide catalysts for the formation of silica and zinc oxide thin films.

Nitrogen physisorption characterizati 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 characterizaffeig. 2.16) and strongly suggests that the role
of surfectant is crucial to the formation of mesostructured pore nesworsilica/nickel foam
electrodes fabricated by EASA. This result is contrary to those repor@iihbst al,*>’ who
fabricated MSUWJ type disordered mesoporous silicas utilizing a nonionic surfactant
(decaoxyethylene cetyl etheand 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 F5Qy), and basic (pH of 11, adjusted with NaOH)-gel solutions exhibited
monomodal pore size distributions of less than 1 nm32Z.0m, 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 solgel solution increased from less than 1 nm to 4.8with,an increase in BET
specific surface area of 789 to 886 git. 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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Figure2.16 Nitrogen physisorption isotherm at 77 K for silica/nickel foam electrode deposited
by EASA for a deposition time of 3600 secoffidsn a surfactantree solgel solution.

Adsorption branch is indicated by open symbols, desorption branch is indicated by filled
symbols.
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Figure2.17 BJH (adsorption branclf)’) and NLDFT(  pore sizedistributions of undeposited
nickel foam.NLDFT pore size distributions were obtained by applying NLDFT calculations
(silica, cylindrical pore equilibrium transition kern&b) nitrogenphysisorptiorisotherm.Inset is
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2.3.3.B PoreSize Distribution

Pore size distributiong={g. 2.17)of uncoated nickel foam electrodes generated from
BarrettJoynerHalenda BJH) andNon-local Density Functional TheorfNCDFT) calculations
(using thesilica, cylindrical poresquilibrium transitiorkernel), calculated using data obtained
from the nitrogenphysisorptionsotherm presented irigure 2.13Bexhibit a negligible pore
volume (less than 4.0 x Z&m® nm™ g™) over a broad distribution of pore diameters less than 20
nm, indicating thaainy mesoporositghat might be present in undepositetkel foamdoes not
significantly contributego surface area.

NLDFT pore size distributions (silica, cylindrical pore equilibrium transition kernel) of
silica/nickel foam electrodes templated by CAB are shown irFigure 218. Distributions were
calculated from the data obtained from fig/sisorptionsotherms presented kigure 213B.

Each pore size distribution exhibits a bimodal distribution, with primary mesopore peaks at 2.58
nm. A secomlary mesopore pea& observedwhichincreases in peak heigigpon increased
deposition timesPrimary @primary) and secondaryfecondary) mesopore peaksprresponding

peak heightsand total (fota) pore volumes arsummarized in Tabl2.4. Primary mesopore

volumes as well as secondary mesopore volainereasewith increased deposition times,

whereas the total pore voluroéthe silica/nickel foam electrode deposited at 2426 seconds is
larger than that of thelsia/nickel foam electrode deposited at 3600 seconds, as shown by the
increase in nitrogephysisorptiorof the isothermKig. 2.13B).

Figure 2.1%hows a comparison of pore size distributions using three separate NLDFT
kernels (silica, cylindrical poregeilibrium 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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Figure2.18 Pore size distributions of silica/nickel foam electrotsplated by C12TAB

surfactantdeposited for 80 (), 1253 (), 2426 ( ), and 3600 () secondsPore size
distributions were obtained by applying NLDFT calculations (silica, cylindrical pore equilibrium

transition kernel) to nitrogephysisorptionisotherns.
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Table2.4 Structural parameters of primary and secondary mesopore peaks of silica/nickel foam electrodes templated by C12TAB.

Primary Peak Height Secondary Peak Height
ldep (S) dprimary (nm) (Cm3 nm_l gl) dsecondary (nm) (Cm3 nm-l gl) WUotal (Cm3 g'l)a
80 2.58 5.9 x 10° 2.19 8.7 x 10° 2.2 x 107
1253 2.58 1.4 x 10° 2.27 3.1x10° 3.8 x 1¢°
2426 2.58 2.4 x 107 2.27 7.7 x 10° 5.0 x 107
3600 2.58 3.5x 107 2.35 2.0x 107 4.6 x 107

®Total pore volume calculated using NLDFT metho®#4o equal to 0.99.
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Figure2.19 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 kefnglsilica,
cylindrical pore adsorption branch keriie); silica, cylindrical pore adsorption branch kernel for
pores <5 nn{ )) and BJH (adsorptioqi ) and desorptiofiX ) to nitrogenphysirption
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 farsitpn time of 1253
secondsFor all three NLDFT pore sizgistributions, a secondary mesopore peak is shown to the
left of the primary mesopore peak, indicating consistency in the calculation of NLDFT pore size
distributions foreach deposition tim&.he BJH pore size distributions showrFigure 2.1%re

shifted to smaller pore diameters, consistent with reports that the BJH calculation for pore sizes
less than 10 nm underestimates pore diameters 8p2F°>%®1°81%1 The pore size

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

nitrogen isothen are in good agreement, as expected due to the lack of hysteresis observed in
the isothern?”

The experimentgbhysisorptiorisotherm forthe silica/nickel foam electrode templated
by C12TAB atadeposition time of 1253 seconds is compared to its measured isotherm as well
as the corresponding theoretical NLDFT isotherm (silighndrical pore equilibrium transition
kernel), as seen iRigure 220. The theoretical isotherm is in good agreement with the
experimentglhowever it does not account for the nitrogen adsorbed/desorbed at relative
pressureapproaching 1, which correspds 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 tassisted laser
desorption/ionizatioftime of flight (MALDI /TOF) mass spectrometrffiy. 2.21. An intense
mass to charge peak is observed at 2288ch isattributed to the ionized cation
C12H25N*(CHa)a. A less intense pedk observed at 535,%vhich isattributed to
((C12H2sN*(CHa)2)2 Br, indicating that th€€12TAB surfactant was void of contaminants from

the manufacturerraf cationicquaternary ammoniumsurfactant homologues.
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Figure2.20 Comparison of experimental nitrogghysisorptionsotherm( ) (silica/nickel foam
electrode templated by C12TAB surfactant, EASA deposition time of 1253 secondgjtedth
(—) and measurec=_-) NLDFT theoretical isotherm (silica, cylindrical pore equilibrium
transition kernel)Open symbols denote adsorption branch, closed signdenote desorption
branch.
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Figure2.21 MALDI /TOF mass spectrum of C12TAB surfactant, as received.
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Figure2.22A-B Pore size distributions of silica/nickel foam electrodes templated ®$4TAB
andB C16TAB surfactantdeposited for 80 (), 1253 (), 2426 ( ), and 3600 () secondsPore
size distributions were obtained by applying NLDFT calculations (silica, cylindrical pore
equilibrium transition kernel) to nitroggrhysisorptionsotherms.
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Figure2.23 Pore size distributioof silica/nickel foam electrodes templated b\3BTAB

surfactantdeposited for 80 (), 1253 (), 2426 ( ), and 3600 () secondsPore size
distributions were obtained by applying NLDFT calculations (silica, cylindrical pore equilibrium

transition kerneljo nitrogenphysisorptiorisotherms.
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Table2.5 Structural parameters of mesopores of silica/nickel foam electrodes templated with C14TAB, C16TAB and C18TAB
obtained from NLDFT calculations (silica,cylindriqgabre equilibrium transition kernel).

