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Abstract

Alumina/carbon composites are modern nanomaterials used as adsorbents, catalysts, catalyst
supports, supercapacitors, and electrode materials for fuel cells. Among other methods, aluminum
anodizing is fairly fast and inexpensive for producing anodic alumina/carbon composites with
controllable properties. In the present study, the morphology and composition of carbon-enriched
anodic alumina films were obtained during aluminum anodic oxidation in formic acid with
ammonium heptamolybdate (C content is ca. 5.0 mass%) or oxalic acid (C content 3.4 mass%)
additives. The anodic alumina films have a wide blue fluorescence (FL) in the 400-650 nm
wavelength range with a maximum at ca. 490 nm. The FL decay is nonexponential and has an
average lifetime of 1.54 and 1.59 ns for ammonium heptamolybdate and oxalic acid additives,
respectively. As samples obtained in sulfuric acid (i.e. without carbon) do not possess detectable FL
in the 400-650 nm wavelength range, it was concluded that carbon-containing inclusions are
responsible for the FL properties of the films. The initial samples were dissolved in the hot aqueous
HClI solution and then dialyzed to extract the carbon-containing component. It was shown that the
solutions contain nanoparticles of amorphous carbon with a 20-25 nm diameter. Carbon
nanoparticles also exhibit an excitation-dependent emission behavior at 280—450 nm excitation
wavelengths with average lifetimes of 7.25-8.04 ns, depending on the composition of the initial
film. Carbon nanoparticle FL is caused by the core of carbon nanoparticles (CNPs) and various
emission centers on their surface, such as carbonyl, carboxyl, and hydroxyl groups. As CNPs could
be exceptional candidates for detection technologies, the biocompatibility assays were performed
with living COS-7 mammalian cells, showing a minimal negative impact on the living cells.

1. Introduction

Alumina/carbon composites are modern nanomaterials used as adsorbents, catalysts, catalyst supports,
supercapacitors, and electrode materials for fuel cells [1-3]. There are many ways to obtain alumina/carbon
composites: solution combustion [4], template [5], carbon precursor [6], simple wet [7], aluminum
anodizing in organic acid solutions [8—10], and plasma electrolytic oxidation techniques [11], and the choice
of synthesis methods and conditions will determine the properties of the final composites. Among the
methods mentioned is aluminum anodizing, a fairly fast, inexpensive method of producing nanostructured
alumina with controllable properties by electrochemical oxidation of aluminum and its alloys in solutions of
various electrolytes [12]. Moreover, anodizing conditions, such as anodizing voltage, electrolyte nature,
concentration, and temperature, significantly affect the properties, morphology, and composition of the
samples. Depending on the electrolyte nature, aluminum anodizing forms two types of oxide films,

i.e. barrier and porous. Barrier-type films cannot be obtained with a thickness of more than a few
micrometers, while the thickness of porous films can reach several hundred micrometers [13, 14]. Therefore,

© 2024 The Author(s). Published by IOP Publishing Ltd
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porous films are more popular in industry and the scientific community. Besides, anodizing conditions are
quite easy to regulate and control [14]. In industry, aqueous oxalic, sulfuric, and phosphoric acid solutions
are often used for aluminum anodizing. For research purposes, acids such as malonic, glycolic, tartaric, citric,
or even squaric acids can also be applied [13-19].

Generally, the following steps are considered during aluminum anodizing: aluminum is oxidized at the
Al|AL,O; interface, yielding A’ ions. These cations drift through the oxide layer due to the electric field and
are ejected into the solution at the Al,Oj]electrolyte interface. At the Al,Os|solution interface, oxygen ions
from water of OH™ ion oxidation enter the oxide. At the same time, oxygen-containing ions, such as 0>~
and OH ™, migrate from the electrolyte|Al,O5 interface through the oxide layer to the Al|Al, O3 interface,
resulting in metal oxidation. Electrolyte anions are adsorbed at the pore bottom|electrolyte interface, and
depending on the electrolyte type, they can be immobile and migrate inward or outward throughout the
oxide under the electric field [14, 18, 20-22]. Electrolyte ions can also undergo electrochemical
transformation; for example, oxalates and tartrates can be oxidized [8, 23]. At the same time, sulfates or
phosphates do not change their state. Therefore, electrolyte ions or products of their oxidation are
incorporated into the porous alumina [12, 13, 24]. The content of electrolyte-derived species depends on
anodizing conditions and electrolyte nature and usually varies from 10 to 12 at% for sulfuric acid anodizing
and 2-3 at% for oxalic acid anodizing [13, 14, 25-29]. Obviously, these species affect not only the
electrochemical process of aluminum oxidation (changing the structure of the double-layer at the
Al,Oselectrolyte interface) but also the composition and physical-chemical properties of anodic alumina
(AA) films (creating impurities and additional defects in the alumina) [30-34]. So, the nature and
mechanism of fluorescence (FL) of AA films obtained in various electrolytes have been debated for many
years. In the case of sulfuric acid anodizing, oxygen vacancies or other structure defects can be responsible
for the FL of AA. However, the situation is not so determined for anodizing in organic acid solutions as
carbon-containing inclusions are also optically active [35, 36]. Some authors believe that only oxygen defects
determine the electronic and optical properties of anodic alumina [31, 37-39]. Others suggest that the FL
could be attributed to organic impurities, such as carboxylate species and amorphous carbon [8, 40—42].

