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Influence of Wettability on the Impedance of Ion Transport
Through Mesoporous Silica Films
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controllable porosity and pore structure,
high surface area, and tunable surface
properties.[1] Their material properties,
including their wettability, can be easily
modified by organic molecules, forming
so-called hybrid materials or coatings.[2]
This functionalization has, for example,
been used to control molecular transport
based on adjusting hydrophilicity, charge,
and selective interaction by using responsive molecules and polymers.[3] Other
treatments like coatings on top of the
nanopores[4] or liquid-filling can also be
used to modify properties of nanoporous
materials.[5] For the mentioned applications molecular transport into and inside
mesopores and functionalized mesopores,
as well as the interplay of wettability and
mass transport, are essential. For example,
hydrophobic ceramic membranes are
tested for water desalination.[6] Furthermore, hydrophobic gating is well-known
in nature and shows the importance of
wettability and liquid imbibition control in
the context of molecular transport through
pores.[6b,7] Using synthetic mesoporous
separation layers, hydrophobic gating has
been, for example, achieved by electric potential[8] or by the
introduction of ionizable groups or polymers, which enable
gating by pH or salt concentration changes.[9] Such pH-responsive molecules and surfaces like silica also affect the diffusion
in and through mesoporous layers by electrostatic interactions
between the diffusing molecule and the pore wall. Molecular
transport in nanoscale pores is thus a critical material property
that is strongly influenced by wettability and pH and needs to
be studied precisely to fine-tune nanoscale pore properties and
nanoporous material performance.
Usually, such mesoporous films are investigated regarding
their molecular accessibility using electrochemical methods
like cyclic voltammetry (CV), hydrodynamic voltammetry, or
in a few examples, electrochemical impedance spectroscopy
(EIS).[10] For that purpose, mesoporous films are deposited
onto a solid electrode such as indium tin oxide (ITO) coated
glass. These methods allow investigation of ion transport in
nanoscale pores by using a redox probe molecule in a supporting electrolyte solution, which moves through the film
and is subsequently electrochemically detected by its electron
transfer reaction at the electrode surface below the porous film.
Using CV, the mass transport of the reversible redox
probe through the film can be related to the intensity of the

Functionalized nanopores have attracted strong interest in different fields
in which nanopore transport is essential. Detailed insights into mass
transport through nanopores and its correlation to pore wall properties
such as wettability are essential. The potential and challenges using
electrochemical impedance spectroscopy (EIS) to analyze mass transport
through mesoporous silica thin films with precisely adjusted wettability
are discussed. The accessible area of the electrode, the charge transfer
or film resistance and the diffusion coefficients of the redox probe
[Ru(NH3)6]2+/3+ inside the mesopores are determined. The influence of
experimental parameters such as silica film pre-treatment is evaluated.
Hydrophilic mesoporous films display comparable diffusion coefficients
around 1*10–8 cm2 s–1 independently of the exact wettability. As expected,
hydrophobic films do not exhibit transport due to water exclusion. The
sample pre-treatment strongly influences the transport characteristics.
Incubation into aqueous KCl leads to a decrease in the resistance for all
tested mesoporous films. This is ascribed to an increase in the silanol group
concentration at the pore wall. Besides the insights into mass transport
in mesoporous films and on how to measure EIS in such films, this study
elucidates the importance of sample pre-treatment and surface chemistry
concerning mesoporous film performance.

