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The production of thin mesoporous silica films with small (~2-3 nm) pores oriented perpendicular to a
titanium nitride growth surface is demonstrated using two methods. These are the growth from a Stéber
silica solution with surfactant ordering at the surface of the electrode, and electrochemically assisted
growth from an acidic sol achieved by polarisation of the electrode surface. The thickness, pore order and
pore size that can be achieved with these two methods is contrasted. A number of methods to vary the
pore size by using different surfactants and swelling agents are explored. The advantage of applying these
growth methods on titanium nitride surfaces is that it provides access to a wider electrochemical window
for nanowire growth and sensor applications with non-aqueous electrolytes whilst retaining good film
growth and adhesion properties.

1. Introduction

Use of porous silica structures as electrodeposition hosts to produce dense arrays of micro- or nano-
structured materials has the advantage that the structures formed are electrically contacted and that the
location where they grow is electrically controlled. The filling of very small (~3 nm) pores has been
demonstrated by using a supercritical fluid as the electrolyte solvent to deposit copper, and could provide
access to nanowires in size ranges in which many materials would demonstrate large confinement energies.
For instance nanowires of a-Sn should undergo a semi-metal to semiconductor transition at a diameter of
~3 nm,” topological insulators® may undergo insulator to metal transitions due to the high surface area to
volume ratio and nanowires with diameters down to ~1 nm can demonstrate phase change behaviour®
hence could be used for high density memory.

An ideal electrodeposition host would have pores open at one end and electrically contacted at the other
end. In a thin film host that means the pores should be aligned perpendicular to the plane of the film.
However, contacted wires have been grown by depositing rapidly through a 3-dimensional interconnected
system, such that faster growth occurs perpendicular to the substrate, e.g. 9 nm Pt wires grown through an
I-3m3 silica film.? Films with disordered pore structures can also still be used as electrodeposition hosts to
produce tangled films of nanowires of metals®’ and other materials,® relying on diffusion through
micropores in the silica walls that separate the mesopores. Electrodeposition can even be achieved in pores
that are parallel to the film plane, e.g. the growth of an ordered array of parallel 3 nm wires by Suzuki et
al.’ However, relying on pathways between the mesopores will lead to electrical contact between them, e.g.
Suzuki’s nanowire arrays were freestanding after SiO, removal. Growth along the axis of pores that are
perpendicular to the substrate surface will reduce the risk of electrical contact between wires.
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Silica films with ordered porosity have already found applications as electrochemical sensors," which are
much more sensitive than their non-ordered homologues because of faster diffusion processes through the

regular mesostructure.'*2

This was especially prominent with films exhibiting mesopore channels oriented
normal to the underlying electrode surface.” The sensor selectivity can also be tuned by an appropriate
choice of organo-functional groups attached to the silica walls. For instance, amino-functionalized
mesoporous silica films have been applied to copper(ll) sensing™® while those bearing thiol groups were

likely to detect mercury(ll) species.**

Mesoporous silica films (pores <50 nm) are most frequently deposited by the evaporation-induced self-
assembly method (EISA), in which a silica sol containing a surfactant is dip- or spin-coated onto a substrate.
As the solvent evaporates the surfactant concentration increases and self-assembly into micellar structures
occurs. At the same time electrostatic repulsions between the protonated silicate species in the sol are

overcome and condensation accelerates.”*®

In most cases this process leads to small ordered domains in
which the pores align, but these are usually either randomly oriented or have the major axis of the pores
aligned parallel to the surface to maximise the interaction with the substrate.'” A number of methods have
been developed to improve alignment, including the use of homopolymer/block copolymer mixtures to
produce unidirectional pores parallel to a surface.’ Pores with perpendicular alignment to the surface are

harder to achieve.

