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Abstract This review presents the interest of electrochemis-
try for the preparation of two families of porous materials
(ordered mesoporous silica and layer\ed double hydroxide),
generated as thin films on solid electrode surfaces via an
electrochemically assisted local pH tuning. The deposition
mechanism is dependent on the target material. The driving
force to get the ordered mesoporous silica thin films is the
combination of electrochemical interfacial surfactant
templating to the electro-assisted sol-gel deposition, leading
to the growth of vertically aligned mesopore channels of
surfactant-templated silica. The mechanism involved in the
generation of layered double hydroxide (LDH) thin films is
the electrochemically induced precipitation of the material by
the electrogenerated hydroxide anions, which can be also
applied to the formation of LDH-based composites. After a
presentation of the materials that can be synthesized by the
electrochemical manipulation of localized pH at electrode/
solution interfaces, their characterization and applications are
also briefly discussed.

Introduction

The chemical modification of electrode surfaces has generated
tremendous research activities, in electrochemistry and be-
yond, for the last 3 decades [1]. The reason for such marked
interest has probably to be found in that chemically modified
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electrodes combine in a single device the intrinsic properties
of'selected compounds (called “modifiers”) to particular redox
processes occurring at electrode/solution interfaces, with dra-
matic improvement for many electrochemical applications.
Among the various electrode modifiers, microporous silicates
such as zeolites or clays (or the related layered double hy-
droxides, LDH), and ordered mesoporous silica-based mate-
rials, received great attention from the electrochemist commu-
nity because they offer attractive properties (e.g., ion ex-
change capacity, size and/or charge selectivity, hosting capa-
bilities, catalytic or redox activity, and selective recognition or
permselective properties), which were largely exploited, no-
tably in electroanalysis [2]. Several reviews have appeared,
dealing with electrodes modified with zeolites [3—5], clays
[6-9], layered double hydroxides [9-11], and ordered meso-
porous solids [12] (including metals [13], carbon [14], or
silica-based materials [4, 15, 16]). As many of them are non-
electrically conductive, their use in connection to electro-
chemistry requires a close contact to an electrode surface,
which can be basically achieved either by dispersion of pow-
dered materials in bulk composite electrodes or by depositing
the material as a thin film onto a solid electrode surface. For
this second category (film configuration), as-synthesized ma-
terials can be directly casted onto the electrode surface, but
this resulted often in poor mechanical stability of the deposits
(at the exception of clays and LDHs for which the layered
morphology ensured good adhesion to the support). Some
other strategies have thus appeared, aiming at the direct prep-
aration of the supported films onto solid electrode surfaces,
such as the evaporation-induced self-assembly of ordered
mesoporous silica films [17—19] or continuous zeolite films
generated by hydrothermal synthesis [20]. More recently,
electrochemically assisted deposition methods have been
developed, mostly based on pH tuning of the electrode/
solution interfacial region, which constitutes the main
topic of this review.
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Actually, electrodeposition has long been exploited to
modify electrode surfaces; many examples are available
for metallic coatings, as formed via the reduction of
metal ions (Eq. 1) [21, 22], which recently found a
resurgence of interest in designing metal nanostructures
[23-25], or for polymeric coatings generated by
electropolymerization (Eq. 2) [26-28]:

M, +ne =M (M = metal) (1)
Monomer (,q) & ne"—Polymer (2)

Beside such direct electrodeposition, indirect methods have
been also developed, mostly based on the electrochemical
manipulation of localized pH at the electrode/solution inter-
face. Indeed, the cathodic or anodic electrolysis of water (and/
or reduction or oxidation of supporting electrolyte compo-
nents) is likely to generate, respectively, OH or H" species
on the electrode surface, thus tuning pH in the electrode/
solution interface region [29]. This has been notably applied
to protonate or deprotonate selected organofunctional groups
at chemically modified electrodes in order to improve their
electrochemical response [30, 31] or to induce localized sol-
ubility changes to deposit functional polymer films (e.g.,
chitosan [32, 33]). But, probably the main area of application
for electrochemically controlled local pH is the synthesis of
metal oxides and hydroxides, as well as organoceramics, by
cathodic electrodeposition [34, 35]. This is typically achieved
from solutions of metal ion precursors, via the indirect pre-
cipitation of metal hydroxides (Eq. 3b) by electrogenerated
OH ions (Eq. 3a), which could be then aged to form oxides,
or one-step formation of metal oxides (Eq. 4):

21,0 + 2¢ —20H ) + Hy) (3a)

Mn+

1)+ nOH )y =M (OH), . (5MO, 5(5) + n/2H,0) (M = metal)

(3b)

ME’;{]) + (n2x)e” 4+ xH,0—M Oy + 2xH(+aq)

(M = metal) 4)

Actually, besides water reduction (Eq. 3a), there exist
various electrolytic reactions that are likely to increase pH
at an electrode surface, including reactions that consume
protons (e.g., reduction of H" or NO5") and reactions that
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produce hydroxyl species (reduction of H,O, O,, H,O,,
NOs, or ClO4 ), which can be exploited to prepare ce-
ramic materials [34, 35]. Examples are available for metal
oxides such as Al,O3 [36], CdO [37], CeO, [38], Cr,O5
[39], Nb,Os [40], PbO, [41], ZnO [42], ZrO, [36], and
WO; [43], among others [34].

A large number of metal hydroxides have been also syn-
thesized by cathodic electrodeposition [34], particularly Ni
(OH), [44], alone or doped by Co(Il) hydroxide [45] for use
in alkaline secondary batteries. In 1994, Kamath and col-
leagues described for the first time the electrodeposition of
Ni hydroxides in the presence of trivalent metal cations (Al
(1IT), Cr(111), Fe(IlI)) [46], leading to the formation of M(I)M
(IIT) hydroxides called layered double hydroxides (LDH).

Ternary oxides and organoceramics [34, 35], as well as
calcium phosphate coatings (e.g., hydroxyapatite [47]), can be
generated by this way, while codeposition of mixed metal
oxides [35, 48] and electrodeposition of inorganic/organic
hybrid thin films [49] have been also reported.

Recently, this approach has been successfully combined to
nanoscience and nanotechnology to generate metal oxide
nanostructures by electrochemically assisted deposition
[50-53]. Actually, any kind of material that is likely to be
formed upon pH change could be basically generated onto
electrode surfaces under electrolytic deposition conditions.
Such versatile approach offers advantages such as film forma-
tion on substrates of varying geometry and size, patterned or
not, simplicity, possibility to tune the film characteristics
(composition, structure, thickness, porosity) by controlling
the synthesis medium composition and the electrodeposition
parameters, and reasonably low cost.

It is therefore not so surprising to have seen the emergence
of novel concepts, such as the electrochemically assisted
deposition of sol-gel films onto electrode surfaces, as
pioneered by Shacham et al. [54]. Here, the electrogenerated
OH  species are not reacting with metal ions in solution, but
they contribute to catalyze a sol-gel process [54-57] (i.e.,
hydrolysis and condensation of metal alkoxide precursors,
see Egs. 5a and 5b in the particular case of silica):

Si(OR), + 4H,0—Si(OH), + 4ROH (5a)

2Si(OH) (o 2> (OH),Si-O-Si(OH); + H,0 (5b)

The electrodeposition process is characterized by two
growing rates: a first slow stage giving rise to rather
homogeneous, yet rough, films with thickness in the
sub-micrometer range, and a second faster gelification
step resulting in much thicker (>1 um) and rougher
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porous deposits [56]. By adding organosilane derivatives
in the starting sol, it is possible to prepare organically
modified silica films [56, 58] and to induce thereby the
emergence of tailored properties such as binding/
complexation capacity [59], molecular imprinting [60],
superhydrophobicity [61], or protective coatings [62].
Owing to the room temperature sol-gel processing, the
method is compatible with the encapsulation of biomole-
cules, alone [63, 64] or in the presence of gold nanopar-
ticles [65, 66], and even bacteria [67]. It has been also
applied to the deposition of composite films (i.e.,
codeposition of sol-gel/metal [68] and conductive
polymer-silica hybrid [69] films) or binary sol-gel films
with graded structure [70]. A unique advantage of the
electrochemical synthesis of sol-gel thin films, with re-
spect to the classical evaporation approaches, is the pos-
sibility to prepare rather uniformly deposited coatings on
non-flat surfaces or complex objects, such as printed
circuits [71], ordered macroporous electrodes [72, 73],
metal nanofibers [74] or carbon nanotubes [75], or stain-
less steel coronary stent [76]. It also offers the possibility
to achieve sol-gel patterning [77, 78] and deposition at the
local scale [78, 79]. Applications are expected in the
fields of electrochemical sensors [59, 80, 81] and biosen-
sors [75, 81], separation sciences [82], or protection
against corrosion [62, 83].

On the other hand, structuration of electrode surfaces at the
microporous (<2 nm), mesoporous (2-50 nm), or even
macroporous (>50 nm) levels is now becoming an area of
intense activity [84—86]. The aim of the present review is thus
to highlight the interest of the electrochemical manipulation of

localized pH at electrode/solution interfaces to generate such
nanostructured thin films, yet with particular emphasis to
ordered mesoporous silica-based materials and layered double
hydroxides, as both constitute the topic of this special issue
and have been developed in our own groups and elsewhere.

Electrogeneration of ordered mesoporous silica films

Ordered mesoporous silica materials constitute a family of
uniform pore, silicate-based, mesoporous molecular sieves,
discovered almost 20 years ago [87, 88], which were typically
obtained by surfactant-assisted synthesis (called liquid crystal
templating). The synthetic pathways are usually based on sol-
gel processing and involve the controlled assembly of inor-
ganic precursors (such as metal salts or alkoxides,
organosilanes, or nanobuilding blocks) around macromolecu-
lar or supramolecular templates (such as ionic and non-ionic
surfactants, amphiphilic block copolymers, biopolymers, ion-
ic liquids, dendrimers, and polymer colloids). A schematic
illustration of the preparation of surfactant-templated hexago-
nal mesoporous silica (MCM-41) using tetracthoxysilane
(TEOS) as the silica source is given in the middle of Fig. 1.
Actually, a wide range of porous solids with distinct
mesostructures and monodisperse pore sizes (typically tunable
from 2 to 30 nm) can be generated by this way [89-91]. They
can be also obtained in the form of organic-inorganic hybrids,
via either post-synthesis grafting or one-step cocondensation
using organosilane reagents [92-94], leading to materials
bearing a high number of easily accessible organofunctional
groups thanks to the ordered porous mesostructure exhibiting

Fig. 1 Illustration of the
preparation of mesostructured
silica materials by surfactant
template-based sol-gel processing
and of the strategies applied to get
the corresponding organic-
inorganic hybrids (a transmission
electron micrograph illustrating
the hexagonal structure is shown
at the bottom right)

»nwom-

mesoporous silica-based organic-inorganic hybrich

Rigid inorganic framework + organo-functional groups

template
extraction
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very large specific surface areas (Fig. 1). They offer promising
applications in several fields (electrochemistry, separation,
nanomedicine, energy, environment, optics, microfluidics, or
sensing), and, if they can be manufactured with various mor-
phologies (powders, monoliths, films, patterns), the design of
thin films appears to be very important because this configu-
ration is highly desirable for many practical uses (i.e., in
(micro)devices) [95-98]. The most common method to get
mesostructured sol-gel thin films is the so-called “evapora-
tion-induced self-assembly” (EISA) process [99-101], which
typically involves dip coating from a hydroalcoholic sol and
film formation through solvent evaporation (driving self-
assembly of silica-surfactant micelles and their further orga-
nization into liquid crystalline mesophases, see Fig. 2). As
also shown on the figure, a careful control of the starting sol
composition and the evaporation conditions enables the for-
mation of various mesostructure types (lamellar, 2D hexago-
nal, 3D hexagonal, cubic, etc.) [100]. However, getting acces-
sible pores from the film surfaces is essential [95], but it
remains challenging to date as most 2D hexagonal structures
prepared by EISA are characterized by a horizontal alignment
of mesopore channels onto the underlying support, so that
efforts to control pore orientation in mesoporous thin films
have recently emerged [102, 103], and electrochemistry seems

The control of the final mesostructure is
possible here by allowing water
to re-enter or to depart
the film (swelling or
contracting the
hydrophilic
network)

Final film

Evaporation

Initial sol

8i0, ,(OH), 5

Water content
__(RH=20%)-5 % Vol —H,0/Si=0,28 [__] Disordered or undefined

l

R0
i

to be an attractive and versatile approach to get mesoporous
thin films with pore channels oriented normal to an electrode
surface, as discussed below.