Even though it is commonly accepted that anodic films thicker than 100 nm on the aluminum surface
cannot be formed in monocarboxylic acid solutions [43], it was shown that formic acid AA could be formed
at relatively high temperatures and concentrations [44—46]. Moreover, using complex electrolytes containing
formic acid with additives resulted in the formation of porous irregular oxide layers. According to the
existing ideas, when organic compounds and/or complex oxyanions are added to the electrolyte solutions,
they can not only reduce the rate of anodic oxidation but also inhibit the chemical dissolution of pore walls
by adsorbing and changing the double-layer structure at the oxide/electrolyte interface thus smoothing and
increasing film thickness [47-51]. As earlier, it was demonstrated that oxalic acid additives affected the
electrochemical oxidation process of aluminum in sulfuric acid solution, leading to thicker oxide layer
formation and mechanical property improvement compared to the process in pure electrolytes [21, 47, 52].
Oxyanions changed the morphology of the anodic films, making them more compact, less porous, and more
corrosion-resistant. It was also shown that molybdate additions increased the AA thickening rate during
anodizing in sulfuric acid or the mixture of sulfuric and tartaric acids [48, 50, 52, 53]. In our previous studies,
we used formic acid anodizing with ammonium heptamolybdate and oxalic acid additives as an effective
method for forming carbon-enriched composite products, i.e. the average carbon content was almost twice
as much as in the oxalic and tartaric acid alumina films. At the same time, the anodizing voltage was 80 V,
which is comparable with the anodizing voltage in oxalic acid and 2.5 times lower than in tartaric acid. This
is important for reducing energy consumption when producing carbon-enriched AA films. The properties of
the carbon-enriched AA strongly depend on the composition, textural characteristics, morphology, and the
state and form of carbon-containing inclusions [54-56]. Therefore, in the present study, we continue our
research and first try to determine the effect of ammonium heptamolybdate and oxalic acid additives, as well
as formic acid concentration, on the composition, morphology, and FL of the AA films. Then, as
carbon-containing species are incorporated into the alumina matrix and can interact with it, it is worth
extracting and studying the carbon-containing component from films obtained in different conditions.

2. Experimental

2.1. Synthesis of the AA films and carbon-containing component extraction

All samples were prepared using high-purity aluminum foil (99.99 wt. %, 100 pm thick, 20 x 20 mm,
AlfaAesar). The aluminum surface was pretreated in a hot solution of 1.5 M NaOH for 30 s, neutralized in
1.5 M HNO:s for 2 min, then carefully rinsed in distilled water and air-dried. The one-sided anodizing was
carried out in the aqueous solution of 0.4 M formic acid containing (1) 0.03 M (NH4)¢Mo7;0,4 (pH 3.1) and
(2) 20 mM H,C,04 (pH 1.65) in the thermostated two-electrode Teflon electrochemical cell (250 ml) at
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532 nm|630 nm

Figure 1. The final solutions of dissolved in 0.1 M HCI (ca. 100 °C) AA films obtained in 0.4 M HCOOH + 0.03 M
(NH4)6Mo7024 and 0.4 M HCOOH + 20 mM H,C,O4 under natural light (A) and laser irradiation (B): 445 nm (blue), 532 nm
(green), and 630 nm (red).

80V, 18 °C, 1 h. The platinum grid was used as a counter electrode. AA films were also formed in 0.8 M
HCOOH + 0.03 M (NH4)sMo70,4 (pH 1.7) at 80 V, 18 °C, 1 h, and in 1.8 M H,SO,4 at 18 V, 18 °C, 2 h. The
temperature of the solutions was maintained using a cryostat Lauda (WK 230). The anodizing process was
controlled by a direct current power supply GW Instek (GPR-30H100). A Viton O-ring set out the anodizing
area of ca. 1.67 cm?. Aluminum was chemically etched in the solution containing CuCl, and HCI to obtain
free-standing alumina films (without Al substrate).

To extract the carbon-containing component from the samples, we dispersed the anodic alumina films
formed in different electrolytes and dissolved them in a hot (ca. 100 °C) aqueous solution of 0.1 M HCI. The
obtained solutions are transparent or slightly yellowish. Under laser irradiation (445 nm (blue), 532 nm
(green), and 630 nm (red)), the Tyndall effect was observed. Moreover, all samples possessed strong greenish
FL under blue laser exposure (figure 1), indicating the presence of nanosized particles in solutions.

