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Abstract: Heterogeneous photocatalysis of TiO2 is one of the most efficient advanced oxidation
processes for water and air purification. Here, we prepared hierarchical TiO2 layers (Spikelets)
by hollow-cathode discharge sputtering and tested their photocatalytic performance in the abate-
ment of inorganic (NO, NO2) and organic (4-chlorophenol) pollutant dispersed in air and water,
respectively. The structural-textural properties of the photocatalysts were determined via variety of
physico-chemical techniques (XRD, Raman spectroscopy, SEM, FE-SEM. DF-TEM, EDAX and DC
measurements). The photocatalysis was carried out under conditions similar to real environment con-
ditions. Although the abatement of NO and NO2 was comparable with that of industrial benchmark
Aeroxide® TiO2 P25, the formation of harmful nitrous acid (HONO) product on the Spikelet TiO2

layers was suppressed. Similarly, in the decontamination of water by organics, the mineralization of
4-chlorophenol on Spikelet layers was interestingly the same, although their reaction rate constant
was three-times lower. The possible explanation may be the more than half-magnitude order higher
external quantum efficacy (EQE) compared to that of the reference TiO2 P25 layer. Therefore, such
favorable kinetics and reaction selectivity, together with feasible scale-up, make the hierarchical TiO2

layers very promising photocatalyst which can be used for environmental remediation.

Keywords: TiO2; P25; photocatalysis; NOx and phenol abatement; external quantum efficiency

1. Introduction

The fabrication of hierarchical TiO2-based photocatalysts at the micro/nanometer
scales has been identified as a promising strategy for environmental application. Properly
designed hierarchical structures, including their porosity and morphology, can not only
enhance light harvesting and improve molecular diffusion/transport kinetics, but also
increase the surface area and the concentration of active sites, which accelerates the surface
reaction rate. Additionally, the conduction and valence bands of hierarchically assembled
nanomaterials can be adjusted by reducing the size of building blocks to the nanoscale
level and taking advantage of the quantum size effect.

Recently, new methods for effective deposition of TiO2 nanostructured thin layers
have been developed. The layers should exhibit a high crystallinity for effective transport
of photogenerated carries to the surface, optimal structure, and a large surface area. Simul-
taneously, the adhesion and cohesion of the hierarchical nanomaterial onto the substrate
should be very high. If not, there is the risk of photocatalyst deterioration.

As a possible preparation technique, a plasmatic deposition including reactive sput-
tering or evaporation of metallic materials in oxygen gas can be used. A typical example
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is a reactive magnetron sputtering system of titanium sputtered in Ar and O2 gas mix-
ture atmosphere [1–3]. This method can provide TiO2 layers with excellent adhesion and
semiconductor properties, fulfilling sufficient photocatalytic performance as well [4,5].
Furthermore, the reactive magnetron sputtering of TiO2 is routinely used at the industrial
scale to coat a large surface (i.e., windows or foils). On the other hand, these layers are
usually perfectly flat and dense, and the surface area of such a photocatalyst is smaller in
comparison with, for example, sol-gel preparation method [6].

The above-mentioned technique has been used in [7]. The authors prepared manocrys-
talline TiO2 with a hierarchical microstructure by PLD (plasmatic layer deposition). Supe-
rior photocatalytic parameters were observed for these TiO2 nanostructures in comparison
with P25 powders. On the other hand, the hollow cathode plasma jet deposition technique
presented in the paper offers the possibility of depositing these TiO2 nanostructures on
large areas with a high deposition rate and the process can be easily implemented in
industrial deposition machines.

The deposition rate of reactive magnetron sputtering has been optimized by new
configurations of reactive gas flow controls but is still not high enough to solve all the
problems of deposition process effectivity. In recent years, alternative plasmatic methods
employing reactive sputtering were developed. The system with RF or DC hollow cathode
discharges and flowing plasma were applied for the fast deposition of various oxide
layers [8–10]. This method provided good-quality deposited layers, a large effective surface
and a high deposition rate [9]. Several configurations with parallel plate hollow cathode
and plasma flows were developed and applied for effective oxide deposition on a large
area [11]. Some modifications of plasma systems with DC hollow cathode discharge
sputtering and flowing plasma were investigated as an effective source of metallic and
metal oxide clusters [12,13]. These clusters are formed inside the hollow cathode region in
plasma flow or at the outlet of this cathode due the high pressure in that region and the
higher probability of the three particle collision process and the cluster formation directly
in the gas phase [14].

The further modification with the hot DC hollow cathode discharge and the flow
of high-density plasma was developed in a multi-plasma jet version and applied for the
deposition of TiO2 and Co3O4 thin layers with a high deposition rate on large areas [15,16].
These oxide layers exhibit good adhesion and large specific area of the surface and high
roughness of the surface.

