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Abstract

The modification of ammonium-based surfactants used for preparing mesoporous silica films by
the electrochemically assisted surfactant assembly (EASA) were investigated by varying either the
surfactant chain length (as described in Chapter 3) or by increasing the size of the surfactant head
group (as described in Chapter 4). The silica films are formed by using an applied potential to
organise the cationic surfactants and the resultant current drives silica condensation in the sol
electrolyte. They contain a hexagonal array of pores in vertical orientation, i.e. perpendicular to
the substrate surface.

Grazing incidence small-angle X-ray scattering revealed that extending the alkyl chain length from
Ci4a to Cys resulted in the pore diameter measured by ellipsometric porosimetry shifting from

2.82 nm to 4.40 nm. Increasing the surfactant chain length to from C,; to C4 saw a collapse in
hexagonal ordering, however, vertical pore orientation remained. Following surfactant removal,
this work showed that mass transport was faster in the films obtained using larger surfactants.
Mesoporous silicas were prepared from sols containing surfactants with increasing head sizes,
specifically using [C1sH37NMes«Ety]Br, [CaoHaiNMes«Etx]Br and [C;2HasNMes«Eti]Br surfactants.
Grazing incidence small-angle X-ray scattering data showed a significant drop in peak intensity,
indicating the effect of the larger surfactants on the film’s porosity. Electron microscopy revealed
uniform and crack free films along with a gradual reduction in hexagonal pore structure as one,
two or three methyl substituents were replaced with less hydrophilic ethyl groups in the head
group of the surfactant. The CVs showed no faradaic current for films templated by [CisH37NMes.
1Et2]Br and [CisH37NMesoEts]Br. The charge transfer resistance was influenced by the ordering of
pores as the film formed using [CisH3;NMes.;Et1]Br showed an increase in charge transfer
resistance (830.2 Q) relative to those formed using the [CigsH37NMes.3Eto] Br surfactant (416.6 Q).
Ellipsometric porosimetry showed that the pore diameter of the silica films increased with
increasing head group sizes.

The effect of a surfactant on electrodeposition of nickel was also examined. Electroplating from
NiCl,.6H,0 in an acidified aqueous electrolyte containing [CisH3sNMes.3Eto]Br and boric acid is
described in Chapter 5. EDX and SEM analysis indicated the presence of elemental nickel and
existence of pores within the CTAB-templated films. The electrochemical surface area was larger
for the CTAB-templated nickel (6.0 X 10 cm?) than that of non-templated nickel (3.9 x 10 cm?).
The specific capacitance determined from CV studies of CTAB-templated nickel (1565 F g') was

also higher than non-templated nickel (822 Fg) at 5 mV s™.
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Chapter 1

Chapter1 Introduction

1.1 Porous materials

Porous materials are variously categorised based on their pore size, structure, shape, and

accessibility. These concepts related to classifications of porous materials will be discussed below.

Pores can be grouped based on their accessibility to the active surface as described in Fig. 1.1.
Pores which remain open can be accessible to a variety of molecules or ionic species in some
cases, the pores can be referred to as open pores through one end or pores that open at both the
interior and exterior ends.! The porous system can collapse if heat treatment is applied above the
material’s threshold temperature, preventing access to the surface. For porous materials, the
inability of a helium molecule to permeate through the pores at around 30 °C is referred to as
closed pores by Ruike et al.2 On the contrary, if a molecule or ion is larger than the pore diameter,

the porous system is stated to have closed pores.

Figure 1.1 Pore classification diagram based on their availability to the active surface, (a) blocked pores, (b),

(f) open pores at one side (c), (d), (g) accessible pores and (e) open pores at two sides.3

Another classification of pores is based on the geometric shape of the pores as described by the
International Union of Pure and Applied Chemistry (IUPAC) and Kaneko et al.>* Figure 1.2. shows
the pore classification corresponding to Kaneko which is split up into different geometric shapes
of cylinders, slit-shape, cone, and inkbottle. The classification of pores organised by Kaneko is
virtually in agreement with IUPAC but diverges slightly in that the cone-shape is replaced with a

funnel-based geometry.
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Figure 1.2 The classification of pores based on their geometry as organised by Kaneko.*

The pore diameter has important implications with regards to its applicability in industrial
settings. As previously mentioned, the geometry of pores is a means to define the pores. The
classification of pores that is adopted by IUPAC is based on Everett®, Sing® and later revised by
Dubinin’ et al. The pores were grouped according to their different sizes. Microporous materials
are categorised as having pore diameters ranging from 0.2 —2 nm, whereas mesoporous materials
contain pores in the region of 2 — 50 nm and macropores range from 50 — 1000 nm. There are a
range of materials that act as templates for example, anodic aluminium oxide8,
aluminophosphates®, metal organic frameworks®’, track etched polymer membranes?, zeolites??,
and silica'®. Anodic aluminium oxide (AAQ), track etched polymer membranes and mesoporous

silica are used as hard templates.®

1.2 Mesoporous silica

Zeolites are often regarded as ideal porous materials due to their molecular sieving properties
and tuneable pore diameter. However, despite the many marketable applications of zeolites
where ordered microporous systems are needed, there has been a constant demand for a range

of mesoporous materials in a variety of applications.!

In 1990, Yanagisawa et al.!® explored the synthesis of mesoporous materials that had similar
properties to that of MCM-41. The process involved the intercalation of the silicate kanemite with
an organic molecule which was later termed a structure-directing agent or surfactant. High

temperature treatment was required to remove the organic molecule to produce a three-
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dimensional network of SiO; layers exhibiting mesopores. It was also shown that increasing the

alkyl chain length in the trimethylammonium halide resulted in the pores expanding.

In 1992, Kresge!* and co-workers at Mobil cooperation discovered the family of mesoporous
materials based on silicates and aluminosilicates termed M41S. The synthesis of these materials is
based on the liquid crystal templating (LCT) mechanism where the template support is a
surfactant as opposed to metal ions or hydrated molecules but rather associated with the self-
organisation of micelles in solution. This family of materials have shown to have three distinct
phases i.e., MCM-41 (hexagonal), MCM-48 (cubic) and MCM-50 (lamellar or layered) (Fig 1.3).*
The porous materials have found their way into many applications such as catalysis,'® adsorption
medial’ and for the separation of chemicals,*® as the pores are uniformly packed with larger pore
diameters (2 — 50 nm) in relation to crystalline materials of zeolites. Moreover, it is also apparent
that a lot more studies have been carried out using MCM-41 compared to other silica-based

materials of the same family due to thermal instabilities.*®

A B C

Figure 1.3 Mesoporous (M41S) silica materials of (a) MCM-41, (b) MCM-48 and (c) MCM-50.%°

The synthesis of MCM-41 is based on the LCT mechanism which involves the interaction between
the positively charged quaternary ammonium head group of surfactants and negatively charged
silica species as the sol precursors. The surfactants (e.g., alkyltrimethylammonium bromide) act as
a template for the formation of micelles in solution. The cationic or non-ionic surfactants and the
silica species self-assemble to form hexagonal arrays, layered or cubic structures under high pH
levels and temperatures around 150 °C. The hexagonally arranged mesopores are formed by the
condensation of silicate species (i.e. a sol-gel process) around the micelles or by the silicate
species adsorbing on the exterior side of the rod-shaped micelle through electrostatic
interactions. The MCM-41 silica material possesses pore diameters between 1.5 to 10 nm and a

surface area of 1000 m? g1.14.20



The advancements of zeolite materials intrigued further development of mesoporous materials,
as they possessed high surface areas, high pore accessibility and ordered porosity. The expansion
of pores could be achieved and the functional properties could be modified by varying the type of
surfactant, silica reagent, and in some cases the use of swelling agents. The MCM-41 material is
an extremely good adsorbent. However, porous silicates and aluminosilicates reported by Kresge
et al.' included shortcomings such as low thermal, hydrothermal and mechanical stability in
comparison to zeolites due to their thin pore walls.2%?! The narrow pore diameters could also
impact the grafting process of a variety of functional organic groups. Yet, the ability to optimise

the porous materials at the nanometre scale has overcome many of these issues over the years.?

In the late 1990s, a novel class of well-defined mesoporous silica materials was produced by
scientists at Santa Barbara. The synthesis of the silica materials involves the addition of a template
and tetraethylorthosilicate (TEOS) as the silica precursor to an acid/water mix. Generally, block
copolymers containing ethylene oxide or propylene oxide linkers are used as non-ionic
surfactants.? The sol is aged overnight at high temperatures and filtration is used to recover the
amorphous solid followed by washing and drying under atmospheric pressure. The product
undergoes calcination at high temperatures to remove the surfactant therefore, SBA-15

(SBA = Santa Barbara Amorphous) which has a P6mm hexagonal pore structure with pore
diameters reaching as high as 30 nm with the support of swelling agents.?* The expansion in pore
diameters relative to MCM family of materials is possible as the longer chained triblock copolymer
consisting of P123 {[CH2CH;0]20[CH(CH3) CH,0]70 [CH2CH20120, EO20PO70EOy0} results in larger
micelles in solution when compared to smaller ionic based surfactants used previously. Initially, it
was assumed that MCM-41 was analogous to that of SBA-15 but with smaller pore apertures.
Nevertheless, it was later known that unlike MCM-41, SBA-15 exhibits microporous domains
within the mesoporous framework which is caused by permeation of the silica matrix by the
flexible and long chained polymer surfactants. Such interlayered meso-micro porosity results in an
increase in pore wall thickness and hence improves the thermal and hydrothermal stability in
comparison to MCM-41.2* As time passed, other block copolymers such as EQ10sPO70EO106 (F127)
were discovered, with this an example of a surfactant that was effective for confined cubic based
structures. The SBA family of materials with a diversity of structures include SBA -12 (3D-
hexagonal, P6mm), SBA-14 (layered structure), SBA-15 (2D-hexagonal, P6mm) and SBA-16 (body
centred cubic, Im2m).% The differences in descriptor properties between MCM-41 and their

counterparts are tabulated in Table 1.1.



Table 1.1 Descriptor properties of MCM and SBA silica materials.?®
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Descriptor SBA-15 SBA-16 MCM-41 MCM-48 HMS

properties

Name Santa Barbara |Santa Barbara | Mobil Mobil Hexagonal (H)

Composition of | Composition of | Mesoporous
Amorphous Amorphous
Matter no. 41 Matter no. 48 Silica

type 15 type 16

Surfactant Pluronic P123 Pluronic F127 CTAB CTAB Amines

Sol electrolyte |pH ~1 pH ~1 pH ~11-13 pH ~11-13 pH ~9

Structure 2D (H) 3D cubic 1D (H) 3D cubic Wormbhole
mesopores mesopores mesopores mesopores la3d | mesoporous
P6mm laue Im3m laue P6mm laue laue group structures
group group group

Pore diameter |4-30 nm 4-30 nm 1.5-10 nm 2-3nm 2-10 nm
uniform pores | non-uniform slow ion slow ion smaller than

pores transport transport SBA-15

Surface area ~ 1000 m?g? ~ 1000 m?g* ~ 800 m?g? ~ 1100 m%g? 800-1000 m?g?

Stability Wall thickness | Wall thickness | Thin walls of 0.9 | Same as Less ordered
up to 9 nm with |similar to SBA- | nm with poor MCM-41 but similar
good thermal 15 with good hydrothermal stability to
stability thermal stability | stability MCM materials




1.3 Mesoporous silica thin films

Mesoporous silica thin films are generally prepared through a surfactant templating mechanism
with uniform pore diameters ranging in the region of 2-30 nm. In 1994 Ogawa and co-workers?’
prepared porous silica films at the solid-liquid interface. It was not until later that coating
techniques were developed for the self-assembly of mesoporous silica. Three main types of
coating techniques have been discussed in the literature, these are dip coating, spin coating, and
spray coating.® The latter is often used to produce thin films of greater thickness. These processes
have been widely used today and are collectively referred to as evaporation induced self-

assembly.

1.3.1 The evaporation induced self-assembly method

The most common approach to prepare mesoporous silica films is by evaporation induced self-
assembly (EISA).*>% This method involves the preparation of an aqueous ethanol solution
containing a surfactant and silica precursors to produce a homogenous solution of stable species.
The initial surfactant concentration (C,) of the prepared solution is significantly lower in
comparison to the critical micelle concentration (C,.<<CMC). Once the films have been deposited
in solution by either dip or spin coating, the ethanol solvent evaporates from the deposited film
resulting in the surfactant concentration increasing which in turn triggers the self-assembly
process and micelle formation, producing well-organized porous structures in the liquid crystalline
phase before condensing the silica species. The EISA film can be calcined to clear the surfactant
and any residual solvent from the pores in addition to hardening the silica framework. Where
linear pores are present, such as in the P6mm hexagonal system pictured in Fig. 1.4, EISA tends to

produce ordered silica films with the pores horizontal to the substrate surface.
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Figure 1.4 The mechanism of mesoporous silica films produced by EISA.?°

1.3.2 The Stéber — solution growth method

Research into the growth of vertically aligned porous silica films has been reported by Teng et al.>°
They initially deposited films from solutions containing cetyltrimethylammonium bromide (CTAB),
a silica precursor, ethanol and ammonia at high temperatures using conductive substrates namely
indium-tin oxide. Stober-solution growth is based on the formation of hemispherical micelles of a
cationic surfactant on a negatively charged substrate, and interactions with silica oligomers
encouraging vertical growth of those micelles. This process can be used to prepare silica films with
continuous film coverage, low defect concentration, high thermal stability, uniform film thickness
and good mechanical stability. In contrary to the EISA method, the mesopores tend to be vertical,
i.e. perpendicular to the substrate, due to the way in which the formed silicate species interact
with the micelles at the solution-film interface.3° Pizzoccaro-Zilamy et al.3! prepared mesoporous
silica membranes by the conventional Stober-solution method. They discovered that extending
the growth process of porous silica from 15 to 62 hours led to an increase in the film thickness
from 25 to 50 nm. Furthermore, the presence of silica spheres on the film’s surface did not disrupt

the water accessibility performance which was three times greater than that prepared using EISA.



Other methods for the preparation of oriented films include magnetic field of high strength,3?
epitaxial growth,® and radio sputtering®*. However, these methods suffer from high cost for
formulation, increased pore disorder, limited substrate compatibility and long preparation times
to make very thin films. Figure 1.5 shows a schematic diagram of the formation of silica on a
conductive substrate and the elimination of surfactant by calcination to produce films with open

pores.

) Sol-gel reaction
Sol solution

of Si0,

Surfactant eliminated by Surfactant

calcination filled pores

Figure 1.5 The formation of vertical oriented mesoporous silica films by the Stober-solution method.

133 The electrochemically assisted surfactant assembly method

The electrochemically assisted surfactant assembly method (EASA) was discovered by Walcarius
et al.3>in 2007 and revealed that the preparation of vertically oriented mesoporous silica films
was possible under electrochemical control. The mechanism for porous silica formation involves
applying a negative potential to the substrate to be coated, while it sits in a solution containing

the surfactant and silica precursors dissolved in an ethanol/water mixture. This results in the
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generation of hydroxide ions in solution, and the pH swings from acidic to alkaline at the
electrode surface. The electric field is thought to play a pivotal role in the self-organization of the
cationic surfactant into hemi-micelles and the pH change catalyzes the polycondensation of the
sol, leading to mesoporous silica films with perpendicular (vertical) pore channels (2-3 nm) and
uniform film thickness (150-200 nm). Mesoporous silica films can be obtained by the EASA
method within as little as 20 seconds. The prolonged deposition of porous silica (> 20 seconds)
leads to the overgrowth of silica randomly scattered on the surface with similar hexagonal
structures to the underlying film. These are randomly oriented, so diffraction rings are observed
in grazing incidence small-angle X-ray scattering (GISAXS) experiments. The EASA method is
flexible in that parameters of surfactant, temperature, silica reagent and pH can be regulated to
fit specific applications. The deposition potential and time are important parameters in controlling
film thickness and pore order. Additionally, the versatility of this method has seen several
different substrates used for deposition of porous silicas and include ITO, copper, gold, platinum,
glassy carbon and titanium nitride.3>3%4* EASA films can also be prepared with zinc-doped indium
oxide substrates, organically improved ITO substrates and phosphorus doped silicon materials as

|37

reported by Cheng et a

An in-depth study by Goux et al.3® looks into more detail at the parameters that control the EASA
process for example, it was revealed that adjusting the surfactant: silica ratio from 0.16 to 0.64
resulted in the preparation of an amorphous nonporous framework, followed by a disordered
porous film, then ordered hexagonal structures, thus reiterating the careful parameter control for
the effective growth of ordered silica films with hexagonal pore structures. Figure 1.6 a
demonstrates that micelles can form on conductive surfaces at various arrangements such as
spherical, bilayers and cylindrical micelles as determined by the deposition potential and the
surfactant concentration. Figure 1.6 b shows a graphic of the EASA process used to produce

mesoporous silica films with vertical mesopores.
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Figure 1.6 The proposed mechanism of vertically aligned mesoporous silica films by EASA.38

1.4 The components for sol-gel synthesis

1.4.1 Surfactants

Surfactants have been an important component in the synthesis of mesostructured silica
materials as mentioned earlier. The choice of surfactant is crucial in the control of pore diameters,
wall thickness and symmetry of pore materials. The main type of surfactants typically employed
for porous systems are non-ionics and cationics. The largest group of surfactants are the anionics,
however they are used less frequently for the preparation of mesoporous silicas. Furthermore,

zwitterionic surfactants have not been used at all for preparation of porous silicas.

As previously stated, Kresge et al. synthesised MCM-41 silica materials using the well-known
cationic CTAB surfactant and TEOS as the silica supply through a LCT mechanism.* Hao et al.®
explored the possibility to prepare mesoporous silica nanomaterials using a mixture of cationic

and anionic surfactants through an ammonium catalysed sol gel process. They revealed that
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mesostructured silica of different shapes of films, platelets, spheres, and rods can be attained
with accessible mesopores. In porous silica films the pores could be directed normal to the
substrate by manipulating the CTAB and tetrabutylammonium iodide surfactant concentrations.
Tanev et al.*® demonstrated the synthesis of MCM-41 using a neutral amine surfactant (e.g.
dodecylamine) of different chain lengths and a neutral silica precursor. The templating method is
based on hydrogen bonding between the surfactant-silica components in turn giving rise to
porous silica materials with improved ordering. The increase in pore wall thickness improves both
thermal and hydrothermal stability of the porous system. An advantage of this neutral pathway is
that the surfactant can be recycled from the pores by solvent removal techniques.* In contrary,
the MCM-41 produced by the conventional method results in difficulty in surfactant recycling due
to charged sol precursors. It is also possible to synthesise mesoporous silicas with modified
surfactants to produce larger pores for instance, by increasing the surfactant head size, increasing
the alkyl tail length of surfactants or by using dimeric structures of Gemini surfactants where two

hydrophilic heads and two hydrophobic tails are connected by a spacer close to the head group.*?

Vila et al.®® reported the synthesis of vertically aligned EASA films using CTAB and
octadecyltrimethylammonium bromide (OTAB) as the organic templates. It was uncovered that
the pore diameter could be increased from 2.0 to 2.9 nm when switching from CTAB to OTAB and
this resulted in a retention in hexagonal structure and pore alignment. These outcomes suggest
that the EASA process is open to the modification of surfactants. Robertson et al.** reported the
electrochemically assisted deposition of silica using a surfactant with a bulky head group,
cetylpyridinium bromide (CPB) as opposed to CTAB. It was determined from GISAXS that a
reduction in hexagonal ordering was noticed however, there was a significant increase in pore
spacing compared to CTAB and that was linked to an increase in pore size. Gosh et al.* reported
the preparation and synthesis of mesoporous silica thin films using fluorinated surfactants of
different chain lengths of 11,11,12,12,13,13,14,14,15,15,16,16,16-tridecafluorocetyl pyridinium
bromide (HFCPB) and 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl pyridinium chloride (HFOPC)
which were compared with CPB using the EISA dip coating method. The authors realised that the
presence of CO, uptake (172 bar at 25 °C) for the fluorinated films led to a significant increase in
pore diameter for HFCPB (5.19 nm) and HFOPC (2.76 nm) examined from transmission electron
microscopy (TEM). Furthermore, the silica films with fluorinated surfactants were successfully
synthesised on low energy modified glass substrates whereas silica films with CPB were not
possible to synthesise using these substrates. Figure 1.7 illustrates a range of modified cationic

surfactants used to produce porous silica materials.
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Figure 1.7 Cationic surfactants (a) 11,11,12,12,13,13,14,14,15,15,16,16,16-tridecafluorocetyl pyridinium
bromide (HFCPB), (b) 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl pyridinium chloride (HFOPC), (c)
cetylpyridinium bromide (CPB), (d) hexadecyltrimethylammonium bromide and

(e) 1-hexadecyl-3-methylimidazolium chloride.

Dunphy and co-workers*® demonstrated an increase in pore size for F127 templated-mesoporous
silica films produced by EISA. They discovered that the diameter of 8 nm pores could be pushed to
around 15 nm, as determined by N, adsorption-desorption analysis. This was achieved by altering

the parameters of surfactant/silica ratio in the EISA process.

Vavra et al.*’ reported the synthesis of vertically oriented mesoporous silica films by EASA. The
authors found that replacing CTAB with 1-hexadecyl-3-methylimidazolium chloride (C1sMIMCI)
maintained the hexagonal structure and alignment along with a distinct pore size of 2.5 nm, as

estimated by TEM.
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For the preparation of EASA films, the surfactants that are most frequently used are cationics such
as CTAB. Moreover, EASA films can also be synthesised by using cationic surfactants of increasing
alkyl chain lengths or substituting the halide counter ion. Whereas anionics, neutral and

zwitterionic surfactants have not been used for producing EASA films.

1.4.2 Swelling agents

A well-known method for enhancing pore size is the use of swelling agents. The method involves
organic molecules passing into the hydrophobic region of the micellar structure resulting in its
expansion. The most frequently used swelling agents for mesoporous silicas are benzenes with
alkyl substituents such as 1,3,5-trialkylbenzenes, xylene, ethylbenzene, and toluene. Namba et
al.*® prepared silica materials through a hydrothermal process using 1,3,5-trimethylbenzene
(TMB) or 1,3,5-triisopropylbenzene (TIPB). The introduction of TMB resulted in the Barrett-Joyner-
Halenda (BJH) pore size of MCM-41 expanding to 12 nm. However, the silica material showed a
degradation in hexagonal pore ordering and a lowering in thermal and hydrothermal stabilities.
On the contrary, the synthesis of MCM-41 with TIPB led to increases in pore order and higher
levels of thermal and hydrothermal stabilities but the BJH pore size did not exceed 4 nm. Cao et
al.Z prepared Pluronic P123 templated SBA-15 materials with larger pore diameters using
cyclohexane, 1,3,5-triethylbenzene (TEB) and TIPB as the swelling agents. It was concluded that
the presence of TIPB gave rise to a BJH pore diameter around 34 nm with good retention in the
2D hexagonal pore structure. The swelling agents of cyclohexane and TEB were also used to
expand the SBA-15 mesopores. The former was found to be effective in pushing the pore
diameter to around 15 nm whereas TEB led to a significant lessening in the pore ordering as
determined by small-angle x-ray scattering (SAXS). Figure 1.8 displays a series of swelling agents

used to push the pores to greater diameters in mesoporous silica materials.
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Figure 1.8 A list of swelling agents used for pore size expansion in mesoporous silicas.

Swelling agents have also been incorporated in EASA films for pore expansion. For example,
Guillemin #° et al. used TMB to increase the pore diameter of CTAB templated silica film while
maintaining a reasonable and regular pore structure. They determined from electron microscopy
and cyclic voltammetry studies that larger pore diameters were obtained when using specific
amounts of TMB in the sol electrolyte. Even though the pore diameter increased, this was
compromised by poor hexagonal ordering of the silica film when using TMB. On the other hand,
Robertson et al.* synthesised EASA films with CTAB on titanium nitride electrodes. They
determined that additions of TMB to the sol at specific ratios afforded increases in pore diameter

determined by electron microscopy to be 2.4 nm from 1.6 nm with the hexagonal structure intact.
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1.5 The functionalisation of mesoporous silica materials

Changes to the surface chemistry of mesoporous silica has attracted many researchers from
across the world. The modification of the porous silica material with organic reagents manipulates
the physicochemical properties of the materials. This ability has brought great importance to
many applications of adsorption, sensing, ecology, and nanotechnology.>® The incorporation of
organic reagents in the porous material favours the fine tuning of properties including
hydrophilicity, hydrophobicity, acidity and basicity, shielding the silica surface from any unwanted
chemical reactions and the modification of the silica surface while simultaneously showing
excellent stability towards sol-gel reactions.> Another advantage of introducing functional groups
in the pore channels is the possibility of expanding the pore diameter as well as the surface
properties which could either increase or decrease the rate of mass transport of various ionic
species depending on the hydrophobic or hydrophilic nature of the pore walls along with the size
of active species. However, it is essential that select functional groups are applied to stop the
functionalised film from acting as barring gates to select ions in solution when undergoing pore

transit measurements.