1. Introduction
Mesoporous silica thin films are investigated and applied in
sensing, separation, catalysis, or water purifications due to their
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voltammetry response expressed as peak current or peak
current density. It has been demonstrated that the detected
peak current depends on the structure and pore size of the
mesoporous silica and is influenced by the interplay between
pore wall functionalization and the nature of the redox probe
molecule, including effects of charge, size, wettability, and concentration.[11] Measuring different scan rates and applying the
Randles-Sevcik equation allows the determination of the diffusion coefficient. It has to be noted that the Randles-Sevcik equation is valid for freely diffusing redox species without adsorption
on the electrode surface.[12] The CV response of mesoporous
silica thin films, however, is very often not only determined
by free diffusion. Interaction with functional groups on the
mesopores walls and hindrance of the transport due to the
porous structure have to be considered, so the result is often
called apparent diffusion or mass transport as more (semi-)
quantitative value.[10g,11] In addition, CV data may include the
diffusion outside the mesoporous thin film in case the probed
length scale is larger than the thickness of mesoporous thin
films, which makes the method less suitable for a quantitative
determination of the diffusion through the film. Nevertheless,
CV is the most commonly applied method to investigate the
transport of ions through films for ease of application.
Alternatively, hydrodynamic voltammetry has been applied
to characterize nanopore accessibility using a rotating disc electrode or wall-jet cell.[10g,11] The discussed parameter is usually
the permeability. With this method, Walcarius and co-workers
demonstrated that an increase in the methyl group content at
the pore wall of mesoporous films from 0% to 60% decreased
the permeability of the probe molecule ferrocene ethanol
by three orders of magnitude based on surface polarity.[13]
Beyond CV and hydrodynamic voltammetry, with EIS all
faradaic and non-faradaic parameters can be determined and
separated. These include mass transport, electrolyte resistance,
or electrochemical reactions over a broad frequency range at a
sinusoidal potential. EIS is widely used for a variety of materials like batteries,[14] solar cells,[15] biological cells,[16] or coatings against corrosion,[17] and fouling.[18] It is as well used to
analyze the proton conductivity of membranes like Nafion[19]
or hybrid composite films like polyvinyl butyral/functionalized mesoporous silica.[20] EIS is used to detect damage in lipid
membranes, too.[21] For mesoporous thin film characterization,
EIS is rarely used although theoretically, the same setup as
for routinely used CV can be applied. Among the few examples of EIS for mesoporous film characterization, Knutson and
co-workers[22] used EIS to analyze lipid-filled, and lipid enveloped silica thin films concerning the transport of redox probes
through this pore confinement. The lipid-filled films showed an
almost four times higher permeability of a hydrophobic redox
probe and a 16-fold decreasing permeability for hydrophilic
probes. Another example is the work of Bin Su and co-workers
as they used CV and EIS to characterize transport through
silica-micelle membranes which can only be permeated with
small and neutral or lipophilic molecules. Further micelles on
the ITO surface favor the charge transfer reaction.[23]
Wei and Hillhouse developed a method to analyze the diffusion through mesoporous films using EIS.[24] They prepared
mesoporous silica thin films via evaporation-induced selfassembly using different templates to investigate the mass
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transport and electrode accessibility of various mesostructures.
They pointed out that using EIS, the mass transport through
the film cannot be directly separated from the charge-transfer
reaction, so a model based on the frequency dependence of the
probed diffusion length scale is necessary. Also, the impedance of the film/bulk solution interface and the 1D diffusion
in the bulk solution has to be considered. At low frequencies,
the area at a larger distance from the electrode is probed, which
corresponds to diffusion in the bulk solution.[24]
Wei and Hillhouse demonstrated that mass transport properties are drastically influenced by the degree of orientation
and order in the mesoporous thin films. Highly ordered films
like 2D hexagonal and rhombohedral films showed relatively
low accessibility, whereas double-gyroid, primitive cubic, and
orthorhombic films provide a substantial access of the redox
probe.[24] This trend was also observed by Walcarius and coworkers using cyclic voltammetry.[10g,11] The highest effective
diffusivity is obtained with double-gyroid films, which can be
explained by a very open and accessible pore system.[24]
Beyond these individual examples and its potential to characterize mass transport, EIS is still not routinely used to characterize the transport of molecules through nanoporous inorganic
or hybrid thin films. This is, among others, due to boundary conditions and assumptions that have to be fulfilled like uncharged
surfaces and equimolar concentration of the redox pair. On the
one hand, a deeper insight into the film properties could be
gained. But on the other hand, EIS is also more susceptible to disturbances, e.g., from temperature variations or cable resistances.
In this study, we applied EIS using a method from Hillhouse and co-workers to investigate the correlation of transport and wettability in mesoporous silica thin films. The
mesoporous thin films were functionalized with 1H, 1H, 2H,
2H-perfluorooctyl dimethylchlorosilane (PFODMCS) to control
the wettability reflected by a contact angle[25] between 20° and
80° as described in a previous study.[26]
Based on this functionalization, the influence of wettability on
ionic transport in mesopores is analyzed and compared in their
faradaic parameters, which enable deeper insights into transport properties than CV measurements. The charge-transfer and
mass-transfer resistances are obtained from the EIS data, which
allows the determination of the active electrode area and the diffusion coefficient of [Ru(NH3)6]2+/3+ in mesoporous silica thin
films. In addition, a special focus has been placed on the influence of mesoporous film pre-treatment on the obtained data.
To the best of our knowledge, this is the first study analyzing
the influence of gradually tuned wettability on the impedance
of ion transport through mesoporous silica thin films which
enhance the understanding of the interaction of functionalization and transport in dependence of wetting properties.

2. Results and Discussion
2.1. Characterization of Mesoporous Silica Thin Films
with Gradually Tuned Wetting Properties
Mesoporous silica thin films are obtained by sol-gel synthesis and
evaporation-induced self-assembly using tetraethyl orthosilicate
(TEOS) as a silica precursor and Pluronic F127 as the template.
© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 1. a) Experimental setup consisting of electrode (ITO), mesoporous silica thin film with thickness L, and the bulk solution containing [Ru(NH3)6]2+/3+
as a probe molecule. b) Schematic depiction of wetting-state and ionic transport through mesopores before (left) and after (right) functionalization with
PFODMCS. c) Equivalent circuits for the shown setup for completely water-filled mesopores (left) and for not-wetted mesopores (right).