From an application point of view, the feasibility of up-scaling is of the utmost im-
portance. The presented system uses four independent hollow cathode discharges with
plasma jets in line but in principle, more independent hollow cathode discharges in line can
be arranged in this way and a longer tape can be coated when the substrate is stationary.
For coating of large areas, the substrate linear movement below this line of plasma jets can
be implemented and uniform thin film deposition can be achieved in this way.

This paper describes the application of this modified multi-plasma jet system with
DC hollow cathodes for the deposition of TiO2 thin layers with a specific microstructure
and surface roughness. These TiO2 layers were investigated for photocatalytic applica-
tions. These prepared hierarchical TiO2 layers were subject to a detailed characterization of
various features of their hierarchical structure and to measurements of their electrical prop-
erties. Moreover, the activity and selectivity of the layers was tested in the photocatalytic
oxidation of NOx species in the gas phase, and investigated for photocatalytic applications.
In addition to the conversion of primary pollutants (i.e., NO and NO2 in the present study),
the photocatalytic tests provided the data on formation of potentially toxic products or in-
termediates. This issue if of major importance and should not be overlooked. Alternatively,
the performance of hierarchical layers was tested in the degradation of 4-chlorophenol,
exhibiting a high degree of beneficial mineralization.
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2. Materials and Methods
2.1. TiO2 Layer Preparation
Spikelet Layers Preparation via Hollow-Cathode Discharge (HCD) Sputtering

TiO2 thin layers were deposited by multi-plasma-jet system with four independent
titanium DC hollow cathodes. A similar system with cobalt or tungsten cathodes was
recently used for the preparation of Co3O4 [16] or WO3 material [17] and was already
described in detail in ref. [15]. It enables extremely fast reactive sputtering of oxide layers.
The basic scheme of the system is depicted in Figure 1. It contains four independent
titanium hollow cathodes arranged linearly in a row. The distance between the centers of
two adjacent cylindrical Ti nozzles is 36 mm. The internal diameter and the length of the
nozzle is 5 and 48 mm, respectively. Each nozzle is embedded inside with a water-cooled
copper cooler, the bottom part of each nozzle being located outside the cooler. Therefore,
this part of nozzle is extremely heated during the deposition. Its temperature can reach
up to 1600 ◦C depending on the discharge parameters. This principle makes it feasible
to combine sputtering of the titanium atoms with their thermal evaporation, thus greatly
increasing the deposition rate.
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Figure 1. Scheme of multi-plasma-jet system with four independent DC hollow cathodes used for
deposition of hierarchical TiO2 Spikelet layers.

Each nozzle was connected via a 100-ohm resistor to its own DC power supply. This
resistor acts as a discharge stabilizer to help prevent unwanted discharge oscillations or arc
ignition. Hollow cathode discharge was operated in current control mode with a stable
discharge current 1.5 A per nozzle. Under such conditions, the typical absorbed power
per each nozzle was 600 W; a typical hollow cathode temperature was about 1300 ◦C. The
entire deposition system was placed inside the vacuum chamber, and prior deposition, this
chamber is pumped down by a combination of turbo-molecular, roots and rotary pumps
to a base pressure of 10−3 Pa. Working gases (Ar and O2) enter the chamber through two
different inlets. While the inert gas (Ar-99.996% purity) was supplied directly through the
titanium nozzles, the reactive gas (O2-99.999% purity) was supplied to the chamber by a
separate inlet. Thanks to this, no oxidation of the titanium nozzles during deposition could
occur, so the discharge burned all the time in metallic mode only.

During the deposition, the gas pressure in the reactor was maintained at 15 Pa. How-
ever, the pressure inside the hollow cathode was significantly higher for the reasons
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described in [18]. Considering that the speed of the gas at the nozzle outlet was sonic,
the minimum pressure inside the cathode was in the range of 120–200 Pa. The flow of
argon through each nozzle was kept at 150 cm3·min−1 (i.e., 600 cm3·min−1 of Ar in total);
the oxygen flow through the separate inlet was constant at 50 cm3·min−1. The distance
between the nozzle outlets and substrate holder was 8 cm. The substrate temperature
during deposition continuously increased from room temperature (at the beginning) up to
200 ◦C. The loading of the deposited Spikelet TiO2 was 2 mg·cm−2.

P25 Layers Preparation via Spin Coating

In order to compare the efficacy of hierarchical TiO2 layers, widely used commercial
TiO2 powder P25 (Aeroxide® TiO2 P25, Evonik, Essen, Germany) was prepared by spin-
coating and tested for its photocatalytic ability. TiO2 was deposited in multiple layers to
achieve the same weight as that of Spikelet TiO2 plasma jet layers (2 mg·cm−2). To increase
the adhesion of a soda-lime glass, the surface of 5 cm × 10 cm was first abraded by Silicon
Carbide of grits 220 (Top Geo, Satteldorf, Germany). Secondly, water suspension contain-
ing 29 wt% of P25 was homogenized by dispersing instrument T25 (IKA, Königswinter,
Germany) for 5 min at 20,000 rpm, and afterwards, deposited on the glass plate using a
spin-coater (KW-4A) at 1000 rpm. Before the photocatalytic testing, all the samples were
stored in a dark chamber under nitrogen atmosphere and adjusted temperature of 25 ◦C.