These functionalised materials are generally synthesised through two methods. The first one
consists of two steps; the synthesis of porous silica followed by the grafting of the silica surface by
organosilanes. The benefit for modifying porous silica is that the incorporation of organic
molecules does not significantly reduce the pore ordering and alighment of the material.
Additionally, the selective functionalisation of porous silica is achieved by bonding the functional
group to silanol groups (Si-OH) on the walls by continual grafting methods as shown in Fig 1.9. The
most used approach for surface manipulation is by silylation.** Dioum et al*? modified porous
SBA-15 silica materials through grafting of aminopropyltriethoxysilane (APTES) or N-
(trimethoxysilylpropyl)-N,N,N-trimethylammonium chloride (TMTMAC) to determine whether
silica modification improves the adsorption of nitrate ions in water. The results show that
TMTMAC functionalised SBA-15 displays good adsorption capacity of NOs (62.5 mg g?) at 25 °C.
Vila and co-workers® evaluated the multi-step grafting of azide and ferrocene groups using the
classic reaction based on click chemistry involving the Huisgen cycloaddition. Upon assessing the
electrochemical performance, they discovered that the peak currents were significantly
influenced by the concentration of supporting electrolyte. A detailed study by Fukuda et al.>*
reported the synthesis of porous silicas of MCM-41, SBA-15, and HUS-6. It was found that the
material could be modified with the addition of a titanium source (Ti(acac),) to the silica surface
for enhanced catalytic behaviour for epoxidation. This shows that the synthetic grafting of
materials is not limited to organosilane reagents, but that transition metals can also be

incorporated whilst retaining porosity.



Figure 1.9 The post synthesis grafting of silica pore walls with organic reagents.*

Another route to the functionalisation of the silica surface with organic groups is by the
co-condensation method as shown in Fig 1.10. Unlike the grafting method, the organosilane
reagent is added in the sol electrolyte mixture containing the surfactant and silica precursors.
Griselda Castruita-de Leon successfully produced functionalised MCM-48 through co-
condensation using APTES.>®> The XRD data of porous MCM-48 showed high structural ordering
after the anchoring of APTES on the pore walls. Furthermore, the fine tuning of reaction time and
concentration of APTES were important in controlling the amount of amino functional groups on
the walls. The preparation of organically modified mesoporous silica films using EASA has been
studied by Guillemin and co-workers.>® They revealed that the co-condensation of two silica
precursors of methyltriethoxysilane (MTES) and TEOS resulted in the chemical modification of the
silica surface and more importantly, the pore ordering and orientation remained constant despite

the film containing MTES at a molar ratio of 60 %.

Nevertheless, the two-step functionalisation of silica materials is often structurally more stable
and unreactive towards hydrolysis than the one-step co-condensation process. Another
advantage of the grafting approach is that the surfactant template can be extracted by calcination
prior to the grafting of functional groups to the walls. However, an uneven distribution of organic
reagents to the active sites is most frequently seen with the grafting method. On the other hand,
the one-step synthesis has the advantage of high loading of organic groups in both the inner and
outer pore channels than post synthetic functionalisation by grafting, uniform distribution of

functional groups on the silica surface and faster preparation times. For example, Robertson et al.
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investigated the post synthetic grafting of organosilane reagents in EASA films templated by CTAB.
It was discovered that larger functional groups attached to the silane molecule would only react
at the necks of the small pores produced by EASA as opposed to smaller organosilane grafting
molecules, as indicated by 2°Si nuclear magnetic resonance (NMR) spectroscopy. Furthermore,
the co-condensation process has its drawbacks for instance, greater care is needed to remove the
surfactant template used to produce the silica film. The calcination process is not used as it would
have a negative effect on the functionalised pore walls. Although, Soxhlet extraction is commonly

used to remove the surfactant from the mesopores, an incomplete removal of surfactant is mostly
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Figure 1.10 The one step co-condensation method to functionalise the silica pore walls with organic

reagents.’



1.6 Mesoporous metals and metal oxides synthesised by hard and soft

templates

The soft templating approach consists of two methods namely the ligand-assisted method and by
EISA. Soft templating uses molecular species which includes organic surfactants and block
copolymers or a liquid crystal to form the template. The process between the molecular species
and metal ions is directed by weak van der waals forces, electrostatic interactions and hydrogen
bonding.> In the ligand-assisted approach a metallic precursor is covalently bonded to the
surfactant head group before hydrolysis®. Even though mesoporous silica materials can be
functionalised with transition metal cations, it was not until 1995 when Antonelli et al.>” reported
the first synthesised mesoporous transition metal oxide using linear chained surfactants of alkyl
amines. The ligand-assisted approach was also useful in the preparation of mesoporous Ta;0s and
Nb,0s.%%>° These templated materials have well-ordered mesoporous structures and amorphous
walls. The need for mesoporous materials with larger pore diameters and higher surface areas for
several applications led to the exploration of non-ionic surfactants. For instance, the commercially
available poly (ethylene oxide)- b- poly (propylene oxide )-b-poly(ethylene oxide) (PEO-PPO-PEQ)
block co-polymers are found as Pluronic P123 and Pluronic F127 or other in house copolymers as

surfactant templates have been successfully utilized in alcoholic solutions.®%%°

The idea of using hard templates has created new opportunities for producing novel mesoporous
materials. The term “nanocasting” has been used interchangeably with the hard templating
approach and was first designed using the Al,Os porous membrane as hard template.®! These
porous Al,0O3 templates have been used to synthesise metals, metal oxides and metal sulphide
mesoporous structures by chemical vapour deposition and electrodeposition.*® The pore
diameters obtained from these materials are typically larger than 15 nm with highly disorganised
porous systems. Well-ordered mesoporous silicates may serve as viable alternatives to porous
Al,0; membranes. Mesoporous silicas were first used as a hard templates for preparing CMK-1
and 3D mesoporous carbon.®? Even though the method was initially used for synthesising
mesoporous carbons, it was later used for metal oxides. A range of functionalised or non-
functionalised mesoporous silicas or mesoporous carbons have been employed as hard templates
which include SBA-15, MCM-48, KIT-6, SBA-16, FDU-12, and CMK-3.%° Nasir et al. prepared
mesoporous silica thin films through EASA and was used as the hard template for the synthesis of
Au in the form of nanowire arrays.® Bartlett et al. used AAO membranes as hard templates for
producing Sn nanowires with feature sizes as low as 7 nm. However, the deposition of Sn
nanowires in vertically aligned mesoporous silica films with 1.5 nm pores did not lead to wires

that could be observed by TEM, possibly due to tin being very mobile at this scale.®® Goux et al.®*
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demonstrated the electrodeposition of Prussian blue nanowires in porous silicas produced by
EASA but found that the deposition process suffered from molecular sieving properties of the

template.

The advantages of soft templates are that surfactants can be cheap; the synthesis is
straightforward and easy compared to hard templates. Additionally, materials can be synthesised
at relatively low temperature levels. The primary disadvantage to this approach is that products
obtained from soft templates usually have amorphous or semi-crystalline walls and poor thermal
stability which is similar to silica materials synthesised under similar conditions and so limiting

their usage in a variety of applications.®>°

There are numerous advantages to the hard template approach for example, metal oxides with
highly crystalline pore walls are possible using hard templates of mesoporous silicas as they
prevent the material from damaging under high temperature conditions. The incorporation of
lithium into mesoporous materials of transition metal oxides can significantly widen the array of
mesoporous materials produced as well as providing a better outlook to potential applications.
Nevertheless, the hard template approach also has its shortcomings. For instance, the stability of
the mesoporous metal oxides is heavily reliant on solutions used to remove the silica template
and so HF and NaOH might pose problems in this regard. Therefore mesoporous CMK-3 carbon is
used as an alternative for the preparation of mesoporous ZnO, Al,03; and MgO, as the porous
carbon template can be removed by calcination.>® Figure 1.11 a shows a schematic representation
of SBA-15 which is used as the hard template. Whereas Figure 1.11 b and c presents MCM-48 as

the template used to synthesise 3D mesoporous carbon and a network of porous platinum.
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Figure 1.11 (a) A schematic of the hard templating process and top view TEM micrographs of (b)

mesoporous carbon (CMK-117) and (c) a network of platinum atoms using MCM-48 as hard template.>%¢

1.6.1 Applications of mesoporous metals and metal oxides

Mesoporous platinum films can be prepared by electrodeposition from a lyotropic liquid crystal
(LLC) templating electrolyte. Attard et al.®” used non-ionic surfactants of octaethyleneglycol
monohexadecyl ether (C16EQs) as the template to produce metallic platinum films with well-
defined network of pores. Such materials have potential as electrode materials in
supercapacitors, batteries, and fuel cells. Metallic nickel films have been successfully
electrodeposited in LLC medium with CigH33(-OCH,-CH;)100H (Brij 56) and HO-[C;H40]15-(CH,) -
(CH3)-O-CH,-CH>-[CH,]15-CH5 (Brij 78) as the surfactant templates. The ordered mesoporous nickel
films have pore spacings between 5 and 8 nm with the surface estimated to be 100 times larger
than the nonporous nickel films.®8 It is also possible to synthesise mesoporous nickel oxide (NiO)
films by heat treatment of the mesoporous nickel films mentioned earlier under atmospheric
conditions at a range of temperatures. The specific capacitance of 590 F g was observed for the
mesoporous NiO films after annealing at temperatures above 200 °C for a duration of 1.5 h.%®
Attard and co-workers’ developed mesoporous platinum-ruthenium alloys from LLC electrolytes
containing non-ionic polymeric surfactants. Electron microscopy studies showed the hexagonal
array of pores with an estimated pore diameter of 37 A. Such materials have shown potential as

porous catalysts.
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1.7 Aims and objectives

The electrochemically assisted surfactant assembly is a method for preparing aligned thin films
with vertical mesopores. To-date, this method has not produced mesoporous silica films with
pore diameters exceeding 2-3 nm. While it has been shown previously that it is possible to
electrodeposit nanowires into porous silica templates,®® the stability of very small nanowires of
some materials is poor in pores with diameters below 2 nm. Hence, producing EASA films with
larger vertical pores is the focus of this thesis. The aim of this thesis is therefore to expand the
range of surfactants, by varying the chain length or the size of the head group and explore their

application in EASA for the expansion of pore -diameters beyond the current 2-3 nm limit.

In detail, the surfactants will be modified by extending the single straight alkyl chain with a fixed
trimethylammonium head group. A second approach to surfactant modification is to increase the
surfactant head size whilst simultaneously increasing the alkyl chain length. Such changes to the
surfactant functionality are used to produce EASA films and characterised by GISAXS, CV, EIS,
TEM, SEM, and ellipsometric porosimetry to determine whether the hexagonal pore structure and
vertical pore orientation are maintained whilst increasing the pore spacings, mass transport
properties, and hence pore diameter. Additionally, the effect of surfactant on the
electrodeposition of nickel in acidified aqueous solutions will be examined. Subsequently, the
electrochemical performance of these films will be studied to determine their potential as

electrodes in supercapacitors.
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Chapter 2  Experimental methods

This chapter reviews the basic principles of a variety of instrumentation used in this thesis. It
begins with details on materials characterisation methods to determine the content of surfactants,
pore orientation and structure, surface topography and composition of mesoporous silica films
using NMR, mass spectrometry in the positive ion electrospray ionization mode, GISAXS, scanning
electron microscopy (SEM) and TEM. Furthermore, this chapter describes the gas adsorption
methods for quantifying pore size distributions of a range of mesoporous silica films. Finally, this
chapter concludes with a discussion of electrochemical techniques used for pore accessibility
measurements of a range of silica films using cyclic voltammetry (CV) and electrochemical

impedance spectroscopy (EIS).

2.1  Nuclear magnetic resonance spectroscopy and mass spectrometry

In this study, *H and *C{*H} NMR data for the surfactants in D-chloroform and D-methanol were
collected with a Bruker AVII400 spectrometer at 25 °C. Solutions for mass spectrometry were
prepared by dissolving 50 ug of the surfactant in 1 ml of methanol. The surfactants were analyzed
using ultrahigh performance liquid chromatography (UHPLC) system coupled to a TQD mass
tandem quadrupole mass spectrometer (Waters) with a TUV detector at 254 nm. The
chromatography analysis was carried out on a Waters BEH C18 column (50 mm x 2.1 mm, 1.7 um)
with a flow rate of 0.6 ml/min. The mobile phase was made up of 0.2 % formic acid in an aqueous
solution and 0.2 % formic acid in acetonitrile. This was followed by the recording of the mass

spectrum in the positive ion electrospray ionisation mode.

2.2 X-ray diffraction

In X-ray diffraction, we have an X-ray tube, a sample holder, and an X-ray detector (Fig.2.1). The
source emits monochromatic X-rays towards the sample then, the X-rays are scattered by
electrons in the atoms within the sample which is then recorded and processed by the detector.
Copper and molybdenum are the most normally used target materials which have X-ray
wavelengths of 154.18 pm and 71.07 pm respectively. Interference between the scattered X-rays
can be constructive in certain directions, where the difference in path length between scattered
X-rays by different crystal lattice planes equates to an integral number of wavelengths, and this
phenomenon is referred to as diffraction. This is described by Braggs law (shown in equation (Eq.)

2.1) where A is the X-ray wavelength, n is an integer, d is the real space dimension between the



planes of atoms in a known object and 8 is the angle between the planes of atoms and incident

X-rays.!

Figure 2.1 A schematic of a 2D lattice structure with grid lines representing sets of planes. In phase

diffraction is produced when X-radiation falls onto the sample at an angle defined by the Bragg equation

(Eq. 2.1).
2dsin 8 =nA Eqg. 2.1
221 Small angle X-ray scattering

SAXS is a technique whereby X-rays are elastically scattered by the sample at very low angles,
most often between 0.1-10°. SAXS provides information on ordered and non-ordered systems
including pore size distributions and nanosized objects generally in the range of 0.5 and 100 nm.>2
For ordered assemblies, Braggs reflection is seen just like with X-ray diffraction, but with larger
d-spacings and hence smaller diffraction angles. However, non-ordered systems still have features
associated with shorter-range correlations that can also be used to gain structural understanding.
Palaniappan et al.> demonstrated the synthesis of mesoporous silica films using sol gel chemistry
together with a calcination technique involving argon plasma. It was understood that upon
elimination of CTAB from the pores, mesoporous silica was obtained, then analysed by SAXS

confirming the disorganised porous structure.
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2.2.2 Grazing-incidence small-angle X-ray scattering

Grazing-incidence small-angle X-ray scattering (GISAXS) is a technique whereby the scattering of
X-rays by electrons within a sample surface is used to quantify interfaces of micro- and nano-
structured systems, thin films, and coatings, amongst others. This research study has shown that
GISAXS is a useful technique for the determination of pore orientation and structure of ordered
mesoporous silica films. The in-plane and out-of-plane modes relay important information on the
mesopore direction of ordered systems. The combination of instrumentation of GISAXS and TEM
provides further clarity on structure by relating 2D GISAXS and TEM images, providing detailed
observations on porous networks, Laue group and any variations to the mesophase, for example
pore disorder. The GISAXS experimental geometry is shown in Fig.2.2, where an incident beam
penetrates the sample surface at a small angle « and the beam scattered by the sample is
recorded with built in 2D detector with respect to the exit angle ar and the scattering angle ¢. The
scattering path is denoted as g, and g,and the incident beam angle is close to the critical angle of
the substrate, the angle responsible for the total external reflection of X-rays.* GISAXS can also

provide parameters of pore spacing a, (Eq. 2.2) which is directly linked to d-spacing.
ao = d10/c0s30 Eq. 2.2

In this research study, a Rigaku Smartlab X-ray diffractometer with a Hypix-3000 2D detector was
used for GISAXS experiments. The incidence angle for all silica and nickel samples were 0.25° and
0.4° with measurements collected as 2D images or as 1D scans collected in-plane with 0.5°

incident and 0.228° exit Soller slits and an angle range of 1-10° and 20-100° 26.

Figure 2.2 A schematic diagram of a GISAXS experimental set up consisting of an incident beam angle (ai),

exit (af), and scattering angles (W) with the scattering path denoted as g, and qy.*



2.3 Scanning electron microscopy

Scanning electron microscopy (SEM) works by generating monochromatic electrons of high
energy at potentials ranging from 1 to 40 kV. A beam of these electrons is rastered across the
sample surface as shown in Fig. 2.3. The kinetic energy of the beam creates ionized electrons
within the sample, producing a range of signals of secondary electrons, photons, and
electromagnetic waves e.g., visible light. The detector gathers the electrons and provides
information that is processed by the computer to produce an image. The electrons required for
the creation of a sample image are backscattered and secondary electrons. The secondary
electrons are important for the determination of the sample topography, while backscattered
electrons display contrasts in the sample composition. The interaction between the primary
electrons and the specimen within a three-dimensional zone is referred to as the interaction

volume. Unlike TEM, large and thick silica samples can be investigated using SEM.>

Scanning electron microscopy (SEM) used in this thesis was a Jeol JSM-6500F, JSM-7200F and
Zeiss Sigma 500 with a field emission gun and built in energy dispersive X-ray spectrometer (EDX)
operating at an accelerating voltage of 5 kV. The samples used were non-conducting porous silica
films. The SEM images were often distorted by charging, the build up of static charge density on
the sample surface. To overcome charging, the porous silica films were coated with a thin layer of
gold to improve the conductivity of the material before obtaining top view and cross-sectional

scanning electron micrographs.

Incident beam

@ of electrons Mterg
+ Clect d
I‘on
S@Co
’)O/e
@/e . /1’
/‘OOS
Mesoporous silica
sample
Interaction
Electrons volume of
transmitted electrons

Figure 2.3 Electrons released from the sample surface when high energy electrons from the SEM hit the

sample.
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2.4 Transmission electron microscopy

TEM is based on the emission of electrons from an electron gun, the electrons are typically
accelerated at a voltage range of 60-300 keV. The resolution is about 1 A due to the position from
the optical lens centre, also referred to a spherical aberration. In the past twenty years, the
development of the spherical aberration has seen significant improvements in the TEM
resolution.® TEM requires a high quality vacuum (usually < 10" mbar) to alleviate the scattering of
electrons in all directions. The electrons are then focussed using the magnetic lenses which allows
the electrons to be directed towards the sample surface which in turn is detected electronically
using a detector as presented in Fig. 2.4. The sample thickness is required to be very thin at the

nanometre regime therefore, making it easier for electrons to interact with the sample surface.”?

Scanning transmission electron microscopy (STEM) micrographs of the mesoporous silica films
used in this thesis were recorded by Yisong Han (University of Warwick), using a JEOL ARM200f
double-corrected TEM performed at 200 kV. STEM is different from TEM, as in STEM the focused
electron beam is scanned on specific points on the sample, whereas in TEM a parallel electron
beam is focused over large areas of the sample.® TEM samples were prepared by removing a flake

of silica from the film with a scalpel and attaching it on a TEM grid.



4———— Electron

un
Electron -’-V/ &

\
beam Anode

——————— Magnetic

lens

Sample

holder

Projection

lens

< TEM imaging screen

Figure 2.4 A schematic of the principles of TEM.

2.5 N2 sorption analysis

Porous materials can also be classified based on their adsorption properties. The adsorption of
gases inside porous materials is expressed by an adsorption isotherm, whereby the amount of gas
adsorbed is measured at constant temperature as a function of partial pressure. There are six
different types of isotherms described by IUPAC® which relate to pore structures of different
shapes and sizes (shown in Fig 2.5). Microporous materials typically generate type | isotherms.
These examples include zeolites with molecular sieving properties, porous oxides, and carbons. In

type |, a large amount of gas fills the micropore region at lower partial pressure (p/p°). Type Il
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isotherms relate to nonporous or microporous materials. Type lll plots associate with
microporous materials and type IV and V sorption plots show information on materials
characteristics of silicas, carbons, and alumina. It is to be noted that a hysteresis loop is observed
owing to condensation in the pores and formation of a meniscus which means that the liquid is
more difficult to evaporate hence, it is removed at lower partial pressure than when it condensed.
The stepwise plot for type VI isotherm constitutes to several adsorption layers for materials of
carbon black and graphitic samples. In the isotherms of type Il and IV (shown in Fig 2.5), the point

B signifies the completion of monolayer coverage and the initiation of multilayer adsorption.*°

1S

3

g B

8 <

§|v v vi

i ] | /1
B
<

Reiative pressure p/p°

Figure 2.5 A categorisation of adsorption isotherms according to IUPAC with hysteresis loops in type IV and

V isotherms.!!

Hysteresis loops were initially classified according to De Boer!? and later revised by IUPAC. Fig. 2.6
shows the hysteresis classification based on IUPAC, type H1 is most often seen for porous
materials with cylindrical pores or clusters of homogeneous spheres. Type H2 is attributed to
disordered porous materials and when the shape and size of pores are not well defined. H3
hysteresis is ascribed to pores having slit shaped features, while type H4 hysteresis loops are
accredited to porous systems with tapered pores.!® The hysteresis loop of H5 has a characteristic
form which is related to mesopore structures with a combination of open and partially closed
pores. A common example of this phenomenon is noticed in hexagonally ordered templated

mesoporous silicas.™
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Figure 2.6 The correlation between pore size and shape and adsorption isotherm.*3

The Kelvin equation (Eq. 2.3) describes the filling of pores through multilayer adsorption from the
nitrogen gas phase where, y is the surface tension, V; is the molar volume, p/p° is the
comparative pressure and ry, is the measured radius of droplets.'* However, the method
produced by BJH in 1951 is still applied today for the calculation of pore size distribution from a

suitable nitrogen sorption isotherm.

In (p/po) = YV1/rmRT Eq.2.3

251 Ellipsometric porosimetry

Ellipsometric porosimetry (EP) measures the variance in polarisation as radiation is emitted from
the sample and is very good for characterising sample surfaces and thin films. This technique has
the capacity to measure pore size distributions to the nanometre scale and does not need sample
preparation or scratching of the sample surface. It is also capable of measuring multilayer thin
films with different compositions with consistency. The EP technique is utilised by monitoring the
optical properties of the porous system during capillary condensation to determine the amount of
solvent condensed or adsorbed in the pore channels. The technique consists of an organic solvent
(e.g., toluene) and a vacuum pump. Before carrying out the experiment the vacuum system is

cleaned of any residue before the organic adsorptive can enter the system. The porous materials
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are usually heated to very high temperatures to remove water from the pores. Once the gaseous

solvent vapours enter the vacuum, this provides a means to the study of pore size distribution.®

A Dynamic Vapour Sorption instrument together with a FS-1 multi-wavelength ellipsometer (Film
Sense, USA) was used to acquire EP data. The measurements were performed in an
environmental chamber at constant conditions of ambient temperature, at atmospheric pressure
and a partial pressure range of 0-95 % P/P,. A mass flow controller and a sound sensor were used
to sustain and observe the partial pressure throughout experimental analysis. The experiments
were performed at an incidence angle of 65 ° using four wavelengths of 465, 525, 595 and 635 nm
to generate high signals in the detector. Changes in refractive index values were measured
continuously during the experiment, which allowed for the volume of toluene present within the

pore surface to be calculated using the Lorentz-Lorenz effective medium approximation.®

2.5.2 Cyclic voltammetry

In cyclic voltammetry (CV), the potential at the working electrode is ramped at a constant rate from
one value to another while the current is measured, then the direction of the potential is ramped
back to the original value. The current or current density is plotted vs. applied potential. CV was
used to determine the accessibility of the pores in the mesoporous silica films on ITO electrodes
using a range of redox probes. The aqueous probe solution was made up of 0.5 mmol dm3
ferrocenemethanol, Ci11H1;,FeO (FcMeOH), 5 mmol dm™ ([Ru(NHs)e]Cls), or 0.5 mmol dm™ each of
(K3[Fe(CN)e]) and (Ks[Fe(CN)g]-3H20), in all cases with 0.1 mol dm NaNOs; supporting electrolyte.
The advantage of neutral transition metal ions is it’s ability to diffuse through the anionic silica
surface without the probes experiencing electrostatic interactions with the silanol groups
connected to the pore walls. However, positively charged transition metal ions demonstrate an
accumulation effect due to electrostatic interactions with the silica surface. This is observed
through changes in the current from CVs.'” The NaNOs supporting electrolyte was used to improve
the conductivity in solution, whereas water provides an accessible potential window from -1 V to
1 Vin order to undergo electrochemical measurements. The working electrode was the ITO coated
with mesoporous silica, a platinum gauze was used as the counter electrode and the reference

electrode contained Ag/AgClin 4 mol dm= KCl solution. The potentiostat used was a Biologic SP150.