Electrochemical interfacial surfactant templating

Adsorption and surface aggregation of ionic surfactants at
electrified interfaces can be tuned by varying parameters
such as the applied potential, the surfactant concentration,
or the hydrophobic/hydrophilic balance of the solid/liquid
interface, leading to various surfactant configurations in-
cluding bilayers, adsorbed spherical or cylindrical mi-
celles, and hemimicelles [104]. Micelles can form at the
interface even when the surfactant concentration is lower
than the critical micellar concentration. Such electrochem-
ically controlled (i.e., potential-dependent) surfactant or-
ganization can be combined to the electrochemical depo-
sition of nanostructured metal or metal oxides, as
pioneered by Choi et al. in the Stucky group [105, 106].
This is conceptually distinct from the electrodeposition of
mesoporous films (i.e., metallic) from dense surfactant
phases formed by soft self-assembly onto electrode sur-
faces (i.e., lyotropic liquid crystalline phases obtained
from concentrated surfactants or block copolymers),

EtOH

Fontell’s
diagram

(a) Quaternary CTAB / H,0/
EtOH/ SiO, ,,(OH), ; diagram :
A : initial solution composition

B : final film composition

————— : possible composition
trajectory up to the MSS period of
final mesoorganisation.

(b): MSS diagram of texture (Weight %)

(RH =40%) -9 % Vol —~H,0/Si=0,5 [ P6,/mmc (3D hexagonal)
(RH=70%) -17 % Vol -H,0/Si=1 [ Pm3n (cubic)
| p6ém (2D hexagonal)
Lamellar
Experimental points Hz(\)

----------------:‘ i 1 i Y \

Inorganic precursor &2 —t
Water o SiO, ,;(OH), ; \0,08 0,10 0,12 0,14 0,18 5 CTAB
Alcohol A~_res e
Surfactant ~~@ CTAB/Si (molar ratio)

Fig. 2 General scheme illustrating the formation of mesoporous silica
thin films by dip coating using the evaporation-induced self-assembly
approach (EISA, left). Step 1: the isotropic initial sol where the conden-
sation is optimally slowed down. Step 2: the evaporation proceeds and
micelles start to form above the CMC. Step 3: the evaporation is com-
plete; the film equilibrates with its environment, and the final
mesostructure is selected by adjusting the relative humidity (RH) before
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further inorganic condensation. Step 4: the inorganic network is con-
densed; the hybrid microstructure is stabilized. the EISA-adapted diagram
of textures established for the CTAB/SiO; »5(OH); s/EtOH/H,0 system
(in percentage, right). The quantity of water in vol%, the molar ratios, and
the quantity of CTAB (molar ratio) are also reported. Reprinted with
permission from Grosso et al. [100]. Copyright 2004 WILEY-VCH
Verlag GmbH & Co. KGaA
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Fig. 3 Schematic representation

of an electrochemical interfacial | !

surfactant templating method. An

CE|

W.E.

interfacial amphiphilic assembly
composed of hexagonally close-
packed spherical micelles is used
as a template in this scheme.
Reprinted with permission from
Tan et al. [118]. Copyright 2005
American Chemical Society
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acting as a casting template, the ordered mesoporous
metals being formed by reduction of metal salts confined
to the aqueous environment of these phases [107—109].
The principle of the electrochemical interfacial surfactant
templating method (Fig. 3) involves the concomitant as-
sembly of amphiphilic molecules under potential control
and the electrochemical deposition of the inorganic phase
in a self-assembly growth process [110]. A prerequisite is
to ensure strong interaction between the inorganic precur-
sors (e.g., metal ions) and the hydrophilic heads of the
amphiphiles, in order to enable continuous construction of
interfacial inorganic-organic assemblies (Fig. 3). The first
examples were semiconducting and metallic nanostruc-
tured films (i.e., ZnO [103] or platinum [106]) generated
by either electroreduction of metal ions (Eq. 1) or elec-
trochemically induced precipitation of metal (hydr)oxides
(Egs. 3 and 4) in the presence of ionic surfactants as
sodium dodecyl sulfate (SDS) or cetyltrimethylammonium
bromide (CTAB). Then, the method was extended to the
generation of other mesostructured metal oxides or hydrox-
ides, such as mesoporous Ni(OH), [111], Co(OH), [112],
WOs; [113], birnessite-type manganese oxides [114], Co3;04
[115], SnO, [116], MnO, [117], and always much activities
on mesoporous ZnO [118-123]. Zinc and manganese oxide
films with ordered lamellar structures were also obtained by
anodic deposition in basic media using the interfacial surfac-
tant templating method [117, 119]. Lamellar mesostructures
were most often observed [124] (see an illustration for ZnO in
Fig. 4), but 2D hexagonal and 3D wormlike structures have
been also reported [110], and recent efforts have been made to
better control the orientation, the anisotropy, or the

{
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xJo%x_ w3 %x %
mesoporous ‘Q\\q oX No20%ex x x.x
films > X X

2 On :
ﬂ! - &i} x -';
gy
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morphology of electrodeposited mesoporous ZnO films
[120, 121, 123].

The electroassisted self-assembly method to prepare meso-
porous silica films

The above electrochemical interfacial surfactant templating
method was thus first applied to the direct electrodeposition
of mesoporous metals and metal oxides, but taking into ac-
count that sol-gel films can be also generated onto electrode
surfaces by electrochemically assisted deposition [54—57],
one should be able to deposit sol-gel-derived mesoporous
silica films by this way. This concept was first developed by
Walcarius et al. [125]. It involves the application of a suitable
cathodic potential (approximately —1.3 V) to an electrode
immersed in a hydrolyzed sol solution (e.g., TEOS-based)
containing a surfactant template (i.e., CTAB) to generate the
hydroxide ions that are necessary to catalyze polycondensa-
tion of the precursors in the form of a silica thin film (see top
of Fig. 5), concomitantly to the formation of a transient
surfactant hemimicelle inducing the growth of hexagonally
packed one-dimensional channels of about 2 nm in diameter
perpendicularly to the electrode surface (see bottom of Fig. 5).
In the presence of surfactant, the polycondensation of silica
precursors is much faster than without CTAB (i.e., the case
discussed in the third part of the “Introduction” section).
Contrary to the aforementioned mesoporous metals and metal
oxide, the electrochemical deposition is indirect in the sense
that the generated OH  species act as a catalyst enabling the
film formation. Actually, the applied potential plays two roles:
the generation of OH catalyst and the controlled surfactant

@ Springer
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Fig.4 a Lamellar structured ZnO films templated by bilayer assembly of
surfactants. Typical b TEM and ¢ small-angle XRD pattern of lamellar
structured films are also shown. These films were deposited from 0.02-M
zinc nitrate solutions containing 0.25 wt% of AOT as the structure
directing agent (dypo;=2.6 nm). Reprinted in part with permission from
Tan et al. [118]. Copyright 2005 American Chemical Society

self-assembly onto the electrode surface. Such films can be
obtained, either potentiostatically or galvanostatically [126],
on various conducting substrates, such as metallic (Au, Pt, Cu)
or carbon electrodes [125, 126], indium-tin oxide (ITO) [126],
or silicon wafer [127]. They can even be prepared on non-
conductive surfaces (such as polystyrene), but this requires the
use of feeder electrodes (i.e., two carbon plates sandwiching
the polystyrene substrate) and larger applied potentials (i.e.,
3.6 V); in that case, the driving force for film formation is the
pH gradient induced by the high electric field and not any
polarization of the support because of its insulating properties
[128]. The thin films are uniformly deposited onto the under-
lying support (Fig. 6a), and their thickness can be tuned
typically in the 25-150-nm range by adjusting either the
TEOS concentration or the electrosynthesis parameters (ap-
plied potential of current densities, deposition time) [126].
However, as a result of the generated OH species in a
diffusion layer of hundreds of microns in thickness at the
electrode/solution interface, an unwanted side product made
of aggregates (approximately some micrometers in thickness)
can be formed over the thin film (Fig. 6b), especially at long
deposition times or highly cathodic potentials [125]. The
particles constituting these aggregates are also surfactant-
templated, but their mesostructure is wormlike and not as well
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defined as the underlying thin film. High-resolution transmis-
sion electron microscopy (TEM) examination of the thin film
reveals indeed the presence of highly ordered, hexagonally
packed mesopore channels (as also confirmed by the electron
diffraction pattern, see Fig. 6¢), with perfect orthogonal ori-
entation with respect to the film plane (Fig. 6d). It was shown
that the highly ordered and oriented mesoporous silica films
can be obtained over a wide composition of the starting sol
(i.e., 10-200 mM CTAB and 50-350 mM TEOS), with film
thickness that can be tuned typically between 50 and 150 nm,
and that the lattice parameter can be moderately tuned by
changing the chain length of the surfactant template [126].
An important parameter ensuring the good level of ordering
and mesopore orientation is the CTAB/TEOS molar ratio that
should be kept in the 0.16 to 0.64 range. Such vertical align-
ment of mesopore channels is highly desirable for practical
applications as it ensures fast mass transport to external re-
agents, but it remains challenging to date. Electrochemistry
thus offers a versatile way, yet simple, to get such oriented
mesoporous films. Alternative strategies to generate vertically
aligned mesoporous silica films include the following [103]:
the dimensional confinement and self-assembly process in
exotemplates (preassembled block copolymer films
[129-131] or porous membranes [132, 133]), the resort to
patterned supports or combination of photoaligning and
micropatterning techniques or surface-mediated alignment
via 7-7t interactions [134], the epitaxial growth [135], the
magnetically induced orientation [136], or a Stober-solution
growth method [137].

