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A B S T R A C T

Vertically aligned mesoporous silica films can be generated by electrochemically assisted self-assembly (EASA)
but the accurate control of their thickness is essentially restricted to the 100 nm range. Here we have developed a
wet etching approach using dilute ammonium fluoride to gradually decrease the thickness of ferrocene-func-
tionalized films down to 20 nm by increasing the etching time. The effectiveness of the process was followed by
monitoring the decrease in the voltammetric response of ferrocene moieties that are progressively removed from
the electrode surface upon silica etching. Film thickness variations have also been confirmed by profilometry and
were consistent with the electrochemical measurements. Electron microscopy analyses indicated a uniform
thickness decrease but also some loss in the integrity of the mesostructure after prolonged etching.

1. Introduction

Nanostructured electrode surfaces have gained importance in recent
years for applications in various fields (e.g., energy conversion and
storage [1,2], electronics and optoelectronics [3,4], sensors and bio-
sensors [5,6]). Electrodeposition methods have played a special role in
producing a wide range of nanostructured materials [7–9], which
sometimes exhibit improved characteristics in comparison to materials
produced by conventional techniques [10]. In particular, silica-based
nanomaterials have attracted considerable interest from the electro-
chemistry community because these materials can be prepared in a
variety of functionalized forms with tailored and organized structures
at the nanoscale [11–13]. In this context, ordered mesoporous silica
thin films have been generated on electrodes using chemical or elec-
trochemical synthetic methods [14,15] and their performance was
dramatically dependent on all features likely to affect mass transfer
processes [14–18], the most critical point being the necessity to pro-
duce coatings with pores accessible from the film surface [19].

The best way to achieve this goal is by precise control of pore or-
ientation, and an ideal configuration is given by films with uniaxially
oriented one-dimensional mesochannels, with promising applications
notably for electroanalytical purposes [13,20]. The most versatile
methods available to date to produce small-pore (∅ 2–3 nm) vertically
aligned mesoporous silica films on electrodes are: (i) Stöber-solution
growth [21] and (ii) electrochemically assisted self-assembly (EASA)

[22]. Oriented films with organo-functional groups covalently bonded
to the silica walls can be also generated by EASA [23]. Although the
thickness of electrogenerated mesoporous silica deposits can be tuned
to some extent in the range of typically 100 nm by adjusting the
synthesis parameters (i.e., deposition time and silica precursor con-
centration), scaling-up has been restricted by the formation of silica
aggregates when attempting to get thick films (due to bulk precipitation
in the diffusion layer), while scaling-down to ultra-thin films was not
possible due to the absence of self-assembly at very short deposition
times, tdep, or very low precursor concentration (no film growth at
tdep < 10 s and silane concentration < 75mM [24]). For instance, one
can generate non-ordered ultrathin silica films by electrodeposition
from very dilute precursor solutions [25], but nanostructured deposits
cannot be produced as the EASA method requires a surfactant content
above the critical micellar concentration and a silane/surfactant molar
ratio larger than 0.78 [24]. To circumvent the first limitation, we have
recently proposed a multilayer electrogeneration approach which
makes it possible to obtain films with thicknesses of up to 400 nm [26].
Here, we now propose a post-treatment strategy to decrease the
thickness of mesoporous silica films prepared by EASA. Although some
approaches for thickness control of nanostructured silica membranes
have been previously reported, they are not applicable to either verti-
cally-aligned or small-pore mesoporous silica thin films [27–31].

The objective of the present work is thus to evaluate how tuning the
thickness of oriented mesoporous silica films generated by EASA can be
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realized by wet etching using dilute ammonium fluoride (NH4F) solu-
tions. Stronger etchants (such as HF or NaOH) must be avoided because
they lead to complete dissolution of the silica or non-uniform attack
leading to rough layers [32,33], whereas NH4F appears to be soft en-
ough for the purpose of slow film etching (as recently shown for

hydrophobic and large-pore 3-dimensional mesoporous materials [34]).
The results of film etching have been monitored by profilometry,
electrochemical methods (cyclic voltammetry) and electron microscopy
analyses, using ferrocene-functionalized mesoporous materials. This
can be more informative than operating with non-functionalized silica

Fig. 1. (A) Scheme showing the preparation of ferrocene-functionalized films by EASA and click coupling; (B) CV curves recorded in 0.5mM Ru(NH3)6Cl3 (left) or
0.5mM Fc(MeOH)2 (right) using (a) a bare ITO or (b,c) an ITO covered with azide-functionalized mesoporous silica film (b) before or (c) after surfactant removal
(supporting electrolyte: 0.1M NaNO3; potential scan rate: 50mV s−1); (C) CV curves recorded in 0.1M NaNO3 using ITO electrodes covered with mesoporous silica
film bearing azide (N3) or ferrocene (Fc) groups.

