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ABSTRACT: The hemispherical barrier oxide layer (BOL)
closing the bottom tips of hexagonally distributed arrays of
cylindrical nanochannels in nanoporous anodic alumina (NAA)
membranes is structurally engineered by anodizing aluminum
substrates in three distinct acid electrolytes at their corresponding
self-ordering anodizing potentials. These nanochannels display a
characteristic ionic current rectification (ICR) signal between high
and low ionic conduction states, which is determined by the
thickness and chemical composition of the BOL and the pH of the
ionic electrolyte solution. The rectification efficiency of the ionic
current associated with the flow of ions across the anodic BOL
increases with its thickness, under optimal pH conditions. The
inner surface of the nanopores in NAA membranes was chemically
modified with thiol-terminated functional molecules. The resultant NAA-based iontronic system provides a model platform to
selectively detect gold metal ions (Au3+) by harnessing dynamic ICR signal shifts as the core sensing principle. The sensitivity of the
system is proportional to the thickness of the barrier oxide layer, where NAA membranes produced in phosphoric acid at 195 V with
a BOL thickness of 232 ± 6 nm achieve the highest sensitivity and low limit of detection in the sub-picomolar range. This study
provides exciting opportunities to engineer NAA structures with tailorable ICR signals for specific applications across iontronic
sensing and other nanofluidic disciplines.
KEYWORDS: nanoporous anodic alumina, barrier oxide layer, structural engineering, ionic current rectification, surface chemistry,
iontronic sensing

1. INTRODUCTION

Nanoporous anodic alumina (NAA) produced by anodization
of aluminum is a versatile nanomaterial with broad trans-
disciplinary applicability due to its unique chemical and
physical properties and tailorable nanoporous structure.1−3

NAA is a matrix of anodic aluminum oxide (alumina, Al2O3)
with arrays of straight, cylindrical, nanometric pores homoge-
neously distributed across its surface in a honeycomb fashion.4

This characteristic self-organized porous structure results from
an electric field-driven mechano-electrochemical growth
mechanism. During the initial stages of the anodization
process, nanopores nucleate and grow from top to bottom,
perpendicular to the underlying aluminum substrate. The
bottom side of each nanopore in the anodic film is closed by a
hemispherical layer of anodic oxidethe so-called “barrier
oxide layer” or BOL.5 The BOL provides the growth front of
the anodic film, across which two main reactions occur: (i)
formation of anodic oxide through electric field-induced
oxidation of aluminum by inwardly migrated O2− and OH−

ions at the BOL’s metal−oxide interface and (ii) electric field-
enhanced dissolution of anodic oxide at the BOL’s oxide−

electrolyte interface.6 These reactions are accompanied by a
concomitant volume expansion of the anodic oxide over its
metal which, under specific conditions, guides nanopores to
self-organize in a close-packed hexagonal lattice to minimize
mechanical stress localized at the metal−oxide interface
between neighboring nanopores.7 The chemical composition
of NAA’s nanopores consists of dielectric anodic oxide with an
onion-like distribution of ionic impurities and vacancies from
the outer to the inner side of the pore wall and the BOL (i.e.,
oxide−electrolyte and metal−oxide interfaces, respectively).8

This chemical structure is characterized by two types of ionic
defects: (i) acid anion impurities incorporated into the anodic
oxide from the electrolyte, the concentration of which
decreases from the outer (contaminated Al2O3) to the inner
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(pure Al2O3) side of the pore wall and the BOL, and (ii)
negative (O2−) and positive (Al3+) defect charge vacancies
distributed across the volume of the amorphous BOL, where
the number of O2− vacancies is higher than that of the
stoichiometric ratio for Al2O3 (i.e., 1.5) at the oxide−
electrolyte interface.9−13 Ionic impurities and charge vacancies
result from the flow of electrolytic species (i.e., O2−, HO−, Al3+,
COO−, SO4

2−, and PO4
3−) across the BOL during the electric

field-assisted growth of anodic oxide under volume expansion
and compressive stress.14 The unique structure of NAA with
well-defined nanopores provides an ideal material to develop
membranes with precisely engineered properties for nano-
fluidic and separation applications.15,16 Of all these, NAA
structures have recently been devised as model platforms for

nanopore-based iontronicsgeneration and transmission of
electric signals associated with the flow of ions along
bioinspired, synthetic nanochannels.17 Pioneering NAA-based
iontronic systems were based on through-hole membranes, in
which the BOL was selectively removed to create arrays of
cylindrical nanopores connecting the two reservoirs of an H-
cell containing an equal concentration of potassium chloride
(KCl) electrolyte.18−21 Generation of asymmetry in surface
charge and/or geometry along the nanopore length in these
NAA membranes was demonstrated to selectively allow or
forbid the flow of either cations or anions under an electric
field bias applied between the two electrodes at each reservoir
of the H-cell.22 Since electrolytes are ionic conductors but
electronic insulators, the electric field-driven motion of ions

Figure 1. Engineering of the barrier oxide layer (BOL) of nanoporous anodic alumina (NAA) for iontronic sensing. (a) Schematic depicting the
structure of NAA membranes with a BOL, with the definition of the main geometric features (i.e., nanopore diameter, DP; nanopore length, LP; and
BOL thickness, τBOL). (b) Schematic illustrating the iontronic setup (H-cell) used to measure the current density−voltage (J−V) characteristic of
NAA-based iontronic systems, in which NAA membranes are placed between two half-cells containing KCl electrolyte and a potential between two
Ag/AgCl electrodes is applied (NB: NAA’s BOL outer side facing the anode (Vapp) and NAA’s BOL inner side facing the cathode (ground)). (c)
Illustration of the nanopore−electrode system configuration and the three sensing stages with flow of K+ and Cl− ions across the NAA’s BOL in (i)
as-produced NAA, (ii) (3-mercaptopropyl)trimethoxysilane (MPTMS)-functionalized NAA, and (iii) MPTMS−NAA after selective binding of
Au3+ ions. (d) J−V profiles associated with stages (i), (ii), and (iii) shown in part c, with dynamic shifts in the characteristic ICR signal (NB: NAA
membrane produced in sulfuric acid electrolyte).
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through the engineered nanopores of NAA results in the
accumulation of space charges at the electrolyte−nanopore
wall interface to form an electric double layer (EDL).23 The
EDL acts as a parallel plate capacitor, which overlaps with the
nanopore walls so mobile counterions (i.e., cations or anions)
compensate surface charges to maintain charge neutrality. As
such, ionic flow along the nanopores of through-hole NAA
membranes enables functions that resemble those of solid-state
diodes and transistors such as rectification and switching by
harnessing synaptic-like, ion-based signal transduction mech-
anisms.24 Advances in iontronics systems have successfully
realized various forms of biomimetic functions such as
molecular and chemical logic gates,25 microelectrochemical
logic circuits,26 DNA computing,27 ion pumps,28 energy
generation,29 and sensing.30 These systems integrate distinct
passive or active chemical and physical stimuli to control ionic
flow such as nanopore structure,31 voltage,32 pH,33 light,21

chemical composition,34 temperature,35 and pressure.36 How-
ever, recent studies13,37 reveal that the BOL in blind-hole NAA
membranes has an intrinsic characteristic ionic current
rectification (ICR) signal between high and low conduction
states, which has been associated with the flow of ions across a
hybrid structure of nanopores and ionic nanochannels (i.e.,
0.0−1.3 nm) in the anodic BOL. This unique property
provides a core sensing principle to develop a range of
iontronic sensors for distinct types of analytes (e.g., proteins,
cells, microRNA, and metal ions).37−40 A recent milestone
study by Kim and co-workers has provided a mechanistic
model that describes the intriguing ICR properties of NAA’s
BOL. In this model, the characteristic ICR signal of NAA’s
BOL is attributed to the space charge density gradient of the
O2− and Al3+ charge vacancies distributed across its volume.13

