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Nanoporous anodic alumina (nPAA) films formed on aluminum in lower aliphatic carboxylic 
acids exhibit blue self-coloring and characteristic properties such as photoluminescence (PL), 
electroluminescence, and electron spin resonance. The blue colors are seemingly originated from the 
adsorbed radicals incorporating into the oxide during the aluminum anodization. However, there is 
lack of reports revealing the detailed activation mechanism of the adatoms in the complexes. This 
study investigates the blue PL and its correlation with the atomic and electronic structures of the 
active aluminum surface using multiple theoretical and experimental methods. The results show that 
the concentration of carboxylates at the nPAA surface is highly correlated with the blue colorization 
and manifest that unpaired electrons in carbon (derived from the carboxylates) bridging two aluminum 
atoms at surface can play as an active source of the blue colorization. Therefore, it is suggested that 
controlling the adsorption of the carboxylate on the alumina membrane having large surface-to-
volume ratio can be an efficient way to generate the blue light for the optoelectronic applications.

Several metals are susceptible to oxidation when exposed to air for extended periods; this process is known as 
corrosion. This phenomenon results in the formation of an oxide film on the metal surface. The composition 
and structure of the oxidized film vary depending on the metal and oxidation process. Appropriately controlling 
the interactions between the metal and surrounding ions within the oxide film can result in the formation 
of photoluminescent oxide films. For example, nanoporous anodic alumina (nPAA), i.e., a specific type of 
aluminum oxide, exhibits strong blue photoluminescence (PL) when formed by the anodization of aluminum1. 
This luminescence can be tuned by adjusting the parameters of the controlled anodization process in lower 
aliphatic carboxylic acids (i.e., carboxylic acids with short alkyl chain)2–6. Furthermore, this feature makes nPAA 
films appealing for diverse applications such as photonic crystals, optical sensors, lasing, and light-emitting 
diodes3–8. Notably, the controllable nanoporous nature of nPAA films enables the tailoring of optical signals in 
photonic crystals and sensing applications3–5. Therefore, unraveling the intricate mechanisms behind PL in these 
films is critical for optimizing their design and utilizing them in emerging technologies.

Since the initial study of the origin of blue PL in nPAA films by Yamamoto et al.1, numerous efforts have 
focused on understanding and controlling the PL signals in nPAA films, specifically investigating the factors 
influencing their intensity. The intense blue PL observed in nPAA films formed in oxalic acid is commonly 
attributed to impurities constituting carboxylates1, oxygen vacancies (VO, F+ and F centers)9–16, and combined 
effects17–21. While carboxylates (e.g., from oxalic acid) are crucial for the intense blue PL in nPAA films1, most 
research efforts have been devoted to elucidating the role of VO and its impact on this type of PL. Consequently, a 
significant gap remains in our understanding of how carboxylate contribute to the aforementioned phenomenon.

To understand the cooperative role of carboxylates and their concentration control in nPAA films, a wide 
variety of anodic oxide films have been investigated regarding PL. The study revealed that PL occurred only in 
nPAA films in specific organic acids containing carboxyl groups (–COOH), unlike those in inorganic acids. The 
luminescent centers were presumed to be carboxylic ions (or carboxylates), which were incorporated into the 
films during anodization1, rather than singly ionized oxygen vacancies (F+ centers) in the nPAA films.
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Furthermore, carboxylates present in various states within the oxide were converted during anodization. 
This conversion can be attributed to the inhomogeneous distribution of the electric field across the oxide layers. 
Further investigation into the incorporation mechanism of these carboxylates in anodic oxide films, i.e., the 
behavior of organic anions during film formation, is required to understand their bonds in anodic oxide films. 
Here, we consider that the bonds of these carboxylates (COO–) in anodic oxide films are nearly the same as 
that of formate on alumina surface, which is intermediately formed by the reaction of formic acid (oxalic acid) 
with catalytic alumina, obeying the following reaction scheme: COO– + 2Al = CO– O + 2Al → C– O2 Al2 (Fig. S1 
of supplementary information)22. Similarly, the carboxylate ion is bonded to the film and presumed to exist 
interstitially in the three-dimensional amorphous network structure.

