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ABSTRACT: Bioinspired, stimuli-responsive, polymer-function-
alized mesoporous films are promising platforms for precisely
regulating nanopore transport toward applications in water
management, iontronics, catalysis, sensing, drug delivery, or energy
conversion. Nanopore technologies still require new, facile, and
effective nanopore functionalization with multi- and stimuli-
responsive polymers to reach these complicated application targets.
In recent years, zwitterionic and multifunctional polydopamine
(PDA) films deposited on planar surfaces by electropolymerization
have helped surfaces respond to various external stimuli such as
light, temperature, moisture, and pH. However, PDA has not been used to functionalize nanoporous films, where the PDA-coating
could locally regulate the ionic nanopore transport. This study investigates the electropolymerization of homogeneous thin PDA
films to functionalize nanopores of mesoporous silica films. We investigate the effect of different mesoporous film structures and the
number of electropolymerization cycles on the presence of PDA at mesopores and mesoporous film surfaces. Our spectroscopic,
microscopic, and electrochemical analysis reveals that the amount and location (pores and surface) of deposited PDA at mesoporous
films is related to the combination of the number of electropolymerization cycles and the mesoporous film thickness and pore size.
In view of the application of the proposed PDA-functionalized mesoporous films in areas requiring ion transport control, we studied
the ion nanopore transport of the films by cyclic voltammetry. We realized that the amount of PDA in the nanopores helps to limit
the overall ionic transport, while the pH-dependent transport mechanism of pristine silica films remains unchanged. It was found
that (i) the pH-dependent deprotonation of PDA and silica walls and (ii) the insulation of the indium-tin oxide (ITO) surface by
increasing the amount of PDA within the mesoporous silica film affect the ionic nanopore transport.

■ INTRODUCTION
The performance of the biological ion channels and pores is
the key to survival for many living species.1,2 Their precise
mass transport control inspired scientists to build novel porous
materials for challenging applications such as water purifica-
tion,3−5 energy conversion,6−8 and molecular sensing.9,10 One
promising technology for mimicking these biological nanogates
is ceramic mesoporous films functionalized by stimuli-
responsive synthetic units at their pore sites. Mesoporous
silica films have received significant attention among solid-state
nanoporous films, thanks to their facile fabrication method and
silanol-rich surface groups, making them easily adaptable for
various chemical functionalization techniques. With the large
number and small size of nanopores in the range of the
hydrated radius of ions, mesoporous silica films are a versatile
platform to regulate ionic nanopore transport after pore
functionalization. After forming or attaching various stimuli-
responsive polymer units in their nanopores in a controlled

amount, at a defined location, and with tailored stimuli-
responsive units, these hybrid mesoporous films could be
suitable for applications such as sensing or separation.11 Recent
examples showed that compared to pristine silica nanopores,
similar pores with stimuli-responsive polymer units show
significant improvements in various material properties such as
sensing the nanomolar concentration of ions with memory
effect,12 ion concentration regulation such as electrokinetic ion
transport,13 or gradual control of ionic pore accessibility.14,15

However, many of these polymer functionalization strategies of
nanopores remain challenging to implement (e.g., multistep
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synthesis protocols) and provide limited functionality to the
nanopores, e.g., by only charging positively or negatively under
changing pH conditions or requiring additional pore
functionalities to regulate other ion transport tasks. Therefore,
research on the functionalization of nanopores with polymers
continues to seek new, straightforward methods to fabricate
nanopore films with zwitterionic polymer functionalities and
smart-gating.
Due to the precise tunability of the surface polymerization

process, electropolymerization represents an interesting
method for generating functionalized nanoporous layers.
Compared to conventional functional polymer thin-film
deposition techniques, such as dip-coating, spin-coating, or

inkjet printing, for specific coating applications, especially at
biological interfaces, polymer deposition on conductive
surfaces by electropolymerization offers several advan-
tages.16−18 For instance, by controlling the consumed charges
during electropolymerization via an adjustment of the time and
number of applied potential cycles, it is possible to achieve
nanometer-level precision of the homogeneous polymer-
coating.19,20 Electrochemical polymer deposition also allows
for spatially controlled deposition and creation of polymer
patterns on various surfaces, for instance, to build patterned
thin-film transistors.21−23 While conventional polymerization
methods, such as dip-coating, usually take several hours to
form stable polymer-coatings, film deposition via electro-

Figure 1. Mesoporous films and polydopamine (PDA) nanopore functionalization. (a) Illustrations presenting the film structure of (top) type-A
and (bottom) type-B mesoporous films standing on top of the conductive indium-tin oxide (ITO) layer. Transmission electron microscopy images
of type-A (up) and type-B (bottom) pore films are presented next to the corresponding illustrations. Scale bars are 50 nm. (b) Ellipsometry results
present our mesoporous films’ average free pore volume (blue bars and axis) and thickness (red bars and axis) before their PDA functionalization.
Error bars represent the standard deviation (sd) from a minimum of three different measurements from the same sample. (c) (Left) Isotherms for
type-A and type-B films obtained by Krypton 87.4 K physisorption as well as (right) the corresponding pore size and pore neck size distribution for
the type-A film obtained by the Krypton thin-film (solid line) and BJH method (dashed line). (d) Scheme of our electropolymerization setup,
showing the mesoporous films dipped inside the phosphate buffer (PB) solution loaded with dopamine (1 mg/1 mL) and the pH = 7.0. Upon 5 or
15 cycles of applied potential cycles to the ITO layer underneath our mesoporous films, electropolymerization of PDA happens at the film/ITO
interface. The structure of PDA is simplified. The true structure of PDA is not finally elucidated to this day. Investigations of PDA’s structure in the
literature55,56 led to the conclusion that various functional groups, such as amines, carboxylic acids, and phenolic hydroxyl groups are present in
PDA.57,58.
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polymerization is a very fast method to form uniform polymer
films within seconds.24,25 For decades, electropolymerization
has been used to polymerize predominantly aromatic
monomers, such as furan, pyrrole, or aniline, to form various
types of conductive polymer-coatings on the solid-state
electrode surface.26−28 In recent years, electropolymerization
was recognized as a suitable technique also for nonconducting
monomers such as catecholamines, like dopamine. Polydop-
amine (PDA) films have raised considerable interest as
versatile coating materials. Multifunctionality, high stability,
and simple but finely tunable nanofilm deposition on various
materials (metals, ceramics, and plastics) via electropolymeri-
zation make PDA a suitable candidate for polymer
functionalization for various applications.18,19,29,30 PDA-coated
materials can be easily chemically modified, for example, with
catalytic centers31 and biomolecules such as proteins32 and
nucleic acids.33 To date, PDA-coatings find applications in
catalysis,34 biomedical,30,35 sensing,36 photonics,37 and actua-
tors.38 The presence of various functional groups, such as
amines, carboxylic acids, and phenolic hydroxyl groups makes
PDA a versatile polyelectrolyte that changes its charge state in
response to the pH, thereby affecting the transport of anions
and cations.39−42 The abovementioned structural features,
simple fabrication, and its zwitterionic properties could make
PDA an ideal polymer for applications requiring high-precision
ionic transport control such as sequential transport43 and drug
delivery.18 PDA’s zwitterionic effects on ion transport were so
far only used with planar PDA-coatings on conductive (e.g.,
gold layer) materials. This left only the PDA thickness and
changing environmental pH as the parameters to tune
transport. However, it would be highly interesting to study
whether electropolymerization could be used to generate
zwitterionic PDA at the nanopores of mesoporous silica films
by combining the structural advantages of both PDA and
mesoporous silica. To date, PDA nanopore functionalization
has been demonstrated for mesoporous silica nanoparticles via
multistep oxygen-induced surface functionalization. The
combination of the large surface area of nanoparticles and
pH-responsive structural advantages of PDA could make these
PDA functional nanocarrier systems a useful platform for
various applications such as load/release hydrophilic drugs.44,45

