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Abstract: Three nanoporous alumina structures (NPASs) obtained by the two-step anodization
method were optically and electrochemically characterized. Two of the structures were symmetric
(NPAS-Sf and NPAS-Ph) and one was asymmetric (NPAS-And); pore size ranged from 10 nm to
100 nm and porosity was 12% in the case of the symmetrical NPAS and 23% and 30% for each
surface of the asymmetric structure NPAS-And(A) and (B), respectively. Optical parameters of
the studied samples (refraction index and extinction coefficient) were obtained from ellypsometric
spectroscopy measurements carried out for wavelengths ranging between 250 nm and 1700 nm
(visible and near infrared regions), with the total average refraction indices being 1.54, 1.52, 1.14,
and 1.05 for NPAS-Sf, NPAS-Ph, NPAS-And(A), and NPAS-And(B), respectively, which indicates
porosity control of refraction index values. Electrochemical characterizations (concentration potential
and impedance spectroscopy measurements) were performed with NaCl solutions, and they allowed
us to estimate samples of effective fixed charge concentration (1.22 × 10−2 M, 1.13 × 10−3 M, and 1.15
× 10−3 M), ion transport numbers, permselectivity (33.0%, 3.1%, and 9.6%), and the electrical
resistance of each solution/sample system as well as the interfacial effects associated to solution
concentration–polarization, which seems to be mainly controlled by pore size and sample symmetry.

Keywords: nanoporous alumina structures; ellypsometric spectroscopy; concentration potential;
impedance spectroscopy; sample structure

1. Introduction

Nanoporous alumina structures (NPASs) obtained by electrochemical anodization of aluminum
foils according to the two-step anodization method [1,2] are of great interest due to their application as
nanofilters, drug deliverers, templates for nanoparticles, nanotubes, nanowires, platforms for sensors,
and medical devices [3–9]. Lately, other applications of NPASs such as spintronics, solar cells, light
emitting diodes, and photonic crystals have been studied [10–16]. Most of these applications are related
to the high structural regularity of NPAS, which exhibit almost ideal cylindrical pores with narrow
pore radius distribution and without tortuosity, but their thermal and chemical resistance are also of
great interest when used as nanofilters or membranes due to their stability under cleaning protocols
commonly used to reduce fouling (adsorption/deposition of transported molecules or particles), which is
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the main problem in such applications [17,18]. The two-step anodization method creates samples with a
wide range of pore radii (rp ranging between 10 nm and 200 nm) and interpore distances (Dint, between
20 nm and 1000 nm) depending on the electrolyte solution, applied voltage, and temperature used
during the first step, while pore length (lp) and film thickness, which usually range between 10 µm and
100 µm, are basically associated to the second anodization step duration [2]. Although small differences
in pore radii of both NPAS surfaces can exist due to the etching process needed for back pore opening,
they are considered symmetric structures [19]. However, the use of asymmetric commercial alumina
membranes for diffusive transport of specific cations (terbium, americium, europium . . . ), as well as
NPASs with sequential gradation of pore radii and porosity for improving retention efficiency in drug
delivery or gas permeation reduction have also been reported [20–22].

Another significant characteristic of NPASs is the easy modification of geometrical and/or functional
parameters by surface coverage/modification using different techniques such as dip coating, chemical vapor
deposition, or atomic layer deposition (ALD), which can be selected depending on layer characteristics or
specific NPAS application [23–28]. Particularly, surface coverage of NPASs with an Al2O3 layer by the
ALD method for pore size/porosity reduction was performed, and these results indicate only a small effect
on diffusive ionic transport as determined by concentration potential measurements, but surface coverage
with layers of other ceramic oxides (SiO2, TiO2, Fe2O3, or ZnO) seems to affect electrochemical transport
parameters [26,28–30]. Moreover, NPASs coverage with monolayers and bilayers of different ceramic
oxides seems to modify characteristic optical parameters such as the refraction index or the extinction
coefficient of the original sample according to spectroscopic ellipsometry (SE) results [29,30]. In this
context, changes in different optical characteristics of NPASs associated to differences in their geometrical
parameters (pore size, porosity, and thickness) have also been reported [15,31–33].

SE is a non-destructive and non-invasive technique commonly used for optical characterization
of thin films, since it allows for the estimation of modifications related to both film surface and bulk
phase by measuring changes in light polarization due to its reflection from a solid structure, although
it has also been employed for optical analysis of thicker samples (around 15 µm) [34]. SE results allow
for the estimation of different optical parameters (refraction index, extinction coefficient, or real and
imaginary parts of the dielectric constant) as well as layer thickness [34,35].

