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Abstract: One of the key urban air quality issues is pollution by nitrogen oxides (NOx). To reduce
NOx, facade cladding could be provided with photocatalytic properties by incorporating titanium
dioxide nanoparticles. For this purpose, a modified phosphoric acid anodizing process (MPAA) was
developed for the facade alloy EN AW-5005, in which highly ordered anodized structures with a
low degree of arborization and tortuosity were produced. Pore widths between 70 nm and 150 nm
and layer thicknesses of about 2–3 µm were obtained. The subsequent impregnation was carried
out by dip coating from water-based systems. Depending on the dip-coating parameters and the
suspension used, the pores can be filled up to 60% with the TiO2 nanoparticles. Photocatalytic tests
according to ISO 22197-1 certify a high photocatalytic activity was obtained with rPCE values > 8
and with rPCE > 2, achieving “photocatalytically active for air purification”. Tests on the corrosion
resistance of the anodized coatings with a commercially available aluminum and facade cleaner
confirm a protective effect of the anodized coatings when compared with nonanodized aluminum
material, as well as with compacted anodized layers.

Keywords: aluminum; anodizing; photocatalysis; titanium dioxide; nitrogen oxide; dip coating;
nanoparticle

1. Introduction

The emission of nitrogen oxides (NOx) is currently one of the main problems for
air quality in urban areas. The German Federal Environment Agency (UBA) evaluating
annual NOx mean values found that, in 2019, around 12% of the measuring stations in
Germany exceeded the European limit of nitrogen dioxide (NO2) [1]. Compared with the
WHO recommendation to reduce the current limits from 40 µgm−3 to 10 µgm−3, 88% of all
measuring stations exceeded this level [2]. Around 60% of all NOx emissions are related to
mobility and housing.

To reduce the concentration of nitrogen oxides, photocatalytic reactions can be initiated
under the influence of light, thus converting harmful NOx into nitrate (NO−

3 ). The nitrate
formed on the surface is easily soluble in water and is absorbed and transported away by
condensation, rain, or cleaning water. This property is currently in use in some building
materials, such as photocatalytically active roof surfaces, facade paints, coated paving
stones or tunnel linings [3–6].

Aluminum is considered an important material in the construction industry and is of-
ten used—in anodized form—for large-scale cladding of facades and roofs. Each aluminum
facade with a photocatalytic coating could thus contribute to a reduction in the concentra-
tion of nitrogen oxides in the atmosphere. In contrast to mild steels, aluminum generally
shows good corrosion resistance. Aluminum forms a native oxide layer, with a thickness of
up to 15 nm [7]. Since the protective properties of the native passive layer can be limited,
the thickness is increased using the “electrolytic oxidation of aluminum (ElOxAl)” process.
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The layer is usually produced in an anodizing process using sulfuric acid, oxalic acid or
phosphoric acid [8–13]. In general, the layer properties can be controlled via the type of the
electrolyte and the concentration and variation of the process parameters (voltage, time,
bath circulation and bath temperature) [14]; electrolyte, voltage and bath temperature are
considered to have the greatest influence in the anodizing process [13,15–17]. Subsequently,
the resulting mesoporous oxide layer is typically sealed or dyed using metal salts of tin,
nickel or (in)organic dyes [18–20].

Recent progress in the development of colloidal systems makes it possible to use the
open-pore structure of anodized aluminum to generate new functional properties. The prin-
ciple is similar to the dyeing of the layers and is based on the incorporation of nanoparticles
into the pores of the anodized layer [21,22]. Phosphoric acid anodizing (PAA) enables the
formation of large open-pore structures with pore widths up to ∼150 nm, which is not
possible for the more common sulfuric acid anodizing (SAA) [13,23]. Within this context,
the commercial availability of photocatalytically active TiO2 nanoparticles (� < 20 nm) is
also essential [24,25]. When a photocatalyst is exposed to sunlight, reactive charge carrier
pairs (electrons and holes) are formed, which react with oxygen or water molecules in a
first reaction step, generating highly reactive superoxide (O−

2 •) or hydroxyl (OH•) radicals,
which further oxidize pollutant molecules [26,27]. To classify the photocatalytic activity,
products are tested according to ISO 22197-1, and the relative photocatalytic efficiency
(rPCE) is determined. If rPCE > 2 is achieved, the reduction in NOx is sufficient, and the
product is beneficial to be used for air purification.