Peak Height
Surfactant fsep(s)  NLDFT Fitting Error (%)  d(nm)  PWHH(nm) (cmi'nmi'g? Wotal (cm°/g)?
Cl1l4TAB 80 1.99 3.42 0.98 0.7 x 10° 2.0 x 10°
Cl4TAB 1253 0.77 2.94 0.53 1.9 x 107 4.4 x 10°
Cl4TAB 2426 0.67 2.94 0.56 3.1 x 10 6.1 x 10
Cl4TAB 3600 0.53 2.82 0.59 2.4 x 107 5.6 x 10°
C16TAB 80 1.66 3.67 0.94 1.0 x 10 2.6 x 10°
C16TAB 1253 0.61 3.54 0.66 3.3 x 10 4.8 x 107
C16TAB 2426 0.86 3.42 0.81 3.8x 107 5.9 x 10°
C16TAB 3600 1.40 3.42 0.73 3.9 x 1¢° 6.8 x 10°
C16TAB® 3600 0.81 3.18 0.62 9.9 x 107 6.4 x 10°
C18TAB 80 1.66 3.78 0.91 1.2 x 107 3.2x10°
C18TAB 1253 1.92 3.78 0.64 3.0 x 107 5.8 x 107
C18TAB 2426 0.59 3.67 0.68 3.4 x 10 6.8 x 10°
C18TAB 3600 0.94 3.67 0.71 11 x 10? 8.3 x 10°

®Total pore volume calculated using NLDFT metho@#4o equal to 0.99.
Mesoporous silica/nickel foam electrode synthesized from a Ndife® solgel solution.
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NLDFT pore size distributions (silica, cylindrical pore equilibrium transition kernel)
calculated from data obtained from nitrogertysisorptionsotherms Fig. 2.14AB and 2.15A)
for samples templated by C14TAB, C16TAB and C18TAB at the stated depdsitesare
presented ifrigures 2.22A, 2.22B, and 2 2@spectivelyMesomre diametersd), peak widths
at half height PWHH, peak heightsand total pore volumes4a) are summarizkin Table 2.5.
Pore size distributions of electrodes templated Voitiy long hydrocarborhain surfactant§.e.
C14TAB, C16TAB and C18TAB display a narrow, monomodal distribution in the mesopore
range, with peak widgwat half height of 0.580 0.98 nm. Increased deposition times result in a
shift to smaller mgopore diameter@ig. 2.24AD) as well as an increase in pore volumes and
total pore volumes, with the exception of ek heighaind total pore volume of silica/nickel
foam electrode templated BA4TAB surfactant atepositiontimes of 3600 secondshichis
slightly lower tharfor theelectrode deposited at 2426 seconds.

Figures 25A-B and 2.26AB display comparative pore size distributions for samples
templated withC14TAB, C16TAB, and C18TABurfactants at ehadeposition timeAs
expected, avege mesopore diameters increase with increasing surfactant hydrocarbon chain
length for the respective deposition tinfEgy. 2.27AD), consistent with reports of syntheses of
mesoporous silica usirgationicquaternary ammonium surfactants with differdkylchains
lengths astructuredirectingtemplates*°+1°2

NLDFT pore size distributions of silica/nickel foam electrodes fabricated by EASA for
3600 seconds using C16TAB/TEOS-gel solutions wittand without sodium niate are
presented in Figure 2.28he 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 3.9 071 to 9.9 x 10 cm® nmi* g™*. This result is consistent with those
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Figure2.24A-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 eledes weraleposited by EASAandtemplated by

A C12TAB, B C14TAB, C C16TAB, andD C18TAB surfactantsError bars are 95% confidence
intervals of the estimated averages of replicate sanipéta points without error bars indicate
perfect replication
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Figure2.25A-B Pore size distributions of silica/nickel foam electrodes for deposition tirAe of
80 secondandB 1253 seconds, templated by C12TAB,(C14TAB (), C16TAB ( ), and
C18TAB (). Pore size distriltions were obtained by applying NLDFT calculations (silica,
cylindrical pore equilibrium transition kernel) to nitrogeimysisorptiorisotherms.
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Figure2.26A-B Pore size distributions of silica/nickel foam electrodes for deposition tirAe of
2426secondsandB 3600 seconds, templated by C12TAB,(C14TAB (), C16TAB ( ), and
C18TAB (). Pore size distributions were obtained by applying NLDFT calculations (silica
cylindrical pore equilibrium transition kernel) to nitrogeimysisorptiorisotherms.
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Figure2.27A-D Silica mesopore diameters of silica/nickel foam electrodes as calculated by
NLDFT (silica, cylindricalpore equilibrium transition kernel), as a function of surfactant carbon
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potential forA 80 seconds 1253 second< 2426 seconds, aridl 3600 second<rror barsare
95% confidence intervals of the estimated averages of replicate sabgi@points without

error bars indicate perfect replication.
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Figure2.28 Pore size distributions ailica/nickel foam electrbes templated by C16TAB,
deposited by EASA, after surfactant extractitmr,deposition times 3600 seconds.
Silica/nickel foam electrodes were deposited fromgsdlsolutions with( T and without(s)
sodium nitrate preserfeore size distributions weodtained by applying NLDFT calculations
(silica, cylindrical pore equilibrium transition kernel) to nitrogetysisorptionsotherms.
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Figure2.29 Standard reduced adsorption plot of a referemaerphous macroporous silica
material, LiChrispher S1000.Graph was conaicted using data published bgferencel 15
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reported by Berr et dF?(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
aggregatiomumber (and hence the size of the micelle) decreases with the Hofmeister series of

NO3> Br> CHs:SO; > Cl >> OH.

2.3.3.C Comparative Standard Reduced AdsorpiigRlots for Micropore Analysis

Figure 2.29s a standard reduced adsorptiaiplot of a referace amorphous
macroporous silica material, LiChrosphe+1®00, constructed from data obtained from a report
by Jaronie@t al*® For the reference silica, thg parameter is obtained from high resolution
(P/Pod 5 % 0.99)nitrogen adsorption data obtairmddividing the volume ofitrogen
adsorbed at a relative pressure by the volume of nitrogen adsorbed at a specific arbitrary relative
pressuretgpically P/Po = 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 solidmih siirface
properties-*®

Figure 2.30Ashows such a comparatiyeplot for silica/nickel foam electrodes
templated by C12TAB for EASA deposition times of 80, 1253, 2426 and 3600 seconds, after
surfactanextraction.In the absence of micropores and mesopores, the volume of nitrogen
adsorbed would be expected to be Imbaoughout the entire pressure range, similar to that of
Figure 2.291In the presence of micropores, the volume adsorbed at the Jgvarge
(corresponding to the lovelative pressure range) would have an upward deviation from
linearity, due tdilling of the micropores followed by linearity at higher relative pressures

corresponding to nitrogen monolayer/multilayer formafibrt>**®rhe value of the adsorbed
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volume of nitrogen at the lowgk range can be used to assiesmicropore volumehowever,
high resolutiomitrogen adsorption is a ndnvial characterization technique andesftthe
micropore volume can be estimated from adsorption data obtained in the relative pressure range
of 0.1to 0.35 by extrapolation of the linear region to the intercept. In the absence of micropores,
the extrapolation of the linear region extends toattigin; however, each of the extrapolated
linear regions in Figur2.30A 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 2.30BD shows comparative s 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. Similkigore 2.30A the extrapolated linear
regions inFigure 2.30BD each extend to the abscissa, in which the same conclusions can be

drawn as that fosilica/nickel foam electrodes templated by C12TAB surfactant

2.3.3.D BET Plots and BET Specific Surface Area Calculations

A representative multipoirBrunauerEmmettTeller BET) plot for bare nickel foam
substrat€Fig. 2.31) was generated from data in the relative pressure range o0 @D6f the
adsorption branch of a nitrogehysisorptiorisothermusing Equationg.1-1.6 %4

Multipoint BET plots (normalized for the weight of the electrode) of silica/nickel foam
electrodes templated by C12TAB, C14TAB, C16TAB, and C18TAB staifds are presented in
Figures 2.32AD, respectively, for deposition times of 80, 1253, 2426, and 3600 seconds.
Multipoint BET plots were generated using data obtained flemitrogen adsorption branch of

nitrogenphysisorptionsothermsn therelativepressure range &.050.18, within the range of
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Figure2.30A-D C o mp a r aptotifor silicalthickel foam electrodes templatedAZ12TAB,
B C14TAB,C C16TAB, andD C18TAB, for EASA deposition times of 80 y 3253( D2426
( z )and 360Q Osgconds, after surfactant removal.
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Figure2.31 Multipoint BET plot obtained from nitroggphysisorptionisotherms at 77 K of
undeposited nickel foam substrgte/ )
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Figure2.32A-D Multipoint BET plot obtained fronmitrogenphysisorptionisotherms at 77 K of
silica/nickel foam electrodes templated A 12TAB, B C14TAB,C C16TAB, andD
C18TAB,for EASA deposition times of 80 y1253( D2426( z )and 360Q Osgconds, after
surfactant removal.

