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Abstract: Cost and performance-effective materials used in advanced oxidation processes such as
photocatalysis have obtained widespread attention in recent years. In this study, thermal spraying
was used as a one-step method to obtain thick visible-light-active photocatalyst coatings on two
types of substrates, namely, plain carbon steel and copper. A mixed metallic titanium–silicon powder
bearing 10% wt. Si was used as feedstock. The optical bandgaps of the coatings were close to
1.000 eV, allowing good photodecoloration efficiencies (>89%) and mineralization efficiencies (>67%)
for methylene blue dye from aqueous solutions under visible light irradiation. The photodegradation
process could be successfully modelled by the Langmuir–Hinshelwood pseudo-first-order kinetic
model, with reaction rate constants k between 0.16 and 1.06 h−1.

Keywords: photocatalysis; thermal spraying; advanced oxidation processes; wastewater treatment

1. Introduction

Nowadays, there are continuous efforts towards minimizing the environmental strain
put on groundwaters by the continuous discharge of persistent organic compounds, which
are challenging to be entirely degraded by conventional chemical or biochemical treatment
methods [1,2].

Advanced oxidation processes (AOPs) such as heterogeneous photocatalysis involve
the formation of highly reactive radicals, such as hydroxyl groups (OH) or superoxides
(O2

−), in an aqueous environment by the triggering of charge carriers (electrons and holes)
separation on a semiconducting surface, irradiated with electromagnetic radiation from
the UV or visible domain [3–5]. The hydroxyl radicals pose a very high standard redox
potential (second to fluorine), thus presenting increased non-selective oxidation ability
towards organic compounds [6].

With the aid of photocatalysts, trace amounts of various organic compounds, such as
dyes, pesticides, drugs, or additives, could be efficiently neutralized from the point of view
of their environmental impact [7,8]. While titanium dioxide (bandgap of ~3–3.2 eV) [9,10]
and zinc oxide (bandgap of ~3.1–3.3 eV) [11,12] are by far the photocatalysts of choice,
especially considering the vast amount of research put forward in the reference literature,
an increased interest has been noted in the past ten years for doped TiO2 or ZnO [13] or
other photocatalytic material candidates, which are particularly capable of harvesting the
visible portion of the electromagnetic spectrum [14,15].

There is still ongoing research to screen for economically efficient methods to synthe-
size photocatalyst materials that are easily up-scalable to be integrated at the industrial
level, avoiding the well-known issues of photocatalytic (nano)powder handling, and to
harvest the visible domain of the electromagnetic spectrum efficiently [16,17].

One of the promising techniques to obtain photocatalysts as coatings are represented
by thermal spraying [18,19]. The thermal-spraying method (with all its technological
sub-variants: flame spraying, plasma spraying, cold spraying, and high-velocity oxy-
fuel spraying (HVOF)) is highly up-scalable, allows for the obtaining of thick coatings
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(>50 mm) with a full pallet of chemical compositions (metal, ceramic, or hybrid coatings
can be obtained), porosity, and roughness while being more economically efficient than
other methods such as chemical vapour deposition (CVD) or physical vapour deposition
(PVD) [20–22]. The principle of the thermal-spraying method is simple, involving heating,
melting, or decomposing the precursor feedstock material (in powder, wire, solution,
suspension, or slurry form), which is then impacted, plastically deformed, and anchored
employing a carrier gas onto the substrate of interest [23,24].

This work aimed to test the suitability of flame spraying to obtain thick coatings,
which could easily degrade methylene blue model dye from aqueous solutions by utilizing
electromagnetic radiation from the visible domain. A Ti-Si powder with 10% wt. Si was used
as feedstock material, while carbon steel, and copper, were used as potential widescale
industrial substrates. The non-stoichiometric titanium oxides, prone to a high density
of point defects, formed during the time-in-flight contact with atmospheric oxygen of
the feedstock powder are especially beneficial for photocatalysis, as their bandgap is
significantly lower than that of anatase or rutile polymorphs [25–27]. Additionally, titanium
silicides such as TiSi2 and Ti5Si3, which could form at high temperatures between the
components of the feedstock powder, could have an excellent photocatalytic activity of
splitting water into hydrogen and are very promising for application in solar panels [28].