The aim of this work was to generate open-porous-structured anodized layers feasible
for the subsequent incorporation of photocatalytically active titania nanoparticles via dip
coating. The chosen anodizing conditions were based on the literature [28,29] and are
further developed using a factorial Design of Experiments (DoE) to optimize the resulting
layer with respect to the coating thickness and pore size. Subsequently, the functionalized
layers were examined regarding their photocatalytic activity and corrosion resistance.

2. Materials and Methods

The procedure to generate a photocatalytically active anodized layer consists of two
steps: (1) the formation of open porous anodized layers, and (2) the incorporation of
commercially available titania nanoparticles into the pores of the anodized layer. The pore
structure of the anodized layer is intended to act as a “vessel” for the titanium dioxide
nanoparticles incorporated via dip coating to retain the photocatalytic properties, even
if an abrasive facade cleaning process is applied. The decisive factor is the use of small
photoactive TiO2 nanoparticles (ideally: particle size ≤ 20 nm). Additionally, the barrier
properties of the anodized layer are expected to be improved in terms of aqueous corrosion
protection by filling the pores with nanocrystalline titanium dioxide.

2.1. Phosphoric Acid Anodization

Since titania nanoparticles will be embedded into the anodized layers, open pores
with diameters of around 100 nm are required. In addition to the voltage and other
parameters, the cell/pore size to be achieved depends strongly on the acid used, in this
case, phosphoric acid.

Sheets of the aluminum alloy AlMg1 (EN AW-5005) were used as the substrate. Be-
fore anodizing, the substrate was degreased in an alkaline etchant (Bonderite C-AK 62018)
at 60 °C for 10 min, etched in a caustic soda solution (Bonderite C-AK 62251, 50 °C, 5 min)
and pickled in nitric acid at room temperature for 2 min. After the pretreatment procedure,
the anodization was carried out using direct current. A Cr/Ni steel sheet was used as the
cathode and connected to the aluminum sheet as the anode. The surface area of the cathode
was 150 cm2 and the surface area of the aluminum sample was 3 cm2. The electrodes were
connected above the bath level.

A modified phosphoric acid anodization (MPAA) process was developed, and the
influence of the process parameters, in particular bath temperature, voltage and treatment
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time, were examined with respect to the optimized target parameters such as pore size and
layer thickness. Using a 23 full factorial design of experiments and the following parameter
set, the resulting layers were characterized in terms of the following properties (Table 1):

Table 1. Design of Experiments.

Factor Range Response Target

Bath temperature 35–45 °C Pore size >100 nm
Voltage 40–55 V Layer thickness 2–4 µm

Anodizing time 60–420 s Layer quality Homogeneous, open pores
Phosphoric acid concentration 10–20 wt.%

The influence of the different anodizing conditions on the resulting anodized layers
and pore structure is described and discussed in detail in Section 3.1.

2.2. Dip Coating

For the incorporation of the titania nanoparticles, two commercial dispersions were
used, Evonik Aerodisp W2730X (30% TiO2) diluted to a solid content of 15% and a disper-
sion from Tronox (CristalACTiV PC-S7, solid content 10%). According to the manufacturer’s
information in all dispersions, the titanium dioxide was present in the anatase modification.
For the W2730X dispersion, the primary particle size was specified as 14 nm. For the PC-S7
dispersion, the specific surface area of the particles was given as 300 m2g−1. The particle
size of the TiO2 nanoparticles present in the dispersions was also measured using dynamic
light scattering DLS (ZetasizerNano ZS, Malvern Panalytical, Malvern, UK). This method
gives the hydrodynamic diameter of the particles. The measured mean particle size of the
number distribution was about 70 nm for the W2730X dispersion. The mean particle size
in the dispersion PC-S7 is significantly lower at approximately 38 nm. In all dispersions,
the values were larger compared with the primary particle size of the titanium dioxide
powders, suggesting an agglomeration of the particles in the dispersions.