95



Table2.6 Values forparameters of BET equation (Equasdnl-1.6) for silica/nickel foam electrodes fabricated by EASA.

Surfactant Ldep (S) W (9) GBET Po (torr) R
- - 0.224 x 10° 6.121 765.89 0.9867
C12TAB 80 1.499 x 10° 49.78 764.72 0.9985
C12TAB 1253 2.717 x 10° 35.37 761.75 0.9948
C12TAB 2426 2.949 x 10° 32.88 762.46 0.9971
C12TAB 3600 6.432 x 10° 40.31 76.395 0.9986
Cl4TAB 80 1.183 x 10° 47.39 760.36 0.9993
Cl14TAB 1253 2.831 x10° 51.07 764.72 0.9983
Cl4TAB 2426 3.311 x 10° 46.36 763.29 0.9976
C14TAB 3600 4.725 x 10° 37.99 766.86 0.9975
C16TAB 80 1.371 x 1C° 61.07 765.32 0.9990
C16TAB 1253 2.721 x 10° 60.79 766.12 0.9995
C16TAB 2426 5.149 x 10° 67.61 763.52 0.9995
C16TAB 3600 4.865 x 10° 65.27 764.39 0.9993
C16TA 3600 3.296 x 10° 52.88 758.70 0.9994
C18TAB 80 1.982 x 10° 64.99 764.08 0.9995
C18TAB 1253 2.165 x 10° 58.10 760.85 0.9997
C18TAB 2426 2.749 x 10° 68.36 761.85 0.9997
C18TAB 3600 7.111 x 1¢° 64.05 766.43 0.9995

#Mesoporous silica/nickel foam electrode synthesized from a N4il¢® solgel solution.
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Table2.7 Values for mrameters of BET equations (Equatibf-1.6) and resulting total and specific surface areas of silica/nickel
foam electrodes fabricated by EASA.

Surfactant taep (S) Welectrode (Q) SA (M) SSAet(m° gt
- - 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
Cl14TAB 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? 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

#Mesoporous silica/nickel foam electrode synthesized from a N4ié® sotgel solution.
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0.05t0 0.30 suggested by IUPAE Three to four data points were chosen for each isotherm
based on degree of linearity quantified by ¢befficientof determination/2. As recommended
by IUPAC?, values fotthe parameterlf, Get, andPo are reported in Tabl2.6 for multipoint
BET plots, as well as theefficients of determination

Values forthe weight of the electrodégiectrode), total surface areaSA), andBET
specific surface ares&5GAe), calculated from data obtained frdfigure 2.32AD, are presented
in Table2.7.All values for SSAerfor silicahickel foam electrodes increaspon increased
deposition timesas can be sedn Table2.7 .g. from 34.71 g™ for electrodes templated by
C12TAB at 80 second deposition time to 121 %grhat 3600 second deposition tijne

Figure 2.33hows 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 G3eTvalue reduces from 40.31 #9081, with a reduction @ET specific suface area,
from 121.5 Mg~ to 100.2 Mg™. The coefficient of determinatior) slightly reduces from
0.9986 to 0.993dndicating that a reasonalgerrelationis maintainedAlthough thecoefficient
of determinations only slightly reduced by the dition of three data points, th@ervalue is
greatly reduced to a negativalug which results in 47.5%decrease in thBET specific
surface areandsuggests the significance of reporting valuesfedsure ranges employed for
the BETequation 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%. Section 2.3.discusses a proposed sajuantitative model for the increase in

BET specific surface as a function of deposition time.
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Figure2.33 Multipoint BET plot obtained from nitroggphysisorptionsotherms at 77 K of
silica/nickel foam electrodes templated by C12TAB, deposited by EASA for 3600 seconds, after
surfactant extraction.
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Figure2.34 Nitrogenphysisorptionsotherms at 77K of a sila/nickel foam electrode templated
by C18TAB, deposited by EASA for 3600 seconds, befofand after{ @shirfactant extraction
with 0.1 M ethanolic HCI for 2 hours. Adrptionbranch is indicated by open symbols,
desorption branch is indicated biyed symbos.
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2.3.4 Characterization of Morphology and Structural ParametersRdistr Synthesis
Treatment

Figure 2.34presentsiitrogenphysisorptionisotherms for silica/nickel foam electrodes
templated by C18TAB, deposited for 3600 seconds, before and aftetant extraction.
Surfactant extraction was performed by soaking the silica/nickel foam electrodes in ethanolic 0.1
M HCI solutior/ "**>*%%or 2 hours, then subsequently washing the electrode with ethanol and
allowing to dry és described iBection2.2.3). The itrogenphysisorptionsotherm of the
electrode before surfactant extraction skavgignificant reduction in the volume of nitrogen
physisorptioncompared to the isotherm of the surfactant extracted sample, with some semblance
of a Type IV isaherm. Pore size distributionsalculated for both isotherms using NLDFT
(silica, cylindrical pore equilibrium transition kernel), are presentédguare 2.35As can be
seen from the pore size distributthmesgore volums significantly incrase upon surfactant
extraction. ThBET specific surface areaf the silica/nickel foam electrode increases from
9.675 M gt to 122.3 M g™ upon surfactant extraction, indicating that pore openingwiacidic
solution methods a viablealternative tdraditionalhigh temperature calcination methods

To increase adhesion of the loosely bound silica pestiid the nickel foam substrage
silica/nickel foam electrode templated with C16TABd deposited for 3600 secorwiss
immersed in 1 M NEOH at 90°C overnight prior to surfactant extraction and subsequently
washed with ethanol and allowed to dag described i®ection2.2.4).This method was

employed by Nakanistet al'®’

(using macroporous amdesoporous silica gels templated with
polyethylene oxide as the templating agentjigsolve the silicate species from sites with
positive curvatur@and reprecipitateonto negative curvature sitess can be seen from the FE
SEM micrographk presented ifrigure 2.36AD, silica particleslecrease in size to less than 500

nm andpresent a mre uniform and spherical morphology than those of samples not treated with
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Figure2.35 Pore size distributions of a silica/nickel foam electrode templated by C18TAB,

deposited by EASA for 3600 seconds, beforeand afterI") surfactant extraction with 0.1 M
ethanolic HCI for 2 hours. Pore size distributions were obtained by applying NL&lEdlations

(silica, cylindrical pore equilibrium transition kernéd) nitrogenphysisorptionsotherms.
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Figure2.36A-D FE-SEM micrographk of silica/nickel foam electrode templated by C16TAB
deposied by EASA for 3600 seconds, after surfactant extraction. Before surfactant extraction,
samples were treated with 0.1 M MbH overnight.
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Figure2.37 Nitrogenphysisorptionsotherms 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 MBH overnight. Isothermwere collectedefore( Tand

after( Yssonicdion for 30 minutes in ethanoAdsorption branch is indicated by open symbols,
desorption branch is indicated bifed symbok.
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ammonium hydroxideRig. 2.9A-C), while maintaining good coverage of the electr{iig.
2.36A).Nitrogenphysisorptionsotherms of ammonium hydroxigeeated electrodes after
surfactant extractiorHg. 2.3% show good similarity to untreated samplegy( 2.14B), with the
exception of alesorption hysteresis exhibitingype H2 hysteresishapé® (seeFigure 1.X)
occurring in the relative pressure range of @@8.52, indicating that dissolution and re
precipitation of silica results in pore entrances that are somewhat smaller in diameter than pore
cavities of the silica®