As known, formic acid AA, besides alumina and water, also contains amorphous carbon inclusions.
Therefore, when the films are dissolved in HCI, AI>** and Cl~ ions and carbon-containing species are formed
in the solutions. It is logical to assume that in an acidic medium, only carbon-containing species may exist as
nanoparticles, namely, as carbon nanoparticles (CNPs). Thus, by combining with the surface groups of
CNPs, metal ions can affect the properties of the CNPs. So, it was shown that AI’* and Fe*>* ions became one
of the most effective sources among other metal ions for quenching the FL of the CNPs [57]. Therefore, the
solutions were carefully washed from A>T ions by dialysis in SnakeSkin® 10 kDA for 24 h, centrifugated
(Fisherbrand, 7000 rpm, 5 min), and filtrated (Q-Max® RR Syringe Filters 13 mm, 0.45 ym PTFE,
hydrophobic). The pH of the final solutions was ca. 5-6. The solutions of CNPs obtained from the AA films
formed in 0.4 M HCOOH + 0.03 M (NH4)sMo0,0,4 and 0.4 M HCOOH -+ 20 mM H,C,0, are denoted
CNPs-1 and CNPs-2, respectively.

2.2. Characterization

The morphology of the films was investigated by scanning electron microscopy (SEM) using a scanning
electron microscope FEI Quatra 200F. The microscope was equipped with a field emission gun, the voltage
was 2 keV (low voltages needed due to charge accumulation on the surface of non- or low- conductive
samples), and the samples were placed in a chamber with a pressure of 2 x 107> mbar. To determine the
content of carbon entrapped in the anodic film, thermogravimetry (TG)/differential thermal analysis (DTA)
coupled with mass spectrometry (MS) of evolved H,O, CO,, and CO gases were applied. The simultaneous
thermal analysis apparatus STA Pt 1600 (Linseis, Selb, Germany) was used with the mass spectrometer MS
Thermostar GDS 320 (Linseis/Pfeiffer, Asslar, Germany). For the investigation, 19-22 mg of the sample was
loaded in Al O3 crucibles and then heated in an argon (Ar 6.0) atmosphere up to 1300 °C at a heating rate of
10 °C min~"'. The data were collected and fitted using the software provided with the equipment.

The optical properties of the anodic alumina films and CNP aqueous solutions were studied by UV-Vis
absorption spectroscopy (JASCO V-670, JASCO Ltd, Japan) and FL spectroscopy (FS5, Edinburgh
Instruments Ltd, UK) using 1 cm path-length quartz cuvettes. The absorbance spectra were recorded in the
200-700 nm range with a 0.5 nm resolution and a speed of 200 nm min~2. CNP concentrations were low
enough to avoid the self-absorption effect with an absorbance value not exceeding ca. 0.2. For FL
measurements, samples were excited by the 150 W CW Ozone-free Xenon arc lamp at Aex = 260450 nm. FL
spectra were recorded at 350-650 nm spectral range with 0.3 nm and 0.2 nm slit for excitation and emission,
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respectively. The measurement error did not exceed 1%—2%. All measurements were carried out at room
temperature, and FL spectra were corrected for instrument sensitivity.

FL time-decay kinetics were measured using time-resolved FL spectroscopy (FL920, Edinburgh
Instruments Ltd, UK) under 375 nm picosecond laser diode excitation with pulse duration 57.3 ps,
repetition rate of 5 MHz (200 ns), pulse power 140 4W. The FL decay kinetics were approximated using
three-component exponentials considering the instrumental function with different characteristic decay
times. The fitting procedure was done using Edinburgh F920 advances lifetime analysis software package.
The goodness-of-fit parameter (y?) was around 1.

The size distribution of CNPs was characterized by transmission electron microscopy (TEM, LEO-906E,
Leica Microsystems GmbH, Germany). The surface charge was estimated by Zetasizer Nano ZS (Malvern
Instr.) Data were analyzed using Malvern Zetasizer software 7.03. Surface-enhanced Raman scattering
(SERS) spectroscopy was performed using a Renishaw InVia Raman (United Kingdom) spectrometer
equipped with a thermoelectrically cooled (—70 °C) CCD camera and microscope. The continuous wave
He-Cd Kimmon (Japan) laser emitting 442 nm wavelength light was used for the excitation via Leica
50%/0.75NA objective. Spectra were corrected using polynomial function background subtraction, and a
binomial smoothing procedure was applied to the experimental data using the GRAMS/AI 8.0 (Thermo
Electron Corp.) software. Carbon-containing residuals were detected using silver nanoparticles (AgNPs)
obtained by the previously described method [58]. The samples were mixed with AgNPs in a ratio of 5:1,
applied on a stainless steel ‘Tienta’ substrate for Raman, and dried at room temperature. The procedure was
repeated two times. Then, the samples were washed with Milli-Q water to remove the salts from sample
solutions and impurities from the synthesis of the AgNPs.