During the anodization of aluminum, oxalic acid decomposes into carboxylates on the alumina surface23. 
In this case, the bond angle of the sp2 orbital around carbon (C) in the carboxylate is expected to facilitate the 
formation of a covalent bond between two oxygen (O) atoms and two aluminum (Al) atoms, rather than forming 
bonds with a single Al atom. In other words, the breaking of a (resonant) π bond between C and O leaves an 
empty state on C, which is half-occupied by an electron from O−. This unpaired orbital induces a gap state, which 
is responsible for the blue PL. Therefore, the calculation of the adsorption structure and electronic structure of 
carboxylate on the alumina surface is essential to reveal the origin of the blue PL.

We studied the bond formation between the carboxyl species and Al in an nPAA film and reported the main 
chemical species to be the carboxyl free radical with an unpaired electron in C bonded with two Al atoms. The 
unpaired bond results in a defect level in the energy band gap, likely attributed to the origin of the strong blue 
PL. The study results show that the room-temperature blue PL emissions of nPAA films can be modulated by 
anodizing voltages during the fabrication of nPAA films, which is an innovative way of COO– concentrations 
control of nPAA films. More importantly, we suggest that an unpaired electron is present at C, which is different 
from previous reports supporting that the dangling bond of oxygen is the origin of the PL. The blue PL can be 
obtained if the unpaired electrons are distributed around a carbon atom. Owing to the presence of unpaired 
electrons, we present a new adsorption structure for carboxylates.

Results and discussion
Metal carboxylates in nPAA films
Example text under a subsection. Bulleted lists may be used where appropriate, e.g. To investigate the possible 
metal carboxylates in nPAA films shown in Fig. 1a (Scanning electron microscopy (SEM) images of nanoporous 
alumina films synthesized by the anodization of aluminum metal are presented in Figs. S2 and S3), we studied 
the adsorption and electronic structures (density of states (DOS)) of CO2 molecules (neutral) and carboxylic ions 
(one-electron-doped) on Al2O3 sapphire surfaces. We adopted a crystalline surface with different orientations 
(A-, C-, and R-planes) instead of an amorphous Al2O3 system because alumina could be locally close to the 
sapphire surface in the structure. Based on extensive density functional theory calculations, we predicted 
that the adsorption of the carboxylate could induce a state in the energy gap. Furthermore, the most stable 
structure on the R-plane represents the bridging bidentate structure, as shown in Fig. 1b and c (Fig. S4 show 
the comparison results for the bridge structure, metastable structure, Al2O3 pristine surface with CO2 gas, and 
Al2O3 pristine surface). The adsorption of the carboxylate ion induces a state in the energy gap, located at 3.0 eV 
below the conduction band minimum. The energy gaps from the adsorption of the carboxylate are as small as 
~ 2.7 eV above the valence band maximum, originating from structural distortion driven by the carboxylate. The 
gap state plot reveals that it originates from the carboxylate, mostly localized at the carbon atom, as shown in 
Fig. 1b (Fig. S5).

Subsequently, the bridging bidentate structure is examined in detail (Fig. S4). The two oxygen atoms forge 
a bond with surface Al atoms with bond lengths of 1.95 Å, and the carbon atom is outward from the surface. 
When a carboxylate is adsorbed on the sapphire surface in the bridge structure, a bond between the carboxylate 
and Al can form instantaneously, with electron transfer from the O atoms to the C atoms. The calculated 
O–C–O bond angle is 134.6°. The carboxylate is located at the hollow site, bridging the –Al–O– chains along 
the [11−01] direction. In carboxylates, carbon is usually bonded to a methyl group24. In contrast, in the bridging 
structure, the oxygen atoms favor the surface aluminum atoms (these processes are supposed to be induced by 
the anodization of aluminum). Thus, the C=O double bond (or resonance) in the carboxylate disappears, with 
an unpaired electron remaining on the carbon atom (similar to di-bonding25).