253 Electrochemical impedance spectroscopy

An electrochemical cell is used to generate an electrical current from reactions involving redox
species, which is influenced by the concentration of redox active species, charge transfer and

mass transfer from the electrolyte towards the electrode, as well electrolyte resistance.



Therefore, EIS is useful in the investigation of diffusion processes, charge transfer and mass
transfer. The impedance is different from resistance, as it does not directly follow Ohm’s law, but
is involved in multiplex electrical systems. The impedance of a particular system follows Eq. 2.4,
where Z is the impedance, E is the voltage, | is the current, w is the frequency, and ¢ is the phase

shift. The terms of magnitude (Z,) and ¢ are used to represent impedance.'®
Z=E/1=2Z,exp(idp) = Z, (cosd + isind) Eq.2.4

The EIS plot of imaginary part (Zimag) as a function of real part (Zreal), a “Nyquist graph” is
produced. On the x-axis, low frequency impedance is seen at the right side of the graph, while the

left side comprises of the high frequency region.

By applying a negative potential to a conductive electrode and monitoring the current, it is
possible to measure the impedance. An EIS experiment was first reported in 1975 where the
variation in sinusoidal potential and current was recorded. The Nyquist graphs (shown in Fig 2.7)
display information on an electrochemical process related to the reversible transfer of electrons
at the solution-electrode interface and is simulated using a simple Randles equivalent circuit
where R;, Ret, Cqi and Zy are the electrolyte resistance, charge transfer resistance, double layer
capacitance and Warburg impedance. The diffusional processes that take place at the solution-
electrode interface is defined by the Warburg impedance which can be obtained from the sloped
line at 45 °. The Nyquist graph is highly reliant on the working electrode component and the
electrochemical signal from the electrodes surface or in the electrolyte. Therefore, a range of
Nyquist graphs could be produced, for instance, one semicircle, two semicircles or a half X 2 semi

circles are possible for certain electrochemical systems.!®
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Figure 2.7 A typical Nyquist plot of both experimental and simulated data for an electrochemical system. A
simple Randle’s equivalent circuit was used to obtain Rs, Ret and W from the x-axis which represents Zrea. An
AC potential of 5 mV was used with an applied frequency range of 10,000 to 0.1 Hz using 1 mmol dm-3

(Ks[Fe(CN)s]) as the redox active species.’® An increase in Rt is noticed from green to black Nyquist plots.

In this thesis, EIS data for the films with [CisH37NMes3Eto]Br, C1sTAB and [CisH3sNMes.»Et;1]Br,
C.sDMEAB were recorded with a frequency range from 250 kHz to 100 mHz whereas EIS data for
the films with [CigH37NMes.1Et;]Br, C;sDEMAB and [CigsH37NMesoEt3]Br, C1sTEAB were recorded
with a frequency range from 500 kHz to 100 mHz. A perturbation amplitude of 10 mV was applied
in both cases, using an aqueous solution of 0.5 mmol dm3 (Ks[Fe(CN)e]) with 0.1 mol dm3 NaNO3
as the supporting electrolyte. The working electrode was a silica/ITO coated film, the counter

electrode was a platinum gauze, and the reference was Ag/AgCl in 4 mol dm KCl solution.
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Chapter 3

Chapter 3  Increasing the diameter of vertically aligned,

hexagonally ordered pores in mesoporous silica films

This chapter focuses on the variation in pore size in mesoporous silica films produced by
electrochemically assisted surfactant assembly (EASA) as a function of surfactant chain length. The
cationic surfactants of C,0TAB, C,2TAB and C.4TAB were synthesised by reaction of the appropriate
alkyl bromide and trimethylamine under reflux. GISAXS revealed that extending the alkyl chain
length from Ci4 to Ca4 resulted in an increase in diameter from Ci4 to Ca,, followed by the collapse
in the hexagonal pore order for C,4, however, vertical pores remain present within the silica film
from the latter, as shown by TEM. The pore spacings started to plateau for Czo, C2; and Cz4
surfactants, suggesting a limit for micelle expansion. The diffusion coefficients of neutral, cationic,
and anionic redox molecules increased with larger surfactants. Ellipsometric porosimetry
measurements showed a sizable increase in pore diameter from 2 to 5 nm using Cisto Ca;

surfactants.

Part of this work has been published in Langmuir, 2022, 38, 2257-2266.
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3.2 Introduction

Oriented mesoporous silica films are potential hard templates for the electrodeposition of
nanowire-based devices?, with possible applications in Li-ion batteries*3, thermoelectrics* and
supercapacitors.® In order for the electrode surface to remain accessible to the electrolyte it is
necessary to arrange the pores perpendicular to the substrate surface, often referred to as the
vertical orientation. Whilst the growth of platinum nanowires in silica with horizontal pores
occurred readily, Kanno et al showed that the electrodeposition of Au nanowires was much easier
in perpendicular pores.®” Whilst the literature on electrodeposition in very small pore templates
is limited, there are some examples, e.g. of 3 nm tin nanowires® or 5 to 8 nm bismuth nanowires,’

produced in this way.

Pore orientation, pore diameter and organo-functionalisation'®!! are important factors in the rate
of ion diffusion through porous films. Etienne and co-workers reported TiO, with the anatase
structure in an open porous network, in which positively charged species were more mobile than
negatively charged ones.!? The fine tuning of parameters has also made silica films attractive
materials for biosensing and electrochemical sensing applications,>* for example, Nasir et a/*®
developed an electrochemical pathway for detecting cationic paraquat salts in oriented

mesoporous silica films.

The most common approach to prepare mesoporous silica films is by EISA.261718 This method
tends to produce ordered silica films with the pores either horizontal to the substrate surface or
randomly oriented. Glazneva et al.?® demonstrated the synthesis of mesoporous silica films using
cetyltrimethylammonium bromide (CTAB) on oxidised titanium electrodes by EISA. The authors
showed that the mesoporous structure could be adjusted from hexagonal to cubic by modifying
the surfactant/silica ratio. The surfactant template was removed from the film by steady heating
until reaching 250 °C under vacuum, which resulted in a surface area of 1080 m?g* with a
calculated pore diameter of 2.8 nm determined by the Brunauer-Emmett-Teller method. Keilbach

etal.?®

replicated a composite templated material of P123-mesoporous silica/AAO membranes
using the EISA process. The hexagonally arranged mesopores inside the AAO membrane was filled
by metallic nanowires of Cu, Ag and Te using electrochemical deposition. The nanowire diameters

of copper and silver were estimated by TEM imaging and found to be in the region of 10 nm.

Several strategies have been devised to produce orientated silica films, including through
application of a magnetic field,? epitaxial growth,?? and radio sputtering.?® For example, Yamauchi
et al. used an external magnetic field to control pore alignment from an EISA process either
vertically or horizontally to the substrate surface.?* Otomo et al.® synthesised aligned

mesoporous silica films by a radiofrequency sputter deposition of Co-Si-O films where the surface
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morphology was influenced by the argon gas pressure applied (15 mTorr) producing vertical Co

arrays , followed by wet chemical etching to remove the Co from the films.

Stober-solution growth is based on formation of hemispherical micelles of a cationic surfactant on
a negatively charged substrate, and interactions with silica oligomers encouraging vertical growth

of those micelles.? This method can take days to grow very thin aligned films.

Walcarius and co-workers?’ revealed that the preparation of vertically oriented mesoporous silica
films was possible under electrochemical control, which resulted in perpendicular (vertical) pore
channels (diameter = 2-3 nm) and uniform film thickness (150-200 nm). Mesoporous films can be
obtained by the EASA method within as little as 20 seconds. EASA was developed with a
[MesNCi6H33]1Br (CTAB or Ci6TAB) surfactant, and this leads to pores with a diameter of around

2 nm diameter depending on conditions and substrate.?® Vavra and co-workers? reported the
production of mesoporous silica films with hexagonally arranged pores by EASA. They discovered
that the substitution of CTAB with alkyl-methylimidazolium chloride ionic liquid cations in the sol
electrolyte (where the alkyl chain extended from Cj; to Ci¢), influenced the lattice parameters and
hence pore diameter, evidenced from GISAXS measurements. The Ci4 and Ci methylimidazolium
chloride cations maintained the hexagonal pattern, but with C;5, a significant reduction in pore

order was noticed.

Robertson et al*® showed that mesitylene can be used as a swelling agent for CTAB-templated
EASA films on titanium nitride, causing the pore diameter to increase from 1.6 nm to 2.4 nm.

However, higher amounts of mesitylene resulted in a reduction in the ordering of the porosity.

Larger and vertically aligned pores may prove beneficial as hard templates for nanowire
electrodeposition and increase the range of sensing applications. Ullah et al. recently showed that
polyaniline nanowires with different widths could be produced in EASA silica films formed using
C1sTAB or C13TAB.3! Therefore, expanding the pore size whilst maintaining pore alignment and
structure is pivotal when investigating at what size deposition of nanomaterials into the pores

becomes feasible.

In this chapter, it is demonstrated that systematic increases in the pore diameter beyond 2 nm
while maintaining vertical ordering and hence pore access are achievable by EASA when utilising

surfactants created by further extending the single straight alkyl chain.



3.3 Experimental summary

3.3.1 General experimental methods

Tetradecyltrimethylammonium bromide (C14TAB, 99%), hexadecyltrimethylammonium bromide
(C16TAB, 98%) and octadecyltrimethylammonium bromide (C1sTAB, 98%) were purchased from
Sigma-Aldrich.

3.3.2 Surfactant preparation and characterisation of mesoporous silica films

The synthesis of longer chain alkyltrimethylammonium bromide surfactants (Scheme 3.1) was
carried out according to Scheraga et al.3? The synthesis used alkyl bromides CnH2n+1Br where

n =20 (5.0001 g, 13.83 mmol = 97 %, Sigma Aldrich), 22 (5.0001 g, 12.84 mmol, 96 %, Santa Cruz
Biotechnology) or 24 (0.8915 g, 2.14 mmol, synthesised as described below). The alkyl bromide
was dissolved in ethanol (25 cm?) and 30% trimethylamine in an ethanol solution (7.6000 g,
128.6 mmol for Cy0 and Cy,, or 1.3000 g, 22.0 mmol for C,4, Sigma Aldrich) was added dropwise
into this solution. The mixture was refluxed at 100 °C for 8 h with stirring under a dry ice
condenser. The solution was then filtered and stored overnight in a freezer to precipitate the
product. The crude product was filtered, and the resulting solid was recovered using a rotary
evaporator then recrystallised three times from ethanol. Final yields were 4.50 g, 10.7 mmol
eicosyltrimethylammonium bromide (C0TAB, 90%, off white solid), 4.22 g, 9.4 mmol
docosyltrimethylammonium bromide (C2,TAB, 84%, white solid) and 0.78 g, 1.6 mmol

tetracosyltrimethylammonium bromide (C24TAB, 88%, white solid).

sr/V\//\\N\//\\/M/\

1-Bromoeicosane

i) Ethanol, Me;N i) reflux 8 hours, 373 K

e

Eicosyltrimethylammonium bromide
Scheme 3.1 Reaction of 1-bromoeicosane with trimethylamine to form the quaternary ammonium salt,
C20TAB. The same general method was used for C22TAB and C24TAB surfactants.

The synthesis of 1-bromotetracosane (CsHssBr) was based on the procedure reported by Al-
Dulayymi et al.*®* The method involved dissolving triphenylphosphine (0.800 g, 3.05 mmol, 99%,

Avocado Research Chemicals Ltd), tetracosan-1-ol (1.000 g, 2.82 mmol, > 98 %, Tokyo Chemical
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Industry UK Ltd) and N-bromosuccinimide (1.500 g, 8.43 mmol, 99%, Sigma Aldrich) in dry
dichloromethane (50 cm3). The reaction mixture was stirred at ambient temperature for 5 hours
and then quenched with water (200 cm?), extracted into dichloromethane and dried using a
rotary evaporator to give a red solid. The product was then refluxed in petroleum ether (500 cm?3)
and ethyl acetate (5 cm?), filtered, and the filtrate taken to dryness using a rotary evaporator to
give Ca4H49Br (0.892 g, 2.14 mmol, 89.2 % yield). This material was used directly for the
preparation of the C,4TAB surfactant. NMR spectroscopic and positive ion ESI MS data are given

below for each surfactant.
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Figure 3.1 Positive ion mass spectrum of C20TAB (calculated 340.58 m/z value) in methanol at 25 °C.
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Figure 3.2 Positive ion mass spectrum of C22TAB (calculated 368.60 m/z value) in methanol at 25 °C.
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Figure 3.3 Positive ion mass spectrum of C24TAB (calculated 396.67 m/z value) in methanol at 25 °C.
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Figure 3.4 H NMR spectrum of C20TAB in CDCls (7.3 ppm) at 25 °C.
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Chemical Shift (ppm)

Figure 3.5 3C{*H} NMR spectrum of C20TAB in CDClz (77.2 ppm) at 25 °C.

T T T T T T T T T T T

::
:
-:
:;

Chemical Shift (ppm)

Figure 3.6 *H NMR spectrum of C22TAB in CDClz (7.3 ppm) at 25 °C.
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Figure 3.7 13C{*H} NMR spectrum of C2:TAB in CDCl3 (77.2 ppm) at 25 °C.
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Figure 3.8 'H NMR spectrum of C24TAB in CDCl3 (7.3 ppm) at 25 °C.
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Figure 3.9 13C{*H} NMR spectrum of C2sTAB in CDCl3 (77.2 ppm) at 25 °C.

C20TAB. 'H NMR (CDCls): §/ppm 0.83 (t, CHs, [3H]), 1.17 (brs, CHy, [32H]), 1.26-1.37 (m, CH,, [2H]),
1.63-1.77 (m, CHa, [2H]), 3.41 (s, CHs, [9H]), 3.47-3.56 (m, CHa, [2H]). 3C{*H} NMR (CDCls): §/ppm
14.12,22.70, 23.23, 26.19, 26.22, 29.23, 29.32, 29.36, 29.47, 29.54, 29.59, 29.63, 29.66, 29.68,
29.70, 29.71, 31.92, 53.41, 58.43, 67.12. MS (ESI*in CH30H): found m/z = 340.58; required for
{Cy3HsoN*}: m/z = 340.

C22TAB. *H NMR (CDCls): 6/ppm 0.82 (t, CHs, [3H]), 1.19 (br s, CHa, [36H]), 1.29-1.37 (m, CH,, [2H]),
1.61-1.65 (m, CHa, [2H]), 3.41 (s, CHs, [9H]), 3.47-3.53 (m, CH,, [2H]). 3C{*H} NMR (CDCl5): §/ppm
14.10, 22.72, 23.21, 26.17, 29.22, 29.27, 29.32, 29.35, 29.36, 29.46, 29.59, 29.65, 29.66, 29.69,
29.71, 31.89, 31.91, 31.93, 42.63, 53.45, 67.18, 67.21. MS (ESI*in CH30H): found m/z = 368.60;
required for {CsHsaN*}: m/z = 368.

C24TAB. 'H NMR (CDCls) 6/ppm 0.82 (t, CHs, [3H]), 1.18 (s, CHa, [40H]), 1.22-1.33 (m, CH,, [42H]),
1.63-1.72 (m, CHa, [2H]), 3.40 (s, CHs, [9H]), 3.46-3.54 (m, CH,, [2H]). C{*H} NMR (CDCls): §/ppm
14.12, 22.70, 23.25, 25.32, 25.33, 26.18, 29.20, 29.29, 29.33, 29.37, 29.44, 29.55, 29.58, 29.65,
29.67, 29.69, 29.71, 31.94, 43.65, 53.46, 53.51, 53.54, 53.59, 53.60. MS (ESI* in CH30H): found
m/z = 396.70; required for {C;7;HssN*}: m/z = 396.



333 Mesoporous silica growth
(i) C1sTAB — C13TAB

The synthesis of vertically ordered silica films under electrochemical control used the method

previously reported by Goux et al.3*

The electrolyte was prepared by mixing C14TAB (0.4801 g,
1.43 mmol), C1TAB (0.4801 g, 1.32 mmol) or C15TAB (0.4801 g, 1.22 mmol) into 0.1 mol dm3
NaNOs; in 20 cm? deionised water and 20 cm? ethanol, then TEQS, 98%, Sigma Aldrich), 905 uL,
4.08 mmol) was added to the solution. The sol was adjusted close to pH 3 using 0.2 mol dm= HCl,
then allowed to hydrolyse for 2.5 hours. The ratio of the surfactant: silica precursors was kept

constant at around 0.3 with each experiment containing a newly prepared sol electrolyte.
(ii) C20TAB-C2,TAB

The sol preparation was altered slightly when using C;0TAB (0.3000 g, 0.71 mmol), C,2TAB (0.3000
g, 0.67 mmol) and C24TAB (0.3000 g, 0.63 mmol) due to surfactant solubility problems with the
standard method described above. The electrolytes were prepared by mixing 0.1 mol dm=> NaNOs;
in water (20 cm?) with isopropyl alcohol (20 cm?), adding TEOS (905 uL, 4.08 mmol) and adjusting
the sol pH to between 3 and 3.5 using 0.2 M HCI. The sol was then stirred for 90 minutes. The
surfactants were added to the sol and allowed to stir for a further 60 minutes. The C,,TAB and
C24TAB surfactants did not dissolve in the solution at 25 °C, so the temperature was raised to

35 °C, which caused dissolution. The solutions were then allowed to hydrolyse for 2.5 hours. The
surfactant: silica ratio was kept constant at around 0.17:1 with each experiment using a fresh sol

electrolyte.

(iii) Electrochemically assisted silica deposition

The electrodeposition of porous silica was carried out in a Teflon cell with 2 X 1 cm indium tin
oxide-coated glass (ITO; surface resistivity 8-12 Q Sigma Aldrich) used as the working electrode.
Prior to deposition, the electrodes were washed with water and ethanol and dried under N, gas.
The working electrode was submerged vertically into the sol electrolyte, a stainless-steel cone
was used as the counter electrode and a silver rod as the reference electrode. A Biologic SP150
potentiostat was used to apply a constant potential of -1.25 V (vs. Ag/Ag"*) for a duration of 20
seconds. After each experiment the silica films (1 X 1 cm) were quickly rinsed with water and
ethanol, then dried in an oven at 130 °C for 16 hours. To remove the surfactants from the pore
channels, the films were then immersed in a solution of 0.2 mol dm™ HCI (Fisher Scientific) in

ethanol for 15 minutes under gentle stirring.
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34 Results and Discussion

3.4.1 The structure and characterisation of mesoporous silica films on ITO electrodes

The EASA method was originally devised by Walcarius?’” and has been shown to be a versatile
method to produce highly ordered silica films with pores vertical to the substrate. The preliminary
experimental model was established by Walcarius whereby a Teflon cell with an 8 mm O-ring
placed at the bottom of the cell was used for the deposition process. A stainless-steel cone was
used as the auxiliary electrode, a silver rod as the reference electrode and the working electrode

was an ITO (surface resistivity 8-12 Q) transparent electrode.

In the present study, the deposition of silica films using a series of cationic surfactants with
different alkyl chain lengths, C14-C24, was undertaken with the aim of investigating the range of
pore sizes that can be produced in a vertical orientation.?®3> Deposition potentials above -1.2 V
(vs. Ag/Ag*) result in no film formation, whereas below -1.3 V (vs. Ag/Ag*) the ITO electrode is
damaged by the reduction of indium oxide. Depositions were therefore carried out at -1.25 V,
over time periods of between 10-20 seconds, producing thickness values of 40-150 nm.?"3® The
longer alkyl chain lengths increase the hydrophobicity of the surfactant, so the sol composition
and temperature had to be varied to achieve surfactant solubility and produce highly ordered
porous silica films, including switching the ethanol component of the sol to isopropyl alcohol. The
resulting films were rinsed and then dried, and the surfactant removed by solvent extraction as

described above.

The deposition of mesoporous silica was followed by in-plane GISAXS measurements to
determine the pore ordering and alignment. The 1D in-plane scattering pattern for the EASA film
grown with C1sTAB is shown in Fig. 3.10 and contains the typical peaks for mesoporous materials
with a hexagonal arrangement of cylindrical pores in P6mm symmetry, namely the SBA-157*8 and
MCM33% families of materials. The incident beam angle found to provide the most intense
diffraction features was 0.25 °, at which an intense diffraction peak was observed at 2.13 ° which
relates to the 10 reflection. Three more peaks were observed at 3.71 °, 4.35 ° and 5.71 °, which
correspond to the 11, 20 and 21 reflections, respectively. The 10 peak position corresponds to a
d-spacing of 4.15 nm and the resulting pore spacing, ag is 4.79 nm for the silica film with C1sTAB.
As expected, the d-spacing and pore spacing values were greater than for silica films with C16TAB

(see Table 3.1), indicating a possible increase in the pore diameter.

The 2D GISAXS image of the EASA film templated with C1sTAB is presented in the insets to
Fig. 3.10. The four in-plane spots in the horizontal plane relate to the 10, 11 and 20 reflections

discussed in the previous paragraph. The positions of these spots in the horizontal plane shows



that the pores are oriented vertically, i.e., perpendicular to the plane of the substrate. An
important observation is that no out-of-plane rings were present in the pattern which suggests a

reduction in the silica surface overgrowth.
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Figure 3.10 1D in-plane GISAXS pattern of an EASA film with C1sTAB deposited at a potential of -1.25 V (vs.
Ag/Ag*) for 20 s on an ITO electrode. Inset: 2D in-plane GISAXS pattern of C1sTAB templated EASA film.

The surfactant with an alkyl chain length of 20 carbons was synthesised according to Scheraga et
al.32 and is referred to as C,0TAB. In this study, GISAXS measurements were carried out to
determine whether increasing the alkyl chain length would result in changes to the lattice
parameters. The 1D in-plane scattering pattern (Fig. 3.11) shows a similar hexagonal pattern to
that of C1sTAB however, the 260 values of 1.97 °, 3.44 °, 3.97 ° and 5.23 ° for the peaks relating to
10, 11, 20 and 21, are more pronounced and intense, indicating an increase in the hexagonal pore
order. Furthermore, the peak positions are seen to shift to lower angle, leading to d-spacing and
pore spacing values of 4.48 nm and 5.18 nm respectively. For C;oTAB, the changes in lattice
spacings in relation to C;sTAB suggest larger micelles as the carbon chain length of surfactant

increases.

The pore orientation in a mesoporous silica film with C,0TAB deposited on an ITO electrode was

characterised by 2D GISAXS. The image in Fig 3.11 inset shows four Bragg spots on the horizontal
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plane, these are not observed for the C1sTAB film. These spots arise from the 10, 11, 20 and 21
planes and are indicative of high levels of hexagonal pore ordering and vertical mesopore
orientation over a wide area. Additionally, it is to be noted that the Bragg spots are more
concentrated and defined for the C;oTAB film and the presence of the weak 21 reflection,
indicates improved hexagonal order when compared to the C1sTAB film. The formation of low
intensity rings is noticed in the 2D GISAXS image, a feature that provides information on the pore
structure. In this case, this could indicate either pore disorder or as mentioned earlier, a silica

layer formed on the film surface.
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Figure 3.11 1D in-plane GISAXS pattern of an EASA film with C20TAB deposited at a potential of -1.25 V (vs.
Ag/Ag*) for 20 s on an ITO electrode. Inset: 2D in-plane GISAXS pattern of C20TAB templated EASA film.

