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Abstract: Geometrical, chemical, optical and ionic transport changes associated with ALD of
TiO2-coating on the porous structure of two nanoporous alumina membranes (NPAMs), which were
obtained by the two-step aluminum anodization method but with different pore size and porosity,
are presented. Chemical and morphological changes were determined by analyzing XPS spectra and
SEM images, showing practically total coverage of the NPAMs surface and leading to a reduction in
the geometrical parameters of both samples, while SAED and high resolution TEM measurements
allowed us to determine the crystalline structure and thickness of the TiO2-coating, with the latter
confirmed by depth-profile XPS analysis. Spectroscopic ellipsometry measurements were also carried
out in order to detect changes in characteristic optical parameters (refractive index, n, and extinction
coefficient, k), due to the TiO2-coating of NPAMs. Considering the common application of NPAMs in
solute/ion diffusion processes, the effect of the TiO2-coverage on electrochemical parameters was
analyzed by measuring the concentration potential with a typical model electrolyte (KCl solutions),
leading to an increase of the electropositive character for both kinds of samples.
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1. Introduction

Nanoporous alumina membranes (NPAMs) that were obtained through the two-step aluminum
anodization method, are systems of great interest due to their well-defined morphology (parallel
cylindrical straight nano-pores with radius between 10 and 100 nm, inter-pore distances of 65–500 nm
and narrow pore size distribution [1]), with applications in nanofiltration, biosensors or drug
delivery [2–4]. Pore size and inter-pore distance/porosity of NPAMs depend on the anodization
conditions, such as the value of the applied voltage, together with the electrolyte solution temperature
and its pH used for the first anodization step, while pore length is mainly controlled by time associated
with the second step of the anodization process [5]. However, changes induced in pore-size/porosity
to get the most adequate morphological values for particular applications are also possible through a
chemical pore-coating process, although these processes might also affect other NPAMs characteristics
(selectivity, hydrophilic/hydrophobic character, electrochemical and optical properties) [6].
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Atomic layer deposition (ALD) is a well-known thin film deposition technique that allows the
surface modification by forming a homogeneous thin coating layer of different metal oxides with an
accurate control of the thickness and composition at atomic scale [7]. The ALD technique is based on
the vapor phase deposition method considering sequential and self-limiting reactions, which offers
exceptional deposition conformality with high aspect ratio (quotient length to diameter) even for
nanoporous structures. In particular, TiO2 deposition into NPAMs by ALD technique has recently
attracted broad scientific interest for their applications in biomedicine and photocatalysis [8–13].

Changes in different parameters associated with surface coating with a single layer of TiO2

deposited by ALD technique on two NPAMs, with different pore size and porosity, are compared
and discussed in this work. Chemical surface and structural modifications of the nanoporous
alumina membranes were analyzed by X-ray photoelectron spectroscopy (XPS) spectra and scanning
and transmission electron microscopy techniques (SEM and TEM, respectively). These analyses
suggest the practically total coverage of the alumina supports with a uniform, polycrystalline
anatase TiO2 layer (Ti atomic concentrations of ~22% and around 1% for Al), leading to a pore
size reduction of ~20%. Moreover, XPS depth-profile analysis was performed in order to check
the chemical surface modification associated with the TiO2-coating layer, whereas the spectroscopic
ellipsometry technique has been used to determine the optical characteristics of both NPAMs and
their modification due to the TiO2-coating. Changes in ions diffusive transport associated with
the pore-coatings were determined by concentration potential measurements performed with KCl
solutions, which allows the determination of different electrochemical parameters (effective fixed
charge concentration, ion transport numbers, ionic diffusion coefficients ratio) for the TiO2-coated
NPAMs, of great interest in nanofluidics, nanofiltration or drug-delivery applications. The set of
samples studied and characterization techniques employed give us information on the effect of
pore-radii, porosity and surface material (Al2O3 or TiO2) on diffusive transport characteristics [14].