One method to produce readily accessible mesopores is to deposit mesoporous silica inside an anodically
etched alumina membrane, where the inclination of the surfactant assemblies to lie parallel with the pore
walls results in mesopores aligned with the larger pores in the alumina.”® Membranes can be back-coated
with gold or attached to an electrode surface, although they inherently produce clusters of wires, one
cluster per alumina pore. Such templates have been used to produce 200 nm cobalt rods consisting of a
bundle of 3 nm individual wires,? clusters of 3-5 nm gold wires attached to a carbon electrode surface,
and 10 nm copper, silver or tellurium wires.”> However, when the deposition of 5 nm ZnO wires into such a
template was attempted only very small amounts of material deposited at the end of the pores closest to
the electrode.”®

A number of methods have been used to produce continuous silica films with perpendicular mesopores.
Films with ~20 nm pores have been obtained by using supercritical CO, to infiltrate tetraethyl orthosilicate
(TEOS) into films of poly(a-methyl styrene-B-hydroxy styrene), which had cylindrical microdomains with the
appropriate orientation.’* In an “epitaxial” approach titania with (111) oriented cubic mesopores has been
used to orient the pores of a hexagonal silica film deposited onto it.”> For smaller pore sizes (~2-3 nm),
Walcarius pioneered the electrochemically assisted surfactant assembly (EASA) method, in which
application of an electric field causes the self-assembly of a cetyltrimethylammonium bromide (CTAB)

surfactant at the surface of an electrode.’®*"*

The current that then passes through the electrolyte causes
the formation of hydroxide ions at the electrode surface, which locally accelerate the condensation of
silicate species resulting in gelation around those assemblies and the formation of porous films up to ~100
nm thick. Recently pore expansion in EASA films was reported using mesitylene as swelling agent, the films
were poorly ordered but did exhibit an increase in the lattice parameter of the mesoporous film.” A related
route developed by Zhao produces thicker films with similar pore size from a dilute Stéber silica solution
containing CTAB, which forms micelles at the substrate surface under weakly basic conditions whilst TEOS

undergoes slow hydrolysis.*

The work described herein is part of the Supercritical Fluids Electrodeposition programme,® which seeks to
utilise some of the unique advantages supercritical fluids can offer in materials deposition. For deposition
into small pores these advantages include the lack of surface tension, good pore penetration and improved

2
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mass transport over liquid electrolytes.>? The deposition of copper into 3 nm pores in a disordered
mesoporous substrate has already been demonstrated,’ but a significant aspect of our programme is to
test the limits of the technique in small pores with a range of materials. Disordered pore structures are far
from ideal for this purpose, so we have focussed here on applying the Walcarius and Zhao methods
described above to producing optimised mesoporous films with perpendicular pores of ~2-4 nm. Both
these methods have previously produced the highest degrees of ordering on indium tin oxide (ITO)
substrates and poorer films on gold (Walcarius) or glass (Zhao). In particular film formation on noble metal
surfaces suffers from poor adhesion. For template and sensor applications TiN electrodes have a number of
advantages — it is extensively used as a diffusion barrier in electronic applications and has good
electrochemical stability relative to ITO. This will be important in the deposition of materials that require

3334 and which cannot therefore be

low deposition potentials, including semiconductors such as Ge,
deposited onto ITO. Whilst in water the electrochemical window of ITO is limited by the solvent itself, in
other media including organic solvents, ionic liquids and supercritical fluids, the ITO can be reduced before
the solvent breakdown. Use of TiN will allow the full electrochemical stability window of these alternative

solvents to be applied.

2. Experimental

200 nm titanium nitride films were deposited onto resistive Si wafers by medium frequency plasma-
assisted magnetron sputtering (Leybold Optics HELIOS Pro XL) at room temperature. ITO films on glass
(surface resistivity 8-12 Q o), TEOS and CTAB were purchased from Sigma-Aldrich, ethanol, 37 wt%
hydrochloric acid and 35 wt% ammonia solution from Fisher, and sodium nitrate from Timstar Laboratory
Suppliers Ltd. The methods used to produce perpendicularly aligned mesoporous films were adapted from
those previously reported by Zhao®® and Walcarius.?” An optimised procedure for each follows, although
variations to these will be described later.

