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ABSTRACT: In this study, we produce for the first time bio-
mimetic films and microsized particles based on nanoporous
anodic alumina distributed Bragg reflectors (NAA-DBRs) by
a rational galvanostatic pulse-anodization approach. These bio-
mimetic photonic structures can feature a broad range of vivid
bright colors, which can be tuned across the UV−visible spec-
trum by engineering their nanoporous structure through dif-
ferent anodization parameters. The effective medium of
NAA-DBRs films is systematically assessed as a function of
the anodization period, the anodization temperature, and the
current density ratio by reflectometric interference spectros-
copy (RIfS). This analysis makes it possible to establish the
most sensitive structure toward changes in its effective medium.
Subsequently, specific detection of vitamin C molecules is demonstrated. The obtained results reveal that NAA-DBRs with
optimized structure can achieve a low limit of detection for vitamin C molecules as low as 20 nM, a sensitivity of 227 ± 4 nm μM−1,
and a linearity of 0.9985. Finally, as proof of concept, we developed a new photonic nanomaterial based on NAA-DBR microsized
particles, which could provide new opportunities to produce microsized photonic analytical tools.

KEYWORDS: pulse anodization, structural engineering, nanoporous anodic alumina, biomimetic photonic coatings,
reflectometric interference spectroscopy

1. INTRODUCTION

Many living organisms such as butterflies, beetles, and birds have
evolved to modify, optimize, and adapt their visual appearance
through structurally colored coatings. In these smart photonic
coatings, which do not incorporate any natural pigment, color is
generated by the interaction between light and matter. Colored
films can be naturally or synthetically created by a range of pho-
tonic nanostructures, including diffraction gratings, selective
mirrors, photonic crystals, crystal fibers, or matrices of
nanopores. Nanomaterials such as thin films can be produced
with a broad range of colors by means of different synthetic
approaches.1−4 Although the color of a material is not relevant
for many applications, this optical property can be a key factor
in order to spread its applicability toward other uses. An
outstanding example of that is porous silicon (pSi), which can be
produced with a broad range of vivid colors by engineering its
nanoporous structure.5−7 This physical property has spread the
use of pSi nanostructures in the form of films and microparticles
to a plethora of new applications, including optical/visual sensing,
optoelectronics, drug delivery, cosmetics, protective films, food
technology, and so on.8−13 It is worth noting that pSi oxidizes in air

or aqueous solutions and degrades under acidic or basic media
conditions unless passivated via chemical functionalization or
carbonization.14−16 Oxidation and degradation of pSi lead to
unstable optical signals and changes in color. This property,
which can be readily useful in some applications such as drug
delivery nanocarriers and in vivo visual sensors, can prevent pSi
from being used in those applications where a stable color is
desired.17−20

Alternative inert and chemically passive nanoporous materials
such as nanoporous anodic alumina (NAA) could overcome
these limitations. NAA is produced by electrochemical
anodization of aluminum substrates in acid electrolytes, and
its nanopores can be structurally engineered by means of dif-
ferent electrochemical approaches such as pulse anodization.21−27

Recently, some studies have made good use of these fabrication
methods to produce a variety of photonic structures based on
NAA such as rugate filters and distributed Bragg reflectors
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(DBRs).28−36 NAA is a very attractive material in terms of
chemical and physical properties (e.g., controllable nanopore
geometry, chemical stability, mechanical robustness, easy
chemical functionalization, etc.). Furthermore, the optical signals
and sensing performance of NAA-based photonic structures
are comparable to those of porous silicon.37,38 Nevertheless,
NAA photonic structures feature transparent color unless the
remaining aluminum substrate is chemically removed because of

its intrinsic photonic limitations (i.e., low contrast of porosity
between nanoporous layers and low refractive index, approx-
imately nNAA = 1.67). These inherent limitations, however, can be
overcome by modifying the anodization conditions so that the
resulting NAA layers feature high porosity and thus high contrast
of effective refractive index between layers.39 Under specific
anodization conditions, NAA can be produced with vivid colors,
which can be tuned across the UV−visible spectrum by structural

