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ABSTRACT: A common approach to investigate chemical
interactions at the polymer/metal oxide interface is by
monitoring ultrathin polymer films onto a metal oxide
substrate by a variety of surface analysis techniques. The
deposition of this nanometer-thin overlayer is frequently
carried out by reactive adsorption from dilute polymer
solutions. However, the influence of the solvent on the
metal oxide chemistry is seldom taken into account in
interface studies. The overall amount of available adsorption
sites on the metal oxide surface might decrease due to
competing adsorption of the solvent and the polymer
adsorbate. Therefore, in this work, the adsorption of a common organic solvent (methanol) onto a physical vapor-deposited
aluminum oxide surface is monitored in situ by an integrated attenuated total reflectance Fourier transform infrared
spectroscopy in the Kretschmann geometry and odd random phase multisine electrochemical impedance spectroscopy system.
It is shown that methanol immediately physisorbs onto the aluminum oxide surface and replaces the initial adventitious carbon
layer. This process is followed by methanol chemisorbing onto the oxide surface to form methoxide species at the liquid/solid
interface. Additionally, chemisorption is validated ex situ by X-ray photoelectron spectroscopy.

■ INTRODUCTION

Polymer/metal oxide composites play an important role in a
wide range of areas such as corrosion protection, packaging,
lithography, adhesion, coating application, and many others.
Obtaining a fundamental understanding of bond formation and
degradation mechanisms at the polymer/metal oxide interface
is a necessary step to understand the overall durability of the
entire composite system. The recent development of new
experimental approaches enables the characterization of this
region under humid or corrosive conditions.1 This solid/solid
interface is often referred to as the buried interface since it is
not readily accessible by common surface analysis techniques.
Therefore, investigating this region requires the use of a model
system and a well-chosen methodology.2 A common approach
to gain access to this region is the use of a thin-film deposition,
where the polymer film is made sufficiently thin, only a couple
of nanometers, to be able to study the interaction of functional
groups on metal (hydr)oxide surfaces. The deposition of this
thin film is performed by dip- or spin-coating a highly diluted
polymer solution, leading to organic films with a thickness of
the order of nanometers.3−7

These diluted polymer solutions mainly consist of organic
solvents, and for acrylic polymers, this is commonly an
alcohol.8 Fowkes et al. and Abel et al. previously showed that
the nature of the solvent has an influence on the amount of
polymer deposited on the substrate surface and that the
solvent’s acid−base properties govern the adsorption process

in general.9,10 But despite the large abundance of the solvent
molecules in contact with the oxide surface, the influence of
the solvent itself on the oxide chemistry is often neglected.
However, it is important to monitor the dynamics between the
solvent and the metal oxide surface as the solvent can also
undergo acid−base interactions with the metal oxide.11−15 Due
to the dynamic nature of this process, the application of an in
situ technique is essential.
When previously investigating the chemical behavior of

carboxylic functional groups with the aluminum (hydr)oxide
surface, by monitoring the adsorption of polyacrylic acid films,
an ester-functional group was observed in the C 1s spectrum.4

However, this peak could not be assigned to a functional group
originating from the polymer configuration. In previous
investigations concerning the interfacial interactions between
acrylic polymers and metal oxides, the same observation was
made. Leadley et al.16 proposed that the X-ray source of the X-
ray photoelectron spectroscopy (XPS) and the resulting
photoelectrons resulted in sample degradation, leading to the
presence of ester groups. Alexander et al.17 also observed this
ester contribution but questioned that this functionality results
from X-ray-induced damage of the thin films. They suggested
that the origin of these groups may relate to the increased
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concentration of end group functionalities in the material.
However, this also seems unlikely as the observed ester
contribution is rather large and the end groups make up only a
small percentage of the entire polymer chain. In our previous
investigation, we also considered the influence of the photon
flux, but no changes in the C 1s peak were observed after
continuous irradiation of the sample. Therefore, the presence
of this ester group has to be explained by another process.
Ex situ and conventional attenuated total reflectance infrared

spectroscopy (ATR-IR) was used to investigate the catalytic
properties of alumina in contact with alcohols over a wide
temperature range.11−15 The collective results obtained in the
field of catalysis show that methanol and ethanol form
(m)ethoxide surface species onto the aluminum oxide surface
at room temperature. However, also in the field of adhesion
science, the characterization of the solvent/metal oxide
interactions is necessary, since available bonding sites on the
metal oxide surface might become occupied. A competition
between the organic coating and the used solvent might lead to
a decrease in overall adhesion.
Recently, the combination of both IR and impedance