In this work, the effect of pore radii/porosity and asymmetry on both optical and electrochemical
characteristic parameters of NPASs were analyzed. For that reason, three different NPASs of similar
thickness (~60 µm) were studied, one commercial asymmetric membrane (AnodiscTM, with nominal
pore radii of 10 nm for one surface and 100 nm for the opposite surface) and two experimental
samples with symmetrical structure and average pore radii around 10 nm (NPAS-Sf sample) and
100 nm (NPAS-Ph sample), similar to those corresponding to each surface of the commercial sample.
Optical characterization was performed by spectroscopic ellipsometry (SE) measurements, and the
comparison of results obtained for the different samples can give information on the influence of pore
size/porosity and sample asymmetry on samples optical behavior. For that reason, chemical surface
analysis by X-ray photoelectron spectroscopy (XPS) was also carried out. The refraction index and
extinction coefficient were determined from SE results. Moreover, electrochemical characterization of
the three selected samples by concentration potential measurements, using NaCl solutions at different
concentrations, was also performed to estimate the effect of the films’ geometry and asymmetry
on characteristic electrochemical parameters such as ionic transport numbers and permselectivity.
The obtained results, showing the predominance of porosity or pore size on optical or electrochemical
parameters, respectively, might be of interest for different NPASs applications.

2. Materials and Methods

2.1. Materials

Three nanoporous alumina structures with similar thickness (~60µm) were studied: an asymmetric
commercial membrane (AnodiscTM 25 from Whatmann, Maidstone, UK, sample NPAS-And) and two
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symmetric structures manufactured in the Nanoporous Membranes Laboratory of the Nanotechnology
Division, Universidad de Oviedo, Spain (samples NPAS-Sf and NPAS-Ph).

NPAS-Sf and NPAS-Ph samples were fabricated by the two-step aluminum anodization method [1]
using an electrochemically polished high purity Al foil (Al 99.999%, Goodfellow, Huntingdon, UK),
which was cleaned by sonication in isopropanol and ethanol prior to the first anodization process (see
Figure 1a). The NPAS-Sf sample was obtained by establishing a constant anodization potential of 25 V
between the Al foil and a Pt counter-electrode in a 0.3 M sulfuric acid solution, while these parameters
in the case of the NPAS-Ph sample were 0.1 M phosphoric acid and 195 V. The electrolyte temperature
was maintained around 1 ◦C by an external recirculation bath. The first anodization step lasted for
24 h, guaranteeing the development of highly ordered nanopore domains following a close-packed
hexagonal arrangement. The aluminum oxide layer during the first anodization step was then removed
by selective chemical etching in an aqueous solution of 0.18 M CrO3 and 0.61 M phosphoric acid,
respectively. The as-obtained nanostructured Al substrate was exposed to a second anodization step
until a nanoporous structure with a thickness of around 60 µm was obtained (Figure 1b). The remaining
un-oxidized Al substrate at the bottom of the samples was selectively dissolved by submitting it to a
wet chemical etching step (0.14 M CuCl2 and 4 M HCl aqueous solutions). The etching was stopped
when the samples became transparent, thus evidencing the complete removal of the Al substrate.
This procedure was carried out in an area of approximately 1 cm2 placed at the center of the sample,
in order to keep a surrounding Al ring that allowed for straight-forward handling of the 60 micron thick
samples (Figure 1c). Finally, the alumina barrier layer that occluded pore bottoms was dissolved by
floating the samples in a 10 wt % phosphoric acid solution at room temperature under static conditions,
which allowed for opening of the nanopores by the two sides. The complete opening of the barrier
layer (Figure 1c) was indicated by the fact that the etching solution was able to flow through the
nanopores, which wets the upper surface of the samples.
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Figure 1. Schematic drawing of the synthesis of experimental nanoporous alumina structure (NPAS)
samples: (a) Starting Al substrate; (b) nanoporous alumina structure obtained after two-step anodization
method; (c) selective removal of unoxidized aluminum substrate; (d) removal of barrier layer and
pore opening.

