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Silica thin films with vertical nanopores are useful to control access to electrode surfaces and may act as
templates for growth of nanomaterials. The most effective method to produce these films, electrochemi-
cally assisted surfactant assembly, also produces aggregates of silica particles. This paper shows that
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growth with an AC signal superimposed onto the potential avoids the aggregates and only very small
numbers of single particles are found. This finding is linked to better control of the diffusion field of
hydroxide ions that are responsible for particle growth. The resultant films are smooth, with very well-

rsc.li/nanoscale ordered hexagonal pore structures.
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Introduction

Mesoporous silica films have a wide range of applications in
sensing devices, as biomaterials and as functional coatings.’™
A widely used method to deposit such films is evaporation
induced self-assembly (EISA), which relies on the evaporation
of a solvent driving the sol-gel transition of a solution contain-
ing a surfactant.>® The surfactant assembles during the
process and leads to the formation of highly ordered thin
films. When 1-dimensional channels are produced with this
technique, the pores tend to align parallel to the substrate.”
Efforts have been made to establish routes resulting in verti-
cally aligned (i.e. perpendicular to the substrate) pores,® one of
the most effective of which is the electrochemically assisted
self-assembly (EASA) method. This technique is comparable to
electrodeposition approaches to make porous metal films.”™*
Pioneered by Walcarius et al., it requires the application of a
cathodic potential to an electrode immersed in a surfactant-
containing silica sol. A typical sol consists of tetraethyl orthosi-
licate (TEOS), cetrimonium bromide (CTAB) and the support-
ing electrolyte NaNO; in a 1:1 EtOH/H,O mixture at pH = 3."
The sol is prepared with acidic pH (pH = 3), as this condition
favours precursor hydrolysis over condensation, inhibiting the
premature formation of a silica gel. This behaviour is reversed
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under alkaline conditions - the basis of the EASA process: the
electrochemically induced change of local pH from acidic to
alkaline enhances the condensation of pre-hydrolysed precur-
sor species around the cationic surfactant, resulting in the
growth of a silica film with hexagonally packed channels in a
direction normal to the electrode surface. Thin films have
been shown to form on a variety of conductive materials
(glassy carbon, ITO, Au, TiN)."*'® Typical thicknesses of the
compact film (without any aggregates) are around 100 nm,"
although a wider range of obtainable film thicknesses would
be advantageous to access higher aspect ratios.

The EASA process produces aggregates of spherical particles
stuck to the surface of the aligned mesoporous films, through
the operation of the standard Stober process in basic solu-
tion."”” The number of these aggregates increases with depo-
sition time and hence constrains the achievable film thick-
ness. The formation of particle aggregates is not avoidable
with the regular EASA experimental procedure, as it is the
natural result of applying a potential to drive hydroxide gene-
ration, which in turn leads to the bulk condensation of the
silica precursor as the hydroxide diffuses into the layer close to
the electrode surface. The expansion of the pH gradient takes
place within very short time and on a large scale compared to
the thickness of the mesoporous silica film, so significant
bulk reaction is observed even when using short deposition
times. The sol composition can be refined to minimise aggre-
gates, but any change, e.g. a reduction of the precursor concen-
tration, will always affect both parts of the process.

In recently published work, Vanheusden et al. have shown
that aggregate formation can be suppressed in favour of
increased film thickness through the use of a rotating disk
electrode.'® The concept was to minimise the thickness of the

This journal is © The Royal Society of Chemistry 2022
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reactive layer in the vicinity of the electrode without lowering
the precursor concentration, while employing the rotating disk
to disperse the layer of reactive species at the electrode.
Previously, thicker films had been achieved through the
repeated application of the EASA process to the same sub-
strate, with rinsing steps in between depositions to remove the
generated hydroxide."**°

In this work, we deposit aggregate-free mesoporous silica
films using a novel EASA process in which a sinusoidal poten-
tial is applied, oscillating between values at which hydroxide
generation is high and low. This results in a modulated
hydroxide flux at the working electrode surface. Thus, the
hydroxide concentration gradient at the electrode divides into
an oscillating region and a static gradient of much lower
strength.?! This favours the formation of the compact film at
the electrode surface while generating significantly fewer
surface particles. Secondly, the nitrate-based supporting elec-
trolyte was left out of the sol composition to reduce the hydrox-
ide ion flux and hence slow down the rate of condensation.>***
The achievable ordered film thickness increases considerably,
making higher aspect ratios of the pore channels available.