However, PDA polymerizations in solution in the presence of
chemical oxidants does not give control over the polymer-
ization reaction and this leads to the formation of free PDA
particles that are difficult to remove.46 Electropolymerization
of PDA offers high control of redox reactions on the electrode
surface and thus the amount of deposited PDA at nano-
confinement of mesoporous films. In this way, homogeneous
thin and more uniform PDA-coatings are generated in a fast
and efficient manner and with precise control of the film
thickness compared to other PDA polymerization meth-
ods.32,46,47 The electropolymerization method allows to
gradually tune the amount of PDA inside and on top of the
nanopores of mesoporous silica films with zwitterionic PDA
contributing to the technological advancement of ionic
transport control in nanoporous membranes.
In this work, for the first time, we electropolymerized PDA

inside two different types of mesoporous silica films that are
nonconductive and nonplanar. The electropolymerization
caused deposition of PDA on top of the indium-tin oxide
(ITO) working electrode and inside and on top of the
insulating mesoporous films. We demonstrated that the type of
mesoporous silica film and the number of electropolymeriza-

tion cycles alter the PDA deposition pattern. We identified the
effect of these parameters on the amount of deposited PDA (i)
at the pore sites, (ii) at the interface of mesoporous film/ITO
where the polymerization takes place, as well as (iii) on the
film surface. The adjustment of the amount and distribution of
the polymer constitutes a toolbox for the regulation of
nanopore performance. We evaluated the environmental pH-
dependent nanopore transport of anions and cations through
the PDA-coated mesoporous films. Ultimately, (i) PDA and
silica pore walls’ pH-dependent charging, (ii) changing the
presence of PDA at the nanopore walls, and (iii) mesoporous
film/ITO interface regulate together the ionic nanopore
transport at our PDA functional mesoporous silica films.

■ RESULTS AND DISCUSSION
Electropolymerization of Polydopamine in Nano-

confinement. Electropolymerization of polydopamine
(PDA) in nanoconfined silica mesopores was investigated by
using two different mesoporous silica films having different
nanopore and film structures�type-A and type-B mesoporous
films (Figure 1). These two films were dip-coated on the top of
indium-tin oxide (ITO)-coated glass substrates (Figure 1a).
Similar to literature examples,48,49 variations in the sol−gel
solution recipe change the average free pore volume and film
thickness of the dip-coated mesoporous films, as we quantified
with ellipsometry measurements (Figure 1b). As presented in
Figure 1b, our type-A film’s average free pore volume (40 ±
1.2%) and film thickness (178 ± 6 nm) are smaller than those
of the type-B film (67 ± 2.5%; 277 ± 34 nm). Krypton
physisorption at 87.4 K was performed with type-A and type-B
films to determine their pore size, pore size distribution, and
pore neck size. At 87.4 K, the measurement is performed below
the triple point of Krypton.50 Because of measuring below the
triple point, Krypton solidification can occur at high relative
pressure, which results in a steep uptake of adsorption. This
may be the reason for the steep uptake in the isotherm of the
type-A silica film presented in Figure 1c-left (black isotherm).
However, such Krypton solidification did not influence the
derived pore size or pore size distribution from the isotherms
(Figure 1c-right). For both type-A and type-B films, we
collected isotherms that are characteristic for mesoporous
materials (Figure 1c).51 By applying the Krypton 87.4 K thin-
film method to the collected isotherms, a pore size of 5 ± 1 nm
for the type-A and 7 ± 1 nm for the type-B films was
determined (Figures 1c-right and S1). Applying the Barrett−
Joyner−Halenda (BJH) method to the desorption branch of
the type-A film yields two values for the pore neck openings,
3.3 and 4 nm (Figure 1c-right). However, as shown in Figure
1c-right (dashed lines), the primary (peak with highest
intensity) pore neck size calculated from a type-A film is 3.3
nm. These pore opening diameters are in good agreement with
those calculated from the transmission electron microscopy
(TEM) image analysis (3.2 ± 0.7 nm for type-A) by using an
image thresholding routine (Figure S2).52−54 With identical
TEM image analysis, the pore neck opening of the type-B film
is quantified as 5.0 ± 1.9 nm (Figures 1a and S2).
To perform electropolymerization in mesoporous films,

type-A and type-B films were immersed into a solution of
dopamine monomers in nitrogen-purged phosphate buffer (pH
7.0, 1 mg/mL dopamine). 5 or 15 potential cycles from −0.5
to 0.5 V were applied to the ITO/glass substrate (working
electrode) located below the mesoporous silica films to initiate
the electropolymerization via cyclic voltammetry (CV) at the
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vicinity of the ITO/mesoporous film interface (Figure 1d).
The CV curves collected during the 5- and 15-cycle
electropolymerization of PDA on the planar ITO (no
mesoporous film on the top) and mesoporous film-coated
ITO are shown in Figure 2. During our reference PDA
electropolymerization on planar ITO (Figure 2a), the oxidative
current decreased with the progression of the applied potential
cycles during both the 5- and 15-cycle electropolymerization
(blue arrows in Figure 2a). This decrease in current is caused
by deposition of the insulating PDA on the ITO surface. As
studied before by Marchesi D’Alvise et al., the degree to which
the current decreases in an electropolymerization on gold
correlates with the thickness of the deposited insulating PDA
layer.32 It can be assumed that this is also the case for
electropolymerization on ITO. The reducing current also
resembles the reduction of non−crosslinked redox−groups
inside the polymer on the conductive surface. As PDA
crosslinks more, when the number of cycles increases and
the reductive current decreases, as shown in Figure 2a.
The fact that a substantial oxidative current can also be

observed for the mesoporous film-covered samples (Figure
2b,c) shows that the insulating mesoporous silica membrane
does not completely insulate the ITO electrode. Dopamine is
still electrochemically oxidized, and PDA is formed. Similar to
the polymerization on plain ITO, the current decreases
throughout the progression of the cycle number (blue arrows
in Figure 2b,c). The decrease in current indicates that PDA is
not only present as particles that float inside the bulk solution
and deposit on the surface of the silica membrane but also that
it is deposited on the ITO surface of both type-A and type-B
films. However, this decrease in the current is less intense at a

given current value and a given cycle for the mesoporous film
carrying samples (Figure 2b,c) compared to plain ITO (Figure
2a). This indicates that less PDA is deposited on the ITO
surfaces of these samples. Even after 15 cycles, the current is
considerably high (100 μA/cm2) for the silica film-covered
samples (Figure 2b,c-bottom), while it is about 10 times lower
(10 μA/cm2) for the blank ITO (Figure 2a-bottom). The high
current intensities during each of the single cycles, including
the last one, indicate that a significant amount of PDA is
formed but that only a small portion of it is deposited on the
ITO surface. We assume that a substantial amount of PDA was
dispersed in the bulk solution and deposited on top of the
silica film and inside its pores. Interestingly, no large difference
was detected between the CV curves collected during the
polymerization of type-A and type-B films.
The oxidative part of the first CV voltammograms in Figure