The surfactant chain length was further increased to 22 carbons with the sol process adjusted for
effective surfactant (C,2TAB) dissolution as previously stated. GISAXS was used to study the
crystallinity after surfactant extraction. According to the 1D GISAXS data for the silica film with
C2TAB (Fig. 3.12), a large diffraction peak at 2.00 ° followed by three less intense peaks at 3.43 °,
3.96° and 5.22 °, relating to the 10, 11, 20 and 21 hexagonal lattice planes, are observed. The
d-spacing and pore spacing values for the 10 reflection were 4.42 nm and 5.10 nm (calculated

from Eq. 2.1 and 2.2), respectively. As expected, the same set of peaks is seen for C;sTAB and



C20TAB films, indicating improved structural pore order within the film. Ryoo et al.*! synthesised
MCM-41 silica materials with trimethylammonium bromide surfactants where the alkyl chain
length extended from Ci; to Cz,. It was understood that lamellar mesoporous structures were
most attainable with C,2TAB whereas, hexagonal mesophases were favoured with C;; and Cia. This
is contrary for EASA, as significant pore disorder is obtained for films with C1,TAB,** and an

ordered hexagonal array of pores is present when the sol electrolyte mixture contains C2,TAB.

For the 2D GISAXS image (Fig 3.12 inset), intense diffraction spots are observed for the silica film
with C2,TAB, suggesting that the hexagonal pore arrangement and vertical orientation are
maintained when increasing the surfactant size. The four diffraction spots along the parallel plane
are associated with the 10, 11 and 20 reflections. Rings situated around the spots are observed at
similar d-spacings to the in-plane spots, and these features increase in intensity with longer
deposition times (experimentally observed). Goux et a* reported similar GISAXS features for

C16TAB-generated EASA films.
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Figure 3.12 1D in-plane GISAXS pattern of an EASA film with C22TAB deposited at a potential of -1.25 V
(vs. Ag/Ag*) for 20 s on an ITO electrode. Inset: 2D in-plane GISAXS pattern of C22TAB templated EASA film.

In contrast to the C,2,TAB templated silica film, the addition of C,4TAB to the sol electrolyte
resulted in a disordered sol-gel film as indicated by the 1D in-plane GISAXS data shown in Fig.

3.13. A clear reduction in the intensity of the broad 10 diffraction peak and a total loss of the 11
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and 20 diffraction peaks was observed, indicating a significant loss of the hexagonal order.

However, the GISAXS data indicates that the silica film does retain porosity as shown previously.

The inset of Fig. 3.13 illustrates the 2D GISAXS data obtained for the EASA film containing C,4TAB
after surfactant removal. The position of the 10 diffraction spots in the horizontal plane shows
this film also has vertically aligned pores, but the hexagonal domains have very little longer-range

order, which also accounts for the low intensity of the 1D GISAXS pattern.
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Figure 3.13 1D in-plane GISAXS pattern of an EASA film with C24TAB deposited at a potential of -1.25 V (vs.
Ag/Ag*) for 20 s on an ITO electrode. Inset: 2D in-plane GISAXS pattern of C2aTAB templated EASA film.

3.4.2 The effect of varying the lipophilic tail of surfactants

The effects of increasing alkyl chain length of six surfactants were investigated. The surfactants
included were C14TAB, C16TAB, C1sTAB, C;0TAB, C2,TAB and C4TAB. A stack plot of 1D GISAXS
patterns from a range of EASA films generated by surfactants of increasing chain length is shown
in Fig. 3.14. The incorporation of C14aTAB in the sol electrolyte resulted in a shift in the 10 peak to
higher angle (2.62 ©) which equates to a d-spacing of 3.46 nm (Fig. 3.14). When switching the
surfactant to C16TAB in the sol, the peak positions shift noticeably to smaller angle, whereby the

10 peak is situated at 2.34 ° which corresponds to a higher d-spacing compared to C14TAB.



Furthermore, the diffraction peaks appear more intense and sharper (Fig. 3.14), suggesting an

improvement in the hexagonal pore ordering.

In general, as the surfactant chain length increases, a shift in peak positions to lower 26 angle is
clearly noticed for films with C14-Cy; surfactants as shown in Table 3.1. It is to be noted that the
peak intensities increase upon gradually extending the surfactant chain length from C14-Cy3,
implying that the steady increase in pore spacings is accompanied by an increase in hexagonal
pore order. This cannot be achieved with other methods using the same surfactants. The C,4TAB
generated film did not follow this trend, evidenced by the significant drop off in peak intensity

(shown in Fig. 3.14).

Overall, the XRD data suggest an increase in the pore diameter upon increasing the surfactant size
from C14-Cy, with good retention in ordering. Nevertheless, this is not certain as the pore spacings
do not provide definitive information on pore expansion, as this could also be explained by an
increase in the pore wall thickness, rather than in the size of the pores. Hence, the pore spacing

only provides an indirect indication of a change in pore size.

The pore diameter or spacings vs. surfactant chain length (Ci4, C16, C1s, C20 and Cy;) for a range of
EASA films are also shown in Fig. 3.15, confirming an increase in the pore spacing values upon
increasing the surfactant chain length. The pore spacing values start to plateau at longer chain
lengths, suggesting that increasing the surfactant’s carbon chain unit will have less influence on

the pore spacings and hence pore growth from these porous silica films.
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Figure 3.14 1D in-plane GISAXS patterns of EASA films with C14aTAB, C16TAB, C1sTAB, C20TAB, C22TAB and

C24TAB deposited at a potential of -1.25 V (vs. Ag/Ag*) for 20 s on ITO electrodes.

Table 3.1 shows the extrapolated data from the XRD patterns for a range of EASA films on ITO electrodes.

Surfactant |Symmetry |Peak Peak Peak Peak dio (nm) |ao(nm)

Location |Location |Location |Location

(28) (28) (26) (26)

10 11 20 21

C14TAB Hexagonal |2.62 4.40 / / 3.46 3.99
C16TAB Hexagonal |2.34 4.02 4.68 / 3.77 4.36
CisTAB Hexagonal |2.13 3.71 4.35 5.71 4.15 4.79
CxTAB Hexagonal |1.97 3.44 3.97 5.23 4.48 5.18
C,,TAB Hexagonal |2.00 3.43 3.96 5.22 4.42 5.10
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Figure 3.15 A plot of pore spacing (nm) of the 10 reflection and pore diameter (hnm) determined by
ellipsometric porosimetry as a function of surfactant chain lengths of EASA films grown with C1aTAB,

C16TAB, C1sTAB, C20TAB, C22TAB and C24TAB.

3.43 The effect of deposition time on the intensity of rings

Materials that possess ordered structures will result in well-defined scattering features such as
rings or spots on the GISAXS image. The reason as to why the rings appear for a particular
material, is the focus of this particular aspect of this work. Previously, the rings have been
suggested to be due to Stober growth in the bulk solution. Therefore, we investigated the effect
of deposition time on the ring intensity for mesoporous silica films templated by C,,TAB, which
were deposited for 10, 15 and 20 seconds, as characterised by GISAXS (Fig. 3.16). Deposition for
the shortest time (10 s) led to no out-of-plane rings in the 2D diffraction pattern (Fig. 3.16 a). On
the other hand, the films deposited for longer periods (15 s and 20 s) led to additional out-of-

plane rings on the horizontal plane (Fig.3.16 b and c).

To gauge a further understanding on the occurrence of these rings, the same films were
characterised by field emission gun scanning electron microscopy (FEG-SEM) to determine the link
between rings and silica aggregates on the film’s surface, with the data presented in Fig. 3.17. It is
evident that the quantity of silica aggregates on the surface reduces as the deposition time drops
from 20 s to 10 s. Previous reports have stated that the presence of the silica aggregates on the

electrode surface arises from the diffusion of hydroxide ions from the electrode-electrolyte
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interface and into the neighbouring bulk solution.*? The diffusion layer thickness, calculated by
VrDT (where D is the diffusion coefficient of OH" that equals 4x10° cm? s™* and t is the time taken
for the deposition process), is notably larger (500 um) than the thickness of the aligned porous
silica films. In this diffusion layer, silica continues to condense in the bulk solution, resulting in a
layer of silica sphere aggregates on the film surface produced through a conventional Stober
process,?®*? also visible in Fig. 3.17. This silica overgrowth can be removed with sticky tape?’, or
reduced by either optimising the sol composition, or adjusting the deposition potential and time.

The “Scotch tape test”?” can also be used to test film adhesion on the ITO surface, and when the

tape is attached directly onto the surface and peeled off, the silica remains intact.

Figure 3.16 2D in-plane GISAXS patterns of EASA films with C22TAB deposited at a potential of -1.25 V (vs.
Ag/Ag’) for 10 s (a), 15 s (b) and 20 s (c) on ITO electrodes.



Figure 3.17 Top view SEM images of C22TAB-templated silica films deposited at an applied potential of
-1.25V (Ag/Ag*) for 10 s (a), 15 s (b) and 20 s (c) on ITO electrodes.

The silica films were soaked in a solution containing 0.2 mol dm= HCl in ethanol to remove the
surfactant from the films. Top view SEM images (Fig. 3.18) provided evidence that the films were
free of microcracks, pinholes or flaky areas. The coating thickness of mesoporous silica was found
(through cross-sectional imaging) to be in the range of 100-150 nm, similar to films produced with

C16TAB under similar conditions.?’

10 um

Figure 3.18 (a) Top view and (b) cross-sectional SEM image of a C1sTAB-templated film deposited at an
applied potential of -1.25 V (Ag/Ag*) for 20 s on an ITO electrode.
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To further investigate the porous silica structure, TEM samples were prepared from C5TAB,
C2TAB and C,4TAB. The GISAXS data (Fig. 3.14) had suggested the strong hexagonal order found
with C16TAB could be maintained up to C2,TAB, but that with C,4TAB loss of order had occurred.
The images in Fig. 3.19 support this finding. Since the mesopores in the C;TAB and C,,TAB
derived silica films have vertical orientation with large hexagonal domains across the film. In
contrast, the TEM samples of silica films prepared with C,4TAB retain the mesoporosity, but have
only very small regions of hexagonal order in the pore structure. This image was taken from a
flake of silica removed from the film with a scalpel which sits flat on the TEM grid, and the pores

are clearly still vertical, consistent with the GISAXS data.

10 am

10 nm

Figure 3.19 TEM images of mesoporous silica films produced with (a) C20TAB, (b) C22TAB and (c) C24TAB
deposited at -1.25 V (vs. Ag/Ag*) for 20 s on ITO electrodes.



3.4.4 Ellipsometric porosimetry analysis of mesoporous silica films

Ellipsometric porosimetry (EP) was used to examine the silica surface of EASA films grown with
different sized surfactants. EP can provide detailed information about the porosity, sorption
isotherms and pore size distribution. Toluene was chosen as the probe molecule as it primarily
interacts with surfaces through non-polar dispersion forces.**** Changes in the refractive index
values were measured during the experiment, which allowed for the volume of toluene present

within the pores to be calculated using the Lorentz-Lorenz effective medium approximation.*?

Robertson et al.*®

reported porosity measurements of mesoporous silica films produced by EASA
using water, toluene, isopropyl alcohol, and methanol as the absorptive. It was understood that
toluene condenses/adsorbs in the mesopores with considerable ease at low partial pressures.
However, protic solvents and water suffer from hysteresis in the isotherm curves, which is caused
by hydrogen bonding interactions with the silanol groups attached to the silica pore channels,
therefore making toluene the solvent of choice for porosity measurements of EASA films.
According to IUPAC, the adsorption isotherm is determined by the pore width and surface

features of the material.*® There are six different types of IUPAC isotherms which relate to porous

materials of different shapes and sizes (see chapter 2 section 2.5).

Toluene condensed easily in the pores due to its high boiling point, enabling a drop in the partial
pressure sufficient for the solvent to undergo capillary condensation, thus filling the pore
channels and producing an isotherm characteristic of type | (b) and type IV (b)* for the silica film
containing C16TAB (Fig. 3.20). On the contrary, the isotherm shape does not level off at around
0.17 P/Po therefore, most resembling a type Il isotherm as opposed to the typical type | (b) and
type IV (b) isotherm shapes. This indicates the possibility of micropores present within the
mesoporous network which explains the upward bend of the isotherm. Low levels of hysteresis
are present throughout the adsorption-desorption branches due to the lack of hydrogen bonding
between the solvent molecules and the internal pore walls or that the size of the mesopores

being below the critical diameter for the completion of the capillary condensation process.

The silica films produced using C1sTAB showed an isotherm similar to C16TAB. A similar partial
pressure was required to level off the arc of the isotherm for film produced with C;cTAB, albeit
slightly broader, which can be attributed to a greater degree of micropore and mesopore filling
for the films with C1sTAB. Fig. 3.21 also shows minimal hysteresis present in the low partial
pressure region which again suggests minimal interactions between the solvent and high silanol
density within the silica pore walls, similar to that of C1¢TAB. Solvent trapping may also be present
within the silica material as the solvent fraction does not return to its origin after desorption. The

reasoning behind this could be due to micropores or narrow pores found within the porous
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framework having similar widths to the kinetic diameter of toluene (0.585 nm)*® which makes
diffusion through the pores challenging at these smaller sizes. In sol-gel derived materials

micropores are common due to the development of the polymer network in solution.*

The silica film grown with C,oTAB (Fig. 3.22) displayed similar isotherms to those using C1sTAB and
C1sTAB, however, a sudden increase in the isotherm was noticed in the minor partial pressure
region and this is closely associated with type IV isotherms, which are commonly produced by
mesoporous materials. The isotherm is completely reversible in the relative pressure region of
0.18-0.95 P/Po and there was no hysteresis present toward the higher partial pressure region in
the isotherm, again indicating that any mesopores present within the silica-based material are
below the critical diameter. Calleja et al*® reported a similar isotherm curve for the MCM-41
material, albeit under nitrogen vapour sorption, with no hysteresis present in the higher partial

pressure range.

For the silica film produced using C,2TAB (Fig 3.23.), the isotherm shape closely resembles that of
a type IV (a), which is common for mesoporous materials. For this isotherm hysteresis is present,
a feature which is not observed previously for films with C;6TAB, C1sTAB and C30TAB, indicating
that the mesopore diameter goes beyond the critical diameter therefore, mesopore filling occurs
by capillary condensation. Such factors are a result of an increase in pore size beyond 4 nm. The
hysteresis loop is similar to the H4 and H5 type, which is found with mesoporous zeolites, micro-

mesoporous carbons, and templated silica materials.’

Fig. 3.20-3.23 shows the pore size distribution (PSD) curves for the silica films with increasing
chain lengths, C16-Cy,, which were calculated according to the modified Kelvin equation where the
pores are assumed to have cylindrical symmetry.3” These plots display peak pore sizes in the
region of 2.82, 3.24, 3.82 and 4.40 nm for the surfactants of C15-Cy;, respectively, which were all
obtained from the desorption branch of the isotherms. The sharp peaks observed in the PSD plots
are indicative of a high level of homogenous pore size and porosity in the ordered mesoporous
silica materials. Interestingly, it is also noticed that the pore diameter increases steadily upon
increasing the carbon units in the surfactant chain. This compared well with the GISAXS derived

pore spacing in Fig. 3.15 and shows a fairly consistent trend.
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Figure 3.20 shows (a) the corresponding adsorption/desorption isotherms of the porous silica film

templated with C16TAB and (b) the pore size distribution of an EASA film grown with C16TAB surfactant using

toluene.
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Figure 3.21 shows (a) the corresponding adsorption/desorption isotherms of the porous silica film

templated with C1sTAB and (b) the pore size distribution of an EASA film grown with C1sTAB surfactant using

toluene.
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Figure 3.22 shows (a) the corresponding adsorption/desorption isotherms of the porous silica film

templated with C20TAB and (b) the pore size distribution of an EASA film grown with C20TAB surfactant using

toluene.
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Figure 3.23 shows (a) the corresponding adsorption/desorption isotherms of the porous silica film

templated with C22TAB and (b) the pore size distribution of an EASA film grown with C22TAB surfactant using

toluene.

3.4.5 Electrochemical characterisation of the films before and after surfactant elimination

In general, porous silica films have been shown to be resistive towards charged ions in aqueous
solution, and this is highly dependent on the type of mesoporous structure (i.e., hexagonal, cubic
and orthorhombic) and the pore alignment. It is noted that faster electron transfer processes
occur when the pore channels are directed perpendicular to the plane of the electrode rather
than parallel to the electrode. The rate of charge transport is also reliant on the pore width, as

larger pores tend to result in higher diffusivity of ions in comparison to films with smaller pore



sizes. Also, factors such as size, charge and concentration of redox active probes plays a pivotal
role in the rate of ion transport through the film. It is to be noted that the pore transient
characteristics can be modified by the addition of organic reagents to the internal silica pore walls
to form new active sites, changes in the pH, surfactant size, swelling agents and fine tuning the

ionic concentration of the supporting electrolyte.>?

The isoelectric point of the silica surface is known to be in the region of 2-3 at low pH levels, to
which negative ions are present on the surface. This is expected to have an adverse effect in the
permeation ability of ionic probes, whereby cationic molecules ([Ru(NHz)s]**/?*) can diffuse
through the mesopores, but anionic molecules ([Fe(CN)s]*/*) tend to be restricted due to

unfavourable electrostatic interactions (Donnan exclusion).>

To that end, we investigated the pore accessibilities of mesoporous silica films templated by
C1sTAB on ITO electrodes using 0.5 mmol dm™ and 5 mmol dm= solutions of a range of redox
active probes, including [FcMeOH], [Ru(NHs)s]**/?* or [Fe(CN)s]>*, containing 0.1 mol dm NaNOs
as the supporting electrolyte using cyclic voltammetry at a scan rate of 20 mV s, This approach
has been used previously to demonstrate pore accessibility in EASA-derived silica films,?”>3 with
similar results to those shown for the films made with C,0TAB and C»,TAB (Figs. 3.25 and 3.26). To
avoid potential charging effects, we chose FcMeOH as the active species because it is a neutral
molecule, readily undergoing a one-electron oxidation to form the corresponding cation, as

presented in equation (Eq.) 3.1.

-e +

[FcMeOH] = [FcMeOH] Eqg 3.1
+e-

Figure 3.24 compares the voltammograms of the deposited silica films before and after template
extraction. As can be seen (Fig. 3.24 a), before surfactant removal (red curve), an anodic peak
comes into view at + 0.73 V (vs. Ag/AgCl) which relates to formation of the ferrocenium cation,
[FcMeOH]*, whereas a small cathodic peak appears at approximately + 0.49 V (vs. Ag/AgCl) which
correspond to reduction back to [FcMeOH]. This probe experienced difficulty in its ability to
diffuse through the surfactant-blocked pores, which was deduced from the large peak potential
separation (AEp = 240 mV) compared to that of bare ITO (AEr = 90 mV). The peak separation value
of bare ITO (black curve) was closer to the theoretical Nernstian value (AEp = 59 mV), resulting in
the [FcMeOH] redox couple being quasi-reversible. This indicates that electron transfer kinetics
for the neutral probe is slow and cannot sustain the concentrations of both oxidation and
reduction processes as stated by the Nernst equation. It appears that when scanning towards

more positive potentials an oxidation peak is clearly shown, however, a small reduction peak is
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evident in the return scan. It was suggested that the [FcMeOH] species has the ability to dissolve
in the surfactant’s liquid crystalline phase therefore, enabling the active species to diffuse through
the film to undergo oxidation and reduction at the electrode surface, which is similar to the
electrochemical signal observed by Walcarius et al.?” It was also apparent that prior to surfactant
removal both the anodic and cathodic peak potentials were shifted towards the positive direction.
Reasons for the shift in potentials could be that the reduced FcMeOH species is stabilised in the
surfactant phase while the ferrocenium cation is unstable. It is also possible that electrostatic
interactions between the cationic species [FcMeOH]* and surfactant cation of C1sTAB [C1sTA]* also
contribute to the shift in peak positions and also provide a driving force in the significant drop in
the cathodic peak intensity.>* This electrochemical phenomenon is comparable to CxTAB and
C22TAB silica films (Figs. 3.25 a and 3.26 a) and EASA films reported in the literature.?” Additionally,
the shift in potential for the active species was noticed for ferrocene analogues dissolved in

alcoholic solutions containing C16TAB.>®

After surfactant removal (blue curve), by solvent extraction in this instance, a dramatic increase in
the current was observed. This can be seen by the well-defined oxidation at + 0.36 V (vs. Ag/AgCl)
and reduction + 0.25 V (vs. Ag/AgCl) peaks from the CV plot which corresponds to the [FcMeOH]*

and [FcMeOH] species. The peak potential separation for the surfactant removed films (AEp = 110
mV) was similar to bare ITO, suggesting faster electron transfer kinetics for the redox reaction

taking place at the electrode surface.

We also evaluated the accessibility of pores using the cationic [Ru(NH3)s]>*/>* redox species,
whereby the reversible redox reaction of the ruthenium cation is shown below (Eq. 3.2). In Fig.
3.24 b, it was found that no faradaic current was observed before extracting the surfactant (red
curve). A typical oxidation and reduction peak was noticed after extracting the surfactant (blue
curve), which was seen previously for the [FcMeOH] active species (Fig. 3.24 a) The peak
separation potential (AEr = 260 mV) was similar to that for bare ITO (black curve) (AEr = 194 mV).
Furthermore, the peak current of bare ITO was slightly smaller than the mesoporous silica coated
ITO electrode, owing to the cations having the propensity to build up and concentrate at the
electrode surface.”’

e

[Ru(NH;)el** = [Ru(NH;)c]* Eq 3.2

+e”

This study also included the anionic ferricyanide redox species (electrochemical equation for
ferricyanide is shown in Eq. 3.3) to compare between the current intensities from the CV profiles

on either bare or mesoporous silica coated ITO electrodes. It was apparent that a reduction in the



current signals occurred (Fig. 3.24 c and d) for films before surfactant extraction (red curve),
which implies that the surfactant molecules are acting as preventative gates and thus limiting the
active species from diffusing through the pore channels towards the ITO surface. Interestingly, the
current from the CV profiles was suppressed, which suggests that the film contains no microcracks
and so confirming the films to be of high quality. The reduction in current was similar to that for

the ruthenium active species discussed above.

Upon removing the surfactant template (blue curve), Figs. 3.24 c and d, reveal a reduction in the
peak intensity for the anionic species. This is attributed to the permselective nature of the
mesochannels to attract opposite ions and to resist like-for-like ions to balance the surface
charges. A further drop in the current intensity is often seen for anionic species at lower
concentrations of supporting electrolyte.>* The drop in current could be associated with the
Gibbs-Donnan effect>® which is also seen for charged ions in the region of semi-permeable
membranes.”® In Fig 3.24 c (blue curve) an anodic oxidation peak is observed at + 0.35 V (vs.
Ag/AgCl) which associates with the [Fe(CN)s]* species, whereas a cathodic reduction peak is seen
at +0.19 V (vs. Ag/AgCl), which relates to the [Fe(CN)e]* species. The process is indicative of slow
electron transfer kinetics between the silica coated ITO electrode and the analyte, as the peak

potential separation (AEp = 160 mV) is significantly larger than for bare ITO (AEr = 90 mV).

[Fe(CN)J* = [Fe(CN)]* Eq 3.3

+e°
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Figure 3.24 Cyclic Voltammograms (20 mV s sweep rate) of (a) 0.5 mmol dm [FcMeOH], (b) 5 mmol dm™3

[Ru(NH,).]"”

* and (c), (d) 0.5 mmol dm [Fe(CN)6]3-/4_ in 0.1 mol dm™ NaNO,(aq) on bare ITO electrode (black

line), and with a silica film before surfactant removal (red line) and after surfactant removal (blue line). The

generated mesoporous silica film using C ., TAB as the surfactant was deposited at -1.25 V (vs. Ag/AgCl) for

20 son an ITO electrode.
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[Ru(NH,) ] e and (c) 0.5 mmol dm [Fe(CN)G]a_M» in 0.1 mol dm™3 NaNO,(aq) on bare ITO electrode (black

line), before surfactant removal (red line) and after surfactant removal (blue line). The generated

mesoporous silica film using C, TAB as the surfactant was deposited at -1.25 V (vs. Ag/AgCl) for 20 s on an

ITO electrode.
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line), before surfactant removal (red line) and after surfactant removal (blue line). The generated

mesoporous silica film using C,,TAB as the surfactant was deposited at -1.25 V (vs. Ag/AgCl) for 20 s on an

ITO electrode.
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Mesoporous silica films with larger pore diameters and good hexagonal ordering could improve

ionic diffusion rates and charge selectivity of redox active species. For instance, Walcarius’ group
studied porosity measurements of EASA films grown with C;,TAB to Ci1sTAB using FcMeOH as the
redox probe. It was concluded that the increase in current from the CV plots was associated with

increases to the lipophilic surfactant chain.®*

As demonstrated in the CVs presented in Figure 3.27 a-c (Fig. 3.28-3.31), extending the alkyl chain
length of surfactants (Cis, Ci6, C1s, C20 and Cy,) affects the rate of diffusion of the active species

into the porous silica medium. The CVs were recorded at increasing scan rates between 2 and 100
4-/3-
mV s for [FcMeOH] and [Ru(NHs)s]**/?* and between 2 and 20 mV s for [Fe(CN)] ~, asthe CV

profiles became distorted at faster scan rates for the latter. The peak potential (i) as the function

of the square root of scan rate (v*?) is shown in Fig. 3.27 d-f., for 0.5 mmol dm= and 5 mmol dm
. 4/3 34/2+ . -

solutions of [FcMeOH], [Fe(CN)S] and [Ru(NH3)6] in an aqueous solution containing 0.1 mol

dm3 NaNO,. A linear trend is observed for the Ip vs. vY2scan rate, indicating that mass transport

is governed by diffusion. For electron transfer reactions of diffusion processes in solution it is
possible to use the Randles- Sevcik (RS) equation to determine the diffusion coefficients of redox

active species through the porous silica medium.