Results and discussion

Our silica films were deposited by applying a sinusoidal poten-
tial, oscillating between —1 V and -2 V, at a frequency of 100
Hz. This was done in a silica sol, containing only silica precur-
sor and surfactant in a 1:1 EtOH/H,0 mixture at pH = 3 (see
“Experimental” for details). The optical appearance of the
silica films immediately after deposition was distinctively
different from those deposited using the usual constant poten-
tial method, as strong iridescence was exhibited in reflected
light. This indicates the presence of a much smoother film
surface. The effect was most prominent for samples deposited
at 15000 and 20000 oscillation periods, while the sample
made with 30 000 periods had a more turbid appearance, indi-
cating increased scattering. Samples made using the same
nitrate-free solution and regular constant potential conditions
showed either thick white aggregate layers or no film at all and
were not further characterised.

SEM images of the samples can be seen in Fig. 1. Images (i)
and (ii) correspond to 10 000 periods, (iii) and (iv) to 15 000, (v)
and (vi) to 20 000 and (vii) and (viii) to 30 000 periods of poten-
tial. The odd numbers correspond to top-down images, while
the even ones indicate cross sections. It can be seen in Fig. 1(i)
that very few individual spherical particles are present on the
surface of the film. Their number density increases slightly
with an increasing number of periods (from estimated 0.076 +
0.008 particles per pm?> at 10 000 periods to 0.290 + 0.03 par-
ticles per um?*), but under DC conditions a deposition of 300 s
would produce a film covered in a thick layer of aggregates of
the spherical particles. Particle sizes of the spherical particles
increase from an average of 385 nm at 10000 periods to
almost double the diameter at 40 000 periods, as shown in
Table S1.f From the cross sections, the thickness of the de-
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Fig.1 SEM images of mesoporous silica films deposited at 100 Hz,
between —1.0 V and —-2.0 V with deposition times of 10 000 periods
(i and ii), 15000 periods (iii and iv), 20 000 periods (v and vi) and 30 000
periods (vii and viii) of potential. The left-hand images are top-down and
the right-hand cross-sections on cleaved samples.

posited films was estimated, as plotted in Fig. S1.f The
film thickness increases from almost 150 nm at 10000
periods in close to linear fashion to 350 nm at 30 000 periods,
which is significantly thicker than is possible using the orig-
inal route.

The current resulting from the application of the AC signal
at 100 Hz frequency is shown in Fig. 2(a), where the inset illus-
trates the oscillating current in the earliest part of the depo-
sition. The current profiles were Fourier transformed using a
custom Python script, as depicted in Fig. 2(b). Once again, the
inset shows a magnified part, underlining the presence of a
sharp peak at 100 Hz and a definitive DC component towards
low frequencies. The interesting part of the signal for this
experiment is the DC component, which corresponds to the
static diffusion gradient generated by the oscillating potential.
Another custom Python script was used to filter out the AC
component of the signal around 100 Hz by applying a band
stop notch filter with a Q factor of 30. Fig. 2(c) shows the
resulting current profiles with removed oscillation. These are
of roughly the same order of magnitude and shape throughout
all samples, with their length being the main difference. In
comparison to the application of constant —2.0 V for 60 s, the
current magnitude is about 10 times smaller when using the
sinusoidal potential (Fig. 2d). This makes sense as the alter-
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(a) Raw currents recorded during the deposition of silica using a sinusoidal signal with a frequency of 100 Hz, between —1.0 V and -2.0 V

with deposition times of 10 000, 15000, 20 000, and 30 000 periods (100, 150, 200 and 300 s). Inset: zoomed plot of the same signals for the
period between 0 and 0.3 s. (b) Fourier-transform of the data shown in (a) produced using a custom-made python script. Inset: zoom to the range
0-200 Hz. (c) Data from (a) filtered using another custom python script which employs a band stop notch filter at 100 Hz with Q = 30. (d) Same data
as (c) plotted in conjunction with a current transient obtained from a deposition at constant potential of —2.0 V (DC) for 60 s.