2 shows a steeper increase of the oxidative current as a factor of
increasing the applied potential. This is due to the decreased
availability and accessibility of the ITO surface area for
dopamine monomers when it is coated with a mesoporous
membrane. We confirmed the limited electrode surface
availability by analyzing the oxidation and reduction of
potassium ferrocyanide on different sample types (Figure
S3). Such a limitation of dopamine accessibility to ITO when
mesoporous films are deposited on top of the ITO electrode is
also made responsible for obtaining no oxidative peak in their
CV curves (Figure 2b,c). The oxidative peak in the first cycles
of the CV for the blank ITO (Figure 2a) is ascribed to the
diffusion rate of dopamine monomers from the bulk solution
to the ITO surface reaching its maximum, at which, an increase
in voltage is not anymore correlated with an increase in current

Figure 2. Cyclic voltammetry (CV) curves collected during (top) 5 cycles and (bottom) 15 cycles of electropolymerization of PDA when
dopamine (1 mg/mL), dissolved in nitrogen-purged, oxygen-free phosphate buffer (100 mM, pH 7), is in contact with (a) planar ITO substrate
(working electrode, no mesoporous film on the top) and (b) type-A or (c) type-B mesoporous films. The direction of the blue arrows indicates the
decrease of the current throughout the CV cycle progression. Experiments were conducted at room temperature. An Ag/AgCl reference electrode
(3 M KCl) and a gold counter electrode were used. A scan rate of 10 mV/s was applied.
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since the current generation is limited by the maximal amount
of dopamine monomers at the ITO surface.32 This maximum
seems not to be reached for the mesoporous film-covered
samples. This is probably due to slower oxidation.
Furthermore, plain ITO (Figure 2a) allows for higher oxidative
currents during electropolymerization than both mesoporous
film-coated ITO substrates (Figure 2b,c). This indicates that
dopamine oxidation inside the mesoporous films is limited.
Before (Figure S4, first and third rows) and after (Figure S4,

second and fourth rows) the electropolymerization of our
samples, we did further electrochemical analysis to understand
the polymerization mechanism and stability of the deposited

PDA. We observed cathodic currents for some samples, which
are due to the reduction of oxygen that diffuses into the
electrolyte. We confirmed this diffusion and reduction of
oxygen by analyzing oxygen reduction on pristine ITO in
purged and nonpurged PB (Figure S5). As predicted, CV
curves collected before the electropolymerization (Figure S4,
first and third rows) did not form a peak at the anodic part
since no polymerization occurred in the absence of dopamine
in buffer solution. However, the CV curves collected after the
PDA functionalization of our samples (Figure S4, second and
fourth rows) showed the highest peak current in the first CV
cycles, and this peak current decreases with increasing CV

Figure 3. (a) Static contact angle (CAstatic) of sessile drops on the top of (black) type-A and (red) type-B mesoporous films before and after
different cycles of e-polymerization of PDA. The blue bars present the CAstatic from the plain PDA films (no mesoporous film) on the top of the
ITO substrate surface. Error bars represent the sd from CAstatic collected from at least five different locations from the same sample. (b) Bar graph
presenting the relative increase of the normalized (to the Si−O−Si vibration at 1060 cm−1) νring(C�C) stretching mode and N−H bending mode
vibration peaks (between 1600 and 1650 cm−1) after the PDA functionalization of the porous films. Error bars represent the sd from a minimum of
three different attenuated total reflection-infrared (ATR-IR) spectra collected from different locations of the same sample. (c, e) SFM topography
images of our type-A and type-B pore films (on the top of ITO) (c) before and after (d) 5 cycles or (e) 15 cycles of e-polymerization of
polydopamine. (f) Adhesion force mapping of the identical areas whose SFM topographies are presented in panel (e). Red arrows in panels (e) and
(f) present weakly attached impurities. (g) Roughness (SQ) values were generated from the 200 μm × 200 μm area SFM topographies (marked
with white squares) from the larger-area images presented in panels (c−e) and Figures S9 and S10. Error bars represent the sd from the roughness
measurements of three different 200 μm × 200 μm areas on each sample.
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cycle numbers. This analytically proves the successful
deposition of PDA on the top of ITO both at our mesopore
films coated on ITO and plain ITO. The decrease of the PDA
peak throughout the cycle progression indicates that the
supramolecular structure of PDA initially contains a significant
number of free redox groups, which get electrochemically
oxidized by the CV in pure PB and subsequently cross-link
irreversibly. This observation motivated us to add additional
CV cycles in pure buffer to the procedure that we established
for the electropolymerization in nanoconfinement, so that the
PDA does further cross-link (Figure S7b). The additional CV
cycles ensure that the amount of noncovalently bound
monomers and oligomers, which could potentially diffuse
inside the pores and on the surface of the membrane, is
minimized. This increases the reproducibility and controll-
ability of the polymerization and confines deposition of PDA
inside and on top of the membrane. Moreover, differential
pulse voltammetry (DPV, Figure S6) measurements detect the
cross-linked PDA on plain ITO as well as on ITO carrying
type-A mesoporous film. The peaks in our DPV data after PDA
polymerizations (Figure S6c,d) further demonstrate the
presence of electrochemically accessible free redox groups of
PDA. The observed voltage (0,18 V) for the PDA peak is
reported for dopamine detection via DPV.57 In general, the CV
voltammograms collected during and after PDA electro-
polymerization (Figures 2 and S4) show that electro-
polymerization inside the mesopores was successful. Our
electrochemical measurements after polymerization demon-
strate the PDA deposition directly on ITO from our samples
with or without mesoporous films. However, CVs collected
during polymerization also indicate the possibility of PDA
polymerization in solution. Moreover, these free PDA particles
could deposit inside and on top of the membrane. To analyze
localized PDA deposition inside and outside the nanopores, we
characterized our samples with different surface wetting,
spectroscopy, and scanning force microscopy (SFM) measure-
ments as explained in the following sections.

Influence of the Mesoporous Film Structure on PDA
Formation. After electropolymerization of PDA directly on
the planar ITO substrate (no mesoporous film), we observed
an increase in the static contact angle (CAstatic) (blue bars in
Figure 3a). CAstatic of the non-PDA-coated ITO surface is 71 ±
2° but CAstatic increases to 73 ± 3 and 78 ± 1° after 5 and 15
cycles of electropolymerization of plain PDA on ITO. This
may indicate that in addition to the stronger deposition of the
PDA film on the ITO surface, an increasing number of
electropolymerization cycles might also lead to the formation
of some PDA particles that can diffuse to the top of the
mesoporous film surface and increase the surface hydro-
phobicity. CAstatic of the pristine type-A mesoporous silica film
(CAstatic = 24 ± 3°) increases to CAstatic = 41 ± 2 and 35 ± 4°
for 5 and 15 cycles of PDA functionalization, respectively. Also,
for the type-B films (CAstatic = 15 ± 3°), upon 5 and 15 cycles
of PDA functionalization, CAstatic values slightly increased and
recorded as CAstatic = 17 ± 2° for both samples (red bars in
Figure 3a). Larger PDA deposition-related CAstatic increase in
type-A films than in type-B films may indicate that when the
mesoporous film is thin (type-A), large number of polymerized
PDA might diffuse from the confining mesopores to the buffer
electrolyte and afterward attach to the top of the film and
increase the CAstatic. For testing this hypothesis, CAstatic of 5-
cycle PDA-functionalized type-A and type-B films were
checked before and after studying their ionic nanopore