2. Materials and Methods

High purity aluminum discs (Al 99.999%, Goodfellow, Huntingdon, UK) with thickness of 0.5 mm
and diameter of 25 mm were employed as starting substrates for the fabrication of the NPAMs by
the well-established two-step electrochemical anodization approach. A 0.3 M solution of sulphuric
acid at a constant anodization voltage of 25 V (Sf-NPAM membrane), or a 0.3 M solution of oxalic
acid under an applied anodization voltage of 40 V (Ox-NPAM membrane), were respectively used for
the first (and second) anodization processes, as it was extensively explained in ref. [15]. The duration
of the first anodization step was fixed to 24 h in all the cases, in order to assure a high periodicity
of nanopores self-ordering degree of NPAMs. The samples were then rinsed with deionized water.
An aqueous solution of 0.2 M CrO3 and 0.6 M H3PO4 was used for the selective removal of the anodic
aluminum oxide layer grown in the first anodization step. To ensure the NPAMs integrity during fluid
transport and optical measurements, an alumina membrane thickness of ~60 µm was selected, which
was adjusted by controlling the duration of the second anodization step, performed under the same
anodization conditions as in the first one. Other reagents such as isopropanol, ethanol, perchloric and
orthophoshporic acids were used for aluminum cleaning, electropolishing and selective removal of the
anodic aluminum oxide barrier layer.

ALD coating with TiO2 thin layer of both NPAMs was performed in a Savannah 100 thermal
ALD reactor from Cambridge Nanotech (Waltham, MA, USA). H2O (at 60 ◦C) and titanium (IV)
tetraisopropoxide (at 75 ◦C) were used as precursors for the conformal layer deposition, employing
high purity Ar as the carrier gas. The NPAMs, heated at 200 ◦C in the reactor chamber, were sequentially
exposed to the precursors which were injected into the reactor chamber employing pulsing times
of 1 s. In order to allow the gaseous precursors for diffusing through the high aspect ratio pores of
both NPAMs, the precursors were kept into the reaction chamber by closing the vacuum pump valve,
during exposure times in the range of 45–60 s. To evacuate the excess of unreacted gaseous precursor
and reaction by-products from the ALD reaction chamber, a purge during 90 s with Ar flow of 50 sccm
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was performed between two subsequent precursor pulses. The number of coating cycles was adjusted
according to a growth rate of 0.05 nm/cycle [16], in order to adjust the thickness of the TiO2-coating
layer to around 5 nm.

2.1. Chemical Surface Analysis

The chemical surface characterization of the as synthesized nanoporous alumina membranes and
after being covered by ALD with a TiO2-coating layer, was performed by XPS by using a Physical
Electronics Spectrometer (PHI 5700, Physical Electronics, Chanhassen, MN, USA) with X-ray Mg Kα

radiation (300W, 15 kV, 1253.6 eV) as the excitation source. High-resolution spectra were recorded at a
take-off angle of 45◦ by a concentric hemispherical analyser operating in the constant pass energy mode
at 29.35 eV, being the diameter of the analyzed area of 720 µm, and each spectral region was scanned
several times until a good signal to noise ratio was observed. Binding energies (accurate ±0.1 eV)
were determined with respect to the position of the adventitious C 1s peak at 285.0 eV, maintaining the
residual pressure in the analysis chamber below 5 × 10−7 Pa during data acquisition. PHI ACCESS
ESCA-V6.0 F software package was used for data acquisition and analysis. Shirley-type background
was subtracted from the signals, and the recorded spectra were fitted using Gauss-Lorentz curves for
a more precise binding energy (BE) determination of the different element core levels [17]. Atomic
concentration percentages (A.C. %) of the characteristic elements found on the membranes surfaces
were determined taking into account the corresponding area sensitivity factor for the measured spectral
regions [17].

XPS depth-profile analysis for the TiO2-coated samples was also performed by argon sputtering
(4 kV and 1.5 mA) during 8 minutes, which permits us an estimation of interfacial TiO2/Al2O3

modifications and TiO2-coverage on the pore-walls.