To investigate the increase in silica particle adhesinor@mmonium hydroxidgeated
electrode was sonicated in ethanol for 30 minutes and allowed tA dityogenphysisorption
isothermof the sonicated sample is coanpd to an unsonicated sample (Fig. 2,33Howing a
decrease ithevolume of nitrogeruptake This decreasean be attributed to tHess of silica
mas from the sonicated electrod®ore size distribution@-ig. 2.39 were calculated from the
isotherms presented insing NLDFT (silica, cylindrical pore equilibrium transition kernel) for
both the sonicated and unsonicated silica/nickel foam electredgsdrwith ammadom
hydroxide.The pore diameters for both samples were found to be 3.54 nm ¢r8bla slight
increase from 3.42 nm for untreated silica/nickel foam electrodes templated with C16TAB
deposited at 3600 seconds (Tablg. Pore size distributions aresalbroadened to 1.23 nm and
1.17 nm (Table.8) for the unsonicated and sonicated electrodes, respectively, increasing from
0.73 nm for untreated silica/nickel foam electrode (T&¢. This result isconsistent with

resultsreportecby Nakanishiet al®’

BET specifc surface areasf silica/nickel foam electrodes
treated with ammoniurhydroxide areconsistent with those of untreated silica/nickel foam
electrodes (Tabl.7); however, a decreagethe BET specific surface arefrom 95.39 Mgto

83.33 i g%, was observedpon the sonication procedure.
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Figure2.38 Pore size distributions of silica/nickel foam etedes templated by C16TAB
surfactant, deposited by EASA for 3600 seconds, befdrar{d afterI{) sonication for 30
minutes in ethanol. Before surfactant extraction, samples were treated with 0.3OHNH
overnight. Pore size distributions were obtaingépplying NLDFT calculations (silica,
cylindrical pore equilibrium transition kernel) to nitrogen physisorption isotherms.
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Figure2.39 Nitrogenphysisorptionsotherms at 77 K of silica particles liberated from nickel
foam substrate by 500% HNQ; etch overnightSilica particles were templated with C14TAB
( T G16TAB (6), and C18TAB( ) surfactants. Adsorption branch is indicated by open
symbols, @sorption banch is indicated bfylled symbos.
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Table2.8 Post synthesis treatment and structural parameters of silica/nickel foam electrodes fabricated by EASA and liberated silica

particles.
Post Synthesis SSAer  NLDFT Fitting Peak Height Wotal
Surfactant fgep (S) Treatment (m?/g) Error (%) d(hm) PWHH(NOm) (cm’nm*g?h) (cm’g?)?
C18TAB 3600 - 9.675 4.20 3.54 0.96 1.75 x 10° 8.0x10°
C18TAB 3600 0.1 MHCIEtOH 122.3 0.94 3.67 0.70 454 x 107 8.9 x 10
1M NH,OH,
C16TAB 3600 71 vrholeton 95-39 1.32 3.54 1.23 2.43 x 107 7.8 x10°
1M NH,OH,
C16TAB 3600 0.1 M HCI/EOH, 83.33 1.24 3.54 1.17 2.18 x 10 6.9 x 107
sonicated
0.1M HCI/EtOH, 1.71 3.54 1.26 1.06 x 10" 2.24 x 10
C14TAB 3600 "4 700, HNG; 196.0 1.12 4.89 1.98 1.10 x 10% 2.26 x 10%°
0.1 M HCI/EtOH,
CL6TAB 3600 [ =0~ HNG, 476.7 1.71 4.89 1.51 1.33 x 10" 4.07 x 104
c18TAB 3600 O-1MHCVEIOH, o, g 0.89 3.66 0.86 209x10"  5.56x 10"

50-70% HNG

®Total pore volume calculated using NLDFT metho@#4o equal to 0.99.
PNLDFT data calculated using the silica, cylindrical pore adsorption branch kernel from data obtained from the adsoxgtiofi t
the nitrogemphysisorption isotherm.
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In order to liberate the silica particles from the nickel foam substrate, silica/nickel foam
electrodes were immersed in-80% HNGQ; overnight at room temperature and subsequently
washed with deionized water and alledvto dry, which dissolved the nickel foam substrate (
described irSection2.2.4).Nitrogenphysisorptiorisotherms of silica particles templated by
C14TAB, C16TAB, and C18TAB, for deposition times of 3600 seconds, are preseRigdna
2.39 The volune of nitrogeruptakeper gram of sample for each isotherm is significantly higher
than isotherms for sda/nickel foam electrodes (Fig. 2.13B, 2.2BAand 2.15A, due to the
absence ofnassof the nickel foam substrateach isotherm maintains a Type $¥iape. The
overall shape of the isotherm for silica particles templated by C18TAB is consistent with that of
its parensilica/nickel foam electrode (Fig. 2.1%AFor silica particles templated with C16TAB,
the rise in nitrogephysisorpion at the capillary condensation/evaporation relative pressure
range is lespronounced than that of tiparentsilica/nickel foam electrode (Fi@.15A). The
isotherm for silica particles templated by C14TAB maintains a Type IV isotherm, with a
significantH2 hysteresis of the desorption branch at relative pressure range b 0.4Q,
indicatinga significant change in the mesopore network structure.

Pore size distributions of liberated silica particleg(2.4Q were calculated using
NLDFT (silica,cylindrical pore, equilibrium transition kernel) from data obtained from nitrogen
physisorptiorisothermqFig. 2.39. Due to loss of mass from the nickel foam substrate, the pore
volume per gram of sample is significantly increased for each samtACEOS (Tablg2.4-2.5)
system.Themodalmesgore size diameter for silica particles templated by C18TAB remains
relatively unchanged (3.67 nm for particles compared to 3.66 nsilit@/nickel foam
electrode) with slight broadening of the pedkith at half height (Tabl2.8).

TEM micrographs of silica particles templated by C18TAR)(2.41AB) show that the
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Figure2.40 Pore size distributions of silica particles liberated from nickel foam substrate by 50
70% HNQ etch overnightSilica/nickel foam electrodes were fabricated by EASA for 3600
seconds using C14TAB |, C16TAB (), and C18TAB () as surfactanPore size distributions
were obtained by applying NLDFT calculatiofsslica, cylindrical pore equilibrium transition

kernel)to nitrogenphysisorptiorisotherms.
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Figure2.41A-B T
grid, templated by C18TAB and liberated from substrate by dissolution of nickel foam in 50
70% HNGQG; overnight.
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disorderedvorm-like mesopore network structure remains relatively undisturbed after
dissolution of the nickel foam substrate by HNK@atment. Pore size distributions for silica
particles templated by C14TAB and C16TAB are significantly broader than those for
silica/nickel foam electrodes (Fig.22A-B) and are shifted to higher average pore diameters
(Table2.8).

It has been suggestdy Thomme¥ that hysteresis of the desorption branch of nitrogen
physisorpion 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 Kenmey 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 gpeesented in Figur2.42 calculated using data obtained from
both the desorption branch (silica, cylindrical pore equilibritansition kernel) and adsorption
branch (silica, cylindrical pore adsorption branch kernel). As can be sEajune 2.42thepore
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 diameter2Baldensistent
with results reported by Thommes on highly disordered vgtass®

Multipoint BET plots obtained from nitrogeyhysisorptiorisotherns of liberated silica
particles are presentedhiigure 2.43BET specific surface area$silica particles templated by
C14TAB and C16TAB were calculated to be 196 0gitand 476.7 rhg™ (Table2.8),
respectively, and are much lower than valggsorted for disordered, woritke mesoporous
silica$>*"1*8ith similar pore diameters, further suggesting that the mesopore network

structure is disturbed during the silica liberation prod8ES. specific surface area$ ldberated
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Figure2.42 Pore size distributions of silica particles, templated by C14TAB, liberated from
nickel foam substrate by 50% HNGQ; etch overnight. Pore size distributions were obtained by
applying NLDFT calculations (silica, cylindrical pore equilibrium transitiomkéf ); silica,
cylindrical pore adsorption branch kerifle)) to nitrogen desorption isotherm and adsorption
isotherm, respectively.
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Figure2.43 Multipoint BET plot obtained from nitroggphysisorptionisotherms at 77 K of
silica particles liberated from nickel foam substrate byy8% HNQ; etch overnight.
Silica/nickel foam electrodes were fabricated by EASA for 3600 seconds using C14)AB (
Cl6TAB(), and C18TAB (z) as surfactant.
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Table2.9 Starting materials and structural parameters of reported syntheses of disorderetik@voresoporous silicas.