Fig. 2. (A) CV curves recorded in 0.1M NaNO3 (at 5mV s−1) using an ITO electrode covered with mesoporous silica film bearing ferrocene groups, which had been
treated in 0.05M NH4F for 0, 1, 2, 4, 7 and 10 h. (B) Variation of the anodic signal with etching time (average of results obtained with six different films) and
schematic illustration of the film thickness decrease upon etching (red pentagon= ferrocene). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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films, as the voltammetric response of the ferrocene groups can be used
to monitor the etching process.

2. Experimental section

2.1. Preparation of ferrocene-functionalized and oriented mesoporous silica
films on ITO electrode

Azide-functionalized silica films were first generated on indium‑tin
oxide (ITO) plates (surface resistivity 8–12Ω, Delta Technologies) by
EASA [23]. The sol was made of an ethanol:water solution (1:1) con-
taining 80mM TEOS (tetraethoxysilane, 98%, Alfa Aesar), 20mM
AzPTES (azidopropyltriethoxysilane, prepared as in [23]), 32 mM CTAB
(cetyltrimethylammonium bromide, 99%, Acros Organics) and 0.1M
NaNO3, which was set to pH 3 using 1M HCl (Prolabo), and aged for 2 h
at room temperature. Film deposition was performed potentiostatically
at a negative potential of −1.3 V for 20 s, using a three-electrode
system (ITO working electrode, silver rod as pseudo-reference electrode
and stainless steel plate as counter electrode) and a μAutolab III po-
tentiostat operated by GPES software. The resulting films were rinsed
with distilled water and kept overnight at 130 °C. After template ex-
traction (in 0.1M HCl ethanol solution for 15min), the covalent
bonding of the ferrocene species was achieved by a ‘click reaction’
between azide-containing films and ethynylferrocene. This was carried
out in DMF/H2O media (12ml dimethylformamide (DMF,
99.94%)+8ml water) containing 10mg ethynylferrocene (97%,

Aldrich), 3 mg copper acetate dihydrate (UCB) and 7.5 mg ascorbic acid
(99.7%, Merck). The reaction was conducted at room temperature for
20 h in the absence of light. The films were cleaned to remove traces of
the catalyst using an ethanol solution of 0.05M diethyldithiocarbamate
trihydrate (DDTC, Sigma Aldrich) for 30min, and then rinsed with
ethanol.

2.2. Etching procedure and film characterization

Ferrocene-functionalized mesoporous silica films were etched with
a 200 μl drop of 0.05M ammonium fluoride (NH4F, 98%, Prolabo)
under cover for the chosen time (in the 0–10 h range, under quiescent
conditions). After etching, the samples were washed thoroughly with
deionized water and air-dried. Their thickness was estimated from
profilometry measurements, performed before and after etching, using
the Dektak XT apparatus with Vision 64 software (Brüker). Their
electrochemical response was characterized by cyclic voltammentry
(CV) in 0.1M NaNO3 using an EM Stat2 potentiostat (PalmSens). Some
samples were imaged by electron microscopy (surface analysis by SEM
using the JEOL JCM-6000 microscope and mesostructure observation
by TEM with Philips CM20 microscope at an acceleration voltage of
200 kV).