2.2. Scanning and Transmission Electron Microscopy Characterizations

Changes in the morphological parameters of NPAMs as a result of the ALD TiO2-coating, as well
as the nanopore channels in the cross section of mechanically broken samples, were studied by SEM
analysis. Measurements were performed in a JEOL JSM-5600 microscope (Akishima, Tokyo, Japan),
equipped with an Oxford INCA EDS microanalysis system (Oxford Instruments, Abingdon, UK).
The SEM is fitted with a tungsten filament electron gun operating at an acceleration voltage of 20 kV.
SEM images were obtained after coating the alumina membranes with a thin Au layer by magnetron
sputtering deposition (Polaron SC7620, Quorum Technologies, Laughton, UK) at 20 mA for 180 s,
to ensure their electrical conductivity, and they were further analysed by using ImageJ software
(v 1.50i) [18].

The morphology and crystalline structure of the TiO2 ALD coated samples were further studied
by Transmission Electron Microscopy (TEM) and Selected Area Electron Diffraction (SAED) performed
in a JEOL JEM 2100 (Akishima, Tokyo, Japan), a 200 kV analytical electron microscope that is suited
with an advanced field emission electron gun. The TiO2-coated NPAMs were selectively etched in
CrO3 and H3PO4 aqueous solution in order to dissolve the alumina matrix, thus leaving freestanding
TiO2 nanotubes. The samples were then filtered and suspended in ethanol and deposited dropwise in
a carbon coated copper TEM grid.

2.3. Spectroscopic Ellipsometry Measurements

For optical characterization, spectroscopic ellipsometry measurements were performed with a
commercial spectroscopic ellipsometer (GES 5E, Semilab, Budapest, Hungary), with a wavelength
covering visible and near-ultraviolet regions (between 1.0 and 5.5 eV), at a fixed incidence angle of 65◦.
Winelli software (v 2.2.0.7, Semilab, Budapest, Hungary) was used for real and imaginary parts of the
complex refraction index determination from experimental parameters.
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2.4. Concentration Potential Measurements

Concentration potential, or the equilibrium electrical potential difference between two electrolyte
solutions of different concentration (Cf and Cv) separated by a membrane or permselective structure,
was measured in a dead-end test cell consisting of two glass half-cells, with a magnetic stirrer in the
bottom of each half-cell to minimize the concentration-polarization at the membrane (nanoporous
structure)/solution interfaces (stirring rate of 540 rpm) [19]. Two Ag/AgCl reversible electrodes,
one placed at each half-cell, were connected to a digital voltmeter (Yokohama 7552, 1GΩ input
resistance) for cell potential (∆E) measurements, which were performed with different KCl solutions
(at 25 ± 2 ◦C, pH = 5.9 ± 0.2) by keeping constant the concentration of the solution at one side of
the membrane (Cf = 0.01 M) and gradually changing the concentration of the solution at the other
side (0.002 M ≤ Cv ≤ 0.1 M). Membrane potential values (∆Φmbr) were obtained for each pair of
(Cv, Cf) concentrations by subtracting the electrode potential (∆Φelect = (RT/F) × ln(Cv/Cf)) to the
corresponding cell potential value, that is, ∆Φmbr = ∆E − ∆Φelect.

3. Results

3.1. Chemical and Morphological Characterization of the Nanoporous Alumina-Based Membranes

Figure 1 shows top-view SEM micrographs of the surface of both, the Ox- and Sf-NPAMs
(Figure 1a,d, respectively), as well as the corresponding samples coated with TiO2 by ALD (Ox-NPAM
+ TiO2 (Figure 1b) and Sf-NPAM + TiO2 (Figure 1e)) The highly ordered and close-packed hexagonal
nanoporous structure characteristic of this kind of alumina-based sample is clearly evident. From these
pictures, the average values of pore radius, rp, and inter-pore distance, Dint, were obtained using the
Image J software. Table 1 collects these values, as well as those values obtained for the membranes
porosity, Θ, determined through the relationship: Θ = (2π/

√
3)(rp/Dint)2 [20]. A noticeable reduction

in both, pore diameter and porosity associated with the conformally ALD deposited TiO2-layer can be
observed for both Ox-NPAM + TiO2 and Sf-NPAM + TiO2 samples. SEM cross section images of the
Ox- and Sf-NPAM, shown in Figure 1c,f respectively, evidence the existence of straight pore channels,
parallel aligned to each other.
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Table 1. Morphological parameters characteristic of the studied membrane: pore radii (rp), inter-pore
distance (Dint), and estimated average porosity (Θ), calculated according to ref. [20].