Up to date, there have been no other reports on using this type of mixed feedstock pow-
der to obtain photocatalyst coatings through thermal spraying or any other method. Some
attempts have been to synthesize Ti-Si photocatalysts in microparticulate form by shock-
wave-impacting Ti and Si powders [29] or in nanoparticulate form via the solvothermal
method, with band gaps in the range of 2.5–2.8 eV [30].

The thermal-spraying process used in this study allowed for obtaining a stable, dense,
and well-mechanically anchored coating. Its reproducible surface chemistry allows for a
favourable mix between non-stoichiometric titanium oxides, silicon dioxide, and silicides,
which is beneficial for photocatalysis.

2. Experimental
2.1. Materials

The titanium–silicon powder (10% wt. Si) with an average diameter of 115 µm was
purchased from Oerlikon-Metco (Singapore). Electrolytic copper (99.5% Cu) and hipoeutec-
toid carbon 79 steel (1.0044-S273JR, EN 10025-2:2004) plates of 20 × 20 × 4 mm were used
as substrate materials.

The methylene blue (MB) cationic dye (C16H18ClN3S, Mw = 319.85), isopropyl alcohol,
and ascorbic acid required for the photocatalysis experiments were purchased from Sigma-
Aldrich (Burlington, MA, USA) and were of analytical grade (i.e., purity of minimum 99.5%
wt. according to the manufacturer).

2.2. Coatings Obtaining

The flame spraying was performed using a CastoDyn DS8000 flame-spraying unit
(Castolin Eutectic, Lausanne, Switzerland), using the following operational parameters: an
acetylene pressure of 7 × 104 N m−2, an oxygen pressure of 4 × 105 N m−2, nitrogen carrier
gas with a flow rate of 2.0 m3/h, a powder feed rate of 0.7 g/min, and a standoff distance
between the thermal spray nozzle and substrate of 200 mm. This distance was chosen
since our prior experimental optimization trials proved it provides the best adherence
to the substrate and lower porosity of the coatings. The substrate was preheated by the
oxyacetylene flame (three successive passes and a substrate initial temperature ~200 ◦C) to
improve the flattening of the feedstock powder at impact.

The samples’ codes are St-TiSi (the carbon-steel-coated sample) and Cu-TiSi (the
copper-coated sample).
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2.3. Coatings Morphology and Structure

The cross-sectional morphology of the coatings was acquired using a Leica DLM
inverted reflexion microscope, by grinding (P2500 grit) and polishing (alumina suspension,
3.5 µm) the resin-mounted samples. The etching of the samples was performed by immers-
ing the samples top-down in aqua regia (1:3 vol. of concentrated HNO3 to HCl) for 3 s,
followed by washing with water and ethanol and hot-air drying.

The structural features of the coatings related to their composition and surface chem-
istry were assessed by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).
A Bruker D8 Discover diffractometer (Billerica, MA, USA) using the Cu Kα line (8.04 keV)
was used at a scanning speed of 0.06 degrees/s between 2θ values of 30 and 65◦. For XPS,
a Perkin–Elmer (Waltham, MA, USA) PHI 550 spectrometer was used, with the Al Kα line
(1486.6 eV) as an X-ray source. Both survey spectra and narrow-scans of Ti2p and Si2p
were acquired using a 20 eV pass energy.

The UV–VIS spectra of the coatings were acquired with a Perkin–Elmer (Waltham,
MA, USA) Lambda 950 spectrophotometer (10 nm/min scan rate, integrating sphere).

The roughness profiles of the coatings before and after photocatalysis were determined
with a TR-200 surface-roughness tester (NAMICON Testing, Otopeni, Romania).

