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Abstract: This study presents a simple and sustainable coating technology for the deposition of
photocatalytic coatings based on titanium dioxide and geopolymers, which requires no thermal
post-treatment. Titania powder P25, potassium silicate and a calcium aluminate-based hardener were
dispersed in water and applied to aluminum substrates using a paintbrush, a roller and a spray gun.
The coatings were air-dried for 12 h. The photocatalytic activities were tested via degradation of an
aqueous methylene blue solution in a batch reactor under artificial UV-A light. The roller and the
spray gun-based coatings yielded well-adhering coatings with high photocatalytic activity. Brushed
coatings were inhomogeneous and unstable. The presented method of producing photocatalytic
coatings is very simple to apply and does not require complex technologies or energy-intensive
thermal treatments.
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1. Introduction

Since its discovery by Fujishima and Honda 1972, the photocatalytic effect of titanium
dioxide (TiO2) has generated considerable interest in various research fields with the aim of
converting solar energy into chemical energy for various applications, such as degrading
metallic or other inorganic pollutants, water disinfection, air purification and hydrogen
generation [1–4]. Among semiconductors, TiO2 has demonstrated high activity while
showing excellent physical and chemical properties such as biocompatibility, low cost,
non-toxicity and photostability [5–7]. In order to achieve highly active catalyst coatings, the
properties of different TiO2 powders, doping and coating processes have been extensively
investigated [8–11]. P25-TiO2, produced by Evonik Industries AG, is widely used and
considered one of the most active photocatalyst powders [12–14].

In the field of wastewater treatment, two basic methods have been investigated for
using TiO2 powder as a catalyst. The first method involves adding TiO2 directly to the
water as a suspended catalyst, while the second immobilizes the catalyst as a supported
photocatalyst coating [5,15]. Generally, suspended TiO2 powders in water exhibit higher
activity than immobilized coatings [16–19], due to a high ratio of illuminated catalyst
surface and effective reactor volume and a more uniform catalyst distribution. However,
the process of separating of TiO2 particles from water can be slow and expensive; for
instance, when using membrane filtration in applied water and wastewater treatment [5,20],
recently, in some countries, the release of nanoparticulate titania has been legally restricted.
To save energy, various reactors with immobilized TiO2-catalyst coatings in combination
with solar light have been developed. Illumination/activation of catalysts with artificial
light is costly; hence, solar radiation serves as an environmentally friendly and sustainable
alternative [21–25].
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Numerous processes have been investigated for deposition of TiO2 layers onto a sub-
strate, including sol–gel [26,27], thermal spraying (APS [28], SPS [29,30], HVSFS [31]), chem-
ical vapor/solution deposition (CVD [32,33], CSD [34,35]) and electrochemical methods [36].
However, some of these methods are very expensive, requiring an energy-intensive process
and/or complicated equipment, such as thermal spraying or CVD. Other, simpler methods,
such as sol–gel, still require a significant amount of energy as a thermal post-treatment up
to 600 ◦C over several hours. All processes including a thermal post treatment inherently
bear the risk of converting a part of the catalytically more active but metastable anatase
phase to thermodynamically stable, yet less active rutile phase [5].

Another crucial aspect to consider is the scalability of the process for producing in-
expensive catalysts for environmental applications. Therefore, this study focuses on a
novel method of producing highly active TiO2 catalyst coatings based on geopolymers
as a binder system. Geopolymers are a group of inorganic cement-like materials formed
from readily available and low-cost raw materials, such as fly ash or metakaolin (alumi-
nosilicates) reacted with an alkaline solution [37]. They offer several advantages, including
high mechanical stability, low cost and environmental friendliness as they cure at room
temperature [38,39]. To date, publications on geopolymers in combination with titanium
oxide focused on construction and building materials. In these materials, mixing with
TiO2 powder usually leads to problems regarding the mechanical properties [40,41]. In
the present study, geopolymers are not used as a building material and therefore do not
need to meet the said requirements. Instead, they are added as a mixture with TiO2 to
create a highly active photocatalyst coating on an aluminum substrate, which can be used
as reactor material for water and wastewater treatment. A study of Mao et al. found
that a thermal treatment after coating resulted in poorer properties, and that aluminum
substrates reacted with the silicate solution, unlike steel substrates [42]. Similar studies
were carried out by using a sol–gel process to coat a photocatalyst onto geopolymers,
which was demonstrated by the degradation of a methylene blue in water [43]. Strini
et al. [44] demonstrated that incorporating TiO2 into a range of different geopolymers
allowed for photocatalytic degradation of nitric oxide in air. In general, there are many
ways to determine the photocatalytic activity of catalyst coatings. In the field of water
treatment, the decolorization of dyes, especially methylene blue, is commonly used to
compare photocatalytic activities in general [45–47].