As such, since the generation and distribution of space charge
vacancies across the BOL rely intrinsically on the electric field-
driven flow of electrolytic species during the growth of anodic
oxide,13 we hypothesize that it should be possible to engineer
ICR signals in blind-hole NAA structures through anodization.
Here we engineer the structure of NAA’s BOL by anodizing
aluminum in sulfuric, oxalic, and phosphoric acid electrolytes
at their corresponding self-ordering anodizing potentials
(Figure 1a). The BOL of these NAA structures features a
characteristic ICR signal that depends on the thickness and
chemical composition of the anodic oxide and the pH of the
ionic electrolyte solution, where the ICR ratio increases with
the thickness of the BOL at optimal pH (Figure 1b). The inner
surface of nanopores in NAA membranes is then functionalized
with thiol-terminated functional molecules to create a model
iontronic system to selectively detect gold metal ions (Au3+)
(Figure 1c). Dynamic shifts in the BOL’s ICR signal associated
with binding of Au3+ ions to thiol functional groups on the
inner surface of blind-hole NAA membranes provide a
transduction principle to elucidate the dependence of ICR
sensitivity on the characteristics of the anodic BOL (Figure
1d). Our findings indicate that the sensitivity of the system can
be enhanced by engineering the characteristic BOL of NAA,
where the thicker the BOL, the more sensitive the iontronic
system is.

2. EXPERIMENTAL SECTION
2.1. Materials. 99.9997% pure aluminum (Al) sheets with a

nominal thickness of 320 μm were supplied by Goodfellow
Cambridge Ltd. (UK). Perchloric acid (HClO4), copper(II) chloride
(CuCl2), oxalic acid (C2H2O4), chromium trioxide (CrO3),

chloroauric acid (HAuCl4), and (3-mercaptopropyl)trimethoxysilane
(MPTMS, HS(CH2)3Si(OCH3)3) were purchased from Sigma-
Aldrich (Australia). Hydrochloric acid (HCl), ethanol (EtOH,
C2H5OH), potassium chloride (KCl), potassium hydroxide (KOH),
hydrogen peroxide (H2O2), nitric acid (HNO3), phosphoric acid
(H3PO4), and sulfuric acid (H2SO4) were provided by ChemSupply
(Australia). Milli-Q water (18.2 MΩ cm) was used to prepare all
aqueous solutions.

2.2. Fabrication of NAA Membranes. As-received Al sheets
were cut into 1.5 × 1.5 cm2 square chips and then sequentially washed
in ethanol and Milli-Q water under sonication for 5 min each to
remove impurities from the surface. Clean Al chips were air-dried and
stored under dry atmosphere. To avoid undesired effects associated
with localized electric field and the enable homogeneous, self-
organized pore growth, Al chips were electropolished in an electrolyte
mixture containing 4:1 (v:v) EtOH:HClO4 to smooth their surface
roughness. This process was performed at an electrolyte temperature
of ∼5 °C and a potential of 20 V for 3 min under continuous,
vigorous stirring. To engineer the geometric features of the BOL in
NAA membranes, electropolished Al substrates with a mirror-like
finish were anodized by the two-step process in three distinct water-
based acid electrolytes at their corresponding self-organization
potentials and temperatures (i.e., 0.3 M sulfuric acid at 25 V and 6
°C, 0.3 M oxalic acid at 40 V and 6 °C, and 0.1 M phosphoric acid at
195 V at −2 °C).41−44 Details of the anodization conditions used in
these two-step processes are summarized in Table 1. The duration of

the second anodization step was adjusted accordingly to obtain a
nominal thickness of ∼43 μm in all NAA membranes. After
anodization, Al substrate remaining at the backside of NAA
membranes was selectively removed by wet chemical etching in a
mixture solution of HCl (2.4 M) and CuCl2 (0.2 M) to expose the
BOL at the bottom side. This etching process was performed in a
PVC-based etching cell through a 0.4-cm-diameter rubber O-ring as
the etching mask. Upon complete removal of the aluminum substrate,
a drop of HNO3 was poured on the bottom side of the NAA
membrane for a couple of seconds to remove any copper/aluminum
residue. This step was followed by a thorough washing in Milli-Q
water, after which NAA membranes were air-dried. Next, Al substrate
remaining at the top and backside was masked by a layer of nail polish
and cured at 45 °C to electrically insulate the NAA membrane from
the metal and avoid potential parasite current interferences that could
alter iontronic signals associated with the flow of ions across the BOL.
The average area of the unmasked region of these NAA membranes
estimated by image analysis was determined to be ∼0.12 cm2 (Figure
S1, Supporting Information).

Table 1. Fabrication Conditions Used to Produce
Nanoporous Anodic Alumina (NAA) Membranes in
Sulfuric, Oxalic, and Phosphoric Acid Electrolytes (NAASu,
NAAOx, and NAAPh) under Their Corresponding Self-
organization Regimes through the Two-Step Anodization
Processa

NAA Acid Electrolyte Concentration (M)
T

(°C)
V
(V) t (h)

NAASu Sulfuric
(H2SO4)

0.3 6 25 8b

NAAOx Oxalic
(H2C2O4)

0.3 6 40 16b

NAAPh Phosphoric
(H3PO4)

0.1 (10% v EtOH)d −2 195 27c

aNB: electrolyte temperature, T; second step anodization time, t.
bThe first anodization step for NAASu and NAAOx membranes was
performed for 24 h. cThe first anodization step for NAAPh was
performed in three stages: (i) 175 V for 4 h, (ii) increment of
anodizing voltage at a rate of 0.0025 V s−1 to 195 V and (iii) 195 V for
27 h. dThe aqueous H3PO4 acid electrolyte was modified with EtOH
to prevent it from freezing at subzero temperatures.
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2.3. Iontronic Characterization of NAA Membranes. A
custom-designed, Teflon H-cell was used to characterize iontronic
current density−voltage (J−V) profiles of NAA membranes. In this
system, NAA membranes were sandwiched between the two half-cells
of the H-cell via Viton O-rings with a diameter of 1 cm. Once sealed,
the half-cells were simultaneously filled with 0.1 M KCl solutions, the
pH of which was adjusted to the specific value with dropwise addition
of aqueous 0.1 M HCl and 0.1 M KOH. The pH of the solution was
measured in real time with a calibrated pH meter at room temperature
(i.e., ∼25 °C). The J−V characteristic of NAA membranes was
analyzed by applying a potential (Vapp) from the anode (inner side of
the BOL) to the cathode/ground (outer side of the BOL) using two
single junction silver chloride (Ag/AgCl, saturated KCl) reference
electrodes (model RREF0021 Pine Research Instrumentation, USA).
Iontronic J−V profiles were acquired by scanning Vapp from −2 to +2
V at a rate of 0.1 V s−1 using a biopotentiostat (CHI 760E, CHI
Instruments Inc., USA). All iontronic measurements were performed
at room temperature throughout within a customized Faraday cage
under dark conditions to prevent electromagnetic interferences
(Figure S1, Supporting Information). The BOL of NAA membranes
was also characterized in the same electrochemical setup via
electrochemical impedance spectroscopy (EIS). The frequency of an
input sinusoidal AC voltage of 0.05 V was varied from 1 × 10−2 to 1 ×
106 Hz at the fixed DC potentials of −2, 0, and 2 V. The equivalent
circuit was determined from the obtained Nyquist impedance spectra,
using an in-built IMP application in the biopotentiostat.
2.4. Chemical Functionalization of NAA Membranes. The