Next, we estimated the relative formation energy of the bridge structure with respect to the clean surface with 
CO2 as a function of the electron chemical potential, i.e., the Fermi level (Fig. S5). The left and right gray regions 
represent the valence and conduction bands of the bulk sapphire, respectively. Although the surface with CO2 
(no adsorption) is more stable for µe < − 0.157 eV (in the electron-poor region), the bridge structure is more 
stable for µe > − 0.157 eV (in the electron-rich region). These results suggest that multiple bridge structures can 
be formed under electron-rich conditions such as anodization.

The carboxylate molecule that forms the bridge structure has an extra electron in the ionic state before it 
binds to the alumina; this extra electron is a delocalized electron participating in the resonating π-bonds between 
the carbon and two oxygen atoms. However, when the carboxylate adsorbs onto alumina and forms a bridge 
structure, this extra electron is transferred to carbon and becomes an unpaired electron (Figs. S5 and S6). This 
localized electron forms a half-filled gap. The formation of the bridge structure does not occur when the alumina 
and carboxylate are electrically neutral because the carbon atom is charged by a surface oxygen atom, forming 
an O–C bond. However, when additional electrons are supplied through anodization, the negative charge of the 
carbon atom is stabilized by only two bonds with the oxygen atoms. The unpaired electron state of carbon in the 
bridge structure is shown in Fig. S6. This allows us to consider that the electrons supplied through anodization 
play a major role in the adsorption of carboxylates on the alumina surface (formation of the bridge structure). 
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In this bridge structure, the Fermi level straddles the gap state owing to the unpaired electrons in the carbon 
(Fig. S8). This unusual electronic structure can lead to two types of electronic transition. First, an electron can be 
excited from the valence band maximum or surface state to the gap state. Second, an electron can be excited from 
the gap state to the conduction band minimum. The expected energy difference is 2.8–3.7 eV (442–335 nm), 
which is in the blue light range (Fig. 1d). These results suggest that the carboxylate in the bridge structure can 
be a source of strong blue PL.

Blue luminescence of the nPAA films
To investigate our proposals, we measured the luminescence of the nPAA film anodized at 70 V. Strong blue 
luminescence was clearly observed with a photograph of the camera and confocal laser scanning microscopy 
(CLSM) surface images, and stable and adjustable blue PL emission was realized at room temperature in the 
amorphous transparent nPAA films (Figs. S2 and S3). Blue PL emission in amorphous transparent nPAA films 
could also be observed directly from the excitation dependence of the PL spectra.

To understand the features of the excited states related to the strong PL emission, we carefully measured 
the PL spectra at different excitation energies. Figure 2a–d shows the PL emission spectra of the nPAA films as 
a function of the excitation wavelength (250–380 nm). For the nPAA film excited at 250 nm, two main peaks 

Fig. 1.  Theoretical calculations showing the emergence of PL in nanoporous anodic films on aluminum 
due to possible metal carboxylates, synthesized during the anodization of aluminum metal. (a) Schematic 
of nanoporous alumina after anodization. (b) Atomic geometry of the bridging bidentate structure with 
the isosurface of the gap state in (c). The dark and red spheres represent the carbon and oxygen atoms of 
carboxylate, respectively. The light-colored spheres indicate the substrate atoms, i.e., light-blue and light-
red spheres for aluminum and oxygen atoms, respectively. (c) Calculated density of states for the bridging 
bidentate structure (red curve) with that of the clean surface (dotted curve) as a reference. Energies are referred 
to the valence band maximum of the clean surface. The bidentate structure induces a gap state around 2.5 eV, 
which is mainly localized at the C atom. (d) Energy levels of absorption and emission of the structure in (c).
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were observed: violet emission at 380 nm (marked as A) and blue emission at 420 nm (marked as B). As the 
excitation wavelength increased from 250 to 320 nm, the intensity of band A decreased, whereas that of band B 
gradually increased. At an excitation wavelength of 320 nm (green curve), band A almost disappeared, but band 
B exhibited maximum intensity. Within the range of 330–380 nm, the peak of band B red-shifted from 420 to 
460 nm corresponding to a gradual decrease in its intensity.