A computer-controlled dip coater (KSV Instruments, Helsinki, Finland) was used to
carry out the dip coating experiments to obtain reproducible results. According to the
Landau–Levich equation, the solid content of the dispersion (i.e., influence on viscosity
and density) and the withdrawal speed are the main parameters influencing the wet film
thickness, and thus the number of particles available for incorporation [30]. To break
up possible particle agglomerates, the dispersions were treated in an ultrasonic bath for
10 min before dip coating. All samples were impregnated “wet-in-wet” to prevent possible
repelling. Following dip coating experiments were carried out:

1. PC-S7 (10 wt.% TiO2, pH 8, particle size (DLS) ∼38 nm)
- withdrawal speed: 40 mm/min, 50 mm/min.

2. W2730X (15 wt.% TiO2, pH 7, particle size (DLS) ∼70 nm)
- withdrawal speed: 10 mm/min.

After dip coating, the samples were fractured and investigated by scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) with respect to the
amount of incorporated nanoparticles.

2.3. Photocatalytic Activity

The photocatalytic activity of the anodized layers incorporated with TiO2 particles
was determined in a photoreactor measuring the NO degradation according to ISO 22197-1.
The total gas flow during the measurement was 3 L/min at a relative humidity of 50% and
an NO concentration of 1 ppm in synthetic air. The UV irradiation in the reactor had a
power of 1 mWcm−2. The total irradiated area was 50 cm2, and the test duration was fixed
to 5 h.

Initially, the absolute amount of eliminated NO over 5 h was determined and compared
with the maximum degradable amount of test gas which passed the reactor within the
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irradiation period. From this, the rPCE value was calculated. The rPCE value indicates
the relative photocatalytic efficiency. Products for photocatalytic air purification achieving
rPCE > 2 can be designated as “photocatalytically active for air purification according to
the FAP self-commitment” [31].

2.4. Corrosion Investigations

Depending on the application, different cleaners are used to clean anodized surfaces.
For this reason, the corrosion resistance of the functionalized surface was tested with a
commercially available aluminum and facade cleaning solution (Clever-AS-Technik GmbH,
Kleve, Germany), dilution 1:20 and pH 1.8. A standard 3-electrode setup in an Avesta
cell with vertical sample installation, an Ag/AgCl reference electrode and a platinum
counter electrode (2 × 2 cm2) were used for the corrosion investigations. The measurement
sequence started with a 60 min measurement of the open-circuit potential, followed by a
measurement of the electrochemical impedance in the range from 10 mHz to 100 kHz, with
an amplitude of 10 mV and a final potentiodynamic polarization from −50 mV to +400 mV
vs. OCP with a scan rate of 0.5 mVs−1. The following samples were tested:

• Aluminum sheet EN-AW5005 pretreated (degreased, etched and pickled).
• MPAA sample.
• MPAA sample incorporating TiO2 particles (Tronox PC-S7).
• Oxalic acid anodized sample, sealed (benchmark; c = 57 g/L, V = 46 V, T = 20 ◦C;

dpore = 40–60 nm, dlayer ∼2 µm).

3. Results and Discussion
3.1. Phosphoric Acid Anodizing

In Figure 1, the surface structure and thickness of layers anodized for 60 s and 420 s
at a voltage of 55 V and a temperature of 35 °C is shown. For longer anodizing times
(420 s), pore sizes of >100 nm and layer thicknesses of approximately 3.5 µm are achieved.
However, it is also evident that the deposits formed on the surface after long anodizing
times might hinder the incorporation of titania particles. Therefore, the interaction of the
process parameters was studied in more detail to optimize the resulting layers.

Evaluation of the DoE shows that temperature and voltage have the greatest influ-
ence on the pore width, while the anodizing time has less influence at a certain given
voltage. Figure 2 shows the dependence of the pore size as a function of temperature, time,
and voltage displayed in a response surface plot. At very high voltages (55 V to 60 V) at
45 °C, a pore size of >150 nm could be generated. However, the anodizing process is not
stable under these conditions, since small crevices or edges lead to an uncontrolled current
increase. According to the DoE response, the target pore size of 100 nm is also achieved
under the more moderate conditions of T = 41–43 °C and V = 50–55 V (at an anodizing time
of 180 s).

