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and Photocatalytic Behavior
P. Ctibor, Z. Pala, J. Sedláček, V. Štengl, I. Pı́š, T. Zahoranová, and V. Nehasil

(Submitted September 9, 2011; in revised form January 12, 2012)

Titanium dioxide coatings were sprayed by a water-stabilized plasma gun to form robust self-supporting
bodies with a photocatalytically active surface. Agglomerated nanometric powder was used as a feedstock. In
one case argon was used as a powder-feeding as well as coating-cooling gas whereas in the other case nitrogen
was used. Stainless steel was used as a substrate and the coatings were released after the cooling. Over one
millimeter thick self-supporting bodies were studied by XRD, HR-TEM, XPS, Raman spectroscopy, UV-VIS
spectrophotometry and photocatalytic tests. Selected tests were done at the surface as well as at the bottom
side representing the contact surface with the substrate during the spray process. Porosity was studied by
image analysis on polished cross sections where also microhardness was measured. The dominant phase
present in the sprayed samples was rutile, whereas anatase was only a minor component. The hydrogen
content in the nitrogen-assisted coating was higher, but the character of the optical absorption edge remained
the same for both samples. Photoelectron spectroscopy revealed differences in the character of the O1s peak
between both samples. The photocatalytic activity was tested by decomposition of acetone at UV illumina-
tion, whereas also the end products—CO and CO2—were monitored. The nitrogen-assisted coating was
revealed as a more efficient photocatalyst. Certain aspects of a thermal post-treatment on the coatings are
discussed as well. Color and electrical conductivity are markedly changed at annealing at 760 �C, whereas only
very small changes of the as-sprayed coating character correspond to annealing at 500 �C.

Keywords bandgap, photocatalysis, resistivity, spectroscopy,
TiO2

1. Introduction

Titanium dioxide (TiO2) has many applications, namely in
photo-catalytic, dielectric and optical-coating components.

Preparation of the catalysts coated as films make it possible to
overcome disadvantages associated with using ultrafine
powder catalytic substances and by this way to extend
industrial applications, such as e.g., antibacterial ceramic tile
and self-cleaning glass. Titanium dioxide is one of the most
important photocatalysts used for such applications. Its
photocatalytic activity depends on various parameters such
as crystalline phases, particle size, morphology and heat
treating conditions (Ref 1-3). Coating technology such as
vapor deposition, sol-gel and thermal spray are effective
methods to obtain nanostructured TiO2 coatings starting
from nanopowders.

Titanium dioxide begins to lose oxygen at a tempera-
ture above 1600 �C in reductive as well as neutral atmo-
spheres. The partial pressure of oxygen required to reduce
TiO2 to Ti2O3, Ti3O5 or Ti4O7 is of the order of 10�5 Pa at
around 2000 �C. Oxygen-deficient phases of TiO2 (espe-
cially Ti3O5, Ti6O11) are sometimes observed in the
coatings by XRD, especially when the feedstock is an
agglomerated titania nanopowder (Ref 4). In thermally
sprayed TiO2 the result of interaction of the initial (stoi-
chiometric) TiO2 powder with plasma is formation of
reduced TiOx. The redox reaction between the ortho-
rhombic titanium oxide TiOx and the rutile TiO2 is
reversible at 950 �C (Ref 5). An energetically favorable
coupled system of rutile with suboxide phases (Ref 6) will
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Republic; V. Štengl, Institute of Inorganic Chemistry, ASCR,
Husinec-Rez 250 68, Czech Republic; and I. Pı́š, T. Zahoranová,
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thus show unique features by providing a great enhance-
ment of the photocatalytic activity. This effect may be at
the heart of the high photocatalytic activity of plasma-
sprayed coatings. Plasma sprayed coatings with reasonable
potential for various photocatalytic applications have been
reported. Coatings have been sprayed on conventional as
well as special substrates such as foamed aluminum (Ref
7) or PET plates (Ref 8). In other cases, various
approaches for an enhancement of the photoactivity were
tested—spraying of nano-structured powders (Ref 4, 9), a
post-deposition treatment (Ref 10), HVOF spraying (Ref
11) or the suspension plasma spray technique (Ref 12).
The origin of a non-stoichiometric and oxygen deficient
lattice in rutile TiO2 at plasma spraying is due to the
formation of structural defects.