Beside simplicity and robustness, another unique advan-
tage of the electroassisted self-assembly (EASA) method is its
suitability to generate mesoporous silica films on non-flat
surfaces [125]. This is illustrated on Fig. 7 for the particular
case of a so-called gold CD-trode (i.e., a gold electrode made
from recordable CD) [138]. The interest of such support is its
regular streaked morphology made of arrays of mounds and
trenches of 100 nm in height (Fig. 7a), which corresponds to
the order of magnitude of the EASA-deposited mesoporous
thin films (i.e., 80 nm in the present case, see Fig. 7b), and for
which both atomic force and electron microscopy character-
izations clearly indicate the advantage of EASA over EISA in
getting mesostructured deposits of uniform thickness
(Fig. 7c—g). Electrochemically assisted deposition was also
successfully applied to the growth of mesoporous silica films
on carbon fibers (7-8 wum in diameter) and platinum
ultramicrodiscs (2550 um in diameter) [139], which are very
difficult to obtain using other existing methods. Finally, the
EASA approach is also suitable for the generation of
patterned deposits of mesostructured materials, as demon-
strated for the selective generation of mesostructured sil-
ica films on copper arrays of variable width (100-
500 um) on a polymer substrate, without any deposition
on the polymer part of the substrate [125].
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Fig. 5 Schematic representation of the EASA process starting from a sol solution containing a silica precursor (TEOS), a surfactant (CTAB), and an
electrolyte at pH 3. The top of the scheme illustrates the electrochemically induced polycondensation upon pH increase at the electrode/solution interface,
while the bottom part shows the electrochemical interfacial surfactant templating of a vertically aligned mesoporous silica film (along with TEM view)

The EASA method can be combined to colloidal crystal
templating [140], in order to get thin silica films with hierar-
chical porosity (i.e., bimodal and macroporous-mesoporous)
[141]. To this end, the electroassisted deposition of mesopo-
rous silica material is performed inside a polystyrene bead
assembly, by filling of voids between the polystyrene bead
template, resulting in a bimodal macro-meso structure after

Fig. 6 a, b FE-SEM micrographs
obtained for electrodeposited
surfactant-templated mesoporous
silica films on ITO, as generated
at two distinct electrodeposition
times: 10 s (a) and 30 s (b); the
inset in part of Fig. 6a is an
enlargement of the cross-sectional
view obtained after vertical
cleaving of the sample. ¢, d TEM
micrographs obtained for a
surfactant-templated mesoporous
silica film electrogenerated on

removal of the beads (Fig. 8a). Interestingly, the preferential
mesopore orientation is maintained over the entire film thick-
ness, through the whole space defined by the polystyrene bead
assembly (Fig. 8b). Thanks to the combination of intercon-
nected macropores and mesopores, fast mass transport is
ensured, faster than the corresponding monomodal
macrostructured or mesostructured films [141]. On the other

100 nm

glassy carbon: high-
magnification top view (c), high-
magnification cross-sectional
view (d); the inset of Fig. 6¢c

shows the electron diffraction
pattern of the mesostructured
film. Reprinted in part with
permission from Walcarius et al.
125]. Copyright 2007 Nature

Publishing Group
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1 pm width
+2x90 nm

/v Mesoporous film

| 250 nm

Fig. 7 a, b Microscopic characterization of a film electrodeposited on a
gold CD-trode (gold electrode made from recordable CD, displaying a
regular streaked morphology at the micrometer size level): SEM micro-
graphs obtained before (a) and after (b) film deposition. ¢ AFM height
profiles measured perpendicularly to the streaked gold substrate before
(dashed line) and after (plain line) deposition of the mesoporous silica
film, showing clearly the uniform thickness (~90 nm) of the thin film
deposited on the whole surface of the regular streaked support. Dotted
lines indicate the thickness of the film deposited on the vertical parts of
the substrate. d Scheme of the underlying substrate. e TEM micrograph of

hand, using a scanning electrochemical microscope
(SECM) enables one to deposit microdots of surfactant-
templated silica [142]. It can be used in either the tip
generation mode (i.e., using the SECM tip as working
electrode, see Fig. 9a) or in an indirect mode (i.e., using
the SECM tip as counter-electrode, see Fig. 9b). In both
cases, the OH  catalyst is generated in a spherical do-
main in the tip-substrate region (Fig. 9a, d). In the
former case, well-define microdots can be obtained
(Fig. 9b) on both conductive or insulating substrates,
but the resulting material is poorly ordered in the form
of wormlike structure (Fig. 9¢). On the other hand, using
the indirect mode led to a good level of ordering with
hexagonally packed mesopore channels oriented normal
to the underlying support (Fig. 9f), but deposition was
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the film showing that mesostructuration is retained on non-planar portions
of the surface (between the white lines). f, g 3D AFM images (size 5 by
5 wum, x/y/z ratios taken as 1/1/5) of the film prepared by EASA on the
gold CD-trode (Fig. 7f is the same sample as Fig. 7b) and of a film
prepared by spin coating evaporation-induced self-assembly (g); this
points out the limitation of the spin coating process to deposit uniform
films on non-flat surfaces as the streaked profile of the underlying gold
substrate is not maintained after film deposition. Reprinted in part with
permission from Walcarius et al. [125]. Copyright 2007 Nature Publish-
ing Group

evidently only possible on conductive substrates. It
should be kept in mind that observation of the films by
transmission electron microscopy (TEM) was only pos-
sible after collecting portions of the material onto TEM
grids. The direct observation of the regular patterning
was, however, possible using microscopy and X-ray pho-
toelectron spectroscopy (XPS) analysis imaging (Fig. 9e),
demonstrating the successful local deposition only in the
SECM tip region. This tip can thus be used as a
micrometric “pen” inducing self-assembly polycondensa-
tion of the precursors by local pH change under potential
control, opening the door to sol-gel electrochemical li-
thography. Moreover, the fact that the oriented
mesostructure was only observed when biasing the un-
derlying support at a cathodic potential contributes to
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Fig. 8 TEM micrographs (a top view and b cross section) of bimodal
mesoporous silica films prepared by electrochemically assisted sol-gel
deposition from a TEOS/CTAB medium inside a polystyrene bead as-
sembly. Reprinted with permission from Etienne et al. [141]. Copyright
2010 American Chemical Society

support the electrochemical interfacial surfactant
templating mechanism discussed above.

All the above examples of mesoporous silica films obtain-
ed by EASA were based on hydroalcoholic sols, and, when
mesostructuration was effective, this was always in the form
of hexagonally packed and vertically aligned mesochannels.
Very recently, attempts were made to prepare surfactant-
templated silica films by EASA from water-based sols (i.e.,
without added a cosolvent) [142]. A fundamental change
when passing from a 50:50 water/ethanol mixture to pure

tip-generation
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S TEOS
TEOS \‘ T
-« ‘f
TEOS
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LS ;’
Film deposition
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D auxiliary electrode mode E
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S RIEOS f Film deposition

e A

conducting substrate acting as "local" working electrode

Fig. 9 Local deposition of surfactant template mesoporous silica dots by
SECM, achieved either in the tip generation mode (a) or in an indirect
mode (b). A, D expanded view of the UME—substrate region for both tip
generation mode (A) and indirect mode (D), including redox reactions
involved in the processes. B SEM and C TEM micrographs of a dot
electrodeposited on ITO using the tip generation mode. e XPS imaging

water is the dramatic drop in the critical micellar concentration
(CMC) of CTAB from 22 to 0.9 mM [143]. In such case, it
was mandatory to “play” with the chaotropic-cosmotropic
character of the surfactant counter-anions to control the mor-
phology and surfactant assembly changes arising from such
lower CMC values. Chaotropic agents (i.e., disorder-maker)
are expected to destabilize hydrophobic aggregates while
cosmotropic ones (i.e., order-maker) play a stabilizing role.
On the basis of the Hofimeister series [144], it was observed
that cosmotropic anions (such as SO,*") promote the forma-
tion of thin films but suffering from poor or no ordering,
whereas weakly bonded anions (such as Cl") favor the
mesostructuration but mainly in the form of particles or ag-
gregates, while chaotropic anions (such as Br) lead to rather
thick deposits made of poorly organized aggregates [142].
Mixing these anions, to get mixed micelles, enables to reach
compromises between these “extreme” behaviors, and
mesostructured thin films can be indeed obtained with the
CTACI1/Na,SO,4 and CTABr/Na,SO,4 media, exhibiting re-
spectively some vertical or horizontal orientation of mesopore
channels. An illustration of the horizontal orientation can be
seen on the right part of Fig. 10.

Cc

Counts
10,00

47,61
85,22
122,8
160,4
198,0
2357
2733

310,9
342,0

at the Inz4 line (444.7 eV) of 16 microdots prepared by the indirect mode
and f the corresponding TEM micrographs (top and cross-section views).
Samples were prepared using a 25-pm-diameter Pt UME (SECM tip)
immersed in a 340-mM TEOS solution containing a CTAB content
adjusted to reach [ncrap/(TE0s)]=0.32. Reprinted with permission from
Guillemin et al. [142]. Copyright 2011 American Chemical Society
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Fig. 10 TEM micrographs (external) and electron diffraction patterns (center) of mesoporous silica films prepared by electrochemically assisted sol-gel
deposition from a 50:50 water/ethanol TEOS/CTAB/NaNOs-based sol (/eff) and from an aqueous TEOS/CTAB/Na,SO,-based sol (right). Reprinted
with permission from Guillemin et al. [142]. Copyright 2014 American Chemical Society

Finally, though not being ordered at the mesoscale, other
kinds of template silica films formed by electrochemically
initiated sol-gel processing have been reported, using genera-
tion 4 poly(amidoamine) (PAMAM) dendrimer to facilitate
pore formation [145]. Such films exhibiting pore size of
~10 nm offered size-exclusion properties, and using poly(sty-
rene sulfonate) nanobeads instead of PAMAM resulted in
increasing pore size of up to 50 nm [146].

Characterization of the oriented mesoporous silica films

In addition to the direct microscopic observations (Figs. 6-9),
diffraction techniques can be used to evidence the
mesostructural order and/or the pore orientation. Combined
to TEM analysis, electron diffraction provides information on
the mesostructure type. It can for instance distinguish between
the typical vertically aligned hexagonal mesostructure

Fig. 11 a-d 2D GISAXS patterns
of mesoporous silica films
electrogenerated on two substrates:
PEDOT:PSS-coated ITO (P-ITO)
(a) and a doped silicon wafer (b);
1D GISAXS pattern of the
mesoporous films on ¢ P-ITO and d
silicon wafer (PEDOT:PSS is poly
(3,4-ethylenedioxythiophene):

obtained by EASA in hydroalcoholic medium and the hori-
zontally oriented films prepared from aqueous sol solutions
(Fig. 10). However, the most appropriate diffraction tech-
niques to evidence the vertically aligned mesopore channels
are those operating at grazing incidence, such as grazing
incidence X-ray diffraction (GIXD, e.g., Goux et al. [126])
or grazing incidence small-angle X-ray scattering (GISAXS,
e.g., Cheng et al. [127]). As illustrated in Fig. 11, both
GISAXS (Fig. 11a—d) and GIXD (Fig. 11le, f) are likely to
evidence the vertical mesopore orientation via the typical
diffraction spots in the equatorial plane of the GISAXS and
GIXD patterns. They indicate a high level of mesostructural
order in the silica film and perfect alignment of mesochannels
normal to the underlying support over square centimeters area.
The diffraction spots can be ascribed to the (10), (11), (20),
and (21) planes of the hexagonal p6m pore arrays, with lattice
parameters that can be slightly adjusted in the 3—-3.5-nm range

poly(styrenesulfonate)). Reprinted b

with permission from Cheng et al.
[127]. Copyright 2014 Royal
Society of Chemistry. d—f GIXD
patterns of EASA-produced
mesoporous silica films before (e)

Intensity (arb. units)
5

qmax
T

=1.722|nm"!

and after (f) removal of most =

particulate aggregates. Reprinted

with permission from Goux et al.