Silica Silica Source Surfactant SSAer (m* g d (nm) PSD Method Reference
KIT-11471% Sodium Silicate  (CyeHz3)N(CH3)sCl 1000 3.4 HK
KIT-1}718  Sodium Silicate  (CreH33)N(CHs)sCl 840 2.9 BJH

MSU-1168 TEOS (CH3(CHy)14(EO)2 910 2.4 BDB
MSU-1168 TEOS (CH3(CHy)14(EO)2 1053 35 BDB

169 TEOS Ci6H33NH, 978 5.0 BJH

-a69 TEOS CieH3aNH, 854 6.32 BJH

169 TEOS C16H33N(CHs)2 1234 2.64 BJH

169 TEOS C16H33N(CHs) 1579 2.94 BJH
HOM-13% TMOS C1EOy3 1060 2.5 NLDFT
HOM-13% TMOS C1EOy3 1200 3.4 NLDFT
HOM-13% TMOS C12EOx 1380 2.8 NLDFT
HOM-13% TMOS C12EOx 1003 3.6 NLDFT

o nomenclature mentioned.
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silica particles templated by C18TAB were calculated to be 732@'ifTable2.8), consistent
with reported literature values of BESpecific surface areas of disorderedrm-like

mesoporous silicas (Tabk9).

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 nickedlémdrode,
using ferrocene methanol (Fig. 2.444P € 0.154 V vs. SHE| = 0.5;4 = 0.2 cm 8)!"%'"as a
probe molecule, are presented in Figure 2.44B. Cyclic voltammograms were performed in an
agueous 0.5 mNerrocene methanol + 0.5 M potassium hydrogen phthalate solution in the
potential range 0f0.4 to 0.6 Ws. SCEwith potential scan rates of 5, 10, and 20 MV s

Voltammograms fothebare nickefoam electrode exhibit quasireversible behavior, with
theanodic peak currentpg) increasing from 0.258 mA to 0.659 mA for potential scan rates of 5
and 20 mV &, respectivelyA shift in the oxidation peais observedfrom 0.256 V to 0.392 V
for potential scan rates of 5 and 10 m¥/ espectivel. The shift to 0.392 \is close to the
theoretical® value of 0.409 V vs. SCEyclic voltammograms of silica/nickel foam electrodes
deposited for 80, 1253, 2426, and 3600 seconds, before surfactant extragtesanted in
Figure 2.44C, 2.442.44E, 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 covefggéne potential scan rate

(), the heterogeneous rate constaf}, @nd the half distance betweadive sites &), as
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Figure2.44A-F A Chemical structure of ferrocene methambE Cyclic voltammograms of a

bare nickel foam electrod8&), and a silica/nickel foam electrode deposited for@Q 1253 D),

2426 €), and 3600F) seconds by EASA using C16TAB as surfactant, before surfactant
extraction. Cyclic voltammograms were recorded in an aqueous 0.5 mM ferrocene methanol +
0.5 Mlpotassium hydrogen phthalate solution at potential scan rate—},510 (----), and 20
mVvVs-(=-).
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reported by Amatore et &f>*"*for electrodes with lolcking layers containing pinholes. These

parameters are utilized in the following dimensionless equations:

O YIYOf~ Equation2.14
- @Y p —
- QP —
Q ——— Equation2.15
Y YO Of
where

D= diffusion coefficient, crhs™
R= universal gas constant,
7= temperature, K

F= Faraday constant.

By assessing the shape of cyclic voltangmams presented in Figures 2.4BGelative
estimates of theurface coverage of silica particles on nickel foam electrodes can be qualitatively
evaluated using a zone diagn published by Amatore et df*"*According to calculations
based on the pinhole blocking layer model, large valuésedult incyclic voltammogams
which exhibits reduction/oxidation peaks with a decrease in the apparent rate constant, compared
to that of a bare, unmodified electrode. For large valuésaafly, the apparent rate constant is
large, and cyclic voltammograms appear tdNieenstian in shape. For small valueslagfcyclic
voltammograms exhibit a sigmoidal shape and become kinetically irreversible; with large values
of ¥, 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, befosarfactant extraon (Fig. 2.44Q, show ashift 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 valtaograms exhibiting large values of bdth
andy, suggesting high fractional surface coverage and large valugsafcording to the zone
diagram for a pinhole blocking lay&? This result is consistet with those reported by Etienne
et al'™for spin-coated thiol functionalized mesoporous silica thin films on glassy carbon
electrodes, before surfactaxtraction, using ferrocene ethanol as the redox probe molecule.
This result is also consistent with Walcarius €t &r the electrochemicallgssisted self
assembly of hexagonally ordered mesoporous thin films on gold @lestrbefore 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 saofant phas& rather than diffusion to the electrode
surface through defect sites in the thin fiith.

Increasing the deposition time from 80 seconds to 1254 se(eigd2.44D) results in a
irreversiblevoltammogramyvith a disappearance of the anoficocene methanalxidation
peak and a diminished cathodic reduction peaksistentvith reports by Wangt al*"®for
cyclic voltammograms of anchoré@mercaptopropyl)trimethoxysil&iayers on gold
substrates in a ferrocyanide solutidihis 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, thiscor es ponds to | ow values of @&,

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
alsocorresponds to a highvalue, 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 betwedveaitesand fractional
surface coverag@creases with increased deposition time.

Figure 2.44Bpresents cyclic voltammograms of silica/nickel foam electrodes deposited
for 2426 seconds, before surfactant extraction, exhibiting a reemergence of ticeoaitadion
peak and a more pronounced cathodic redagieak, compared to Figure 2.44@hce again
indicating high values of fractional surface coverage and half distance between active sites.
Increasing the mass of silica deposited frorll263 secondghe 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 activiées. Transient current decay curves of silica/nickel foam electrodes
deposited at 2426 seconddg. 2.2A)indicate that the current response during the EASA
process is comparable to that of the current response of silica/nickel foam electrodes da&posited
1253 second@-ig. 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 remninentact 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 electroddipigating in the reduction and oxidation of the
ferrocene methanol probe.

Cyclic voltammograms of silica/nickel foam electrodes depddivr 3600 seconds (Fig.
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2.44H 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 reductioherapparent 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 hitk blocking layer and is consistent with4SEEM micrographs of
silica/nickel foam electrodes deposited for 3600 sec@rids9A-C), indicating a complete

coverage of the nickel foam electrode, with silica particles filling the large voids of the nickel
foam.

Figure 2.45s 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* potential scan rate and normalized for the weight of the &ilieel foam electrode.
Compared to the normalized voltammogram of a bare nickel foam electrode (inset of Figure
245), current density responses are diminished for silica/nickel foam electrodes at each
deposition time, indicating blocking of the ferrocenethanol 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 ixis a higher current density than expected.

Upon surfactant removal, the current response for silica/nickel foam electrodes deposited
for 80, 1253, 2426 anB600 seconds (Fig. 2.46B, respectively exhibit quasireversible
behaviors, similar to that dfare nickel foam electrodes, consistent with reports by Etienne et
al.” and Walcarius and coworkets’®as discussed earlier for current responses of silica thin

films before surfactant extraction. The return to pronounced oxidation and reducticen pe
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Figure2.45 Cyclic voltammograms of silica/nickel foam electrodes deposited fo—=0, (1253
(), 2426 = =), and 3600 = - ) seconds by EASA using C16TAB as surfactant, before
surfactant extraction, in an agueous 0.5 mM ferrocene methanol + 0.5 M potassium hydrogen
phthalate solution at a potential scan rate of 10 fh\Irset is acyclic voltammogram of bare
nickel foam electrode at a potential scan rate of 10 thV s
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Figure2.46A-D Cyclic voltammograms of a silica/nickel foam electrode deposited foA B0 (
1253 B), 2426 (), and 3600 D) seconds by EASA using C16TAB as surfactant, after
surfactant extraction. Cyclic voltammograms were recorded in an aqueous Gdynodéne