2.3. Biocompatibility assay

COS-7 cells (Cell line service, product number 605470) were grown in Ibidi high 8-well plate (Ibidi, catalog
number: 80806) in DMEM medium (Gibco, catalog number: 31053028), supplemented with 10% fetal
bovine serum (FBS) (Gibco, catalog number: A3840102) and Penicillin-Streptomycin (Gibco, catalog
number: 15140122). 2.5 - 10* cells per well were seeded on the first day and grown in an incubator at 37 °C
5% CO,. After 2 d, cells were washed 3 times with PBS (Gibco, catalog number: 10010023) and incubated
with different concentrations of Qdots at 37 °C 5% CO,, which were diluted in FluoroBrite DMEM medium
(Gibco, catalog number: A1896701) supplemented with 10% FBS, Penicillin-Streptomycin and GlutaMAX
(Gibco, catalog number: 35050061). Before adding to the glass coverslip-adhered cells, all CNP stock
solutions were filtered using a syringe filter containing 0.1 pym-sized pores (Whatman, catalog number:
6809-1012). Bright-field microscopy images of control and CNP-treated COS-7 cells were acquired at room
temperature using a ZEISS Primovert inverted microscope equipped with ZEISS Axiocam ERc 5 s camera
and using a 10X objective, which is supplied as a pre-installed objective in the microscope’s body. For the cell
viability measurements, COS-7 cells, either untreated or incubated with respective concentrations of CNPs-1
or CNPs-2, after 10 h of overall incubation time, were initially washed 1 time with PBS (Gibco, catalog
number: 10010023) and treated with 1X TrypLE Express (Gibco, catalog number: 12604013) for 5 min at

37 °C 5% CO,;. Then, the enzyme was inactivated by adding FluoroBrite DMEM medium (Gibco, catalog
number: A1896701) into the wells, and the detached cells were centrifuged for 5 min at 200 g. After
centrifugation, the cell pellet was resuspended in 100 pl DMEM medium (Gibco, catalog number:
31053028), and 10 ul of the cell suspension was mixed with Trypan Blue Stain (Invitrogen, catalog number:
T10282) to obtain a final 0.2% (v/v) concentration of the dye. Such samples were then analyzed using
Countess IT Automated Cell Counter that enabled the quantification of viable cells.

3. Results and discussion

According to SEM studies, the AA films formed in electrolytes containing 0.4 M or 0.8 M HCOOH and

0.03 M (NH4)sMo70,4 have a dense, cracked cover layer on the surface and hexagonal-shaped cells on the
back side (i.e. anodizing front) (figures 2(A), (D) and (B), (E)). The average cell size does not depend on the
formic acid concentration and is about 180 nm, resembling the porous structure of the films. SEM
observations of the sample back sides also reveal a highly wavy Al|Al,O5 interface. The degree of back-side
inhomogeneity depends on the formic acid concentration and becomes more pronounced with increasing
acid concentration. Thus, the thickness of the film formed in 0.4 M HCOOH + 0.03 M (NH,)sMo;0,4 is
15.20 pm and practically does not change throughout the sample (figure 2(C)). However, the surface and
back sides are highly wavy for Al anodizing in 0.8 M HCOOH + 0.03 M (NH,)sMo070,4, and film thickness
varies from 31.25 to 51.78 pm (figure 2(F)). It should be noted that usually, during porous Al anodizing in
most electrolytes, the AA layer has the same thickness, the surface has a highly ordered porous structure, and
the back side is also ordered and uniform. When the oxalic acid is added to the formic acid solution, the
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Figure 2. SEM images of the formic acid anodic alumina films obtained at 80 V, 1 h, in: (A)—(C) 0.4 M HCOOH + 0.03 M
(NH4)5M07024; (D)—(F) 0.8 M HCOOH =+ 0.03 M (NH4)6M07024; (])—(H) 0.4 M HCOOH —+ 20 mM H2C204. (A), (D), and
(J) surface of the films; (B), (E), and (H) back side (i.e. anodizing front); (C), (F), and (I) cross section.

situation changes: the film surface becomes porous (dense, cracked cover layer disappears), the cell size
slightly decreases (ca. 170 nm), and the film thickness also decreases to 12.14 pm and almost loses its wavy
structure (figures 2(J) and (I)).

As was shown in our previous TG/DTA and FTIR studies, carbon-containing inclusions are in the form
of CO,, CO, carboxylate ions, and amorphous carbon (a-C:H) [55, 56]. Moreover, the amount of carbon
associated with amorphous carbon was determined. According to table 1, the formic acid concentration does
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Table 1. Carbon content (mass%) in the anodic alumina films formed in 0.4 M HCOOH (FA) + 0.03 M (NHy4)sMo7024 (AHM), 0.8 M
HCOOH + 0.03 M (NH4)§Mo070,4, and 0.4 M HCOOH + 20 mM H,C,04 (OxA) at 80 V according to TG/DTA/MS data.