transport by applying different numbers of potential cycles
with different scan rates (see Experimental Section; see also
Figures 5 and 6). After nanopore transport measurements
using cyclic voltammetry, CAstatic values were found as CAstatic
= 73 and 70° for the PDA-functionalized type-A and type-B
films, respectively (Figure S8a�dot-patterned bars). After the
ionic nanopore transport experiments, in addition to the
possibility of PDA particle diffusion on the film surface, such a
significant increase in CAstatic probably was affected by other
factors too, such as changes in the roughness of the PDA films
and attachment of electroactive species (e.g., ionic probes and/
or KCl) on the surface. Indeed, when we checked the CAstatic
of type-B films before and after applying extra potential cycles
for cross-linking the PDA where no dopamine exists in the
electrolyte (Figure S8a�line-patterned red bars), we did not
see any significant change in CAstatic. This suggests that the
deposited PDA at the nanopores is quite stable and the effect
of PDA attachment on the film surface on hydrophobicity is
insignificant. Therefore, the significant increase in CAstatic after
studying the ionic nanopore transport is probably a
combination of electroactive species attachment on the film
surface and PDA roughness changes at the film surface. The
stability of PDA at the nanopores was also observed from other
supplementary results presenting the existence of PDA on the
ITO surface after applying postpolymerization CV cycles
(Figures S4 and S7) and after long incubations (21 h) in the
electrolyte solution (Figure S8f).
To quantify the total amount of PDA at our mesopore films,

we measured the films before and after their PDA
functionalization at different number of CV cycles by
attenuated total reflection-infrared (ATR-IR) spectroscopy
(Figures 3b and S8b−d).43,49,50 Figure 3b shows the
normalized IR intensity of characteristic νring(C�C) stretching
mode and bending vibration of N−H peak (between 1600 and
1650 cm−1)19,45,58 from PDA. First, the normalized intensity of
the characteristic PDA peak between 1600 and 1650 cm−1

increases after 5 and 15 cycles of PDA functionalization of
both type-A and type-B films due to having PDA at the vicinity
(inside and outside of the pores) of both films. Moreover, this
characteristic peak intensity further increases for both films
with an increasing number (15 cycles) of PDA deposition
cycles. This means that for both mesoporous films, it is
possible to increase the PDA amount with an increasing
number of electropolymerization cycles. To understand if PDA
is located on the top of the mesoporous films after the
electropolymerization, we investigated the surface topography
of the mesoporous films before (Figure 3c) and after their 5-
cycle (Figure 3d) or 15-cycle (Figure 3e,f) electropolymeriza-
tion by scanning force microscopy (SFM). After the PDA
functionalization, SFM height maps of mesoporous films
(Figure 3d,e) showed some impurities (round-shaped and very
bright) attached to the surfaces. The adhesion maps (Figures
3f, S9d,f, and S10d,f) and their corresponding height maps
(Figures 3e, S9c,e, and S10c,e) showed that these deposits are
less adhesive than the rest of the surface area (red arrows in
Figures 3e,f, S9c−f, and S10c−f). This indicates that these
weakly adhered impurities are likely not a part of polymerized
PDA but potentially buffer salts or dirt deposits weakly
attached on surfaces. Therefore, to exclude the impact of these
bright impurities from the presented SQ in Figure 3g, we
derived SQ from the impurity-free smaller areas inside larger
SFM maps (white squares in Figure 3c−e). As presented in
Figure 3g, the roughness increases for both mesoporous films
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after PDA functionalization. Additionally, for PDA-function-
alized type-A films, it is evident that the increasing number of
electropolymerization cycles also increases the roughness. For
type-B samples, this correlation could not be observed. Such
overall roughness increase upon PDA deposition indicates the
formation of a PDA layer on top of the mesoporous silica film.
One can furthermore visually observe in the height profiles in
Figures 3, S9, and S10 that the surface profile of the
membranes is less sharp for the PDA-coated samples, which
indicates deposition of a thin PDA layer on the membrane
surface. Furthermore, the adhesion measurements (Figures 3f,
S9b,d,f, and S10b,d,f) show a higher adhesion (bright) for the
surface area that is presumably coated by a PDA layer than for
the weakly adhered depositions (dark) that are presumably
buffer salts and dirt. To investigate the effect of the
mesoporous film type and the number of electropolymerization
cycles on the PDA deposition pattern, we analyzed our samples
with time-of-flight secondary ion mass spectrometry (ToF-
SIMS, Figure 4).
We characterized both the type-A and type-B mesoporous

films before (Figure 4a,b-left) and after (Figure 4a-middle,b-
right) their 5-cycle PDA functionalization and the type-A film

also after (Figure 4a-right) its 15-cycle PDA functionalization.
Depth profiles of ablated ionic species are measured to
characterize the localized PDA deposition along the meso-
porous film thickness (Figure 4a,b). Blue, gray, and red data
points represent ionic signals coming from mesoporous silica
(Si−), PDA (CN−), and ITO (InO2

−). The sample can be
divided throughout its depth into three sections�the air/
membrane interface, the middle section (gray), and the
membrane/ITO interface. It must be noted that the sputtering
time (x-axis of Figure 4a,b) is not linearly correlated with the
mesoporous film depth since the speed of erosion may change
throughout the sections of a sample and in between samples.
Intensity points at very low sputtering time in Figure 4a,b that
are collected at the membrane/air interface are excluded from
interpretation since changes in the matrix at this interface may
lead to strong matrix effects. The middle section (gray in
Figure 4a,b) is characterized by the absence of drastic changes
in ion signal intensities due to the establishment of a sputter
equilibrium in a relatively constant matrix. Therefore, Figure 4c
shows the mean intensities of the CN− signals collected from
the middle sections. The CN− intensities for the pristine silica
films indicate background signals of 22 (type-A) and 4 (type-

Figure 4. (a) Tof-SIMS depth profiling data of (left) pristine (no PDA), and PDA-functionalized type-A films after (middle) 5 and (right) 15
electropolymerization cycles. In panel (b), the ToF-SIMS depth profiles for (left) non-PDA-functionalized and (right) 5-cycle PDA-functionalized
type-B films are presented. (a, b) Depth profiles show the ionic signals of Si− (blue), CN− (gray), and InO2

− (red). The gray areas mark the middle
section of the mesoporous film thickness (between ITO and air), and the arrows connect the local CN− maxima detected at the silica film/ITO
interface with the y-axis. (c) Average intensities of counted CN− ions from each sample’s middle section (gray areas in panels (a) and (b)). The
error bars represent the sd from the average value by taking each of the measured data point, which are inside the gray area, into consideration. (d)
Illustrations of type-A and type-B mesoporous films after their PDA functionalization with 5 and 15 cycles. PDA polymers were presented by dark
gray color. Red boxes represent qualitatively similar areas of type-A and type-B films to help the reader imagine the amount of PDA at the
nanopores.
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B) counts, presumably caused by air adsorbents. The type-A
film that is functionalized with PDA via 5 cycles produces
considerably higher CN− intensities (52 counts on average)
than the nonfunctionalized type-A film, which resembles
deposition of PDA inside the nanopores. The localized amount
of PDA deposited on the ITO working electrode after 5 cycles
is indicated by a local maximum of the CN− intensity at 130
counts (arrow in Figure 4a). The 5-cycle PDA-functionalized

type-B film shows a similar deposition pattern, with 71 counts
inside the pores and 100 counts at the local maximum on ITO.
This is in good agreement with our ATR-IR results (Figure
3b). However, an increase in electropolymerization cycles
(type-A (15 cycles)) increases the PDA deposition both at the
pore walls (on average 562 counts) and at the film/ITO
working electrode interface (1389 counts at a local maximum)
significantly. Any change in the composition of a sample’s