Membrane rp (nm) Dint (nm) Θ (%)

Ox-NPAM 16 ± 2 105 ± 5 8
Ox-NPAM + TiO2 13 ± 2 105 ± 5 6

Sf-NPAM 13 ± 2 65 ± 5 13
Sf-NPAM + TiO2 10 ± 2 65 ± 5 9

TEM characterization of the TiO2-coating on Ox-NPAM + TiO2 is shown in Figure 2, indicating
that the ALD deposits exhibit a nanocrystalline structure, which can be indexed to anatase phase of
titanium dioxide [21], similar to that reported in the literature for ALD deposited TiO2 films. Despite
the lower deposition temperature employed in our work [8,10] and the fact that our samples were not
annealed after deposition [11,12], our results are in good agreement with those obtained for the same
precursors and deposition temperature [16]. The thickness of the ALD deposit can be estimated from
TEM images by the measurement of TiO2 nanotube wall thickness as shown in Figure 2a [12], and it
takes values around 5 nm in good agreement with manufacture condition previously indicated.
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Figure 2. TEM images of TiO2-coating deposited by ALD. (a) High magnification image of TiO2

nanotubes; (b) Top-view of the TiO2 nanotube arrays. The inset in (b) shows SAED spectrum of
nanotubes, indexed to the anatase phase of TiO2.

The surface chemistry of the nanoporous structures was analyzed by XPS spectra, and a
comparison of the core level signals obtained for the different elements found are shown in Figure 3.
The aluminum Al 2p core level signal in Figure 3a shows similar and well-defined peaks for both
NPAM samples, but its contribution is practically undetectable in the case of the TiO2-covered NPAM,
while no differences can be observed in the Ti 2p doublet (Figure 3b) obtained for these latter samples.
Figure 3c shows the O 1s core level signal for the Ox-NPAM, which shows a peak with a maximum at
around 531.8 eV due to alumina, plus a small contribution at lower B.E. (530.5 eV) associated with
carboxylate groups. The Ox-NPAM + TiO2 spectra presents a clear peak at 529.5 eV, which corresponds
to titania, and a small shoulder at around 531.8 eV due to the alumina oxygen [17]. Moreover, Figure 3d
shows the C 1s core level signal, where a clear peak at 285.0 eV (C–C and aliphatic carbon) can be
observed, as well as another small peak at 288.5 eV (O–C=O link) and a shoulder at 286.0 eV (C–O–C
bond) [17]. The presence of carbon in the analyzed samples is associated with manufacture and ALD
processes, in addition to environmental contamination [22].
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The atomic concentration percentages of the different elements present at the nanoporous
structures surfaces were obtained from the peak areas for each element, whose obtained values
are indicated in Table 2. These results demonstrate the near total coverage of both NPAMs by the
ALD coated TiO2-layer, as well as a significantly high percentage of carbon surface contamination.
Moreover, incorporation of carbon containing ions in the samples obtained by anodization in oxalic
acid electrolytes [5] seems to exist, according to the higher carbon A.C. % detected for such samples.

Depth-profile analysis for the TiO2-coated NPAMs was also performed for analyzing the chemical
changes associated with the TiO2-coverage. Figure 4 shows the variation of the titanium, aluminium,
oxygen and carbon atomic concentrations as a function of the sputtering time for the Ox-NPAM +
TiO2 sample. From these results, and taking into account the different sputtering-time factors for pure
materials, a thickness of around 6 nm was estimated for the deposited TiO2 superficial layer. They also
show the very superficial character of the environmental carbon contribution (<3 nm) associated
with atmospheric contamination and the increase in titanium (16%) and oxygen (12%) percentages
with environmental carbon contamination reduction during approximately the first minute of the
sputtering process. Moreover, the presence of TiO2-coating along the pore-walls can also be inferred
from these results, according to the constancy of titanium atomic concentration with the sputtering
time (or depth-profile) as it is schematically indicated in the insert of the Figure 4, in agreement with
those previously obtained by using local energy dispersive X-ray spectroscopy (EDS) analysis [23].
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Table 2. Atomic concentration percentages of the elements found on both surfaces of the studied
samples *.