The RS equation (Eq. 3.4) describes how the current increases with the square root of scan rate. I,
is the peak current, n is the number of electrons transferred in the oxidation and reduction
reaction, A is the electrode area, D is the diffusion coefficient, T is the temperature and C is the
concentration of the bulk solution. In the CV plots, the peak potential separations are greater
than 59 mV for the various redox active species, indicating effects due to IR drop and possible
quasi reversible behaviour. The RS equation applies to electrochemically reversible systems, so
the calculated diffusion coefficients will be affected by resistance effects. The shift in peak current
position with scan rate is likely due to IR drop. In Fig. 3.27 b, the increase in concentration of the

ruthenium species results in a dramatic increase in current in comparison to the lower

concentration of FcMeOH and [Fe(CN)6]4_/3_, indicating a greater IR drop.

i, = (2.69x10°) n3/2 ACD*2 /2 Eq 3.4
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Figure 3.27 The CVs of (a) 0.5 mmol dm™ [FcMeOH], (b) 5 mmol dm3 [Ru(NH3)6]3+/2+ and (c) 0.5 mmol dm-3

[Fe(CN)e]A—/} in 0.1 mol dm™ NaNOs at various scan rates (2, 5, 10, 20, 50 and 100 mV s for the [FcMeOH]
3+/2+ ) -1 4-/3- .

and [Ru(NH,),] redox species and 2, 5, 10 and 20 mV s~ for the [Fe(CN),] =~ redox couple); reliance of

peak current as a function of square root of scan rates for the film containing C,,TAB deposited at -1.25 V

(vs. Ag/AgCl) for 20 s on an ITO electrode. All experiments were carried out after surfactant removal: (d)

[FcMeOH], () [Ru(NHa)s]**/>* and () [Fe(CN)s]*/>"
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Figure 3.28 The CVs of (a) 0.5 mmol dm™ [FcMeOH], (b) 5 mmol dm™ [Ru(NH,)] 2 and (c) 0.5 mmol dm

[Fe(CN)S]M} at various scan rates (2, 5, 10, 20, 50 and 100 mV s - for [FcMeOH] and [Ru(NH,),] 2 edox

species and 2, 5, 10 and 20 mV s for [Fe(CN)G]M} redox couple); reliance of peak current as a function of

square root of scan rates for the film containing C,;TAB deposited at -1.25 V (vs. Ag/AgCl) for 20 s on an ITO

electrode. All experiments were carried out after surfactant removal: (d) [FcMeOH], (e) [Ru(NH3)s]**/%* and

(f) [Fe(CN)e]*"*.
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The RS equation may be modified to take account of the proportion of the surface that is
accessible to the electrolyte by including a porosity parameter as shown in Eq. 3.5.>” Porosity (¢)
values calculated from the pore spacing and pore diameter measurements were in the range
between 0.1 and 0.7 (as shown in Table 3.2). The apparent diffusion coefficients calculated from
the gradient of the linear plots, and assuming that the concentrations of the redox species in the
film are the same as those in the bulk solution, are given in Table 3.3 together with the
surfactants and the active species. The apparent diffusion coefficient increases with the size of
surfactant used to produce the film, providing further evidence of pore expansion and easier
electrochemical access through the pores with surfactant chain length. However, it is noted that

the silica film will change the concentration of the active species in the pores relative to the bulk

. 4-/3- .
solution to some extent. For example, the D values for [Fe(CN),] ~ species are smaller than for

the [FcMeOH] and [Ru(NH3)6]3+/2+ species due to the Gibbs-Donnan effect mentioned earlier.

Similar D values were obtained for an EASA film templated by C16TAB using FCEtOH as the redox
probe molecule (9 X 108 cm?s?), as reported by Goux et al.>* Such small D values were also
observed for porous silicas prepared by EISA and non-porous silica films at ~ 1 X 10® cm?s™ and

<1 X% 10° cm?s?! respectively.
ip = (2.69x10°) n3/2 (,OACDl/2 v1/2 Eq 3.5

Table 3.2 The porosity values (¢) determined from the pore diameter and pore spacing measurements.

Surfactants Pore diameter | Porearea/ | Spacing/ nm Unit cell area | Porosity
/ nm nm? / nm? (fraction)

Cu 1.3 1.3 4.0 13.8 0.1

Cis 2.8 6.2 4.4 16.5 0.4

Cis 3.2 8.2 4.8 19.9 0.4

Cao 3.8 11.5 5.1 22.1 0.5

Cx 4.4 15.2 5.1 22.5 0.7

Table 3.3 Apparent diffusion coefficients of EASA films with surfactants of increasing chain length using a

range of redox active probes.

Surfactant  Diremeon) D(Ru(NH3)6]3+/2+ Dire(cNj6ja-/3-

C14TAB 7.4 x 107 cm? st 6.8 X 107 cm? st 1.4 x 107 cm?s?
C16TAB 8.9 X107 cm?s? 8.2 X107 cm?s? 2.8 X 107 cm?s?
C1sTAB 9.4 X107 cm?s? 1.1 X 10°cm?s? 3.8 X 107 cm?s?
C20TAB 2.3 x10%cm?s? 2.2 Xx10%cm?s? 5.2 X 107 cm?s?

C»,TAB 4.6 X 10%cm?s? 3.5 X 10%cm? s 8.6 Xx 107 cm?s?
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Figure 3.29 The CVs of (a) 0.5 mmol dm [FcMeOH], (b) 5 mmol dm3 [Ru(NHa)s]aJr/2+ and (c) 0.5 mmol dm-3

[Fe(CN)S]M} at various scan rates (2, 5, 10, 20, 50 and 100 mV s - for [FcMeOH] and [Ru(NH3)6]3+/2+ redox

species and 2, 5, 10 and 20 mV s for [Fe(CN)G]M} redox couple); reliance of peak current as a function of

square root of scan rates for the film containing C,,TAB deposited at -1.25 V (vs. Ag/AgCl) for 20 s on an ITO

electrode. All experiments were carried out after surfactant removal: (d) [FcMeOH], (e) [Ru(NH3)s]**/%* and

(f) [Fe(CN)e]*"*.
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Figure 3.30 The CVs of (a) 0.5 mmol dm=3 [FcMeOH], (b) 5 mmol dm™3 [Ru(NH3)6]3+/2+ and (c) 0.5 mmol dm™®

[Fe(CN)G]Ma- at various scan rates (2, 5, 10, 20, 50 and 100 mV s - for [FcMeOH] and [Ru(NH3)6]3+/2+ redox

species and 2, 5, 10 and 20 mV s for [Fe(CN)G]M} redox couple); reliance of peak current as a function of

square root of scan rates for the film containing C, . TAB deposited at -1.25 V (vs. Ag/AgCl) for 20 s on an ITO

electrode. All experiments were carried out after surfactant removal: (d) [FcMeOH], (e) [Ru(NH3)¢]**/%* and

(f) [Fe(CN)s]*7>-.
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Figure 3.31 The CVs of (a) 0.5 mmol dm= [FcMeOH], (b) 5 mmol dm™3 [Ru(NH3)6]3+/2+ and (c) 0.5 mmol dm-3

[Fe(CN)6]4_/3» at various scan rates (2, 5, 10, 20, 50 and 100 mV s - for [FcMeOH] and [Ru(NH3)6]3+/2+ redox

species and 2, 5, 10 and 20 mV s for [Fe(CN)G]M} redox couple); reliance of peak current as a function of

square root of scan rates for the film containing C,, TAB deposited at -1.25 V (vs. Ag/AgCl) for 20 s on an ITO

electrode. All experiments were carried out after surfactant removal: (d) [FcMeOH], (e) [Ru(NH3)s]**/%* and

(f) [Fe(CN)e]*7>-.
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3.4.6 Conclusions

Ordered mesoporous silica films with vertically aligned nanopores were produced by an
electrochemically driven sol-gel method (EASA). To date, CTAB has been a widely chosen
surfactant for the synthesis of mesoporous silica films. However, the system experiences
molecular sieving properties (i.e. narrow pore width). Increasing the pore diameter was the main
objective of this study. This was achieved by extending the alkyl chain length in the [Me3;NR]Br
surfactant from 16 to 22 carbons, which resulted in larger pore diameters while retaining the
ordering. Conversely, the film structure started to degrade when using C24TAB in the sol
electrolyte, indicating a constraint in response to micelle expansion using linear chained
surfactants. The ion diffusion rates using redox active probes were found to increase with
surfactant size. Additional features of this work focussed on porosity measurements which
increased from 2.8 nm using C16TAB to 4.4 nm using C,2TAB. The expanded pores in these
vertically aligned mesoporous silica films may make them more amenable as templates for
electrochemical deposition of nanowires, and change their behaviour in sensing applications, e.g.,

for electrochemical sensors.
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Chapter 4

Chapter 4  Effects of surfactant head group modification
on vertically oriented mesoporous silica produced by

electrochemically assisted surfactant assembly

This chapter describes generation of porous silica films from cationic surfactants with differing
head sizes. These films were prepared using the electrochemically assisted surfactant assembly
(EASA) method with the sol electrolyte tetraalkylammonium head group containing a hydrophobic
chain of 18, 20 and 22 carbons, and a mixture of zero, one, two or three ethyl groups, with methyl!
groups making up the remainder, [C1sH3;NMes.xEty]Br, [CooHaiNMes.«Ety]Br, [C22HasNMes Ety]Br
with x =0, 1, 2 or 3.The assessment of the resulting films was based on the effect of increasing the
surfactant head size on micelle organisation and expansion. The GISAXS data revealed a reduction
in pore order in the films as the hydrophilic head group increased in size. Electron microscopy
indicated the presence of silica aggregates for select silica films and the gradual decrease in the
hexagonal pore structure as ethyl substituents replaced methyl in the hydrophilic head. The peak
shapes from CVs and charge transfer resistance found in EIS data were influenced by the ordering
of mesopores. The ellipsometric porosimetry analysis indicated an increase in peak pores sizes for

the head group-modified Cis-based surfactants compared to C1sTAB.

Part of this work has been published in Nanoscale Adv., 2023, 5, 3316
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4.2 Introduction

Since the development of MCM-41, a range of cationic surfactants has been used to produce
porous silica materials with different preparation methods, pore structures, pore sizes and other
characteristics. Lin et al.! investigated the influence of surfactants with modified head groups
while maintaining a surfactant chain length of 16 carbon atoms for the formation of MCM-41
silica powders. After hydrothermal treatment, it was found that the addition of an ethyl or benzyl
group to the conventional C;6TAB surfactant brought about a decline in pore order and a
shrinkage in pore size from 4.0 nm (C16TAB) to 3.6 nm (cetyldimethylethylammonium bromide)
surfactants. Ryoo et al.2 reported the post-synthesis heat treatment of MCM-41 materials with
C.TAB and alkyltriethylammonium bromide surfactants, with a carbon chain length from Cy; to
C22. They found that mixing these surfactants together in selected ratios between 0 and 1, could

significantly impact pore ordering of MCM-41 silica powders.

Zhao et al.? studied the influence of cationic surfactants such as cetyltriethylammonium bromide
(C16TEAB) and Gemini surfactants C;sH37N(CHs)2(CH2)3sN(CH3)3Br; (Cis-3-1) in the formation of
mesoporous silica films, produced by a dip-coating method in an aqueous and a non-aqueous
solution. It was demonstrated that silica films containing C;sTEAB tend to produce 3D cubic pore
structures in aqueous conditions, whereas under highly acidic conditions, 2D-hexagonal pores are
favoured using the same surfactant. Under aqueous and non-aqueous environments, silica films
with Gemini surfactant, Cig3.1, produce either 3D-hexagonal or 2D-hexagonal structures, where
the pores are oriented parallel to the surface. Vertical pore orientation is rather more difficult in
comparison to horizontal orientation using the EISA method. Vertically-oriented mesopores can
be achieved by the Stéber process,* whereby the silica gel formation is aided by C16TAB, a silica
precursor, ethanol and ammonia or an induced co-assembly approach via the addition of an oil

(decane) to the sol bath.’

However, these methods suffer from long preparation times to make very thin films. An
alternative method is electrochemically assisted surfactant assembly (EASA) using a cationic
surfactant, usually C16TAB, and a silica precursor.®’ This method generally produces ordered silica
films with the application of an electrical current. The surfactant is removed from the mesopores
by an acidic alcohol solution or calcining for 30 minutes to generate mesoporous silica films with
vertical pore channels. Faster ion diffusion rates were observed from a variety of redox probe
molecules for films with increasing surfactant chain lengths in Chapter 3, linked to increases in
pore size. Robertson et al.® previously evaluated the influence of switching the head group of the
surfactant to a bulkier cetylpyridinium bromide (CPB) on the lattice parameters and pore

ordering. It was concluded that the film became less well-organised, but an increase in the lattice
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spacings was noticed. EASA most commonly uses Ci6TAB, resulting in small diameter pores of
2-3 nm. Post-synthesis grafting may facilitate better electrolyte access to the substrate surface

h2,10

during electrodeposition.’ Furthermore, increasing the surfactant chain lengt and the use of

swelling agents such as mesitylene!'® are other avenues to films with larger pores.

In this work, the porosity, structural pore order and pore size are evaluated for porous silicas
produced using cationic surfactants with a tetraalkylammonium head group containing a
hydrophobic chain of 18, 20 or 22 carbons, and a mixture of zero, one, two or three ethyl groups,
with methyl groups making up the remainder, [C1sH37NMes«Ety]Br, [CooHaiNMes «Et«]Br,
[C22HasNMes«Et«]Br with x =0, 1, 2 or 3.

4.3 Experimental summary

43.1 Synthesis and characterisation of surfactants

Octadecyltrimethylammonium bromide (C1sTAB, 98%) was purchased from Sigma Aldrich. The
octadecylalkylammonium bromide, eicosylalkylammonium bromide and docosylalkylammonium
bromide surfactants were prepared by the reaction of the alkylamine with 1-bromooctadecane, 1-
bromoeicosane or 1-bromodocosane in ethanol according to Scheraga et al.*? The synthesis used
1-bromooctadecane (5.0001 g, = 97 %, Sigma Aldrich), 1-bromoeicosane (5.0001 g, = 97 %, Sigma
Aldrich) and 1-bromodocosane (5.0001 g, 96%, Santa Cruz Biotechnology), which was dissolved in
ethanol (25 cm?) and dimethylethylamine (10 x mol eq, = 99 %, Sigma Aldrich),
diethylmethylamine (10 x mol eq, 97 %, Sigma Aldrich) or triethylamine ( 10 x mol eq, = 99.5 %,
Sigma Aldrich) was added into the solution. The mixture was refluxed for 8 h under stirring at

100 °C using a dry ice condenser. The solution was then filtered to remove particulates, and the
filtrate was placed in the freezer to induce precipitation. The crude product was collected by
filtration and a rotary evaporator was used to reduce the ethanol solvent significantly to recover
the remaining solid from the filtrate. Recrystallisation of the combined 2 crops of product from
ethanol produced a final yield of 4.98 g of octadecyldimethylethylammonium bromide,
(C1sDMEAB, yield = 99 % after drying, white solid), 4.80 g of octadecyldiethylmethylammonium
bromide (C1sDEMAB, yield = 96 % after drying, off-white solid), 4.76 g of
octadecyltriethylammonium bromide (CisTEAB, yield = 95 % after drying, off-white solid), 4.71 g
of eicosyldimethylethylammonium bromide (C,0DMEAB, yield = 94 % after drying, off white solid),
4.73 g eicosyldiethylmethylammonium bromide (C20DEMAB, yield = 94 % after drying, white
solid), 4.87 g of eicosyltriethylammonium bromide (C,0TEAB, yield = 97 % after drying, off-white
solid), 4.98 g docosyldimethylethylammonium bromide (C;2DMEAB, yield = 99 % after drying,
white solid), 4.89 g of docosyldiethylmethylammonium bromide (C2;DEMAB, yield = 97.8 % after
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drying, off-white solid) and 4.87 g of docosyltriethylammonium bromide (C2,TEAB, yield =97 %
after drying, off-white solid). *H and *C{*H} NMR spectra and positive ion ESI MS in methanol are

shown below.
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Figure 4.1 Positive ion electrospray mass spectrum of C1sDMEAB (calculated 326.60 m/z value) in methanol

at 25 °C.
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Figure 4.2 Positive ion electrospray mass spectrum of C1sDEMAB (calculated 340.60 m/z value) in methanol

at 25 °C.
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Figure 4.3 Positive ion electrospray mass spectrum of C1sTEAB (calculated 354.60 m/z value) in methanol at

25 °C.
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Figure 4.4 Positive ion electrospray mass spectrum of C2o0DMEAB (calculated 354.64 m/z value) in methanol

at 25 °C.
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Figure 4.5 Positive ion electrospray mass spectrum of C20DEMAB (calculated 368.62 m/z value) in methanol

at 25 °C.

382.6570
100

90
80
70
60

50

Relative Abundance

40

30

20

10

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
m/z

Figure 4.6 Positive ion electrospray mass spectrum of C20TEAB (calculated 382.66 m/z value) in methanol at

25°C.
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Figure 4.7 Positive ion electrospray mass spectrum of C22DMEAB (calculated 382.62 m/z value) in methanol

at 25 °C.
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Figure 4.8 Positive ion electrospray mass spectrum of C22DEMAB (calculated 396.66 m/z value) in methanol

at 25 °C.
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Figure 4.9 Positive ion electrospray mass spectrum of C22TEAB (calculated 410.67 m/z value) in methanol at

25 °C.
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Figure 4.10 *H and *C{*H} NMR spectrums of C1sDMEAB in CDCls3 (7.3 ppm and 77.2 ppm) at 25 °C.
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Figure 4.11 *H and *C{*H} NMR spectrums of C1sDEMAB in D-methanol (4.8 ppm and 49.3 ppm) at 25 °C.
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Figure 4.12 'H NMR spectrum of C1sTEAB in CDCls (7.3 ppm) at 25 °C.
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Figure 4.13 3C{*H} NMR of C1sTEAB in CDCl3 (77.2 ppm) at 25 °C.
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Figure 4.14 *H and *C{*H} NMR spectrums of C20DMEAB in CDCls (7.3 ppm and 77.2 ppm) at 25 °C.
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Figure 4.15 *H and *C{*H} NMR spectrums of C2oDEMAB in CDClz (7.3 ppm and 77.2 ppm) at 25 °C.
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Figure 4.16 *H NMR spectrum of C20TEAB in CDCls (7.3 ppm) at 25 °C.
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Figure 4.17 3C{*H} NMR of C20TEAB in CDCl3 (77.2 ppm) at 25 °C.
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Figure 4.18 *H and *C{*H} NMR spectrums of C22DMEAB in CDCl3 (7.3 ppm and 77.2 ppm) at 25 °C.
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Figure 4.19 *H NMR spectrum of C22DEMAB in CDCl3 (7.3 ppm) at 25 °C.
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Figure 4.20 3C{*H} NMR of C2:DEMAB in CDCls (77.2 ppm) at 25 °C.
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Figure 4.21 'H NMR spectrum of C22TEAB in CDCls (7.3 ppm) at 25 °C.
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Figure 4.22 3C{*H} NMR of C22TEAB in CDCl3 (77.2 ppm) at 25 °C.
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1-bromooctadecane

i) Ethanol, Me,EtN ii) reflux 8 hours, 373 K

\/\/\/\/\/\/\/\/\/Nv
Br

octadecyldimethylethylammonium bromide

Scheme 4.1 reaction of 1-bromooctadecane with N,N-dimethylethylamine to form
octadecyldimethylethylammonium bromide surfactant, C1sDMEAB. This general method was modified for
the preparation of the C1sDEMAB, C1sTEAB, C20DMEAB, C20DEMAB, C20TEAB, C22DMEAB, C2:DEMAB and
C22TEAB surfactants.

C1sDMEAB. 'H NMR (CDCls): 6/ppm 0.81 (t, CHs, [3H]), 1.17-1.39 (br s, CH, and CHs, [33H]), 1.61-
1.71 (m, CHy, [2H]), 3.32 (s, CH3, [6H]), 3.42-3.50 (m, CH,, [2H]), 3.66 (g, CH2, [2H]). *C{*H} NMR
(CDCl3): §/ppm 8.57, 14.05, 22.61, 22.72, 26.24, 29.18, 29.28, 29.34, 29.41, 29.53, 29.58, 29.61,
29.63, 31.85, 32.78, 34.02, 50.64, 59.35, 63.46, 76.85, 77.17, 77.49. MS (ESI*in CH30H): found m/z
= 326.6; required for {CHasN*}: m/z = 326.

C1sDEMAB. 'H NMR (CDCls): 6/ppm 0.81 (t, CHs, [3H]), 1.02-1.46 (br s, CH,and CH3, [36H]), 1.61-
1.75 (m, CH,, [2H]), 2.96 (s, CHs, [3H]), 3.14-3.25 (m, CHa, [2H]), 3.3 (g, CHa, [4H]). 3C{*H} NMR
(CDCl3): §/ppm 8.81, 14.09, 22.39, 22.66, 26.40, 28.15, 29.33, 29.39, 29.42, 29.45, 29.48, 29.52,
29.58, 29.63, 31.90, 32.83, 34.04, 56.62, 60.62, 76.76, 77.08, 77.40. MS (ESI*in CH3OH): found m/z
= 340.6; required for {C3HsoN*}: m/z = 340.

C1sTEAB. *H NMR (CDCls): §/ppm 0.81 (t, CHs, [3H]), 1.11-1.46 (br s, CH,and CHs, [36H]), 1.29-1.41
(m, CHs, [3H]), 1.78 (m, CH,, [2H]), 3.28 — 3.48 (m, CH>, [8H]). *C{*H} NMR (CDCl3): §/ppm 8.15,
14.11, 22.13, 22.69, 26.55, 28.19, 28.77, 29.17, 29.36, 29.41, 29.44, 29.55, 29.59, 29.62, 29.66,
29.69, 31.93, 32.86, 34.02, 53.64, 57.65, 76.72, 77.03, 77.35. MS (ESI*in CH30H): found m/z =
354.6; required for {C24Hs2N*}: m/z = 354.
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C20DMEAB. *H NMR (CDCl5): 6/ppm 0.81 (t, CHs, [3H]), 1.12-1.42 (br s, CH, and CHs, [37H]), 1.65
(m, CHy, [2H]), 3.32 (s, CHs, [6H]), 3.40-3.50 (m, CH,, [2H]), 3.66 (q, CHa, [2H]). *C{*H} NMR
(CDCls): 6/ppm 8.58, 14.07, 22.64, 22.70, 22.74, 26.27, 29.21, 29.31, 29.36, 29.44, 29.56, 29.61,
29.66, 29.77, 31.88, 32.81, 50.68, 59.33, 63.45, 69.19, 71.92, 76.80, 77.12, 77.44. MS (ESI*in
CH3OH): found m/z = 354.6; required for {C2aHs2N*}: m/z = 354.