At a given temperature and voltage, longer anodizing times lead, compared with
the interaction of temperature and voltage, to only a relatively small increase in the pore
size (Figure 2b). However, only in the beginning, there is a linear relationship between
the pore size/coating thickness and the anodizing time, but for longer dwell times after
a steep increase in the initial process, an establishment of a rather stable plateau can be
observed, indicating the equilibrium between the formation of the anodizing layer and a
re-dissolution process (Figure 3a).

According to previous studies [32,33], the formation and solution of alumina occurs
simultaneously, i.e., there is a dynamic balance during the anodizing treatment. On one
hand, the dissolution taking place at the cell walls leads to an increase in the pore diameter
with the anodizing time (comparing Figure 1); on the other hand, the rate of oxide formation
is a function of electric current and time according to Faraday’s law. At the point when
this proportionality is no longer given, the dissolution-related limit is reached [28]. As a
comparison, in Table 2, the total accumulated amount of charge versus the measured



Corros. Mater. Degrad. 2023, 4 22

coating thickness for selected treatment conditions is given. It is obvious that for increasing
temperatures a linear relationship no longer exists.

Figure 1. Influence of anodizing time on pore size and layer thickness (bath temperature 35 °C and
Voltage 55 V). (a,b) t = 60 s; (c,d) t = 420 s .

Figure 2. Three-dimensional surface plots evaluating the influence of DoE factors on the pore size.
(a) temperature and voltage; (b) time and voltage.

Due to the increased re-dissolution rate at higher temperatures, the layer thickness
remains constant at shorter times, while it is even reduced for longer treatments (Figure 3b).
Consequently, the layer thickness anodized at 45 °C (40 V and 420 s) is lower than the layer
thickness obtained at 35 °C (under otherwise identical conditions).

Overall, the results show that pore sizes of around 100 nm, as desired for impregnation,
as well as sufficiently high layer thicknesses are achieved at voltages of >45 V. However,
the surface quality must also be considered. As mentioned previously for longer anodizing
times, the formation of a so-called “bird’s nest” structure is observed, which prevents open
access to the pores and should therefore be avoided. The appearance of this whisker-like
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structures is attributed to the formation and collapse of thinned oxidic filaments. This
phenomenon is well-known and is related to the process conditions such as acid type,
concentration, temperature and dwell time [28,34]. Initially, 20 wt.-% phosphoric acid was
used, where this effect occurs already after an anodizing time of 180 s (Figure 4). For this
reason, the acid concentration was reduced to 10 wt.-%. As a result, the bird nest structures
appear after anodizing times of approximately 300 s, which means that a reduction in the
acid concentration has a clear positive influence on the surface quality. At the same time,
the pore size is only slightly reduced.

Table 2. Obtained coating thickness for different temperatures and dwell times at a constant voltage
of V = 40 V.

Temperature Dwell Time Charge Accumulated Coating Thickness
◦C s cm−2 µm

35 60 1.79 1.0 ± 0.1
35 420 5.87 2.2 ± 0.2
45 60 6.65 1.9 ± 0.1
45 420 23.21 2.1 ± 0.1

Figure 3. (a) Pore size and (b) layer thickness as a function of anodizing time at different voltages
and temperatures.

Figure 4. SEM micrographs of anodized surfaces obtained at different acid concentrations. (a–c)
10 wt.-%; (d–f) 20 wt.-% (bath temperature 40 °C, voltage 50 V).
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Finally, the following set of parameters was determined to be the optimum with
regards to forming the correct pore size and surface quality (an open-pore structure which
avoids bird nest formation):

• Electrolyte: 10 wt.-% phosphoric acid.
• Temperature: 42 °C .
• Voltage: 55 V.
• Anodizing time: 180 s.

As Figure 5 shows, with these parameters, an anodized layer with a thickness of
approximately 2 µm and an open-pore structure with pore widths of 85–105 nm is produced.

Figure 5. (a–c) SEM micrograph of surface and fractured cross-section of the optimized an-
odized layer.