methanok 0.5 M potassium hydrogen phthalate solution at potential scan rate—j,5 (
10 (-),and 20 mV3 (= -).
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Figure2.47 Cyclic voltammograms of silica/nickel foam electrodes deposited fo—=0, (1253
(), 2426 = =), and 3600 = - ) seconds by EASA using C16TAB as surfactant, after
surfactant extraction, in an aqueous 0.5 fekMocene methanal 0.5 M potassiunhydrogen
phthalate solution at a potential scan rate of 20 fh\Irset is a cyclic voltammogram of bare
nickel foam electrode at a potential scan rate of 20 thV s
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indicate an open silica pore structure which allows the mass transport by diffuéorooéne
methanol probe molecules to the surface of the nickel foam electrode. According the zone
diagram proposed by Amatot&,this corresponds to a diffusion layer thickness which is small

in comparison to the size and spacing of pores in the blocking lRypemparative 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" mMentialscan rate and

normalized for the weight of thalica/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 adites 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 highevalues, 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 fractitata sur
coverage of silica particles. Longer depositiiomes result in silica/nickel foam electrodes which
allow for the mass transport of the ferrocene methanol probe to the electrode; furfiameer,

the current density response is diminished, suggeatingcrease 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 oBET Specific Surface Areaf 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 8&fds$dor each
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Table2.10 Bartlett test fo comparison of variances of specific surface arf88#&er, of silica/nickel foam electrodes templated with
C12TAB for given deposition timedgep.

SSAer (m* g™
leep= 80s 1253 s 2426 s 3600 s i M A ah ah 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 Fo.05/2 3.182
31.49 110.2 0.347 3.19

3291

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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Table2.11 Bartlett test for comparison of variances of specific surface &&assT, of silica/nickel foam electrodes templated with
C14TAB for given deposition timegep.

SSAer (M’ g?)
lip= 80s 1253s  2426s  3600s i M A dfi  db 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 Fo.052 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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Table2.12 Bartlett test for comparison of variances of specific surface &&assT, of silica/nickel foam electrodes templated with
C16TAB for given deposition timegep.

SSAer (M’ gh)
leep= 80s 1253 s 2426 s 3600 s i M A ah ah 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 Fo.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

128



Table2.13 Bartlett test for comparison of variances of specific surface &&assT, of silica/nickel foam electrodes templated with
C18TAB for given deposition timegep.

ldep =

Avg. =
Std. dev. :
Variance :

SSAer(m* g™t

80 s 1253 s 2426 s 3600 s i M A ah ahb 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
25.233 71.889 95.684 108.69
2.5493 3.3307 6.9523 15.771
6.499 11.09 48.33 248.7
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surfactant/TEOS system (C12TAB, C14TAB, C16TAB and C18TAB) and characterized by
nitrogenphysisorptiorafter surfactant extraction. In order to test for homogeneity of variances
of the estimated averages of silica/nickel foam electrodes, the Bartttwest employed
(Section 2.2.6.A,)which i applicable to two or more variances with unequal degrees of
freedom.

Tables2.102.13 show individual and averaged values BET specific surface areas
silica/nickel foam electrodes templated by C12TAB, C14TAB, C16TAB and C18TAB,
respectively, athe stated deposition times, along with standard deviat®)ngafiances$), and
the variables , M, A, dh, db, andb as calculated using Equations-2.8. For each
surfactant/TEOS system at the stated deposition times, the null hypotlasediso be rejected
due to the experiment&values not exceeding the valusdculated criticaFvalues indicating
that the Bartlett test has detected no difference of the estimated variances of the av&&ges of
specific surface areas of silicazkel foam electrodesandare said to be homogeneous.

In order to compare the estimated averagd3Edt specific surface area$ mesoporous
silical/nickel f ottest’ evhsemployedSeation 2.2.668,)fordhe nt 6 s
comparison of two independent averages witknown and equal variancdhe experimental
value (exp) is compared to a criticdlvalue(Zritica) Obtained from the twaailed 7 table at the
0.05 significance level for each degree of freedfmThe established null hypothesis is that the
two estimated average®, andw , are equalTable2.14gives the experiment#ialues
calculated usingquations?2.9-2.11for the estimated averagetSBET specific surface areas
betweentwo deposition time intervalés can be seen from Tal®2el4, for each comparison of
estimateBET specific surface area averadbs experimentat valueexceeds the value ftine

calculated critical valueandthe null hypothesis is rejectetthat is,the estimated BET specific
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Table2.14 Student's test for comparison of estimated averages of BET specific surface areas of silica/nickel foam electrodes for
given deposition time intervals.

1253 s- 2426 s

2426 s- 3600 s

80 s-1253 s
Surfactant fexp Leritical ar
C12TAB 15.6 2.45 6
Cl14TAB 14.9 2.45 6
C16TAB 13.8 2.45 6
C18TAB 22.5 2.45 6

80 s-2426 s
Surfactant Lexp Leritical ar
C12TAB 24.6 2.45 6
Cl14TAB 21.2 2.45 6
C16TAB 22.6 2.45 6
C18TAB 21.3 2.45 6

fexp Leritical ar
1.94 2.57 5
0.06 2.36 7
4.46 2.57 5
1.31 2.78 4

1253 s- 3600 s

fexp Leritical ar
4.17 2.78 4
8.60 2.78 4
5.45 2.78 4
5.35 2.78 4
80 s- 3600 s
texp Leritical ar
24.9 2.36 7
15.2 2.26 9
25.6 2.36 7
12.2 2.45 6

fexp Leritical ar
5.80 2.57 5
4.80 2.36 7
9.22 2.57 5
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 dagosgiof 3600 seconds
(Table2.149) for silica/nickel foam electrodes templated by C12TAB, C14TAB, and C18TAB
surfactants.

The values for the estimated averageBBT 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 {{Fig. 2.48AD, respectively), with the
error bars shown in the plots calculated from Equation 2.12. As canb&@@e-igures 2.48-
D, the estimated averages of specific surface areas of silica/nickel foam electrodes significantly
increase upon increasddposition times until the deposition time interval of 2428600
secondsAt this deposition time intervalhe estimated averagesBET specific surface areas of
silica/nickel foam electrodes templated with C12TAB, C14TAB, @h8TAB are not
significantly diff er mesttindieatng that ay silica depositet thoem St u d
the TEOS/surfactarsiolution during this time interval is unlikelg significanty contributeto

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 deposftéd. 2.4A-B and 2.5AB) and the
BET specificsurface areas of silica/nickel foam electroffeg. 2.48AD) are both reasably
directly proportional to the amount of time of applied potential in the EASA fabrication process,
a semiquantitative model for thencrease 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.

132



>

©

E 120 §

. ¢

]

Z %9} %

()

8

5 60 F

79

o

= 30

o

(]

o

w o L L :
0 1200 2400 3600

Time (s)
CIR D

(@]

€ 120

S §

Z 9} i

(]

: ¢

5 60 F

7

[&]

= 3of

o

]

o

U) O 1 1 '
0 1200 2400 3600

Time (s)
Figure248A-D | ndi vi dual ( 3)

Specific Surfae Area (na/g)

/g

Specific Surfae Area (

'_\
N
o

(o]
o

2]
o

@e— O

o &
el )

1200 2400

3600

0
Time (s)
150
120
90 %
60 L
BOJ?
0 . . ,
0 1200 2400 3600
Time (s)
and average (D2

v al

silica/nickel foam electrodes templated A 12TAB,B C14TAB,C C16TAB, andD C18TAB

surfactants. Specific surface areas were calculated by ag@¥m calculations to the linear
region of the adsorption branch of nitrogen isotherms at 77 K. Error bars are 95% confidence

ues

intervals of the estimated averages of duplicate samples. Specific surface area values at time of
zero seconds are for undepositeéckel 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, whichelfaidtving general equation:

bo 6 o onz Agpso Equation2.16
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 = €Xponential 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 valudsTo$fiecific
surface area using a variation of the exponential approach to steady state model and the Solver
addin found in Microsoft Excel 2007 as mentioned in Section 2.2.7. Figure 2.49A shows the
experimental estimated averages and calculated valudsef8ET specific surface area
(SSAeq) 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 followirgiuation Equation 2.17). The 95% confidence limits
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indicated in Figure 2.49A wer e ctaaueandthet ed

standard errors of experimental and calculated BET specific surface area values.