spectroscopy to create an integrated spectroelectrochemical
system has gained interest. For example, the groups of
Persson18 and Grundmeier19 developed novel approaches to
study water diffusion through polymer coatings. Vlasak et al.20

used conventional attenuated total reflectance Fourier trans-
form infrared (ATR-FTIR) and electrochemical impedance
spectroscopy (EIS) to study water uptake of thin polymer
films. Öhman et al.18,21,22 specifically focused on IR in the
Kretschmann geometry to study the interfacial behavior of
water at the solid/solid interface, combining this approach with
impedance spectroscopy, which is a conventional technique
that is commonly used to monitor water transport through
polymer coatings as well as deterioration and/or corrosion
onset in polymer/metal oxide systems.
Later, Hauffman et al.23 showed the dynamic interaction

behavior between ethanol and aluminum oxide in situ by
introducing odd random phase multisine electrochemical
impedance spectroscopy (ORP-EIS). This technique enables
the possibility of a dynamic study due to shortened
measurement time, and it also provides statistical information
on the measurement and fitting quality. This is achieved by
utilizing a random phase multisine excitation signal that
contains only odd harmonics. It has been shown previously
that during one single ORP-EIS experiment, the impedance,
the level of the measurement noise, the level of the nonlinear
distortions, and the level of nonstationary behavior are
measured at each frequency and can be quantified.24 From
this approach, it is possible to make an evaluation of the linear
and stationary behavior of the system under investigation.
Another advantage is that the quantification of the noise levels
allows to compare these noise data with the residuals of the
fitted model, providing a way to validate the fitting quality of
the selected model.25−27

In this work, the adsorption behavior between methanol and
aluminum oxide is monitored as a function of time using a new
spectroelectrochemical setup, based on IR in the Kretschmann
geometry and ORP-EIS instead of conventional EIS, which was
introduced by Öhman et al.18,21,22 We investigate the origin of
the earlier observed ester group XPS peak, whether this is the
result of chemical interaction at the liquid/solid interface. The
chemical interactions at the solvent/metal oxide interface and
the subsequent organic layer formation are monitored over

time. This is done by recording information on the formed
chemical bonds at the interface while in the same time frame
performing an electrochemical characterization.
ATR-FTIR in the Kretschmann geometry provides an

interface-sensitive and in situ analysis of a solvent/metal
oxide interface. This is achieved by utilizing an internal
reflecting element that is coated with a thin evaporated metal
film. Nevertheless, the strong absorbing character of metals
towards infrared light, an electric field can still pass through a
nanometer-thin metal film. This allows the evanescent field to
pass through the evaporated metal film and thus to obtain an
infrared spectrum from the metal oxide/interface region. The
absorption of the incident infrared light at a given wavelength
represents specific interatomic interactions, and since the
interface region is probed, this directly leads to information on
the interfacial bonding. Simultaneously, ORP-EIS results in the
characterization of the electrochemical properties of the whole
system, such as the (de)adsorption of organic species or
changes in the chemical structure of the oxide layer, such as the
onset of corrosion processes. Therefore, this integrated
approach is an excellent way to characterize the effect of the
solvent on the metal oxide surface in situ at the liquid/solid
interface.

■ EXPERIMENTAL SECTION

Attenuated total reflectance Fourier transform infrared (ATR-
FTIR) spectroscopy measurements in a Kretschmann geom-
etry were carried out by coating a germanium internal
reflection element (IRE) crystal with pure aluminum
(99.99% metals basis, Johnson Matthey) by means of a high-
vacuum evaporation coating system (VCM 600 Standard
Vacuum Thermal Evaporator, Norm Electronics). The film
thickness was 50 nm, as determined by a quartz crystal
microbalance. The metal film was exposed to the ambient
environment to form a passivated oxide layer. During this
exposure, adventitious carbon from the atmosphere unavoid-
ably adsorbs on the metal oxide surface. The exact composition
of this carbon layer is not fully understood both in this work
and in the literature; however, it has been shown that it mainly
consists of a combination of hydrocarbons and small carboxylic
acid-based molecules.28−30 The probing depth of ATR-FTIR
in the Kretschmann geometry depends on the thickness of the
deposited metal film and the utilized angle. A physical vapor
deposition (PVD) film thickness of about 50 nm and a grazing
angle are used. The evanescent wave of infrared light is largely
absorbed by the deposited metal film; therefore, it is just able
to reach the liquid/metal oxide surface. This leads to a probing
depth of the order of nanometers and results in a near-interface
spectrum (Figure 1). A more detailed description of this
technique is given by Öhman et al.21