Figure 1. Fabrication of photonic films based on NAA-DBRs. (a) Example of pulse anodization profile describing the different parameters defining
a current density pulse (i.e., Tp, Jhigh, Jlow, thigh, and tlow). (b) Scheme describing the fabrication of NAA-DBRs. (c) Illustration defining the different
geometric features in NAA-DBRs (i.e., LT, LTp, Lhigh, and Llow). (d) Illustration depicting how the effective medium is structurally engineered in depth in
NAA-DBRs (neff‑high < neff‑low). (e) Scheme illustrating how NAA-DBRs reflect light at specific wavelengths by the interaction light−matter (i.e.,
generation of interferometric colors). (f) Representative SEM images showing the actual nanoporous structure of NAA-DBRs (top, general cross-
sectional view; bottom, magnified view of white square shown in top. Scale bars =1 μm and 500 nm, respectively).
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engineering. These photonic structures can efficiently reflect
light at specific wavelengths across the UV−visible spectrum,
enabling the production of interferometrically colored aluminum
(Figure 1).
Herein, we present a systematic study on the fabrication,

engineering, optical assessment, and sensing applicability of
NAA-DBR photonic films. This study demonstrates the out-
standing potential of NAA-DBR photonic films as optical sensing
platforms in the form of films and nanoporous microparticles.

2. EXPERIMENTAL SECTION
2.1. Materials. High-purity (99.9997%) aluminum foils, 0.32 mm

thick, were supplied by Goodfellow Cambridge, Ltd. (UK). Sulfuric
acid (H2SO4), perchloric acid (HClO4), chromium trioxide (CrO3),
phosphoric acid (H3PO4), hydrochloric acid (HCl), cupric chloride
(CuCl2), (3-aminopropyl)trimethoxysilane (APTES), hydrogen per-
oxide (H2O2), L-ascorbic acid (C6H8O6, vitamin C), and glutaraldehyde
(CH2(CH2CHO)2, GTA) were purchased from Sigma-Aldrich
(Australia). Ethanol (C2H5OH − EtOH) and isopropanol (C3H8O −
IPA) were supplied by ChemSupply (Australia). Ultrapure water from
Option Q−Purelabs (Australia) was used for preparing the aqueous
solutions used in this study.
2.2. Fabrication of NAA-DBRs. NAA-DBR structures were

produced by galvanostatic pulse anodization in an aqueous solution
of 1.1 M H2SO4. Al substrates were first electropolished in a mixture
of EtOH and HClO4 (4:1 (v/v)) at 20 V and 5 °C for 3 min prior to
anodization in order to achieve a mirrorlike finish. After that, Al
substrates were first anodized in 1.1 M H2SO4 for 1 h at a constant
current density of 1.12 mA cm−2. Next, the anodization profile was set to
pulse mode, during which the current density was sequentially pulsed in
a stepwise fashion between high (Jhigh = 1.12 mA cm−2) and low (Jlow =
0.28 mA cm−2) current density values for a total of 150 pulses. In the
case of NAA-DBRs fabricated at−1 °C, the acid electrolyte solution was
modified with 25 vol % of EtOH in order to prevent the solution from
freezing.40−42

2.3. Specific Detection of Vitamin C. The most sensitive
NAA-DBR structure was used to evaluate the ability of these photonic
structures as optical sensing platform for specific detection of analytes.
The inner surface of NAA-DBR photonic films was chemically modified
with APTES by a well-established silanization process reported else-
where.43 In brief, the inner surface of NAA-DBRs was first hydroxylated
in boiling H2O2 (30 wt %) for 10 min. Then, NAA-DBRs were dried and
functionalized with APTES via chemical vapor deposition at 135 °C for
3 h. The sensing performance of the most sensitive NAA-DBR structure
under specific adsorption conditions was assessed by measuring changes

in the effective optical thickness (OTeff) of these films with the con-
centration of vitamin C. To this end, five different analytical solutions of

Table 1. Fabrication Parameters (i.e., Tp, Tan, and Rt) for the Different NAA-DBR Photonic Films Produced in This Study, the
Spectrum Range Where These Photonic Structures Reflect Light, and the RGB Color of the Resulting Filma

aRGB values shown in Table 1 are only for comparison among samples.

Figure 2. Digital pictures of NAA-DBR photonic films featuring dif-
ferent colors tuned by different fabrication parameters. Aluminum sub-
strates were anodized through a circular window of 1 cm in diameter =
diameter of NAA-DBR photonic films. Dashed line = UV range; dotted
and dashed line = visible range. (a) Effect of Tp and Tan. (b) Effect of Rt.
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vitamin C were used (i.e., 0.125, 0.188, 0.250, 0.375, and 0.500 μM). This
set of experiments was performed in a flow cell, whereΔOTeff of the NAA-
DBR films was monitored in real-time at a flow rate of 100 μL min−1.
A stable baseline with ultrapure water was established for 15 min prior to
injection of the different analytical solutions, and amine terminal groups of
APTES molecules (−NH2) were activated by flowing an aqueous solution
of GTA 2.5 vol % for 15 min. The contact of vitamin C molecules with
GTA-APTES-functionalized NAA-DBR films produced sharp changes in
the OTeff of NAA-DBRs and continued until total saturation of the amine
groups present on the inner surface of NAA-DBRs. Finally, water was
flowed again in order to remove physisorbed vitamin C molecules and
establish the totalΔOTeff associatedwith immobilized vitaminCmolecules.
2.4. Generation of NAA-DBR Nanoporous Microparticles.