3.2. Dip Coating

The dip-coating parameters were adjusted to increase the degree of filling in the pores,
i.e., the photocatalytic activity of the layers. For this purpose, drawing speeds of up to
50 mm/min and solid contents of up to 30 wt.% were tested. Despite the high solids content
of the dispersions, the optical appearance of the anodized layers is hardly affected by the
impregnation. Compared with the nonimpregnated sample, the anodized and impregnated
surface appears to be slightly more opaque. If the dispersion W2730X is used with an
initial solid content of 30 wt.%, a continuous, two-dimensional topcoat is formed despite
the low withdrawal speed of 10 mm/min. SEM micrographs of the fractured surfaces of
the impregnated sample (not shown here) reveal that not only a layer of several hundred
nanometers thickness is formed on the surface, but some individual particles are also
incorporated into the pores of the anodized layer. Measurements of the particle size give
14 nm to 20 nm in diameter, which is significantly lower than the hydrodynamic diameter
measured with DLS. However, the value corresponds to the primary particle size specified
by the manufacturer for the TiO2 particles used. The primary particle size would therefore
allow incorporation into the 100 nm pores of the anodic layers. However, the additives
used to stabilize the high solid dispersion cause the layer to form preferentially on the
surface. Since this formed top layer can be easily wiped away, and would thus be a waste
of material, the solid content of the Evonik dispersion was reduced to 15 wt.%.

In Figure 6, SEM micrographs of fractured samples of the anodized layers impregnated
with PC-S7 (a) and W2730X (b) dispersions are shown. With the PC-S7 dispersion, a pore
filling of approx. 30–50 wt.% is achieved. The TiO2 particles adhere to the pore walls,
indicating attractive interactions between the negatively charged particles and positively
charged pore walls. A reduction in the solid content to 15 wt.% for the Evonik W2730X
dispersion also reduces the layer formed on the surface of the impregnated anodized
layers. However, only a few particles entered the pores, since the particle size increased
significantly to 25–45 nm when compared with the undiluted dispersion (14–20 nm).
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Figure 6. Fractured cross-sections of anodized layers impregnated with Tronox PC-S7 (a) and Evonik
W2730X (b). Titania particles are marked exemplarily by arrows.

3.3. Photocatalytic Activity

In Figure 7, the NO concentration as a function of time upon UV irradiation of the
anodized layers impregnated with Tronox PC-S7 (40 mm/min) (a) and Evonik W2730X
(15 wt.%, 10 mm/min) (b) is displayed. All samples show a clear photocatalytic activity as
indicated by a lowered NO concentration under UV light. For the sample impregnated with
the W2730X dispersion, a significantly higher photocatalytic activity is obtained compared
with the PC-S7 sample.

Figure 7. Time-dependent NO concentration of the anodized layers impregnated with PC-S7
(40 mm/min) (a) and W2730X (15 wt.%, 10 mm/min) (b).

This observation can be explained by the different degree of surface coverage. For the
sample impregnated with the PC-S7 dispersion, the titania particles are present mainly
inside the pores and deposits can be found only in the etching dimples (Figure 8, right),
while the samples impregnated with W2730X show a significantly thicker and more exten-
sive coating. To investigate the influence of the surface depositions, and in order to reduce
them if possible, the samples were wiped off with a lint-free paper towel several times.
Then, a second measurement of the photocatalytic activity was performed. Interestingly,
the sample impregnated with PC-S7 (40 mm/min) showed even a slight increase in the
photocatalytic activity after this treatment (Figure 8, left).

SEM micrographs of wiped surfaces show (Figure 8, right) that the titania-rich deposits
are still present, and the particles adhere very well to the surface. Overall, all tested samples
show an rPCE value > 2 and are therefore considered to be photocatalytically active for air
purification. (Table 3).
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Figure 8. Comparison of NO reduction in the anodized layer impregnated with PC-S7 (40 mm/min)
before and after wiping (left) and SEM micrograph of the surface impregnated with PC-S7 dispersion
and wiped with a cloth (right). Residual titania deposits are still present in etching dimples and
marked by arrows.

Table 3. NO degradation rate and rPCE values of the impregnated anodizing layers.