2.2. Chemical Surface and Morphological Characterizations

Chemical characterization of the samples surfaces was performed by analyzing X-ray photoelectron
spectroscopy (XPS) spectra. A Physical Electronics Spectrometer VersaProbe II (Physical Electronics,
Chigasaki, Japan) spectrometer using monochromatic Al-Kα radiation (200 µm 49.1 W, 15 kV,
and 1486.6 eV) with a hemispherical multichannel detector was used for core-level signals analysis.
The sample spectra were recorded with a constant pass energy value at 29.35 eV, using a 200 µm
diameter circular analysis area, at a take-off angle of 45◦. The diameter of the analyzed area was
720 µm, and each spectral region was scanned several times (low noise ratio). The residual pressure
in the analysis chamber was maintained below 5 × 10−7 Pa during data acquisition, and binding
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energies (accurate ± 0.1 eV) were determined with respect to the position of the adventitious C 1s
peak at 285.0 eV. The PHI ACCESS ESCA-V 8.0 F software package was used for data acquisition and
analysis [36].

Morphological characterization of the samples surfaces (top and bottom) and cross-sections
was performed by analyzing scanning electron microscopy (SEM) micrographs obtained using a
JEOL-5600 Scanning Microscope (Akishima, Tokyo, Japan), working at a voltage of 20 kV and
equipped with an Energy Dispersive X-ray Spectrometer (EDX) INCA Energy 200 (Oxford Instruments,
Abingdon, UK), after being coated with a thin gold layer by means of a sputtering (Polaron SC7620,
Quorum Technologies, Laughton, UK) process to make them conductive. Geometrical parameters
(nanopore size and spatial arrangement) were determined by using ImageJ software (v 1.50i) for image
analysis [37].

2.3. Optical Characterization

Spectroscopic ellipsometry (SE) measurements, directly performed on the samples without employing
any other substrate, were carried out with a spectroscopic ellipsometer (GES-5E, Sopra-Semilab, Budapest,
Hungary) using wavelengths in a range from 250 nm to 1700 nm, covering visible and near infrared
(NIR) regions, at an incident angle of 70◦. Due to the asymmetric structure of the NPAS-And sample, SE
measurements were performed for both surfaces.

Ellipsometry measures changes in light polarization due to its reflections or transmission across a
solid structure. Measured angles, Ψ and ∆, are related to the ratio of Fresnel reflection coefficients,
rp and rs, of polarized light (p for parallel and s for perpendicular) by [38]:

tan(Ψ)ei∆ = rp/rs (1)

SEA (accuracy ± 0.0001) software from Semilab (Budapest, Hungary) was used for data fit by
considering Fresnel equations, Snell law, and complex refractive index ñ = n + ik. A scheme of SE
measurements as well as expressions for Fresnel reflection coefficients are given in the Supplementary
Information (Figure S1).

2.4. Electrochemical Characterization

The electrochemical test-cell that was used for electrochemical characterization (concentration
potential and impedance spectroscopy measurements) is schematized in the Supplementary Information
(Figure S2a). The studied samples were placed between both half-cells, which were filled with NaCl
aqueous solutions, stirred at 540 rpm to minimize interfacial effects, and a reversible Ag/AgCl electrode
was introduced in each half-cell. Measurements were carried out at room temperature (25 ± 2 ◦C)
and standard pH (5.8 ± 0.3). Figure S2b in the Supplementary Information shows a scheme of solid
sample/electrolyte electrical distribution and interfacial effects.

Concentration potentials (∆E) measurements were performed with different NaCl solutions
(concentrations cc and cv) in each half-cell (cc = 0.01 M for all measurements, while cv ranged
between 0.002 M and 0.1 M), and the Ag/AgCl electrodes were connected to a digital voltmeter
(Yokohama 7552, 1 GΩ input resistance, Tokyo, Japan) to measure electrical potential values [39].
When reversible electrodes are used in this kind of measurements, ∆E values also include the electrode
potential, ∆Φelec = (RT/zF)ln(cf/cv)), where z represents the valence of reversible ion, while R and
F are the gas and Faraday constant and T is the temperature of the system [40]. Consequently,
the nanostructure contribution can be determined by subtraction of electrode potential to measured
values: ∆Φ = ∆E − ∆Φelec. The analysis of ∆Φ values was carried out by taking into account potentials
for both the solution/sample interface and diffusion in the pores, plus electroneutrality condition, [26]
and it is described in detail in Section 3.3. Electrochemical Characterization.

Electrochemical impedance spectroscopy (EIS) measurements were carried out by connecting the
electrodes to a Frequency Response Analyzer (FRA, Solartron 1260, Farnborough, England) controlled
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by a computer. Up to 100 different frequencies ranging between 1 Hz and 107 Hz at maximum voltage
of 0.01 V were recorded for the system: electrode//0.002 M NaCl solution//NPAS sample//0.002 M NaCl
solution//electrode [41]. EIS data were corrected by software and the influence of connecting cables
and other parasite capacitances. ZView 2 data analysis program (Scribner, Southern Pines, NC, USA)
was used for electrical parameters determination.