Figure 5. Cyclic voltammograms of type-A mesoporous silica films (a, d) before and (b, c, e, f) after PDA pore modification. CV curves presented
in panels (b) and (e) and (c, f) were collected from the PDA-functionalized samples after 5 and 15 electropolymerization cycles, respectively. All
measurements were performed at pH values of 2, 5, and 8. The transport through the pores was studied by using (a−c) [Fe(CN)6]3−/4− and (d−f)
[Ru(NH3)6]2+/3+ as anionic and cationic redox probes, respectively. The scan rate used for all of the measurements is 200 mV/s, ionic probe
concentrations were kept as 1 mM, and the electrolytes also included 100 mM KCl. Insets in panels (a−f) illustrate the ionic nanopore transport
through the type-A mesopore films without and with PDA functionalization at pH values of (left) 2 and (right) 8. Anionic and cationic probes are
shown as purple and green filled circles, respectively. The working electrode (ITO) and polydopamine are presented by yellow color bars and gray-
color films, respectively. (g, h) Anodic peak current density (ip,a, μA/cm2) and electrolyte pH relation on (g) anionic (black, [Fe(CN)6]3−/4−) and
(h) cationic (red, [Ru(NH3)6]2+/3+) probe transport through PDA-functionalized or neat type-A silica films. Error bars are sd derived from a
minimum three CV curves from measurements with a 200 mV/s scan rate. Inset in panel (g) illustrates the nanopores at alkaline pH conditions,
where PDA and silica walls deprotonate.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.3c01890
Chem. Mater. 2023, 35, 9192−9207

9199

https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01890?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01890?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01890?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c01890?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c01890?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


matrix may cause matrix effects, which may influence the signal
intensities of other measured ions. The PDA deposition at the
ITO interface therefore causes not only an increase of the CN−

signal (arrows in Figure 4a,b) but also a slight decrease of the
Si− signal and a slight increase of the InO2

− signal. The steep
and sudden increase in the intensity of the InO2

− signal
indicates the start of the ITO electrode. This change in the
matrix causes fluctuations in the other (Si− and CN−) signals,
which are therefore excluded from interpretation. In summary,

the ToF-SIMS depth profiling shows that PDA is present in all
coated samples at the ITO working electrode interface, as well
as at the silica mesopore walls (Figure 4d). At the same time,
an increase in the number of CV cycles during electro-
polymerization from 5 to 15 cycles causes a significant increase
of the PDA deposition at type-A films.
By combining the findings from all methods mentioned

above, we illustrated the distribution of PDA inside and
outside of the nanopores of our silica films (Figure 4d). We

Figure 6. Cyclic voltammograms of type-B silica films (a, d) before and (b, c, e, f) after PDA pore modification after (b, e) 5 and (c, f) 15
electropolymerization cycles. The ionic nanopore transport was studied at pH 2, 5, or 8 and by using (a−c) [Fe(CN)6]3−/4− as an anionic redox
probe and (d−f) [Ru(NH3)6]2+/3+ as a cationic redox probe. The scan rate for all of the measurements was 200 mV/s, the concentrations of the
ionic probes in the electrolytes were 1 mM, and also 100 mM KCl was added into each electrolyte. Illustrations at the insets present the ionic
nanopore transport at the type-B films with and without PDA functionalization when the bulk pH is (left) 2 or (right) 8. Gray areas show the
polydopamine in the vicinity of the pores, and the working electrode ITO layer was sketched by a yellow bar under the films. Purple and green filled
circles represent anionic and cationic probes, respectively. (g, h) Relation between anodic peak current density, ip,a (μA/cm2), and solution pH
from the CV curves in panels (a−f) to understand the transport of (g) anionic ([Fe(CN)6]3−/4−) and (h) cationic ([Ru(NH3)6]2+/3+) redox probes
inside type-B silica pores with or without PDA functionalization. Error bars represent the standard deviation of a minimum of three CV curves
collected from the same measurement with a 200 mV/s scan rate.
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used red boxes to represent a certain area containing similar
amounts of silica (light gray color) and changing amounts of
PDA (dark gray colored film) in nanopores. Our character-
izations imply that for type-A as well as for type-B films, PDA
forms a film directly at the ITO surface and also forms particles
in solution that deposit inside as well as on top of the
membrane. The PDA deposition at all three sections (ITO
surface, inside the pores, and membrane surface) increases
with the number of CV cycles. This can already be concluded
by the observed electrochemical current intensities and is
further supported by our spectroscopic and microscopic
measurements. To our knowledge, the more concentrated
PDA at the surface of ITO (mesoporous film/ITO interface)
should also impact the transport of anions and cations from the
electrolyte toward the working electrode (ITO). Therefore, to
(i) see the effect of PDA’s presence at nanoconfinement on the
ionic nanopore permselectivity as well as to (ii) reinforce our
theory that a larger number of electropolymerization cycles
increase the PDA deposition on the ITO surface, we studied
the ionic nanopore transport of our mesoporous films before
and after their functionalization with PDA (Figures 5 and 6).

Ionic Nanopore Transport at PDA-Functionalized
Nanopores. pH-dependent ionic nanopore transport through
mesoporous silica films is a promising technology for various
applications such as sensing, desalination, and energy
conversion.10,59−62 Here, ionic nanopore transport at changing
bulk pH was studied by cyclic voltammetry to understand the
role of PDA presence and amount at the nanoporous and
mesoporous film surface. Cyclic voltammetry measurements
were performed when the PDA-functionalized mesoporous
films were in contact with an aqueous electrolyte solution,
containing anionic ([Fe(CN)6]3−/4−) (Figures 5 and 6a−c) or
cationic ([Ru(NH3)6]2+/3+) (Figures 5 and 6d−f) redox
probes. The electrolyte solution pH is thereby adjusted to
pH = 2 (red), pH = 5 (black), or pH = 8 (blue) (Figures 5 and
6a−f). From the oxidation peak of cyclic voltammograms
(Figures 5a−f and 6a−f), we derived the anodic peak current
density (ip,a, Figure S12) quantifying the changes in the ionic
nanopore accessibility (Figures 5g−h and 6g−h). These
changes in the nanopore accessibility for different type-A and
type-B films are illustrated in the insets of Figures 5 and 6a−f.
For nonfunctionalized type-A films at acidic pH, a larger

number of anionic probes ([Fe(CN)6]3−/4−) access the
mesoporous film, which is reflected in a higher value for the
peak current density (ip,a) at acidic conditions as compared to
the basic electrolyte solution pH (Figure 5a,g). As expected,
this pH dependence is reversed for the cationic probe
([Ru(NH3)6]2+/3+, Figure 5d,h), which is ascribed to
deprotonation of the silica surface (negatively charged silanol
groups, Si−O−, inset in Figure 5g). A similar pH influence was
observed for the mesopore accessibility of both anionic (Figure
5b,c) and cationic (Figure 5e,f) redox probes through PDA-
functionalized type-A silica mesopores. Moreover, as shown in
Figure 5g,h, the increasing amount of PDA at higher
electropolymerization cycles gradually limits the overall
mesopore accessibility of both anions and cations, which is
reflected in decreasing ip,a with increasing the PDA electro-
polymerization cycle number. As known from the liter-
ature39−41 and confirmed by our reference experiments on
planar ITO surfaces (Figure S15), PDA-film-coating on a
conductive surface (e.g., gold, ITO) can regulate the ionic
electrode accessibility through itself, thanks to (i) film
thickness related spatial blocking and (ii) due to its