The mesoporous film is deposited on an ITO coated glass substrate which serves as an electrode. As shown in previous studies,
the thickness of mesoporous silica thin films is around 170 nm
with a pore diameter of 6–8 nm and a neck diameter of 2–3 nm,
which was determined by transmission electron microscopy
(TEM) and ellipsometry.[26] Gradually adjusted wettability of the
mesoporous silica film is achieved by functionalization using
PFODMCS, as reported in a previous study.[26] The resulting
apparent contact angle (CA) can be adjusted by the functionalization time and therefore depends on the amount of the perfluorinated silane (Figure 1b). Hydrophilic unfunctionalized silica
thin films (CA ≈ 20°) and functionalized films with CAs of ≈45°,
≈70°, and ≈80° were used in this study to analyze the wettability
dependent ionic pore accessibility with impedance spectroscopy.
The PFODMCS functionalization to achieve a CA of ≈45° results
in filling of 5–6% of the mesopore volume and thus only a slight
decrease in the free mesopore volume, as well the mesopore wall
silanol groups are only partly exchanged with PFODMCS. Further hydrophobization to ≈70° and ≈80° still inherit a majority of
free pore volume with a PFODMCS pore filling of around 9–10%
and silicon to fluorine ratio of 1.43:1 according to ellipsometry
and XPS measurements published in a previous study.[26]
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So far, the ionic accessibility of mesoporous films with gradually adjusted wettability was exclusively characterized by cyclic
voltammetry. Figure S1 (Supporting Information) depicts the corresponding CV spectra by using exactly the same measurement
setup and films as for EIS with [Ru(NH3)6]2+/3+ as probe molecule
at an acidic pH value. CV measurements were performed before
and after EIS measurements to prove the film integrity and comparability of the analyzed samples and reproducibility to previous
studies. As previously demonstrated and consistent with the CV
spectra in Figure S1 (Supporting Information), water infiltration is
observed for mesoporous films with a CA < 70°, and corresponding
air-filled mesopores for mesoporous films with a CA > 70°.
Around 70°, a pH-dependent intermediate state is perceived for
which water can wet the pore walls at basic pH due to condensation under ambient conditions. Water exclusion is detected at
acidic pH.[26] This wettability and pH-dependent water imbibition
is explained by the remaining deprotonated silanol groups at the
pore wall at basic pH, which induce a change in surface energy
and with this induce water imbibition. Using EIS, further insights
into the ionic mesopore accessibility are expected because EIS enables the separation of kinetics on the electrode-electrolyte interface
from non-faradaic contributions of the supporting electrolyte.
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2.2. Electrochemical Impedance Spectroscopy of Mesoporous
Silica Thin Films on ITO Electrode
2.2.1. Experiment Requirements and Equivalent Circuits
EIS was carried out by applying a small amplitude AC bias of
10 mV and a DC bias corresponding to the formal potential of
the redox pair (−130 mV, Figure S1, Supporting Information).
This condition causes an equilibrium state, where the concentration of oxidized and reduced species can be assumed to be
equivalent, further exhibiting only small perturbations by the
AC signal. This assumption of equal concentration of the redox
pair is important as the Nernst equation for the one-electron
reduction is based on this equivalent redox pair concentration. The formal potential is experimentally estimated by CV as
average potential between the peaks at the minimum, and maximum current density as shown by Dempsey and co-workers.[12]
Exemplary voltammograms are depicted in the SI (Figure S1,
Supporting Information). Furthermore, all EIS measurements
are performed at a pH value of three to exclude the influence
of a negatively charged mesopores wall and thus electrostatic
interaction between pore wall and redox-probe molecules.
Figure 1a displays the experimental setup consisting of an
electrode (ITO), the mesoporous silica thin film, and the bulk
solution containing [Ru(NH3)6]2+/3+ (concentration 1 × 10−3 m)
as probe molecules in 0.1 m aqueous KCl as supporting electrolyte. The frequency dependence of the electrochemical processes was fitted using Randles equivalent circuits (EC), as
demonstrated in Figure 1c. The EC includes the solution and
substrate resistance RS, the charge-transfer resistance RCT,
a constant phase element (CPE) instead of the double-layer
capacitance (CDL) for the electrical double layer on the electrode-electrolyte interface (as described by Bisquert[27]), and
Warburg impedance W for the diffusion induced response.
The fitted parameters for W are the Warburg coefficient σ
for the bare ITO electrode and the mass-transfer resistance
RW for mesoporous films based on work by Hillhouse and
co-workers.[24a] This procedure is further rationalized in the
supporting information. With the determination of RW, the
determination of the film diffusivity Df becomes accessible. Df
is an important parameter for mesoporous film performance
and relevant for functionalization reactions, sensing or separation performance of such pores. For PFODMCS functionalized
mesoporous films with CA > 70° (Figure 1b), mass transport
can be expected to be very restricted or absent. Thus, these airfilled mesopores are fitted without Warburg impedance and
without charge transfer resistance. Therefore, the EC consists
of the solvent resistance RS, the film resistance RF and a CPE
element. These ECs (Figure 1c) are used to fit the data together
with equations for the mass transport resistance RW described
by Hillhouse, as summarized in the supporting information.[24a]
2.2.2. Influence of Wettability and Pre-treatment on EIS Results
Figure 2 presents the Nyquist (imaginary part of impedance
-Z″ vs real part Z′) and Bode plots (impedance magnitude
|Z| and phase angle ϕ vs frequency f) of an unfunctionalized
mesoporous silica thin film (Figure 2a, reference, CA ≈20°) and
Adv. Mater. Interfaces 2021, 8, 2002095