Nanoporous microparticles were prepared from NAA-DBR films by
selective chemical removal of the remaining aluminum substrates in
a saturated mixture of HCl/CuCl2. After that, NAA-DBR films were
broken down into microparticles first by mortar grinding and then
by sonication during 2 h. The resulting NAA-DBR microparticles were
characterized by optical microscopy (Nikon LV100 POL optical
petrographic microscope).
2.5. Morphological Characterization. The morphological

characteristics of the different types of NAA-DBR films were char-
acterized by field-emission gun scanning electron microscopy (FEG-
SEM FEI Quanta 450). The plugin Measure RGB in ImageJ (public
domain program developed at the RSB of the NIH) was used for SEM
image analysis and the plugin Measure RGB was used to establish
the RGB values of each sample. RGB color scales were established by
image analysis of digital pictures of NAA-DBRs acquired by a mobile
phone Sony XperiaTMZ3 Compact equipped with a camera of 20.7MP
(5248 × 3936 pixels) and autofocus function.44

3. RESULTS AND DISCUSSION
3.1. Tuning Color in NAA-DBR by Structural Engineering

of Nanopore Geometry. NAA-DBRs were produced by pulse

anodization under mild conditions (Figure 1a). As Figure 1b
depicts, the structure of NAA-DBR photonic films can be de-
scribed as a stack of nanoporous strata featuring sequentially
alternated levels of porosity in depth. The geometry of NAA-
DBRs can be defined by the lengths of the segments with high
and low effective refractive index (Lhigh and Llow, respectively),
the period length (LTp, defined as Lhigh + Llow), and the total
thickness of the film (LT) (Figure 1c). Table S1 summarizes the
values of pore diameter, growth rate, and porosity of NAA
produced at Jhigh and Jlow, respectively. The light−matter interac-
tion can be engineered by the nanoporous structure of NAA-
DBRs, making it possible to tune color of NAA-DBRs across
the UV−visible spectrum by switching the effective refractive
index of NAA between high (neff‑low, i.e., low anodization current
density) and low (neff‑high, i.e., high anodization current density)
values (Figure 1d,e). Figure 1f shows a set of representative SEM
images of the actual nanoporous structure of NAA-DBRs
produced in this study.
To shed light on the different parameters affecting the genera-

tion of color in NAA-DBR structures and fabricate a com-
plete library of NAA-DBR structures with colors across the
UV−visible spectrum, the length of the current density pulse
period (Tp), the anodization temperature (Tan), and the ratio
of time for high and low current density values (Rt) were set to
four, three, and six different values, respectively (i.e., Tp = 675,
900, 1035, and 1170 s; Tan = 3, 1, and −1 °C; Rt = 1:2, 1:4, 1:6,
2:1, 4:1, and 6:1). Note that Tp is defined as the total time length
of high and low anodization current density pulses (eq 1), and Rt
is defined as the ratio between the time duration of high (Jhigh)
and low (Jlow) anodization current density pulses, respectively
(i.e., thigh and tlow) (eq 2).

Figure 3. Assessment of effective medium of NAA-DBR photonic films by RIfS as a function of the fabrication parameters (i.e., Tp, Tan, and Rt) and the
effective refractive index of the medium filling the nanopores (i.e., nmedium). (a−c) ΔOTeff as a function of Tp at Rt = 1:4 and Tan = 3, 1, and −1 °C,
respectively. (d) ΔOTeff as a function of Rt at Tp = 675 s and Tan = 3 °C.
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= +T t tp high low (1)

=R t t:t high low (2)

The fabrication characteristics of the different NAA-DBR
structures, the spectrum range where these photonic structures
reflect light, and the RGB color values of the resulting films are
summarized in Table 1; a description of the different parameters
used to create the different anodization profiles used in this study
is presented in Figure 1a (i.e., Tp, Jhigh, Jlow, thigh, and tlow).
Figure 2 shows digital pictures of the different NAA-DBRs.