1) Stéber route. TEOS (0.040 cm?, 0.18 mmol) was added to a mixture of water (35 cm?), ethanol (15 cm?)
and aqueous ammonia solution (35 wt% NHs, 0.0035 cm?, 0.0013 mol dm? final sol concentration) and
stirred for 2 mins, then CTAB (0.080 g, 0.22 mmol) was added. The solution was stirred for a further 5 mins
to ensure the CTAB was fully dissolved. The 75 x 25 mm glass, ITO film on glass or TiN film on silicon
substrate was submerged in the solution to a depth of ~50 mm and sealed in a Parr 4748 Teflon-lined
autoclave (125 cm?) and heated at 60 °C for 3 days. The resulting film was washed with deionized water and
dried at 130 °C overnight. In order to reduce the carbon content, some films were placed into a Soxhlet
extractor with a 0.1 mol dm™ solution of HCl in EtOH and refluxed for 6 h, then rinsed with EtOH, dried,
heated to 350 °C at 0.5 °C min™ and maintained at this temperature for 5 h.

2) EASA route. An aqueous sodium nitrate solution (0.1 mol dm™, 20 cm®) was mixed with ethanol (20 cm?)
and adjusted to pH 3 using an aqueous 0.2 mol dm™ HCl solution. TEOS (0.905 cm®) was added and the
solution allowed to stir at room temperature for 90 mins. CTAB (0.47 g) was added to the solution and
stirred for a further 30 mins. Electrochemical cells used a silver rod pseudo-reference electrode (3.175 mm
diameter, hard, Alfa Aesar) and a large area stainless steel counter electrode. Electrochemical experiments
were controlled using a Biologic SP150 potentiostat. The working electrodes were 1 x 1 cm areas of ITO or
TiN films. A potential of -2.0 V was applied for 5 s to the TiN electrode, or -1.3 V for 20 s for the ITO. The
resulting films were washed with deionized water immediately after deposition and dried at 130 °C
overnight.

Grazing incidence small angle X-ray scattering (GISAXS) experiments were conducted using a Rigaku
Smartlab thin film diffractometer with a 9 kW Cu-K, source, parallel line beam optics, in-plane arm and a

3
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DTex250 1D detector. The incident beam was a 0.1 x 5 mm line fixed at 0.25° incidence angle, and data
were collected from 1-10° 26 in in-plane and out-of-plane modes. For in-plane scans 0.5° Soller slits were
used on the incident side and a 0.228° in-plane analyser on the detector side.

Scanning electron microscopy (SEM) used a Jeol JSM-6500F or a Zeiss Supra 55-VP FEGSEM microscope
operating at 10-20 kV. Energy dispersive X-ray analyses (EDX) were carried out with a Thermofisher
Ultradry detector with NS7 analysis platform on a Philips XL30-ESEM. Transmission electron microscopy
(TEM) was conducted in a JEOL 2100 LaBg instrument operating at 200 kV and an aberration corrected JEOL
ARM?200F operating at 200 kV. For cross-sectional imaging, samples were prepared by conventional
mechanical polishing followed by ion beam milling, or lamellar sections were prepared in a Jeol 4500
FIB/SEM instrument. Plan view samples were prepared by scraping the mesoporous films directly onto
lacey carbon grids. Helium-ion microscopy used an Orion Plus™ scanning helium ion microscope (Carl Zeiss),
with an accelerating voltage of 32.2 kV, a beam current of ~0.3 pA, a working distance of 8.6 mm, zero
degrees tilt and a beam limiting aperture of 10 um. The sample was cleaned for 8 minutes using an
Evactron remote plasma cleaner (XEI Scientific, Inc) in the load lock of the microscope to reduce
hydrocarbon contamination on the sample surface for high resolution imaging.>> Secondary electron
images were collected using an Everhart-Thornley in-chamber secondary electron detector with a grid bias
of 500 V.

Electrochemical impedance spectra were collected in 2-electrode cells vs a Pt gauze counter electrode with
a Biologic SP150 potentistat. A 10 mV AC amplitude centred on 0 V was scanned over a frequency range 1
MHz-1 Hz. The electrolyte was 20 cm? of a 0.05 mol dm™ solution of "BusNBF, (99 %, Sigma Aldrich) in
acetonitrile.

3. Results and discussion

As mentioned above the literature describes two obvious methods to produce 3-4 nm mesopores
perpendicular to the surface of a TiN electrode, we trial both of these.