2. Results
2.1. XRD

XRD measurements were carried out to identify the different compounds present in the
applied coatings, and to detect the presence of incorporated TiO2 and the distribution of its
phases (anatase and rutile). Figure 1 shows the overview XRD data (20–70◦ 2θ-scale) of the
starting powder, geopolymer materials, their combination with TiO2 and the final coating
on the aluminum substrate. As can be seen, all geopolymer containing materials show a
non-linear baseline in the 20–35◦ 2θ range, which indicates the presence of amorphous
constituents. Geosil 14517, the potassium silicate compound shows a multitude of peaks,
which indicates that the compound contains further constituents besides potassium silicate
(expected peaks at 28, 34 and 37◦ 2θ) [48].

The data for the hardener Stabisil40 were clearly identified as aluminum calcium oxide
with characteristic peaks at 25.407◦ (CaAl2O4) and at 30.043◦ (CaAl4O7). The combination
of Geosil 14517 and Stabisil40 is dominated by the two characteristic calcium aluminate
constituents. In combination with TiO2, the signal at 30◦ 2θ and especially 25◦ 2θ intensify,
the intensity ration changes in favor of the 25◦ peak. This is a strong indication of a
superposition of the anatase at 25.328◦ peak and the peak of CaAl2O4 at 25.407◦. The
pattern of the coating on the aluminum substrate is dominated by a strong peak at 63.7625◦

which is caused by the aluminum substrate. Evidently, the X-Ray absorption of the thin
geopolymer/titania coating is not sufficient to shield the substrate.
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A more detailed study of the fingerprint range between 22 and 32° 2θ using longer 
measuring times was carried out to confirm these assumptions (Figure 2.) The character-
istic peaks for the anatase phase (25.3232°) and rutile phase (27.450°) of TiO2 powder are 
visible for the pure powder. Common models used for calculating anatase and rutile frac-
tions from Rietveld data are based on these characteristic peaks, similar to the model used 
in this work by Vu et al. [49]. To estimate the crystallite size, the Scherrer equation was 
used [50]. The results are shown in Table 1. 

 
Figure 2. XRD pattern of all data in the characteristic area (22–32°) to identify the characteristic peaks 
of TiO2 anatase and rutile phase. A = Anatase, R = Rutile, C1 = CaAl2O4, C2 = CaAl4O7. 

Figure 1. XRD pattern of raw materials and its combination in the area from 20–70◦. A = Anatase,
R = Rutile, C1 = CaAl2O4, C2 = CaAl4O7.

A more detailed study of the fingerprint range between 22 and 32◦ 2θ using longer
measuring times was carried out to confirm these assumptions (Figure 2.) The characteristic
peaks for the anatase phase (25.3232◦) and rutile phase (27.450◦) of TiO2 powder are visible
for the pure powder. Common models used for calculating anatase and rutile fractions
from Rietveld data are based on these characteristic peaks, similar to the model used in this
work by Vu et al. [49]. To estimate the crystallite size, the Scherrer equation was used [50].
The results are shown in Table 1.
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The XRD patterns of the geopolymer titania mixtures indicate that there is no visible
rutile phase (peak at 27.45◦). As the titania is nanoscale, the peaks are broad anyway,
and so it is not surprising the rutile minority phase which makes up only ~0.6% of total
material disappears in the noise level. The anatase in combined materials is not clear either;



Catalysts 2023, 13, 898 4 of 13

the asymmetry in the ~25◦ 2θ indicates a peak overlap of anatase and CaAl2O4 from the
Stabisil40 component. Geosil 14517 does not show a peak at ~25◦ 2θ. It seems that—at
least with the chosen catalyst concentration of ~5%—XRD does not provide the necessary
resolution to quantify the phase relations of titania in the final coating.

Table 1. Calculated Crystallite size and phase content of the P25 powder.