2.2. TiO2 Layer Characterization
X-ray Diffraction

XRD patterns were recorded using Empyrean diffractometer in Bragg-Brentano (BB)
geometry with Cu Kα radiation (λ = 0.154 nm) in 2θ range from 5◦ to 90◦ with a step size of
0.01◦. The qualitative analysis was performed with a HighScore Plus 4.0 software package
(PANanalytical, Malvern Panalytical, Malvern, UK).

Raman Spectroscopy

The Raman spectra were collected using a Ar-Kr laser at 2.41 eV. They were recorded
on a LabRAM HR (Horiba Jobin-Yvon, Kyoto, Japan) Raman spectrometer interfaced with
an Olympus BX microscope (objective 100× with LWD lenses to ensure a lateral resolution
of 1 µm, the laser power impinging on the sample was ~1 mW to avoid heating). The
spectrometer was calibrated before each series of measurements by using the F1g mode of
Si at 520.2 cm−1.

UV-Vis Spectroscopy

For the band-gap determinations, diffuse reflectance spectra of P25 and Spikelet
layers were recorded by employing a UV/Vis/NIR spectrometer (Perkin-Elmer Lambda
1050 model, Waltham, MA, USA), equipped with a diffuse 60 mm spectralon integration
sphere (2 detectors PMT/PbS). The Kubelka–Munk function (K–M) was used to determine
the band gap values by performing the first derivative the K–M equation. A line is construct
tangent to the point of inflection first derivative K–M function. Experimental data of diffuse
reflectance were elaborated to absorption coefficient values F(R) according to the Kubelka–
Munk equation: f (R∞) = (1 − R∞)2/(2R∞), where R is the reflectance.

Sorption Experiments

Sorption isotherms of Kr were measured at the boiling point of liquid nitrogen
(ca. 77 K) using a 3Flex apparatus (Micromeritics, Norcross, GA, USA). The surface area
was calculated by the BET equation.

FE-SEM, DF-TEM Coupled with EDAX

FE-SEM micrographs were collected on a Hitachi S-4800 instrument (Hitachi, Tokyo,
Japan). In the magnetron, several layers of various area were deposited simultaneously: (i)
onto a large-area glass (5 × 10 cm2) and (ii) onto silicon wafers (1 × 1 cm2). For SEM, the
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latter were used. In order to see the layer profile, the coated silicon plate was easily broken
after notching the edge.

TEM

Transmission electron microscopy (TEM) was carried out on a FEI Tecnai TF20 X-twin
microscope (FEI, Hillsboro, Oregon, USA) operated at 200 kV (FEG, 1.9 Å point resolution)
with an EDAX Energy Dispersive X-ray (EDX) detector attached. Images were recorded on
a Gatan CCD camera with resolution of 2048 × 2048 pixels using the Digital Micrograph
software package (Gatan, Pleasanton, CA, USA). Electron diffraction patterns were eval-
uated using the CrysTBox software (Institute of Physics, Prague, Czech Republic) for an
automated analysis of electron diffraction patterns. The lamella for TEM observation was
prepared by focused-ion-beam milling in a FEI Quanta 3D.

DCDF-TEM

To distinguish between the two TiO2 phases—rutile and anatase—the Dark Field
(DF) TEM technique with the Dynamic Conical Dark Field (DCDF) option was used. In
the DCDF TEM technique, as well as in the conventional DF technique, the sample is
illuminated by a parallel beam, and the area corresponding to the respective diffraction
spot is selected in the diffraction pattern by the objective aperture. In the case of DCDF,
the diffraction pattern performs a precession motion around the optical axis, and thus,
diffraction spots corresponding to different orientations of the crystals gradually enter the
objective aperture, i.e., the whole diffraction annulus is integrated (Figure 5b). Therefore,
this technique is suitable for fine-grained materials with a random grain orientation, in
which it allows to visualize all grains with a corresponding inter-planar distance within
one image. The range of inter-planar distances is determined by the size of the objective
aperture and the cone angle, which determines the distance of the selected annulus from
the center of the diffraction pattern. During the experiment, the smallest 10-µm objective
aperture was used. Due to the fact that even this smallest objective aperture did not allow
a clear distinction between the diffraction rings of anatase and rutile, the following cone
angle settings were used: 0.28◦ for anatase (green annulus) and 0.41◦ for the combination
of anatase and rutile (red annulus). The distribution of rutile grains was obtained by
subtracting the signal on the two micrographs obtained by these two settings (Figure 5d).