inner surface (i.e., outer side of the BOL) of a set of freshly prepared
NAA membranes produced in sulfuric, oxalic, and phosphoric acid
electrolytes (i.e., NAASu, NAAOx, and NAAPh) was chemically
functionalized with MPTMS via wet phase deposition. Note that as-
produced NAA membranes were selectively functionalized from the
top side before removing the backside Al substrate to prevent the
outer side of the BOL from functionalization. In this process, as-
produced NAA membranes were first hydroxylated by immersion in
H2O2 (35 wt%) at 100 °C for 10 min to increase the number of
hydroxyl groups (-OH) on the surface of anodic Al2O3. After this,
hydroxylated NAA membranes were dipped into an EtOH-based
solution containing 1 mM MPTMS under a sealed atmosphere and
continuous, slight stirring for 3 h to favor the formation of self-
assembled MPTMS monolayers. Then, MPTMS-modified NAA
membranes were washed thoroughly with EtOH to remove unbound
MPTMS molecules, dried under air stream, and annealed at 110 °C
for 1 h in an oven to stabilize and cross-link the thiol-containing silane
functional layer on the inner surface of the NAA membranes.
2.5. Water Contact Angle and Isoelectric Point Measure-

ments. The water contact angle of as-produced and MPTMS-
functionalized NAA membranes was characterized by an optical
tensiometer using the sessile drop technique (Attention Theta Flex,
Biolin Scientific, Sweden). In this system, a water droplet with an
average volume of ∼15 μL was formed on the tip of a syringe needle.
After this, the end of the needled was brought near the top surface of
NAA membranes until contact and automatically retracted. Upon
stabilization, contact angles at both sides of the water droplet on the
surface of NAA membranes were determined through image analysis,
using a custom-built application. The zeta potential of NAA
membranes was determined from suspended particles of NAA in 1
mL of 0.01 M KCl solution, the pH of which was varied from 3 to 10.
NAA suspensions with controlled pH were then transferred into a zeta
cell, and the respective zeta potential was measured at 25 °C after an
equilibration time of 30 s, using a ZetaSizer Nano (Malvern
Instruments Ltd., Malvern Panalytical, UK). The average values of
the refractive index and absorption coefficient of anodic Al2O3 were
assumed to be 1.76 and 0.01, respectively.45

2.6. Structural Characterization of NAA Membranes. The
geometric features of NAA membranes (i.e., nanopore diameter DP,
interpore distance DInt, nanopore length LP, and barrier oxide layer
thickness τBOL) were characterized by analyzing field emission gun
scanning electron microscopy images (FEG-SEM Quanta 450, FEI,
USA) in ImageJ software.46

3. RESULTS AND DISCUSSION
3.1. Electrochemical Engineering of NAA Mem-

branes. Figure 2 shows a schematic describing the two-step

anodization process used to engineer NAA membranes. This
process is performed in an electrochemical reactor equipped
with temperature control and continuous stirring to facilitate
the diffusion of ionic species involved in the formation and
dissolution of alumina from the bulk electrolyte to the BOL at
the nanopore bottom tips (Figure 2a).
After electropolishing, Al substrates are anodized in acid

electrolytes at their corresponding anodizing potential (Figure
2b and Table 1). During the first stages of the anodization
process, nanopores nucleate across the surface of the anodic
oxide film and grow in depth. Under specific conditions, the

Figure 2. Electrochemical fabrication of NAA membranes by the two-
step anodization process. (a) Schematic showing the structure of the
electrochemical reactor used to anodize aluminum under stirring and
controlled temperature conditions. (b) Fabrication diagram depicting
the two-step anodization process with electropolished aluminum
substrate, nanopore nucleation in an anodic film (initial stage of the
first anodization step), nanopore growth, chemical wet etching to
remove a sacrificial anodic layer, and a second anodization step.
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hemispherical BOL guides the self-organization of nanopores
inside the anodic film by minimizing the mechanical stress
induced by the anodic oxide-to-metal volume expansion
between adjacent nanopores. It is worth noting that a slightly
different approach was adapted for anodization of aluminum
using phosphoric acid since direct anodization of electro-
polished aluminum at high voltage (195 V) results in
catastrophic burning of the anodic oxide due to increased
local Joule heat generated at the pore bottom tips. A
preanodization step at lower voltage (175 V) with a slow
ramp rate of 0.025 V s−1 to reach 195 V makes it possible to
avoid catastrophic breakdown of the anodic oxide film.47 After
∼24 h, self-organized nanopores follow a close-packed,
honeycomb-like arrangement. But this organized structure is
limited to the bottom side of the anodic film, whereas its top
side features disordered nanopores. To address this, the
sacrificial anodic oxide film resulting from the first anodization
step is chemically dissolved in an aqueous mixture of H3PO4
and H2CrO4 at 45 °C for ∼24 h.48 After removal, the exposed
underlying aluminum substrate features a pattern of hemi-
spherical, highly ordered concavities due to the deep texturing
of aluminum from a long first anodization step (∼24 h), which
are a negative replica of the bottom side of the sacrificial NAA
film.49 As such, when a second anodization step is performed
under the same conditions as those used during the first step,
nanopores nucleate at the center of each concavity across the
patterned aluminum substrate (i.e., one nanopore per

concavity) because of the localized concentration of the
electric field. After nucleation, nanopores propagate perpendic-
ularly to the aluminum substrate with straight coherency, from
top to bottom, while maintaining the original hexagonal
arrangement. The thickness of the resulting membrane can be
judiciously adjusted by either the anodization time or the total
charge (i.e., integrated current density over time). In our study,
the anodization time of the second step was set to generate
NAASu, NAAOx, and NAAPh membranes with a nominal
thickness of ∼43 μm based on the oxide growth rate in each
acid electrolyte: ∼5.3 μm h−1 for sulfuric acid, ∼2.7 μm h−1 for
oxalic acid, and 1.7 μm h−1 for phosphoric acid (Table 1). The
structure of NAA is a matrix of alumina featuring arrays of
cylindrical, straight nanopores arranged in hexagonal cells,
where each nanopore is closed by a hemispherical BOL at its
bottom tip (i.e., metal−oxide interface). Structurally, NAA
membranes can be defined by four main geometric features:
nanopore diameter (DP), interpore distance (DInt), nanopore
length or thickness of the anodic film (LP), and barrier oxide
layer thickness (τBOL).
Figure 3 shows the schematics and top, bottom, and cross-

sectional FEG-SEM images of NAASu, NAAOx, and NAAPh
membranes produced by the two-step anodization process
under self-organization conditions. The average values of these
geometric features estimated via FEG-SEM image analysis
were 19 ± 5, 46 ± 5, and 108 ± 13 nm for DP, 64 ± 5, 110 ±
3, and 490 ± 12 nm for DInt, and 33 ± 4, 53 ± 5, and 232 ± 6