"Y'YO 0 Y'YoO YYO "Y'YO n Ag@gb — Equation2.17
where
Y'Y O 0 specific surface area of silica/nickel foam electrode at deposition time
greater than zero equal 854¢t, n? g*
"Y'YO T specific surface area of silica/nickel foam electrode before applied

potential, equal t&SAickel foam, 5.715m" g™

"Y"Y 0 = the steady state specific surface area, as deposition time approaches infigity, m
t4ep = time of applied potential, s

7= e-folding time, s.

Thee-folding time can be defined as the time it takeseftur fold upon itself. It is also defined as

Yo o= Equation2.18

where

ksa= exponential decay constant, s

Figure 2.4& displays a good correlation between experimental and calculated BET
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using 95% criticat value. Silica/nickel foam electrodes were templated iy12TAB, B

C14TAB,C C16TAB, andD C18TAB.
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specific surface area values as a function of the square root of time of applied pdtewesaker

to assesthe 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 areasasam 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:

0w Equation2.19

where
W = weight of average

52 = standard deviation of

The weight value is used to modify the sum of squagekdtween the experimental BET
specific surface area values and the calculedaes obtained by Equation 2.4%ing Equation

2.20

Y WY Equation2.20

where
Sv= weighted sum of squares

S= sum of guares, defined by Equation 2.21
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Y "Y'YO 0 “Y'YO o) Equation2.21

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 areastained by Equation 27, weighted calculated values of specific
surface areas are obtained.

Figure 2.48-D presents the unweighted least squares fit of experimental and calculated
BET specific surface area values for silica/nickel foam electrodedaerd 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 8t€Eific 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 250B-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 experiment
and calculated BET specific surface area values or the ranges of the 95% confidence intervals.
Values for steady state specific surface a4y, thee-folding time (7), and the coefficient of
determination £2) of unweighted and weighted calcula®HT specific surfaceraas calculated
by Equation 2.1&re presnted in Table 2.1%long with calculated estimates of uncertainties.
Estimates of uncertainties were calculated by usingattieknifeapproach(in which residuals

are systematicallgmitted from the data set and a least squares best of fisline
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Table2.15 Steadystate spefic surface area®-folding times, and coefficients of determinaticalculated using Equation 2.18

Unweighted Weighted

Surfactant  SSAs(m®g?) 7(s) R SSAs(m’ g?) 7 (s) R

C12TAB 145.9 +2.26 1590+ 0.05 0.9997 #0.0003 143.4 + 6.610 1472+ 276.6 0.999 + 0.00(%
C14TAB 219.3+48290 7813+2.77x1§ 0.9866 + 0.02 273.6 + £310 14345+2.53x 10 0.9854 + 0.0240
C16TAB  225.0 £548.6 8088+94990 0.9918+ 0.0110 131.1 +£704.8 2124.1+128260 0.9832 +0.024
C18TAB  260.2 £149.7 13940+ 22020 0.995+ 0.0050 225.1 £324.4 9839+ 49545 0.999 + 0.0®0
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obtained.**®"®1"*The calculatd 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 ##olding constants are not within reasonable limits, with the
exception of silica/nickel foam substrates templated with C12TAB e$hmates 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 attribute@tanesample
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, @sindicated 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 infinitéica/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 erromaditEngously

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 2.118 specific surface area of the silica/nickel foam
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electrodes at gmsition time greater than zero can be described as an exponential approach to a
specific surface area steady state approximation. As the deposit@agproaches infinity
(Equation 2.22, the exponential term approaches zero and the projected spadifice area of

the silica/nickel foam electrode reaches an upper limit horizontal asymptote, defiSsdas

1l EIARGD — Tt Equation2.22
[¢]

The rate of decay from the steady state spesifitace area with respect to the change in time

can be defined by Equation 2.23

aY"YO p
Qo cC O

3 YYO Y'YO 0 Equation2.23

Rearranging Equation 2.23 yields Equation 2.24

ayYryo p
"Y'YO "Y'YO 0 ¢ o Y

Qo Equation2.24

By taking the integieof both sides of Equation 2.24, Equation 2.25 can be solved (Equation

2.26).
aY"Yo p Q6 - o
VY0 Y'VO > co v quation2.25
oo 0 Coan :
I T°Y"YO "Y'YO 0 ~~ 1 Equation2.26
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where

c1 = constant, g™

Rearranging Equation 2.26 solve for the square root of time @eplent term yields Equation

2.27.

I TY'Y® “Y'Yd o 11 — Equation2.27

Using the natural logarithm quotient rule, then raising each side of the equatipieltis

Equations 2.28 and 2.29

Yo YYO © ° Equation2.28
A Y
. . Y'YO Y'YO 0 o} _
Az | = Aob —~ Equation2.29

Equation 2.29 reduces to Equation 2.30

YYO Y'YO 0

N Equation2.30
% Agb ~ q

Rearranging to solvior the specific surface area of the silica/nickel foam electrode at a given
deposition time:
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p2!
T
Q
U
|

Y'Y O 0 YYO Equation2.31

To solve for the constant,dqepis set to zero and the value f86A4iectrode is set to the
experimental BET specific surface area of undeposited nickel f6&Hidiel foam), €qual to 5.715

m? g*. Substituting terms into Equati 2.27yields Equation 23

I TY'Y6 ug pu i i - Equation2.32

T
~
Rearranging Equation 2&nd solving for ¢

I TY'Y6 uvgpu I Equation2.33
YYO u&pu A YYD YYD Tt Equation2.34

Substituting Equation 2.3#to Equation 2.3 yields Equation 2.18, restated here as Equation

2.35

"Y'YO 0 "Y'YO YYO "Y'YO n Ao — Equation2.35

To define the units of the steady state specific surface 88484, the following
dimensional analysis was performed. The BET specific surface area of the bare nickel foam can

be described usingétfollowing units:
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i YO .

Y'YO n — Equation2.36
where

SAwr = total surface area of nickel foam substrate, m

mne = mass of nickel foam, g.

Taking into account the contribution of the tatalface and mass of nickel foam substrates to

the BET specific surface area of silica/nickel foam electrodes:

YO YO .
"Y'YO o — Equation2.37
where
S4s= total area of deposited sidi, nf

ms = mass of deposited silica, g.

By dimersional analysis of Equation 2.3fhe approximation of the steady state specific surface

area can be defined by the following units:

"Yod YO & :
"Y'YO - - Equation2.38

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 therefoeefunction 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 silicd)e @nda 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 argeowth. 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 depositionhowever, data fi
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, andvwbeall 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 ranga)d identification and elimination of outliers.

2.3.8 Mathematical Models of Curreilime Behavior

It is evident from Figure8.1A-B i 2.3that current decay occurs during the EASA
process of silica deposition onto nickel foam substraites surfactant/ TEOSodutions.Figures
2.1B7 2.3indicate a faster rate of current dedaym a time of applied potential oftd 80
seconds with a significant decrease in rate of current decay for times greater than 80 seconds,
indicating, qualitatively, that there exsttvo 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 (~5,200000 cr) and the small volumes of
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the surfactant/TEOS solution (~10Q1L50 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 speci@s)@ (a function of
time of applied potential and that the solution is completely homogeneous, neglecting the
diffusion layer volume near the surface of the electred@ation2.39relates the change in

current with respect to time for bulk electrolysis:

W mAobno Equation2.39

where
[(t) =current at time, A
A(0) = initial current, A

t = time of applied potential, s.

In Equation2.39 pis defined using Equatiai4Q

n ———— Equation2.40

where
mo = mass transfecoefficient of species O, cnit's
Aelectrode = area of electrode, ém

V= volume of solution, cf

Figure 2.5A-D show experimental arfitted currenttime curves during the EASA
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process using nickel foam as the electrode in surfactant/TE@f@lssdlutions for times of

applied potential of @ 80 secondd-itted curvesvere calculated using Equati@ri39

Calculated values fquw, and the corgondingcoefficient of determinatiomalues(/2) related to

the experimental data are presented in Taldle. As can be seen in FiguBe51A-D, the
calculatedcurrent valuesre inrelativegood agreement with experimental data, indicating that
the reduction of the chemical species, O, is characteristic of -@fdst reaction up ta

deposition time of 80 secondswever, deviation of the fitted curve from the experimental
occurs as théme of applied potential increases, indicative of a contribution to the current decay
by an additional mode.