C20DEMAB. *H NMR (CDCls): 6/ppm 0.81 (t, CHs, [3H]), 1.13-1.26 (br's, CH,and CHs, [37H]), 1.34 (t,
CHs, [3H]),1.58-1.69 (m, CH,, [2H]) 3.20 (s, CHs, [3H]), 3.32 (m, CHa, [2H]), 3.55 (g, CHa, [4H]).
13C{*H} NMR (CDCls): §/ppm 8.30, 14.07, 22.36, 22.64, 25.77, 26.37, 29.18, 29.31, 29.39, 29.44,
29.49, 29.57, 29.61, 29.65, 29.66, 31.88, 32.81, 34.04, 38.62, 50.25, 56.65, 60.53, 76.80, 77.11,
77.44. MS (ESI*in CH30H): found m/z = 368.6; required for {C,sHsaN*}: m/z = 368

C20TEAB. 'H NMR (CDCls): 6/ppm 0.81 (t, CHs, [3H]), 1.08-1.41 (br s, CH,and CHs, [43H]), 1.78 (m,
CH,, [2H]), 3.16 — 3.45 (m, CHa, [8H]). 3C{*H} NMR (CDCls): §/ppm 8.15, 14.11, 18.32, 22.13, 22.69,
26.51, 28.19, 28.77, 29.17, 29.20, 29.36, 29.41, 29.44, 29.55, 29.59, 29.62, 29.66, 29.69, 31.93,
32.86, 34.02, 53.64, 57.67, 76.72, 77.03, 77.35. MS (ESI* in CH30H): found m/z = 382.7; required
for {C6HseN*}: m/z = 382.

C22DMEAB. *H NMR (CDCls): 6/ppm 0.81 (t, CHs, [3H]), 1.13-1.25 (br s, CH;and CHs, [38H]), 1.34 (t,
CHs, [3H]), 1.60-1.69 (m, CH,, [2H]), 3.32 (s, CHs, [6H]), 3.40-3.47 (m, CHa, [2H]), 3.65 (g, CHa, [2H]).
13C{*H} NMR (CDCl5): §/ppm 8.03, 13.48, 13.81, 14.07, 22.04, 22.37, 22.47, 22.64, 22.74, 25.67,
26.27,29.07, 29.21, 29.40, 29.52, 29.67, 31.28, 31.88, 50.43, 50.71, 59.06, 76.20, 76.53, 76.84,
77.11,77.44. MS (ESI*in CH30H): found m/z = 382.6; required for {CxsHssN*}: m/z = 382.

C2,DEMAB. *H NMR (CDCls): 6/ppm 0.81 (t, CHs, [3H]), 1.13-1.25 (br s, CHzand CHs, [41H]),
1.28-1.37 (t, CH3, [3H]), 1.59-1.68 (m, CH>, [2H]), 3.21 (s, CH3, [3H]), 3.29-3.37 (m, CH,, [2H]), 3.56
(g, CHy, [4H]). 3C{*H} NMR (CDCl3): 6/ppm 8.31, 9.25, 14.08, 22.37, 22.44, 22.64, 25.77, 26.38,
28.14, 28.73, 29.19, 29.31, 29.39, 29.45, 29.49, 29.57, 29.62, 29.67, 31.88, 32.80, 47.87, 50.26,
56.63, 60.53, 76.80, 77.11, 77.44. MS (ESI*in CH30H): found m/z = 396.7; required for {C;7HssN*}:
m/z =396

C»,TEAB. *H NMR (CDCl3): §/ppm 0.81 (t, CHs, [3H]), 1.13-1.27 (br s, CH,, [44H]), 1.29-1.39 (t, CHs,
[3H]), 1.57-1.68 (m, CHy, [2H]), 3.17 —3.49 (m, CH,, [8H]). *C{*H} NMR (CDCls): §/ppm 8.13, 8.74,
14.10, 22.10, 22.66, 26.48, 28.16, 28.75, 29.16, 29.33, 29.40, 29.41, 29.45, 29.52, 29.58, 29.63,
29.67, 29.69, 31.90, 32.83, 34.04, 46.19, 55.59, 57.57, 58.46, 76.76, 77.08, 77.39. MS (ESI*in
CH30H): found m/z = 410.7; required for {C2sHeoN*}: m/z = 410.
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4.3.2 Growth of mesoporous silica on indium-tin oxide electrodes
(i) C;sDMEAB and C,,DMEAB

The silica films were prepared on an indium-tin oxide (ITO) transparent electrode using the EASA

1.1* and employed for the work in Chapter 3. The sol

method previously reported by Goux et a
electrolyte was prepared by adding 0.1 mol dm NaNO; (0.1700 g, 2.00 mmol, > 97 %, Timstar
Laboratory Suppliers Ltd) in 20 cm® water and 20 cm?® ethanol, and TEOS, 98 %, Sigma Aldrich,

905 ul), then C1sTAB (0.4801 g, 1.22 mmol) was added to the sol electrolyte.

For the C;sDMEAB (0.4801 g, 1.18 mmol) and C2,0DMEAB (0.3000 g, 0.69 mmol) systems, the
ethanol component was replaced with 20 cm? isopropyl alcohol to dissolve the surfactant at room
temperature and all other reagents were kept constant when preparing the deposition
electrolyte. The sol pH was adjusted to pH 3 by the slow addition of 0.2 mol dm™ HCl in water. The

sol was then hydrolysed for 2.5 h with stirring at 25 °C.
(II) C13DEMAB, C13TEAB, CzoDEMAB, ConEAB, szDMEAB, C,,DEMAB and C,TEAB

The sol electrolyte synthesis was modified from the standard procedure when using C1sDEMAB
(0.4801 g), C1sTEAB (0.4801 g), C.o0DEMAB (0.3000 g), C20TEAB (0.3000 g), C2.2DMEAB (0.3000 g),
C2,DEMAB (0.3000 g) and C2,TEAB (0.3000 g). The films were prepared by adding 0.1 mol dm™3
NaNOs; in water (20 cm3) with isopropyl alcohol (20 cm?), adding TEOS (905 uL) and creating an
acidic sol medium by adjusting the pH close to 3 using 0.2 mol dm™ HCI. The sol was then stirred
for 90 minutes, then the surfactants were added and allowed to stir for a further 30 minutes. Due
to the increased hydrophobicity of surfactants, C1sDEMAB, CisTEAB, C;,0DEMAB, C0TEAB,
C,.DMEAB C,;DEMAB and C,,TEAB, the temperature was increased to 40 °C to ensure complete

dissolution. The sol electrolyte was hydrolysed for 2.5 hours.

433 The electro-assisted deposition of mesoporous silica on ITO electrodes

The electrochemical cell setup consisted of a Teflon cell with a 15 mm X 20 mm ITO-coated glass
(surface resistivity = 14-16 Q’!, Ossila) working electrode, stainless steel cone counter electrode
and a silver rod pseudo reference electrode. A constant potential of -1.25 V was applied for a
duration of 20 seconds using a Biologic SP150 potentiostat. The silica films were quickly washed
with water and ethanol after each deposition, then placed in a drying oven at 130 °C for 16 hours.
The surfactants were removed by submerging the film in a solution of 0.2 mol dm= HCl/ethanol
for 15 minutes under gentle stirring. The films were then examined by GISAXS and CV to provide

evidence of surfactant removal.
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4.4 Results and Discussion

4.4.1 Pore structure and characterisation of EASA films

The surfactant chain length was kept constant at 18 carbons as the hydrophilic head was
substituted with ethyl groups, thus steadily increasing the surfactant head size as shown in
schematic 4.1. The increase in head size also increased its hydrophobicity and changed its
solubility in the sol, therefore the sol composition was modified. This was achieved by adjusting
the surfactant and TEOS concentrations to approximately 30 mmol dm and 101 mmol dm with
a surfactant: silica ratio of about 0.30:1 for each surfactant. The water: ethanol ratio was changed
to attempt silica deposition on ITO whereby the P6mm pore symmetry and vertical orientation
was maintained. For C;sDMEAB, the water: ethanol ratio was 50: 50, 75: 25 and 15: 85 however,
mesostructured films were difficult to obtain. Therefore, the water: ethanol combination was
replaced with water: isopropyl alcohol with a ratio of 50:50 to obtain EASA films with the desired
hexagonal pore structure. For C;sDEMAB and C1sTEAB, the water: isopropyl alcohol ratio was kept
constant at 50:50 and the sol temperature raised to 40 °C to achieve complete surfactant
dissolution and hence EASA films with the preferred structure and orientation. Depositions were
carried out at an applied potential of -1.25 V for 20 seconds. Longer deposition times resulted in a
build-up of silica spheres on the ITO surface due to condensation reactions in the bulk sol.10136
The sol electrolyte was maintained at approximately 40 °C during depositions for the surfactants
with ethyl rich head groups, and the resulting films were then cleared of silica by-products using
deionised water and ethanol on the surface and dried. Surfactant was removed from the pores by

soaking in a solution containing ethanol acidified with a little HCI.

The in-plane GISAXS pattern shown in Fig. 4.23, was used to ascertain pore ordering and
orientation of the resulting film with C;sDMEAB. There was no visual sign of problems associated
with film adhesion or any irregularities. The 1D in-plane scattering pattern for the silica film with
C.:sDMEAB revealed features corresponding to the 10 (2.02°) 11 (3.50°) and 20 (4.18°) lattice
planes. The modification of the surfactant head saw a drop-off in peak intensity, suggesting
micelle disorganisation starting to occur within the silica film. A further shift of the GISAXS feature
corresponding to the 10 lattice plane to smaller angle was seen, this pointed towards an increase
in the d spacing and pore spacing ao, values to 4.4 nm and 5.10 nm compared to the C,sTAB

1.2 reported similar XRD features

produced film at 4.15 nm and 4.79 nm respectively. Campos et a
for the aqueous dispersions of mesoporous hybrid silicas using cetyldimethylethylammonium
bromide. On the contrary, Christiansen et al.1> examined the synthesis of layered mesoporous
silicate materials using cetyldimethylethylammonium bromide. It was understood that a

disorganised lamellar structure was identified for the silica material with hydrothermal treatment
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lasting a day. However, after 3 days of heat treatment the silica-lamellar mesoporous material

was highly organised.

In Fig. 4.23ii (inset), the 2D diffraction image for the silica film produced by C;sDMEAB reveals
distinct spots, which is associated with the 10 reflection. For C1sTAB, the diffraction spots are
more concentrated than those found in C1sDMEAB, indicating an increase in pore disorder, which
draws a parallel with 1D GISAXS data. Nevertheless, the spots are direct evidence that the pores
are oriented vertically to the surface. A diffraction ring is noticed for the film with C;3sDMEAB,
albeit at low intensity, and is indicative of surface aggregates to the point where they are

detectable by in-plane GISAXS, as explained in the Chapter 3.

Figure 4.23 presents 1D and 2D (inset) GISAXS patterns of a silica film using C1sDEMAB
respectively. The alkylammonium bromide surfactant was modified further to incorporate two
ethyl substituents and one methyl to the hydrophilic head. The starting sol electrolyte was
adjusted by replacing the ethanol solvent with isopropyl alcohol to bring the C1sDEMAB surfactant
into dissolution. These changes were necessary to deposit porous silica onto the ITO surface
successfully and to answer questions on whether the hexagonal pore arrangement would increase
or lessen further relative to films with C1sTAB and C;sDMEAB. This resulted in reduced intensity
and broadening of the 10 diffraction peak, suggesting a further reduction in hexagonal ordering

for the silica film with C;sDEMAB (as shown in Fig. 4.23).

The synthesis of porous silica films by the EASA method tends to produce mesopores that orient
vertical to the substrate’s surface. 2D GISAXS (shown in Fig. 4.23iii inset) was used to confirm the
pore structure and orientation of the film after removing the surfactant from the pores. Bragg
spots can be clearly observed along the horizontal direction, which can be indexed to the 10
reflection, fitting the Laue group of P6mm with vertically oriented pores. A diffraction ring can be

seen in the image, which is higher in intensity than observed for C;sDMEAB.

In contrast, the silica film produced with C;sTEAB gave rise to a disordered film, as indicated by
the 1D GISAXS pattern shown in Fig. 4.23. A sizeable reduction in peak intensity of the 10 peak
and the absence of 11, 20 and 21 peaks were spotted, suggesting a significant loss in the ordering
of pores. Ryoo et al.? studied the mesostructural phases of MCM-41 materials with cationic
surfactants of increasing head size. The findings summarise that docosyltrimethylammonium
bromide is likely to result in lamellar mesophases, whereas, switching to a bulkier head group
such as triethylammonium bromide would favour a hexagonally ordered mesophase. This is

contrary to what is obtained for EASA-derived silica films using the same surfactants.
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According to the 2D GISAXS image of CisTEAB silica film (shown in Fig. 4.23 iv inset), weaker spots
were observed for the 10 plane compared to the other C;s modified surfactants, however,
because the spots are visible it clearly identifies the pore position as vertical with the system
remaining highly disorganised. As can be seen (Fig 4.23), the GISAXS plots of the EASA films with
Cis modified head groups show a significant reduction in the 10 peak and the gradual
disappearance in the 11, 20 and 21 diffraction peaks compared to those of CisTAB. Nevertheless,
the most promising sample is the C;sDMEAB templated silica film, as the distortion of the
hexagonal pattern is minimal and the GISAXS 10 peak moves to larger pore spacing values

compared to CisTAB as revealed previously.

Signal Intensity /a.u.

: S C,sDMEAB
: —— C,,DEMAB
—— C,,TEAB

0 | 2 4 6 8 10
2 Theta/Degree

Figure 4.23 1D in-plane GISAXS scattering patterns of mesoporous silica films templated by C1sTAB,
C1sDMEAB, C1sDEMAB and C1sTEAB deposited at a potential of -1.25 V (vs. Ag/Ag*) for 20 s on ITO
electrodes (top left; inset: 2D GISAXS images of silica films templated by (i) C1sTAB, (ii) C:sDMEAB, (iii)
C1sDEMAB and (iv) C1sTEAB.
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There are two established ways to remove the surfactant template, either by washing in acidic
alcoholic bath or by calcination. The former method was applied and the EASA films with C13TAB,
C.sDMEAB, C13sDEMAB and C;sTEAB were characterised by SEM (shown in Fig. 4.24). The top view
SEM images of each film shows good surface coverage with no signs of microcracks or poor
adhesion. The estimated film thickness for the EASA film with C1sTAB was 125 nm and was found
to be in similar regions to the other EASA film thicknesses. It should be noted that silica
aggregates were found on the surface for films with C;sTAB, C;sDMEAB and C;sDEMAB,
consequently, silica continues to condense even after the passing of current, giving rise to a thin
silica layer formed over the underlying film. The formation of silica spheres is largely associated

with the Stober process, where the silica oligomers form around the micelles in the bulk solution.

This causes the silica spheres to stick to the forming gel film.*

Figure 4.24 Top view SEM images of EASA films with (a) C1sTAB, (b) C1sDMEAB, (c) C:1sDEMAB and (d)
C1sTEAB deposited at an applied potential of -1.25 V (Ag/Ag*) for 20 s on ITO electrodes.

Mesoporous silica films produced by the EASA method were characterised based on their ordered
or disordered arrangement of pores. The structural properties of these materials such as large
pore volume, ordered mesopores, variable pore sizes and uniform pore architecture can be
modified by the variation of surfactant head sizes.? TEM provides information on the

morphological features of the EASA-derived silica films and are shown below as follows.
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TEM imaging was carried out on the EASA films generated with C1sTAB, C1sDMEAB, C;sDEMAB and
C1sTEAB by Yisong Han using a JEOL ARM200f double-corrected TEM operated at 200 kV. The
images were taken by stripping small sections of film from the ITO surface with a scalpel to
investigate the mesoporous structure. Previously, the GISAXS data (shown in Fig. 4.23) suggested
a gradual loss of hexagonal micelle organisation as the hydrophilic head increased with methyl
groups sequentially replaced with ethyl substituents. The TEM images in Fig. 4.25 show the
C1sTAB produced film to have a highly organised hexagonal structure of mesopores. As the
surfactant head size increases, this initiates a slight distortion of the hexagonally ordered film with
C1sDMEAB, and with C;sDEMAB and C1sTEAB further loss in pore ordering is observed, which
correlates with the GISAXS data (shown in Fig. 4.23). It should be stated, that the GISAXS data
confirm that all films possess vertically oriented pores, it is only the hexagonal ordering that is lost
in comparison to the film with C1sTAB. Loss of order with increasing cationic surfactant head size
has been linked to repulsions between the larger surfactant head groups causing steric
hinderance to occur, slowing down the process of micellization as a result of fewer bromide
counterions condensing in the vicinity of the micelle.® Film formation occurs below the critical
micellar concentration (CMC), which is stated to be around 30 mmol dm™ for CTAB in a sol
electrolyte with 50:50 water:ethanol.** This provides evidence that the surfactant template
does not self-assemble in the desired hexagonal arrangement in the sol, it is the electric field
which drives the interaction between positively charged surfactant molecule and the negatively
charged ITO electrode. In turn, this favours the formation of hemimicelles (in its hexagonal shape)
and induces silica condensation and hence SiO; film formation with vertical pores. The hexagonal
pore structure occurs when working below the CMC and so, knowledge of the CMC is less critical

here than it would be in a “standard” sol-gel study.
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Figure 4.25 TEM images of mesoporous silica films generated by (a) C1sTAB, (b) C1sDMEAB, (c) C:1sDEMAB
and (d) C1sTEAB deposited at -1.25 V (vs. Ag/Ag*) for 20 s on ITO electrodes.

44.2 Pore transit measurements of redox molecules through EASA films on ITO electrodes

Pore transit measurements were carried out for a range of EASA films using an anionic probe
molecule. These investigations were undertaken to determine whether the effect of increasing
the surfactant head size would influence the ability of ions to move through the pores, which
would be evident from deviations in the voltametric profiles. The electrochemical reduction and
oxidation of ferricyanide is shown in Eq. 1. The porosity was determined using 0.5 mmol dm=3
[Fe(CN)s]>* in a solution containing 0.1 mol dm NaNOs as the background electrolyte (as shown

in Fig. 4.26).

Reduction

[Fe(CN)]** + e —— [Fe(CN) ]* Eq 1

Oxidation
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Upon extracting the surfactant from the pores, a drop in peak current and a large peak to peak
separation is observed, most likely due to electrostatic repulsions between the anionic molecule
and silanol groups attached to the silica pore walls, which could be associated with the Donnan
exclusion effect!® (as shown in Table 4.1). The voltametric peak profiles for the films with C1sTAB
to C1sTEAB, were seen to decrease in current intensity, comparative to that of bare ITO (shown in
Fig 4.26 inset). As mentioned previously, this suggests the possibility that steric hindrance from
the larger surfactant head size plays a pivotal role in the organisation of pores, in turn affecting
the ion diffusion rates through the silica film. Interestingly, the films with C;sDEMAB and C1sTEAB
reveal no faradaic current, with the voltammograms similar in shape to functionalised carbon
electrodes run in supercapacitor studies exhibiting excellent capacitive behaviour,*® as well as
mirroring that of blocked pores before the surfactant has been removed from the film.2%
Nevertheless, this can be ascribed to a significant decline in the film’s hexagonal ordered pore

structure due to the bulkier surfactant heads, leading to a curtailment in mass transport

properties.
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Figure 4.26 Cyclic Voltammograms (right) (20 mV s sweep rate) of 0.5 mmol dm™3 [Fe(CN)G]3 ! in 0.1 mol
dm?3 NaNO,(aq) on bare ITO electrode (inset). The generated mesoporous silica films using C, , TAB (black

line), C.sDMEAB (red line), C1sDEMAB (blue line) and C1sTEAB (green line) as the surfactants were deposited
at-1.25V (vs. Ag/Ag*) for 20 s on ITO electrodes.
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Table 4.1. The electrochemical data of a range of mesoporous silica films collected from CVs.

Surfactants/Electrode | Redox Probe lpa/ MA lpc / MA AE, / mV
Bare ITO [Fe(CN)Gf-/“- 2.02 x 107 -2.03 x 107 90
CisTAB [Fe(CN)6]3-/4- 1.35 x 10 -1.26 X 10?2 148
C1sDMEAB [FG(CN)G]}/“’ 1.58 x 10° -3.01 x 10° 104
C1sDEMAB [FG(CN)G]}/“* N/A N/A N/A
C1sTEAB [FG(CN)G]}/“* N/A N/A N/A

EIS was employed to further characterise the EASA films produced with the various head groups
(Fig 4.27 a and 4.27 b). The Nyquist plots were carried out in the same redox probe molecule
solution as the pore transit measurements described above. The EIS plots can be simulated using
a simple Randles equivalent circuit where Rs, Rt and Cqi are the electrolyte resistance, charge
transfer resistance and double layer capacitance, respectively. The Nyquist plots of C;sTAB and
C1sDMEAB derived silica films are composed of a semicircle in the high frequency range and a 45°
straight line due to the Warburg impedance (Z). Previous works have shown that mass transport
of redox-active molecules through porous silica films is governed by diffusion processes.”-10:13
Therefore, the charge transfer resistance is highly dependent on the number of open pores
available for ion transport and ionic charge from redox active molecules. Fitting to the Randles
circuit, it was found that the R of bare ITO was 144.0 (), which was lower than the R of 416.6 ()
and 830.2 () obtained in films produced by C1sTAB and C1sDMEAB, showing higher conductivity for
the transparent electrode. The incorporation of two or three ethyl groups attached to the

surfactant’s hydrophobic tail resulted in much larger and imperfect semicircles (Fig. 4.27b),
suggesting poorer pore accessibility of the redox active ion, [Fe(CN)G]g-M- transporting through the

silica films than that seen with the C1sTAB and C;sDMEAB films. Moreover, despite the increased
pore spacing and possible pore expansion found in C;sDMEAB produced film, the R value is
higher than for C1sTAB due to pore disorder and the limited number of available pores present,
which hinder the diffusion of redox molecules within the silica pore channels. The EIS data agree
with those from the CVs, presenting further evidence that the reduction in pore order with

increasing head size is accompanied by loss of access to the electrode surface.
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Figure 4.27 Nyquist plots (a) of bare ITO, mesoporous silica films on ITO electrodes with C1sTAB and

C1sDMEAB as the surfactant templates and Randle’s equivalent circuit (chapter two, ref. 18) (inset), and (b)

of mesoporous silica films on ITO electrodes with C1sDEMAB and C1sTEAB as the surfactant templates. The

data was recorded in 0.5 mmol dm [Fe(CN)G]a_M» containing 0.1 mol dm- NaNO,(aq) as the supporting

electrolyte. The generated mesoporous silica films using C,,TAB, C1sDMEAB, C1sDEMAB and CisTEAB as the

surfactants were deposited at -1.25 V (vs. Ag/Ag*) for 20 s on ITO electrodes. All experiments were carried

out after surfactant removal.
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443 Ellipsometric porosimetry measurements of EASA films on ITO electrodes

EP was used to establish the pore size growth of EASA films using surfactants with a constant
carbon chain length of 18 carbons and modified head groups. In the EP measurements, an
isotherm of a mixture of type | (b) and type IV (b) is observed for the silica film with C;sDMEAB (as
shown in Fig 4.28).2% It is noticeable that there is an initial increase in the relative partial pressure
in the mid-range between 0.05 and 0.12 P/P,, which is caused by toluene filling the pores. For the
adsorption-desorption branches, no hysteresis loop is present indicating that the process is not
associated with capillary condensation. For the C;3sDMEAB produced film, the PSD plot displays a
peak pore size of 3.42 nm determined from the desorption branch (shown in Fig. 4.29) which is
larger than the peak pore size observed for the silica film with C1sTAB at 3.24 nm acquired from
the desorption isotherm.'® The isotherm curves represent wide micropores and small mesopores,

with similar literature found for toluene isotherms of silica films produced by C,TAB.0:23
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Figure 4.28 The adsorption/desorption isotherm of the EASA film produced by C1sDMEAB on an ITO

substrate using toluene as the adsorptive.
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Figure 4.29 The pore size distribution curves determined from adsorption (blue) and desorption (black)

isotherms of a mesoporous silica film produced using C1sDMEAB on an ITO substrate.