Figure 3. Structural characterization of the main geometric features (DP, DInt, LP, and τBOL) of NAA membranes produced by the two-step
anodization process. (a) Schematics describing the main geometric features of NAASu membranes. (b) Top view (first column), bottom view
(second column), general and magnified cross-sectional view (third column and inset), and BOL view (fourth column) FEG-SEM images of NAASu
membranes (NB: scale bars from left to right: 500 nm, 1 μm, 20 μm, 200 nm, and 50 nm). (c) Schematics describing the main geometric features
of NAAOx membranes. (d) Top view (first column), bottom view (second column), general and magnified cross-sectional view (third column and
inset), and BOL view (fourth column) FEG-SEM images of NAAOx membranes (NB: scale bars from left to right: 1 μm, 1 μm, 20 μm, 250 nm, and
50 nm). (e) Schematics describing the main geometric features of NAAPh membranes. (f) Top view (first column), bottom view (second column),
general and magnified cross-sectional view (third column and inset), and BOL view (fourth column) FEG-SEM images of NAAPh membranes (NB:
scale bars from left to right: 1 μm, 1 μm, 20 μm, 500 nm, and 250 nm).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.2c02369
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acsami.2c02369?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02369?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02369?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02369?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c02369?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nm for τBOL for NAASu, NAAOx, and NAAPh membranes,
respectively (Table 2). According to the high field conduction

theory describing the electric field-driven movement of
electrolytic species involved in the formation and dissolution
of anodic oxide across the barrier oxide layer of NAA, the
thickness of the BOL in the NAA membranes increases
proportionally with the anodizing potential at a rate of ∼1 nm
V−1 under mild conditions.1 The range of BOL thickness
covered in our study (i.e., from ∼30 to ∼230 nm) cannot be
achieved with one single acid electrolyte due to the breakdown
potential (i.e., anodizing potential above which there is
catastrophic flow of current, and consequent burning and
cracking of the anodic oxide film). Furthermore, the anodizing
potential under which NAA achieves its self-organization
regime increases in the order sulfuric < oxalic < phosphoric
(i.e., 25 V for 0.3 M sulfuric acid, 40 V for 0.3 M oxalic acid,
and 195 V for 0.1 M phosphoric acid). The main objective of
our study was to elucidate the effect of the BOL thickness on

Table 2. Geometric Features (DP, DInt, LP, and τBOL)
Determined by FEG-SEM Image Analysis Describing the
Structure of Nanoporous Anodic Alumina (NAA)
Membranes Produced in Sulfuric, Oxalic, and Phosphoric
Acid Electrolytes (NAASu, NAAOx, and NAAPh) under Their
Corresponding Self-organization Regimes through the Two-
Step Anodization Process

NAA DP (nm) DInt (nm) LP (μm) τBOL (nm)

NAASu 19 ± 5 64 ± 5 42.7 ± 0.2 33 ± 4
NAAOx 46 ± 5 110 ± 3 42.6 ± 0.4 53 ± 5
NAAPh 108 ± 13 490 ± 12 45.1 ± 0.4 232 ± 6

Figure 4. Characterization of ionic current rectification (ICR) in engineered NAA membranes (NB: all blind-hole NAA membranes were subjected
to the reset process prior to J−V characterization). (a) Ionic J−V characteristic of a through-hole NAAOx membrane in 0.1 M KCl at pH = 6. (b)
Ionic J−V characteristic of a blind-hole NAAOx membrane in 0.1 M KCl at pH = 6. (c and d) Schematics describing the flow of K+ and Cl− ions
under high and low ionic conduction states in through-hole and blind-hole NAA membranes, respectively. (e) Illustration showing the
configuration used to measure the J−V characteristic of engineered NAA membranes and the onion-like distribution of impurities and ionic
vacancies across their BOL. (f) J−V characteristic of blind-hole NAASu, NAAOx, and NAAPh membranes in 0.1 M KCl under optimal pH conditions
(i.e., 6, 6, and 3, respectively). (g) ICR ratio of blind-hole NAASu, NAAOx, and NAAPh membranes in 0.1 M KCl under optimal pH conditions (i.e.,
6, 6, and 3, respectively) estimated from part f.
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the ionic rectification efficiency across the BOL of self-
organized NAA membranes produced under mild anodization
conditions. To this end, the BOL thickness must be varied over
a wide range of values, which requires the use of distinct acid
electrolytes and justifies our selection.
3.2. Ionic Current Rectification Characterization of

NAA Membranes. Parts a and b of Figure 4 summarize the
ionic current density−voltage (J−V) characteristic of two
representative NAA membranes produced in oxalic acid
electrolyte with a through-hole (without BOL) and blind-
hole (with BOL) structure in a 0.1 M KCl electrolyte at pH 6,
respectively. The former type of NAA membrane featuring
symmetric straight cylindrical nanopores with both ends open
and constant surface charge density displays a characteristically
linear J−V behavior, in which the absolute values of J at the
ON and OFF states are equal (|JON| = |JOFF|, Figure 4a).50 In
contrast, ionic conduction across the blind-hole NAA
membrane with a barrier oxide layer at the bottom of its
nanopores shows a nonlinear J−V characteristic. This profile
resembles that of an electronic diode with high (ON) and low
(OFF) ionic conduction states at Vapp < 0 V and Vapp > 0 V,
respectively, where |JON| > |JOFF| (Figure 4b). Upon application
of positive (Vapp > 0 V) and negative (Vapp < 0 V) bias, K+ and
Cl− ions can flow freely along the nanopores of through-hole
NAA membranes from one half-cell of the H-cell to the other,
since both nanopore diameter and surface charge density are
constant. As such, the ionic currents associated with the flow of
ions at the ON and OFF states are equal (|JON| = |JOFF|, Figure
4c). However, while the flow of K+ and Cl− ions under a
positive bias (Vapp > 0 V) in blind-hole NAA membranes is
forbidden, there is some flow of ions across the BOL under a
negative bias (Vapp < 0 V) (Figure 4d). This ionic current
rectification (ICR) characteristic has been attributed to the
distribution of space charge density associated with positive
(Al3+) and negative (O2−) defect vacancies across the BOL’s
volume. The growth of NAA involves the formation and
dissolution of oxide at the barrier oxide layer (BOL) under
dynamic equilibrium conditions (i.e., the rates of formation
and dissolution of oxide are balanced). At the oxide−
electrolyte interface, O2− ions are generated from the
heterolytic dissociation of water molecules. Simultaneously,
Al3+ ions are both released into the electrolyte from the
dissolution of alumina at the oxide−electrolyte interface and
ejected from the Al substrate into the oxide to undergo
oxidation by O2− ions and form anodic oxide at the metal−
oxide interface. Under high electric field, the counter migration
of oppositely charged ions occurs via hopping from vacancies
to vacancies, which in turn redistributes the ionic defect
species in the BOL. These vacancies or point defects are made
up of aluminum and oxygen vacancies, which are generated
during anodization and represent fixed space charges, and their
distribution in the BOL forms a gradient along the direction
from the metal−oxide to oxide−electrolyte interfaces.14 Since
all NAA membranes assessed in our study were produced
under the mild anodization regime, it is reasonable to infer that
the space charge density gradient in NAA membranes will be
influenced by the thicknesses of their BOLs (Figure 4e).
Therefore, we hypothesize that this ICR characteristic should
be different in NAA membranes produced in distinct
electrolytes under their corresponding self-ordering anodiza-
tion conditions. Indeed, analysis of the ICR characteristic of
NAASu, NAAOx, and NAAPh membranes at their optimal pH in
0.1 M KCl (i.e., pH at which the ICR ratio is maximum)