The goal of the present paper is to compare the struc-
tural character and coating photochemical properties
when an agglomerated, originally nanometric, TiO2 pow-
der (Ref 13) is deposited by water-stabilized plasma
(WSP) spraying. WSP is a technique with a markedly
higher powder processing rate of the TiO2 material com-
pared to conventional plasma spray torches. However, this
fact is associated with higher plasma temperature,
enthalpy and features like the presence of ionized oxygen
in the plasma. For these reasons the applicability window
for this device concerning the photocatalytic coatings may
be different compared to other thermal spray guns.

In the current report, Ar and N2 were compared as the
gases used for the powder feeding and substrate cooling
simultaneously. It will be demonstrated that because of a
different reactivity of both addressed gases with TiO2,
selected aspects of the resulting coatings differ remarkably.

2. Experimental

2.1 Feedstock Powder and Spray Process

The TiO2 powder (Ref 13) (Altair Nanomaterials Inc.,
Reno, NV, USA) was prepared from a nanometric powder
by agglomeration. The fraction from 45 to 150 lm in size
was utilized for spray experiments at various processing
conditions. Samples were produced using the WSP spray
system WSP� 500 (Institute of Plasma Physics, Prague,
Czech Republic). The powder was fed in by compressed air
through two injectors and the thickness of the produced
coatings was about 1.5 mm. Stainless steel coupons were
used as substrates. Some of the coatings were then stripped-
off for further characterizations. The spray parameters, see
Table 1, were fixed for both spray rounds and the only
difference was in the gas used. Argon was used in one spray
round as a powder feeding gas. A pressure of 2.5 bar and a
flow rate of 3.25 slpm were employed. Ar was used also for
substrate cooling and cooling the just deposited coating.
The cooling tube was installed on the robot and after each
pass it copied the movement pattern of the spray gun over
the substrate. The temperature was monitored by a two-
color pyrometer, not to exceed 250 �C. In the next spray
experiment, exactly the same procedure was repeated with
nitrogen in both functions.

2.2 Characterization Techniques

The porosity was studied by optical microscopy on
polished cross sections. The micrographs were taken with
a CCD camera and processed using an image analysis (IA)
software (Lucia G, Laboratory Imaging, Czech Rep.). Ten
images of microstructures taken from various areas of a
cross section for each sample were analyzed. The used
magnification was 250 in all cases. For a better description
of the porosity certain additional criteria were introduced
(Ref 13).

The microstructure of the coatings was studied also by
a High Resolution Transmission Electron Microscope
(HR-TEM) Jeol JEM 3010.

The content of hydrogen was measured by the LECO
technique (Leco RH 404 apparatus). This technique is
based on melting of a small amount of the material
whereas a spectral analysis of the melt provides a quan-
titative evaluation of the content of low-concentration
admixtures. The quantity of analyzed material was 1 g for
each sample.

X-ray diffraction (XRD) was performed on a SIE-
MENS D500� theta-2theta Bragg-Brentano diffractome-
ter, using cobalt K-a radiation, in order to gain
information about the phases present within the feedstock
powder and coatings.

The microhardness was measured by a Hanemann
microhardness head (Zeiss, Germany) mounted on an
optical microscope with a fixed load of 1 N and a Vickers
indenter. Twenty indentations from various areas of a
cross section for each sample were analyzed.

Raman spectroscopy was performed using a Lambda
Solutions P1 apparatus—laser wavelength 785 nm, objec-
tive 950, radiation power 250 mW, integration time 25 s.

X-ray photoelectron spectroscopy was carried out in an
ultra-high vacuum chamber using an Omicron EA 125
multichannel hemispherical analyzer with Al K-a line
(1486.6 eV) as a primary photon source. Ti 2p and O1s
photoelectron peaks were recorded. In order to exclude
the charging effects during the XPS experiments, the
photoelectron binding energies (EB) were referenced to
the Ti 2p3/2 peak of TiO2, which was assumed to be
positioned at the constant binding energy EB = 458.8 eV.

The diffuse reflectance was measured by UV-VIS-NIR
scanning spectrophotometer (Shimadzu, Japan) with a
multi-purpose large sample compartment, and the corre-
sponding band-gap energy was estimated. The reflectance
curves obtained between 200 and 2000 nm were then
converted to absorbance and recalculated (Ref 14) to a
bandgap energy Ebg.