As these images reveal, light reflected by NAA-DBRs is shifted
toward longer wavelengths (i.e., red-shifted) when the anodiza-
tion period is increased (i.e., the longer Tp, the longer the wave-
length of the reflected light). Representative reflection spectra
shown in Figure S1 demonstrate that the maximum of the reflec-
tion spectrum in NAA-DBRs can be readily tuned across the
UV−visible spectrum by the anodization period. Furthermore,
our results demonstrate that this redshift can be further increased
by decreasing the anodization temperature (Tan). NAA-DBR
structures can be produced with bright colors across the
UV−visible spectrum, including brown, gold, pink, purple,
blue, green, and yellow (Figure 2a). Further colors, including
gold, white, and silver, can be produced by modifying the ratio
between the time duration of high and low anodization current
density pulses (Rt, Figure 2b).
Color in NAA-DBRs is created by light interference, a physical

phenomenon that takes place when light falls on NAA-DBRs

from their top surface and interacts with their nanoporous struc-
ture. The wavelength at which that interference is constructive in
a given NAA-DBR structure is established by the Bragg’s law,
adapted to NAA-DBRs, represented as eq 3:45

λ θ θ= − + −‐ ‐m L n L n2( sin sin )high eff high
2

low eff low
2

(3)

wherem is the diffraction order, the maximum of which is located
at the wavelength λ, Lhigh and Llow are the lengths of the segments
in the structure of the NAA-DBR with a high and low effective
refractive index, respectively, and θ is the transmitted beam angle
within the film. That expression can be simplified if light is shined
at normal incidence (i.e., θ = 0°):

λ = +‐ ‐m L n L n2( )high eff high low eff low (4)

Therefore, according to the Bragg’s law, NAA-DBR photonic
films reflect light at longer wavelengths when Tp is increased
because LTp is directly proportional to Lhigh and Llow (i.e., ↑Tp →
↑LTp → ↑(Lhigh + Llow) → ↑λ) (Figure 2a). Furthermore, that
redshift can be further increased for a given Tp by decreasing the
anodization temperature because the porosity level of each layer
is decreased (↓Tan → ↑(neff‑high + neff‑low)→ ↑λ; Figure 2a).21 As
mentioned before, Rt is defined as the ratio thigh:tlow (eq 2). The
growth rate of layers at high current density (Jhigh) is much faster
than that of layers produced at low current density (Jlow)
(Table S1).21 Therefore, when the proportion of thigh in Rt is

Figure 4. Selective detection of vitamin Cmolecules by NAA-DBRs combined with RIfS. (a) Illustration depicting the surface chemistry used to endow
NAA-DBR films with chemical selectivity toward vitamin C molecules. (b) Sensing performance of NAA-DBR(675s;3°C;6:1) when detecting vitamin C
molecules. (c) Example of real-time detection of vitamin C (0.25 μM) usingΔOTeff as sensing principle. (d)Magnified view of red rectangle shown in c.
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increased, the wavelength of the reflected light is shifted toward
longer wavelengths according to eq 4 (Figure 2b).
3.2. Evaluation of Optical Characteristics of NAA-DBRs

by RIfS. NAA-DBRs are a composite material based on stacked
layers of NAA featuring different levels of porosity. The optical
properties of this material can be described by the effective
medium approximation, in which the macroscopic properties of
composite materials result from averaging the properties of
individual constituents.46 Reflectometric interference spectros-
copy (RIfS) was the technique of choice used to assess the
sensitivity (S), low limit of detection (LLoD), and linearity (R2)
of the effective medium of the different NAA-DBRs.47−52 To this
end, the nanoporous network of NAA-DBRs was infiltrated with
four different mixtures of ethanol (EtOH) and isopropanol
(IPA) (i.e., EtOH/IPA (v/v) = 3:1, 1:1, 1:3, and 0:1) in order to
achieve a broad contrast of refractive index of the medium filling
the nanopores (nmedium = 1.366, 1.370, 1.374, and 1.378 RIU,
respectively). Note that the total effective optical thickness

change was calculated as the difference between the
corresponding effective optical thickness and the effective
optical thickness of the film when infiltrated with ethanol (i.e.,
baseline nEtOH = 1.361 RIU). The above-mentioned optical
characteristics were evaluated by measuring the changes in the
effective optical thickness of NAA-DBRs (ΔOTeff) at normal
incidence after infiltration with media of different refractive
indexes (eq 5).