2.4. Photocatalysis Performance

The photodegradation experiments were performed in glass beakers under static
conditions. A stainless-steel custom-made closed cylindrical reactor containing four visible
domain-emitting light bulbs (5700 K, wavelength distribution of ~400–750 nm), placed
annular to the walls, was used to irradiate the samples placed in contact with 20 mL of an
aqueous MB solution of 10−5 M initial concentration, at pH values of ~6.5. The irradiance
value at the rim of the beaker containing the samples was 2 mW/cm2. Each experiment
was performed at an ambient temperature (22 ◦C) in duplicate, and the average value is
presented in the article. Before irradiation, the samples were equilibrated in the dark in the
MB solutions for ~4 h, and the equilibrium MB concentration was denoted as co.

Free-radical scavengers were added to the MB solutions in contact with the Cu-TiSi
sample to determine the nature of the free radicals involved in the photodegradation. Iso-
propyl alcohol (IsoOH, 75 mL/20 mL of MB solution) was employed as a hydroxyl radical
scavenger and ascorbic acid (HAs, 30 mg/20 mL of MB solution) as peroxide/superoxide
radicals scavenger [25].

In each experimental instance, a Spekol 11 mono-channel spectrophotometer (Carl
Zeiss, Jena, Germany) was used to monitor the concentration of methylene blue at de-
termined time intervals (ct), based on absorbance readings of the MB solutions at their
absorption maximum from λ = 665 nm. The photodegradation (photodecoloration) efficien-
cies (η) were calculated with Equation (1):

η =
c0 − ct

c0
· 100 (%) (1)

To bear a complete picture on the mineralization of the model dye, not only based on
its photodecoloration, the total organic carbon (TOC) of the solutions before (TOC0) and
after (TOCf) photocatalysis in case of all coatings was determined with a Shimadzu TOC-
5000A TOC analyzer (Shimadzu Corporation, Japan), and the mineralization efficiency (ηm)
was calculated according to Equation (2):

ηm =
TOC0 − TOC f

TOC0
· 100 (%) (2)

3. Results and Discussion

Figure 1a–d depict the morphology at different magnifications of the Ti-Si coatings
deposited on copper and carbon-steel substrates, respectively. In both cases, thick and
well-fused coatings were obtained, which is typical for this deposition technique. The
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average thickness of the coatings was 336.41 mm for Cu-TiSi and 545.97 mm for St-TiSi,
respectively (Figure 1). Due to the high thermal conductivity of copper, the thickness of the
coatings obtained on this substrate were lower than steel due to the better flattening of the
feedstock powders on this substrate.

Sustainability 2021, 13, x FOR PEER REVIEW  4 of 12 
 

3. Results and Discussion 

Figure 1a–d depict the morphology at different magnifications of the Ti‐Si coatings 

deposited on copper and carbon‐steel substrates, respectively.  In both cases,  thick and 

well‐fused coatings were obtained, which is typical for this deposition technique. The av‐

erage thickness of the coatings was 336.41 mm for Cu‐TiSi and 545.97 mm for St‐TiSi, re‐

spectively (Figure 1). Due to the high thermal conductivity of copper, the thickness of the 

coatings obtained on this substrate were lower than steel due to the better flattening of the 

feedstock powders on this substrate.   

Since the coatings are formed through local plastic deformation of the feedstock pow‐

der heated by the enthalpic source (oxyacetylene flame) when impacted on the substrate, 

their typical morphology is formed of overstacked layers (splats) of lamellar form. These 

splats could be observed in Figure 1a,b for the Cu‐TiSi coatings and Figure 1c,d for the St‐

TiSi coatings. A more‐compact coating was observed in the case of the copper substrate 

(Figure 1a vs. Figure 1c for steel) 

Some dark areas on the splats’ margins could be attributed to oxides (oxidation of Ti 

and Si during the powder time‐of‐flight) or different phases formed at high temperatures 

between the two phases coming in contact (Ti and Si). Both XRD and XPS spectroscopy 

results confirmed oxides and intermetallic phases (Figures 2 and 3), their presence being 

a well‐known morphological  feature of  this TS  technique  [24,31,32]. Locally, some  less 

perfectly flatted splats arising from incomplete melting of the feedstock could disturb the 

flat appearance of layers, contributing to the porosity of the coating (perpendicular to the 

spraying direction) [33]. Figure 1b (Cu‐TiSi) and Figure 1d (St‐TiSi) can be better observed 

in the higher magnification micrographs. Comparatively, the coating deposited on coper 

presented  the highest number of non‐metallic phases  (oxides and silicides)  than  in  the 

case of steel, consistent with the spectroscopy observations.   