Sample wc, % (a-C:H) wc, % (total)
0.4 M FA + 0.03 M AHM 3.7 5.3
0.8 M FA + 0.03 M AHM 3.3 5.0
0.4 M FA + 20 mMOxA 3.2 3.4

not significantly affect the total carbon content in the films if the electrolyte contains ammonium
heptamolybdate, 5.3 mass% versus 5.0 mass% for 0.4 M and 0.8 M formic acid solutions, respectively. If only
oxalic acid is added to the formic acid, the total carbon content is lower and equals 3.4 mass%. However, the
a-C:H content varies slightly between different samples: 3.7 mass% for 0.4 M HCOOH + 0.03 M
(NH4)sMo70,4; 3.3 mass% for 0.8 M HCOOH + 0.03 M (NH,)sMo70,4; 3.2 mass% for 0.4 M

HCOOH + 20 mM H,C,0y4, which means that regardless of the electrolyte composition, the conversion
degree of formate ions into a-C:H is constant. At the same time, the amount of CO,, CO, and
carbonate-carboxylate species may vary depending on the electrolyte composition. Generally, impurities are
not homogeneously distributed through the film thickness. In the case of carbon-containing electrolytes,
carbon concentration is higher in the outer layer and constant in the inner layer [10, 59]. Therefore, the
number of formate ions penetrating the oxide does not change. However, the number of formate ions
converted into CO,, CO, and carbonate-carboxylate ions varies, which explains the difference in the total
carbon amount in our samples.

Differences in the morphology of the films can also be explained by the effects of oxalic acid and
ammonium heptamolybdate on the Al anodizing in formic acid solutions [48, 50, 52, 53, 60]. The behavior
of oxyanions, e.g. molybdates, in acidic media is complex. Molybdates are polymeric in the solutions with
pH < 4.5 [61]. Various molybdenum oxides of the following H,Mo0O3, 0 < x < 2, are produced during Al
anodizing [48, 53]. These different electrolyte elements are incorporated at the electrolyte/oxide interface
and inhibit the transfer of aluminum cations to the electrolyte thus increasing the rate of porous layer growth
and decreasing the diameter of pores [48, 50, 53]. In contrast, oxalic acid does not prevent the transfer of
AT jons to the solution, but it also prevents pitting corrosion of alumina at the initial stages of Al anodizing
in formic acid [47, 52, 54, 62].

To study the FL properties of samples containing carbon and those without carbon, we obtained the
sulfuric acid AA films. The first thing to note is the differences in the colors of the samples obtained. The
ones formed in formic-acid-containing solution are black (0.4 M HCOOH + 0.03 M (NH4)sM07054)
or yellowish (0.4 M HCOOH + 20 mM H,C,0y), and the ones formed in sulfuric acid are colorless
and completely transparent (figure 3, Inset). The color of the samples is related to the amount of
carbon-containing embedded in the anodic alumina (see table 1). Second, the FL excitation spectra of both
samples formed in formic-acid-containing electrolyte (Aer, = 450 nm) have a narrow peak (FWHM is ca.

60 nm) in the wavelength range of 300-400 nm with a maximum at ca. 350 nm; the emission spectra of these
films (Aey = 380 nm) have a broad emission peak (FWHM is ca. 125 nm) in the wavelength region of
400-650 nm with a maximum at ca. 490 nm. However, the sulfuric acid AA films do not have a detectable FL
in the mentioned wavelength regions (see figure 3). Thus, we can conclude that the FL in the 400-650 nm
region is due to carbon-containing inclusions in the formic acid AA.

The carbon component was extracted from AA films, and as already mentioned, we obtained the
aqueous solutions of CNPs (section 2.1). Figures 4(A) and (B), shows the TEM images of the obtained CNPs,
revealing the spherical separated from each other nanoparticles with a ca. 20-25 nm diameter. The zeta
potential of the CNP-1 and CNP-2 solutions does not differ and shows a single negative peak at —29.2 mV
with a width of 8.20 mV (figure 4(C)). The negative potential indicates that the surface of CNPs has
negatively charged moieties, such as C=0, C-0O, and O-H, which are essential to get the water solubility of
CNPs. Z-potential also shows the degree of repulsion between the charged particles in the dispersion. High
zeta potential implies highly charged particles, which prevents aggregation of the particles due to electric
repulsion. If the zeta potential is low, attraction overcomes repulsion, and the mixture likely coagulates. The
zeta-potential value of —30 mV is considered optimum for good stabilization of a nanodispersion [63].
Therefore, in our case, the value of zeta-potential indicates that the colloidal stability of CNPs is high, and the
solutions can be used over time.