= n LOT 2eff eff T (5)

where OTeff is the effective optical thickness of the film, neff is its
effective refractive index, and LT is its physical thickness.
Note that ΔOTeff was monitored in real-time using a flow cell

combined with a RIfS system. (See details in Figure S2.) The
obtained results, which are summarized in Figure 3a−d and
Table S2, reveal that the most sensitive structure was NAA-
DBR(675s;3°C;6:1), with a sensitivity of 27 553± 1148 nmRIU−1. In
terms of LLoD and linearity, the most optimal NAA-DBR

Figure 5. Concept of sensing application of microsized nanoporous photonic particles derived from NAA-DBR films. (a) Illustration of the fabrication
process used to produce microsized NAA-DBR particles fromNAA-DBR(1170s;3°C;1:4). (b) Representative SEM image of microsized particles (scale bar =
50 μm). (c and d) Optical images of microsized NAA-DBR particles in isopropanol (IPA) and air (scale bar = 50 μm). (e) Decomposition of colors in
RGB values for images shown in c and d.
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structure wasNAA-DBR(900s;3°C;1:4), with LLoD of 0.028 RIU and
R2 of 0.9999.
Motivated by these results, we decided to assess the sensing

performance of the most sensitive photonic nanostructure (i.e.,
NAA-DBR(675s;3°C;6:1)) when detecting vitamin C in a chemically
selective manner.
3.3. NAA-DBRs asOptical-SensingPlatform forDetection

of Vitamin C. A set of NAA-DBR structures (i.e., type NAA-
DBR(675s;3°C;6:1)) was chemically modified with (3-aminopropyl)-
trimethoxysilane (APTES) in order to achieve chemical
specificity toward vitamin C molecules (Figure 4a). Figure S3
shows a representative RIfS spectrum of this type of NAA-DBR
structure. A total of five analyte solutions of vitamin C (i.e., 0.125,
0.188, 0.250, 0.375, and 0.500 μM) was used to characterize the
sensing performance of NAA-DBRs. Figure 4b summarizes the
obtained results, which reveal that NAA-DBRs can provide a
sensitivity of 227± 4 nm μM−1, a LLoD of 20 nM, and a linearity
of 0.9985 for vitamin Cmolecules. Figure 4c,d shows an example
of real-time sensing of vitamin C for a concentration of 0.25 μM.
These outstanding sensing capabilities are unprecedented for a
system of its class and demonstrate that a rational design of the
structure of NAA-DBR photonic films makes it possible to detect
trace levels of analytes.
3.4. Nanoporous Microparticles from NAA-DBRs.

Finally, as a proof of concept, we demonstrated that NAA-
DBR photonic films keep their optical properties when they are
fractured into microsized nanoporous particles. NAA-DBRs
undergo sharp changes in color when their nanoporous structure
is filled with different media. This optical property can be readily
used to develop visual sensing systems based on color changes.
Each of these microparticles contains the same spectroscopic
identity and chemical sensing capabilities as those of the original
NAA-DBR photonic film, making it possible to produce indi-
vidual microsized optical sensors. Figure 5a depicts the
fabrication process of this new photonic nanomaterial, which
was produced by selective removal of the remaining aluminum
substrate and subsequent fracture of the NAA-DBR photonic
film by sonication. As Figure 5b shows, microparticles based on
NAA-DBRs with an average size of 45 ± 8 μm feature the same
vivid color as the original film. Figure 5c,d shows howmicrosized
nanoporous particles undergo color changes when they are
infiltrated by different media (i.e., isopropanol (IPA) and air;
Supporting Information Video). Furthermore, this property can
be readily used to implement microsized sensors based on
colorimetry. Figure 5e shows the decomposition in RGB values
of the digital pictures of microsized NAA-DBRs shown in
Figure 5c,d. This analysis demonstrates that these photonic
microparticles can be used for quantification of analytes through
color changes, opening new opportunities to spread the
applicability of NAA toward other uses such as microsensors,
self-reporting nanocarriers, tags, tracers, and so on.

■ CONCLUSIONS
This study has reported on a rational approach aimed to develop
photonic films based on NAA-DBRs. These photonic nano-
structures feature vivid colors across the UV−visible spectrum,
which can be precisely tuned by engineering the nanoporous
structure of these photonic films in a systematic manner. A total
of 18 NAA-DBR photonic films were produced, and their
effective medium systematically was assessed by reflectometric
interference spectroscopy. The obtained results reveal that the
nanostructure with the most sensitive effective medium was
NAA-DBR(675s;3°C;6:1), which was produced with an anodization

period of 675 s and a current ratio of 6:1 at an anodization
temperature of 3 °C. This type of NAA-DBR photonic film
was then evaluated as sensing platforms to detect vitamin
C molecules. The obtained results demonstrate that this type of
NAA-DBRs presents unprecedented sensing capabilities, with
a sensitivity of 227 ± 4 nm μM−1, a LLoD of 20 nM, and a
linearity of 0.9985. Finally, as proof of concept, we developed a
new photonic nanomaterial based on NAA-DBR microsized
particles, which opens new opportunities for producing inno-
vative analytical tools in the near future.
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