 

Figure 1. Cross‐section optical microscopy of (a): Cu‐TiSi (50×); (b): Cu‐TiSi (100×); (c): St‐TiSi (50×); 

and (d): St‐TiSi (100×) samples. 
Figure 1. Cross-section optical microscopy of (a) Cu-TiSi (50×); (b) Cu-TiSi (100×); (c) St-TiSi (50×);
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Since the coatings are formed through local plastic deformation of the feedstock pow-
der heated by the enthalpic source (oxyacetylene flame) when impacted on the substrate,
their typical morphology is formed of overstacked layers (splats) of lamellar form. These
splats could be observed in Figure 1a,b for the Cu-TiSi coatings and Figure 1c,d for the
St-TiSi coatings. A more-compact coating was observed in the case of the copper substrate
(Figure 1a vs. Figure 1c for steel)

Some dark areas on the splats’ margins could be attributed to oxides (oxidation of Ti
and Si during the powder time-of-flight) or different phases formed at high temperatures
between the two phases coming in contact (Ti and Si). Both XRD and XPS spectroscopy
results confirmed oxides and intermetallic phases (Figures 2 and 3), their presence being
a well-known morphological feature of this TS technique [24,31,32]. Locally, some less
perfectly flatted splats arising from incomplete melting of the feedstock could disturb the
flat appearance of layers, contributing to the porosity of the coating (perpendicular to the
spraying direction) [33]. Figure 1b (Cu-TiSi) and Figure 1d (St-TiSi) can be better observed
in the higher magnification micrographs. Comparatively, the coating deposited on coper
presented the highest number of non-metallic phases (oxides and silicides) than in the case
of steel, consistent with the spectroscopy observations.

According to the Ti-Si phase diagram [34], the coating is expected to be composed
from a mixture of α-Ti, Si, and titanium silicides, which was also observed from the XRD
diffractograms of the sample, presented in Figure 2.

It can be seen that the initial powder is a mechanical mixture between hexagonal
close-packed α-Ti (CIF card #00-151-2547) and Si (CIF card #00-901-1656), with Ti6O oxide
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(CIF card #00-152-9955) being present on the surface of Ti due to adsorbed atmospheric
oxygen [35]. No other phases (chemical compounds) were detected in the feedstock powder.

Due to its high-temperature enthalpic source, flame spraying promotes the reaction
between the α-Ti and Si phases present in the powder, forming two silicides, namely,
TiSi2 (orthorhombic, CIF card #00-100-9012) and Ti5Si3 (hexagonal, CIF card #00-154-1130).
The diffraction patterns of the two coatings are relatively similar because the operational
parameters of the deposition process are identical.

Additionally, oxidation of the Ti and Si phase occurs, due to contact of the heated
powders with atmospheric oxygen, with the formation of Ti2O3 oxide (CIF card # 00-900-
8082) and SiO2 (α-cristobalite, CIF card # 00-101-0954).

Ti2O3 (Ti3+) could occur by the thermal reduction in TiO2 in the presence of Si and
metallic Ti since no TiO2 could be detected from the XRD diffraction data, which could
be attributed to either a low degree of crystallinity or to a high ratio of Ti2O3 to TiO2 with
Ti2O3 formed on the surface of TiO2. Ti4+’s presence was detected by XPS (Figure 3a–c and
Table 1), which could confirm this mechanism of formation.

Table 1. Relative surface chemistry of the samples calculated from XPS spectra.