zwitterionic nature that can protonate at low pH and
deprotonate at high pH (inset Figure 5g). However, ionic
transport results from our plain PDA film coated on planar
ITO reveals that, regardless of the changing PDA amount (at 5
or 15 electropolymerization cycles) and pH-dependent PDA
charging, the presence of the plain PDA film almost fully
blocks the transport of anions and cations (Figure S13c,d).
Also, CV data collected during electropolymerization in Figure
2 show that the plain PDA-coating directly on ITO is more
efficient (Figure 2a) than PDA-functionalized mesoporous
films on top of ITO (Figure 2b,c). This demonstrates that in
the presence of a larger surface area mesopore film on top of
ITO, the electropolymerized PDA could find larger area to be
localized and thus does not fully block�but limit�the access
of ions through the functional nanopores. Therefore, in our
PDA-functionalized type-A films, increasing the amount of
PDA (at the mesoporous film/ITO interface) with 15
electropolymerization cycles results in blocking for ion
transport (Figure 5g,h). In the absence of nanopore (de)-
protonation at acidic pH 2 (Figure 5g,h), there is significant
pore blocking of both anions and cations at higher PDA-
deposited films. However, inside both 5 (Figure 5e) and 15-
cycle (Figure 5f) functionalized silica mesopores, at basic
solution pH, deprotonation of silica walls and PDA (inset
Figure 5g) seems to result in overcoming this ion exclusion
and the cations are electrostatically attracted, which is reflected
in increasing ip,a for [Ru(NH3)6]2+/3+. Although the overall
peak current density is reduced for both ions with increasing
PDA amounts, indicating less mesopore accessibility, we could
still detect electrostatic attraction of deprotonated walls (and
PDA) for cations at basic pH (Figure 5h). This possibility of
cations accessing the highly PDA-loaded mesopores agrees
with the previous literature of our group.63−65

Gradual limit of ionic nanopore transport while keeping the
correlation between ionic transport and solution pH identical
(as for pristine silica mesopores) is a versatile tool to extend
the ionic permselectivity performance of the mesoporous films.
For instance, anion transport between pH = 2 and 8 at
nonfunctional silica nanopores is limited between peak current
densities of ca. 140 and 100 μA/cm2 (Figure 5g). Only by
increasing the PDA deposition, we gradually hindered the
anion transport, detected lower ip,a at the pores at all pH levels.
To understand the existence of the PDA layer on the
mesoporous silica surface and its role on the ionic nanopore
transport, we partially removed the PDA from the surface of 15
cycles of PDA-functionalized type-A film by using CO2-plasma
cleaning (Figure S14). After CO2 cleaning, higher anionic
probe acceptance to the nanopores was detected at all pH
levels compared to those before CO2-plasma cleaning (Figure
S14b). However, the ip,a from the CO2-plasma cleaned films
are still smaller than those from pristine and 5-cycle PDA
electropolymerized type-A mesoporous silica films. This
indicates that the surface PDA groups exist and play a role
in the ionic transport, but still, the main ionic transport
limiting effect is the PDA at the film/ITO interface.
The effect of PDA functionalization on ionic nanopore

transport was also confirmed for the type-B films at different
pH conditions (Figure 6) and illustrated in the insets of Figure
6a−f. Similar to type-A films, also the nonfunctionalized type-B
films, at acidic pH (pH 2), show accessibility to the nanopores
for cationic and anionic probe molecules since no electrostatic
forces are acting between pore walls and the ionic probes
(Figure 6a,d). Upon increasing the pH, the nonfunctionalized
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pores are negatively charged and electrostatically exclude
anions while attracting and preconcentrating the cations
(Figure 6g−h). At acidic conditions (pH = 2), when the
type-B film nanopores were loaded with larger PDA, unlike the
type-A films, we did not observe a significant change in the
cationic transport. Only a slight limit of anion mesopore
accessibility was detected when the pores were loaded with
PDA after 15 electropolymerization cycles (Figure 6c,f−h). As
shown previously in Figure 5, 15 cycles of PDA functionaliza-
tion at the type-A films could effectively limit the transport of
both anions and cations. However, for type-B films, even at the
largest number of (15 cycles) PDA present at the nanopores
does not effectively block the ionic mesopores accessibility,
which indicates a more complex influence of the mesopore
structure on PDA electropolymerization and resulting ionic
pore accessibility.
In the CV curves presenting the cationic ([Ru(NH3)6]2+/3+)

ion transport at type-A (Figure 5d−f) and type-B films (Figure
6d−f), with higher bulk pH, we detected broadening of the
anodic and cathodic peaks and a reduction peak shift to lower
potentials. In good agreement with the previous literature, such
peak broadening is simply the result of increasing cationic
probe and deprotonated pore wall interaction at higher pH
conditions.66−69 Also, the observed peak shift at higher pH
conditions in the CV curves from cationic probe measure-
ments can be attributed to the effect of the acid−base
equilibrium on the Donnan potential of the films and
electrolytes in contact.66,70 At the same time, compared to
the ionic pore accessibility at type-A films, at pH 5 and 8, in
type-B films, when the pores were functionalized by 5 cycles of
PDA, the PDA-functionalized pores contained a slightly higher
concentration of anions and lower concentration of cations at
the 5-cycle functionalized pores as compared to the non-
functionalized deprotonated pores (Figure 6b,e,g,h). This is
probably related to the presence of PDA (even if it is also
deprotonated), which to some extent limits (isolates) the
electrostatic effect of the deprotonated silica walls (Si−O−)
acting on attracting the anions and rejecting the cations.
Finally, at the highest amount of PDA-deposited silica
mesopores and at high pH conditions, the type-B pores
could reject almost entirely the transport of anions due to pore
blocking (by PDA) and electrostatic rejection between the
probes and the deprotonated pore walls (silica and PDA)
(Figure 6c,g). However, similar to the type-A films,
deprotonated silica and PDA at type-B nanopores at high
pH could help the cationic probe access the nanopores via
electrostatic attraction (Figure 6h).
As shown previously for type-A films, the solution-pH-

related ionic transport mechanism of type-B films does not
change upon PDA functionalization. Additionally, except for
the 5 cycles of PDA-functionalized type-B films where slight
enhancement of anion mesopore accessibility happens at
different solution pH values, similar to type-A films, we
observed more limited ionic transport via larger PDA
deposition at type-B films too (Figure 6g,h). Toward applying
PDA electropolymerization for different nanopore functional-
ization, it is important to note that the effect of PDA is not
limited exclusively toward hindering the ionic transport; it can
also advance the pH-related ionic nanopore transport.

■ CONCLUSIONS
We demonstrate silica mesoporous film functionalization using
the electropolymerization of polydopamine (PDA) inside two

structurally different mesoporous silica films. For both
mesoporous films coated on top of the ITO working electrode,
PDA deposits upon polymerization directly at the ITO/film
interface as well as on the inner surface of the pores and on top
of the membrane. An increase in the number of electro-
polymerization cycles causes an increase of the PDA formation
and subsequent deposition in all sections of the films. The total
amount of PDA formation per ITO surface area does not
significantly differ between the two samples. The presence of
PDA in type-A and type-B nanopores influences pH-depend-
ent ionic nanopore accessibility. We detected pH-dependent
ionic transport only through mesoporous films carrying PDA
but not through plain PDA films deposited directly on the
working electrode. For both PDA-functionalized type-A and
type-B mesoporous silica films, ionic nanopore transport is
regulated by (1) the PDA amount and its distribution at
nanopores, (2) the deprotonation of silica pore walls and PDA
at high pH, and (3) the electrolyte (bulk) pH. Here, we
introduced electropolymerization as a new tool to precisely
functionalize mesoporous films while being able to tune the
polymer amount and its distribution in the film. We envision
that this new method will not only be employed for the
regulation of ionic transport in nanopores but also provide a
versatile platform for the precise functionalization of porous
materials.