The porosity measurement for the film with C;sDEMAB was carried out after surfactant removal
by placing the film in an acidic ethanol solution and then dried at 130 °C to evaporate ethanol
from the pores. The following isotherm for the film templated by Ci1sDEMAB is shown in Fig. 4.30.
The isotherm mirrors that of type | (b) and type Il and from the desorption branch, a drop in the
solvent volume is noticed at around 0.23 P/Po which is accompanied by a large hysteresis loop
(type H4),% indicating the commencement of capillary condensation in the mesoporous material.
The disordered sol-gel film could lead to problems related to pore blockage and cavitation which
is determined by the type H4 hysteresis and is highly dependent on pore permeability, pore
geometry and pore size.?* The large peak in the PSD plot obtained from the desorption branch
displayed an artificial peak pore size of 3.90 nm (as shown in Fig. 4.31) due to the disordered

nature of the film allowing toluene desorption to occur at a rapid rate.?®

116



Chapter 4

0.15
—— Adsorption
—— Desorption
0.10 H
E
>
0.05
0.00 H
I > 1 L I i I ! 1 %
0.0 0.2 0.4 0.6 0.8 1.0

Partial pressure (P/P,)

Figure 4.30 The adsorption/desorption isotherm of the EASA film produced by C1sDEMAB on an ITO

substrate using toluene as the adsorptive.
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Figure 4.31 The pore size distribution curves determined from adsorption (blue) and desorption (black)

isotherms of a mesoporous silica film produced by C1sDEMAB on an ITO substrate.
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The surfactant head size was modified further by the addition of three ethyl moieties to the
cationic head, with EP measurements undertaken at room temperature to determine the porosity
characteristics of the C1sTEAB templated silica film. As shown in Fig. 4.32, the adsorption isotherm
shows a dramatic increase at higher partial pressures which is indicative of higher rates of pore
filling from the adsorptive in relation to lower pressure regions. The adsorption branch of the
isotherm mostly imitates that of type Il, by the clarity of separation between monolayer coverage,
multilayer adsorption, and the filling of mesopores. From the adsorption branch, the reduction in
the solvent volume (Vs) followed by a hysteresis loop at around 0.14 relative pressures is
observed. This behaviour is similar to argon-based isotherms for SBA-16 silica materials using
non-ionic surfactants reported by Kim et al.,?® and for the C;1sDEMAB film whereby the reduction
in Vo1 was the cause of the fabricated pore diameter obtained from the desorption isotherm. The
artificial peak pore size for the C;sTEAB film was determined at 3.76 nm (Fig. 4.33). Nevertheless,
the peak pore size at 3.53 nm witnessed from the minor peaks in the adsorption branch which

most likely represents an accurate measure of the mesopore size.

The hysteresis found in the desorption isotherm matches the type H3 as opposed to the H4
hysteresis type found in C;sDEMAB. The rationale behind this is the depletion of toluene uptake at
lower partial pressure, due to a limited amount of micropores present within the silica material.
From the GISAXS and electron microscopy observations, it was understood that the hexagonal
pore structure became distorted with increasing surfactant head size, however, the PSD plots for
C1sDEMAB and C1sTEAB reveal accurate peak pore sizes despite the significant increase in pore
disorder of the systems. The isotherm curves are reminiscent of materials where pore
blockage/cavitation takes precedence and is most often seen for ordered and disordered porous

materials such as SiO,-templated materials, sandstones, clays, and Zeolites.?*
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Figure 4.32 The adsorption/desorption isotherms of the EASA films produced by C1sTEAB on an ITO

substrate using toluene as the adsorptive.

dVv/dr (a.u)

\/\'ﬁv—‘—/f‘ -

I I
0 5 10 15 20 25
Pore diameter (nm)

Figure 4.33 The pore size distribution curves determined from adsorption (blue) and desorption (black)

isotherms of a mesoporous silica film produced by Ci1sTEAB on an ITO substrate.
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444 Grazing incidence small angle X-ray scattering analysis of EASA films using C;0 and Cy;

surfactants of increasing head sizes

The carbon chain length was increased to 20 carbon atoms to investigate the effect of head group
modification of surfactants on the production of EASA films. Figure 4.34 shows the GISAXS plots of
EASA Films templated by C;0TAB, C20DMEAB, C;,0DEMAB and Cy0TEAB after surfactant extraction.
The silica sample showed a broadening of the diffraction peak for the C;,oDMEAB produced film at
2 0 =(2.12°), which can be attributed to the 10 lattice plane. Interestingly, the drop in 10 peak
intensity along with the shift to higher angle, which associates to smaller d-spacing (dio) and pore
spacing (ao) values of 4.20 nm and 4.81 nm, is clearly evident. Values for C;0TAB were

dip =4.48 nm and ap=5.18 nm. It is to be noted that the shape of micelles can be elucidated from
the surfactant packing, which is reliant on the surfactant geometry. The equation for the
surfactant packing (g) is as follows; g = V/(aoL), where V is the volume of the extended surfactant
chain, ag is the area of the bulky head group and L is the length of surfactant chain which is
important to determine the surfactant organisation of mesostructured materials. The surfactant
properties such as the carbon chain length, counter ion charge and bulk of the head group are
very important in the analysis of the mesostructure in its ultimate form.?” For instance, the SBA-3
silica material using CTAB favours the formation of hexagonal mesophases whereas SBA-1 with a
larger surfactant head size C1sTEAB tends to produce cubic mesophases under fixed temperatures

of 273 K, indicating the influence of different surfactant heads on the mesophase.?”-%

An interesting phenomenon was observed for films with C;o modified head groups, where the 10
peak moves to higher angle despite the increase in surfactant (C,oDMEAB) size. An opposite trend
was noticed for films with C,; modified head groups, which saw the 10 peak move to lower angle.
Typically, as the surfactant size increases, the diffraction peaks shift to lower 2 8 values, in turn
revealing higher d-spacings. This trend is seen for Ci;gand Cy; films but that with Cy, it was

inconsistent.

In the case of C;)DMEAB, the loss in ordering and smaller d-spacing is possibly due to the
hydrophilic head interacting with the Cy chain, causing the alkyl chain length to shrink in size,
which disturbs the micellisation process and most likely initiates changes to micelle size and
hence the mesopores of porous silicas. The system requires further investigation to fully resolve
what is happening. Similar behaviours were reported by Lin et al.! for MCM-41 materials
produced by cetylbenzyldimethylammonium bromide, C2sH46BrN. They established that
interaction between the surfactant head and tail causes the extended tail to shrink, leading to
MCM-41 materials with smaller pore diameters. They also stated that steric hinderance of the

surfactant head was the cause for the poor hexagonal arrangement observed in the XRD pattern.
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Huo et al.?®*> discovered that the ratio between the volume and length of the surfactant chain for
the alkyltrimethylammonium bromide surfactants (C,MesBr, where C, ranges from 8-18), does
not change with increases to the hydrophobic tail. However, as C, extends beyond 20 carbon
atoms, the surfactant tail starts to curl, which causes a decrease in the length |, without significant
changes to the volume. This phenomenon increases the value of g which results in micelles
formed with reduced arch shape for surfactants such as C;oMesBr and C,;MesBr, leading to porous
silicas with lamellar mesophases. On the contrary, surfactant tail lengths between Cg-Ci5 tends to

favour hexagonal MCM-41.

For the film with C;0DEMAB, a further loss in hexagonal pore order is observed (as shown in Fig.
4.34). However, despite the lowered intensity of the 10 diffraction peak at 260 = 1.96 °, it is clear
that it moves to higher d-spacing than that shown with C;0TAB and C,0DMEAB, suggesting an
increase in the ap value and the possibility of pore growth. The GISAXS pattern for the film with
C0TEAB shows an even further lowering of 10 peak intensity at 26 = (1.90 °), compared to
C,0DEMAB, the disappearance in 11, 20 and 21 reflections are seen similarly to other films with
modified head groups. Interestingly, the 10 peak shifts to a larger d-spacing and is more intense,

indicating an improvement in the hexagonal order than that with C;sTEAB.

In order to confirm the mesoporous structure of the silica films with Cyo surfactants of increasing
head sizes as well as providing evidence of vertical pore orientation, 2-dimensional GISAXS was
used for the characterisation process. Figure 4.34 inset shows the 2D GISAXS images of the films
templated by Cx0TAB, C;,0DMEAB, C20DEMAB and C,oTEAB. All films exhibit in-plane Bragg spots on
the horizontal plane however, the long-range order Bragg spots related to the 11, 20 and 21
lattice planes disappear as the hydrophilic head size increases, which complements the 1D
scattering patterns (shown in Fig 4.34). Diffraction rings of relatively high intensity are visible for
C20TAB but drop in intensity as the surfactant head size grows, implying that surface aggregates
can be mitigated or reduced by the presence of larger surfactants in the sol medium. The general
trend is that the Bragg spot intensity reduces as the head size increases but an outlier to this
development is the C,oTEAB film, where the spots are more concentrated than that shown with

C1sTEAB.
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Figure 4.34 1D in-plane GISAXS scattering patterns of mesoporous silica films templated by C20TAB,
C20DMEAB, C20DEMAB and C20TEAB deposited at a potential of -1.25 V (vs. Ag/Ag*) for 20 s on ITO
electrodes (top left; inset: 2D GISAXS images of silica films templated by (i) C20TAB, (ii) C2oDMEAB, (iii)
C20DEMAB and (iv) C20TEAB.

The sol recipe was altered for the C;,DMEAB templated film as it became apparent that the
effects of surfactant on the solubility and dissolution in the sol electrolyte needed to be explored.
The surfactant/silica ratio was 0.17 to ease the dissolution process, the sol appearance was cloudy
due to the undissolved surfactant, this was resolved by raising the sol temperature to 40 °C to
liquify the surfactant and the electro-assisted deposition of silica was performed at around 40 °C.
This was not the case for films with C;sDMEAB and C,0DMEAB as heat treatment was not

necessary.

Figure 4.35 displays the 1D in-plane scattering patterns obtained for films with C;2TAB, C;,DMEAB,
C,,DEMAB and C,,TEAB. As can be seen, the diffraction feature relating to the 10 plane decreases
in intensity, suggesting the gradual degradation in hexagonal ordering as each methyl moieties
interchanged with ethyl in the cationic head group. For the film grown by C;,DMEAB, the 10 peak

at 26 = (2.00°) moves to lower angle which is a common theme for the alkyltrimethylammonium
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bromide surfactants discussed in the previous chapter and contrary to the film with C,cDMEAB,
indicating surfactant stability during the micellar process. The GISAXS pattern for the film with
C,.DEMAB reveals significant peak expansion for the feature at 260 = (1.98 °), relating to the 10
reflection, signifying a further loss of hexagonal ordering compared to C,2TAB and C;;DMEAB
templated films. The 10 peak observed at 26 = (1.88 °), for the film with C,,TEAB is greater in
intensity than for C;sTEAB and Cx0TEAB, suggesting that increasing the alkyl chain length whilst
retaining the triethylammonium bromide (TEAB) head group not only increases the lattice

parameters but also minimises hexagonal pore disorder.

The 2D GISAXS patterns pertaining to EASA films with C;,TAB, C;,DMEAB, C2;DEMAB and C,,TEAB
are shown in the inset of Figure 4.35. It is readily apparent the presence of Bragg spots on the
parallel plane for all EASA films are noticed. Additionally, the film with C,,DMEAB retains the 11
and 20 lattice planes, which is not the case for C;1sDMEAB and C;,0DMEAB, demonstrating an
improvement in the pore order. Another scattering feature saw in-plane rings around the spots
which are most intense for C,,DMEAB. These features are minimal for the Cis modified surfactant
head groups but are seen frequently for films with C,oand C,; modified head groups. Moreover,
the 10 Bragg spots for films produced by C,2TEAB is significantly more focussed than for Ci1sTEAB

and CyoTEAB, corresponding well to the 1D scattering patterns observed in the previous sections.
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Figure 4.35 1D in-plane GISAXS scattering patterns of mesoporous silica films templated by C22TAB,
C22DMEAB, C2:DEMAB and C2,TEAB deposited at a potential of -1.25 V (vs. Ag/Ag*) for 20 s on ITO
electrodes (top left; inset: 2D GISAXS images of silica films templated by (i) C22TAB, (ii) C22DMEAB, (iii)
C22DEMAB and (iv) C22TEAB.

4.4.5 Conclusions

Surfactants modified with larger head groups and TEOS were used to synthesise EASA-derived
silica films. A gradual deterioration in the pore order was observed as the surfactant head size
grew. In silica films produced with C1sDMEAB the GISAXS revealed a significant increase in the
lattice spacing without a significant reduction in hexagonal pore ordering relative to the silica film
with C13TAB. The film with C;)DMEAB revealed smaller pore spacings than observed for C;0TAB
due to surfactant instability during the micellization process. An increase in the hexagonal order
was confirmed when increasing the alkyl chain length from Ci5 to C,; with a fixed
triethylammonium bromide head group. The electrochemical signals showed no faradaic current
for films with C1sDEMAB and C1sTEAB, suggesting films with surfactant-blocked pores. The
structural pore order greatly influences the rate of charge transfer resistance [Fe(CN)s]*/* through

the pores, which was reflected in the impedance data. Ellipsometric porosimetry confirmed that
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the pore diameter of the silica films increased with increasing head group size, although the

accessible pore volume also decreased.

The use of EASA films with surfactants of increasing head sizes provides an alternative route to
the enhancement in pore spacing and hence pore size, and as such, these developments may be

beneficial for future work on templated electrodeposition and as reliable sensors.
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Chapter 5

Chapter 5 The electrodeposition of porous nickel films

from an EASA derived route

This chapter examines the synthesis of porous nickel films as electrode materials for
supercapacitor applications, in order to investigate whether the electrodeposition of templated

nickel would potentially lead to the development of pores within the electrode material.

Nickel was deposited on ITO using a CTAB surfactant and boric acid in an acidified aqueous
solution. The presence of nickel was confirmed by EDX but films were shown to be amorphous by
XRD and no ordered porosity was suggested by GISAXS. Electron microscopy was used to identify
the porosity of CTAB-templated film along with the difference in structural morphology when
compared with the non-templated film. The electrochemical accessible surface area for
CTAB-templated nickel was estimated to be greater than for non-templated nickel. Finally, the
specific capacitance determined from CV studies of CTAB-templated nickel was almost two times

greater than observed for non-templated nickel at 5 mV s,
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5.2 Introduction

Nickel is widely used as an electrode material in many electrochemical applications, such as
alkaline water electrolysers'?, fuel cells?, supercapacitors* and electrochemical hydrogenation of
organomolecules.® Nickel based electrodes are also effective as battery materials® with examples
in cadmium-nickel oxide, zinc-nickel oxide and hydrogen-nickel oxide. High surface area nickel
electrodes are often important in electrochemical technologies as reactions occur directly on the
electrode surface. Therefore, increasing the surface area of nickel is imperative for the
improvement in the nickel electrode’s electrochemical performance. Previous attempts to
increase the surface area of nickel stem from the production of sintered microporous nickel” and
porous Raney nickel, whereby Ni alloys with aluminium and zinc are etched in solution before
deposition onto the substrate.® These processes involve heat treatment or alkaline leaching from
concentrated solutions.” This results in disorganised porous nickel systems. Therefore, despite the
high surface area, the movement of liquids or gases through the porous network is challenging.
On the contrary, nickel materials with ordered porosity accompanied by high surface areas would
facilitate faster diffusion of liquids and gases through the medium , potentially providing superior

electrochemical performance for the electrode material.”

The production of mesoporous nickel through the liquid crystal templating electrodeposition
method was first reported by Nelson et al.” who produced hexagonal lyotropic crystalline phases
consisting of Brij 56 and Brij 78 surfactants dissolved in an aqueous solution containing nickel(ll)
acetate as the precursor, to generate porous nickel films with 2D hexagonal pores. The nickel
films were highly ordered with pore spacings between 5 and 8 nm. The electroactive surface area
was 100 times greater than pure nickel (without surfactant template in the electrolyte mixture),
indicating promise for supercapacitor technology, pulse powered devices and current collectors.
Ganesh and Lakshminarayanan® synthesised mesoporous nickel films from a prepared hexagonal
liquid crystalline phase of a non-ionic surfactant 2-[4-(2,4,4-trimethylpentan-2-yl)phenoxy]ethanol
(Triton X-100) in a water/poly(acrylic acid) medium in 2004. The films delivered a large specific
capacitance, suggesting possible utility in supercapacitors. In addition, the material also showed a
high accessible surface area, which could find use as a hydrogen evolving cathode. Bartlett et al.2®
reported the electrodeposition of Ni/Co alloy from a hexagonal LLC phase using CTAB as the
surfactant. They discovered that LLC with CTAB has higher conductivity than LLC electrolytes with
non-ionic surfactants. Furthermore, the former process was also favoured due to the ease of

electrodeposition from an LLC and CTAB solution. Nasirpouri et al.'!

electrodeposited nickel films
from an LLC phase of CTAB at different concentrations to synthesise mesoporous nickel

electrodes for applications related to electrochemical energy storage and conversion. TEM
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confirmed the nickel film with 30 wt % CTAB produced hexagonally-arranged pores. The same

films were later used to demonstrate good magnetic properties.

Motivated by this work, CTAB-templated nickel films on ITO electrodes were synthesised from an
EASA-derived approach using a solution containing a nickel precursor (NiCl,. 6H,0) and CTAB as
the cationic surfactant. The structure and electrochemical performance of the films were

determined by a range of analytical techniques.

5.3 Experimental summary

The nickel films were electrodeposited on ITO electrodes. The electrolytes were prepared by
adding 0.1 mol dm™ nickel(ll) chloride hexahydrate (NiCl,.6H,0, 2.3800 g, 99 %, Sigma Aldrich), 0.1
mol dm boric acid (HsBOs, 0.6200 g, = 99 %, Sigma Aldrich) and CTAB (0.4801 g, = 98 %, Sigma
Aldrich) in water.” The same conditions were applied for the non-templated nickel film, but
without CTAB. The electrolyte pH was adjusted to pH 3 by slowly adding 0.2 mol dm= HCl in
water. The surfactant solubility was problematic as CTAB did not dissolve in the electrolyte

mixture, so the mixture was heated to 40 °C for 15 minutes to fully dissolve the surfactant.

Before the deposition of nickel, ITO coated glass plates with measurements of 15 mm X 20 mm
(ITO; surface resistivity 14-16 Q, Ossila) were cleaned with isopropyl alcohol, ethanol, and
ultrapure water to remove unwanted contamination. The electrochemical set-up involved a
transparent ITO working electrode, platinum gauze counter electrode and the reference electrode

was Ag/AgCl in 4 mol dm™ KCl solution.

A constant potential of -1.25 V was applied to the working electrode using chronoamperometry to
electrodeposit nickel on the ITO surface, for a duration of 30 seconds using a biologic SP150
potentiostat. The nickel films were quickly rinsed with ultrapure water and ethanol after each
attempted deposition, then allowed to dry in air. The CTAB surfactant was removed by
submerging the nickel electrode in a beaker containing ethanol over a 24-hour period under

gentle stirring.??
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5.4 Results and Discussion

5.4.1 Electrodeposition of solid and CTAB-templated nickel films on ITO electrodes

The deposition of nickel using a cationic surfactant CTAB was investigated with the goal of
producing a network of vertical pores for use as an electrode in supercapacitors. An EASA-derived
method®® was used and involves the direct replacement of silica with nickel, while the sodium
nitrate was substituted with boric acid, which was important for the suppression of nickel
hydroxide formation in solution.!* The addition of CTAB in the nickel electrolyte resulted in poor
dissolution so the electrolyte was heated to 40 °C to dissolve the surfactant fully.'*” A stable
potential of -1.25 V was applied to deposit nickel onto ITO for a duration of 30 seconds, as initial
deposition at -1.0 V produced films that were visually inhomogeneous. The resulting non-
templated nickel film was visually crack-free, uniform, and shiny black in colour. On the contrary,
the nickel film templated by CTAB was translucent in colour however, on closer viewing a
rainbow-coloured tint was evident on the ITO surface. The nickel films with surfactant were
deposited at 40 °C and once deposition came to an end, the films with or free of surfactants were

washed with deionised water and ethanol to remove any residues on the film surface.

Cyclic voltammetry (CV) measurements were used to determine the effect of CTAB during the
nickel electrodeposition process. CV plots of the background electrolytes with boric acid and
containing nickel in the presence and absence of CTAB were recorded at a sweep rate of 20 mV s

on ITO electrodes, as depicted in Fig. 5.1.

In Fig. 5.1 a, the electrolyte solution containing NiCl,.6H,0 without the presence of CTAB gave rise
to a reduction peak starting to appear at -0.55 V (vs. Ag/AgCl) which constitutes to the onset
reduction potential, indicating the starting point of the electrochemical reduction of Ni?* to
metallic Ni°. As the potential moves towards the negative direction, a cathodic reduction peak is
observed at -1.0 V (vs. Ag/AgCl) attributed to the reduction of Ni?* to Ni°. Moreover, on the
reverse scan the onset oxidation potential appears at -0.38 V (vs. Ag/AgCl), which leads to an
anodic oxidation peak appearing at -0.06 V (vs. Ag/AgCl) that can be associated with the stripping
of nickel from the ITO surface. The reduction potential of nickel ions was similar for acidic chloride
solutions containing SO,* ions for the co-deposition of nickel-tin alloys previously reported by
Rudnik et al.1* At more negative potentials nickel reduction is accompanied by hydrogen
evolution reaction, as hydrogen reduction most commonly appears with nickel electrodeposition
in solutions containing chloride ions (Eq. 5.1).2* A well-defined hysteresis loop can be seen at

-0.3 V which is associated with nucleation, and therefore to the driving force for nickel reduction.
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Ni + H,O + e — NiH + OH"
NiH + H,O0 + e < Ni+ H, + OH" Eq.5.1

2NiH <> 2Ni + H,

Fig. 5.1 b shows the CV of the background electrolyte containing NiCl,.6H,0 and CTAB deposited
on the electrode surface. From the CV, the electrochemical behaviour of nickel is affected by the
incorporation of CTAB in the electrolyte mixture. Two cathodic peaks were observed at -0.74 V
and -0.92 V (vs. Ag/AgCl) which could be attributed to the reduction of Ni?* to Ni** and Ni** to Ni°
from nickel(ll) bromo or chloro species respectively. An explanation for the formation of NiBr; is
most likely due to the interaction between the surfactant counterion (Br-) and the nickel
precursor in solution, which would be consistent with the two redox peaks observed on the
cathodic scan. Sengottuvelan et al.’® reported the synthesis of nickel(ll) halide complexes with
pyridine ligands. After cycling the nickel bromide complex, a reduction potential was noticed at
-0.77 V, which was similar to the potential observed for the nickel electrolyte containing CTAB.
Furthermore, hysteresis loops are clearly visible at around -0.8 V, -0.6 V and -0.3 V (vs. Ag/AgCl).
Additionally, on the backward scan an anodic peak comes into view at -0.07 V (vs. Ag/AgCl) which
is due to oxidation of Ni°to Ni** It is to be noted that the CV corresponding to the background
electrolyte shows a higher current intensity for the anodic peak (3 mA) compared with that of Ni
electrolyte with CTAB, indicating that stripping appears complete and therefore, making the
process reversible. Whereas the current intensity for the anodic oxidation peak relating to Ni
electrolyte with CTAB is significantly reduced (0.03 mA), suggesting that deposition appears
predominately irreversible. Nevertheless, the reduced stripping of nickel in presence of CTAB is
possibly due to nickel reacting in solution making the surface less reactive i.e., solution

decomposition.
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Figure 5.1 CV of background electrolytes obtained from (a) NiCl..6H20-H3BOz and (b) NiCl2.6H20-H3BOs-
CTAB using an ITO electrode. The potential window of the electrolytes was 1 to -1 V (vs. Ag/AgCl) then back

to 1V at 20 mV s scan rate.

In order to investigate the effect of surfactant on the nickel growth process, chronoamperometry
was carried out, and the result is displayed in Fig. 5.2. The current-time curves acquired for the
deposition of non-templated nickel using ITO is shown in Fig 5.2 a. The electrodeposition process
results in nucleation and growth of nuclei scattered across the electrode surface. The appearance
of the I-t curve begins with an initial increase in current which is ascribed to the double layer
charging together with the deposition of the first nuclei on the ITO surface. This is followed by a
dramatic increase in current, which is due to the growth of nuclei caused by the increasing surface
area of the electrode. The current starts to drop off at a steady rate due to the growth in the

diffusion layer at the electrode surface.

The current transient for the nickel film with CTAB on ITO at -1.25 V (vs. Ag/AgCl) in Fig. 5.2 b
shows an initial characteristic response where the peak forms and decays, which is due to
electrode charging and double layer formation, then a brief constant current is observed
suggesting a period of initiation and as nickel nucleation and growth proceeds, the current
increases gradually with time and so contributing to the third region.® Interestingly, at 3 seconds
the current increases until approximately 15 seconds where the current starts to level off. This
could be due to a combination between the rate-determining growth of nickel formed around the
CTAB micelles, the changing surface area and high-water concentration leading to fast diffusion of

hydroxide ions in solution.