reveals that, whereas the current density at the ON state (JON)
is comparable (i.e., average value of JON = −74 ± 4 mA cm−2),
the ionic conduction at the OFF state in these blind-hole
membranes relies on the type of NAA membrane, with
estimated values of JOFF = 15.2 ± 3.1, 5.1 ± 1.0, and 0.3 ± 0.1
mA cm−2, respectively (Figure 4f). Analysis of the ICR ratio,
defined by |JON/JOFF| at |Vapp| = 2 V, shows that rectification in
blind-hole NAA membranes increases in the order NAASu <
NAAOx < NAAPh at optimal pH conditions, with values of −5,
−15, and −37, respectively (Figure 4g). Note that in this
context, a negative ICR ratio denotes that the ON state occurs
under negative bias (Vapp = −2 V), whereas a positive ICR
ratio indicates that the high ionic conduction state takes place
under positive bias (Vapp = 2 V). Therefore, blind-hole NAA
membranes achieve the highest ionic rectification performance
under a negative bias at their corresponding optimal pH, and
their ICR efficiency increases with the BOL thickness.
It is worthwhile to note that ionic rectification in as-

produced NAA membranes is not stable and changes with the
number of measured J−V cycles. To address this drawback,
Kim and co-workers devised the so-called “reset process”, in
which cyclic voltage sweeps are applied across NAA
membranes in ultrapure water until stabilization of their J−V
characteristic. Application of this process to NAA membranes
produced in sulfuric, oxalic, and phosphoric acid reveals a
similar trend to that reported by Kim and co-workers in their
study on NAAOx membranes. Figure S2 (Supporting
Information) summarizes the obtained results, in which it is
apparent that the current density at the ON and OFF states
(i.e., |Vapp| = 2 V) changes with voltage sweeps until it gradually
reaches a steady state after 21 voltage cycles. However, NAASu,
NAAOx, and NAAPh membranes show interesting differences.
For instance, the absolute values of JON and JOFF are found to
decrease with increasing thickness of the BOL, whereas the
value of JON for NAASu is approximately 1 order of magnitude
larger than that of the NAAPh counterpart. It is also observed
that the ON reset state of NAA membranes produced in
sulfuric acid occurs under a negative potential bias (Vapp < 0
V), whereas the ON state for NAAOx and NAAPh membranes
during the reset process is at Vapp > 0 V. This analysis also
indicates that NAAPh membranes provide more stable J−V
signals under continuous voltage cycles than their NAAOx and
NAASu analogs. To gain further insights into the iontronic
characteristics of the BOL of blind-hole NAA membranes
produced in sulfuric, oxalic, and phosphoric acid, we
performed electrochemical impedance spectroscopy (EIS)
analysis in 0.1 M KCl electrolyte after the reset process.
Figure S3 (Supporting Information) summarizes the Nyquist
spectra of NAASu, NAAOx, and NAAPh membranes at Vapp =
−2, 0, and 2 V, along with details of the equivalent circuit
model developed by Kim and co-workers used to estimate the
values of the resistance of their BOL (RBOL) in 0.1 M KCl at
their optimal pH (eqs S1 and S2 and Table S1 in Supporting
Information).13 Analysis of the values summarized in Table 3
indicates that RBOL increases when the system transitions from
its ON (Vapp = −2 V) to its OFF (Vapp = −2 V) state.
Interestingly, this result indicates that NAASu, NAAOx, and
NAAPh membranes have similar values of RBOL at Vapp = −2 V
(ON state) with an average of 0.7 ± 0.3 kΩ·cm2, whereas the
value of RBOL at Vapp = 2 V (OFF state) increases with the
thickness of the BOL, with values of 2.8, 4.5, and 8.3 kΩ·cm2,
respectively. This result is in good agreement with our
observations of ICR characteristics in these membranes
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(Figure 4f), where the current density at JOFF decreases in the
order NAASu > NAAOx > NAAPh.
3.3. pH-Dependent Ionic Current Rectification in

Engineered NAA Membranes. Figure 5 shows the depend-
ence of the J−V characteristic of blind-hole NAASu, NAAOx,
and NAAPh membranes in a 0.1 M KCl electrolyte at varying
pH values, from 3 to 10. These graphs indicate that the high
ionic conduction state (JON) occurs under a negative bias (Vapp
= −2 V) from pH 3 to 9 for all NAA membranes. However, the
polarity of the system is reversed for pH > 9, where the JON
state occurs under a positive bias (Vapp = 2 V). This result is in
good agreement with the observations reported by Kim and
colleagues using NAAOx membranes produced under similar
anodization conditions.13 To gain further insight into this
intriguing characteristic, we analyzed the dependence of the
isoelectric point (IEP) and ICR ratio of these model systems.
The IEP is defined by the pH value at which the surface charge
density of NAA (σS−NAA) becomes zero (i.e., pH turning point
between σS−NAA > 0 C·m−2 and σS−NAA < 0 C·m−2). NAA is
known to be positively charged (Al−OH2

+) at pH < IEPNAA
and negatively charged (Al−O−) at pH > IEPNAA.

10

The zeta potential of NAA (ζNAA) is the potential difference
between the bulk ionic electrolyte solution and the shear plane
of NAA in that electrolyte (i.e., NAA surface + Helmholtz rigid
double layer + Gouy−Chapman double layer).51 Therefore,
this parameter can be considered as a relative indicator of
σS−NAA. Figure 6 (left) depicts the zeta potentials of NAASu,
NAAOx, and NAAPh membranes in 0.01 M KCl at pH = 3−10,
which are found to decrease linearly with increasing pH.
Analysis of these graphs reveals that the IEPNAA of blind-hole
NAA membranes produced in sulfuric, oxalic, and phosphoric
electrolyte (i.e., pH at which ζNAA = 0 mV) is 6.0, 5.3, and 4.6,
respectively. It has been proposed that NAA membranes
feature an asymmetric, hybrid structure consisting of arrays of
straight cylindrical nanopores along their thicknesses and much
smaller (i.e., 0.0−1.3 nm) ionic nanochannels across their
BOLs.37 The ionic current rectification property seen in blind-
hole NAA membranes has been attributed to the gradient in
surface charge density and geometric asymmetry between
nanopores and ionic nanochannels. However, in such a system
ionic current rectification would be expected to be ineffective
at the corresponding IEPNAA (i.e., ICR ratio transition from
negative to positive at the pH where ζNAA = 0 mV → σS−NAA =
0 C·m−2). Analysis of the ICR ratio of NAASu, NAAOx, and
NAAPh membranes in 0.1 M KCl at pH = 3−10 shown in
Figure 6 (right) reveals a distinct rectification efficiency pattern
with pH. Whereas NAASu and NAAOx show a Gaussian-like pH
dependence of the ICR ratio centered at pH = 6.0, NAAPh
membranes show an exponentially decreasing ICR ratio with a
maximum of 37 at pH = 3. These values are close to the
estimated values of IEPNAA for each type of blind-hole NAA
membrane (i.e., 6.0, 5.3, and 4.6, respectively). However, the