3. Results and discussion

Fig. 1A illustrates schematically the film preparation process, which
involves the electrochemically assisted self-assembly (EASA) of an or-
dered, azide-functionalized and vertically aligned mesoporous silica
membrane and its subsequent click coupling with ethynylferrocene
[23]. EASA is a known electrodeposition method based on the appli-
cation of a cathodic potential to an electrode immersed in a hydrolyzed
sol solution containing silica precursors (TEOS and AzPTES in this
case), which condense due to the electrochemically induced local pH
increase on the cathode, with a cationic surfactant (CTAB) acting as a
structure-directing agent, ensuring the growth of hexagonally-packed
mesochannels orthogonal to the underlying electrode surface [22–24].
The supporting electrolyte, NaNO3, also contributes to the cathodic
generation of OH– ions [35–37]. Fig. 1B shows that the azide-functio-
nalized film was uniformly deposited over the whole electrode surface
area and was crack-free (no voltammetric signal recorded for the Ru
(NH3)63+ redox probe prior to surfactant removal, while ferrocene di-
methanol (Fc(MeOH)2) is likely to be detected only due to the possible
solubilization of such neutral species in the surfactant phase; see blue
curves in Fig. 1B). After template removal, the film was highly porous
(see the large voltammetric signals observed for both Ru(NH3)63+ and
Fc(MeOH)2 probes in Fig. 1B, red curves), confirming the good acces-
sibility of azide groups for further functionalization with ferrocene
moieties. The effectiveness of click coupling is demonstrated by the
well-defined voltammetric signal obtained for the ferrocene grafted film
(thanks to electron hopping between adjacent redox centers in the
mesopore channels) whereas no noticeable response was observed with
the azide functionalized membrane (Fig. 1C). When operating at a low
potential scan rate (< 10mV s−1), all ferrocene groups are electro-
chemically accessible (the voltammetric peak currents are character-
istics of thin-layer behavior [38]), thus providing a good method for
quantitative monitoring of film thickness variations upon etching.

This is illustrated in Fig. 2A, which shows a progressive decrease in
peak currents on increasing the duration of film treatment in NH4F
prior to voltammetric analysis in the electrolyte solution. This suggests
a continuous film etching, at a rather slow rate, as the progressive
dissolution of the silica network would result in leaching more and
more ferrocene into the solution and thus there would be less ferrocene
in the film available for voltammetric detection (Fig. 2B). In order to
confirm effective film etching (and not just ferrocene loss from the
material), additional film thickness measurements (Fig. 3) have been
performed by profilometry on scratched samples to evaluate thickness

Fig. 3. (A) Typical profilometry measurements (red, before etching, and green,
after etching); (B) Variation of film thickness upon etching over increasing
periods of time (eight different films, six distinct profilometry measurements
per film). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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variations upon reaction with NH4F. In spite of rather noisy responses
(Fig. 3A), originating mainly from the presence of silica particles/ag-
gregates on top of the films (as is common for EASA-based deposits
[22,24]), a clear trend can be drawn on the basis of multiple profilo-
metry measurements made on various films etched for different periods
of time (Fig. 3B). As shown, prolonged treatments in NH4F resulted in a
progressive decrease in film thickness, confirming the suitability of
NH4F for controlled wet etching of the silica material [34], in contrast
to stronger reagents such as HF (which leads to complete dissolution of
the silica film within seconds) or NaOH (which is known to rapidly
destroy the structure of mesoporous silica [39]). The evolution of both
electrochemical (Fig. 2B) and profilometry (Fig. 3B) data being similar,
one can conclude that cyclic voltammetry is a satisfactory technique for
monitoring the effectiveness of wet etching applied to a mesoporous
silica film bearing redox-active moieties such as ferrocene. The quite
large error bars do not mean that the thickness is hard to control; these
are due to the fact that the etching experiments were carried out using
numerous different starting films which already exhibited quite a large
distribution in thickness and ferrocene content.

Effective etching was also demonstrated using electron microscopy
(Fig. 4). Imaging by SEM reveals not only that the mesostructured thin
film is dissolved by NH4F but also that the overlaying aggregates/par-
ticles tend to disappear upon prolonged etching (Fig. 4A), consistent
with the roughness decrease observed by profilometry (Fig. 3A). TEM
views confirm that the regular mesostructure and pore orientation are
maintained upon moderate wet etching and that the process is uniform
over the whole film surface area (uniform film thickness), but also that
prolonged etching leads to some damage in the mesostructure (be-
coming wormlike instead of hexagonal) (Fig. 4B). Note that in spite of
the loss in quality of the mesostructure, the ferrocene groups in the
material remained electrochemically accessible, yet led to less well-
defined CV responses (Fig. 2A). The progressive shape changes in the
CV curves and shift in peak currents towards more anodic values are in
agreement with restricted transport phenomena reported previously for
such oriented mesoporous silica films bearing redox moieties [38].

4. Conclusion

In this work, we have demonstrated the possible wet etching of
electrogenerated, vertically-aligned and ferrocene-functionalized, me-
soporous silica thin films by treatment in NH4F. The process has been
characterized by profilometry measurements and electrochemical
monitoring, both of which confirm the progressive decrease in film
thickness upon increasing the contact time with etchant solution. The
integrity of the regular mesostructure and pore orientation were
maintained, except for very long etching times when some loss of order
was observed while keeping the redox probes attached to the silica
framework electrochemically accessible.
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