134



I/mA

Chapter 5

0
a 0
2 b
-2
-4
< 4
6 g
-8 - 64
10 - -8
-12 ! T T T T J -10 T T T T T T T
0 5 o220 s 0 0 5 10 15 20 25 30
t's t/s

Figure 5.2 Current-time transients for the electrodeposition of non-templated (a) and CTAB-templated (b)

nickel films on ITO electrodes deposited at -1.25 V (vs. Ag/AgCl) for 30 seconds.

5.4.2 Structure and characterisation of the nickel films on ITO electrodes

Figures 5.3 and 5.4 show the recorded diffraction patterns for non-templated and
CTAB-templated nickel films deposited on ITO substrates. For XRD analysis, the nickel films were
deposited for 60 seconds rather than 30 seconds to differentiate between the ITO and nickel
peaks. The typical face centred cubic peaks for nickel (JCPDS card No. 01-087-0712)* at 111, 200,
220, 311 and 222 correspond to the Bragg angles (26) of 44.66 °, 52.02 °, 76.46 °, 93.24 ° and
98.60 °, suggesting the existence of crystalline nickel (JCPDS card No. 01-087-0712).Y This proves

that the film deposited from this electrolyte without CTAB is indeed metallic nickel.
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Figure 5.3 XRD patterns of bare ITO (black) and nickel film without CTAB (red) deposited on an ITO
electrode at -1.25 V (vs. Ag/AgCl) for 60 seconds.

For the CTAB-templated nickel film, the surfactant was removed from the nickel sample by
immersing the film in a solution containing ethanol for a 24-hour period at 25 °C, before
undergoing XRD analysis. Fig. 5.4 depicts XRD patterns of ITO and CTAB-templated nickel. It is
apparent that the peak positions concerning ITO appear at 26 values = 21.34°, 30.36°, 35.28°,
50.76° and 60.4°, which correspond to the polycrystalline cubic phases of 211, 222, 400, 441 and
622 respectively. It is evident that no diffraction peaks relating to crystalline nickel are present in
the XRD data. Interestingly, mesoporous nickel films electrodeposited by lyotropic liquid crystal
templating using CTAB as the surfactant template were reported by Nasirpouri et al.?* No Bragg
diffraction peaks corresponding to crystalline nickel were observed, which was explained by the
disordered nature of the nickel particles formed around the surrounding micelles. Therefore,
further investigations were undertaken on the films produced in this study to attempt to confirm

whether elemental nickel was present in the CTAB templated film.
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Figure 5.4 XRD patterns of bare ITO (black) and CTAB-templated nickel film (red) deposited on an ITO

electrode at -1.25 V (vs. Ag/AgCl) for 60 seconds. XRD analysis was carried out after template removal.

The 1D in-plane GISAXS pattern of a CTAB-templated nickel film after the removal of the
surfactant is displayed in Fig. 5.5. The incident beam angle which produced the most intense
features was 0.4 °, at which well-defined peaks corresponding to the 21, 22, 40, 44 and 62 cubic
phases of the ITO electrode underneath. The results indicate that the CTAB-templated nickel film

is amorphous, and that no significant volume of crystallinity is present.
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Figure 5.5 1D in-plane GISAXS pattern of a nickel film templated with CTAB deposited at a potential of
-1.25 V (vs. Ag/AgCl) for 60 s on an ITO electrode. Experimental analysis was carried out post surfactant

removal.

The FEG-SEM images of non-templated and CTAB-templated nickel films are shown in Fig. 5.6.
From the images, the surface morphology is different between the films, the non-templated film
showing a uniform, smooth, and crack-free appearance (Fig. 5.6 a). On the other hand, the CTAB
generated film appears to be rougher in texture with lumps or nodules on the surface (Fig. 5.6 b)
resembling the overgrowth of silica deposits as described in previous chapters. Nevertheless, the
images also revealed a microcrack-free and homogeneous surface. Therefore, it is clear that the
presence of CTAB greatly affects the nucleation and growth process during deposition, causing a
significant change in the surface structure, which correlates well with the current transients
discussed in Fig 5.2. The film thicknesses of the non-templated and CTAB-templated nickel films
were calculated®® from Eq. 5.2 where Q is the charge on oxidation process of nickel (non-
templated film = 1.173 C and CTAB-templated film = 0.624 C) , My, is the molecular mass of
metallic nickel, Z is the number of electrons, F is the faraday constant, A is the electrode area and
p is the volumetric mass density of nickel (8.90 g cm™3), giving estimated values of 80 nm and

43 nm, respectively.
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Eq. 5.2

Figure 5.6 Top view SEM image of non-templated (a) and CTAB-templated (b) nickel films on ITO electrodes

deposited at -1.25 V (vs. Ag/AgCl) for 30 seconds. Image (b) was obtained after template removal.

The EDX spectrum (Fig. 5.7) was used to determine the composition of the deposit in the CTAB
templated film, and specifically to determine whether elemental nickel was present. The data
confirms the presence of carbon, oxygen, nickel, indium, and tin, with atomic percentages of

6.06 %, 65.83 %, 11.31 %, 14.93 % and 0.75 %, respectively. An extra peak at around 0.05 keV is
most likely due to nitrogen. The existence of carbon and nitrogen in the EDX spectrum may
indicate small amounts of residual CTAB surfactant remaining in the pores. The peak at 0.85 keV
confirms that nickel is present in the film templated by CTAB. The oxygen peak at 0.5 keV is due to

the underlying ITO electrode and possible exposure to the atmosphere.

|II||I|I.I.ll

Figure 5.7 EDX spectrum of a CTAB-templated nickel film deposited onto an ITO electrode at a potential of

-1.25 V (vs. Ag/AgCl) for 30 seconds. The EDX analysis was recorded post-template removal.

The magnification of the SEM micrograph was increased to examine the surface morphology

further for the non-templated and CTAB-templated nickel films, as shown in Fig. 5.8. The top view
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SEM image in Fig. 5.8 a indicates that the non-templated film shows a dense framework with little
to no porosity present. Furthermore, Fig. 5.8 b clearly shows the presence of interconnected
pores within the nickel film templated by CTAB, indicating the porous nature of the film, albeit
highly disorganised. This is consistent with CTAB acting as a ‘scaffold’ and once removed, porous
nickel is produced. Yin et al.?® synthesised porous nickel films using an anodic aluminium oxide
template by electron beam evaporation. They discovered that the rate of evaporation was
important for controlling the thickness of the porous nickel, which was less than 30 nm at a rate
of 5 A s after template removal, as well as showing a highly ordered porous structure, as
determined by SEM imaging. Moreover, the film thickness of non-templated nickel is higher than
CTAB-templated nickel, possibly owing to its porosity, making it less dense than the non-

templated nickel and could explain to some degree why only the ITO diffraction peaks are

observed in the XRD pattern of CTAB-templated nickel.

Figure 5.8 Top view SEM images of non-templated (a) and CTAB-templated (b) nickel films on ITO
electrodes deposited at -1.25 V (vs. Ag/AgCl) for 30 seconds. SEM analysis was recorded post-template

removal.

5.4.3 Electrochemical performance of non-templated and CTAB-templated nickel films

The electrochemically active surface area (ECSA) for non-templated and CTAB-templated nickel
films were determined using CV (Fig 5.9 a and 5.10 a) to ascertain the double layer capacitance in
a potential region of -0.2to - 0.4 V (vs. Ag/AgCl) and - 0.1 to - 0.4 V (vs. Ag/AgCl) where no
faradaic processes were observed at a range of scan rates of 20, 50, 70, 100, 200 and 300 mV s’
(as shown in Figs. 5.9 and 5.10). It is thought that the capacitive current measured in this non-
faradaic region is associated with double layer capacitance. Therefore, the charging current (i) is
proportional to the scan rate (v) and double layer capacitance (Cp.) as demonstrated by Eq. 5.3.
The current was then plotted against scan rate (Figs. 5.9 b and 5.10 b), which produced a straight

line where the gradient equals Cp. (Figs. 5.9 b and 5.10 b). The electrochemical double layer
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capacitance for the non-templated and CTAB-templated nickel films were 4.10 X 102 mF and

6.33 X 102 mF, respectively.

lc = vCp Eg. 5.3

ECSA = Cp/Cs Eq.5.4

Considering that the specific capacitance (Cs) value for Ni based electrodes is 103.9 mF cm, the
ECSA can be obtained from the gradient (Cp.) in agreement with Eq. 5.4.2%2! Therefore, the
estimation of the surface areas of both non-templated and CTAB-templated nickel films were
3.9 X 10* cm? and 6.0 X 10* cm?, respectively, which indicates that CTAB-templated nickel has a
surface area that is greater than non-templated nickel under similar conditions. The larger ECSA
correlates well with images from top view SEM, which clearly indicates the array of pores across

the surface for the CTAB templated film.
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Figure 5.9 The electrochemical surface area measurements of the non-templated nickel film deposited at
-1.25 V (vs. Ag/AgCl) for 30 seconds in 1 mol dm™ KOH aqueous solution. CVs (a) were plotted in the
potential region where faradaic reactions were absent at multiple scan rates of 20, 50, 70, 100, 200 and 300
mV s, A constant potential of - 0.3 V was used to measure the current. The double layer capacitance was

estimated by plotting the charging current as a function of scan rate (b) for the non-templated nickel film.
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Figure 5.10 The electrochemical surface area measurements of the CTAB-templated nickel film deposited at
-1.25 V (vs. Ag/AgCl) for 30 seconds in 1 mol dm™ KOH aqueous solution. CVs (a) were plotted in the
potential region where faradaic reactions were absent at scan rates of 20, 50, 70, 100, 200 and 300 mV s2.
A constant potential of - 0.25 V was used to measure the current. The double layer capacitance was

estimated by plotting the charging current as a function of scan rate (b) for the CTAB-templated nickel film.

It is reported in the literature that nickel electrodes in alkaline aqueous potassium hydroxide
solutions, a chemical reaction occurs forming Ni(OH>) and NiOOH as seen in Eq. 5.5, with water
forming on the electrode surface as hydroxide ions readily interact with neighbouring protons

from the bulk solution to counterbalance the charge from the anionic species.?’
Ni(OH), + OH" & NiOOH + H,0 + e~ Eq. 5.5

The comparative voltametric profiles of non-templated (red curve) and CTAB-templated (black

curve) nickel films in 1 mol dm™ KOH at 20 mV s are presented in Fig. 5.11. It is assumed that
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changes in peak-to-peak separation, 40 mV (red curve) and 180 mV (black curve), could be
associated with electrolyte resistance for the film deposited with CTAB. However, the addition of
NiCl,.6H,0 and CTAB to the electrolyte induced a cathodic current at 0.37 V (vs. Ag/AgCl), which
represents the reduction onset potential and indicates the beginning of Ni** reduction to Ni** In
the reverse scan, the anodic onset potential at 0.36 V (vs. Ag/AgCl) suggests the start of oxidation
of Ni?* to Ni**. The non-templated film produced similar onset potentials to the film with CTAB,
indicating the likelihood that changes in peak separation could be associated with variations in

capacitance.

As shown in Fig. 5.11, a single pair of redox peaks is observed in the CV (red curve), the anodic
and cathodic peaks observed at 0.41 V (vs. Ag/AgCl) and 0.33 V (vs. Ag/AgCl) represent the
reduction of Ni(lll) to Ni(ll) through the formation of Ni(OH), from NiOOH. In contrast, the CV plot
(black curve) displays oxidation 0.54 V (vs. Ag/AgCl) and reduction 0.18 V (vs. Ag/AgCl) which is
due to the formation of NiIOOH and later reduction to Ni(OH),. Interestingly, the CV curve area is
significantly larger for the templated film compared to the non-templated film and the large peak
current and improved electrochemical performance of the templated film is most likely due to the
high surface area offered by the porous nickel structure. In a general sense, the area under the CV
is measured to determine the capacitance of the electrode material over the same potential
window.? In this case, the CTAB-templated nickel film shows larger peak currents comparative to

the non-templated film, indicating a much-improved capacitive behaviour.
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Figure 5.11 CVs of non-templated (red curve) and CTAB-templated (black curve) nickel films deposited at
-1.25 V (vs. Ag/AgCl) for 30 seconds in 1 mol dm= KOH aqueous solution with each CV running for a

maximum of 10 cycles at a scan rate of 20 mV s2.,
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EIS was used to analyse the non-templated and CTAB templated nickel films by way of Nyquist
plots as shown in Fig. 5.12. The EIS data were fitted using the Randles equivalent circuit where Rs,
Ret and Cg be situated the solution resistance, electron transfer resistance and double layer
capacitance, respectively. Each plot consisted of a semicircle and a straight line with the high
frequency region providing information on the electrode resistance. The charge transfer kinetics
can be obtained from the diameter of the semicircle, which in turn is linked to film-solution
interface and electrode design.? The 45 ° straight line in the low frequency region is connected to
the diffusion behaviour, often referred to as Warburg impedance, Z. In the EIS plot, the R values
obtained for the non-templated and CTAB-templated nickel films were 3.13 and 1.47 Q,
respectively. The CTAB-templated nickel electrode has a lower electron transfer resistance
compared to the non-templated nickel, suggesting that CTAB-templated nickel improves the
electron transfer resistance due to the large surface area as well as better electrolyte accessibility
in the vicinity of the electrode. Interestingly, the 45° straight line is significantly more curved for
the non-templated film compared to the CTAB-templated film, which suggests a better capacitive
behaviour for CTAB-templated nickel. This implies that porous nickel has potential as an electrode

material in supercapacitor applications.?
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Figure 5.12 Nyquist plots of impedance spectra collected from a frequency range of 250KHz to 100 MHz: a
perturbation amplitude of 10 mV for non-templated and CTAB-templated nickel films deposited at -1.25 V

(vs. Ag/AgCl) for 30 seconds in 1 mol dm3 KOH aqueous solution.

144



Chapter 5

The capacitive behaviour of non-templated and CTAB-templated nickel films was determined
using CV through a conventional three electrode set-up. The CVs were performed at multiple scan
rates ranging from 5 to 200 mV s inside the potential window of -0.1 to 0.8 V vs. Ag/Ag/Cl

(Fig. 5.13). The redox peaks are representative of the capacitive characteristics of the nickel films.
For instance, the well-defined oxidation and reduction peaks (Figs. 5.13 a) at 50 mV s at
approximately 0.41 V (vs. Ag/AgCl) and 0.30 V (vs. Ag/AgCl) can be attributed to the faradaic
reactions of the Ni(OH),/NiOOH redox couple on the electrode surface. The variation in peak
potential separation between the non-templated and CTAB-templated films (Table 5.1) is most
likely caused by morphological changes to the nanostructured surfaces.?® As previously stated, the
SEM image of CTAB-templated nickel seems to indicate a porous network scattered across the
film. It is to be noted that increasing the scan rate does not affect the well-defined redox peaks,

indicating that porous nickel is highly capable of sustaining fast redox processes.

C. = [idv

= Eq. 5.6
2 XS XM XV

The same CV plots were also utilized to calculate the specific capacitance (Cs) of non-templated
and CTAB-templated nickel films as a function of scan rate (as shown in Fig. 5.13 c) using Eq. 5.6.
Where C; is the specific capacitance (F g?), [ idv is the integrated area under the CV curve, S is
the sweep rate (mV s), M is the electrode’s active mass (g), and V is the applied voltage window
(V). The value of the electrode active mass which was determined by calculating the difference
between the ITO electrode and the nickel coated ITO films in the presence and absence of CTAB,
along with the applied voltage range is shown in Table 5.2. The specific capacitance of CTAB-
templated nickel (red line) was calculated at 1565 F gt at 5 mV s, which is significantly higher
than the specific capacitance of 822 F g* for non-templated nickel (black line) at the same scan
rate. It is also apparent that at 200 mV s, the specific capacitance of CTAB-templated nickel is
almost twice that of non-templated nickel, at 415 F g? vs. 242 F g1, This is accredited to increases
in surface area and pore volume that make it possible to maintain good capacitive behaviour of
the porous electrode at faster scan rates. In the case of the porous nickel, at faster scan rates the
capacitance decreases. This is mostly caused by ion diffusion being restricted to the surface.
whereas at slower scan rates, the electrolyte accesses both the surface and inside the pore

channels, leading to a higher capacitance.?
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Figure 5.13 CVs of non-templated (a) and CTAB-templated (b) nickel films deposited at -1.25 V (vs. Ag/AgCl)

on ITO electrodes at multiple rates of 5, 10, 20, 50, 100 and 200 mV s™. Variation of specific capacitance vs.

scan rate (c) for non-templated (black line) and CTAB-templated (red line) nickel films.
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Table 5.1 Extrapolated data obtained from CVs for non-templated nickel film on ITO.

Scan rate / mV st

Peak to peak potential
separation, Aep/ mV

calculated for non-templated

Peak to peak potential
separation, Aep/ mV

calculated for

nickel CTAB-templated nickel
5 78 158
10 84 209
20 94 275
50 116 400
100 143 546
200 175 660

Table 5.2 The mass and the potential range used to determine the specific capacitance of non-templated

and CTAB — templated nickel films.

Scan rate / mV st | Mass /g of non- Mass /g of Potential Potential
templated nickel CTAB-templated |range /E of |range /E of
film nickel film non- CTAB-

templated templated
nickel film nickel film

5 0.0090 0.0072 o5v-0vVv 0.7v-0V

10 0.0086 0.0073 0.5v-0v 0.7vV-0V

20 0.0086 0.0071 0.5v-0v 0.7vV-0V

50 0.0089 0.0072 o5v-0vVv 0.7v-0V

100 0.0086 0.0072 0.5v-0v 0.7vV-0V

200 0.0087 0.0071 o5v-0vVv 0.7v-0V
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5.4.4 Conclusions

Mesoporous nickel films have been successfully electrodeposited by the EASA derived method
using an inexpensive surfactant, CTAB. Crystalline nickel was observed with wide-angle XRD for
non-templated nickel but that with CTAB-templated nickel was amorphous. The surface area was
greater for CTAB-templated nickel compared to non-templated nickel. The capacitive behaviour
for CTAB-templated nickel was found to be highly affected by the porosity. The specific
capacitance of non-templated nickel was found to be 822 F g%, which was almost two times lower
than the specific capacitance of CTAB-templated nickel at 1565 F g* at 5 mV s*. The preparation
of porous nickel films via an EASA-derived approach presents promise for electrode materials for

durable supercapacitors in KOH electrolytes.
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Chapter 6 Conclusions and Perspectives

6.1 Conclusions

The potentially controlled deposition of vertically oriented mesoporous silica films using the
electrochemically assisted surfactant assembly method (EASA) has been demonstrated.
Surfactants were modified by extending the single straight alkyl chain along with increasing the
head sizes to achieve films with larger pore diameters. Another aspect of this thesis focussed on
the electrodeposition of nickel films on conductive electrodes using cetyltrimethylammonium
bromide (CTAB) as the surfactant. The templated nickel films were used as potential electrodes

for supercapacitors.

Mesoporous silica films with larger pore diameters together with vertical hexagonal P6mm
mesopores using EASA has been successfully achieved. This was possible by modifying the
surfactant resulting in faster ion transport through the films and so, providing a platform as
feasible templates for generating metal and semiconducting nanowire arrays in the preferred
vertical orientation. The EASA method can be broadened to other mesoporous metal oxides of

zirconia and titania films.

The silica films were characterised by GISAXS, electron microscopy, cyclic voltammetry and
ellipsometric porosimetry (EP). The gradual extension of the linear chained surfactants was
limited to 24 carbons, as the C,4TAB templated silica film showed poor hexagonal order and
similar pore spacings to that of Cyo and Cy, films, although the vertical position of pores was
present. A modified Randles-Sevcik equation was used to calculate ion diffusion rates within
mesoporous silica films using redox probe molecules. The diffusion coefficients increased with
two carbons added consecutively to the surfactant chain, indicating an enhancement in pore size.
Furthermore, the pore spacings implied the possibility of pore expansion, with EP confirming the
steady increase in peak pore sizes for Cig, Cis, C20 and Cy; films determined from the desorption
branch of the isotherm. The peak pore sizes fell between 2 and 5 nm, an extension that has not
been achieved using the EASA method. The ability to modify the electrode surface of porous
silicas by pushing the pore diameter beyond the 2 nm mark without compromising pore order,
provides new opportunities to improve the sensitivity and selectivity of larger organomolecules to
produce electrochemical sensors or in our case, the increase in pore diameter would offer a
platform for the successful deposition of metallic and semiconducting nanowires inside the pore
channels with improved stability. In such cases, this would make for a promising template for
producing thermoelectric materials. Moreover, our efforts also focused on increasing the pore

diameter of mesoporous silica films using modified surfactants of increasing head sizes as this was
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seldom reported in the literature with regards to EASA. The cationic surfactants were synthesised
in a similar fashion to the straight chained surfactants discussed above however, there was a
significant increase in head size whilst simultaneously increasing the aliphatic tail from Cys to Cy,.
GISAXS analysis of the silica films showed the continual loss of hexagonal pore arrangement with
increasing surfactant head size. The pore spacings for the C;5 and Cy; films were found to increase
with larger surfactants but an anomaly to this trend was eicosyldimethylethylammonium
bromide, C;,0DMEAB, which could be due to the hindrance of the micellisation process caused by
surfactant instability, further works are needed to disclose this phenomenon. It was revealed that
the hexagonal pore structure could be improved by increasing the surfactant chain length from
Cis to Cy; with a triethylammonium bromide, TEAB head group. No faradaic current was observed
for films templated by surfactants with two or three ethyl groups, and pore order was also
reduced. However, vertical pores were retained. Impedance measurements indicated resistance
to transit of redox active molecules did increase with surfactants of increasing head sizes. EP

substantiated the increase in pore diameter for the silica films despite a decrease in pore volume.

Besides SiO,, another promising material was developed by electrodeposition in this research
endeavor. Like the silica films, porous metals can be obtained with the aid of a surfactant
template, in this case porous nickel films were synthesised using CTAB as the surfactant.
Wide-angle XRD depicted the presence of crystalline nickel for the non-templated film. On the
contrary, only the underlying ITO surface was verified for the templated film. The porosity and
presence of metallic nickel for the templated film was clarified by SEM coupled with an EDX
detector. Electrochemical evaluations suggested that the templated film could exhibit better
supercapacitor performance in KOH electrolyte, owing to its higher surface area compared to the
non-templated film at 6.0 X 10 cm? and 3.9 X 10 cm?. This rise in surface area led to the
templated film showing a much higher specific capacitance in relation to the non-templated film,

determined to be 1565 Fgtand 822 Fglat5mV s

6.2 Perspectives

Considering the interest for these silica films in electrochemistry, broader applications on the use
of such films would be found in sensing devices, as functional catalysts or in electronics. Further
research needs to be conducted in order to produce porous electrode materials for many
technological advancements in particular, electrochemical sensors, thermoelectric materials and

supercapacitors. In the following section some ideas for future research are provided in detail.

In this thesis, mesoporous silica films were successfully prepared by an electro-assisted deposition

technique using a range of cationic surfactants. Further studies would entail the synthesis of
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larger and more functionalised surfactants for the preparation of ordered mesoporous silicas with
pore sizes above 5 nm using EASA. A possible route would involve attaching an aromatic ring to
the end of the alkyl chain of a quaternary ammonium surfactant using multi-step reaction
schemes namely carbon-carbon coupling reactions involving a Grignard reagent followed by

nucleophilic Sn2 type reactions to quaternise the surfactant system.

Furthermore, the expansion of pores in mesoporous silica films were produced by surfactants
with modified head groups using EASA. Further works could focus on understanding factors that
could affect the micellisation process for the C;0DMEAB surfactant which produced smaller
d-spacings than C;TAB, as determined by 1D GISAXS data. For instance, the parameters of pH,
surfactant concentration, sol temperature, and silica/surfactant ratio could be experimentally

examined to gauge whether d-spacings and hence pore sizes increase.

Lastly, the effect of CTAB surfactant on the electrodeposition of nickel has been demonstrated.
The tuning of pore diameter using larger surfactants for example C20TAB and C,,TAB, could lead to
better electrochemical performance of these templated nickel electrode materials by further
increasing the active surface area in turn enhancing the capacitive behaviour and specific
capacitance of the active material for supercapacitor applications. Another key component would
be to carry out further experimentation on the nickel composition using XPS and/or Raman
spectroscopy to further clarify the presence of metallic nickel for the templated film. Moreover,
once porous nickel has been established using larger surfactants, the electrodeposition of other
d-block metals namely platinum, cobalt, palladium, and copper using straight chained surfactants
of Ci6, C1s, Coand Cy; would make for useful nanostructured materials that could be used for

catalysis, fuel cells, batteries, and electrochemical capacitors.
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