The kinetics of the photocatalytic degradation of gas-
eous acetone was measured by using a self-constructed

Table 1 Parameters used for spraying

Parameter Value

Feeding distance FD, mm 120
Spray distance SD, mm 400
Feeding nozzle diameter, mm 3
Torch power, kW 150
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stainless steel photoreactor with a fluorescent lamp Narva
LT8WT8/073BLB, a black lamp with 365 nm wavelength
and input power 8 W (light intensity 6.3 mW/cm2). The
gas concentration was measured with a quadrupole mass
spectrometer JEOL JMS-Q100GC and gas chromato-
graph Agilent 6890N. A high-resolution gas chromatog-
raphy column (19091P-QO4, J&W Scientific) was used.
The sample from the reactor was taken via a sampling
valve at a time interval of 2 h. The reactor of total volume
of 3.5 l was filled with oxygen at a flow rate of 1 l per
minute.

Annealing of plasma sprayed deposits was carried out
on the samples released from the metallic substrate (free-
standing body) in a laboratory furnace at different tem-
peratures in air atmosphere. The heating as well as cooling
speed was 7 �C per minute and the dwell time was 30 min
in all cases. The annealing temperatures were selected
with respect to re-oxidation temperature, which according
to our preliminary tests was between 500 and 750 �C.

Electric resistance was measured on as-sprayed as well
as annealed samples with a special resistivity
adapter—Keithley model 6105. The electric field was ap-
plied from a regulated high-voltage source and the values
read by a multi-purpose electrometer (617C, Keithley
Instruments, USA). The magnitude of the applied voltage
was 100 ± 2 V DC. Volume resistivity was calculated
from the measured resistance and specimen dimensions.
On average, five specimens were measured and the mean
values calculated.

Dielectric measurements were performed on the
760 �C-annealed samples released from the metallic sub-
strate (free-standing body). The as-sprayed and also the
500 �C-annealed samples were too conductive for these
measurements. The surface of the samples was ground to
eliminate surface roughness. Layers of aluminum as thin
film electrodes were sputtered in a reduced pressure on
both sides of each sample. The electric field was applied
parallel to the spraying direction (i.e., perpendicular to the
substrate surface). Capacity was measured in the fre-
quency range from 180 Hz to 1 MHz using a program-

mable impedance analyzer model PM6306 (Fluke, the
Netherlands). Applied voltage was 1 V AC. Relative
permittivity er was calculated from measured capacities CP

and specimen dimensions since er is directly proportional
to CP by the equation

CP ¼ e0 � er � 1=k;

where e0 = 8.854 9 10�12 F m�1; 1/k (m) is defined as the
ratio between the surface and the thickness of the sample.
This same arrangement and equipment was used for the
loss tangent measurement at the same frequencies as
capacity. Presented data represent averages from five
samples.

3. Results and Discussion

3.1 Microstructure of Feedstock and Coatings

As-sprayed coatings exhibit typical lamellar micro-
structure with some pores and cracks, Fig. 1. Those voids
are present in the nitrogen-assisted coating in slightly
larger volume (porosity, in Table 2) and larger mean size
(ED-pores in Table 2) as well as maximum size (EDmax-
pores in Table 2). Minimal circularity is lower for the
nitrogen-assisted coating, which indicates slightly flatter
pores. We can summarize that all studied aspects of the
porosity are worse in the nitrogen-assisted case.

According to the XRD analysis, 96 % of the feedstock
was comprised of anatase; the rest was rutile. Detailed
analysis of Ti/O ratio in the feedstock was done by EDX
spot analysis. The average stoichiometry TiOx of the
individual particles was x = 2.03 ± 0.35. The statement
that as a rule, commercially available feedstock powders
are sub-stoichiometric (Ref 15), was not confirmed in our
case.

Figure 2 shows a HR-TEM image of the argon-assisted
coating. Planar stacking faults are visible in the top part of
the image—TinO2n�1 consisting of rutile blocks which are
infinite in two dimensions and finite in the third one (Ref

Fig. 1 Light micrograph of a polished cross section of the argon-assisted coating (a) and nitrogen-assisted coating (b)
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16). Similar features were observed also for the nitrogen-
assisted coating.