A Thermo-Nicolet Nexus FTIR apparatus equipped with a
mercury−cadmium−telluride liquid-nitrogen-cooled detector
and a nitrogen-purged measurement chamber with a VeeMAX
III ATR accessory was used. The resolution of the acquired
spectra is 4 cm−1. Spectra acquisition was controlled by the
OMNIC 8.1 software package (Thermo Electron Corporation,
Madison, WI). On top of the native oxide film, the electrolyte
solution was placed in a sealed electrochemical cell from PIKE
Technologies to measure the adsorption in situ at the interface.
A spectrum of the IRE crystal coated with aluminum oxide
within 3 min after contact with the electrolyte was taken as a
background.
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Impedance spectra were acquired simultaneously by a two-
electrode setup using a Biologic SP-200 potentiostat and a
National Instruments PCI-4461 DAQ-card, with a platinum
wire as the counter electrode (and short-circuited as
pseudoreference electrode) and the deposited aluminum
oxide acting as the working electrode. The electrolyte consisted
of a 0.1 M NaClO4(·H2O) (analytical grade, VWR Chemicals)
methanolic solution (high-performance liquid chromatography
grade, ≥99.9%, Sigma-Aldrich). The odd random phase

multisine perturbation signal applied was a 10 mV root mean
square (RMS) variation around the open-circuit potential,
consisting of the sum of harmonically related sine waves with
the same amplitude and random phases. The odd harmonics
are excited, and in a group of three consecutive harmonics, one
harmonic is randomly omitted. Both potential and current
signals are monitored at all measured frequencies (excited and
nonexcited). The technique has been described in detail
elsewhere.25,31,32 The signal was digitally composed with
MATLAB R2013a software (MathWorks Inc.), and MATLAB
was also used to control the DAQ-card and to process the
collected data. The impedance spectrum was acquired every
600 s between 0.01 and 2000 Hz.
X-ray photoelectron spectroscopy (XPS) images were

recorded using a PHI5600 photoelectron spectrometer
(Physical Electronics) with an Al Kα monochromatic X-ray
source (1486.71 eV photon energy). The vacuum in the
analysis chamber was 5 × 10−9 Torr or lower during
measurements. High-resolution scans of the Al 2p, O 1s, and
C 1s core electron peaks were recorded from a spot diameter
of 0.8 mm. A pass energy of 23.5 eV and an energy step size of
0.1 eV were used. XPS data were analyzed using PHI MultiPak
software (v9.5). The energy scale of the XPS images was
calibrated relative to the binding energy of adventitious
hydrocarbons (C−C/C−H) in the C 1s peak and set to
284.4 eV.

■ RESULTS AND DISCUSSION
Integrated Setup: Odd Random Phase Multisine EIS/

FTIR in the Kretschmann Configuration. Infrared Spec-
troscopy in the Kretschmann Geometry. Since the used
background spectrum for the infrared spectroscopy measure-
ments is the metal oxide surface just after initial exposure to

Figure 1. Schematic representation of the integrated impedance/
infrared spectroscopy setup. A germanium crystal is coated with a 50
nm aluminum film, which is exposed to ambient conditions to form a
native oxide layer, and this metal film is the working electrode. The
crystal is brought into contact with a 0.1 M perchlorate methanolic
solution. A platinum wire was used a counter electrode.

Figure 2. ATR-FTIR Kretschmann spectra of the methanol/aluminum oxide interface just after immersion in the methanol solution and after 24 h
of immersion in the solvent. Wavenumbers (cm−1) of the major peaks are shown, combined with their respective molecular vibration.
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the methanol electrolyte, the recorded spectra represent all of
the changes with respect to (w.r.t.) this initial moment of
exposure. This approach allows to distinguish between the
species being formed at the interface (resulting in positive
peaks) and the species that disappear from the interface
(leading to negative peaks). By using the initial aluminum
oxide/methanol electrolyte spectrum as a background, this also
allows to filter out the influence of the bulk methanol
electrolyte. This is shown in Figure 2, where the spectrum just
after methanol immersion and the spectrum after 24 h of
immersion are shown.
Figure 3 shows the evolution of the spectra at the interface

between the PVD-deposited aluminum oxide layer in contact
with liquid methanol every 1.5 for 24 h. During the first 250
min of exposure, mainly negative peaks are observed. These
peaks correspond to physisorbed methanol and the adventi-
tious carbon layer that are being replaced. This can be
observed from the presence of the band at 1412 cm−1, which
corresponds to the absorption band attributed to OH bending
in H-bonded CH3OH.