Sample Code NO Degradation Abs. rPCE
[µmol]

PC-S7-1 1.9 3.6
PC-S7-2 3.4 6.3
PC-S7-3 4.4 8.4
PC-S7-4 2.7 5.0

W2730X-1 4.4 8.4
W2730X-2 4.5 8.4

3.4. Corrosion

Since the functionalized anodized layers are to be applied as facade claddings, their
corrosion resistance was tested with respect to a commercially available aluminum and
facade cleaner. In a typical dilution of 1:20, as specified by the manufacturer, the cleaner
has a pH-value of 1.8. In Figure 9, the open-circuit potentials (OCP) of pristine AlMg1,
MPAA anodized and impregnated samples, as well as an oxalic acid anodized sample, are
shown. The OCP of the pristine, i.e., only pretreated, AlMg1 sample shifts from an initial
potential of approx. −0.27 V vs. SHE to −0.4 V vs. SHE within 60 min. The anodized and
partially compacted or impregnated surfaces show very different values at the beginning
of the measurement, but all stabilize at a similar value of around −0.1 V vs. SHE. Overall,
all anodized layers exhibit an OCP that is approx. 300 mV more positive than the pristine
AlMg1 surface, whereas the OCP of the compacted oxalic acid anodized layer is slightly
more positive (−0.05 V vs. SHE) than the MPAA samples.

The protective effect of the anodized surfaces is confirmed by electrochemical impedance
spectroscopy (Figure 10). The impedance modulus at low frequencies can be considered
as the sum of all system resistances. Since the solution resistance is negligible in this
case, it can be used as a first approximation for the polarization resistance Rp. In the
low-frequency range, the reference sample anodized in oxalic acid reaches impedance
values > 1 MΩcm2, which are at least two orders of magnitude higher than the pristine
surfaces (∼10 kΩcm2). The compaction of the layer leads to a further increase in the
impedance values when compared with noncompacted layers. The impregnated MPAA
samples exhibit an even more protective effect than the layer produced in oxalic acid, reach-
ing impedance values > 10 MΩcm2 at low frequencies. The impedance values increase
almost uniformly over the entire frequency range, indicating a capacitive behavior and an
excellent barrier effect of the layers. The introduction of the TiO2 particles into the layer
leads to further increases in the barrier effect (Figure 10). The high impedance values of the
MPAA samples when compared with the oxalic acid anodized samples can be explained
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by the formation of a denser barrier layer, since the pores formed in phosphoric acid are
larger in size but less in number [35]. Moreover, the barrier characteristics depend as well
upon the process conditions, i.e., in particular the pore resistance increases with increasing
temperature [35] and the barrier layer thickness increases with increasing voltages [28,36].

Figure 9. Development of open-circuit potential for different AlMg1 samples.

Figure 10. Bode plot of impedance spectra of AlMg1 treated under different conditions.

Additional potentiodynamic polarization measurements in the same acidic facade
cleaning solution again demonstrate the good corrosion protection provided by anodized
layers (Figure 11). The pristine AlMg1 material exhibits corrosion current densities of
1.5–2 µAcm−2. In comparison, for the MPAA samples, the corrosion current densities are
in the range from 10−9 Acm−2 to 10−12 Acm−2. Overall, the tests show that the anodized
coatings modified with TiO2 particles have a very high corrosion resistance to the acidic
facade cleaner.
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Figure 11. Potentiodynamic polarization curves of AlMg1 samples treated with different processes.

4. Summary and Conclusions

Within the frame of the study, structured, meso- and macroporous anodized layers
were generated by a modified phosphoric acid anodizing process. The subsequent in-
corporation of titania particles was performed by dip coating from water-based systems.
Depending on the dip-coating parameters, the porous anodized layers can be filled up to
50 % with functionalized particles. The testing of the photocatalytic properties according to
ISO 22197-1 certifies a high photocatalytic activity of these layers with rPCE values of up to
8.4, thus clearly exceeding the minimum requirement of ≥2. The corrosion investigations
in an acidic aluminum and facade cleaner reveals a significant increase in the corrosion
resistance from the anodization plus functionalization. In particular, the measurements
show that the incorporation of the TiO2 particles can achieve a similar barrier effect as a
hot compaction step. However, so far, no long-term tests regarding corrosion resistance, as
well as photocatalytic activity, have been carried out. Regarding the efficiency of the pho-
tocatalytic effect, it should be mentioned that the reduction in NOx cannot be completely
solved by functionalized claddings. Calculations based on typical deposition rates indicate
a NOx degradation rate of a few percent (<10 %) [37]. At first glance, this appears to be low,
however, other actions such as the definition of environmental zones are certified to be less
effective, with only a 4 % reduction in NOx values [38]. Hence, a photocatalytically active
anodized layer can be a useful component for the reduction in NOx levels in urban areas.
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