Sample C (%) Al (%) Ti (%) O (%) N (%) Si (%)

Sf-NPAM a 16.9 25.7 – 53.0 – 0.3
Sf-NPAM + TiO2 19.2 0.6 23.5 53.5 0.7 0.5

Ox-NPAM b 23.8 25.3 – 48.3 – 0.3
Ox-NPAM + TiO2 24.4 1.5 21.4 52.2 0.2 0.4

* Other elements with A.C. % < 0.3 are not indicated. a Plus 2.2% of sulphur and 1.9% of phosphorus; b Plus 2.3%
of sulphur.
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3.2. Spectroscopic Ellipsometry Analysis

Application of spectroscopic ellipsometry to the study of optical properties of nanoporous alumina
structures obtained by electrochemical aluminum anodization has already been performed by different
authors [24,25], and differences depending on the pore radii/porosity of the studied samples have
been reported [26]. Ellipsometry measures a change in the polarization as light reflects or transmits
from a material structure, and the ellipsometric angles Ψ and ∆, determine the differential changes
in amplitude and phase, respectively (tan(Ψ) ei∆ = rp/rs, where rp y rs are the amount of light
reflected in the perpendicular and parallel planes of incidence [27]). Consequently, spectroscopic
ellipsometry measurements of the TiO2-coated NPAMs might also provide information on the optical
changes associated with the coated layer; in particular, information on the real part of the complex
refractive index (n) and the imaginary part of the complex refractive index or extinction coefficient (k),
can be respectively obtained from these measurements. Figure 5 shows a comparison of wavelength
dependence of measured Ψ and ∆ parameters (tan(Ψ) in Figure 5a and cos(∆) in Figure 5b) for
Ox-NPAM and Ox-NPAM + TiO2 samples. Differences associated with TiO2-coating can be observed
in Figure 5, which seem to be related to pore radius modification, in agreement with the SEM results;
similar curves were also obtained for the Sf-NPAM and Sf-NPAM + TiO2 samples.
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From this measurement, using the ellipsometer software and assuming a homogeneous dense
substrate in contact with air, the real (n) and imaginary (k) parts of the complex refractive index were
determined and their dependence with the wavelength is shown in Figure 6 for both, the Ox-NPAM
and Ox-NPAM + TiO2 samples. A rather constant value for the reflexive index n, in the range between
400 and 1000 nm, can be observed, but also its increase in around 10% for the TiO2-covered sample.
For comparison, the values obtained at λ = 632.8 nm [26] for the different nanoporous structures
are indicated in Table 3. As expected, n values for the NPAMs are slightly lower than that given in
the literature for “solid” alumina at that particular λ value (nAl2O3 = 1.774), which is mainly due to
the porous character of the studied samples (consequently, a “mixture” of alumina and air), but the
effect of material impurities should also be considered. This fact, as well as the composite character
and possible higher surface nano-rugosity of the coated samples, which significantly influence the
ellipsometry measurements, can explain the difference in n and k values obtained for the NPAM +
TiO2 samples, when compared with pure TiO2 films or nanoparticles at the given wavelength.
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Table 3. Refractive index (n) and extinction coefficient (k) at a wavelength of 632.8 nm.

Sample n k

Sf-NPAM 1.6091 0.4909
Sf-NPAM + TiO2 1.4606 0.3359

Ox-NPAM 1.5151 0.3657
Ox-NPAM + TiO2 1.6527 0.2458
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3.3. Concentration Potential Analysis