2002095 (4 of 10)

of PFODMCS functionalized mesoporous silica thin films with
increasing PFODMCS amount and thus increasing CA of ≈45°
(Figure 2b), ≈70° (Figure 2c), and ≈80° (Figure 2d) at a pH of
three. In general, the Nyquist plots of hydrophilic samples (CA
≈20°, CA ≈45°; Figure 2a,b) provide the typically straight line
for the diffusion and therefore the Warburg response with a
slope of ≈45° at low frequencies and a semicircle described by
a R-CPE element in the medium frequency range of roughly
5–1000 Hz corresponding to the charge-transfer resistance.
In the case of water exclusion for samples with CA > 70°
(Figure 2c,d), mass-transfer and charge transfer reaction are not
likely. Therefore, a stronger capacitive behavior can be expected.
In Table 1, the resistances RCT, RW, and RF are summarized by
fitting the spectra to their corresponding EC (Figure 1).
Beyond this general wettability-dependent shape of Nyquist
plots, three different spectra for each CA are depicted in
Figure 2, giving insights into the effect of mesoporous film
pre-treatment prior to EIS measurements and into the effect
of redox ion presence. The black spectra represent measurements that were performed only in contact with the supporting
electrolyte aqueous KCl after incubation in aqueous KCl solution as a pre-treatment. The red spectra were recorded with the
same sample but in the presence of 1 × 10−3 m [Ru(NH3)6]2+/3+
as ionic redox probe molecule. The blue spectra are recorded
under the same conditions as the red ones but without any
prior KCl incubation. This comparison allows us to analyze the
effect of KCl incubation (comparing Figure 2, red and blue) as
well as to elucidate non-faradaic contribution to the impedance
spectra (comparing Figure 2, black and red).
Before discussing the effect of pre-treatment using KCl solution and the mobility of redox probe molecules in mesoporous
films in detail, the active area of the mesoporous thin films and
the diffusion coefficient of the ions without the film on the bare
ITO electrode were determined as described in the supporting
information. Using the model depicted in Figure 1c, the redox
probe molecule diffusion coefficient in solution as measured
with bare ITO electrode was determined as 1.2*10–6 cm2 s–1 and
the active area (1−θ) as 0.34 for the incubated film (Figure 2a,
red) and 0.15 for the non-pretreated film (Figure 2a, blue).
The plots and result table for the unmodified ITO electrode
are shown in Figure S3 and Table S1 (Supporting Information). The lower active area calculated from the non-pretreated
films results from the higher charge-transfer resistance, which
likely corresponds to a more blocking electrode due to interface charges. This interface charge originates from equilibrium
shifts at the electrode interface, which lead to limited transport.
Therefore, a lower active electrode area can be attributed to a
different concentration ratio of oxidized and reduced species
at the electrode. Possibly the incubation of the samples in KCl
solution prior to EIS analysis increases the general mobility of
ions inside the mesoporous silica thin film due to higher active
silanol group content at the pore wall after incubation, which
leads to lower values for RCT. It is known that this KCl incubation pre-treatment or in general incubation in water can influence the pore wall surface chemistry. Some studies showed that
mesoporous silica can get more hydrophilic after adsorption of
water from liquid or gas phase due to hydrolysis of the siloxane
bonds to silanol groups.[28] This increase in surface-active OH
groups can also influence the transport based on hydrogen
© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. Nyquist (left) and Bode plots (right) with phase angle (squares) and absolute impedance (circle) of mesoporous silica thin films on ITO electrode with different wetting properties: a) reference ≈20°, b) ≈45°, c) ≈70°, d) ≈80°. Black: Data recorded in 0.1 m aqueous KCl solution after incubation
in KCl. Red: Same sample as shown in the black spectra, but KCl solution contained 1 × 10−3 m [Ru(NH3)6]2+/3+ at pH = 3. Blue: Different comparable
sample which was measured directly with 1 × 10−3 m [Ru(NH3)6]2+/3+ at pH = 3 in 0.1 m KCl solution.

bond interactions. In a previous study adsorption-desorption
curves of water in mesoporous silica thin film demonstrated
that the surface changed with wetting.[26]
The unmodified mesoporous thin films show a CA of ≈20°
and are compared to a PFODMCS functionalized sample with
CA ≈45°, which is still hydrophilic, allowing water imbibition
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into both mesoporous films.[26] EIS measurements in the supporting electrolyte KCl without the redox probe after incubation
in the electrolyte (Figure 2, black) was performed to differentiate the non-faradaic elements like solvent and film resistance from the faradaic contribution of the redox pair. For
comparison, the same films were subsequently measured with

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

www.advancedsciencenews.com

www.advmatinterfaces.de

Table 1. Resistances of mesoporous silica thin films estimated by equivalent circuit models for the EI spectra shown in Figure 2 together with
the model of Hillhouse as shown in the Supporting Information. Diffusion coefficients and accessible electrode area are calculated, as elucidated in the supporting information.
Sample

≈20°

≈45°

≈70°

≈80°
24

RCT/RF [kΩ]

0.4

0.4

12

(Figure 2, red)

RW [kΩ]

8.6

9.7

–

–

Not pretreated

RCT/RF [kΩ]

1

0.8

35

39

(Figure 2, blue)

RW [kΩ]

9.5

7.9

–

–

Df [10–8 cm2 s–1]