33 The negative peaks observed at 3562
and 3120 cm−1 correspond to the OH band of water and
physisorbed methanol, respectively.34 The peaks at 2923 and
2850 cm−1 correspond to the CH3 stretching vibrations of the
liquid CH3OH.

11 The main negative peak that is observed is
the peak at 1043 cm−1, which represents the stretching band of
the C−O bond originating from physisorbed methanol.11

Peaks are observed at 1560 and 1450 cm−1, which are
assigned to symmetric and asymmetric carboxylate (COO−),
showing that an initial contamination layer of adventitious
carbon exists. The vapor deposition process results in a
nanometer-thin film that becomes exposed to air, to form a
passivated native oxide layer. During this exposure, adventi-

tious carbon adsorbs instantaneously on the metal surface.28,29

van den Brand et al. showed, by means of infrared reflectance
absorbance spectroscopy, that immediately upon exposure to
ambient conditions, a combination of hydrocarbons and small
carboxylic acid-based molecules adsorbs on the aluminum
oxide surface. This was observed by the presence of symmetric
and asymmetric carboxylate IR peaks in the range of 1390−
1630 cm−1. It is also in this range that we observe the growth
of these negative peaks, indicating that an adventitious carbon
layer was present after the PVD process and is being replaced
at the interface by the organic solvent.30

Obtaining an IR spectrum of the surface contamination layer
with ATR-FTIR in the Kretschmann configuration, to analyze
the exact composition of the adventitious carbon layer, is not
possible since a background spectrum of the PVD film without
the adventitious contamination layer cannot be recorded
without the need of a cleaning step. Since this procedure is
commonly the immersion of the metal oxide in an organic
solvent, the use of a cleaning step was skipped to not alter the
aluminum oxide surface. The initial presence of this layer only
becomes apparent in the IR spectra by the growth of negative
peaks in time of the COO− bands and this after bringing the
PVD-deposited layer in contact with methanol.
The positive peaks correspond to aluminum methoxide

being formed at the interface. Peaks at 2944 and 2832 cm−1

show the CH3 stretching vibrations of the methoxide. These
values correspond well with the earlier observed wavenumbers
of adsorbed alcohols.11,35 These wavenumbers are typically
shifted from the ones observed in the spectrum of liquid
methanol. This is explained by the effect of the increased force
constant of the CH bond of the methyl group induced by the
electronegativity of the aluminum oxide.36

Figure 3. Evolution of ATR-FTIR Kretschmann spectra of the methanol/aluminum oxide interface during 24 h of immersion in the solvent (a).
The negative peaks show the replacement of physisorbed methanol and adventitious carbon at the interface. The positive peaks show the formation
of surface species and continuation of hydroxylation of the aluminum oxide surface. The insets show the spectra in more detail in the range of
1500−1350 cm−1 (b), 3800−2800 cm−1 (c), and 1300−750 cm−1 (d).
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The infrared peaks observed at 1172, 1106, 1087, and 1022
cm−1 can all be attributed to aluminum methoxide as was
shown by Greenler et al.11 However, during the ex situ
experiments by Greenler et al., the peak at 1070 cm−1 was
observed from the IR spectrum of pure aluminum methoxide
compound (Al(CH3O)3), but was not observed in their ex situ
adsorption experiments. By utilizing the Kretschmann
geometry, it is possible to in situ observe the growth of
these peaks, and also the one that is expected near 1070 cm−1,
which is observed at 1087 cm−1.
The IR peak at 930 cm−1 is allocated to the Al−OH bond

from aluminum hydroxide. This peak increases over exposure
time, which can be explained either because a small amount of
water is present in the used methanol solution or due to water
formation at the interface.37−39 This small water content leads
to a further hydroxylation of the metal oxide surface. The bulk
response of the water molecules is not observed as it is filtered
out by the used background.
With increasing immersion time, a new peak is observed in

the OH band. This peak (3350 cm−1) can also be explained by
the formation of water at the interface or originates from the
hydroxylation of the aluminum oxide surface. Previous
investigations already suggested that methanol reacts with
surface hydroxyl groups of the metal oxide to form water.15,40

In Table 1, the obtained in situ data are compared to the ex
situ data recorded by Greenler et al. This comparison shows
the benefit of utilizing infrared spectroscopy in the
Kretschmann geometry for interfacial analysis as it provides
an IR spectrum of the interface region and allows for in situ
studies to be performed.
Odd Random Phase Multisine Electrochemical Impe-

dance Spectroscopy. In Figure 4, the Bode plots of the
aluminum oxide submersed in methanol solution are shown.
An evolution during the first 24 h is observed. More
specifically, an increase in the magnitude of the impedance
modulus in the frequency ranges of 10−2−1 and 1−10 Hz is
observed in Figure 4a, as indicated by the two arrows. The
phase plots (Figure 4b) exhibit a shift in phase toward the
high-frequency range, illustrated by the arrow on the right.
Also an increase in the phase angle can be observed between
10−2 and 1 Hz, indicated by the arrow on the left.