SERS spectra of CNPs-1 and CNPs-2 obtained from the films formed in the solution of 0.4 M
HCOOH + 0.03 M (NH4)sMo70,4 and 0.4 M HCOOH + 20 mM H,C, 0Oy, respectively, show two distinct
peaks at 1365 cm ™! (D-band) and 1600 cm ™! (G-band) (figure 5). The intensity ratio of the peak of the G-
to the D-band was found to be 2.20.
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Figure 3. Fluorescence excitation at Aem = 450 nm and fluorescence emission at Aex = 380 nm spectra of the anodic alumina
films formed in 0.4 M HCOOH (FA) + 0.03 M (NH4)sMo70,4 (AHM), 0.4 M HCOOH + 20 mM H,C,04 (OxA), and 1.8 M
H,S04. The inset shows the surface appearance of the films.
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Figure 4. TEM images of CNPs-1 (A) and CNPs-2 (B) and Z-potential curve of CNPs-1 dispersed in water (C).
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Figure 5. SERS spectra of CNP-1 and CNP-2 solutions extracted from the films obtained in 0.4 M HCOOH + 0.03 M
(NH4)6Mo70,4 and 0.4 M HCOOH + 20 mM H,C,O4, respectively.

The G-band (sp* hybridization) represents the graphitization degree associated with the CNPs, and the
D-band (sp® hybridization) represents the amount of defect and functionalization. The I/Ip ratio indicates
that the synthesized CNPs mainly comprise sp? graphitic carbons with sp® carbon defects originating from
oxygen-containing groups [64—67] that agree with the negative surface charge of the nanoparticles. SERS
results agree with Raman spectra of CDs obtained by other methods [66, 68]. Moreover, our FTIR studies of
the corresponding films [55] and films formed in tartaric acid [69] confirm that amorphous carbon is linked
to the oxide network through the carboxylate ions and coordinative polyhedra of AI’* ions.
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Figure 6. Absorption (A) and fluorescence at Aex = 360 nm and fluorescence excitation at Aem = 440 nm (B) spectra of CNP-1
and CNP-2 solutions.

UV-Vis absorption spectra of the CNP-1 and CNP-2 solutions have characteristic bands at 237, 267, and
316 nm and a long absorption slope toward 500 nm (figure 6(A)). The typical absorption spectrum of CDs,
like CNPs, appears as a strong absorption in the UV region (230-320 nm), sometimes with a band at 285 or
340 nm and a long tail expanding in the visible region, which partly belongs to the light scattered on the
small particles [64—68]. The absorption in the 230-290 nm region belongs to the 7—7* transitions in the
C=C bonds, and in the 290-380 nm region, to the n—7* transitions usually determined by C=0 bonds or
other species outside the core-shell [65]. As well as anodic alumina films formed in formic-acid-containing
electrolytes (see figure 3), CNP-1 and CNP-2 solutions possess similar FL.

The FL excitation spectra of both CNP samples (e, = 440 nm) have a similar narrow peak (FWHM of
ca. 60 nm) at ca. 350 nm (figure 3). Upon excitation at 360 nm, the CNP spectra exhibit one broad and
strong emission band at ca. 440 nm (figure 6(B)). Our results agree with the ones existing in the literature.
So, similar absorption-emission features were observed for carbon dots (CDs) obtained using different
techniques [57, 70, 71]. Compared with the FL spectra of the source AA films, the emission spectra of the
CNPs are narrower, with a maximum blueshifted to 440 nm. It can be explained by the effect of the
alumina matrix, which is also amorphous and has various structural and point defects, contributing
to the total emission of the samples and affecting the shape and maximum position of the FL spectra
[31, 37, 40, 42, 72, 73].

Solutions of CNPs-1 and CNPs-2 exhibit an excitation-dependent emission behavior at 280—450 nm
excitation wavelengths. At Aoy = 280-290 nm, the emission maximum is at ca. 450 nm, and it slightly
blueshifts to 415 nm at Ay = 320-340 nm. It redshifts from 415 to 525 nm as A\ increases from 350 to
450 nm (figure 7). The excitation-dependent emission behavior is one of the typical photophysical
characteristics of CDs that originates from the surface state of these nanomaterials [57, 64, 70, 74-77]. The
bandgap of CDs decreases with an increase in the degree of oxidation, i.e. CDs with a lower degree of
oxidation are more likely to be excitation-independent [71]. At least two FL mechanisms for CDs are
extensively accepted. One mechanism is that the FL comes from the band gap states based on the conjugated
m-domains in the carbon nucleus of the CDs, and the other is that the luminescence comes from the
surface-related defect band states of the CDs, which can cause surface energy traps [75]. In our case, both
mechanisms are involved: the first dominates when the core of CNPs is excited at Ay = 300-340 nm, and the
second appears due to various emission centers, such as carbonyl, carboxyl, and hydroxyl groups on the
CNPs surface, under 280-300 nm and 340—-450 nm excitation.