Sample
Relative Element

Concentration (at. %) Ti Chemical Species (2p3/2)
(rel. %)

Si Chemical Species
(rel. %)

Ti2p3/2 Si2p O1s

St-TiSi 70.5 17.1 12.4
Ti0

Ti3+

Ti4+ (TiO2/TixSiy)

75.3
17.8
6.9

Si0

Ti-Si
SiO2

89.0
1.8
9.2

Cu-TiSi 70.8 16.4 12.8
Ti0

Ti3+

Ti4+ (TiO2/TixSiy)

73.2
20.4
6.4

Si0

Ti-Si
SiO2

83.9
3.7
12.4
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Figure 3. XPS spectra: (a) survey; (b,c) Ti2p envelopes; (d,e) Si2p envelopes of Cu-TiSi and St-TiSi samples.

Titanium (III) oxide, being a narrow band-gap semiconductor, has its energy level
located between the conduction band and the valence band of TiO2 [36]; it is therefore
expected that electrons may be excited to the energy level of Ti2O3 from the valence band
of TiO2 or to the conduction band of TiO2 from the energy level of Ti2O3 with visible
light [37]. Although its presence could not be detected from either XRD or XPS, mixed
Ti-Si oxides could also be formed in amounts lower than the detection limit of both these
methods, which could also lead to a significant decrease in the energy band gap, synergic
with the titanium silicides, and a more-efficient visible light harvesting in photocatalysis
applications [38,39].

Figure 3a confirms the presence of Ti, O, and Si species on the surface of the thermal-
sprayed samples. As it can be seen also from Table 1, the relative elemental distribution on
the surface of the samples implies the presence of metallic Ti and Si, which constitute the
majority elements in the coatings, as well as oxygen, which contributes to the formation
of Ti4+ and Ti3+ oxides and SiO2 (core-level envelopes of Ti2p3/2 (~460.3 eV for Ti4+ and
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~457.6 eV for Ti3+) [40–43] and Si2p (~103.7 eV for Si4+ [42])) (Figure 3b–e). A relative
amount of 1.8% and 3.7% of Ti–Si bonds were also detected in the Si2p core-level envelopes
of Cu-TiSi and St-TiSi (Figure 3d,e), with the corresponding peaks centered at ~99.6 eV [42]
confirming the presence of silicides in the surface chemistry of the samples.

Evidence on the visible-light-triggered photocatalytic activity could be depicted from
the UV–VIS absorption spectra of the two coatings, presented in Figure 4a. It can be seen
that a maximum absorption is present at ~451 nm (2.74 eV) for St-TiSi and at ~423 nm
(2.93 eV) for Cu-TiSi.
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Figure 4. (a) UV–VIS spectra of St-TiSi and Cu-TiSi; (b) Tauc plots for determining Eg.

The UV–VIS spectra were used to determine the type of energy transition and the
band gap energy Eg in the sprayed samples, using the Tauc plots. In building the Tauc
plots, it was considered that the optical absorption coefficient α of the coatings depends on
the photon energy (hν) according to Equation (3):

ln(αhν) = lnα0 + n · ln(hν − Eg) (3)

where α0 is the band tailing parameter, and n is the power factor of the transition mode
(for direct allowed transitions, n = 0.5; for the forbidden transitions, n = 1.5; while for
indirect allowed transitions, n = 2). For each sample, ln(αhν) was plotted as a function of
n·ln(hν − Eg), yielding a straight line with the slope equal to the power factor n [44]. It was
determined from such plots that the power factor n = 2 for both coatings, which means that
they function as an indirect semiconductor (Table 2), similar to anatase and Ti2O3, which
tend to have a higher compositional anisotropy related to the coordination of Ti ions and to
the presence of oxygen vacancies [45,46].

Table 2. Parameters associated to the Tauc plots.

Sample n R2 Eg (eV)

St-TiSi 1.994 0.997 1.083

Cu-TiSi 2.010 0.996 1.021

By plotting (αhν)1/2 as a function of the photon energy hν for indirect transitions, the
resulting dependency will have a linear part, whose extrapolation to the hν axis gives the
values for the optical-band gap energy [47,48].