Table 1. Comparison of Observed in Situ Infrared Values with ex Situ Literature Data

in situ FTIR Kretschmann (cm−1)a ex situ FTIR (literature) (cm−1)b

physisorbed MeOH/water OH band 3562 (−) 3335/1420
3120 (−)/1412 (−)
3350 (+)

methoxide CH3 stretching 2944 (+) 2950
2923 (−)

physisorbed MeOH 2832 (+) 2840
2850 (−)

adventitious carbon/physisorbed MeOH C−H and COO− 1560 (−) broad band at 1430
1450 (−)
1400 (−)

C−O bond 1043 (−) 1030
methoxide CH3O−Al 1172 (+) 1190

1106 (+) 1100
1087 (+) 1070 (expected but not observed by Greenler et al.)

C−O bond 1022 (+) 1040
aluminum hydroxide Al−O(H) 930 (+) 935

aPositive peaks (+); negative peaks (−). bGreenler et al.11

Figure 4. Bode plots of methanol adsorption onto a physical vapor-
deposited aluminum oxide. Evolution during the first 24 h for (a)
impedance modulus and (b) phase angle.
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By analyzing ORP-EIS results, an evaluation can be made of
the quality of the impedance measurements itself and about
the validity of the used electric equivalent circuit (EEC), which
is used to physically describe the electrochemical response of
the system under investigation.26 As was stated by Maciá et
al.,41 the validity of the model can be evaluated if the following
three conditions are met: (1) the model is physically
meaningful, (2) the modeling residual is situated near the
experimental noise level, and (3) the fitted electrochemical
parameters are physically meaningful and have a low standard
deviation. The validity of the model by monitoring these
conditions is discussed further.
From the phase information shown in Figure 4b, it is seen

that at least two relaxation constants are present, as the phase
signal varies asymmetrically. The proposed model is shown in
Figure 5.

Here, Relec represents the electrolyte resistance. Rpore and
Qorg are the resistance and constant phase element
representing the organic layer, respectively, which consists of
the reactions between methanol and aluminum surface
hydroxyl groups and also consists of the initial adventitious
carbon layer. Rox and Qox are the resistance and constant phase
element mimicking the oxide layer response. The proposed
EEC represents a combination of the electrolyte, the organic
film, and the metal oxide and was already previously used in
the literature to describe the adsorption of molecules on a
metal oxide system.23,42 All of the logical components that are
expected to describe the system under investigation are present
in this model. Therefore, and together with the earlier
observations obtained from IR spectroscopy, it can be stated
that the proposed model has the potential to be physically
meaningful and that condition (1) has been met.
In Figure 6, the magnitude and phase Bode plots after 1 h of

immersion are shown together with the modeled curve, the
residual curve, the noise curve, the noise + nonlinearities curve,
and the noise + nonstationarities curve. Due to the application
of an odd random phase multisine input signal, it is possible to
make an evaluation of the quality of the impedance
measurements.25−27,41 When the noise + nonlinearities curve
overlaps with the noise level, the system behaves linear. If the
noise level and the noise + nonstationarities curve do not
differ, then the system behaves stationary. It is observed that
these curves make a nearly exact overlay with the experimental
noise. This shows that the system behaves both linear and
stationary during the measurement and this under the given
excitation amplitude of 10 mV RMS.
An evaluation of the quality of the used EEC is obtained

from Figure 6, where the proposed model (Figure 5) is fitted
onto the experimental data.27,43 This is done by fitting the
electrochemical parameters in the corresponding impedance−
frequency equation of the model to the experimental data by
the Levenberg−Marquardt method. By minimizing a cost

function representing the distance between model and
experimental data, where the data are weighted according to
the noise, best-fit parameters are obtained together with their
standard deviation. The goodness of fit can be assessed by the
resulting complex residual. When looking at the complex
residual, which represents the difference between experimental
and modeled values, it is observed that this curve is situated
near the noise levels of the measurement up to 103 Hz. It is
observed that from 103 Hz on, the noise level increases
drastically. This is because the raw measured data are extracted
from the potentiostat without any compensation procedure,
which is typically built in by the manufacturer in the operating
software of the potentiostat. This leads to a low signal-to-noise
ratio from this frequency on. Since for the fitting procedure the
data are weighted according to the noise, a deviation of the
complex residual is observed in this frequency range. However,
in the high-frequency region, only the influence of the
electrolyte resistance is present. The fitted Bode amplitude
curve still follows the experimental data, whereas only a
deviation is observed in the Bode phase plot in this frequency