nating potential mainly generates non-faradaic currents from
the oscillating double layer. The “efficiency” of the signal in
terms of hydroxide production at the electrode was therefore
significantly decreased. The total current can be described as
the sum of faradaic and capacitive currents: j; = jr + jc, where
the capacitive current depends strongly on the change of

potential (jc =C %) Apart from the two peaks of the wave-

form, the capacitive current dominates the total current and
therefore drastically decreases the generation of hydroxide at
the working electrode. If one assumed the generation was
most effective at the lower peak of the wave (-2 V), the process
would correspond to a pulsed regime with a very short “on”
time, which in turn decreases the diffusion layer thickness
Dton . . .
(5p =2 - ) This also suggests that if the frequency is
increased enough, only double layer charging occurs, and no
films would be deposited at all due to the total loss of faradaic
current.

Grazing incidence small angle X-ray scattering (GISAXS) was
used to analyse the structure and arrangement of the silica
films. The images shown in Fig. 3(a-d) were measured with an
incident angle of 0.3° for a duration of 15 min for the samples
deposited with (a) 10 000, (b) 15 000, (c) 20 000, and (d) 30 000
periods. The four images look very similar by eye, showing
horizontal spots (symmetrical versus g, = 0). The GISAXS data
give a representation of the film structure in reciprocal space.
This means that the observed horizontal features correspond
to a vertical structure in real-space.>® The peak spacing indi-

5406 | Nanoscale, 2022, 14, 5404-5411

cates a vertically aligned two-dimensional hexagonal structure,
with the two higher order peaks highlighting the high degree
of ordering within the films. If the film structure was of cubic
or circular nature, additional spots at higher magnitude of g,
would be expected.**®” The spherical particles result in a
semicircle because their pore structure is not aligned, and it is
noteworthy that the semicircle is very weak in all of these
patterns.

The fact that this method leads to vertically aligned meso-
pores is quite surprising considering the common description
of the EASA process. A recent review by Walcarius mentions
the importance of the electric field not only for the generation
of hydroxide species needed for silica condensation, but also
for the templating of the surfactant at the electrode surface,
resulting in vertically aligned pores.”® Indeed, there have been
studies on the behaviour of surfactants in the vicinity of elec-
trodes, showing that the actual potential of the electrode, its
surface properties (e.g. crystal structure) as well as the ionic
strength of the environment strongly influence the shape and
size of surface aggregates.?® Thus, it appears logical to assume
that when using a cationic surfactant in a silica sol, the
applied potential and resulting electric field should contribute
significantly to the assembly of the surfactant and the pore
alignment. Indeed, it was found that only a negatively charged
substrate resulted in vertically aligned silica channels in an
experiment where an ultra-microelectrode was used for EASA
on microdots.”® The approach we present here amends this
theory, as the oscillating electric field is constantly changing
the potential landscape at the electrode. We suggest that if the

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 2D GISAXS images measured with an incident angle of 0.3° for a
duration of 15 min for mesoporous silica samples deposited at 100 Hz,
between -1.0 V and —2.0 V with deposition times of (a) 10 000, (b)
15000, (c) 20 000, and (d) 30 000 periods.
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required amount of hydroxide species is provided in the form
of a hydroxyl gradient decreasing from the electrode surface,
silica condensation around the templated surfactant takes
places independently of the momentary electrode potential.
This would mean that the key factor in the process apart from
the supply of hydroxide species, would be the concentration
polarisation, decreasing from the electrode surface. This
hypothesis is also supported by the robustness of the EASA
process, which works similarly well on a variety of substrate
materials."?