[126]. Copyright 2009 American e
Chemical Society

(21) (20) (11)
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by varying the alkyl chain length of the ammonium surfactant
(corresponding to pore sizes tuneable in the 1.3-3.3-nm
range) [147]. The lattice parameters remain unchanged after
surfactant extraction. Also, the appearance of out-of-plane
rings enables us to evidence the wormlike mesostructure of
the aforementioned aggregates, when present in addition to
the oriented thin film (Fig. 11e). GISAXS and GIXD charac-
terization is important as it offers a unique way to get infor-
mation on the film structure in a non-destructive way (contrary
to TEM observation, which requires scratching of a film
portion prior to analysis). Note that classical Bragg-Brentano
X-ray diffraction (XRD) is not likely to evidence such vertical
mesostructures [126].

A detailed structural investigation of oriented mesoporous
silica films generated by EASA has been provided by Xu et al.
[148]. On the basis of careful TEM examination, they confirm
the initial observation [125] of nanosized domains which
exhibit hexagonal patterned channels uniquely projecting nor-
mal to the film surface but rotate by a certain angle with
respect to each other. Grain boundaries either parallel or
normal to the channel direction have been evidenced (see
some examples of lattice displacement in Fig. 12a—e), and
such boundary regions showed various structural features

Fig. 12 a TEM plan view of an oriented mesoporous silica film gener-
ated by EASA illustrating the presence of three distinct “grains” (G1—
G3), different structural features (including Moiré fringes, A). b Struc-
tural model of a Moiré pattern. ¢ TEM cross-section image of the film
(structural defects at arrows). d Enlarged image of the area framed by a
square in Fig. 12a showing lattice displacement. e Schematic drawing of

such as lattice distortion, lattice displacement, dislocation,
coincidence site lattices (small-angle tilt boundary and triple
junction can be seen on Fig. 12f-g). Such microstructure
variations are expected to affect the properties and subsequent
applications of the film.

Several electrochemical techniques, such as cyclic volt-
ammetry (CV), hydrodynamic (volt)amperometry (i.e., linear
voltammetry at rotating disc electrode (RDE) or amperometry
with a wall-jet cell (WJC)), and scanning electrochemical
microscopy (SECM), can be used to characterize the perme-
ability properties of mesoporous silica thin films. As details on
these qualitative and quantitative approaches have been pre-
viously reported [147], only a brief summary, along with some
typical illustrations, is given hereafter. CV provides a fast and
effective mean to check the full coverage of the underlying
support with the mesoporous film, via the absence of any
signal for hydrophilic redox probes (such as Ru(NH;)s>", Ru
(bpy)s>", I or Fe(CN)s>") prior to surfactant extraction owing
to the impossibility for the probe to reach the electrode surface
in the absence of significant defects or cracks (Fig. 13a, dotted
line). After template removal, well-defined peaks are now
obtained (Fig. 13a, dashed line), even larger than for the same
Ru(NH;)s* " probe at the bare electrode (Fig. 13a, plain line),

the channel configuration at the superimposed region. f, g TEM micro-
graphs of grain boundaries: small-angle tilt boundary (F) and a triple
junction (G) where the arrows refer to the displacement vectors (the inset
shows the diffractogram of the area in Fig. 12g, in which arrows represent
the internal stresses). Reprinted with permission from Xu et al. [148].
Copyright 2010 American Chemical Society
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Fig. 13 Electrochemical monitoring of the permeability properties of
mesoporous silica films generated by EASA. a, b Cyclic voltammograms
recorded in 5 mM Ru(NH;)s>" (a) or 0.5 mM ferrocene ethanol (b) using
a bare gold substrate (solid lines) and the same electrode covered with the
mesoporous film before (dotted lines) and after (dashed lines) surfactant
removal. Reprinted with permission from Walcarius et al. [125]. Copy-
right 2007 Nature Publishing Group. ¢ Cyclic voltammograms recorded
in 0.5 mM ferrocene ethanol at ITO electrodes covered by mesoporous
silica thin films generated using various surfactants: C;,TAB (a),
C14TAB (b), C1sTAB (c), and C;3TAB (d) (curves obtained after

indicating fast diffusion through the film (and some accumu-
lation of the positively charged probe by electrostatic binding
to the negatively charged silica surface). Such behavior was
already reported for other mesoporous silica films (i.e.,
formed by evaporation) [18, 149], but the observed currents
after template extraction were significantly lower than here,
confirming the interest of the vertical orientation of mesopore
channels to ensure fast mass transport processes. The
voltammetric signature was different when using the neutral
ferrocene ethanol probe (Fig. 13b), giving rise to a well-
defined signal prior to template removal but shifted toward
the anodic side (due to solubilization, and thus stabilization, of
the probe into the liquid-crystal-like surfactant phase), and
then a typical solution-phase response after surfactant extrac-
tion, yet slightly lower than that recorded on the bare electrode
due to some resistance to mass transport through the 2-nm-
diameter pores. Some modulation of the film permeability can
be achieved by varying the pore diameter (i.e., using surfac-
tants with distinct size in the alkyltrimethylammonium

@ Springer

T T T T
-02 -0,1 00 O, 0,2

Current (uA)

T T T
00 o1 02 03 04 05 06
Potential (V)

Current (UA)

0.2 0.0 0.2 0.4 0.6
Potential (V)

surfactant extraction). The response of the bare electrode is given in
inset. The surfactant/TEOS molar ratio was adjusted depending on the
surfactant. It was 0.5 for C;,TAB and C4TAB, and 0.32 for C,,TAB and
C;3TAB. Reprinted with permission from Goux et al. [126]. Copyright
2009 American Chemical Society. d Cyclic voltammograms recorded in
0.5 mM K;5Fe(CN)g using a bare ITO electrode (@) or ITO covered with a
mesoporous silica thin film after template extraction (b—), as recorded in
the presence of increasing KCl concentrations: 0.1 M (b), 1 M (¢), 2 M
(d), 3 M (e), and 4 M (f). Reprinted with permission from Goux et al.
[150]. Copyright 2009 Springer

bromide family, C,TAB[126]), as illustrated in Fig. 13c,
showing also that a loss in the mesostructure and/or pore
orientation (i.e., the case of C;,TAB) resulted in a dra-
matic drop in the film permeability properties. Using a
negatively charged probe (e.g., Fe(CN)g ") led to a rather
poor permeability of the film due to strong electrostatic
repulsion from the negatively charged silica surface, but
this effect can be somewhat reduced by increasing the
electrolyte concentration (Fig. 13d) [150], thanks to
Donnan effects, as also shown for other porous silica
films [145].

A more quantitative approach to permeability charac-
terization is the work under hydrodynamic conditions.
Using either RDE [151] or WIC [152], it is possible to
evaluate the apparent diffusion coefficients of selected
redox probes (e.g., ferrocene ethanol derivatives) in
such mesoporous thin films, as illustrated in Fig. 14
for the particular case of silica films bearing increasing
amounts of methyl groups (see the “Strategies to get
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Fig. 14 Quantitative analysis of transport issues in oriented mesoporous
silica films bearing increasing amounts of methyl groups (prepared on
ITO using various mol percent of methyltriethoxysilane (MTES) in the
synthesis medium, as analyzed by WJC a and SECM b. Schematic
representation of the investigated system (§). 1/ versus V> plots (i)
obtained from chronoamperometry experiments performed at a potential
of 0.8 V versus an Ag/AgCl reference electrode in 0.05 mol L™ potas-
sium hydrogen phthalate solutions containing 1 mM FcEtOH (a—g cor-
respond respectively to films prepared from sols containing 0 (@), 10 (b),
20 (¢), 30 (d), 40 (e), 50 (f), and 60 % (g) MTES). Schematic drawing of
the SECM experiment (iif). Ferrocenedimethanol (Fc(MeOH),, noted as
FDM on the figure) is oxidized at the microelectrode, and the ferricinium

functionalized and oriented mesoporous silica films”
section for detail on functionalization). Taking into ac-
count that currents measured on the electrode surface
(Ijim) are limited by mass transport in solution and by
the film permeability, the electrode response will be
dominated by the film permeability (I,erm) for high
convection. A Koutecky-Levich plot of (Imeasured) = Ver-
sus (flux) > for WIC or versus (rotation speed) > for
RDE allows to estimate L. (see Fig. 14 (ii) for typical
plots). The terms of the corresponding relation (Eq. 6)
are d, the film thickness; n, the number of exchanged
electrons; F, the Faraday constant; A, the electrode
surface area; C, the concentration of redox probe in
the solution; P, the partition coefficient between the film
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ions can be regenerated at the larger electrode modified with a porous film
only if the species can diffuse through the film and access to the electrode/
film interface. Experimental SECM approach curves (iv) recorded with a
25-um-diameter Pt ultramicroelectrode (UME) approaching ITO plates
modified with surfactant-extracted methyl-functionalized mesoporous
silica thin films. Current variations (i.e., normalized currents and IR,
plotted as a function of the normalized UME—substrate distance, d/a)
were measured by using 1 mM Fc(MeOH), as the redox probe in a
0.05 mol L™ potassium hydrogen phthalate solution. The tip voltage
was held at +600 mV and ITO substrates were biased at 0 mV versus a
silver wire pseudo-reference. Reprinted in part with permission from
Guillemin et al. [152]. Copyright 2010 Royal Society of Chemistry

and the solution; and Dy , the diffusion coefficient of
the probe into the film:

o : (©

Iim  Ipem NFA(PDg)c

As shown, more and more restricted mass transport for the
redox probe was observed as higher was the methyl group
content in the material, due to less and less available space in
the mesopore channels for ferroceneethanol species to diffuse.
From these data, it is possible to extract permeability values,
and they were found to decrease from 1x1077 to 3x
107'% ecm? 57!, from 0 to 60 % methyl group content,
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respectively [152]. A similar trend was observed using SECM
(see scheme of the method principle in Fig. 14 (iii) and typical
data in the form of approach curves in Fig. 14 (iv)). In this case,
the film is immersed in a solution containing the probe (ferro-
cene dimethanol in this case) and an ultramicroelectrode (UME)
is approaching the surface, resulting in significant feedback
currents only if the molecular probe could diffuse through the
film and access to the electrode/film interface [147].