Figure 5. Equivalent electrical circuit for methanol adsorption on
aluminum oxide. The first time constant describes the adsorption
(Rpore and constant phase element Qorg), and the second time constant
describes the oxide layer (Rox and constant phase element Qox).

Figure 6. Bode amplitude (a) and phase plot (b) containing the
experimental data, modeled curve, residual curve, noise curve, noise
on the excited frequencies, and noise on the nonexcited frequencies of
the measurement at 1 h of immersion time.
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range. Since the complex residual relative to the impedance
magnitude is low enough, with all values under 10%, condition
(2) for the validity of the model can be accepted. The complex
residual stays near the noise levels (with all values under 10%)
for every measurement cycle; therefore, the goodness of fit is
accepted for all measurements over the entire immersion time.
Evaluation of the IR and Electrochemical Parameters

as a Function of Immersion Time. By combining odd
random phase multisine electrochemical impedance spectros-
copy with infrared spectroscopy in the Kretschmann geometry,
it is possible to couple physically relevant information
originating from the liquid/solid interface obtained by IR
spectroscopy to the fitted impedance parameters.
In Figure 7, an overview of the absolute IR peak height

intensities as a function of immersion time is shown. From this

overview, it can be observed that the chemisorption of
methanol, to form methoxide species (1022 cm−1), happens
over the entire immersion time. However, it is only after the
first 375 min, when the adventitious carbon layer (1560 cm−1)
and the physisorbed methanol layer (1043 cm−1) have been
replaced that the methoxide formation reaches a steady growth
rate. When looking at the OH band (3500 cm−1), it is
observed that this band first becomes more negative up to 375
min, after which it becomes more positive again. This can be
explained either due to a continuous hydroxylation of the
aluminum oxide surface (observed by the increase in Al−OH
band at 930 cm−1) or due to the formation of water by the
chemisorption process.
The fitted impedance parameters, based on the EEC shown

in Figure 5, and their standard deviation as a function of
methanol immersion time are shown in Figure 8. The values of
the EEC parameters initially, after 250 min and after 24 h of
immersion are shown in Table 2. Since heterogeneous surface
behavior can be expected during organic layer formation, the
formula of Brug is used to calculate the effective capacitance.44

When looking at the electrolyte resistance (Relec) in Figure
8a, a decreasing trend (from 270 ± 10 to 172 ± 6 Ω cm2) as a
function of time is observed. This can be explained by the
volatility of the solvent. Notwithstanding excessive shielding of
the electrochemical cell containing the solvent, evaporation
could not be prevented. Due to very minor gaps, probably
around the entrance points of the electrodes, the methanol can
unavoidably evaporate. Due to the high sensitivity of the

impedance spectroscopy and the long measurement time, this
change is observed. Over the entire experiment, the solution
resistance changes about 98 Ω cm2. When looking at the
impedance study of ethanol adsorption by Hauffman et al., the
change in electrolyte resistance is also about 50 Ω cm2 over the
entire measurement duration.23 Since methanol is more
volatile than ethanol, the larger decrease in resistance is
expected, as the concentration of the supporting ions increases
over time.
During the first 250−375 min, a strong decrease in the pore

resistance of the organic layer (Rpore) is observed (Figure 8b).
This decrease from 28.92 ± 0.17 to 20.23 ± 0.05 kΩ cm2

represents the replacement of the original organic layer,
consisting of a physisorbed methanol film and adventitious
carbon contamination. Since organic solvents are commonly
used as cleaning agent to remove the adventitious contam-
ination layer, the presented approach allows to observe the
effectiveness of this cleaning procedure and to follow the
contamination replacement as a function of time.45 After this
layer has been replaced, the pore resistance increases toward
22.30 ± 0.04 kΩ cm2, which indicates the formation of the
organic layer, as the pores in the organic film become smaller.
After 875 min, the pore resistance stays stable, and from that
time on, a stable state is reached and the pore size of the
organic film does not change.
Also in Figure 8b, an overlay of the evolution of Rpore and the