Time-resolved FL experiments are performed at Ay = 375 nm to observe the pure radiative
recombination processes as a necessary complement. All the FL transients are probed at FL peaks and are
well-fitted with multi-exponential functions. The best-fit parameters are listed in table 2; results for the
anodic alumina films are shown for comparison. For the anodic alumina films, the average FL lifetimes (7ye)
do not depend on the anodizing conditions and are 1.54 and 1.59 ns for samples formed in 0.4 M
HCOOH + 0.03 M (NH4)sMo070,4, 0.4 M HCOOH + 20 mM H,C, 0Oy, respectively. For the CNP solutions,
Tave significantly increases compared with the films and are 7.25 and 8.04 ns for CNPs-1 and CNPs-2,
respectively. In our previous works [8, 55, 78], it is shown that AA films obtained in different organic acids
have similar FL spectra in the 400—700 nm wavelength region and FL decay times of 0.3-3.1 ns. Therefore,
increased T, of CNPs compared with 7, for the films indicates that the AA film matrix quenches the FL of
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Figure 7. Fluorescence spectra under various excitation (A), (C) and fluorescence excitation maps (B), (D) of CNP-1 (A), (B) and
CNP-2 (C), (D) solutions.

Table 2. Decay times determined for anodic alumina films formed in 0.4 M HCOOH + 0.03 M (NH4)sMo070,4, 0.4 M
HCOOH + 20 mM H,C,04 and solutions of CNPs-1 and CNPs-2 (Aex = 375 nm).

Sample FL excitation band, nm FLband,nm  71,ns(%) 72,ns (%) 73,1058 (%)  Tave, DS
FA + AHM 347 484 0.16 (25%) 0.80 (41%) 3.4 (34%) 1.54
FA 4 20mM OxA 355 490 0.10 (17%)  0.71 (42%) 3.1 (41%) 1.59
CNPs-1 343 440 0.50 (11%) 2.71 (34%) 11.4 (55%) 7.25
CNPs-2 337 440 0.64 (11%)  3.06 (34%)  12.6 (55%) 8.04

the carbon-containing inclusions by approximately five times (see table 2). Our present results also prove the
hypothesis that the origin of FL (400-700 nm) in the AA films is mainly due to carbon-containing inclusions.

FL decay of electrochemically and solvothermally synthesized CNPs is also nonexponential and can be
decomposed into three components [70]. However, in our case, T,y are longer (ca. 0.1 ns and 2.5 ns for
electrochemically and solvothermally synthesized CNPs, respectively) and comparable with those of
hydroxyl-coated CNPs (9.5 ns) [57]. This indicates the radiative recombination nature of excitations in our
samples. Since in most carbon nanomaterials, the surface states with functional groups are disordered and
mainly depend on synthesis and post-treatment conditions, the difference in 7, can be explained not only
by the presence of various functional groups on the surface of CNPs but also by a higher degree of
purification [57, 79-81].

Since the CNPs were obtained by the dissolution of anodic alumina films without additional treatment,
such as ultrasonication, we can conclude that, first, carbon-containing species obtained during the anodic
oxidation of formate ions are incorporated in the alumina in the form of amorphous carbon that can be
extracted from the initial films. Second, these carbon-containing species are luminescent carbon
nanoparticles; third, the alumina matrix significantly quenches the FL of the embedded carbon.

As is known, the CNPs could be exceptional candidates for detection technology due to chemical and
biological compatibility, well-defined luminescence signal with tunable wavelength options, diverse surface
functionality for further modification, low electrical resistance, and acceptable conductivity. Several designed
detecting systems are also constructed around CNP luminescence signals measuring a diverse range of
analytes in biological environments [77, 82, 83]. Therefore, to test whether our novel CNPs confer
cytotoxicity, we performed their biocompatibility assay with living COS-7 mammalian cells. For this
purpose, three different concentrations (3-fold, 10-fold, and 100-fold dilution of the stock solution) of
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Figure 8. Impact of two different CNPs—CNPs-1 or CNPs-2—on living COS-7 mammalian cells’ survival over time. The cells
adhered to the glass coverslip’s surface were treated with the same concentration (three-fold dilution of the respective CNP stock)
of CNP-1 or CNP-2 and then kept in an incubator for 10 h. Bright-field microscopy imaging of the COS-7 cells was performed at
the initial moments before and after adding the CNPs and then every 2 h afterward. At every time point, images were acquired at
the different surface positions of the respective well. Scale bar of all images: 100 pzm.
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Figure 9. COS-7 mammalian cells’ viability after 10 hour-long exposure of the cells to varying concentrations of CNPs-1 or
CNPs-2. Bars represent the average number of viable cells under different conditions after 10 h. Error bars indicate the standard
error of the mean (S.E.M.). The data used for the results represented in this graph was collected from at least two independent
experiments.

respective CNPs were introduced into the wells containing glass surface-adhered living COS-7 cells and; after
that, the samples were stored in an incubator for 10 h with the repeating bright-field microscopy imaging
cycles every 2 h. Even at the highest concentration, CNPs-1 and CNPs-2 had little to no effect on both COS-7
cells’ morphology and surface adhesion properties observed after 10 h of incubation (figure 8).