■ EXPERIMENTAL SECTION
Chemicals. Tetraethyl orthosilicate (TEOS) (98% reagent grade),

Pluronic F127 (BioReagent grade), ethanol (absolute EMPLURA),
hydrochloric acid (37%), potassium hexacyanoferrate(III) (99.95%),
sodium phosphate dibasic anhydrous (99%), sodium phosphate
monobasic (99%), and dopamine hydrochloride were purchased from
Sigma-Aldrich/Merck. Potassium chloride (99.5%) was purchased
from Carl Roth. Hexaammineruthenium(II) chloride (99.9%) was
purchased from Alfa Aesar.

Mesoporous Silica Thin-Film Fabrication. Mesoporous silica
thin films were prepared through sol−gel chemistry using tetraethyl
orthosilicate (TEOS) as an inorganic precursor and the amphiphilic
triblock copolymer Pluronic F127 as a structure-directing template
that undergoes micellization upon solvent evaporation. According to
reported protocols,49 the molar ratios of the sol−gel precursor
solutions were set to (1) 1 TEOS:0.0075 F127:40 ethanol:10
water:0.28 HCl and (2) 1 TEOS:0.009 F127:19 ethanol:14
water:0.015 HCl leading to (1) type-A and (2) type-B mesoporous
films. The sol−gel precursors were prepared at room temperature,
with the first suspension of Pluronic F127 in ethanol under stirring.
Upon adding a freshly prepared hydrochloric acid solution (37%) in
water (1:1.55; 2:0.05 mol/L), the template dissolved immediately.
After the addition of TEOS, the solution was stirred overnight at
room temperature and stored at −18 °C. Prior to dip-coating, the
sol−gel solutions were stirred for 30 min at room temperature, and
the substrates (ITO-coated glass (Delta Technologies, 70−100 Ω)
and silicon wafer (Si-Mat)) were cleaned with ethanol-soaked fabrics.
Then, the substrates were dip-coated at a withdrawal speed of 2 mm/s
under controlled environmental conditions (50% relative humidity,
22−25 °C) using the previously reported evaporation-induced self-
assembly (EISA) process.71 After aging under the controlled climate
conditions for 60 min, the films were subjected to the following
temperature treatment: heating up to 60 °C within 10 min and
holding the temperature for 60 min, followed by a temperature
increase to 130 °C within 10 min and holding the temperature for 60
min. Subsequently, the temperature was increased to 350 °C with a
heating rate of 1 °C/min, with the final temperature maintained for 2
h.

Electropolymerization and Electrochemical Analysis. Poly-
dopamine electropolymerization was performed via cyclic voltamme-
try with a standard three-electrode configuration and a Metrohm
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Autolab N series potentiostat (AU-TOLAB PGSTAT 204). Plain
ITO and ITO covered with mesoporous membranes (type-A and
type-B) were used as working electrodes, and Ag/AgCl (3 M KCl)
was used as the reference electrode. The experiments were performed
in an environmental atmosphere at room temperature. For the film
deposition, a 1 mg/mL dopamine solution in 100 mM phosphate
buffer (PB, pH = 7.0) was used. The PB was prepared with sodium
phosphate dibasic anhydrous and sodium phosphate monobasic and
Milli-Q water and was purged with nitrogen for at least 15 min for all
experiments to remove the dissolved oxygen and prevent dopamine
self-polymerization. The working electrodes were either not pre-
treated (ToF-SIMS measurement of type-A 15c and type-B 5c) or
immersed in PB that was constantly purged with nitrogen for 15 min
to ensure no oxygen is trapped in the membrane pores (all other
samples). ToF-SIMS surface maps (Figure S11) of a blank type-A
sample (for reference) and nonpretreated 15c type-A and 5c type-B
samples show an increase of CN− signals that overshadow SiO2

−

signals for the two coated samples, indicating a strong surface
deposition of PDA. In order to inhibit and control the surface
deposition, we introduced the incubation of the samples in nitrogen-
purged PB. The pretreatment was conducted to inhibit growth of
PDA on top of the membrane, but it is expected to not significantly
change the polymerization conditions inside the nanopores.
Depositions via CV were performed in a potential range of −500 to
+500 mV vs Ag/AgCl at a scan rate of 10 mV/s for either 5 or 15
cycles. Fifteen post-CV cycles were performed under the same
conditions, but in a monomer-free PB. The coated working electrodes
were stored under an argon atmosphere. Two different CV setups
were used: analytical electrochemical measurements and the
respective synthesis were conducted in a horizontal cell setup that
allows to define a surface area during synthesis and analysis (Figure
S15a). Before and after the film deposition, analytical cyclo-
voltammetry (15 cycles, 10 mV/s) in the potential window from
−750 to +750 mV was conducted. This wider window is necessary to
detect the peaks that indicate the formation of polydopamine. A gold
wire was used as the counter electrode in this setup. Cyclo-
voltammetric analysis (from −1 to 1 V) of the oxidation and
reduction of 1 mM potassium ferrocyanide in 100 mM nitrogen-
purged PB was conducted in the horizontal cell (Figure S3) with a
scan rate of 100 mV/s. The cyclovoltammetric analysis of oxygen
reduction on plain ITO in nonpurged PB and in nitrogen-purged PB
was conducted in a potential window from −0.8 to 0.8 V at a scan rate
of 10 mV/s with 100 mM phosphate buffer at pH 7 (Figure S5). The
synthesis of samples for all other analytical measurements was
conducted in a vertical cell setup (Figure S15b). This setup allows for
electropolymerization on larger surface areas, which is necessary for
subsequent ionic permeability studies. A platinum-coated titanium
mesh was used as the counter electrode in this setup. Figure S7 shows
the synthesis (a) and post-cross-linking (b) of all sample types (plane
ITO, sample type-A and sample type-B) over 15 CV cycles. The
decrease in current during the cross-linking procedure throughout the
progression of the CV cycles indicates the oxidation of PDA, which
causes cross-linking. The limited change in the last cycles indicates
that most PDA got cross-linked.32 The “current density” describes the
current per surface area of our samples, not the current per free
electrode area.

Transmission Electron Microscopy (TEM) Imaging. Trans-
mission electron micrographs were collected using a Philips FEI CM-
20 transmission electron microscope (Philips, Amsterdam, the
Netherlands) operating at an accelerating voltage of 200 kV. Samples
for TEM imaging were prepared by scratching the mesoporous films
and subsequently dispersing the scratched film in absolute ethanol
during 5 min of sonication. After ultrasonication, mesoporous film-
loaded ethanol suspension was drop-cast onto 3.05 mm Cu grids
(mesh size 200) with a Lacey carbon film on the top (Plano GmbH,
Wetzlar, Germany), placed on the top of a filter paper. After the drop-
cast, samples were left for drying under ambient conditions.