3.1 Modified Stéber route to alignhed mesoporous silica films

The growth of aligned mesoporous silica on glass or ITO surfaces was originally reported by Zhao and co-
workers, who suggested that a negative surface charge on the substrate leads to strong initial adsorption of
the CTA" surfactant molecules, forming spherical micellar structures.®® The negatively charged
intermediates in the hydrolysis and condensation of the silane are then suggested to be attracted to the
surfaces of the micelles, promoting their growth into rod-shaped structures, that the silica gel condenses
around. The surface of TiN adopts a thin oxide layer®® and in the basic conditions used in Stober silica
synthesis would be expected to possess a negative charge. Hence we initially compared growth of
mesoporous films on glass, ITO and TiN.

Three days exposure at 60 °C of glass, ITO or TiN surfaces to a Stober growth mixture in 30% ethanol/70%
water resulted in transparent thin films with a blue, green or purple tint, of even appearance across the
surface. With perpendicular pores GISAXS patterns would only be expected to show any structure in the in-
plane orientation, where interference patterns due to the regular density variations in the plane of the film
will result in diffraction peaks. Only very weak features were observed in out-of-plane measurements, but a
strong reflection at 1.92° 26 and a broad feature at ~3.8° were observed in-plane. The 10 reflection of
hexagonal silica with a lattice parameter of 5.31 nm is calculated to be at 1.92°, whereas the 11 and 20
reflections would be observed at 3.33 and 3.84°, respectively. We found no change in the GISAXS patterns

if the CTAB concentration was increased by up to 4 times, but increasing the NH; concentration resulted in
4
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a gradual reduction in the GISAXS intensity, most likely due to an increase in the rate of condensation

reactions at higher pH.

ITO in-plane

Glass in-plane
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TiN in-plane

TiN out-of-plane

T T T T 1
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Fig. 1 In-plane GISAXS patterns of Stober films grown on glass, ITO and TiN, and out-of-plane GISAXS of a film grown
on TiN.

Surfactant removal is necessary to provide open pores, and the films described herein were initially
calcined in air at 450 °C to achieve this. SEM images showed smooth films without macroscopic cracks even
after this treatment, and the GISAXS patterns were unchanged from those shown in Fig. 1 suggesting that
the pore spacing remained constant. TEM showed hexagonal domains only typically a few pores across,
which explains the broad GISAXS, and ~2.6 nm pores that are roughly perpendicular to the substrate
surface in a film ~130 nm thick. Fig. 2 shows a ca 20 nm thick layer at the interface between the TiN
substrate and the porous silica. This was unexpected and was most likely due to oxidation of the surface of
the TiN, so prompted an investigation of the firing procedure as described in the next paragraph.
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Fig. 2 Top row shows a cross-section of a Stober silica film deposited on TiN after surfactant removal by heating to
450 °C and (inset) fast Fourier transform (a), and Nyquist EIS plots of TiN films heated to various temperatures (b)
accompanied by photographs of the same films. Bottom row shows an He-ion micrograph showing the open pores at
the surface (c), under-focus (d) and in-focus (e) TEM images of a film after Soxhlet extraction and heating in air to
350 °C, and a cross section TEM image of the TiN/SiO, interface of a similar film (f).

Film heating is useful to ensure a high degree of condensation of the silica network and high temperature
treatment of the mesoporous silica films is required to remove the surfactant template and reveal the open
porosity. However heating at 450 °C oxidises the TiN surface. We investigated the thermal stability of TiN in
air by heating samples to a range of temperatures (heated at 0.5 °C min™* and maintained 5 h). Fig 2 shows

5
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that the colour of the TiN films developed with heating temperature, with films only darkening slightly to a
copper colour at 350 °C but becoming much darker at 400 or 425 °C and then returning to a lighter colour
than the starting film at 450 °C, presumably due to a thick transparent oxide layer. EIS experiments with a
"Bu,NBF,/acetonitrile electrolyte were used to test the ease of charge transfer at the surface. All films
exhibited an uncompensated solution resistance of ~70 Q, but as the treatment temperature was increased
features corresponding to an interface (the semicircles in Fig. 2) became apparent at temperatures of