(1–θ) = 0.34

1.0

1.1

–

–

(1–θ) = 0.15

2.2

2.7

–

–

Pretreated

[Ru(NH3)6]2+/3+ as redox pair (Figure 2, red). As expected, for
hydrophilic mesoporous films (CA≈20°, Figure 2a; CA ≈ 45°
Figure 2b) the EI spectra of mesoporous films in contact with
redox molecules show a semicircle and a 45° line in the Nyquist
plot (Figure 2a,b red) corresponding to charge transfer resistance and Warburg diffusion. Without the presence of the
redox pair (Figure 2a,b, black), the semicircle is not observed.
Instead, a capacitor behavior is detected as almost 90° line in
the Nyquist plot for high frequencies. The more hydrophobic
mesoporous films with CA ≈70° and ≈80° (Figure 2c,d, red)
lead to a larger and incomplete semicircle in the presence of
[Ru(NH3)6]2+/3+, indicating the expected hindrance of the redoxprobe molecule transport through the mesoporous film. For
this reason, the measured resistance is not related to a charge
transfer reaction and is therefore referred to as film resistance
RF. Thereby it is remarkable that the PFODMCS-functionalized
mesoporous film with CA ≈80° display an additional element
compared to all other CA: a compressed semicircle with a
diameter of around ≈1300 Ω without redox probe and ≈1100 Ω
with redox probe is recorded followed by a linear section with
an angle of almost 90°. It has to be noted that this first semicircle of the hydrophobic sample is not caused by the redox
pair as it can also be detected also without redox molecules.
The semicircle can be traced back to non-faradaic parameters
of the film, which is probably enhanced in acidic pH due to
the absence of electrostatic interaction with the pore wall of the
mesoporous silica thin film. In the KCl solution, this semicircle
appears with incubation for ≈80° film at pH 6 and without incubation for ≈70° and ≈80° films at pH 3 as shown in Figure S6
and S7 (Supporting Information). It can be assumed that nonwetted pores lead to a stronger contribution of the solvent and
film resistance and capacitance to the impedance compared to
water-filled pores. Probably, this is also leading to a higher solvent resistance in the spectra. The determined solvent resistance varies for incubated hydrophobic films around 240–300 Ω,
whereas both hydrophilic films display a solvent resistance of
≈200 Ω. The solvent, charge transfer and film resistances are
obtained by fitting the data to the corresponding EC, as shown
in Figure 1, and by determination of the semicircle diameter.
The impedance results illustrate a charge transfer resistance
of ≈130 Ω for ITO, ≈400 Ω for both hydrophilic incubated
films and to a film resistance of 12 kΩ for the ≈70° film and
to 24 kΩ for the ≈80° film (Figure 2, red). The increase from
≈130 to 400 Ω can be correlated to the smaller active area of the
Adv. Mater. Interfaces 2021, 8, 2002095
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electrode and the slower diffusion due to the mesoporous film.
The high values in the kΩ range for the hydrophobic and incubated mesoporous thin films demonstrate that no transport
takes place in these not-wetted mesopores.
Furthermore, the solvent resistance and charge transfer are
deduced from the plateau regions in the Bode plot. The solvent
resistance is deduced from the higher frequencies data. The
charge transfer resistance is detected in the medium frequency
range in the case of hydrophilic films. The film resistance of
the hydrophobic films is not detectable in the measured frequency range within the Bode plot.
In addition to the 45° line in the Nyquist plot for the Warburg impedance, the corresponding phase angle maximum of
≈30° in the Bode plot for hydrophilic samples shows that transport occurs. For transport via diffusion, a phase angle of ≈45°
is typically expected. The observed smaller phase angle of ≈30°
is ascribed to the mesoporous structure as the pore show elliptical shape, and the connections between pores are necks with
a smaller diameter as compared to the pore center (Figure 1b).
Consequently, the pore cross-section broadens in the transport
direction after passing the pore neck and entering the pore,
which can be described as a reservoir. Thereby, the frequency
ω is correlated with the diffusion coefficient D and the penetration depth l of the alternating signal in the form of ω = D/l2.
As the pore cross-section changes between neck and pore for
a certain length, a distortion of the diffusion occurs for a specific frequency leading to a decrease in the imaginary component of the impedance and, therefore, in the phase angle. This
phenomenon is described by Keiser et al.[29] and Brandon and
co-workers[30] for different mesostructures.
Besides the literature-known pore shape and the above discussed mesoporous film wettability, the sample pre-treatment
has a strong influence on the measured EIS data.
To investigate the influence of sample treatment on the
obtained impedance spectra and thus on the detected probe
molecule diffusion, a mesoporous film with a specific CA was
measured directly in contact with [Ru(NH3)6]2+/3+ solution but
without any pre-treatment (Figure 2, blue). Measuring the
hydrophilic mesoporous film directly, the semicircle in the
Nyquist plot has a bigger diameter (Figure 2a,b blue) as compared to the pretreated films (Figure 2a,b, red). The detected
semicircle diameter corresponds to a charge-transfer resistance
of ≈1000 Ω for this unmodified mesoporous film. In the case
of a PFODMCS functionalized but still hydrophilic mesoporous
film (CA ≈45°) a charge transfer resistance of ≈800 Ω is deduced
from the Nyquist plot. Besides, the maximum phase angle in
the Bode plot is shifted from 30° to 40° for the unmodified
mesoporous film. For the mesoporous film with a CA of ≈45°
the phase angle does not change and stays at 30° as compared
to the pretreated film with a CA of ≈45° (Figures 2a,b, red).
Both observations, the larger semicircles, and phase angle,
indicate that the incubation pre-treatment significantly
decreases the charge transfer resistance and therefore increase
the speed of the detected electrochemical reaction. This is
consistent with the assumption stated above that higher surface-active silanol group content is expected, which enhance
transport. For an active electrode area of 34% for incubated
films considering the [Ru(NH3)6]2+/3+ bulk concentration of
1 × 10−3 m, the diffusion coefficient within the unmodified
© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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mesopores and PFODMCS functionalized mesopores with CA
≈45° is determined to be around 1*10–8 cm2 s–1 (Table 1). The
detected diffusion coefficients are about 100 times slower than
in solution. It has to be considered that the real concentration
of the redox probe molecule inside the pores and even more the
ratio of probe molecule concentration in the oxidized and the