ICR ratios of NAASu, NAAOx, and NAAPh membranes in 0.1 M
KCl change their rectification directions (i.e., from JON at Vapp
< 0 V to JON at Vapp > 0 V) at pH ∼ 9.5. These observations are
in good agreement with those made by Kim and co-workers,
who demonstrated that the ICR in NAAOx membranes is
governed by the fixed space charge density gradient (∇ρBOL)
across the BOL. Therefore, our findings suggest that NAASu,
NAAOx, and NAAPh membranes produced under mild
anodization conditions at their corresponding self-ordering
potentials feature an equivalent ∇ρ across the volume of their
BOL. This result would also indicate that the distribution of
fixed negative (O2−) and positive (Al3+) charge vacancies
across BOLs of varying thicknesses is determined by the
anodization regime and independent of the acid electrolyte. As
such, the mechanism by which fixed charge vacancies are
generated in the BOL of self-organized NAA membranes
would follow an onion-like gradient structure concomitant to
that of the incorporation of ionic impurities from the acid
electrolyte.13,52

3.4. Surface Chemistry Functionalization of Engi-
neered NAA Membranes. Blind-hole NAA membranes
produced in oxalic acid electrolyte by the two-step anodization
process have been used as iontronic sensing platforms for a
variety of analytes.37−40 To this end, the surface of NAA must
be chemically modified with specific functional molecules to
attain chemical selectivity toward targeted analytes. For
instance, Zhao and co-workers assessed the effect of pH
electrolyte on the sensitivity of model NAAOx membranes to
detect thrombina blood coagulation serine protease
enzymethrough changes in their characteristic ICR signals.40

Enhancements in sensitivity were attributed to the relative
arrangement between the pH of the KCl electrolyte (pHKCl)
and the isoelectric point of the analyte molecules immobilized
onto the surface of NAA (IEPAnalyte), using the hybrid
nanopore−ionic nanochannel system. The iontronic sensitivity
was found to be optimal at pHKCl = 9.0 > IEPAnalyte = 7.0−7.4,
a configuration under which the flow of cations from the outer
to the inner side of the aptamer-functionalized BOL was
thought to be enhanced due to increased asymmetry in the
surface charge density between nanopores and ionic channels
across the BOL. In light of these results, we hypothesize that
the sensitivity of this model iontronic system could be
maximized by increasing the ICR efficiency of NAA’s BOL
through structural engineering. To elucidate this question, we
decided to use the binding affinity of gold ions (Au3+) in
solution with thiol functional groups (-SH) on the surface as a
model selective chemical interaction. So, the inner surface of a
set of freshly prepared, blind-hole NAASu, NAAOx, and NAAPh
membranes (i.e., outer side of BOL) was selectively function-
alized with a layer of thiol-containing silane molecules (i.e.,
MPTMS) (Figure 7a).
In this process, NAA membranes are first hydroxylated to

increase the number of available -OH groups on the surface of
the anodic oxide. After hydroxylation, a self-assembled
monolayer of MPTMS molecules is immobilized onto the
inner surface of NAA via wet chemistry. During this step, silane
molecules in solution hydrolyze to form silanols, which then
readily attach to -OH groups on the surface of the anodic
oxide.53 Upon immobilization, the MPTMS monolayer is
subjected to a 1-h-long annealing step at 110 °C to cross-link
adjacent silane molecules through an internal polymerization
reaction to form Si−O−Si (siloxane) and mechanically
consolidate the MPTMS functional layer. Figure 7b shows

Table 3. Values of the Resistance of the BOL of NAA
Membranes Produced in Sulfuric, Oxalic, and Phosphoric
Acid Electrolytes (NAASu, NAAOx, and NAAPh) Estimated by
EIS in 0.1 M KCl at Their Optimal pH

RBOL (kΩ·cm2)

NAA Vapp = −2 V Vapp = 0 V Vapp = 2 V

NAASu 0.6 1.8 2.8
NAAOx 1.0 1.8 4.5
NAAPh 0.5 1.2 8.3
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images of the water contact angle measured on the top surface
of bare (i) and MPTMS-functionalized (ii) NAASu, NAAOx,
and NAAPh membranes. Analysis of the water contact angle
indicates that as-produced NAASu, NAAOx, and NAAPh
membranes are hydrophilic with a water contact angle that is
found to increase with nanopore size (i.e., 17 ± 1, 20 ± 4, and
46 ± 4°, respectively) (Figure 7c).54,55 The hydrophobic
character of these NAASu, NAAOx, and NAAPh membranes

increases to 36 ± 2, 50 ± 6, and 66 ± 4°, respectively, after
deposition of the functional MPTMS monolayer due to the
presence of thiol terminal groups (-SH) on their surfaces.
Interestingly, surface chemistry modification also alters the
ICR efficiency and polarity of NAA membranes (Figure 7d).
For instance, the ICR ratio of as-produced and MPTMS-
functionalized, blind-hole NAA membranes in 0.1 M KCl at
pH = 6 is measured to be −5 and −2 for NAASu, −15 and 2 for

Figure 5. Dependence of ionic current rectification (ICR) on the pH of 0.1 M KCl electrolyte, from 3 to 10, in engineered NAA membranes (NB:
all blind-hole NAA membranes were subjected to the reset process prior to J−V characterization). (a) Full (left) and JON magnified (right) view of
the ionic J−V characteristic of a blind-hole NAASu membrane in 0.1 M KCl at pH = 3−10. (b) Full (left) and JON magnified (right) view of the
ionic J−V characteristic of a blind-hole NAAOx membrane in 0.1 M KCl at pH = 3−10. (c) Full (left) and JON magnified (right) view of the ionic
J−V characteristic of a blind-hole NAAPh membrane in 0.1 M KCl at pH = 3−10.
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NAAOx, and −11 and 7 for NAAPh, respectively (Figure S4,
Supporting Information). These results indicate that, whereas
the polarity of ICR is the same before and after
functionalization for NAASu membranes (i.e., ON state at
Vapp < 0 V), NAAOx and NAAPh membranes reverse their
rectification direction upon MPTMS modification (i.e., from
ON state at Vapp < 0 V to ON state at Vapp > 0 V for as-
produced and MPTMS-functionalized membranes, respec-
tively). According to the hypothesis proposed by Zhao and co-
workers for the detection of thrombin in aptamer-function-
alized, blind-hole NAAOx membranes, the ICR polarity would
be determined by the asymmetry in surface charge density
(σS−NAA) between the nanopores and the ionic channels
connecting the inner and outer surfaces of the NAA’s BOL.

Under such a hypothesis, the high ionic conduction state (i.e.,
JON) should occur at Vapp < 0 V when pHKCl < IEPNAA and at
Vapp > 0 V when pHKCl > IEPNAA.