P25-TiO2 Crystallite Size [nm] Phase Content [%]

Anatase 21.9 87.4

Rutile 41.0 12.6

2.2. Optical Properties: Surface and Cross Section

The optical microscope images in Figure 3 clearly show the differences between the
coatings applied by brush (B), roller (R) and spray gun (S) with an additional 24 h of air
drying. The brush process (visible vertical stroke) resulted in a coating with inhomogeneous
thickness, weak adhesion, high porosity and a lot of cracks. Variation in the coating
thickness evidently led to non-uniform drying and crack formation where the layers were
thicker. Due to the surface inhomogeneities and the weak coating adhesion, the brush
process will not be further investigated.
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Figure 3. Optical micrographs of surface structure of applied coatings by different coating processes
(B, R and S).

For samples R and S, a uniformly structured and homogenous surface is shown. No
cracks or defects are visible. Sample S seems to have a smoother surface sample than R.
Methods S and R were identified as suitable for application of the catalytic coatings.

The SEM images in Figure 4 show the surface structure of the coatings 2-R at high
resolution. Agglomerates of nanometric TiO2 powder are distributed between the spherical
particles of the geopolymer matrix. The cured composite mixture apparently contains
a considerable amount of porosity. The structure of the 2-S coating (not shown) looks
almost identical.

The optical images of the cross-section of both coatings in Figure 5 clearly show
distinct differences between samples R (left) and S (right). The sprayed coating exhibits
an uneven thickness and much greater variability compared to the roller coating. Despite
the difference in thickness and variation, both coatings were successfully applied over the
entire substrate without any continuous cracks detected from the top to the bottom at this
magnification. The sprayed layer is thinner than the rolled coating in the thickest areas. If
necessary, this could be compensated by applying additional spray gun passes. The optical
images do not indicate any discernible differences in the individual particles within the
coating structure of the two samples. However, further information regarding particle
distribution can be found in the EDX measurements discussed in the following section.
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2.3. EDX (Energy-Dispersive X-ray Spectroscopy)

Due to the amorphous signals of the XRD measurements of the coatings, EDX mea-
surements were carried out to identify the distribution of individual components. EDX
measurements of a surface and cross-section of an R coating are shown in Figures 6 and 7.
The cross-sectional EDX measurement presented in Figure 7 was performed only for the
sprayed sample, as the coating composition for both rolled and sprayed samples is identical.

Next to the SEM image, the same section is always shown in a different color de-
pending on the investigated element. The more intense the color, the higher the local
concentration of the element. The elements of the potassium water glass, such as K, Al, Ca,
Si and O, can be identified in addition to Ti in the cross section. The elements titanium,
oxygen and potassium are homogenously distributed in the coating compared to silicon,
alumina and calcium. Potassium is only present to a very small content, as the data stand
out weakly from the background noise of the measurement. The coating consists mainly
of silica, which is distributed as fine particles almost everywhere except in the areas with
large non-spherical particles. Aluminum and calcium, on the other hand, are mainly found
in bulky grains and at high concentration in the aluminum substrate (intense red color).
Titanium is homogeneously distributed and does not show any highly concentrated areas
or sedimentation in the coating. All colored points outside of the coating or the substrate
are due to background noise of the measurement.
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Figure 6. SEM and corresponding EDX image of a coating achieved via roller process (cross section). Figure 6. SEM and corresponding EDX image of a coating achieved via roller process (cross section).
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(right) for titania, shown for the sample S.

The distribution and quantity of TiO2 on the coating surface are assumed to have a
direct impact on the photocatalytic activity. Therefore, to establish a correlation between
TiO2 distribution and amount with the degradation curves of methylene blue, both rolled
and sprayed samples were examined using EDX. The EDX measurement of the surface for
sample S is presented in Figure 7 (sample R is similar) and shows the uniform dispersion
and distribution of titanium on the surface. The results reveal that titanium is well dispersed
between the spherical water glass matrix, as seen in Figure 7. This result is not surprising,
as the coatings are based on mixtures prepared under identical conditions and only differ
in the coating procedure.