reduced state at the electrode is, of course, not known, which
is a source of errors in this calculation. Nevertheless, the magnitude of the determined diffusion coefficient corresponds well
to the results of Hillhouse for unmodified mesoporous films,
although a differently charged probe molecule was used.[24a]
Theoretically, the accessible electrode area of 15% calculated for the non-pretreated mesoporous film leads to a diffusion coefficient of 2.2*10–8 cm2 s–1 for the unfunctionalized
film and 2.7*10–8 cm2 s–1 for the ≈45° film functionalized with
PFODMCS. As it can be expected that the active electrode area
will not change depending on the sample pre-treatment and all
values for the mass transfer resistance RW (Table 1) are comparable, it can be concluded that the diffusion does not depend
on the functionalization or the sample pre-treatment. Therefore, the average diffusion coefficient which is determined for
these mesoporous silica thin films with this EIS method can be
determined as ≈1*10–8 cm2 s–1. In a previous study a solid area
fraction of 35% was estimated with TEM, which confirms that a
higher accessible electrode area is more realistic.[26]
Using the Randles-Sevcik equation and cyclic voltammograms, a diffusion coefficient of 7.8*10–6 cm2 s–1 is determined
for the unfunctionalized mesoporous silica thin film, as
shown in the supporting information (Figure S2, Supporting
Information). Literature values for the diffusion coefficient of
[Ru(NH3)6]2+/3 in solution are around 8*10–6 cm2 s–1 measured
in contact with a bare electrode.[31] This significantly faster
diffusion coefficient determined by CV and Randles-Sevcik
equation strongly indicates that the Randles-Sevcik equation
includes the diffusion outside the film to a large extent as the
diffusion coefficient is almost like without porous structure. In
this study, a diffusion coefficient of 1.2*10–6 cm2 s–1 was determined for [Ru(NH3)6]2+/3 in solution with a bare ITO electrode
(Figure S3 and Table S1, Supporting Information), which is
lower than expected. Nevertheless, both diffusion coefficients
are in the same order of magnitude.
Finally, the PFODMCS functionalized film with CA ≈45°
(Figure 2b) shows almost the same behavior in EIS and
CV (Figure S1, Supporting Information) as the unmodified
mesoporous silica thin film (CA ≈20°, Figure 2a), indicating the
PFODMCS amount does not significantly influence the transport characteristics of mesopores for ions at acidic pH as the
pores are still filled with water, and only a small part of the pore
surface is covered with the silane.
As no transport takes place for the more hydrophobic samples, the diffusion coefficient cannot be calculated. Nevertheless, the influence of the incubation is slightly reflected in
the film resistance (Figure 2c,d) and in CV measurements
(Figure S8, Supporting Information). The mesoporous film
with a CA of ≈70° shows a resistance of 35 kΩ and with a
CA of ≈80° 39 kΩ. A CA of ≈70° is the threshold between
the wetted and non-wetted state of the PFODMCS functionalized mesoporous films at acidic pH. Additionally, transport
can still be observed under basic conditions.[26] Therefore, the
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≈70° film is probably stronger influenced by the incubation
than the ≈80°.
Furthermore, the non-pretreated ≈70° film (Figure 2c, blue)
displays a suppressed semicircle with a diameter of ≈1000 Ω
corresponding to a shift of the plateau in the Bode plot from
≈300 Ω (red) to ≈1400 Ω (blue). As this is also observed without
redox species (Figure S7, red, Supporting Information), it can
be assumed that this semicircle originates from non-faradaic
contributions as for the ≈80° films. Interestingly, and in contrast to the mesoporous films with CA ≈80°, the additional
semicircle for mesoporous films with CA ≈70° only occurs
for non-pretreated samples. This indicates that an increase in
silanol content due to the pre-treatment (Figure 2c, red and
Figure S6, green, Supporting Information) prevent this semicircle formation originating from non-faradaic contributions.
Finally, it can be concluded that the samples with CA ≈70° can
be significantly influenced by pre-treatment to achieve much
lower film resistances, but transport in the film still cannot be
observed.
In general, it has to be noted that slight variations in the EI
spectra occur if the same sample is measured several times
or if one mesoporous thin film is measured on two different
positions, as shown in the supporting information in Figure S5
(Supporting Information). This also applies to different unfunctionalized films and different bare ITO electrodes, as shown
in Figures S3 and S4 (Supporting Information). Consequently,
small variations in the spectra, including the diameter of the
semicircle and phase angle, are judged as not significant and
have not been discussed, and special attention has been dedicated to the comparability of the general appearance of the EI
spectra and thus the significance of the discussed trends.
2.2.3. EIS of ITO Electrode and Mesoporous Silica Thin Films
at Different Potentials
As an equimolar presence of [Ru(NH3)6]2+ and [Ru(NH3)6]3+ is
assumed to calculate the diffusion coefficient, one important
parameter for impedance spectroscopy characterization using
redox-active probe molecules is the applied voltage. The formal
potential has to be determined to achieve a 1:1 ratio of the oxidized and reduced state at the electrode. All data presented
in Figure 2 have been recorded at their formal potential at
−130 mV. Figure 3 depicts impedance spectra at applied voltages
of −200 mV to 0 V for ITO (a) and −130 to −170 mV, including
0 V for mesoporous silica thin film (b) for non-pretreated
mesoporous films. For these samples, the formal potential was
determined to be around −130 to −145 mV depending on the
scan rate of CV (Figure S1, Supporting Information).
Varying the applied potential between −100 and −160 mV
a semicircle with a constant diameter of around 200 Ω and
a line with an angle of 45° for the Warburg diffusion can be
detected in the Nyquist plot for the unmodified ITO electrode
(Figure 3a). This corresponds to comparable impedance magnitudes and phase angles between 15°–20° at ≈700 Hz in the
Bode plot. When the voltage approaches 0 V, the phase angle
increases up to ≈60°, and the Nyquist plot is transforming into
a vertical line indicating capacitive behavior. Potentials of −180
and −200 mV result only in a linear section in the Nyquist plot
© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. Nyquist (left) and Bode plots (right) with phase angle (squares) and absolute impedance (circles) of ITO a) and an unmodified mesoporous
silica thin films b) on ITO electrode at different potentials. Measurements were done with the probe molecule [Ru(NH3)6]2+/3+ at pH = 3 with bulk
concentration of 1 × 10−3 m in 0.1 m aqueous KCl solution.