Strategies to get functionalized and oriented mesoporous silica
films

Beside the development of oriented mesostructures with verti-
cal channels, another key challenge in mesoporous thin films is
their functionalization while maintaining accessible the select-
ed surface groups. Basically, post-grafting could be applied, but
it can lead to dramatic blocking effects when used to non-
interconnected small mesopore channels oriented normal to
the underlying support, as a result of anarchical polycondensa-
tion of the organosilane reagents due to the presence of residual
water in the pore channels (i.e., pores completely filled with
water of above 60 % humidity [147]). This was notably the
case of mesoporous silica films generated by EASA and sub-
sequently grafted with aminopropyltriethoxysilane (APTES),
which remained blocked to external reagents (such as Ru
(bpy)s>") even when the films were subjected to heat and/or
vacuum treatment(s) prior to grafting [ 153]. The only (partially)
successful cases of grafting without totally blocking mass
transport through the film are the methyl- [153] or
hydroquinone-functionalized ones [154]. In addition, the
functionalization of mesoporous materials by post-synthesis
grafting is characterized by non-homogeneous spatial distribu-
tion of the organofunctional groups (i.e., more groups located at
the mesopore entrance than deeper in the material) [155]. It is
thus necessary to develop other effective approaches for the
functionalization of such oriented mesoporous films.

A first alternative strategy is the electrochemically assisted
deposition associated to the self-assembly cocondensation of
alkoxysilane and organosilane in mixture to grow in one-step
functionalized and vertically aligned mesochannels. It worked
quite well, but this was restricted to rather “simple”
organofunctional groups (i.e., methyl [152], amine [151,
156], ethylenediamine [157], and thiol [139, 158]), whereas
attempts made with more sophisticated organosilanes (e.g.,
bearing ferrocene or cyclam derivatives [159]) failed due to
lack of mesostructuration and/or orientation or phase separa-
tion, except for a very recent example of a hydroquinone-
linked alkyltriethoxysilane derivative [154]. Nevertheless, ap-
plying sol-gel cocondensation in electrochemical interfacial
surfactant templating is only possible up to a certain level of
organofunctional group loading: For hybrid films prepared by
EASA, the ordered mesostructure and pore orientation was
maintained for molar ratios of organosilane to TEOS of up to

@ Springer

60 % for methyl groups [152], 10 % for amine [151, 156] and
thiol moieties [139], and 8 % for ethylenediamine [157].
Above these values, the transient surfactant hemimicelle as-
semblies on the electrode surface under potential control are
thought to be disturbed and cannot properly induce the growth
of an ordered and oriented mesostructure. These grafted or-
ganic groups can be further exploited to attach other functions
to the material, according to a two-step post-synthesis deriv-
atization process, as firstly demonstrated for hydroquinone
derivatives [154, 156]. Note that the way in which the
functionalization was performed is likely to affect the
properties/reactivity of the resulted hybrid films. This has
been pointed out by Rafiee et al. [154] who compared the
behavior of hydroquinone-functionalized oriented mesopo-
rous silica films as obtained either by direct grafting of an
hydroquinone-linked alkyltriethoxysilane derivative to
preformed mesoporous silica, or by its cocondensation with
TEOS in the presence of the surfactant template, or by the
post-derivatization of amine-functionalized silica films with a
suitable dioxopyrrolidin-hydroquinone-based reagent (see
corresponding schemes in Fig. 15a, with the corresponding
SGAH, AGSH, and CAPH acronyms for the three materials).
As shown (Fig. 15b), the electrochemical response of the
incorporated hydroquinone moieties significantly depends
on the functionalization method (in terms of both
voltammetric peak currents and difference of anodic to ca-
thodic peak potentials), leading to a better performance for the
material prepared by the one-step cocondensation (CAPH),
then the derivatized amino-film (AGSH), and finally the ma-
terial obtained by grafting (SGAH). A possible explanation to
this series is the more uniform distribution of the electroactive
groups in the material when passing from SGAH to AGSH
and to CAPH. Differences in operational stability were also
observed by cyclic voltammetry (i.e., 40 % loss and then fairly
stable currents over the day for SGAH, and slight and contin-
uous decrease of currents for all the day for CAPH (12 % loss
after 5 h), while the best stability was for AGSH (only 3.7 %
loss after 3 days)) [154].

Another alternative strategy, which was recently proposed
as a versatile platform toward hybrid films with perpendicular
mesochannels, is the electrochemically assisted generation of
highly ordered azide-functionalized mesoporous silica com-
bined to subsequent “click chemistry” [153]. The synthesis
method (Fig. 16a, top) involves the use of a hydroalcoholic sol
containing both TEOS and (3-azidopropyl)trimethoxysilane
(AzPTMS), which were allowed to cocondensate by electro-
chemical interfacial surfactant templating, giving rise to high-
ly ordered and orientedazide-functionalized mesoporous silica
films (Fig. 16b) up to 40 mol% AzPTMS in the starting sol.
The azide terminal groups are then likely to react with a
variety of organic molecules possessing an alkyne group
(e.g., ethynylferrocene, Fig. 16a, bottom), and, thanks to the
regular mesostructure of the film and good accessibility to the
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Fig. 15 a Scheme illustrating three routes to get EASA-based mesopo-
rous silica films functionalized with hydroquinone moieties: SGAH was
obtained by post-synthesis grafting of silica with 2,5-dihydroxy-N-(3-
(triethoxysilyl)propyl)benzamide(2); AGSH corresponds to the
cocondensed amine-functionalized silica film derivatized with 2,2’-
dioxopyrrolidin-1-yl 2,2’dihydroxybenzoate (1); and CAPH is the hybrid

azide groups, a very high yield of functionalization can be
achieved [153]. The successful ferrocene grafting is demon-
strated through the well-defined voltammetric curves,
exhibiting peak currents growing continuously with the azide
loading for AzZPTMS/TEOS ratios in the range 2.5:97.5 to
40:60, which were stable upon multiple successive potential
scanning (Fig. 16¢). Consistent with observations made on
hydroquinone- or catechol-functionalized films [152, 154],
the charge transfer mechanism is most probably electron

CusO, (catal.) AW

Ascorbic acid S
BUOHH,0 \—\_ Neaw
hinhakalody N
Room

temperature
18-24 h

Fig. 16 a Illustration of the EASA cocondensation process of AzZPTMS
and TEOS in the presence of CTAB to get vertically aligned azide-
functionalized mesoporous silica film, and the mechanism involved in a
typical Huisgen reaction between AzPTMS and the ethynylferrocene. b
TEM micrographs of the thin film incorporating azide groups obtained
from a sol prepared with 20 % AzPTMS (molar ratio relative to the total
precursor content): top view (inset A) and magnified top view (inset B)
TEM micrographs, cross-section view (inset C), GIXRD pattern (inset D),
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film prepared in one step by EASA cocondensation of 2,5-dihydroxy-N-
(3-(triethoxysilyl)propyl)benzamide and TEOS. b Corresponding cyclic
voltammograms recorded using glassy carbon electrodes covered by
CAPH (a), AGSH (b), and SGAH (c) in blank phosphate buffer solution
at pH 7; scan rate 100 mV s~'. Reprinted with permission from Rafiee et
al. [154]. Copyright 2013 Elsevier Ltd

hopping between adjacent redox sites, explaining the absence
of response for too low ferrocene contents (<2.5 %) [153].
Some applications

The field of electrogenerated mesoporous silica films, and

especially that of their functionalized forms, is still in its
infancy, but some possible electrochemical applications start
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and variation of the film thickness as a function of the % AzZPTMS (inset
E). ¢ cyclic voltammograms recorded at 20 mV s™' using ITO electrodes
covered with a ferrocene-functionalized film in acetonitrile (+0.1 M
TBACIO,) for films prepared from various AzZPTMS:TEOS ratios (i);
multisweep cyclic voltammograms recorded in the same conditions using
the 10:90 AzZPTMS:TEOS film: Ist, 10th, 20th, 30th, and 40th cycles (i).
Reprinted with permission from Vila et al. [153]. Copyright 2014 WILEY-
VCH Verlag GmbH & Co. KGaA
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to emerge. They mainly include electroanalysis and the prep-
aration of nanowires.

The fast mass transport rates in such ordered and oriented
mesostructures was first exploited in preconcentration electro-
analysis. For instance, amine-functionalized and oriented
mesoporous silica thin films can be applied to the
voltammetric analysis of Cu”" ions subsequent to their open-
circuit accumulation thanks to the complexing properties of
amino groups toward copper species (Fig. 17a), exhibiting
clear advantage of the templated and oriented films in terms of
sensitivity (Fig. 17b) due to faster mass transport through the
film [151]. Similarly, thiol-functionalized films generated by
EASA on ultramicroelectrodes (Pt microdiscs) have been
applied to the preconcentration electroanalysis of mercury
(IT) species [158]. Note that unmodified and unextracted
surfactant-templated silica films can be directly applied to
the preconcentration and subsequent electrochemical detec-
tion of hydrophobic analytes that are likely to accumulate by
solubilization into the liquid crystalline phase of the film
[160]. On the other hand, catechol-modified films exhibited
electrocatalytic properties with respect to NADH [156]; those
bearing cobaltammine complexes were applied to the electro-
catalytic reduction of hydrogen peroxide [157], while
hydroquinone-functionalized films were used for the electro-
catalytic oxidation of benzyl alcohol and hydrazine [154],
with possible applications in sensing or biosensing. Finally,
a recent work has demonstrated the possible electroassisted
generation of clay-mesoporous silica composite films on elec-
trodes by combining the EASA process to spin-coated clay
films [161]. This was achieved by depositing first the clay
particles onto the electrode surface and then generating the
mesoporous silica film through the void volume between the
clay particles, leading to a composite material exhibiting
stronger mechanical stability owing to the presence of the
silica binder. After surfactant removal, the resulting materials
kept the pristine properties of the clay (i.e., cation exchange)
and exhibited excellent permeability issues and long-term
mechanical stability, which was notably exploited in
preconcentration electroanalysis of copper ions. A particular
feature of the developed preparation method was the revers-
ible intercalation/exchange of the cationic surfactant in the
interlayer region of the clay, ensuring fast mass transport
through the composite film by creating high porosity upon
surfactant extraction [161].