The analyses of XRD patterns measured on both sides
of the coatings confirm that rutile is the dominant phase.
Differences between the diffraction patterns measured on
the surface sides belonging to both coatings are virtually
non-existent; the only identified phase is rutile. However,
diffraction patterns of both the bottom sides show the
presence of anatase, most pronounced in the case of the
nitrogen-assisted coating, as seen in Fig. 3.

The Raman spectra of both coatings are displayed in
Fig. 4. The pattern with peaks at 440 cm�1 (Eg) and
610 cm�1 (A1g) corresponds to the rutile phase of TiO2

(Ref 17).
By Raman spectroscopy, the presence of TiO2 in the

anatase form has been identified—the peak at 143 cm�1

was observed in a TiO2 film (Ref 18, 19) and at 147 cm�1

in the case of a coating (Ref 6). The broad multiple peak
at approximately 255 cm�1 results from a second order
process (Ref 17).

Hydrogen content in the nitrogen-assisted coating was
higher (25.3 ppm) than in the argon-assisted coating
(12.2 ppm). The presence of the interstitial N promotes
the reduction of TiO2. TiO(2�x) is chemically active and
reacts more strongly with H from H2O in the ambient air
atmosphere.

In Fig. 5(a) and (b) photoemission spectra of the TiO2

feedstock powder, the nitrogen-assisted coating (bottom
side), and the argon-assisted coating (surface side), are
compared. The almost identical Ti 2p spectra revealed
that the Ti element in the coatings mainly exists in the
chemical state Ti4+. The oxygen O1s spectra (Fig. 5b), on
the other hand, showed distinct differences between the
three samples.

The main peak at 530 eV, common for all samples,
corresponds to the oxygen in the crystal lattice. A second
peak at the energy of 532.3 eV appeared on the coatings
and is assigned to surface OH groups (Ref 20, 21), which
play an important role in the photocatalytic activity.

Table 2 Image analysis of pores in the coatings

Sample
Porosity,

%
ED,
lm

EDmax,
lm

Pores
per mm2 CIRmin

Ar-assis. 8.53 13.55 19.84 171 0.0946
N-assis. 9.39 14.75 26.38 183 0.0795

Fig. 2 HR-TEM micrograph of the argon-assisted coating

Fig. 3 XRD pattern of the nitrogen-assisted coating, bottom surface
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Figure 5(c) and (d) display XPS spectra of the TiO2-
nitrogen-assisted coating (bottom side). In contrast to the
other samples, the Ti 2p spectrum revealed a significant
amount of Ti on the surface also in the Ti3+ (457.4 eV) and
Ti2+ (456.0 eV) state (Ref 22), which indicates a presence
of oxygen vacancies. The decomposition of the O1s
spectrum into components was rather complicated
because of the overlaps between oxygen peaks from TiO2,
Ti2O3 and TiO near 530 eV (Ref 22). Nevertheless, the
O1s signal, broadened at higher binding energies, indi-
cates the presence of OH groups also on this surface, with
some chemisorbed water as well (Ref 23).

Figure 6 shows the nitrogen N1s spectra of the
Ar-assisted coating (surface) and spectra of N-assisted
coating, substrate-side as well as surface-side. The N 1s
peak of the N-assisted coating substrate side has a maximum

at 400.7 eV which corresponds to the nitrogen in the inter-
stitial positions in TiO2 (called also N-TiO2) (Ref 24, 25).

The N1s peak of the N-assisted coating surface side has
a maximum at 399.4 eV, which indicates the presence of
nitrogen also in other chemical states. Correspondingly
the full width at half maximum (FWHM) of this peak is
3.6 eV whereas the FWHM of the substrate side peak is
about 2.2 eV. Taking into account the high area of the
surface side peak the presence of NOx, NHx, NCx mole-
cules and also TiN on the surface of the N-assisted coating
can be suggested.

Concerning the oxygen stoichiometry, based on XPS
data where the element concentrations are influenced also
by N and C, only a rough estimation can be done: the x in
TiOx on the surface of the N-assisted coating is twice

Fig. 4 Raman spectra of the argon (COUV) and nitrogen
(COUV-N) assisted TiO2 coatings

Fig. 5 Ti 2p (a) and O1s (b) XPS spectra of the feedstock powder (solid line), argon-assisted coating surface side (triangles) and
nitrogen-assisted coating bottom side (squares). On the bottom, the Ti 2p (c) and O1s (d) spectra of the surface side of the nitrogen-
assisted coating are displayed

Fig. 6 Nitrogen N1s spectra of the Ar-assisted coating (surface)
and spectra of N-assisted coating substrate—as well as surface-
side
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lower than in all other cases (however, it is always lower
than 2).