Attenuated Total Reflection Fourier Transform Infrared
(ATR-FTIR) Spectroscopy. IR spectra were recorded in attenuated
total reflection (ATR) mode using a Spectrum One Fourier

transformation infrared (FTIR) spectrometer from PerkinElmer at
4000−650 cm−1. For the measurements performed with 32 scans per
sample, the films were either scratched off the substrate using a razor
blade, placed on top of the ATR-IR crystal, or left on the substrate
and pressed onto the ATR crystal with constant contact pressure. The
resulting spectra were background-corrected using the device
software’s background correction tool and normalized to the Si−
O−Si asymmetric stretching vibrational band at approximately 1060
cm−1 by using IgorPro 7.08 (WaveMetrics). To quantify the relative
change of PDA amount at mesoporous films, the normalized νring
(C�C) stretching mode and N−H bending mode vibration peak
intensities (I(1650 cm−1)/I(1060 cm−1)) from PDA-functionalized
films data were divided to I(1650 cm−1)/I(1060 cm−1) calculated
from the mesoporous films before their PDA functionalization (see
Figure S8e for bar graphs before the final normalization).

Ellipsometry. Ellipsometry was employed for the determination of
refractive indices and thicknesses of mesoporous silica thin films
deposited on silicon wafer substrates (Si-Mat, Kaufering, Germany,
100 mm diameter, 525 ± 25 μm thickness, type P/Bor, ⟨100⟩
orientation, CZ growth method, 2−5 W resistivity, polished on one
side) using the nanofilm EP3-SE device (Accurion) equipped with a
658 nm laser. The software EP4-View and EP4-model (version 1.2.0)
were used for measurements and model analysis. The angle of
incidence (AOI) was varied from 38 to 68° in 2° increments and
measured in one-zone mode (Si-wafer → SiO2 oxide layer → SiO2
mesoporous layer). The measurements were performed under
controlled humidity conditions (15% relative humidity) adjusted by
the ACEflow 1.0 (SOLGELWAY) system and regulated by
Regul’Hum (version 3.3) software. The average pore volume
calculation was done by using the refractive indices according to
Brüggemann’s effective medium theory described in the literature.72

Static Contact Angle (CAstatic) Measurements. Contact angles
(CAstatic) were measured as deposited with an OCA 35 device by
DataPhysics using the SCA 4.5.2 software and the sessile drop
method under a standard atmosphere (T = 23 °C, RH = 60%). A
drop volume of 2 μL was used, and the CAstatic value was obtained by
fitting the droplet shape by using the approximation algorithm of the
SCA software. The mean CAstatic was measured for at least five
droplets. CAstatic measurements of regions previously investigated for
ionic nanopore transport (see Figure S8a) were very limited (0.21
cm2 circular) for leaving five different droplets. Therefore, we could
generate only one CAstatic from these measurements; thus, no standard
deviations (error bars) could be generated.

Krypton Physisorption. Pore and pore neck sizes of type-A and
type-B films were obtained by Krypton physisorption measurements
at 87.4 K using an Autosorb iQ instrument (Anton Paar, Ostfildern-
Scharnhausen, Germany). The temperature of 87.4 K was adjusted by
using (i) liquid argon and a saturation pressure of 12 Torr or (ii) a
cryo sync (Anton Paar, Ostfildern-Scharnhausen, Germany) and a
saturation pressure of 12.9 Torr. Before each measurement, the
samples were degassed at 80 °C for 12 h under a high vacuum. The
adsorption isotherms were evaluated with respect to the pore size and
pore size distribution by using the Krypton 87.4 K thin-film method,
which is implemented in the ASiQwin program (Anton Paar,
Ostfildern-Scharnhausen, Germany). The Barrett−Joyner−Halenda
(BJH) method was applied to the desorption branch of the isotherms
to calculate the pore neck size.

Scanning Force Microscopy (SFM). Scanning force microscopy
(SFM) was performed in peak force mode in the dry state on a
BRUKER Dimension ICON. We used an Al-coated OLTESPA
cantilever from OPUS by MikroMasch (nominal resonance frequency
70 kHz, nominal spring constant 2 N/m). For imaging, we used 512
× 512 pixels for all scan sizes of 1 μm2. The roughness values SQ of a
whole map as well as of inside 200 nm × 200 nm areas (marked with
white borders in the images) are collected for three spots on each
sample type, and their averages and standard deviations are calculated.
In addition to topography, we recorded adhesion maps with identical
settings. The data was processed by the software Gwyddion (v2.62).
Topography images were leveled by the mean plane subtraction and
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the mean and matching row alignment function. The adhesion data
was not postprocessed.

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-
SIMS) and Quantification of the PDA Amount at Mesoporous
Films. ToF-SIMS depth profiles were acquired in the negative ion
polarity using a TOF.SIMS5.NCS (IONTOF, Münster, Germany)
with 30 keV Bi3+ primary ions (current 0.13 pA) for analysis and 10
keV Ar1500 ions for sputtering at a current of 10.5 nA the
noninterlaced sputtering mode. The primary ion gun analyzed a 200
× 200 μm2 field of view with a 128 pixels × 128 pixels raster. The
sputter erosion was conducted on an area of 400 μm × 400 μm2. The
analyzer cycle time was 200 μs, relating to a mass range of 1−3600 m/
z. Data evaluation of the data sets was done with the IONTOF
Surface Lab 7.1 evaluation software. The graphs for the plain samples
(Figure 4a,b) were smoothened via the averaging of two adjacent data
points.

Ionic Transport Experiments by Cyclic Voltammetry and
Peak Current Density Quantification. Cyclic voltammetry
measurements were performed by using an Autolab PGSTAT302N
potentiostat from Metrohm Autolab BV operated by Nova 2.0
software called Nova 2.0. The pore transport was analyzed by using
electrolytes consisting of 100 mmol/L KCl and 1 mmol/L
[Fe(CN)6]3−/4−, or 1 mmol/L [Ru(NH3)6]2+/3+ as negatively or
positively charged probe molecules. The pH values of the electrolyte
solutions were adjusted to pH 3, 5, and 8 using an Edge pH meter
(Hanna Industries) and diluted aqueous hydrochloric acid and
sodium hydroxide solutions. For cyclic voltammetry measurements, a
three-electrode system consisting of an Ag/AgCl electrode (BASi,
Type RE-6) as the reference electrode, a graphite electrode (Alfa
Aesar) as the counter electrode, and the ITO layer of the silica-coated
substrate (Delta Technologies, 70−100 Ω) as the working electrode
was used. For the anionic redox probe [Fe(CN)6]3−/4−, the potential
range was set to −0.2 to 0.6 V, while for the cationic probe
[Ru(NH3)6]2+/3+, it was set to −0.6 to 0.2 V. Before each cyclic
voltammetry measurement, the samples were incubated in 100 mmol/
L KCl solution for at least 1 h. The contact area (opening) between
the electrolyte and the measured mesoporous film was 0.21 cm2. Each
condition was measured at least once, using a scan rate sequence of
200, 100, 25, 300, 500, and 200 mV/s, while each scan rate cycled
three times. For evaluation, the 200 mV/s scan rate was used only if
200 mV/s CV curves collected at the beginning and end agreed with
each other. Measurements of one series were repeated, until a
constant current density in relation to the electrolyte exposure time
was reached. Anodic peak current densities (ip,a) were quantified from
the peaks in the oxidation part after defining a proper baseline
correction as explained in the literature.12,73 A previous study by
Alberti et al. showed that similar mesoporous films might get damaged
after a critical time and continuous electrochemical investigations,
which could influence the collected data.74 To avoid such risks in our
measurement, while studying the nanopore transport of a film, we
changed the measurement position (where the film was in contact
with the electrolyte at the 0.21 cm2 opening) every time the
electrolyte was changed (having a different pH and/or ionic probe).
Also, the contact time of films with electrolytes was less than 1.30 h to
avoid possible deformations at the film surface under electrochemical
conditions. Therefore, we avoided collecting data from already
studied regions and kept the interaction time between the electrolyte
and the (non-)functional films as short as possible.
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