corresponding IR peaks of the methoxide surface specie, the
physisorbed methanol, and the adventitious carbon layer are
shown. During these first 250−375 min of exposure, mainly
negative peaks are observed from the IR spectra, showing that
mainly species are being replaced at the interface. The drop in
Rpore corresponds to the growing negative peaks of the
physisorbed methanol and the adventitious carbon layer,
showing that these components are being replaced. After the
replacement of these two contributions, the chemisorption
process occurs at a steady rate over the entire time period.
The capacitance of the organic layer (Corg) shows a

decreasing trend from 11.95 ± 0.33 to 6.29 ± 0.04 μF/cm2.
We assign this to an increase in thickness (Figure 8c). This
suggests that over the entire period of 1500 min, the organic
layer is growing on top of the aluminum oxide surface. This
also corresponds to the increasing contribution of the
methoxide peak, showing that a chemisorbed layer at the
interface is being formed.
The resistance of the oxide layer (Rox) is shown in Figure 8d.

Here, an increasing trend from 162.23 ± 22.31 to 985.19 ±
177.85 kΩ cm2 is seen over time. Since only changes are
observed in the resistive behavior of the oxide, it is assumed
that these changes only originate from a changing ion
concentration in the oxide pores. It should also be mentioned
that this parameter is typically fitted from the low-frequency
region. Therefore, this parameter is less precise due to the
lower signal-to-noise ratio (shown in Figure 6), which results
in a larger standard deviation of this parameter.
The capacitance of the oxide layer (Cox), shown in Figure 8e,

has a value of 15.92 ± 0.08 μF/cm2 and remains stable over
time. This indicates that the oxide layer thickness does not
change over time due to the immersion.
From the discussion above, it is seen that the electro-

chemical parameters follow a physically meaningful trend, in
accordance with the measured infrared spectra, and have
reasonably low standard deviations. This indicates that
condition (3) for the validity of the model is accepted.

Figure 7. Infrared peak intensities at the liquid/solid interface as a
function of immersion time in the solvent.
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Therefore, it is shown statistically that the proposed model can
describe the interactions occurring at the methanol/aluminum
oxide interface. This can be concluded because of (1) the
physical meaning of the model, (2) the close proximity of the
modeling residual near the experimental noise level, and (3)
the fitted electrochemical parameters have physical meaning
and also a low standard deviation.
It is shown that the integrated setup provides comple-

mentary information of the system under investigation, which

would not be possible when only one of the two techniques
would have been applied. Differentiating between multiple
types of interfacial interactions at the interface is not possible
with ORP-EIS, whereas these bands can easily be observed in
the infrared spectra. From the ORP-EIS data, it was possible to
link the decrease in capacitance of the organic layer and the
changes in the pore resistance to the changes in different IR
peaks, indicating chemisorption at the interface and overall
organic layer growth. On the other hand, no changes in the

Figure 8. Fitted parameters and their standard deviation as a function of submersion time. (a) Electrolyte resistance (Relec); (b) pore resistance of
the organic layer (Rpore) and IR peak intensities of methoxide, physisorbed methanol, and adventitious carbon; (c) effective capacitance of the
organic layer (Corg) and IR peak intensity of methoxide surface species; (d) resistance of the oxide layer (Rox); and (e) effective capacitance of the
oxide layer (Cox).
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oxide layer capacitance are observed from the ORP-EIS data.
This indicates that the oxide thickness stays constant, whereas
from the infrared spectra, it is seen that the content of surface
hydroxyl groups at the interface increases.
To conclude, it is shown that impedance spectroscopy is

able to in situ monitor the growth of a thin organic film;
however, it is not possible to distinguish the different types of
chemical interactions at the liquid/solid interface from the
impedance spectra alone. By combining this technique with
infrared spectroscopy in the Kretschmann configuration, we
obtain complementary information on the type of interfacial
interactions and this as a function of time.
X-ray Photoelectron Spectroscopy. Figure 9 shows the C

1s XPS image of an aluminum oxide surface exposed to an
ambient atmosphere compared to a surface that was immersed
in methanol for 3 days.