The ordered and oriented mesoporous silica films produced
by EASA can be basically used as a mold for the electrode-
position of nanoobjects, hopefully in the form of nanowires of
extremely narrow diameter. A first attempt was to
electrogenerate Prussian Blue (PB) inside such nanochannels
[150]. Indeed, pulsed chronoamperometry enabled well to get
nanosized PB, as testified by the very small peak-to-peak
separation (10 mV) observed for anodic and cathodic coun-
terparts by cyclic voltammetry, but the direct observation of
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Fig. 17 a illustration of the principle of preconcentration electroanalysis
of Cu®" at an amine-functionalized and oriented mesoporous silica thin
film modified electrode. b Typical voltammetric responses obtained for
the analysis of 1x107° M Cu?" (b1, 2-min accumulation) and 1x 108 M
Cu?" (b2, 15-min accumulation) at electrodes respectively modified with
a non-templated (4) and a templated and oriented (B) mesoporous silica
film bearing amine groups. Reprinted with permission from Etienne et al.
[151]. Copyright 2009 American Scientific Publishers

any small nanowires in the silica mesochannels was not pos-
sible by electron microscopy and the presence of PB was only
evidenced through energy-dispersive X-ray (EDX) analysis.
Conducting polymers have been also electrogenerated in ver-
tically aligned mesoporous films, such as polypyrrole [162] or
polythiophene [163]. For polythiophene, for instance, nano-
wire clusters can be observed by TEM after mechanical re-
moving of polymer fragments from the electrode surface
(Fig. 18a), but the single nanowire diameter (i.e., 5.7 nm,
Fig. 18b) was larger than that of the mesopore channels (2—
3 nm), suggesting possible growth out of the mesoporous
silica film. Such composite electrode can be subsequently
modified by platinum nanoparticles, and the resulting
polythiophene nanowire/platinum nanoparticle system was
effective for the electrocatalytic oxidation of formic acid
[164]. Polypyrrole nanowires embedded in the mesoporous
silica exotemplate were found to exhibit a reversible redox
activity [162]. Palladium nanorods were otherwise electrode-
posited in oriented mesoporous silica, and the resulting Pb
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Fig. 18 TEM micrographs of polythiophene electrodeposited in oriented
mesoporous silica thin film modified glassy carbon electrode (top image
shows a fragment of the film and the botfom one a single nanowire).
Reprinted with permission from del Valle et al. [163]. Copyright 2009
Elsevier Ltd

nanorod array/sol-gel silica thin film electrode was applied to
the non-enzymatic detection of glucose and the simultaneous
determination of dopamine and uric acid in the presence of
ascorbic acid [165]. Finally, hydrophobized oriented mesopo-
rous silica substrates were exploited for the generation of
confined fullerene wires that were physically casted into
the mesochannels, and it was shown that such dynam-
ically confined fullerene wires allow capacitive diffusion
of electrons [166].

Electrogeneration of layered double hydroxides

Among non-silicate compounds, layered double hydroxides
(LDH) are two-dimensional solids with positively charged
brucite-like layers of mixed metal hydroxides separated by
intercalated hydrates anions (Fig. 19). These layered inorganic
materials, often called synthetic anionic clays or hydrotalcite-
like compounds, can be defined by a chemical formula [M
(I1); xM(I)(OH),J*'[X% /' nH,O] where metal cations M
(II) are typically Mg, Zn, Ni, Co, Cu; M(IIT) Al, Cr, Fe, and X1
" is the interlayer anion compensating the positive charge of
the metal hydroxide layers. Their synthesis, properties, and

H2 \ Xa
“‘ L —— -
— e — — ——
o —

Fig. 19 Schematic representation of layered double hydroxides

applications are well documented in several books and review
articles; see for instance Forano et al. [167] and Costantino et
al. [168]. In particular, various methods are described in the
literature to allow the preparation of LDH with tailored chem-
ical compositions, physical properties, and morphologies de-
pending on their suitable applications. However, among this
literature, no recent feature article reports on the synthesis
pathway based on the electrogeneration of hydroxide ions at
the working electrode as an alternative route to the LDH
syntheses. This is the purpose of the present review article,
as well.

In the 1990s, Kamath’s group realized a pioneer work on
the electrochemically induced precipitation (EIP) of bulk
samples of LDH containing Ni(Il) or Co(Il) and Al, Cr, or
Fe trivalent metal cations [46, 169, 170]. All the samples were
synthesized in a one-step process by cathodic reduction of
nitrate ions from a mixed-metal nitrate solution having a M
(II)/M(III) molar ratio fixed at 3:1. The same procedure was
also applied to prepare MgAl-LDH [170]. It should be noted
that LDH cannot be obtained using perchlorate as reduced
anion. The electrolysis was carried out for 4 h at 24-26 °C
galvanostatically at a current density of 65 mA cm 2 using a Pt
electrode as working electrode. Nitrate-intercalated LDH ma-
terials were recovered as polycrystalline powders by filtration.
However, these authors suggested that at low current densities
(<1 mA c¢m?), thin films could be deposited on the working
electrode surface.

For many applications, LDH must form homogeneous
supported thin films, for instance, for electrochemical devices
like sensors, biosensors, biofuel cells, supercondensators,
electrocatalysts, electrochromic, or anticorrosion coatings.
There are two different ways to prepare LDH films: deposition
on a support or in situ growth on a support [11, 171]. The
former is a “two-step method” in which a LDH suspension is
first prepared and then coated on a support by means of
solvent casting or by “layer-by-layer assembly.” The latter is
a “one-step method” where the support may be a source of
metal cations which are incorporated in the LDH structure
during a slow coprecipitation process using urea or ammonia
as a precipitant agent. Hence, electrochemically induced pre-
cipitation (EIP) may be an alternative to this one-step method
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using the electrode as the support where electrogenerated
hydroxide anions are used as precipitant agent.

Electrodeposition of LDH thin films

Scavetta et al. have extensively studied the electrodeposition
of NiAI-LDH [172] and CoAl-LDH [173, 174] as thin films,
mainly on Pt electrode. Nitrate electrolysis is carried out under
potentiostatic conditions (£,,,=—0.9 V/SCE) for various de-
position times (10<7,<120 s) using a mixture of 0.03 M M(Il)/
Al nitrate salts (3:1) in 0.3 M KNO; as plating solution. Under
this condition, reproducible, homogeneous, and mechanically
stable films of LDH cover the electrode surface [172]. The
film thickness increases when the deposition time increases;
the mean value ranges from 100 nm for 10 s to 750 nm for
120 s. All the films, even those prepared for very short times,
display a M(IT)/M(III) molar ratio close to 2 (as determined by
EDX), which is compatible with the formation of LDH struc-
ture. In the first stages of the potential pulse, there is a linear
relation between the mass increase, determined by electro-
chemical quartz crystal microbalance (EQCM), and the ca-
thodic charge passed during the electrolysis process. These
authors suggest that as soon as the cathodic potential is applied
to the electrode, direct precipitation of the LDH phases occurs
without a previous precipitation Al hydroxides. More recently,
LDH with other chemical compositions have been also pre-
pared by EIP, namely, ZnAl [175], MgAl [176, 177], NiFe
[178], and MnAl [179]. In all cases, a special attention must be
paid to the M(II)/M(III) ratio present in the electrolyte solu-
tion, the pH of the solution, the applied potential, and the
electrolysis time to ovoid the formation of impurities in the
films (i.e., aluminum hydroxide) and obtain well-crystallized
LDH films. It should be noted that increasing or decreasing
the Al concentration in the plating solution resulted in the
formation of Al or Zn containing impurities, instead of vary-
ing Al content within the ZnAl-LDH phase [175]. Moreover,
the total concentration of nitrate salts in the electrolyte solu-
tion seems to play a key role in the final composition and
homogeneity of the LDH phases [172]. Interestingly, the
electrodeposition of Co(Il) nitrate solution at 60 °C using
nitrite as hydroxide precursor generates a mixed valence Co
(IDCo(IIT)-LDH [180]. The Co(Il) cations are partially oxi-
dized to Co(Ill) by nitrite under high pH condition generated
at the vicinity of the electrode surface. Finally, CoxNiyAl »s
layered triple hydroxides (0.31<x<0.75 and 0<y<0.49) with
anisotropic morphology were synthesized by EIP on stainless
steel electrodes [181].

The electrode nature and its surface roughness can also
modify the EIP process. For instance, nitrate reduction occurs
at lower overvoltage at Pt electrode previously submitted to an
electrochemical pretreatment in H,SO,, thus affecting the
kinetics of precipitation of CoAl films and consequently the
film thickness [182]. EIP of LDH can also be realized on other
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conductive materials, i.e., glassy carbon [178, 183, 184], ITO
[185-187], gold films [175] or gold electrode [188, 189], and
FeCr alloy foam [177, 190, 191] and stainless steel [181].

NiAl and CoAl LDH thin films obtained under EIP condi-
tions are generally poorly crystalized probably because of the
fast kinetics of the LDH precipitation [172, 174, 192]. In order
to record X-ray diffractograms (XRD), the electrodeposition
process was repeated several times and powder was scratched
from Pt electrode. XRD patterns of these samples are consis-
tent with the formation of LDH with a low crystallinity
(Fig. 20). They can be indexed in a hexagonal lattice (R-3m
space group), and the position of the first 003 and 006 dif-
fraction lines situated in the low angle region (20), which is
related to the interlamellar distance, is compatible with nitrate-
containing LDH. The same basal spacing is reported by
Yarger et al. for ZnAl-LDH films [175] and Prasad et al. for
MgAI-LDH thin films [176]. Elemental analysis (EDX) is
used to confirm that these films do not contain amorphous
impurities that cannot be detected by XRD. M(II)/M(III) ratio
is scrutinized; this ratio must be within the most reliable limit
to form a LDH structure [172, 174, 175]. Under the optimized
conditions, these ratios are 1.6 or 2 for ZnAl, NiAl, and CoAl,
respectively [172, 174, 175]. Vibrational spectroscopies,
namely, FTIR and Raman, confirm the formation of nitrate-
intercalated LDH phases [172, 174, 175, 192].

SEM images of NiAl and CoAl LDH films shows
dense and homogeneous films of ill-defined LDH parti-
cles with a random orientation [174, 192]. However, the
time of electrodeposition has a great effect on the film
morphology, as shown with high magnified images of
NiAl-LDH films (Fig. 21). After 60 s of electrolysis, a
homogeneous film with dispersed mesopores is formed
with interconnected nanoparticles of 50 nm. When the

*KNO,

003

Intensities (a.u.)

T T T T T T T T T T T T
10 20 30 40 50 60 70
26 (°) (CuKo)
Fig. 20 Powder XRD patterns of a NiAlI-LDH and b CoAl-LDH pre-
pared by electrochemically induced precipitation. Adapted from Scavetta
et al. [174] and Khenifi et al. [192], Copyright 2009 and 2012, with
permission from Elsevier Ltd
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time is further increased (#,>120 s), the film growth
continues in a perpendicular direction to the electrode
surface and the LDH platelets tend to aggregate together
in pseudo-spherical secondary particles. For a longer time
(2.=200 s), the particles become very similar to that
obtained for NiAI-LDH prepared by coprecipitation with
a sand-rose-like morphology. Interestingly, a 3D nano-
structured macroporous NiAl-LDH films can be obtained
by an EIP through colloidal crystal of polystyrene beads
self-assembled on a Pt electrode which is used as sacrifi-
cial template (Fig. 22) [193]. This well-organized colloi-
dal crystal serves as a template during the electrodeposi-
tion process. EIP method presents the advantage to fill the
template from the bottom up (electrode surface) to the top
of the template, limiting the unfilled domains. Finally, the
polystyrene beads are removed by dissolution in toluene
to give a 3D NiAl-LDH structure.