3.2 Mechanical Properties of Coatings

The microhardness was measured at 1 N; certain
indents were made near the surface and a second half of
indents near the interface with the substrate (bottom side),
Table 3. The mean value from both such regions together
is slightly higher for the argon-assisted coating, in agree-
ment with the expectation based on the porosity character
mentioned above. However, the difference is rather subtle
and lies within a standard deviation, which is larger for the
nitrogen-assisted coating. This fact is also associated with
the porosity character. Interesting is that the difference
between the microhardness near the bottom side and near
the surface is higher for the nitrogen-assisted coating. This
is associated with the chemically disordered character of
this surface-faced side, as revealed by XPS. The existence
of oxy-nitrides is well known in the Ti-based ceramics
(Ref 26). However, in our coatings interstitial nitrogen,
which is more prospective for photoactivity (Ref 27), is
predominant.

3.3 Photochemical Behavior

The region that extends from the top of the filled
valence band to the bottom of the vacant conduction band
is called the band gap. The band gap energy of rutile is
3.0 eV (Ref 28) and of anatase 3.2 eV (Ref 29, 30).
Therefore, surfaces where anatase and rutile are combined
are in certain cases more efficient photocatalysts (Ref 31)
than a single-phase TiO2.

Our coatings contain on the surfaces only the rutile
phase, whereas only the surface-side of the N-assisted
coating contains both phase components—rutile and
(minor) anatase. Both coatings have identical Ebg vs.
(a Æ Ebg)1/2 plots, as shown in Fig. 7. The bandgap energy
value [assuming indirect transition between valence and
conduction band (Ref 32)] splits into two levels Ebg(1) at
3.20 eV and Ebg(2) at 2.30 eV. The main absorption edge
at Ebg(1) corresponds to non-stoichiometric TiO2 with
rutile as the main component and the secondary absorp-
tion edge at Ebg(2) corresponds to an absorption tail of
delocalized electronic states (Ref 5, 33) with low excita-
tion energy. The higher value of Ebg(1) vs. the nominal
value for rutile (blue shift) occurs because of the vacan-
cies, interstitial nitrogen atoms and stacking faults present
in the coatings.

The photocatalytic degradation of acetone is depicted
in Fig. 8(a). The kinetics of the concentration drop of
acetone is similar for both samples. The curves are

displayed in comparison with the best and worst coatings
tested by the authors—many dozens of samples sprayed
from various TiO2-based ceramics being included. The
‘‘best coating’’ represents a sample sprayed from rutile
feedstock (air used as a feeding gas to diminish the TiO2

reduction in the plasma) and the ‘‘worst coating’’ is a
sample sprayed from alumina-40 wt. titania powder.

The major products of the acetone decomposition are
carbon dioxide and carbon monoxide. Both of them have
monotonous growth of concentration with time, see
Fig. 8(b) and (c). Both coatings that are the focus of this
paper occupy the medium zone of all kinetic graphs, far
from the best and also from the worst samples mentioned
in the previous paragraph.

The nitrogen-assisted coating promotes a faster de-
crease of acetone concentration and increase of CO and
CO2 concentrations. It can also be said that the nitrogen-
assisted coating is a more efficient photocatalyst. The
higher activity can be related to the higher porosity and
thus higher surface area as well as to the higher amount of
hydroxyl groups on the surface and interstitial nitrogen
atoms.

The surface hydroxyl groups can act as the centers of
photo-catalytic reactions. The combination of a photo-
generated hole and the surface OH group results in the
formation of the highly reactive OH radical bound to the
surface (Ref 7, 20). Another reason could be found in the
higher content of hydrogen (detected with LECO
extraction analysis), which comes from the water vapor in
the ambient air and in the coating is probably incorpo-
rated in the superficial OH-groups (detected by XPS).