2.4. Photocatalytic Activity

Figure 8 shows the degradation curves of methylene blue concentration over time for
the roller and the sprayed coatings compared to a reference (uncoated aluminum sheet). For
R and S, approximately 50% of the initial concentration was degraded after 5 h. Both curves
demonstrate a similar degradation rate, with no significant difference. This is expected
since, for both samples, the same coating composition was used and the surface morphology
was also very similar, as shown in Figures 4 and 7. For each coating, the experiment was
repeated three times (n = 3). Figure 8 shows the mean values for each coating and the
error bars, calculated by the standard deviation of the three measurements. Due to the
experimental setup, a lot of variables influence the measurements (positioning of the reactor
chutes, proceeding deviation of the spectrometer from initial calibration, adjustment of
concentrations) which may explain the high errors, especially at long exposition times.
However, with regard to the degradation kinetics, there was no recognizable or noticeable
tendency of catalyst de-activation. This indicates that the two coating techniques do not
affect the degradation kinetics for this particular test setup.
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3. Discussion

It is shown that well-adhering and homogeneous coatings of titania-doped geopolymer
can be applied using simple and efficient procedures. The method of pre-mixing com-
mercially available potassium silicate/hardener mixtures with a photocatalytically active
titania filler leads to homogeneous coatings. Brush coatings were inhomogeneous, while
roller and spray coating—despite some variations in coating thickness—led to coatings of
identical microstructure and final photocatalytic activity.

Characterization of the coatings by XRD revealed that the components of the com-
mercially available geopolymer and the titania dispersion show considerable overlap, so
the phase distribution of anatase and rutile in the final coating cannot be determined.
Moreover, we may speculate that the commercially available water glass system contains
further unspecified and proprietary constituents which imped the analysis of the systems
by XRD. Rutile disappears in the background and anatase is only seen as a shoulder of the
CaAl2O4 peak (or vice versa).

SEM images in combination with EDX measurements confirm the homogeneous
distribution of titania agglomerates is a coarser geopolymer matrix consisting of globular
particles. The geopolymer matrix builds up a homogeneous yet porous microstructure in
which large bulky calcium aluminate particles are dispersed. The titania does not segregate
or sediment. Slight intensity fluctuations of titanium occur due to the agglomerated
nature of the powder and the low-intensity mixing process, which is not capable of de-
agglomerating the titania.

Roller coating provides thicker layers and more homogeneous thickness than spray
coatings. As can be seen from the methylene blue degradation experiments, this obviously
has no influence on the catalytic activity. (Brushed coatings were too inhomogeneous to
adhere safely to the substrate), A priori, we may assume that only the surface near titania
contributes to the photocatalytic effect and that the contribution of titania in the bulk is
negligible. Application of thicker coatings is presumably not necessary so that the area
concentration rather than the total amount of titania is relevant for catalysis.

A direct comparison of the catalytic activity with existing publications is difficult due
to the different experimental set-ups. However, the amount of recirculated methylene blue
solution is quite high and the difference from the reference measurement (UV radiation
alone) is significant.
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Points worth clarifying in upcoming studies will be to verify the above hypothesis and
check the effects of different coating thicknesses’ titania contents and the effect of dispersion
quality (titania agglomerates vs. isolated particles). With respect to titania retention in the
coatings (nanoparticles should not be washed out into the purified water), agglomerates
may prove the better solution provided that their activity is comparable.

4. Materials and Methods
4.1. Application of Photocatalytic Coatings

In this study, P25-TiO2 (Evonik Industries AG, Essen, Germany) powder, a material
with a proven track record in photocatalysis, was used. The basic workflow is shown in
Figure 9. To create the catalyst coatings, P25-TiO2 powder dispersed in a commercially
available potassium silicate solution was applied directly to aluminum substrate. The
solution consists of a modified aluminosilicate and modified alkali silicates, so-called
“water glass”, provided by Woellner GmbH, Ludwigshafen, Germany. The potassium
silicate solution (Geosil14517, Woellner GmbH, Ludwigshafen am Rhein, Germany) and
hardener (Stabisil40, Woellner GmbH, Ludwigshafen am Rhein, Germany) were mixed in a
ratio of 2:5 and 5.7 wt.% TiO2 was added. For better processing, small amounts of water
were added to the suspension. The suspension was then stirred for 10 min using a magnetic
stirrer (300 rpm). The resulting suspensions were the coated onto aluminum substrates
(100 mm × 100 mm × 4 mm). The coatings were left to dry in air (at room temperature
~25 ◦C) for 24 h, allowing any remaining water to slowly evaporate.
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Figure 9. Visualization of the coating process.