Electrodeposition of LDH composites

Composite materials based on electrogenerated LDH have
been also described in the literature, exploring the multifunc-
tional properties of various building blocks with those of
LDH. For instance, many efforts have been devoted recently
on the development of hierarchical nanocomposites based on
the combination of LDH and nanocarbons [194]. Interesting-
ly, LDH-decorated graphene nanosheets (GNs) have been
prepared by one-step EIP processes [184, 195]. In the first

example, a glassy carbon electrode (GCE) was first coated
with exfoliated graphite oxide (GO/GCE). Then, this elec-
trode was immerged in a Ni/Al nitrate solution, similar to that
described by Scavetta et al. [172], and a potential cycling was
applied between 0.1 and —1.4 V/SCE. A concomitant
electroreduction of GO to graphene nanosheets (GNs) and
NiAl-LDH precipitation occurs at the electrode surface
(Fig. 23). Uniform LDH nanoparticles (30 nm) are formed
randomly on the graphene sheets. Obviously, the as-prepared
modified electrode displays an enhanced electroactive surface
area (0.59 cm?) compared to GNs/GCE (0.39 ¢m?) and bare
GCE (0.062 cm?) [184]. In the second example,
ZnAl/graphene-modified electrode was prepared under
potentiostatic conditions (£,,,=—1.65 V for 120 s) by soaking
directly a pretreated GCE within a solution containing GO and
Zn/Al nitrate salts [195]. Unfortunately, in both cases, except
SEM images, no further physical characterization is available
to confirm the formation of LDH phases. Similarly, NiAl-
LDH was also prepared using ordered mesoporous carbon
modified electrode (OMC/GCE) [196]. Ordered mesoporous
carbon (OMC) is a 3D ordered porous conductive material
prepared by using mesoporous silica as template and sucrose
as carbon source.

Metal nanoparticles, particularly gold nanoparticles
(AuNPs), are a subject of growing interest because of their
large field of applications toward catalysis, optic, biology,
medicine, and nanotechnology [197]. Among the various
supports studied for AuNPs, LDHs have attracted a great deal

by i = S SN -.-., e
Fig.21 SEM images of NiAIl-LDH thin films for electrodeposition times of 60 s (a—c), 120 s (d—f), and 200 s (g—i). Reprinted from Khenifi et al. [192].
Copyright 2009, with permission from Elsevier Ltd
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Fig. 22 SEM images of
macroporous NiAl-LDH thin film
prepared by electrochemically
induced precipitation. Adapted
with permission from Prevot et al.
[193]. Copyright 2011, Royal
Society of Chemistry

of interest in recent years [198]. Preparation of
heterostructures associating noble metal nanoparticles
(AuNPs or PtNPs) and NiAl-LDH are reported by Mignani
et al. [185], Wang et al. [199], and Scavetta et al. [200]. Two-
step procedures were proposed by Scavetta et al. for PtNPs
[200] and by Wang et al. for AuNPs [199]. GCEs are first
modified with those Pt or Au nanoparticles, and then, NiAl-
LDH films are electrochemically generated on the modified
electrodes, leading to uniform coverage of the metal nanopar-
ticles. The opposite procedure was also proposed [201]. A
NiAl-NOs/GCE electrode, prepared by EIP, was immersed
into a K,PtClg solution to allow the accumulation of Pt anionic
species within the LDH coating. Electroreduction of ex-
changed PtCl>" anions to Pt(0) was then conducted by CV
scanning the LDH-modified electrode in 0.5 M H,SO,4. How-
ever, no physical characterization of the PtNPs/LDH films is
provided to prove that the LDH is not dissolved in this so
strong acidic condition. Indeed, it is well known that LDH can
be easily dissolved in acid medium [202]. Recently, a one-step
electrodeposition of AuNPs-NiAI-LDH has been intensively
investigated by EQCM [185]. The resulting material was fully
characterized by SEM, TEM, UV-Vis, EXAFS, and XANES.
It appears that NiAl-LDH and AuNPs grow independently
without any mutual interaction at least at distances as close as
3—4 A, leading to AuNPs with an average diameter of 26 nm
and the formal oxidation state of gold of zero. Homogeneous
colored thin film of AuNPs-NiAl-LDH was also formed by
this method on ITO electrodes having a large geometric
surface area (Fig. 24) [185]. Obviously, for easily reducible
metals, cation reduction to metal may occur with the

Fig. 23 Procedures for the COOH
preparation of GNs/LDH
composites by the
electrochemically induced m
precipitation

OH COOH

-‘~”

hydroxide precipitation. Hence, Rh-based catalyst was pre-
pared by using as precursor an electrogenerated Rh/MgAl-
LDH composite [191]. Finally, a two-step electrodeposition
method was also conducted to form nickel hexacyanoferrate
on NiAI-LDH films [188].

So-called biohybrid materials consist in the association
biological materials with inorganic components. Among the
variety of inorganic materials available to act as host matrices
for biomolecules, LDHs appear as attractive materials. For
instance, two main strategies have been developed to immo-
bilize enzymes within LDH [203]. The first one is based on
the use of pristine LDH precursors for their ability to adsorb
enzymes. The second route takes advantages of the soft chem-
ical conditions used to prepare LDH directly in the presence of
the biomolecules. In this context, immobilization of glucose
oxidase (GOx) [204, 205] has been achieved during NiAl-
LDH EIP at a Pt rotating disk electrode. The as-prepared GOx/
LDH-modified electrodes were used as glucose biosensors,
and the experimental conditions, i.e., enzyme concentration
and Ni/Al molar ratio in the plating solution, have been
optimized in order to obtain the best biosensor performance
with a good reproducibility [205]. However, enzyme loading
on the electrode surface remains quite low (40-80 ug cm 2),
and to avoid enzyme leaching, these bioelectrodes are submit-
ted to a chemical crosslinking with glutaraldehyde vapor.
Other stabilizing membranes were also tested, i.e., Nafion,
titania gel, and Pd hexacyanoferrate hydrogel [206]. Interest-
ingly, scanning electrochemical microscopy (SECM) has been
successfully applied to detect the activity of the entrapped
enzyme and to obtain topographic images of the bioelectrodes

Ni/Al nitrate
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o
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[207]. AFM and SECM images show that GOx distribution is
not homogeneous all over the electrode surface, and X-ray
photoelectron spectroscopy (XPS) analysis highlights the cru-
cial role played by Ni in GOx immobilization [208]. This fact
is confirmed when one compares the amount of GOx
entrapped in NiAl-LDH and Ni(OH), during EIP process.
Ni(OH), is able to immobilize a higher amount of biomole-
cules (188 against 76 pg cm ') [209]. Furthermore, a two-step
procedure was also applied to adsorb GOx and lactate oxidase
(LaOx) on normal [210, 211] or macroporous NiAl-LDH-
modified electrodes [193]. The analytical performance of
these bioelectrodes will be discussed in the “Analytical appli-
cations of electrogenerated LDH” section.

Electrochemical characterization

LDH containing transition metal, i.e., Ni(I[) and Co(Il), can
undergo a reversible redox reaction between oxidized and
reduced forms of metals, conferring to the LDH-material-
specific electrochemical properties, like electrocatalytic or
supercondensator properties [212]. Moreover, electrochemical
techniques, namely, cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS), can be used to deep-
ly characterize redox active LDH to draw some correlations
between structural and electrochemical properties [213].
Many efforts have been made by Tonelli’s group to study
the electrochemical behavior of NiAl [172, 192] and CoAl
[173, 174] LDH electrogenerated on Pt electrode. All these
films prepared by EIP have been characterized in CV and EIS
in NaOH or KOH aqueous solution. During oxidative sweeps,
they display electrochromism with a change in color from
weakly blue (Ni) or weakly pink (Co) to black. However, this
phenomenon is not totally reversible when the potential cy-
cling is stopped.

Typical CV of NiAl-modified electrode displays a revers-
ible signal in the potential window between 0.3 and 0.6 V
(Fig. 25). The associated redox process can be described by
the following reaction (Eq. 7):

Ni(I)-LDH + OH 2Ni(Ill)OH-LDH + le~ (7)

The charge transport inside the material is due to a
complex mechanism coupling an electron exchange with

ITo

Epp=-0.9V

ion diffusion to compensate the positive extra charge
generated upon the faradaic process. Current peak inten-
sity, recorded in CV, increases with the electrodeposition
time until 60 s. When the film becomes thicker, the charge
transportation is hindered within the film, limiting the
proportion of electroactive Ni(II) atoms involved in the
electrochemical process. EIS data confirm that the
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Fig. 25 Cyclic voltammograms of a NiAl-NO/Pt prepared by
electrogeneration (=35 ug cm 2, 60's at—0.9 V) (4) and by coprecipitation
(=285 pg cm?) (B) in 0.1 M NaOH, v=10 mV s '; b CoAl-NO4/Pt
prepared by electrogeneration (=60 g cm 2, 60 s at —0.9 V) first cycle
(4), second cycle (B) and by coprecipitation (%285 pg cm ) (C) in 0.1 M
KOH, v=10 mV !
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electronic transfer resistance inside the material is affected
by the electrodeposition time. Similarly, EIS measure-
ments were carried out with electrogenerated NiAl/Au
[189] and ZnAl/GCE [214] in the presence of an electro-
chemical probe in the electrolyte solution (K;Fe(CN)yg).
These results confirm that the longer the electrodeposi-
tion, the larger the interfacial electron transfer resistance.
An optimal thickness seems to be reached after 60 s.
Interestingly, when a NiAlI-LDH film is formed under this
optimal condition, the resulting cyclic voltammogram dis-
plays higher current peak intensities than that obtained for
a film of NiAl-NO; prepared by solvent casting of a
coprecipitated phase (Fig. 25). Indeed, in the former case,
the charge transfer (Q,) involved in the electrochemical oxi-
dation of Ni(II) inside the LDH lattice is sixfold higher than in
the latter case, whereas the amount of LDH deposited on the
electrode surface is heightfold lower (35 pg cm 2 instead of
285 pg cm ). Moreover, the oxidation peak is situated at a
lower potential suggesting a better reversibility of the electro-
chemical process. An intimate interaction between the
electrogenerated NiAl-LDH platelets and the electrode surface
seems particularly favorable to the electronic transfer. It
should be recalled that the electrochemical behavior of
NiAl-LDH phases is the result of competing effects between
the coherent domain size versus the particle size, the aggre-
gation state of LDH particles, the Ni bulk concentration, and
the presence of structural defects [213].

On the other hand, electrochemical behavior of elec-
trodeposited CoAl-LDH is more complex than that ob-
served for CoAl-LDH prepared by the coprecipitation
method. With this material, a stable quasi-reversible
signal is observed in CV at a mean potential (E;,=
Ep,+Ep.2) of 440 mV/SCE (Fig. 25a) [215]. For
CoAIl-LDH prepared by EIP, the first scan is dominated
by an irreversible anodic peak at 0.26 V/SCE
(Fig. 25b). From the second scan, the CV curve evi-
dences two distinct oxidation and reduction peaks be-
tween 0.1 and 0.5 V. This current response has a
pseudo-capacitive shape which remains unchanged for
several hundred of cycles. The corresponding specific
capacitance is evaluated to 500 F g ' that makes this
material a good candidate for supercapacitor applica-
tions. XRD, IR and Raman spectroscopies, and EQCM
analysis have been used to study deeper the phase
changes occurring when the as-prepared CoAl-LDH thin
films were electrochemically oxidized and reduced by
cycling the potential between 0 and 0.6 V in KOH
[174]. An irreversible phase transformation occurs after
the first cycle leading to the formation of a y-Co;.
<AlOOH phase. The two redox processes, observed
from the second scan, are in good agreement with the
successive formation of (3-Co(IIT)OOH and (3-Co
(IT)Y(OH),. A preliminary study describes also the
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electrochemical behavior MnAI-LDH prepared by elec-
trochemical precipitation [179]. As previously described
for CoAl-LDH, an irreversible phase transformation oc-
curs after the first cycle, with the hypothetical formation
of a birnessite-like layer material giving rise to well-
defined reversible redox peaks situated at —0.2 V/Hg/
HgO. The electrochemical response of those LDH ma-
terials has been mainly exploited for electrocatalytic
determination of various substrates as described in the
next section. Some of these materials were used as
catalyst precursors, in particular those prepared on me-
tallic foams, to be used for H, production [190] and
methane oxidation [191, 216].