40 It was also postulated that
at pHKCl ≈ IEPNAA the ICR ratio should be close to 1 and JON
≈ JOFF. In principle, this hypothesis would be in good
agreement with our estimations of IEPNAA and ICR polarity for
MPTMS-functionalized NAASu, NAAOx, and NAAPh mem-
branes at pH 6 (Figure 8).
However, Kim and co-workers recently demonstrated that

the gradient of the space charge density across the BOL
(∇ρBOL) rather than the asymmetry of σS−NAA between the
nanopores and ionic nanochannels crossing the BOL is the
governing factor determining the ICR behavior of blind-hole
NAA membranes.13 To gain further insights into this question,

Figure 6. Dependence of the zeta potential (ζNAA) and ionic current rectification (ICR) ratio in engineered NAA membranes with pH from 3 to
10, in 0.1 M KCl (NB: all blind-hole NAA membranes were subjected to the reset process prior to J−V characterization). (a) ζNAA (left) and ICR
ratio (right) for NAASu membranes. (b) ζNAA (left) and ICR ratio (right) for NAAOx membranes. (c) ζNAA (left) and ICR ratio (right) for NAAPh
membranes.
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we analyzed the dependence of the IEPNAA and J−V
characteristic of MPTMS-functionalized, blind-hole NAASu,
NAAOx, and NAAPh membranes in a 0.1 M KCl electrolyte at
varying pH values, from 3 to 10 (Figure S5, Supporting
Information). It is apparent that, in contrast to their as-
produced NAA counterparts, the polarity of the ICR ratio for
the MPTMS-functionalized systems is reversed at distinct pH
(i.e., 8.5, 4.5, and 4.5 for NAASu, NAAOx, and NAAPh
membranes, respectively) and it is independent of IEPNAA.
The degree of charge of thiol terminal groups (-SH) of
MPTMS due to deprotonation is expected to be low at lower
pH since -SH is a weak acid that forms a negatively charged
conjugate base. The negative potential of NAA membranes at
pH 3 is attributed to the preferential adsorption of less
hydrolyzable negative ions. The residual hydroxyl groups on
NAA that are not bound to MPTMS might be deprotonated in
an aqueous solution of KCl at low pH, which might also
contribute to the negative zeta potential at pH 3. Although
further research will be needed to fully clarify this question, our
results would suggest that changes in ICR efficiency and
polarity in functionalized NAA membranes could be attributed
to a balance between the gradient of σS−NAA along the
nanopores/ionic nanochannels and the space charge density
gradient (∇ρBOL) across the BOL. For instance, let us assume
that the space charge density is uniform at both sides of the
BOL; then ∇ρBOL can be approximated to the space charge
density increment between the inner and outer layers of the
BOL (i.e., ∇ρBOL ≈ ΔρBOL = ρBOL−inner − ρBOL−outer). If we also
consider that the electric field across the BOL (∇ϕBOL) relies
on the space charge density gradient (ΔρBOL) and the

thickness of the BOL (τBOL), then we can infer that, for a
given potential bias, ∇ϕBOL will decrease following the order
NAASu > NAAOx > NAAPh. Under such conditions, the ICR
polarity should be determined by the BOL when the influence
of ∇ϕBOL is stronger than that of σS−NAA along the nanopore/
ionic nanochannels. On the other hand, if the influence of
σS−NAA is stronger than that of ∇ϕBOL, the ICR behavior
should be governed by the surface charge density along the
nanopore/ionic nanochannels. This hypothesis would in
principle explain our observations on the transport of K+ and
Cl− ions across MPTMS-functionalized, blind-hole NAA
membranes with varying BOL thicknesses and the associated
and high ionic conduction states, where the transduction
mechanism is determined by the space charge density in the
NAASu membrane (i.e., thinner BOL) and by the surface
charge density gradient between nanopores and ionic channels
in NAAOx and NAAPh membranes (i.e., thicker BOL),
respectively (Figure 8).

3.5. Iontronic Sensing of Gold(III) Ions in Engineered
NAA Membranes. To elucidate the effect of NAA’s BOL on
the sensing performance of this model iontronic platform,
MPTMS-functionalized NAA membranes produced in sulfuric,
oxalic, and phosphoric acid electrolyte were exposed to
analytical solutions of gold(III) ions (Au3+) of varying
concentrations, from 0 to 300 μM. Figure 9 shows how the
J−V characteristic of blind-hole NAASu, NAAOx, and NAAPh
membranes changes dynamically upon exposure to Au3+

solutions of increasing concentrations. It is apparent that
binding of Au3+ ions to the functional MPTMS layer on the
inner surface of NAA membranes decreases ionic transport

Figure 7. Surface chemistry engineering of NAA membranes produced in sulfuric, oxalic, and phosphoric acid electrolytes (NAASu, NAAOx, and
NAAPh) by the two-step anodization process. (a) Schematic describing the wet chemistry process used to selectively immobilize a monolayer of
MPTMS on the inner side of blind-hole NAA membranes. (b) Digital images showing representative water contact angle measurements in NAASu,
NAAOx, and NAAPh before (i) and after (ii) MPTMS functionalization. (c) Bar chart summarizing the average water contact angle measured in
NAASu, NAAOx, and NAAPh before (i) and after (ii) MPTMS functionalization (NB: error bars represent the standard deviation from 10 different
measurements). (d) Ionic J−V characteristic of a representative blind-hole NAASu membrane in 0.1 M KCl at pH = 6 before and after MPTMS
functionalization.
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across the BOL with increasing [Au3+]. After MPTMS
functionalization, the functional layer of MPTMS molecules
on the inner surface of NAA’s nanopores acts as an additional
hindrance for ion transport across the BOL. In the case of KCl
electrolyte, this functional layer increases the overall resistance
of the system (i.e., reduction of JON and JOFF values) by
reducing the flow of K+ and Cl− ions through the BOL due to
surface charge modification and reduction of ionic channel
size. When Au3+ ions are added into one of the electrolytes of
the H-cell, these are immobilized by the thiol terminals of
MPTMS functional molecules. This interaction further
increases the steric hindrance effect and limits transport of
K+ and Cl− ions across the BOL (i.e., indicated by a reduction
of JON). As such, the overall resistance for ionic transport
across the BOL increases and the ionic transport across the
BOL decreases. Hence, there is a decreased ionic current
rectification as [Au3+] increases.54 These results are in good
agreement with those reported by Zhao and co-workers for the
detection of Cu2+ ions in PGA-modified, blind-hole NAAOx
membranes.38 However, analysis of the J−V characteristic
reveals apparent differences between NAA membranes with
distinct BOLs.
Figure 9a shows that both JON and JOFF decrease in absolute

value with increasing [Au3+] in NAASu membranes, where JON
= −1.8 and −1.2 μA cm−2 and JOFF = 0.9 and 0.8 μA cm−2 at

[Au3+] = 0 and 300 μM, respectively. NAAOx membranes also
show a similar trend to that of NAASu membranes but of
opposite polarity, where JON = 2.3 and 0.9 μA cm−2 and JOFF =
−0.8 and −0.7 μA cm−2 at [Au3+] = 0 and 300 μM,
respectively (Figure 9b). NAAPh membranes also show
decreasing ionic conduction with increasing analyte concen-
tration, with JON = 4.9 and 2.4 μA cm−2 and JOFF = −0.6 and
−0.4 μA cm−2 at [Au3+] = 0 and 300 μM, respectively (Figure
9c). These results indicate that, for a specific binding reaction,
an increment in ionic rectification associated with increasing
BOL thickness is translated into an enhancement of sensitivity
when Au3+ ions are immobilized onto the functional layer due
to additional ionic resistance. To gain further insights into this
question, we determined the sensing performance for this
model binding reaction in MPTMS-functionalized, blind-hole
NAA membranes. Figure 10 depicts the dependence of JON
with [Au3+] for NAASu, NAAOx, and NAAPh membranes,
including linear fittings used to determine key sensing
parameters such as sensitivity (S), linearity (R2), and low
limit of detection (LoD). These chemically selective iontronic
platforms show two sensing regimes: one at low concentration
(LC), from 0 to 3 × 10−6 μM, and another one at high
concentration (HC), from 75 to 300 μM. Analysis of these
sensing parameters summarized in Table 4 reveals that the
sensitivity of the system increases with increasing BOL