The blank aluminum oxide surface only exhibits a C−C/C−
H and O−C−O peak originating from adventitious carbon on
top of the substrate since the substrate is exposed to air to form
the passivated oxide layer. The XPS images of the C 1s peak on
the blank substrate show that the adventitious contamination
layer mainly consists of a combination of hydrocarbons and
small carboxylic acid−base molecules, as was shown by van
den Brand et al. on aluminum oxide surfaces that are exposed
to air.28,30 The spectra of the exposed substrate also show the
same peaks; however, an extra peak can be observed. This peak
has a binding energy shift of 1.9 eV with respect to the C−C/
C−H peak and corresponds to an ether peak. All of the
physisorbed species would have desorbed due to the low

pressure. As this peak is observed in vacuum, it can be stated
that this peak originates from chemisorbed methanol onto the
aluminum oxide surface. The ether peak is observed at the
same binding energy as the unknown photoelectron peak that
was observed when investigating the interface of ultrathin
acrylic polymers adsorbed onto a metal oxide. Therefore, we
can also state that the unknown peak results from the adsorbed
solvent onto the metal oxide surface.4,16,17 Extra information
originates from the background of the spectra where the
background of the methanol-exposed substrate is higher than
that of the nonexposed substrate. This shows that an organic
overlayer is formed onto the methanol-exposed substrate,
which leads to more elastic scattering of electrons and thus a
higher background intensity.46

In Figure 10, the O 1s and Al 2p XPS images of a blank
aluminum oxide exposed to ambient conditions and after 3
days of immersion in methanol are shown. From the O 1s
spectra, it is seen that the peak broadens toward higher binding

Table 2. Values and Standard Deviations of the Fitted
Parameters at Different Immersion Times

parameter initial 250 min 24 h

Relec (Ω cm2) 270 ± 10 210 ± 6 172 ± 6
Rpore (kΩ cm2) 28.92 ± 0.17 20.23 ± 0.05 22.30 ± 0.04
Rox (kΩ cm2) 162.23 ± 22.31 162.62 ± 7.56 985.19 ± 177.85
Corg (μF/cm

2) 11.95 ± 0.33 10.42 ± 0.12 6.29 ± 0.04
Cox (μF/cm

2) 15.92 ± 0.08 17.14 ± 0.02 15.27 ± 0.03

Figure 9. C 1s XPS images of blank aluminum oxide (black) and
native aluminum oxide after 3 days of immersion in methanol (green).
An extra peak at 1.9 eV (w.r.t. the C−C/C−H peak) can be observed,
indicating the presence of an ether group originating from the formed
methoxide surface species.

Figure 10. (a) O 1s XPS images and (b) Al 2p spectra of a blank
aluminum oxide (black) and native aluminum oxide after 3 days of
immersion in methanol (green). A broadening of the O 1s peak
toward higher binding energy can be observed, indicating an increased
OH contribution originating from surface hydroxyls or water. And the
higher background intensity indicates the presence of an organic
overlayer, which is also seen in the Al 2p spectra.
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energy. This indicates an increase in the OH and C−O
contribution, typically overlapping and located in this region.47

The increase in C−O contribution originates from the
chemisorbed methanol, whereas the OH contribution can be
explained by the presence of additional surface hydroxyl groups
on the aluminum oxide surface or due to the presence of water
after the methanol chemisorption.48 This peak broadening
corresponds to the observation of increasing IR peaks assigned
to OH groups and methoxide surface species. From the Al 2p
XPS image, no significant changes in peak position are
observed. Both spectra also show an increased background
intensity w.r.t. the nonimmersed substrate, indicating the
presence of an overlayer.

■ CONCLUSIONS
Our investigations reported here show the chemisorption of
methanol onto the aluminum oxide surface in situ. It was
shown that ATR-FTIR in the Kretschmann configuration can
be combined with odd random phase multisine electro-
chemical impedance spectroscopy to identify and monitor the
formation of methoxide species at the liquid/solid interface. An
electric equivalent circuit (EEC) model describing the
adsorption behavior was proposed and proven statistically
valid. Trends of the fitted parameters were linked to the
infrared spectra, allowing to explain the EEC in a physically
meaningful manner. Initially, physisorbed methanol and
adventitious carbon are replaced at the interface, followed by
chemisorption of methanol to form methoxide species. An
increase in organic layer resistance and a decrease in its
pseudocapacitance were observed and could be related to
organic layer thickness growth or densification. During this
process, the hydroxyl content of the aluminum oxide surface
increases. This hydroxylation originates from water present in
the methanol solution or due to water formation at the
interface by the chemisorption reaction. Additionally, XPS was
utilized to show ex situ the formation of a methoxide surface
specie. It is thus important to take into account the solvent/
metal oxide interactions since this interaction might lead to a
decrease in available bonding sites on the metal oxide surface
when depositing polymers from polymer solutions.
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