Commercially available brushes and rollers were used for the coating process. The
coatings were carefully applied by hand, ensuring that they are as thin as possible and
covering the entire substrate. A spray gun (Binks 95 Manual Spray Gun, Carlisle Fluid
Technologies, Scottsdale, AZ, USA) was used for the spraying process. The spraying process
was carried out at an air pressure of 2 bar from a distance of 20 cm until the substrate was
completely covered (the denomination of the processes is listed in Table 2).
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Table 2. Denomination of coating processes.

Sample Name Coating Process

B Application with a paint brush
R Application with a roller
S Application with a spray gun

4.2. Powder and Coating Characterization
4.2.1. X-ray Diffraction (XRD)

The phase compositions of the untreated TiO2 powders were analyzed using X-
Ray diffraction (XRD) (X’Pert MPD, Panalytical, Almelo, The Netherlands, CuKα1, Ge-
monochromator, Bragg–Brentano setup, accelerator detector). Overview scans from 20–70◦

2θ were examined to identify and quantify individual components. For TiO2, the 22–32◦

2θ range was examined in detail to detect the characteristic anatase and rutile peaks. The
volume content of the titania phases was calculated using the calibration curve developed
by Vu et al. [49]. The crystallite size of the starting powders was estimated using Scherrer
analysis, assuming the absence of residual stress, based on the full width at half maximum
of the anatase (101) and rutile (110) peaks using X-Pert MPD Software [50].

4.2.2. SEM, EDX and Optical Microscope

Scanning electron microscopy (SEM) pictures were taken to analyze the surface and
cross section of the applied coatings with a Jeol JSM-6490LV microscope (JEOL Ltd., Ak-
ishima, Japan). For cross section SEM images, samples were embedded (EpoThin 2 (Buehler,
Leinfeld-Echterdingen, Germany)), ground and polished (Struers, Willich, Germany). For
the optical characterization, samples were examined with a Leica DMRP microscope (Leica
Microsystems GmbH, Wetzlar, Germany).

For EDX (Energy-dispersive X-ray spectroscopy) a SEM Hitachi TM4000Plus II (Chiy-
oda, Japan) connected to an EDX spectroscope from Oxford Instruments Aztec EDS (Abing-
don, UK) was used.

4.3. Photocatalytic Activity

A batch process reactor with a test volume of 500 mL methylene blue solution
(10 µmol/L) was used to determine the photocatalytic activity of the applied catalyst
coatings. The reactor’s outflow was collected in a storage tank, which was connected to the
reactor’s inlet via a peristaltic pump. The fluid was circulated at a flow rate of 40 mL/min
and illuminated with UV-A radiation under laboratory conditions for a duration of 300 min.
The 2 × 15 W UV-A lamp, emitting radiation at a wavelength of 365 nm (VL-215.BL, Vilber,
Marne-la-Vallée, France) was placed 100 mm above the coating. To achieve methylene blue
adsorption equilibrium, the solution was circulated 15 min in the dark prior to testing.
Subsequently, the UV-A light and sampling (every 60 min/sample) started. The degra-
dation of methylene blue solution under irradiation was evaluated at the characteristic
peak of 664 nm in the absorption spectra [51]. Each sample was analyzed using a UV-Vis
spectrometer (Specord 210 Plus of Analytik Jena, Jena, Germany) and then returned to the
experiment. Measurements were repeated three times for every catalyst sample.

5. Conclusions

This study presents two coating techniques used to produce highly active TiO2 catalyst
coatings based on geopolymers on aluminum substrate. The roller coating process is simple
and allows for quick coating of large flat surfaces, while the spray gun process is slightly
more complex but allows for easy industrial upscaling and coating of complex substrates.
Both processes save a lot of energy compared to other coating technologies, as they are
carried out at room temperature and do not require subsequent thermal treatments for
drying or phase formation. The TiO2 agglomerates are well dispersed in the geopolymer
matrix and are present in sufficient quantities at the surface of the coating, leading to a high
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photocatalytic activity of the coating. The thick coatings (~100 µm) do not exhibit corro-
sion due to photocatalytic oxidation, since the geopolymers are mineral based. Residual
alkaline reaction products which may corrode the aluminum substrate will be washed out
successively during operation.

These results show that the potassium water glass material system holds great potential
for the sustainable and cheap production of photocatalytic coatings, which are required
for environmental applications such as wastewater and air treatment. Future research
should evaluate the use of these coatings in experimental reactors for water and wastewater
treatment, as well as long-term experiments to assess their reliability.
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