The procedure was repeated in a control experiment, where
NaNO; was added to the modified sol (original sol compo-
sition typically used in constant potential deposition). The
same electrochemical setup and conditions were used. After
application of the sinusoidal potential, the samples were
rinsed with deionised water immediately. No iridescence was
visible to the naked eye for these samples - their whitish
appearance hinted at the presence of numerous particle aggre-
gates. SEM images of the films are shown in Fig. S2.f They
show particle aggregates in the micron range from 15000
periods onwards (b-d), whereby more than half of the pictured
area seems to be covered at 30 000 periods. Even at only 10 000
periods (Fig. S2af), 0.342 + 0.04 particles per pm® were esti-
mated, which is higher than the number obtained at 40 000 in
the sol without NaNO;. The number of particles formed
during silica film deposition by the EASA process is higher
when NaNO; is present in the sol, which is attributed to the
higher flux of hydroxide ions. It has been suggested that
NaNO; supports the formation of hydroxide at the working
electrode,'” accelerating the silica condensation process not
only at the electrode surface but also in the bulk solution. As
displayed in Fig. S3,f the filtered raw data of the current
responses consist of a DC signal in similar range to the ones
shown in Fig. 2c.

Fig. S4t displays the raw two-dimensional GISAXS images
of these control samples made at (a) 10000, (b) 15000, (c)
20000 and (d) 30000 periods, measured with an incidence
angle of 0.3° with an exposure time of 30 min. An increased
exposure time was used for the control samples compared to
the main ones (15 min) as their scattering was significantly
weaker. The presence of particle aggregates is confirmed in
the GISAXS data, showing strong semicircles for the samples
made at 15 000, 20 000 and 30000 periods (b-d), but not for
the shortest deposition time (10 000, a). Horizontal scattering
features are seen for all the control samples, whereby only the
first order peak is visible. This indicates the successful for-
mation of a vertically aligned structure below the particle
aggregates, but with a much lower degree of ordering. This
shows that not only the use of a sinusoidal signal, but also the
exclusion of supporting electrolyte leads to the formation of
higher quality films during EASA.

From the GISAXS images shown in Fig. 3 and Fig. S4,7 hori-
zontal profiles of the intensities were made by integrating
intensities along g, which are shown in Fig. 4a for the electro-
Iyte free and Fig. 4b for the 0.1 M NaNO; containing sol (in the
aqueous part). The first possesses strongly pronounced peaks

Nanoscale, 2022, 14, 5404-5411 | 5407
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Fig. 4 Horizontal scattering profiles for mesoporous silica films produced at 100 Hz, between —1.0 V and —2.0 V with (a) electrolyte-free and (b) 0.1
M NaNOs; containing sol. (c) Comparison of the d-spacings corresponding to the peaks shown in (a) and (b) calculated using d = 2x/q.

of up to second order, while the latter only has a first order
peak. This shows that the structure is hexagonal (peaks at
1, \/3 and 2 times g,, values for 10000, 20 000 and 30 000
periods shown in Table S21),° and that the films made using
the nitrate-free sol have a higher degree of ordering than the
ones using the conventional sol. From each g,, the distance
between the vertically aligned pores can be calculated (pore-
spacing). This represents a value averaged over the entire
sample length (0.3 mm x 15 mm). Fig. 4c displays a compari-
son of the pore-spacing (denoted as d) corresponding to the
peaks shown in Fig. 4a and b (d = 2x/q,). The blue dots corres-
ponding to the nitrate-free sol show a very consistent value of
roughly 3.75 nm, while the distances using the conventional
sol (orange) appear to slightly decrease with increasing
number of AC periods. This is probably a result of the
increased peak width of those points, as the data is still in
overall agreement for both conditions within their error bars.
The peak width here can be interpreted as the uncertainty of
the pore spacing along the probed area of the film. The
increased value could be explained as the result of the strong
contribution of particle aggregates to the scattering signal,
resulting in the ring feature overlaying the horizontal spots. In
addition, the enhanced generation of hydroxide due to the

5408 | Nanoscale, 2022, 14, 5404-5411

presence of NaNO; in the sol could disturb the self-assembly
process during film formation.