400 °C and above. The charge transfer resistance associated with this interface increased from 1.6 kQ at
400 °C to 167 kQ at 425 °C and 550 kQ at 450 °C. It was determined that films could not be heated above
375 °C without a major effect on the surface conductivity of the TiN film. Hence a Soxhlet extraction with
acidified ethanol was applied for 6 h to remove as much template as possible, then the films were heated
to 350 °Ciin air for 5 h. Direct measurement of the carbon content in these films is complicated by their
thickness, as they are too thin to be good EDX samples but XPS might miss carbon content below the top
~10 nm. However the C:Si ratio could be obtained by using EDX with a low (5 kV) accelerating voltage to
avoid break through to the silicon substrate. After simple washing and drying the C:Si ratio was 1:5.2, but
the procedure reduced it to 1:9.6 after Soxhlet extraction and 1:9.3 after firing at 350 °C. This corresponds
to 7% C in SiO, by mass. GISAXS patterns were unchanged by this procedure and TEM images showed an
identical pore structure and film thickness to that observed in films simply heated to 450 °C (Fig. 2), but no
interface layer between the TiN surface and the silica film was observed in the TEM cross section. The
images appear to show unconnected pores, though it should be noted that even in thin TEM sections the
sample thickness is much larger than any micropores that might exist in the silica walls.

He-ion micrographs showed large numbers of open pores at the surface although some of these appear to
combine at the surface to produce larger pores. Secondary electron imaging with the helium ion
microscope (HIM) benefits from a very high surface sensitivity.?” This is due to the large proportion of
secondary electrons generated by the primary beam compared to those generated by the backscattered
helium ions, resulting in an image containing information predominately from within the secondary
electron escape depth, which is approximately 1 nm.*® Furthermore, the He ion beam is focused to a sub-
nm diameter spot on the sample, limiting the interaction volume and resulting in high lateral resolution.
This permits the resolution of the ~2 nm diameter pores in HIM images of the silica films and also provides
evidence that the pores are open. If the pores were closed to a depth larger than the secondary electron
escape depth (~1 nm) the imaging signal would originate almost entirely from the filling material and
therefore the pores would not be visible.

Some variations in the films can be achieved by additions of ionic species to the sol or by changing the
surfactant. For example addition of a 0.025 mol dm™ concentration of NaHCO; to the sol produces a film
with a stronger in-plane GI-SAXS signal. Further investigation shows this effect is due to a thicker film of
~400 nm, while the in-focus TEM images showed very similar pore and wall thicknesses. This may be due to
pH changes during growth as bicarbonate thermally decomposes, as nitrate (which has the same charge)
has no effect. Addition of sulphate or carbonate, which both have a double negative charge, results in a loss
of most of the GI-SAXS intensity, suggesting the stronger attraction to the micelle surfaces results in
disruption of their ordering.

Mesitylene addition results in the GI-SAXS peak moving to larger d-spacing values due to swelling of the
surfactant assemblies, Fig. 3. The largest observed value was with the addition of 31 ul mesitylene to the
standard sol recipe as given in the experimental, with a 28 position of 1.64° resulting in a hexagonal silica
lattice parameter of 6.22 A. However some broadening of the peak is observed at this concentration as the
swelling starts to affect the surfactant ordering. Under-focus TEM showed that these films retain a

relatively high degree of hexagonal order and the in-focus TEM (Fig 3) showed a pore size of ~¥2.9 nm, an
6
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increase of ~10% over that seen without mesitylene addition. Addition of triisopropylbenzene was
observed to increase the observed d-spacing even further, but film quality deteriorated markedly with large
numbers of pinholes and cracks appearing.

No mesitylene
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16 pL

Intensity / arbitrary
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Fig. 3 GISAXS plot showing variations in pore spacing with additions of mesitylene (top) or with surfactant variations
(bottom). The in-focus TEM of a mesitylene-modified film shows the pore size, whereas the under-focus TEMs with
various surfactants show the reduction in pore ordering as the surfactant cation size reduces.