The impedance (Z) is a complex number, Z = Zreal + j Zimg, and real (Zreal) and imaginary (Zimg)
parts can be separately obtained by algebra rules. These components are related to the transport
of charge across the system (electrical resistance, R) and charge storage (capacitance, C) by the
following expressions:

Zreal = R/[1 + (ωRC)2] (2)

Zimg = −ωR2C/[1 + (ωRC)2] (3)

whereω = 2πf is the angular frequency. The analysis of the impedance data was performed by using
the Nyquist plot in the complex plane (−Zimg versus Zreal), where a parallel resistance–capacitance
circuit (RC) corresponds to a semi-circle with intercepts on the Zreal axis at R∞ (ω→∞) and Ro (ω→0),
with R = 0.5(Ro–R∞) being the resistance of the system, while the maximum of the semi-circle occurs at
such a frequency that ωRC = 1 [42]. This description is valid for systems with a unique relaxation
time (homogeneous systems), while a depressed semi-circle due to a distribution of relaxation times is
obtained in the case of non-homogeneous systems [42,43].

3. Results and Discussion

3.1. Chemical Surface and Morphological Characterizations

Chemical characterization of NPASs surfaces was performed by XPS. The analysis of the core
level spectrum obtained for each element found on the sample surface permits us to estimate its
atomic concentration percentage (A.C. (%)). Table 1 presents the average values obtained for the main
chemical elements found as well as the corresponding O/Al ratio. The presence of non-characteristic
sample elements, such as nitrogen and carbon (this latter in a high percentage), is associated to both
environmental [44] and fabrication process contaminations, with the latter being the reason for sulphur
and phosphorus presence (phosphoric acid solutions are employed as etching agents for the removal
of the oxide barrier layer); small percentages (≤0.6%) of other non-characteristic elements (N, Cr, . . . )
were also found. Moreover, slight oxidation of the samples surfaces was also observed when comparing
the experimental O/Al ratio and the theoretical one ((O/AL)T = 1.5).

Table 1. Average atomic concentration percentages of the main chemical elements found on
NPASs surfaces.

Sample C (%) O (%) Al (%) N (%) S (%) P (%) O/Al

NPAS-Sf 16.9 53.0 25.7 0.7 2.1 1.9 2.07
NPAS-Ph 19.2 51.7 27.2 0.6 0.9 1.90

NPAS-And 16.6 50.8 27.8 0.5 3.1 1.83

Surface morphology of the NPASs was determined by analyzing SEM micrographs such as
those shown in Figure 2. Pore radii distributions, obtained by computer-assisted image analysis [37],
are displayed in the Supplementary Information (Figure S3). It is worth noting that experimental
NPAS-Sf and NPAS-Ph samples displayed a highly ordered hexagonal pore arrangement and a
monodispersive pore radii distribution, whereas the pore arrangement in the Anodisc commercial
sample was randomly distributed, and it displayed two or more peaks in the pore size distribution
at both sides, which might be associated to these pores that are occluded or stop growing during
the membrane fabrication process. Furthermore, experimental NPAS samples only showed small
differences in pore radii for top and bottom surfaces according to their symmetric structure, as was



Appl. Sci. 2020, 10, 4864 6 of 17

already reported in previous works [19,45–47], but they were significantly different in the case of
the asymmetric Anodisc sample. Values of morphological parameters (pore radii (rp), interpore
distance (Dint), and porosity (Θ = (2π/

√
3)(rp/Dint)2) [48] obtained for each NPAS are summarized

in Table 2, where average values of rp and Θ are indicated in the case of NPAS-Sf and NPAS-Ph
samples. For these two experimental samples, the obtained values were in good agreement with those
previously reported for nanoporous alumina layers synthesized under similar conditions, and they
showed similar porosities of around 10% [2,48]. However, due to the random pore distribution and
lower geometrical reproducibility of the NPAS-And sample, precision in the estimated values of the
morphological parameters for each opposite surface was remarkably lower than those measured for
the highly ordered NPAS samples. In this particular sample, alternative techniques based on gas
penetration seem to confirm our results, indicating an average porosity of 29.3 ± 0.5% for similar
NPAS-And samples [49], thus being consistent with our estimations based on SEM image analysis.
Finally, it should be pointed out that thickness of the different NPASs under study were approximately
constant at around 60 µm.
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Figure 2. SEM micrographs of NPASs: NPAS-Sf top view (a) and bottom view (b); NPAS-Ph top view
(c) and bottom view (d); Anopore: bottom view (e) and top view (f). The insets in (a,c,e,d) show cross
section views of the respective samples. The inset in (b) shows a higher magnification image to make
pore size clearly visible.
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Table 2. Average pore size (<rp>), average interpore distance (<Dint>), and average porosity (<Θ >)
for the studied NPASs.