The diminished occurrence of particle aggregates through
the use of the sinusoidal potential can be explained as follows:
as calculated by Liu et al, the deposition process involves a
minimum time, ¢z, which is needed in order to reach a state at
which homogeneous gelation (aggregate formation) occurs.®'
For galvanostatic conditions, this time has been found to lie in
the range of seconds (2-3 s). Prior to that time, heterogenous
gelation (film formation) occurs if a critical concentration of
reactive species has been reached, which therefore represents
the lower time limit. One can hence conclude that the pulsing
of hydroxide ion flux and lower overall flux achieved with sinu-
soidal potential leads to the effective reaction time staying
below ty, favouring the deposition of the compact film instead
of particle aggregates. This perspective can also be applied to
the previously mentioned publication'® on the use of a rotat-
ing disk electrode to this effect, where the species are continu-
ously flushed past the electrode and hence never reach the
critical time of homogeneous condensation.

To further test this hypothesis, additional experiments were
carried out using the previously used nitrate-free sol, where
the frequency of the sinusoidal potential was set to 0.1, 1, 10,

This journal is © The Royal Society of Chemistry 2022
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20, 50, 200, 300, 400 and 500 Hz. The number of periods was
adapted so that every deposition would be done for a fixed
time of 100 s overall, as this corresponds to the sample de-
posited at 100 Hz for 10 000 periods with minimal aggregates
observed. Fig. S5t shows the corresponding SEM data, which
clearly visualises the increased number of particle aggregates
for frequencies below 20 Hz. When increasing the frequency
from there onwards, their number seems to further decrease
slightly, with very little change noticeable for frequencies
between 300 and 500 Hz. The maximum frequency used here
represents the limit of the available potentiostat. This
coincides with the magnitude of current obtained after filter-
ing out the respective driving frequencies, as shown in
Fig. S6.1 It decreases (becoming more positive) with increasing
frequency, although one must note the strong oscillations still
present at 0.1 Hz even after filtering out this frequency. Beyond
20 Hz, the current profiles converge at roughly —0.12 mA, but
the higher frequencies still seem to possess slightly more posi-
tive values. GISAXS measurements (Fig. S71) of the samples
confirm the successful generation of vertically structured silica
films for all frequencies (spots in horizontal direction), as well
as the increased number of particle aggregates at lower frequen-
cies indicated by the ring signal in Fig. S7(a—c).} Selected cross-
sections of the samples (see Fig. S8t) show that the use of
higher frequencies (>100 Hz) generates compact films (Fig. S8b
and c}) while the one at 20 Hz seems to be rather patchy and
inconsistent in its thickness. These results allow for the con-
clusion that higher deposition frequencies lead to fewer particle
aggregates. Lowering the frequency makes samples resemble
those obtained at constant potential. This validates the pre-
viously established hypothesis that the application of a sinusoi-
dal potential diminishes the number of particles and their
aggregates during EASA, if the frequency of the signal is
sufficiently high to prevent any precursor species not directly in
the vicinity of the electrode undergoing condensation.

The films were further characterised through cyclic voltam-
metry using hexaammineruthenium(m) chloride ([Ru(NHs)e]
Cl3). Results from measurements at 20 mV s~ are shown for the
first cycle in Fig. 5 (additional cycles are shown in Fig. S97). This
cationic probe was chosen because it reliably indicates whether
the surfactant was properly removed from the silica film, as it
does not penetrate the surfactant within the film."* The solid
black line in Fig. 5 shows the current response obtained using a
blank TiN substrate. The current response through the silica
films as prepared is significantly smaller than that with blank
TiN, indicating continuous coverage of the electroactive area.
After surfactant removal, the redox peaks become visible again,
with consistently higher currents recorded compared with the
blank substrate. This observation is common for mesoporous
silica films, where cationic probes tend to accumulate in the
pores due do their negatively charged silica walls.** This con-
firms the successful generation of vertically aligned silica films
through the application of a sinusoidal potential.