A larger cationic surfactant head group can be used to increase the surfactant pore spacing, so that with
cetyltrimethylpyridinium bromide (CPyB) at the same molar concentration as CTAB the main GI-SAXS
feature is observed at 1.82°, corresponding to a hexagonal unit cell size of 5.60 A. Reducing the length of
the alkyl chain on the surfactant relative to CTAB results in a progressive shift in the position of the main
peak in the GI-SAXS data to lower d-spacing values to 2.12° with MyTAB ([MesNCy4H,o][Br]), 2.24° with
DoTAB ([Me3;NCy,H,51[Br]) or 2.38° with DeTAB ([Me3sNC;oH,,][Br]). These correspond to hexagonal silica
lattice parameters of 5.31, 4.81, 4.55 or 4.29 A (respectively). The GI-SAXS data in Fig. 3 show a progressive
broadening due to a reduction in ordering of the pores with the shorter surfactant chains and hence lower
polarity. This change in the degree of ordering is also apparent in the TEM images (Fig. 3). It was also found
to be necessary to progressively increase the amount of surfactant used as the chain length was reduced,
from 0.10 g CTAB, to 0.22 g with MyTAB, 0.28 g with DoTAB and 0.24 g with DeTAB in order to achieve the
most intense GI-SAXS feature. Varying the surfactant affected the intensity of the GI-SAXS feature rather
than its position, suggesting the pore size was specific to the surfactant type.

3.2 Electrochemically assisted preparation of alighed mesoporous silica films

The EASA route pioneered by Walcarius and co-workers uses a cathodic potential to induce self-assembly of
a surfactant at an electrode surface, and hence requires a conductive substrate. Meanwhile hydroxide ions
are produced due to the current passed at the surface of the electrode and these induce condensation of
the silica gel around the surfactant assemblies. Deposition onto ITO films at -1.3 V for 20 s, as previously
reported,”’ resulted in mesoporous silica films with very weak out-of-plane GISAXS features and strong in-
plane features at 2.60, 4.36 and 5.00°, that could be indexed as the 10, 11 and 20 reflections of a hexagonal
lattice of cylinders with a lattice parameter of 4.01(10) nm. No GISAXS features were observed using the

7
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same conditions on TiN substrates, but the same GISAXS features were observed in films deposited at
potentials between -1.6 and -2.4 V, with the highest intensities achieved at -1.8 or -2.0 V. Indexing the
positions of these reflections led to a measured pore spacing of 4.04(5) nm. Cyclic voltammograms showed
two reduction peaks below 1.5 V with both TiN and ITO, and significant current due to electrolyte reduction
at 2.0V, hence it is not obvious why the higher overpotential is required.

Intensity

1/ mA

Degrees

Fig. 4 In-plane GISAXS pattern of a mesoporous silica film grown by the EASA method on TiN at -1.8 V for 5 s (left) and
cyclic voltammograms of the standard EASA mixture (experimental) with ITO and TiN substrates (right, potential vs a
silver rod pseudo reference, scan rate 100 mV s'l).

Films were grown onto substrates in which a region of approx. 1 x 1 cm was immersed into the electrolyte
in vertical orientation, whereas previous studies used horizontal substrates with a deposition region
defined by a rubber O-ring.”’” The disadvantage of our approach is that the current density is known less
accurately, but film growth is performed under potentiostatic control and it is the potential that is most
critical to achieve an ordered pore structure. The advantage is that very few aggregates due to
condensation in the solution are observed on the film surfaces and hence SEM shows films that are smooth
over large areas. The deposition time was limited to 5 s as longer periods did result in an increase in the
number of aggregates at the surface even in this orientation, in agreement with previous findings on
surface precipitation processes in sol-gel electrosynthesis with long deposition times.*® This factor limits the
film thickness to the ~60 nm thickness observed in the TEM (Fig. 5), which also showed hexagonal order of
the perpendicularly-aligned pores over much larger domains than found using the Stéber method. He-ion
microscopy (Fig. 5) showed films to be relatively smooth and pores to be open at the surface. However to
ensure the films are stable it is desirable to apply a heat treatment. Hence the same procedure of Soxhlet
extraction with acidified ethanol and heating to 350 °C as described for the Stéber films was applied here.
The TEM data in Fig. 5 show that the film thickness and aligned pore structure were retained, and the in
focus TEM images indicate a pore size of ~1.4 nm. The pores appear unconnected in the images, though as
with the Stober films it should be noted that micropores are unlikely to be visible.
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Fig. 5 He-ion micrograph of the surface (a), and TEM data showing a cross-section (b) and an under-focus image of the
pore order (c) of EASA silica films as prepared. Bottom row shows the TiN-silica boundary (d) and in focus image of a
film (e) after template removal by Soxhlet extraction followed by heating at 350 °C.