Figure 5a depicts the photocatalysis kinetic efficiency, indicating high equilibrium
values, namely, 89.50% for Cu-TiSi and 99.26% for St-TiSi. It could be concluded that, in the
case of the coating deposited on steel, a concurrent photo-Fenton process could also occur,
due to the formation of the Fe2+ ion from the oxidation of the metallic substrate.
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The addition of isopropyl alcohol (•OH radical scavenger) determines a significant
decrease in the photocatalysis efficiency, evidencing the critical role of the hydroxyl radical
in methylene blue degradation, possibly via Mechanism (4), where MBH denotes the
methylene blue dye in its non-oxidized form and MB• the smaller molecular compounds,
which could be formed during the initial stages of photodegradation [49,50]. Superoxide
radicals seem to play a marginal role in the visible-light-aided degradation of MB since no
significant decrease in the photocatalysis efficiency was registered by the addition of the
ascorbic acid scavenger [51,52].

h+ + H2O
hν−⇀↽− H+ + •OH

MBH + •OH
hν−⇀↽− MB•+ H2O

(4)

The photocatalysis process was modelled against the pseudo-first-order kinetic model
(Figure 5b) proposed by Langmuir and Hinshelwood and depicted by Equation (5), where
k signifies the pseudo-first-order rate constant [53].

ln
ct

c0
= k · t (5)

It could be observed that the photodegradation process of MB with the Ti-Si coating
occurs in two distinct steps. The first one occurs with a slower onset (lower k1 values)
and could be ascribed to the photogeneration of the hydroxyl radicals, which initiate the
degradation of the dye to higher-molecular compounds [54,55]. The second step occurs
circa four times faster (constant rate k2) and could imply the degradation of MB to smaller-
molecular species.

The values of k1 and k2 are presented in Table 1, and the corresponding R2 correlation
coefficients are given in parenthesis after their actual values. The values depicted in
Table 3 indicate the appropriateness of the kinetic model for modelling the experimental
photocatalysis data.

For both coatings, good mineralization efficiencies were registered (Table 3), indicating
the advanced oxidation of the dye and not its mere discoloration through the disruption
of chromophore groups. Table 3 also indicates a decrease in the total roughness of both
coating types after photocatalysis, probably due to micro-erosion.
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Table 3. Mineralization efficiencies, pseudo-first-order rate constants of the photodecoloration
process, and coatings’ roughness profiles *.

Sample ηm (%)
Total Roughness Rtot (µm) Rate Constants

Before After
k1 (h−1) R2 k2 (h−1) R2

Photocatalysis

Cu-TiSi 70.11 (±0.3) 28.4 (±0.4) 27.1 (±0.3) 0.16 (±0.02) 0.997 0.85 (±0.04) 0.986
St-TiSi 67.51 (± 0.4) 22.8 (±0.5) 20.3 (±0.4) 0.22 (±0.04) 0.991 1.06 (±0.03) 0.961

* Standard deviations are given in parenthesis.

4. Conclusions

This work aimed to enrich the international database in sustainable coatings capable of
efficiently harvesting visible light to degrade trace amounts of pollutants from wastewaters.
Through thermal flame spraying of mixed titanium–silicon feedstock powders, compact
and adherent coatings were deposited on copper and carbon steels, which are two structural
materials commonly employed in various installations in wastewater treatment plants.

High photodecoloration, mineralization efficiencies, and degradation rates were ob-
tained, which were comparable to those presented in the reference literature for doped
titania. The surface chemistry of the coatings, implying the presence of titanium (III) oxide
and nonstoichiometric silicides (Ti5Si3 and TiSi2), allows for the system’s decreasing of
the optical bandgap, which functions as an indirect semiconductor, near to 1.000 eV. Good
preservation of the coatings surface roughness was registered after the photocatalysis,
indicating good corrosion and erosion resistance.

Further studies will be performed to assess the lifecycle of the coatings and their
performance in real-life wastewaters in the presence of interfering anions and cations.
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