Sample <rp> (nm) <Dint> (nm) <Θ > (%)

NPAS-Sf 12 ± 2 65 ± 5 12
NPAS-Ph 90 ± 20 490 ± 30 12

NPAS-And (A) 10 * 40 ± 10 23
NPAS-And (B) 100 * 360 ± 80 30

* Manufacturer indication.

3.2. Optical Characterization

Spectroscopic ellipsometry (SE) is a technique used for the characterization of thin films, since
it allows for estimating electrical/optical changes associated to both film surface and bulk phase
modifications. Experimental SE parameters are Ψ and ∆ angles, which are related with differential
changes in amplitude and phase between light waves according to Equation (1) [38]. Figure 3 shows
a comparison of wavelength dependence of measured parameters (tanΨ in Figure 3a and cos∆ in
Figure 3b) for the different samples, where slight differences depending on geometrical parameters for
symmetric samples and surface geometry in the case of the asymmetric one were obtained. It should
be pointed out that the oscillatory character of cos(∆) has already been reported in the literature for
anodized nanoporous alumina films, being the increase of oscillatory cycles related with pore size
reduction, whereas sample impurities and roughness may also affect these values [50]. In the case of
cos(∆) values, differences depending on sample structure and optical region (visible or near infrared)
seem also to exist.
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Figure 3. Wavelength dependence of (a) tan(Ψ) and (b) cos(∆) experimental values for samples:
NPAS-Sf (black dense line), NPAS-Ph (blue dashed line), NPAS-And surface A (green dashed-dotted
line), and NPAS-And surface B (red dashed-dotted-dotted line).

From experimental tan(Ψ) and cos(∆) values, the refraction index (n) and the extinction coefficient
(k) for the studied samples can be determined [50,51]. Figure 4 shows the dependence of the refraction
index, n, and the extinction coefficient, k, with the wavelength; for comparison, the theoretical
wavelength dependence for the refraction index of pure alumina is also shown in Figure 4a (grey dense
line). Since the analyzed NPASs do not consist of a unique material, but rather have a dense alumina
structure (n ~ 1.77) and air in the nanopores (n = 1), differences in refraction index values depending
on sample pore size or porosity are expected, which would support differences in n values obtained
for both surfaces of the Anodisc sample due to its asymmetric structure.
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Figure 4. Wavelength dependence of (a) refraction index and (b) extinction coefficient values for samples:
NPAS-Sf (black dense line), NPAS-Ph (red dashed line), NPAS-And surface A (blue dashed-dotted line),
and NPAS-And surface B (green dashed-dotted-dotted line). For comparison reasons the refraction
index of pure Al2O3 is indicated in (a) as a grey dense line.

The average values of the refraction index for the whole range of frequencies as well as for
frequencies ranging between 250–800 nm (visible) and 800–1700 nm (near infrared) regions for the
studied samples are indicated in Table 3. The reduction sequence obtained for <n> values is in
agreement with the increase of sample porosity, that is, with the higher air content of the samples.
However, although <n> values for NPAS-Sf and NPAS-Ph samples were practically independent on
wavelength and optical region, slight differences were observed in the visible region between both
surfaces of the NPAS-And sample. The effect of porosity on other optical properties of NPASs such
as solar absorptivity has already been reported [32]. The obtained values for the refraction index of
NPAS-Sf and NPAS-Ph samples were in agreement with those reported for other thick, low porosity
alumina nanoporous samples (15 nm pore radii, 9% porosity and thickness ranging between 9 µm and
45 µm) obtained by optical transmission spectra, ranging in such cases with n values between 1.52
and 1.62 [15].

Table 3. Average values of the refraction index determined for the studied samples for the whole range
of wavelength as well as for visible and near infrared optical regions.