The EASA process requires an increase in pH at the electrode surface in order to induce condensation of the
silica species in the sol and hence gelation. Replacement of the sodium nitrate electrolyte with KCl reduced
the in-plane GISAXS signal of the product significantly despite very similar currents being passed, showing
that the presence of nitrate is critical to the operation of this process. Nitrate is often used in
electrodeposition of oxides as the standard reduction potential of nitrate ions is higher than that of
water,*>*! hence nitrate reduces more readily and will increase the pH locally at the surface of the
electrode, e.g.:

NO3—(aq) + 3H+(aq) +2e > HNOz(aq) + H20(|) Ee =+0.94V
NOS-(aq) + H20(|) +2e > NOZ-(aq) + ZOH-(aq) Ee =+0.01V

It was found to be possible to carry out the EASA process with cetylpyridinium bromide surfactant in the
range -1.8 to -2.2 V and, as with the Stéber method this resulted in an increase in the pore spacing (to ~4.3
nm: 10 reflection observed at 2.35°), but the GISAXS patterns were much broader and the higher d-spacing
reflections were not resolved, so the film was much less well ordered. Addition of mesitylene to the
mixture to swell the CTAB surfactant resulted in films that retained the film order, with GISAXS peak widths
similar to those shown in Fig. 4, but the peaks moved to higher d-spacing (Fig. 6). This is in contrast to a
previous report of mesitylene addition to films on ITO, where loss of order was observed.” With a 0.1:1
mesitylene:CTAB molar ratio the 10, 11 and 20 reflections were observed at 2.28, 4.02 and 4.56° (a = 4.45(3)
nm), whereas with 0.5:1 mesitylene:CTAB these reflections were observed at 2.25,3.92 and 4.54° (a =
4.51(3) nm). In focus TEM images of a film produced with a 0.5:1 mesitylene:CTAB ratio showed the pore
size to have expanded to ~2.4 nm (Fig. 6). As with the Stober films the use of triisopropylbenzene to swell
the CTAB surfactant did result in an increase in pore diameter but also degraded the film quality, with large
numbers of pinholes and cracks observed. It was possible to reduce the pore size by substituting the CTAB
surfactant with MyTAB, with some increase in GISAXS reflection width. With DoTAB surfactant the GISAXS
signal of the films became very weak. This behaviour is similar to that observed on ITO substrates.”’
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Fig. 6 In-plane GI-SAXS patterns of EASA silica films produced with mesitylene:CTAB ratios as shown (top)
and in focus TEM image of a film made with 0.5:1 ratio of mesitylene:CTAB (bottom).

4. Conclusions

Both the Stober and EASA routes employed herein result in small pores aligned perpendicular to the TiN
electrode surface with hexagonal pore arrangements. The pores have much longer range order using the
EASA route, but this route only allowed a thickness of ~60 nm without deposition of aggregates onto the
surface. Both routes result in porous silica films that are well-adhered to the TiN surface and pores that are
open at the top surface so could be used as hosts for nanowire deposition. Despite the use of the same
CTAB surfactant the pores are smaller using the EASA route, at around 1.6 nm compared with around 2.6
nm from the Stdber route. In both cases some variation in pore size could be achieved by varying the size of
the surfactant molecules or by swelling the surfactant assemblies with mesitylene. These results are
expected to extend the scope of applications of these films, especially because of the wider potential
window offered by the TiN support in comparison to the previously reported ones for such oriented
mesostructures.
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