3.4 Electrical Properties of the Annealed Coatings

Both as-sprayed coatings are electrically conductive,
see Table 4. After annealing at 500 �C the volume resis-
tivity further drops, with very low resistivity values due to
annihilation of some defects like OH groups and other
sources of a chemical disorder. The color of these samples
is nearly identical with the as-sprayed coatings. After
annealing at 760 �C the coatings became insulating and
the color is now pale grey—cf. Table 4. These samples

Table 3 Microhardness of the coatings

Microhardness at 1 N Mean value, GPa SD, GPa

Ar-assisted—whole 9.46 1.31
N-assisted—near the surface 9.39 1.29
N-assisted—near the bottom side 9.54 1.34

Fig. 7 Bandgap energy estimation for both coatings
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Fig. 8 Photocatalytic test: The kinetics of the concentration drop of acetone (a) and concentration growth of CO2 (b) and CO (c)

Table 4 Volume resistivity of the coatings

Volume resistivity, Xm As-sprayed Annealed 500 �C Annealed 760 �C

Ar-assisted 1040 3.19 1.3 9 109

Surface color

N-assisted 1140 1.26 4.1 9 108

Surface color
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with partly changed microstructures compared to
as-sprayed coatings, see Fig. 9, can be evaluated as
dielectrics. The dependence of a relative permittivity on
frequency (Fig. 10a) and a loss tangent dependence on
frequency (Fig. 10b) were measured. Concerning the
dielectric response in AC-field, the values of relative
permittivity of about 102 and 86 are shown for the
Ar-assisted and the N-assisted coating, respectively.

Relative permittivity of rutile is anisotropic—in the
direction parallel with the tetragonal axis er = 173 and
in the perpendicular direction er = 89 (Ref 34). The
Ar-assisted coating has higher permittivity at lower losses
and also at higher resistivity than the other one. The
combination of all those factors indicates a slightly higher
degree of re-oxidation in the case of the Ar-assisted
coating. It seems to be connected with its lower degree of
chemical disorder, as revealed by XPS. After annealing,
the Ar-assisted coating seems to approach more closely
the TiO2 stoichiometry than the other one. For a random
grain orientation the value of relative permittivity is
between 115 and 130. The relative permittivity of anatase
is 55 (Ref 34). Both our coatings are between nominal
values of anatase and rutile phases because of the
expectedly random grain orientation and also the pres-
ence of defects like pores and microcracks that need
higher temperatures for thermal healing (Ref 36). The
loss tangent value of the Ar-assisted coating is in perfect
agreement with reported rutile samples [tan d = 2.3 9
10�3 at 1 MHz (Ref 35)].

4. Conclusions

Titanium dioxide powders were sprayed by a WSP gun
to form coatings with a photocatalytically active surface.
Agglomerated nanometric powder with anatase as the
dominant phase was used as a feedstock. Either argon or
nitrogen was employed as both powder-feeding and
coating-cooling gases. The photocatalytic activity was
tested by decomposition of acetone at UV illumination
and the nitrogen-assisted sample proved to be the more
efficient photocatalyst. The Ar- and N-assisted coatings
differ in the quantity of superficial OH groups and inter-
stitial N atoms. Upon irradiation with UV light the OH
groups form OH radicals. The OH radical is an important
activator of the photocatalytic processes. The acetone
decomposition is therefore faster for the N-assisted coating

Fig. 9 Light micrograph of a polished cross section of the argon-assisted coating (a) and nitrogen -assisted coating (b), both after
annealing to 760 �C

Fig. 10 Relative permittivity (a) and Loss tangent (b) of the
argon (COUV) and nitrogen (COUV-N) assisted TiO2 coatings
after annealing at 760 �C
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with more OH groups in its structure. At the same time
this coating has higher porosity, which means higher
contact surface for the acetone and the UV light.
However, from the mechanical viewpoint the other,
Ar-assisted, coating is slightly better.

The hydrogen content is higher for the N-assisted
coating. The ‘‘x’’ of the as-sprayed TiOx coating seems to
be also influenced by the reactivity of nitrogen: estima-
tions based on XPS results indicate that a reduction of the
Ar-coating is about one half of those for the N-coating.

It has also been confirmed in this work that obtaining a
coating with the best attainable mechanical performance
and with maximal photocatalytic efficiency is an arduous
task since these requirements go against each other.
Nevertheless, the presented work demonstrates a viable
way to make a compromise when producing a coating by
the WSP spraying.
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