Sample <n> <n> <n>

(250–1700) nm (250–00) nm (800–1700) nm
NPAS-Sf 1.54 ± 0.06 1.55 ± 0.04 1.53 ± 0.06
NPAS-Ph 1.52 ± 0.02 1.52 ± 0.02 1.53 ± 0.02

NPAS-And (A) 1.14 ± 0.09 1.24 ± 0.02 1.08 ± 0.09
NPAS-And (B) 1.05± 0.05 1.11 ± 0.02 1.06 ± 0.05

In the case of the extinction coefficient, k, curve shapes and values seem to depend on both
pore size and optical region. Its average value, <k>, in the visible region for samples NPAS-Ph,
NPAS-And(A), and NPAS-And(B) were 0.18 ± 0.02, 0.08 ± 0.01, and 0.06 ± 0.04, respectively; this value
slightly increases to <k> = 0.26 ± 0.08 for sample NPAS-Ph in the NIR region. However, the NPAS-Sf
sample exhibits oscillating behavior for the whole range of wavelengths, while values obtained for
both sides of the NPAS-And in the NIR region also show similar tendencies, which would indicate the
higher influence of lower pore size in that optical region.

3.3. Electrochemical Characterization

Molecular/ion transport across nanoporous structures is the basis of drug delivery, chemical
sensors, and nanofluidic applications, with the nanostructure/solute ratio being a critical point for
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mass transport control [52–54]. However, in the case of ions or charged molecules transport, electrical
interactions with the nanoporous structures can also play a relevant role, favoring the reduction/increase
of co-ions/counter-ions, that is, ions/particles with a similar/opposite sign than that of the nanostructure
fixed charge [20,28,55].

Effective fixed charge concentrations (Xef) and other characteristic diffusive transport parameters
such as ion diffusion coefficients (Di) and transport numbers (ti), which represent the fraction of the
total current associated to the movement of an ion (ti = Ii/IT), are usually determined by concentration
potential (∆E) experiments, measuring the electrical potential difference (∆E) at both sides of the
nanostructure when it is separating two solutions of the same electrolyte but different concentrations
(cf and cv). The analysis of ∆Φ values (∆Φ = ∆E – ∆Φelec, as was previously indicated in the Section 2.4)
was carried out assuming that ∆Φ consists of the addition of several terms [56,57]: (i) the electrical
potential difference associated to the different mobility/transport number of solution ions into the
nanopores (diffusion potential) and (ii) the interfacial potential at each solution/sample surface (Donnan
potential), which is strongly dependent on sample fixed charge and could provoke almost the total
exclusion of the ions with the same sign as the fixed charge when Xef is much higher than the
external solution concentration (Donnan exclusion). The following expression relates ∆Φ values and
characteristic transport parameters [40]:

∆Φ = −
RT
wzF

U ln

√
4y2

v + 1 + wU√
4y2

f + 1 + wU
− ln

c f
cv

√
4y2

v + 1 + w√
4y2

f + 1 + w

 (4)

where w = (+1)/(−1) depends on the sample electrical character (positive/negative fixed charge),
while the parameters U and yi are related to the ions transport numbers, the effective fixed charge
concentration, and the electrolyte concentration [40]. Data analysis was performed according to that
already reported [26,58]

Figure 5 shows the variation of ∆Φ values with NaCl concentration ratio (cv/cc = cv/0.01) for the
three analyzed NPASs, and differences depending on the sample can be observed. For comparison
reasons, diffusion potential values for the NaCl solution (due to the different transport number of
Na+ and Cl− in solution (without NPAS), that is, tNa+

o and tCl−
o, respectively) and those for an ideal

anion-exchange structure (positively charged, with total cation (co-ions) exclusion, tNa+ = 0 and tCl− = 1
into the pores) are also indicated in Figure 5a by a dashed line and a solid line, respectively. Values in
Figure 5a clearly show differences in ∆Φ values associated to both pore size and sample asymmetry.
The effects of ions distribution in charged nanoporous structures as a function of pore size, porosity,
or charge are schematically shown in Figure 5b,c.

According to the values shown in Figure 5a, the NPAS-Sf sample behaves almost like an ideal
anion-exchanger at NaCl concentrations lower than 0.01 M, while ∆Φ values for NAPS-Ph and
NPAS-And samples hardly differ with solution diffusion potentials, which is an indication of their
almost neutral character; moreover, the similarity in the electrical potential values determined for these
two latter samples seems to indicate the higher effect of larger pore size in these results. The effective
fixed charge, Xef, as well as anion and cation transport numbers (tCl− and tNa+ = 1 − tCl−) across
the studied NPASs were determined by fitting the values presented in Figure 5a to Equation (4) by
means of a non-linear procedure [26,28]. Ionic diffusion coefficients ratio (D−/D+ = t−/t+) and ionic
permselectivity (PS) were also determined, and the obtained values for each sample are indicated in
Table 4. Ionic permselectivity is defined as PS = (tCl− − to

Cl−)/to
Na+, where tCl−, to

Cl−, and to
Na+ are

the counter-anion transport number into sample pore, and the solution anion and cation transport
numbers, respectively [40]. Although all samples exhibit electropositive character, the higher value
of the NPAS-Sf fixed charge significantly increased the anion transport number into the nanopores
with respect to solution (to