Fig. 2.  Observation of strong blue PL emission of amorphous nPAA films and their excitation dependence 
of PL spectra. (a,b) A photograph of nPAA film captured under ultraviolet (~ 325 nm) excitation showing the 
strong blue color. nPAA films were anodized in lower aliphatic carboxylic acid of oxalic acid (H2C2O4) (pH: 
1.0). (SEM images of nPAA films are shown in Fig. S7). The photograph was captured with a camera (Pentax 
K100D) using manual mode with a time value of 125 and an aperture value of 8.0. (c) Confocal laser CLSM 
surface images of nPAA film before and after an excitation of 400 nm Ar laser, respectively. CLSM images were 
obtained using a Zeiss LSM510 META laser scanning microscope. (d) PL spectra under various excitation 
wavelengths and (e) PL excitation spectra at various wavelengths of 420–465 nm. (f) 2D contour PL intensity 
map. (g) Schematic diagram of the evolution of the PL in the amorphous nPAA films.
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The corresponding PL excitation spectra monitored at 420–460  nm are shown in Fig.  2e. Two bands 
corresponding to C and D were observed. Band C remained constant at 250 nm, whereas band D shifted to 
longer wavelengths ranging from 320 to 340 nm as the emission wavelength increased to 465 nm. From the 
similar behavior of the PL emission and PL excitation spectra, we conclude that the violet emission (band A) and 
blue emission (band B) are closely associated with the absorption bands C and D, respectively. Based on these 
results, the PL emission (band B) corresponding to 420–460 nm is believed to be due to the fact that the gap 
state is fixed in the bridge structure; however, light of various wavelengths is emitted because the surface states 
have multiple energy levels. In contrast, the PL emission (band A) corresponding to 380 nm is believed to emit 
light of only one wavelength, with the same energy as that when the gap state is excited to the conduction band 
minimum and then returns to the gap state. Based on the results, a 2D contour PL intensity map of the nPAA 
films was obtained, as shown in Fig. 2f. Next, we proposed possible cases for the energy levels of absorption and 
emission in the band structure describing the PL evolution in our amorphous nPAA films. Thus, two possible 
scenarios were considered (Fig. 2g): violet and blue emissions.

The local electronic structures adjacent to carboxylate groups within nPAA films
We investigated the local electronic structures adjacent to carboxylate groups within nPAA films using scanning 
transmission electron microscopy-electron energy loss spectroscopy (STEM-EELS) focused on the C K-edge. 
Figure 3a shows an annular dark-field (ADF) image of a freestanding nPAA film, revealing its architecture. The 
image outlines the film’s morphology, where dark areas represent pores, and the bright, honeycomb-like networks 
highlight the structural integrity of the nPAA film. Figure 3b shows the C K-edge intensity profile across these 
pores, as traced in Fig. 3a. A prominent reduction in intensity at the center to a decreased concentration of 
carbon within the dense Al2O3 regions, particularly in what is designated as the inner layer. This indicates the 
spatial variance in carbon distribution. The electronic structure of these C K edges is investigated regionally 
as depicted in Fig. 3c (a), revealing significant differences in the C K-edge obtained from the center compared 
to points A, B, and C. Notably, at 288–300 eV, there is a significant decrease in the intensity of π* bonding, 
suggesting a relative lack of carbon and a lower prevalence of π* bonds within the honeycomb structures. Such 
observations align with literature indicating π* bonding’s association with COOH, C=O bonds26,27. Through 
EELS mapping, illustrated in Fig. 3d, we visualized the distribution of π* bonding in the nPAA structure. As 
expected, lower distributions were observed within Al2O3 structures, especially at the core, with minimal C–O-
related intensity. Interestingly, carboxylates demonstrated spare concentration around the pores or within 
the honeycomb-shaped, thick Al2O3 regions identified as the inner layer, predominantly composed of Al2O3. 
As revealed through EELS mapping in Fig. 3d, this distribution pattern indicates that carboxylate groups are 
narrowly present near pores and within honeycomb-structured Al2O3 areas of the nPAA film. Instead, these 
groups are primarily localized in the intermediary zones between the pore edges and the film’s inner layers, a 
feature prominently highlighted in red on the EELS maps. This mapping emphasizes the carboxylates’ spatial 
preference for intermediary zones, suggesting a distinct interaction between the film’s structural configuration 
and the distribution of functional groups. These findings demonstrate that carboxylates, resulting from the 
anodization process, have minimal influence on the less etched, dense Al2O3 regions. Thus, it becomes apparent 
that while carboxylates are marginally concentrated near the pores or within the dense, honeycomb-shaped 
Al2O3 regions, their primary localization is in the intermediate areas between the pore edges and the inner layers, 
as emphasized by the red color series (high intensity) in the inset of Fig. 3d. This distribution highlights a subtle 
understanding of the interplay between the nPAA film’s structural characteristics and the electronic properties 
mediated by carboxylate groups, providing a foundation for further exploration of material modifications 
through anodization processes.