Figure2 52A-C presentzurrent decay curves using nickel foam electrodes hgelol
soluions in the absence of TEOS16TAB,and NaNQ@, respetively. In the deposition time
range of @o 80 seconds, the absenceéboth TEOSandC16TAB 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 NajNthe 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 NaNO

At EASA deposition times greater than 80@eats, current decay occurs at a slower rate
(Fig. 2.1B71 2.3) and deviates from thaulk electrolysidehavior described in Equati@i39, in
which the current due to electrolysis becomes negligible. FR}BED shows experimental and
fitted current decay using Equati@B39for CL4TAB/TEOS solutions for g@sition time of
3600 secondshe calculated current decay in Fig@r82Dassumeshatthe p value for
deposition time of @o 80 seconds remains unchanged for the remainipgsitgon tme of 3600

secondsAs can be seen from Figu?es2D, Equation2.39predicts that current decays to a
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Figure2.51A-D Experimental(—) andfitted (-----) currenttime curves for nickel foam
electrodsin atypical sotgel solution containings C12TAB,B C14TAB,C C16TAB, andD
C18TAB surfactantswith time of applied potential &0 secondst 1.245 vs. SCH-itted
current-time curves were obtainesing Equatior2.39. Confidence intervals—= - ) were

calculated at the 95% level.
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Table2.16 Experimental and calculated values from Equafic@®for current decay in mixed solution containing 4.65 x T
NaNQG;and a surfactant/ TEOS molar ratio equal to @8&ng the EASA silica depdsin process using nickel foasubstrates as
electrodesValues were calculated for the deposition times-80&econds.

Surfactant taep (S) /(0) exp (MA) p(stx 103 R
C12TAB 80 -7.74 5.20 0.9990
Cl14TAB 80 -12.0 3.90 0.9992
C16TAB 80 -9.60 4.42 0.9996
C18TAB 80 -9.33 3.16 0.9997
C16TAB? 3600 -3.06 4.90 0.8034
- 3600 -3.95 3.55 0.9803
C16TAR’ 3600 -4.29 5.15 0.9983

®No TEOS present in solution.
®No NaNQ, present in solution.
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Figure2.52A-D Experimental(—) andfitted (-----) currenttime curves foanickel foam
electrode iPA aTEOSfree solgel solution containing C16TAH a surfactanfree soigel
solution, andCa NaNQ-free soigel solutionwith time of applied potential &0 secondsat
1.245 vs. SCEConfidence intervals= - ) were calculated at the 95% leviel Experimental
(—) andfitted (-----) currenttime curves foranickel foam electrode intgpical sotgel solution
containing C14TABwith time of applied potential #600secondst 1.245 vs. SCEH he fitted
currenttime curvesvere obtainedising Equatior?2.39
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steady state for deposition & greater than ~1000 seconfisis deviation of the currestime
behavior predicted by Equati@i39is likely due to lack of convection, as well as the formation
of a blocking layer in the form dilica/surfactanparticles on the stace of the nickeélectrode
which would allow for the conditions of Equati@39to adequately describe the bulk
electrolysis oklectroactive ionfor deposition times greater than 80 seconds and would predict
that the current would decay exponentially to a steady State.
The contribution to the current decay for deposition times greater than 80 seconds can be
attributed to the diffusion abnsfrom the bulk solution into the depleted concentratjcadient
near the silica/nickel foam electroderface. Thigliffusion limited current decagan be

expressed using the Cottrell equati&@ggation 2.41)*", which assumes a spherical electrode

geometry:

v~ A xn o~ p p :

QO ¢O® 00" —— +— Equation2.41
“00 l

where

a(t) = diffusionlimited current, A

n = stoichiometric number of electrons involved in an electrode reaction
F= Faraday constant, 96485.34 C/mol

Aelectrode = gEOMetric area of electrode, Tm

Do = diffusion coefficient of species O, ém'

G = the bulk concentration of species O, moltm

ro = radius of an electrode, cm.
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For diffusion at a spherical electrodeetCottrell EquationEquation2.41), can beewritten as:

PV S o) 0 6° :
MODPEAOEKAET A-AO i Equation2.42

For aplanar electrode (the firbtracketed term of Equation 2} Turrent approaches zero as
time approaches infinity, which predicts the lack of a steady state current at long deposition

times.

I ED ET AAO Equation2.43

However, the current contribution of a spherical electrode can be delsbyilkuation 2.44

| ERODE A QAR Equation?.44
The second term in Equati@¥1converges to a nerero limit as time of applied pential
increases, indicating diffusive steady state for spherical electrodes, due to the diffusion field
being able to draw material from an increasingly larger artfgeatuter limit of the diffusion
field. This results in the concentration gradient at the surface to be indepentitentimie of
applied potential”

For a qualitative approach to the description of current decay due to Cottrellian diffusion,
values forGy" and Dare 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 filfis*°® however, as discussed in

previaus sections, the absence of nitrate ions does not hinder the deposition or mesostructure of

153



silica particles on nickel foams in the EASA procés$sing4.65 x 10° M as the value o2,

taking thediffusion coefficient of nitrate ions in waté®( = 1.9 x 10° cn s), and assuming

nis equal ta2, diffusionlimited currens werecalculated for curresiime curves of nickel foam
electrodes in surfactant/TEOS solutions for times greater than 80 seconds using Exfiation
(Fig. 2.53AD, 2.54AD, and2.55A-D). Calculated values fdhe area of electrodeectrode),
radius of electroderg), and the coefficients of determinatiQf®) for calculateccurrent values
are presented in Tabk17.

As can be seen in Figurdss3A-D, 2.54A-D, and 2.5A-D, calculated diffusiodimited
current curves are in good correlation with expental 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/nickaduin electrode/solution interface.

Diffusion-limited current decay curves were calculated using Equatiifor nickel
foam electrodes in sa@el solutons in the absence of TEOS16TAB, and NaNQ
(Fig.2.56AC, respectively). While the experimentalrrent decay in the absence of TEOS in the
solution is in good agreement with the calculated current decay predicted by the diffusion
limited model(/2 equal to 0.9951)the experimental current decay in the absence of CL16TAB
exhibitscurrent fluctuationsot predicted byliffusion-limited current model, resulting in poor
correlation with the predicted diffusidmmited current decay.

Current decay behavior in a NahMdee solgel solution follows closely the predicted
diffusion-limited current decay calilated using Equation 2.41, with good correlatighgqual
to 0.9941); however, the calculated values of the radius of electif)de gignificantly increased
from the expected range (Table 2.17). This result, combined with that found of;MiedGo}

gel solutions for short deposition times, indicates the role of NalNthe EASA process is
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Figure2.53A-D Experimental(—) andfitted (-

electrodsin atypical sotgel solution containings C12TAB,B C14TAB,C C16TAB, andD

C18TAB surfactantsyith time of applied potential df253secondsat 1.245 vs. SCH-itted

curenttime curves were obtainesing Equatior2.41 Confidence intervals= - ) were
calculated at the 95% level.
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Figure2.54A-D Experimental—) andfitted (

electrodsin atypical sotgel solution containings C12TAB,B C14TAB,C C16TAB, andD
C18TAB surfactantsyith time of applied potential ¢426secondst 1.245 vs. SCH-itted
currenttime curves were obtainesing Equatior2.41 Confidence intervals= - ) were
calculated at the 95% level.
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Figure2.55A-D Experimental(—) andfitted (-----) currenttime curves for nickel foam
electrodsin atypical sotgel solution containings C12TAB,B C14TAB,C C16TAB, andD
C18TAB suractantswith time of applied potential 8600secondsat 1.245 vs. SCH-itted
currenttime curves were obtainesing Equatior2.41 Confidence intervals= - ) were
calculated at the 95% level.
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