Cl− = 0.615 and to
Na+ = 0.385; (DNa+/DCl−)o = 0.626 [59]), but this effect was

much more reduced in the case of the two samples with higher pore size/porosity; on the other hand,
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anionic permselectivity values permit a more clear distinction of nanosample structure on diffusive
transport behavior. These results show the influence of the open surface for the asymmetric sample in
the diffusive transport of ions. The obtained values agree with those previously determined for a NPAS
with similar thickness but slightly different pore size (16 nm) and porosity (8%): Xef, =+1.0 × 10−2 M,
tCl− = 0.737 and PSCl− = 40.0% [28].
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Figure 5. (a) Variation of ∆Φ values with concentration ratios for NPAS-Sf (•), NPAS-Ph (H),
and NPAS-And (♦). Dashed line: NaCl solution diffusion potentials; solid line: ideal anion-exchanger
(t− = 1 and t+ = 0). Scheme of ions distribution in charged nanoporous structures as a function of
(b) charge and porosity for samples with similar pore size; (c) pore size and porosity for samples with
similar surface charge.

Table 4. Effective fixed charge (Xef), counter-ion transport number (tCl−), ionic diffusion coefficient
ratio (D−/D+), and anionic permselectivity (PSCl−) for the studied samples.

Sample Xef (M) tCl− DNa+/DCl− PSCl− (%)

NPAS-Sf +0.0122 0.742 0.348 33.0
NPAS-Ph +0.0013 0.627 0.595 3.1

NPAS-And +0.0015 0.652 0.534 9.6

Transport of electrolyte solutions through nanopores involves both electrical and frictional
interactions, the first related to effective fixed charge and the latter to pore size. In a previous paper,
analysis of diffusive transport with tritiated water through the NPAS-Sf sample was performed to
obtain information on solute–pore wall interactions [45]. Figure S4 in the Supplementary Information
shows a comparison of time evolution of radioactive water activity for NPAS-Sf and NPAS-And
samples and the estimation of water permeability for both samples. Tritiated water permeability
values were Pw(NPAS-Sf) = 3.6 × 10−6 m/s and Pw(NPAS-And) = 7.9 × 10−6 m/s, which proves the
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lower frictional effect through the asymmetric NPAS-And sample, probably associated to its partial
opener structure.

The influence of pore radii and porosity on interfacial effects and diffusive transport have already
been analyzed in a previous paper [47], and it is schematically shown in the Supplementary Information
in Figure S2b. The partial exclusion of co-ions from nanopores due to electrical interactions causes an
increase of solution concentration at the solid–liquid interfaces (concentration polarization), which can
be minimized by solutions stirring; consequently, a comparison of ∆Φ values obtained for the same
external solution concentrations under stirring and no-stirring conditions might give information on
interfacial effects. Figure 6 shows a comparison of ∆Φ values determined for the NPASs under both
experimental conditions, where slight differences depending on sample structure can be observed.
Reductions of around 17% and 10% in ∆Φ values at a high NaCl solution concentration (cv > 0.03 M) were
obtained for NPAS-Sf and NPAS-And samples, respectively, as a result of concentration-polarization,
but no differences seemed to exist at the solution/NPAS-Ph interfaces due to its larger pore size.
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Figure 6. Effect of solution stirring on ∆Φ values. (a) NPAS-Sf: (•) solutions stirred, (#) solutions not
stirred; (b) NPAS-Ph: (�) solutions stirred, (�) solutions not stirred; (c) NPAS-And: (�) solutions stirred,
(♦) solutions not stirred. The inset shows possible concentration–polarization effect.

Electrochemical impedance spectroscopy (EIS) is an alternating current (a.c.) technique commonly
used for electrical characterization of homogeneous and heterogeneous systems, which allows for the
estimation of sample/solution electrical resistance and capacitance by using equivalent circuit models
as well as interfacial effects [42,43]. Figure 7 shows the impedance plots, Nyquist plot (−Zimg vs. Zreal,
Figure 7a), and Bode plots (Zreal vs. frequency, Figure 7b, and −Zimg vs. frequency, Figure 7c), where
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slight differences for the bulk contribution of the system sample/0.002 M NaCl solution can be observed;
however, more significant differences existed in the case of the NPAS-Sf/solution sample when the
interface contribution (f < 4 kHz) was considered, this fact was attributed to the higher solution
concentration–polarization presented by this sample, in agreement with concentration potential results
previously discussed. For comparison reasons, in Figure 7b,c, values obtained for the NaCl solution
alone (without any sample in the test-cell) are also indicated.
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Figure 7. Impedance curves for the electrode/0.002 M NaCl solution/NPAS/0.002 M NaCl solution/electrode
system. Nyquist plot (a); Bode plots: (b,c). NPAS-Sf (•), NPAS-Ph (H), and NPAS-And (♦). ω = 2πf.