To prove the effect of the carboxylate (COO−) incorporated in the nPAA films on the blue PL emission, 
we first examined their concentrations and coordination types, i.e., bonding modes between aluminum and 
carboxylates, by analyzing Fourier-transform infrared spectroscopy (FT-IR) spectra. In the spectra, four bands 
at 3500, 2339, 1569, and 1471 cm−1 were observed (Fig. 4a). The broad band around 3500 cm−1 corresponded to 
the stretching vibrations of surface adsorbed hydroxyl groups28. (We did flight secondary ion mass spectrometry 
(TOF-SIMS) data of the PAA samples etched with applied voltages of 20 and 80 V, as shown in Fig. S9. The results 
show that COOH− ions are prevalent in the specimens, which is consistent with the FT-IR data.) The band at 
2339  cm−1 was assigned to the asymmetric stretching vibrations of CO2 molecules localized in the alumina 
lattice29. The double bands at 1569 and 1471 cm−1 could be attributed to the asymmetric (vas) and symmetric 
(vs) stretching vibrations of carboxylates (O–C=O or COO−), respectively1,30. To investigate the bonding mode 
between Al3+ and COO–, we observed the separation between two vibrations (∆ν = vas – vs). The separation value 
was between 120 and 122 cm−1, suggesting that the carboxylates were coordinated with the aluminum ions in 
the form of the bridging bidentate (or chelating bidentate)31, which was consistent with the atomic geometry 
(Fig. 1b) provided by the first-principles calculation. We also observed a slight change in the separation value. 
This slight change indicates that the aluminum carboxylate complex with bridging bidentate coordination is 
stable in the nPAA films. As shown in Fig. 4b, the concentrations of the double bands of COO– increase as the 
anodizing voltage increases; but after 70 V, the concentrations decrease. The broad OH and CO2 molecular bands 
remain nearly constant, independent of the voltage. The blue PL intensity showed a good relationship with the 
COO– concentrations, i.e., they changed similarly as the voltage increased. These results show that the room-
temperature blue PL emissions of nPAA films can be modulated by anodizing voltages during the fabrication 
of nPAA films. Notably, the anodizing voltage is a new way of the COO– concentrations control of nPAA films.

Conclusion
By combining theoretical and experimental results, this study establishes that carboxylates play a crucial role 
in the blue PL emission of nPAA films. The unpaired electron on the carbon atom, resulting from the gap state 
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induced by carboxylate absorption, is responsible for the characteristic blue light emission. The control of 
anodizing voltage allows for the modulation of the carboxylate concentration and, consequently, the tuning of 
the blue PL intensity. These findings provide a comprehensive understanding of the light emission mechanisms 
in nPAA films and pave the way for the development of novel optoelectric devices.

Methods
Synthesis and fabrication of nPAA films
nPAA films were fabricated by a two-step anodization and subsequent removal of aluminum. Aluminum sheets 
with a high level of purity (99.999%) were first degreased in acetone and then electropolished at a constant 
voltage of 20 V at 5 °C for 4 min in a mixture solution of perchloric acid (60% HClO4) and ethanol (99.9% 