with increasing phase angle to 50–60°. For the mesoporous
silica thin film deposited on the ITO electrode the semicircle
in the Nyquist plot is less complete than for unmodified ITO
and can only be observed for the voltages between −130 and
−150 mV with a constant diameter and, therefore, with identical
charge-transfer resistance of ≈700 Ω.
This voltage-dependent changes in the EI spectra demonstrate that only small variations in potential are acceptable to
avoid significant changes in the detected charge transfer resistance. This is especially helpful considering that direct proof
of a present equimolar concentration of the redox pair in confinement is not possible and that slight variations between different EI spectra for identical mesoporous film categories are
observed, as shown in Figure S5 (Supporting Information).
With increasing potential, the charge-transfer of an unmodified hydrophilic mesoporous film (Figure 3b) is increasing
with the diameter of the semicircle to ≈1100 Ω at −160 mV
and ≈1500 Ω for −170 mV. This increase in charge-transfer
Adv. Mater. Interfaces 2021, 8, 2002095
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resistance with increasing applied formal potential indicates a
stronger blocking of the electrode, probably due to the absence
of an equilibrium state and thus the deviation from the equimolar concentration of oxidized and reduced redox probe molecules. At 0 V the charge-transfer resistance is fitted to ≈42 kΩ,
which shows that no redox reaction occurs at the electrode,
and consequently, that transport cannot be detected. This is
in agreement with the absence of a semicircle and the corresponding plateau in the Bode plot. The maximum phase angle
shifts from ≈30° for −130 to −150 mV at ≈30 Hz, to ≈35° for
−160 mV, ≈45° for ≈170 mV, and 80° for 0 V at ≈10 Hz. A higher
phase angle maximum is reached with mesoporous thin films
at a lower frequency than with ITO, which corresponds to a
more hindered transport as expected due to the porous structure in comparison to transport in solution above an unmodified ITO electrode.
Additionally, the determination of the formal potential with
CV leads to slight variations depending on the sample and the
© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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scan rate. For ITO, the formal potential was determined as
−145 mV at a scan rate of 200 mV s–1 and −140 mV at 100 mV s–1
and for mesoporous silica thin film as −130 mV at 200 mV s–1
and −135 mV at mV s–1.
In summary, Figure 3 demonstrates the importance of the
formal potential during EIS measurements and that EIS-based
analysis of transport depends significantly on an equilibrium state of the redox reaction at the electrode surface. The
charge-transfer can only take place if there is no blocking effect
originating from an excess of one part of the redox pair. The
mesoporous silica thin films hinder the transport due to their
nanoscale porous structure, which is expressed in higher phase
angles at lower frequencies compared to the bare electrode and
in a higher charge transfer resistance.