The resulting structures have dimensions in good agree-
ment with silica films made by applying a constant potential
to an electrode situated within a regular silica sol containing

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Cyclic voltammetry of mesoporous silica films (prepared at 100
Hz) on TiN in 5 mM [Ru(NH3)elCl; with 0.1 M NaNOz between —0.4 V
and 0.2 V vs. Ag/AgCl at a scan rate of 20 mV s™2, one cycle each. Solid
black line shows response of a blank TiN substrate with an electrode
area of 5 X 15 mm. Coloured dashed lines show the current response
before, solid ones after, surfactant removal.

NaNOj;. This novel route hence allows for the generation of
high-quality silica films with decreased amount of particle
aggregates, as required for any application needing a “clean”
film surface. Further tuning of the AC protocol and the sol
composition might make aggregate-free depositions possible
at larger thicknesses, with obtainable films beyond microns in
thickness. This could involve the use of an asymmetrical
square wave, with the duty cycle being only 1/10™ of the period
to further reduce the flux of hydroxide.

Conclusions

In order to reduce particle growth on the surface of EASA-
derived silica films, a new approach using a sinusoidal poten-
tial and an electrolyte-free sol composition was tried and
tested. The film thickness was 3 times larger than the original
protocol using DC conditions. Omission of sodium nitrate in
the sol led to a fivefold decrease in the number of aggregated
particles when using an oscillating potential. This is a result of
improved diffusion control of the hydroxide species away from
the electrode, slowing down particle formation in the bulk
solution. The films exhibited a high level of ordering of the
vertically oriented pores.

Experimental

A standard three-electrode setup was used, consisting of TiN
working, Pt gauze counter and Ag/AgCl wire as pseudo refer-

Nanoscale, 2022, 14, 5404-5411 | 5409
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ence electrodes. TiN substrates were prepared by sputtering
200 nm of TiN onto a 700 pm thick silicon wafer (Buehler
Helios, rate: 0.135 nm s '), which results in surfaces with a
roughness of 1 nm (H = 0.349, lateral correlation length =
20.72 nm). The nitrate-free silica sol was prepared in a mixture
of 20 ml of deionised water (Suez) and 20 ml of ethanol
(Fisher Scientific). The pH was adjusted to 3 (Mettler Toledo
five-easy) using 0.24 M HCl (Fisher Scientific).
Cetyltrimethylammonium bromide (480 mg [Me;NC;¢H3;3]Br;
Sigma Aldrich) was added under heavy stirring until fully dis-
solved. Tetraethyl orthosilicate (905 pL, Sigma Aldrich) was
added under slow stirring and the sol was left to hydrolyse for
1 h. Straight after that, depositions were carried out using a
potentiostat (Biologic SP-150). The applied potential was a
sinusoidal signal with a frequency ranging from 0.1-500 Hz
between —1.0 V and —2.0 V vs. Ag/AgCl reference electrode. 100
Hz was subsequently selected as optimised frequency for silica
films deposition. The electrode area was limited to 5 x 15 mm
using nail polish to mask off the remaining part of the sub-
strate. Deposition time was given by the number of periods, of
which 10000 were the initial smallest number at which a
proper film could be seen on the TiN substrate. Deposition
was hence done for 10 000, 15 000, 20 000 and 30 000 periods
respectively after which the samples were immediately rinsed
with water.

Hexaammineruthenium chloride ([Ru(NH;)¢]Cl;) was used
in cyclic voltammetry experiments on the newly generated
silica films. Measurements were performed for each sample
both before and after removal of the surfactant through
immersion in 0.2 M HCI in ethanol overnight. The potential
was scanned between —0.4 V and 0.2 V vs. Ag/AgCl in an
aqueous solution containing 5 mM [Ru(NH;)]Cl; with 0.1 M
NaNO; using a Pt gauze as counter electrode.

GISAXS experiments were carried out on a Rigaku Smartlab
diffractometer with a HiPix 2D detector and Cu-K, radiation.
The sample-detector distance was 301 mm, the collimator size
was 300 um and the exposure time was 15 min. SEM images
were recorded with a Zeiss Gemini or Jeol JSM 6500F and
7200F. Image]>* was used to measure the film thickness of the
porous films from their cross sections.
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