A clear relaxation process that corresponds to a semicircle in the Nyquist plot for frequencies
higher than 4 kHz (fmax: 1–2 MHz) can be observed in Figure 7c for the three solution/sample systems
(s/s), which corresponds to the parallel association of a resistance (R, associated to charge transport)
and a capacitor (C, associated to charge adsorption), and it is in agreement with Nyquist plots reported
in the literature for porous systems, where the contribution of the electrolyte solution between the
electrodes and the solid surface is also included [43]. The fit of these values allows us to estimate the
electrical resistance and capacitance associated to each solution/sample system [43,60,61], and these
values are indicated in Table 5. The higher electrical resistance and capacitance values exhibited by the
NPAS-Sf sample are associated to its more compact structure, with lower content of NaCl solution
ions (mobile charge), while the increase of solution percentage in the sample increased its conductivity
(electrical resistance reduction). It should be indicated that similar impedance curves, with a unique



Appl. Sci. 2020, 10, 4864 13 of 17

semicircle for the sample/solution system, were previously reported for two commercial inorganic
membranes (a fibrous stainless steel structure as support covered by alumina nanoparticles plus an
external layer of ZrO2 nanoparticles [62], which have 80–100 µm of nominal thickness, 25 nm or 100 nm
pore size, and 25% or 45% porosity [63]) and even for a regenerated cellulose nanoporous membrane
(2.5–3.0 nm pore size and (56 ± 2) µm thickness [39]) mainly due to the high hydrophilic character
of the polymer; however, three separated contributions were obtained by analyzing the Nyquist
plots obtained for a solution/nanofiltration membrane, which corresponded to dense and porous
sublayers of the composite polyamide/polysulfone nanofiltration membrane, respectively, and there
was the contribution of the electrolyte solution placed between the electrode and the membrane
surface [64], due to the very thin (100–150 nm) and compact structure of the dense layer needed for
water desalination (~98% NaCl rejection). All these measurements were performed with the same
equipment as those used in this work.

Table 5. Values determined for the electrical resistance and capacitance of the three 0.002 M NaCl
solution/sample (s/s) systems.

Sample Rs/s (Ω) Cs/s (F)

NPAS-Sf 8840 9.4 × 10−12

NPAS-Ph 7400 8.3·× 10−12

NPAS-And 7800 7.9·× 10−12

4. Conclusions

The analysis of optical and electrochemical measurements carried out with three nanoporous
alumina structures (NPASs) with different average pore size, porosity, and symmetric/asymmetric
structure (NPAS-Sf: 12 nm, 12%, symmetric; NPAS-Ph: 90 nm, 12%, symmetric; NPAS-And:
10 nm, 23% side (A) and 100 nm 30% size (B), asymmetric) allowed us to establish the effect of
sample geometry on characteristic parameters such as the refraction index, extinction coefficient, ion
transport number, and permselectivity, as well as interfacial effects, which are of interest in different
nanostructure applications.

In particular, the refraction index seems to depend on sample porosity in the whole range of
wavelengths studied (250–1700 nm), but smaller pore size might control the extinction coefficient in
the near infrared region.

With respect to electrochemical characterization using NaCl solutions, pore size clearly controls
both diffusive ionic (Cl− and Na+) transport through the NPASs and interfacial effects. Consequently,
sample NPAS-Sf presents higher anionic permselectivity (Na+ exclusion) due to its higher positive
effective fixed charge and solution concentration–polarization effect. It also exhibits higher electrical
resistance ascribed to its lower solution content due to its small pore size. These results prove that
the optical and diffusive transport functional properties of NPASs can be controlled by tuning their
porosity or pore size, respectively, which might be of significant interest for technological applications
of these nanoporous structures.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/14/4864/s1,
Figure S1: Scheme of spectroscopy ellipsometry measurement for a homogeneous sample, Figure S2: Scheme of a)
electrochemical test-cell and b) solid sample/electrolyte electrical distribution and interfacial effects, Figure S3:
Analysis of the pore radii distribution for the studied samples, Figure S4: Time evolution of tritiated water activity
in donor and receiver solutions for NPAS-Sf and NPAS-And.
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