The negative impact of only a minimal extent to the living cells was also confirmed by assessing the
number of viable COS-7 cells left at the very end of the experiment (after 10 h), as for three-fold diluted
CNPs-1 93 % 0% of the cells remained viable and for three-fold diluted CNPs-2 the cell survival index was
85.8 £ 3.5%, while for the CNP untreated cells this value was estimated to be 98.3 & 0.5% (figure 9).

Therefore, we conclude that CNPs-1 and CNPs-2 exhibit high biocompatibility and can possibly be used
for various in vivo applications with negligible harm to the living cells’ integrity. However, if our method for
synthesizing carbon nanoparticles from carbon-containing anodic alumina is considered a new and
promising way, it should be improved, and further research is needed. It can be done in one of the following
ways: by improving the synthesis conditions of the initial films to obtain samples with a larger amount of
carbon and with a smaller CNP size for their more effective use in luminescence-based immunoassays.
Depending on the procedure and degree of purification of CNPs and the pH of their solutions, the
luminescent properties of the particles can also be improved.
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4, Conclusions

SEM studies established that anodic alumina films formed in electrolytes containing 0.4 M/0.8 M HCOOH
and 0.03 M (NH4)sMo70,4 have a dense, cracked cover layer on the surface and hexagonal-shaped cells on
the back side (i.e. anodizing front). The average cell size does not depend on the formic acid concentration
and is about 180 nm, resembling the porous structure of the films. However, the oxalic acid additives change
the situation: the film surface becomes porous (dense, cracked cover layer disappears), and the cell size
slightly decreases (ca. 170 nm). DTA/DG studies coupled with mass spectroscopy showed that the total
carbon content in the films does not depend on the formic acid concentration (5.0-5.3 mass%) but depends
on the electrolyte composition (3.4 mass% for formic acid anodizing with oxalic acid additives). However,
the amorphous content varies slightly between different samples: 3.7 mass% for 0.4 M HCOOH + 0.03 M
(NH4)sMo7054; 3.3 mass% for 0.8 M HCOOH + 0.03 M (NH,)sMo70,4; 3.2 mass% for 0.4 M

HCOOH + 20 mM H,C,0,. Regardless of the electrolyte composition, the conversion degree of formate
ions into a-C:H is constant.

The obtained films have a wide blue FL in the wavelength range of 400-650 nm with a maximum at
around 490 nm. It was determined that carbon-containing impurities are responsible for the FL properties of
the films as samples obtained in sulfuric acid (i.e. without carbon) do not possess detectable FL in the
mentioned wavelength region. The FL decay is nonexponential and has an average lifetime of 1.54 and
1.59 ns for ammonium heptamolybdate and oxalic acid, respectively. The FL spectrum is a superposition of
several decay components.

The carbon-containing species obtained during the aluminum anodic oxidation in formic acid with
ammonium heptamolybdate or oxalic acid additives were extracted by film dissolution and then
characterized. It was shown that the solutions contain carbon nanoparticles with a diameter of 20-25 nm.
SERS revealed that the synthesized CNPs mainly comprise sp® graphitic carbons with sp* carbon defects
originating from oxygen-containing groups that agree with the negative surface charge of the nanoparticles.
Carbon nanoparticle solutions exhibit an excitation-dependent emission behavior at 280—450 nm excitation
wavelengths with average lifetimes of 7.25-8.04 ns, depending on the composition of the initial film.
Increased average lifetimes compared with the initial films indicate that the alumina matrix significantly
decreases the FL effectiveness of the embedded CNPs. Since the CNPs were obtained by the dissolution of
anodic alumina films without additional treatment, such as ultrasonication, we can conclude that amorphous
carbon can be obtained during the anodic oxidation of formates. Time-resolved FL measurements revealed
that the alumina matrix significantly decreases the FL effectiveness of the embedded carbon nanoparticles.

Carbon nanoparticle FL is caused by the core of CNPs at Ay = 300-340 nm and by various emission
centers on their surface, such as carbonyl, carboxyl, and hydroxyl groups, under 280-300 nm and
340-450 nm excitation. As CNPs could be exceptional candidates for detection technologies, the
biocompatibility assays were performed with living COS-7 mammalian cells, showing a minimal negative
impact on the living cells.
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