3. Conclusion
It has been demonstrated that EIS allows systematic insight
into transport properties of mesoporous silica thin films with
gradually tuned wettability beyond the simple fact that the
pores are wetted or non-wetted and, therefore, open or closed
to probe molecules. Using EIS, the independent determination
of the charge-transfer resistance and the mass-transfer resistance and, therefore, the diffusion coefficient allows quantification of the mesoporous silica film impact on the transport of
molecules inside the mesoporous structure. In the hydrophilic
regime (CA < 70°) with wetted pores, the diffusion of ions in
the mesoporous film is not significantly influenced by the
applied functionalization and thus by the exact contact angle. It
is important to note that the sample pre-treatment has a strong
influence on the observed charge-transfer resistance, giving
insights into ionic transport hindrance.
The diffusion coefficient of [Ru(NH3)6]2+/3+ in aqueous
solution in the mesoporous silica thin film is determined as
≈1*10–8 cm2 s–1 with an accessible area of 34% calculated from
pre-treated hydrophilic thin films. This is significantly smaller
than the diffusion coefficient deduced from cyclic voltammograms using the Randles-Sevcik equation (7.8*10–6 cm2 s–1)
which clearly demonstrates the influence of the impact in bulk
solution outside the mesoporous thin film for CV measurements. The ionic transport in mesopores was determined to be
100 times slower than the diffusion in solution. As expected,
Nyquist and Bode plots of the PFODMCS functionalized
mesoporous silica thin films with CA of ≈70° and ≈80° show
no transport as demonstrated by very high film resistances of
12–24 kΩ for incubated films and 35–39 kΩ for non-pretreated
films at acidic pH.

4. Experimental Section
Preparation of Mesoporous Silica Thin Films and Functionalization via
Vapor-Phase Deposition: The procedure of the previous work of Khalil
et al. was followed.[26] Mesoporous silica thin films were prepared with
Pluronic F127 (Sigma-Aldrich) as a template with TEOS (Alfa Aesar)
as precursor by sol-gel chemistry. The solution was composed of the
following molar ratios: 1:0.0075:10:40:0.28 (TEOS, Pluronic F127, H2O,
ethanol, 37% HCl) and stirred overnight. The thin films were deposited
on indium tin oxide (ITO, Delta Technologies) via dip-coating with a
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withdrawal speed of 2 mm s–1 at 23 °C and relative humidity of ≈50%.
After dip-coating, the films were kept under this conditions for around
60 min and then treated with the following heating program: heating up
to 60 °C in 10 min and staying for 60 min at this temperature, heating
up to 130 °C in 10 min and holding this for 60 min, heating up to 350 °C
with a rate of 1 °C min–1 and staying for 120 min at 350 °C to remove the
template. After cooling down to room temperature, samples were rinsed
with ethanol.
Vapor-phase deposition was done with 1H, 1H, 2H, 2H-perfluorooctyl
dimethylchlorosilane (abcr) was carried out as previously described in a
vacuum chamber at room temperature.[26] The reaction chamber with the
samples was alternately evacuated and filled with nitrogen three times.
Under nitrogen PFODMCS (20 µL) was deposited, and subsequently, a
reduced pressure of 40 mbar was applied. After a specific time, the samples
were removed, rinsed with ethanol, and extracted in ethanol and toluene.
Electrochemical Impedance Spectroscopy (EIS) and Cyclic Voltammetry
(CV): All electrochemical experiments were performed using a Metrohm
Autolab PGSTAT204 potentiostat with FRA32M module for EIS
measurements in combination with Nova 2 software and the measuring
cell TSC Surface from rhd instruments together with their electrodes
at room temperature.[26] The three-electrode setup consisted of an Ag/
AgCl micro reference electrode, a glassy carbon counter electrode,
and mesoporous thin films on a conductive ITO surface as working
electrode (Delta Technologies) with an exposed area of 0.28 cm2. A
0.1 × 10−3 m solution of [Ru(NH3)6]2+/3+ (Alfa Aesar) as positively charged
probe molecule in 0.1 m aqueous KCl (Merck) with pH≈3 adjusted
with 1 N HCl was used as electrolyte. Incubation in KCl solution was
performed for 1–2 h. First CV was measured between −0.6 and 0.2 V
at different scan rates: 200 mV s–1, 100, 25, 300, 500, 200 mV s–1.
The formal potential for the probe molecule was determined with CV
spectra at a scan rate of 100 mV s−1 and applied as a fixed DC set point
on the electrochemical cell. The average value of −130 mV was used.
In addition, a small amplitude of 10 mV was applied as AC bias. The
impedance was measured over a frequency range between 0.1 Hz to
100 kHz. The data analysis of the EI spectra was done with the software
RelaxIS 3 from rhd instruments by fitting to the equivalent circuit
models shown in Figure 1 and Equation (8) shown in the Supporting
Information. For this setup, a small semicircle for high frequencies
occurred, which is independent of the sample and the redox species. It
could be caused by cables or electrodes. This semicircle is deformed and
does not add any information, so it was excluded from the analysis, and
the full frequency spectrum is not displayed in the final data. The general
measurement setup and analysis was based on the work of Hillhouse
and co-workers.[24a]

Supporting Information
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