As it is well known, transport of solutions across nanoporous membranes (or nanostructures) is a
research field of significant importance with technological applications in microfluidics, drug delivery
or nanofilters [28,29]. Diffusive transport of saline solutions across membranes is usually characterized
by the effective fixed charge concentration in the membrane (Xef) and the ionic transport numbers
(ti), which represents the fraction of the total current flowing through the membrane transported for
one ion (ti = Ii/IT), or the diffusion coefficients (Di) related to ti through the following electrochemical
relationship: Di = ti/(t+ + t−), for 1:1 electrolytes [30]. Membrane (or solid structure) equivalent fixed
charge might avoid/reduce the transport of co-ions (ions of equal sign as the charged solid surface)
and favor the diffusive transport of counter-ions, which usually affects the transport number of ions or
charged species across porous structures and, consequently, modifies the diffusion potential in the
membrane [31]. Moreover, the charged membrane/solid matrix also affects the ions distribution at
both solution/solid interfaces, associated with Donnan equilibrium (Donnan potential). According to
the Teorell–Meyer–Sievers (TMS) model [32,33], the equilibrium electrical potential difference between
the two electrolyte solutions of concentrations (Cf and Cv) separated by a membrane or membrane
potential can be expressed by [34]:

∆Φmbr = −
RT

wzF

U ln

√
4y2

v + 1 + wU√
4y2

f + 1 + wU
− ln

c f
cv

√
4y2

v + 1 + w√
4y2

f + 1 + w

 (1)

where F and R represent the Faraday and gas constants, T indicates the temperature of the system
and w = (+1) or (−1) depending on the electrical character (positive or negative fixed charge) of the
membrane. The parameter U is related to the ion transport numbers and yi = Ci/|Xf| (partition
coefficient at the membrane/solution concentration can be taken as (1). Figure 7 shows a comparison of
the membrane potential for the studied samples, where differences associated with both pore size and
surface material can be observed; for comparison, membrane potentials for an ideal anion-exchanger,
that is, a positively charged system with t− = 1 and t+ = 0, are also indicated in Figure 7 by the dense
straight-line. In particular, according to the similarity of the values indicated in Figure 7 for the
Sf-NPAM + TiO2 and the ideal anion-exchanger, low cation transport across this sample is expected for
the whole range of KCl concentration.
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The fitting to Equation (1) of the values shown in Figure 7, by following the calculation procedure
indicated in previous papers [17,29], allows for the determination of the ion transport numbers across
the nanoporous structures (ti) as well as the ionic diffusion coefficient ratios (D−/D+ = t−/t+), and
their values are indicated in Table 4, where differences associated with both pore size and material
surface on diffusive ionic transport can be observed. An increase in ionic effect with pore size reduction
was expected and already demonstrate for neutral molecules [13], but the significant contribution of
electrical interactions in this kind of system [35,36] could also affect the transport of charged species.
Moreover, these results also show the effect of the TiO2-coating on the anionic selective character of
the NPAMs, independently of the pore radii.

Table 4. Cation transport number (tK
+) and ionic diffusion coefficients ratio (DCl

−/DK
+) for the studied

NPAMs and NPAMs+TiO2 samples.

Sample tK
+ DCl

−/DK
+

Sf-NPAM 0.292 2.43
Sf-NPAM + TiO2 0.162 5.17

Ox-NPAM 0.310 2.23
Ox-NPAM + TiO2 0.187 4.35

4. Discussion

Modification of two NPAMs by a coating layer of TiO2 of 5–6 nm of thickness on the surface and
along the nanopores, according to TEM images and XPS depth-profile analysis, has permitted us to
analyze different effects (pore size and porosity reduction as well as surface material) on characteristic
optical parameters and diffusive transport of an electrolyte solution. In fact, spectroscopic ellipsometry
measurements show differences in refractive index and extinction coefficient depending on both
pore-radii/porosity and material. However, different factors (composite structure for the NPAM +
TiO2 samples, manufacture impurities, surface nano-roughness) do not allow a direct correlation with
pure material values, although the lower values for the extinction coefficient of NPAM + TiO2 samples
agrees with the almost transparent character of titania at the selected wavelength. On the other hand,
with respect to the diffusive transport, it is interesting to note the lower cation transport number and
higher D−/D+ ratio exhibited by the Ox-NPAM + TiO2 sample when compared with the Sf-NPAM one,
both with similar pore radii (13 nm) but different surface material, which is an indication of higher
selectivity of TiO2 to K+ ions than Al2O3. As expected for membranes with similar surface material,
the increase in pore size reduces ionic selectivity. Consequently, TiO2-coating of NPAMs by the ALD
technique seems to be an adequate method for geometrical and functional changes of alumina-based
nanoporous membranes (or structures), opening their field of application.
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