Analytical applications of electrogenerated LDH

These as-described LDH thin films have found applications as
amperometric sensors and biosensors. Indeed, LDH films can
adsorb organic molecules; consequently, they have been used
for the detection of catechol, hydroquinone, and resorcinol,
for instance, by means of adsorptive stripping analysis [195,
214]. The replacement of ZnAl-LDH film by ZnAl/graphene
composite improves the sensor performance with an increase
of the detection limit for hydroquinone from 1 uM with the
first type of electrode to 0.077 uM with the second one [195].
A ZnAIl-LDH film was also used for the determination of
epinephrine, a catecholamine neurotransmitter, and uric acid
in real samples by means of differential pulse analysis [217].

Other analytical devices are mainly based on NiAl-
LDH. Indeed, Ni(II)/Ni(Ill) redox couple inside the
LDH lattice has an electrocatalytic activity with respect
to the oxidation of alcohols and amines [218]. For
instance, for methanol oxidation, NiAl/GCE shows
higher electrocatalytic activity and stability than that of
electrogenerated Ni hydroxide (Ni(OH),/GCE) [219].
When target molecules are present in NaOH solution,
a catalytic response is evidenced by the increase of
anodic peak, relative to Ni(Il) oxidation as summarized
in the following equations:

Ni(I)-LDH 4 OH 2Ni(Ill)OH-LDH + le" (8a)

Ni(II)OH-LDH + Analyteg 42Ni(II)-LDH + Analyte,
(8b)

Primary alcohols (i.e., methanol and ethanol) have
been first tested as target analytes [183, 220]. Interest-
ingly, NiAl/PtNPs/GCE exhibits a wider linear range for
ethanol determination with an upper limit of 65 mM
compared to 12 mM for pristine NiAl/GCE electrode
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[200]. Similarly, a synergic effect between NiAl-LDH
and AuNPs improves the catalytic efficiency toward
methanol oxidation [185, 199], opening other perspec-
tives for these composite catalysts, such as in fuel cells.
Among the saccharide compounds, the electrochemical
determination of glucose has been extensively investi-
gated at electrogenerated NiAl films [183, 189, 220].
An acetylcholine (Ach) sensor based on NiAl/OMC/
GCE is also described [196]. Ach is hydrolyzed in
alkaline solution to produce acetic acid and choline
which can be electrocatalytically oxidized by Ni(Il)
species within the LDH layers. On the other hand, an
amperometric sensor based on NiAl-LDH/Pt has been
developed for the electrochemical analysis of two her-
bicides, namely, gyphostate and glufosinate, using the
electrocatalytic properties of this material toward oxida-
tion of amine groups [192]. Gong’s group is focused on
the determination by striping analysis of another pesti-
cide, methylparathion, using electrogenerated NiAl/GCE
[221], PtNPs/NiAl/GCE [201], or NiAl/graphene/GCE
[184]. Unfortunately, in all cases, the same detection
limit is reported, namely, 0.6 ng ml™', and no specific
electrocatalytic behavior was shown.

The electrocatalytic properties of CoAl-LDH were
also studied for alcohol oxidation. Since Co(Il) is oxi-
dized at a slightly lower potential than Ni(Il), the cor-
responding LDH does not display catalytic activity to-
ward monohydric alcohols [222]. Consequently, only
multifunctional alcohols (i.e., glycerol, monosaccharides,
and polysaccharides) can be detected at CoAl-LDH.
Interestingly, electrochromism of CoAl/ITO films has
been exploited for an optical determination of glucose
[187]. Similarly, electrocatalytic properties of
electrogenerated NiAl and CoAl coated on GCE have
been also compared for H,O, oxidation [186]. NiAl-
LDH shows a lower detection limit and a better repro-
ducibility than the CoAl one which displays a wider
linear range. CoAl/GCE has been also used as a pH
sensor [223]. Determination of aniline and phenol was
also quantified using CoAl/Pt-modified electrode. It ap-
pears that electrochemical pretreatment of underlying Pt
electrode can improve the analytical performance,
preventing electrode passivation [182]. Finally, CoAl-
LDH film has been also employed to quantify salicylic
acid as an impurity in pharmaceutical samples contain-
ing acetyl salicylic acid [224].

Very recently, NiFe-LDH was prepared by the electro-
chemical method. This material displays two redox peaks
situated at 0.8 and —0.6 V, attributed respectively to Ni(I[)/
Ni(IIT) and Fe(Il)/Fe(IIl) redox reactions. The redox peak (Fe
(II)/Fe(IIT)) can be applied to the electrocatalytic reduction of
metronidazole, a heterocyclic nitro compound used as anti-
bacterial and anticancer agents [178]. Similarly, NiAI-LDH

doped with nickel hexacyanoferrate was used for the electro-
analysis of ascorbic acid with the help of Fe(Il)/Fe(Ill) redox
couple [188].

Amperometric detection of glucose was also extensively
reported at GOx/NiAl-LDH biosensors. In this case, the elec-
trochemical response corresponds to the oxidation at the Pt
electrode of hydrogen peroxide which is formed in the enzy-
matic reaction:

Glucose + O, GO, Gluconolactone + H,O, (9a)

H,0, PtOy + 2H" + 2e” (9b)

As previously described (“Electrochemical characteriza-
tion” section), the parameters of EIP to prepare GOx/NiAl
thin films on Pt electrode were optimized to obtain the best
glucose biosensor performance [205]. However, the amount
of entrapped enzyme remains low; therefore, the sensitivities
are low, namely, 7.7 and 19 mA M ' ¢cm 2 in batch and flow
injection modes, respectively [204]. However, in batch, the
sensitivity is improved when GOx is adsorbed on nanostruc-
tured NiAl film (13 mA M ™' cm™?) [193]. Indeed, the high
porosity of the film facilitates the diffusion of glucose and
H,0, through the LDH film. Moreover, it was proposed that
Ni in the oxidized state can be employed as an anti-interfering
system toward ascorbic acid. The effectiveness of GOx/NiAl
biosensors has been demonstrated by measuring glucose in
fruit juices [210]. Similarly, the determination of lactate in a
commercial serum sample was successfully realized with
LaOx/NiAl biosensor [211].

Conclusion and outlook

From the examples described in this review, it appears clearly
that electrochemically assisted deposition of inorganic mate-
rials such as ordered mesoporous silica or LDH films (includ-
ing their organic-inorganic hybrid or composite forms), by
local pH tuning, is a versatile method to generate functional
coatings on solid electrode surfaces. In such a way, hydroxide
species are produced at the electrode/solution interface (typi-
cally in a diffusion layer of approximately 50-500 pum in
thickness depending on the electrolysis conditions), and they
can be used either to precipitate suitable precursors (e.g., to
form LDH-type materials) or to catalyze sol-gel reactions
(e.g., to grow surfactant-templated silica films) without requir-
ing the use of bulk solution-phase catalysts. Contrary to evap-
oration methods (such as dip or spin coating, for which the
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material starts to grow from the air/solution interface) or
deposition from preformed particles (leading to rather hetero-
geneous deposits, usually of poor mechanical stability), the
approaches described here are based on an interfacial electro-
chemically induced deposition process for which the material
growth starts at the level of the underlying support. The
thickness of the deposits can be easily controlled by tuning
the electrodeposition parameters and/or the synthesis medium
composition, this latter remaining unaffected by the film for-
mation as only the diffusion layer is affected by the
electroassisted deposition. On the other hand, the deposition
process is dominated by kinetics, which could be an advan-
tage (for instance to get vertically aligned mesoporous silica,
which has the tendency to orient parallel to the support when
formed by evaporation under thermodynamic control), but
also a drawback (leading, for instance, to poorly structured
LDH materials as a reason of a too fast electrodeposition).
Nevertheless, the method is compatible with the encapsulation
of nanoobjects or biomolecules (e.g., to form LDH-based
composite or biohybrid materials), and it starts to be devel-
oped to generate organically functionalized films (e.g., meso-
porous silica-based organic-inorganic hybrids). Although be-
ing basically interesting for applications in various fields
(protective coatings, permselective membranes, catalysis,
hard templates, etc.), these films have been mostly applied
to date to electroanalysis and biosensors, but one can antici-
pate an expansion to other fields in the near future, at least if
one could overcome some remaining challenges.

Dealing with ordered and oriented mesoporous silica-
based thin films, besides the need for functionalization
with organic groups (which starts to be achievable but
still has to be extended), a great challenge is to find a
way to tune the pore size in a much wider range than
only around 2 nm (i.e., up to 5-6 nm would be nice to
entrap biomolecules, for instance). Possible strategies
are the use of micelle swelling agents or the resort to
charged organosilane precursors likely to interact with
the oppositely charged micelles to move away the silica
walls from each other. Another important point with
respect to applications requiring long-term operational
stability is the lack of chemical inertness (and conse-
quently poor structural stability) of mesoporous silica in
aqueous medium (especially at pH above 7). A way to
circumvent this limitation would be the extension of the
electroassisted self-assembly method to non-silica mate-
rials (e.g., other surfactant-templated metal oxides such
as ZrO, or TiO,), or at least to generate mixed meso-
porous oxides which could benefit from a synergistic
effect of improved chemical stability offered by non-
silica precursors and possible functionalization via the
organosilane chemistry. Finally, strategies should be de-
veloped to get oriented mesoporous materials modified
with bifunctional or multifunctional groups in order to

@ Springer

further extend their scope of application (notably in
catalysis). In the field of electrogenerated LDH mate-
rials, the future prospects will be focused on a detailed
study of the electrodeposition mechanisms that would
allow a better control of composition, structure, and
crystallinity of the LDH phases. A challenge would be
to follow the growth of the LDH-film by in operando
methods. Furthermore, the formation of oriented meso-
porous phases is very desirable for various applications
(i.e., for enzyme immobilization as suggested for silica-
based thin films). So far, this approach was only per-
formed with an inverse opal method, but the use of
micellar templating agents is not yet explored as it
was already done for simple nickel or cobalt hydrox-
ides. Moreover, the use of surfactant or templating
molecules having specific properties (electrochemical
or magnetic) would allow the formation of hybrid ma-
terials with multifunctionalities which can open new
opportunities in their application fields, as well.
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