Fig. 3.  EELS analysis of nPAA films. (a) ADF image of nPAA film, where the green box indicates the EELS 
mapping area. (b) C K-edge intensity from red line in (a). The C K-edge shows the high counts in the middle 
regions between pore edges and honeycomb-shaped thick-Al2O3 regions, as highlighted by red circles at the 
inset in (b). (c) C K-edges from nPAA region. A, B, C peaks are from the vicinity of pore edges; red C K-edge 
from center is from the inside of pore wall. (d) Selected energy mapping data (yellow region in the (c)), which 
reflects carbon chemical bonds with spatial resolution in nPAA region.
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Fig. 4.  FT-IR spectra as a function of anodizing voltage. (a) FT-IR spectra of nPAA films anodized at voltages 
of 20–80 V. (b) Variations of COO− concentrations (or absorbances) with an increasing anodizing voltage, 
where COO− (vas) and COO− (vs) correspond to the asymmetric and symmetric stretching vibrations of COO−, 
respectively. We extracted the COO− concentrations by obtaining absorbances from the FT-IR peaks in (a) 
because the concentration was proportional to the absorbance (details can be found in the 2 Methods section).
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C2H5OH) at a volume ratio of 1:4. Then, the electropolished sheets were anodized at a constant voltage of 20–
80 V in 0.3 M oxalic acid at a temperature of 5 °C for 12 h (the first anodization). The irregular nanopores formed 
during the first anodization were removed by wet chemical etching in an aqueous solution of 6 wt% phosphoric 
acid (H3PO4) and 1.8 wt% chromic acid (H2CrO4) at 60 °C for 24 h. The second anodization was performed 
under the same conditions as the first one, except for the anodization time, to obtain highly ordered nanopores 
arrays and pore thickness of ~ 20 μm. After the second anodization, a sample consisting of two distinct layers 
of nPAA films and aluminum was obtained. To remove the contributions of the interface between the nPAA 
films and aluminum layers to the PL properties, the films were separated from the sample by dipping them in 
a saturated HgCl2 solution. Finally, these were cleaned with deionized water several times and then heated at 
200 °C in vacuum for 1 h to remove the water molecules inside the nPAA nanopores. To check the effects of 
annealing temperatures on the PL properties, the films were annealed at different temperatures of 300–700 °C 
for 40 min in a forming gas composed of H2 (4%) and N2 (96%). For comparison purposes, some of them were 
annealed at the same temperature ranges in oxygen gas. We found that all films have an amorphous structure as 
shown in Fig. S10.

CLSM measurements
CLSM images were obtained using a Zeiss LSM510 META laser scanning microscope under excitation with a 
400 nm Ar laser.

PL and PL excitation spectra measurements
Room-temperature PL spectra were measured using a He-Cd laser (325 nm wavelength) at a power of 50 mW. 
The typical results are shown in Fig. S11. Electron paramagnetic resonance (EPR) spectra were recorded using a 
JES-FA200 X-band EPR spectrometer. The PL and PL excitation spectra at different wavelengths were measured 
using an LS-55 fluorescence spectrometer. The FT-IR spectra were measured with a spectral resolution of 4 cm−1 
over a wavenumber range of 4000–400 cm−1 (Perkin Elmer, Frontier FT-IR/FIR spectrometer).

Calculation methods
All calculations were performed using the Vienna ab initio simulation package (VASP), which incorporated the 
projector augmented wave (PAW) and generalized gradient approximation (GGA) for the exchange-correlation 
energy. The surface was simulated using a repeated slab model that included 8 layers of aluminum and 12 
layers of oxygen with a vacuum layer of 22.5 Å. To remove the spurious surface states, inversion symmetry was 
introduced for the supercell. The 4 × 4 periodicity of an ideal surface unit cell and a 4 × 4 k-point mesh in the 
surface Brillouin zone were used. A plane-wave basis was used with a cutoff energy of 30 Ry.

FT-IR measurements
We extracted the concentrations of Al metal carboxylates by obtaining the absorbance from the FT-IR peak at 
a specific wavenumber because the absorbance was proportional to the concentration32. The absorbance A can 
be calculated using the equation A = log (1/T ), where T is the transmittance. The coordination type could be 
identified by the magnitude of the separation between the asymmetric and symmetric stretching vibrations of 
COO–33.

TEM and EELS measurements
The local electronic structures near the carboxylates were examined using STEM-EELS at the C K edge (Libra 
200 HT Mc Cs). The microstructures of the nPAA films were examined using high-resolution TEM (HRTEM, 
JEOL, JEM-2100 F) equipped with a field-emission gun.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary 
information files. The datasets used and/or analysed during the current study available from the corresponding 
author on reasonable request.
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