Figure 8. Understanding ionic flow transport across MPTMS-functionalized NAA membranes produced in sulfuric, oxalic, and phosphoric acid
electrolytes (NAASu, NAAOx, and NAAPh) by the two-step anodization process. (a) Ionic J−V characteristic of a MPTMS-functionalized, blind-hole
NAASu membrane in 0.1 M KCl at pH = 6 (top) and schematic describing the ionic flow mechanism across the BOL (bottom). (b) Ionic J−V
characteristic of a MPTMS-functionalized, blind-hole NAAOx membrane in 0.1 M KCl at pH = 6 (top) and schematic describing the ionic flow
mechanism across the BOL (bottom). (c) Ionic J−V characteristic of a MPTMS-functionalized, blind-hole NAAPh membrane in 0.1 M KCl at pH =
6 (top) and schematic describing the ionic flow mechanism across the BOL (bottom).
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thickness for both concentration ranges. However, it is
apparent that the system is much more sensitive at the low
compared to the high concentration regime. The absolute
value of S in the LC range is measured to be 0.13 ± 0.02, 0.19
± 0.04, and 0.44 ± 0.04 (μA cm−2) pM−1 for NAASu, NAAOx,
and NAAPh membranes, respectively. Although the system
shows the same trend with increasing BOL thickness in the
HC range, the absolute value of S is several orders of
magnitude lower than that estimated for the LC range (i.e.,
(2.8 ± 2.0) × 10−4, (3.4 ± 0.8) × 10−3, and (4.4 ± 0.2) × 10−3

(μA cm−2) μM−1 for NAASu, NAAOx, and NAAPh membranes,
respectively).

At low [Au3+] range, the number of Au3+ ions in solution
allows an effective interaction with thiol groups in MPTMS
molecules immobilized onto the inner side of NAA nanopores.
Under such conditions, Au3+ ions are free to interact and bind
with thiol functional groups. However, excess Au3+ ions in
solution within the HC range hinder this binding interaction
due to competing binding between Au3+ ions, which in turn
reduces the overall sensitivity of the system. It is also important
to note that lower sensitivity is expected in the proximity of the
saturation range (i.e., range of concentration in which the
binding interaction is saturated and thus independent of the
concentration of analyte). Indeed, analysis of the LoD also

Figure 9. Dynamic changes in the ionic J−V characteristic of MPTMS-functionalized, blind-hole NAASu, NAAOx, and NAAPh membranes upon
exposure to analytical solutions of gold ions (Au3+) with varying concentrations, from 0 to 300 μM. (a) Full (left) and JON magnified (right) view of
the J−V characteristic of MPTMS-functionalized NAASu membranes with varying [Au3+]. (b) Full (left) and JON magnified (right) view of the J−V
characteristic of MPTMS-functionalized NAAOx membranes with varying [Au3+]. (c) Full (left) and JON magnified (right) view of the J−V
characteristic of MPTMS-functionalized NAAPh membranes with varying [Au3+].
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indicates that this iontronic system performs much better at
low concentrations, achieving remarkably low limits of
detection within the sub-picomolar range (i.e., 0.8, 0.9, and
0.4 pM for NAASu, NAAOx, and NAAPh membranes,
respectively). It is also found that the correlation of JON with
the concentration of analyte is much stronger for the LC
regime than that of the HC range, with average linearity values
of 0.896 and 0.709, respectively. These results demonstrate
that engineering the characteristics of the BOL in NAA
membranes is a critical aspect to consider in the design of
iontronic sensing systems based on these nanoporous plat-
forms. The sensitivity of this system is found to increase with
increasing BOL thickness (i.e., 0.0015 (μA cm−2) pM−1 per
nm of BOL for the LC range) and ICR rectification efficiency.
This finding provides new opportunities to develop ultra-
sensitive, label-free sensing platforms with broad applicability
across nanofluidic and iontronic applications.

4. CONCLUSIONS
We have investigated the ionic current rectification character-
istics across three types of NAA membranes fabricated by the
two-step anodization process in sulfuric, oxalic, and phosphoric
acid electrolytes at their corresponding self-organization
potentials. All these model blind-hole NAA membranes
showed a characteristic ICR behavior, which was found to
rely on the geometric properties of the BOL at their nanopore
bottom tips. Interestingly, all NAA membranes showed
inversion of ICR polarity at pH = 9.5, conditions under
which the high ionic conduction state changed from negative
to positive polarity. In all cases, the maximum of rectification
efficiency or ICR ratio was found to be below that pH at which
the ICR polarity changes. This result would suggest that NAA
membranes produced under self-organization conditions
feature the same distribution of positive and negative fixed
charge vacancies across the thicknesses of their BOLs. As such,
we hypothesized that it is possible to maximize the sensitivity
of this iontronic system by engineering the characteristics of
the BOL. To elucidate this question, we used the chemical
affinity of gold ions to thiol functional groups as a model
reaction. MPTMS-functionalized NAA membranes with
varying BOLs were exposed to analytical solutions of gold
ions. The ICR characteristic of these blind-hole membranes
underwent dynamic changes upon exposure to increasing
concentrations of gold ions. Analysis of sensing performance
using changes in the current density at the high ionic
conduction state as the core sensing principle revealed two
working ranges, at low and high analyte concentration. The
low limit of detection of the system at these regimes is at the
pico- and micromolar levels, respectively. It was also found that
the sensitivity of this system increases linearly with the BOL

Figure 10. Summary of the chemical sensitivity of MPTMS-
functionalized, blind-hole NAASu, NAAOx, and NAAPh membranes
for the detection of gold ions (Au3+) with varying concentrations,
from 0 to 300 μM (NB: LC = low concentration and HC = high
concentration). (a) Dependence of JON with [Au3+] for MPTMS-
functionalized NAASu membranes. (b) Dependence of JON with
[Au3+] for MPTMS-functionalized NAAOx membranes. (c) Depend-
ence of JON with [Au3+] for MPTMS-functionalized NAAPh
membranes.

Table 4. Summary of Sensing Parameters of MPTMS-Functionalized NAA Membranes Produced in Sulfuric, Oxalic, and
Phosphoric Acid Electrolytes (NAASu, NAAOx, and NAAPh) for the Detection of Gold Ions (Au3+) within Low and High
Concentration Rangesa

LC HC

NAA Sc ((μA cm−2) pM−1) R2 LoDb (pM) Sc ((μA cm−2) μM−1) R2 LoDb (μM)

NAASu 0.13 ± 0.02 0.873 0.8 (2.8 ± 2.0)×10−4 0.656 75
NAAOx −0.19 ± 0.04 0.850 0.9 −(3.4 ± 0.8)×10−3 0.850 75
NAAPh −0.44 ± 0.04 0.964 0.4 −(4.4 ± 0.2)×10−3 0.621 75

a[Au3+]LC = 0−3 × 10−6 μM and [Au3+]HC = 75−300 μM. bEstimated as 3σ = (3·STDIntercept)/S.
cNegative value of S indicates that JON occurs at

Vapp > 0 V and vice versa for positive values of S.
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thickness at a rate of 0.0015 (μA cm−2) pM−1 per nm of BOL
for the low concentration range. As such, the thicker the BOL,
the more sensitive the iontronic NAA membrane is. Our
findings provide new avenues for developing cutting-edge
iontronic technologies based on NAA structures, which could
find broad applicability across multiple disciplines such as
energy conversion, sensing, nanofluidics, and biomimicking
information transduction.
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