DC Measurements

An interdigital electrode (IDE) system was developed in the J. Heyrovsky Institute
to collect DC characteristics of the prepared Spikelet layers and P25 ones. Details on the
IDE geometry and the fabrication of the sandwich support-TiO2 layer-IDE are given in
Figure S1 in Supporting Information. IDE makes possible the measurements of electrical
characteristics in a two-point arrangement.

The three types of primary data from DC measurements carried out in the present
study are as follows:

(i) the total current responses IΣ [A] vs. time t [s] of examined layer to a sequence of
irradiation pulses (optical power density 2 mW·cm−2, irradiation duration td = 10 s);
the pulses are separated from each other by a dark period of duration td = 10 s and the
voltage U applied between measuring points is 500 mV. The responses are presented
as IΣ in semilogarithmic scale vs. time t.

(ii) volt-ampere characteristics Id [A] vs. U [V] are measured in the absence of irradiation
(dark experiment); the range of applied voltage U was between −500 mV and +500 mV
and it was changed in 100-mV increments; these volt-ampere characteristics are
straight lines and their slopes Id/U represent the material conductivity σd [S] of the
layer.

(iii) volt-ampere characteristics IΣ [A] vs. U [V] are measured upon steady irradiation
(optical power density 2 mW·cm−2) using the same voltage sequence as that in item
(ii); the slope of the straight lines provides the total conductivity σΣ [S] of the layer.
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All the DC measurements were performed using the Kiethley 4200 SCS parameter
analyzer in RPM configuration. The device realized the necessary input voltage signals
and collected the corresponding values of the current.

Photoactivation of the tested layers was performed in a series of experiments using
different light-emitting diodes (LED) purchased from Thorlabs Inc. The wave lengths
selected for photoactivation were 370, 405 and 465 nm and the optical power density was
fixed to 2 mW·cm−2 for all the experiments. The electrical characteristics of the layers were
measured (i) in dark and (ii) in photoactivation. All the measurements were performed in
gas flow. The prepared layers were then placed in a PTFE measurement chamber connected
to pressurized gas management, allowing a step change in the gas composition. The flow of
gases was regulated through mass flow meters (Bronkhorst Ltd., Newmarket Suffolk, UK)
set to 150 cm3·min−1 for all measurements. Nitrogen (N2) was chosen as the reference and
used for electrical parameter measurements of TiO2 layers in the absence of photocatalytic
reactions.

2.3. Photocatalysis in Water and Air

Regarding the photocatalysis in the aqueous phase, before the photocatalytic experi-
ments, the photocatalyst samples were cleaned overnight by a UV light with a dominant
wavelength of 365 nm and an irradiation intensity of 2.0 mW·cm−2 to decompose any
residual organic matter on them. The aqueous solution of 4-chlorophenol (10−4 mol·L−1,
which corresponds to the initial concentration c0 = 10 mgC·L−1) was photocatalytically
degraded at 25 ◦C using photocatalytic layers (active area of 4 cm2 for Spikelet and P25
reference) in a 25-mL quartz cell. As the top of the liquid in the cell was open to air and
the solution was intensively stirred (400 rpm), the concentration of dissolved oxygen was
constant during the experiment. A Sylvania Lynx-S 11 W BLB lamp irradiated the aqueous
dispersion with UV light (365 nm) at a low-power density of 1.0 mW·cm−2. Prior to the
photocatalytic experiments, the dissolved organics were equilibrated with the photocatalyst
surface for 3 h. Afterwards, for each photocatalytic experiment, aliquots, each of 100 µL,
were collected from the solution in the reaction cell every 20 min for the first hour and once
every hour for the next 4 h. The obtained kinetic curves were analyzed using the 1st order
reaction model, the rate constants being calculated by a non-linear curve fitting using the
Levenberg–Marquardt algorithm. A TOC (Total Organic Carbon) analysis was performed
with a Shimadzu TOC-L Analyzer, using 20 mL of centrifuged solution. The degree of
mineralization expressed as TIC (Total Inorganic Carbon) was calculated according to
TIC = c0 − TOC.

Concerning the photocatalytic abatement of air pollutants, the photocatalytic experi-
ment was carried out using NO or NO2 gases as model pollutants in a concentration of
1 ppmv. This concentration was prepared by diluting a gas mixture (50 ppmv of NO or NO2
in N2) using mass flow controllers (Bronkhorst, Ruurlo, The Netherlands) and synthetic air
as the carrier gas (total gas flow ~3 L/min). A relative humidity of 50% was achieved by
saturation of one half of the carrier-gas flow with water vapor. The streaming gas was then
passed through the laminar flow reactor with the tested photoactive samples (50 cm2 of
geometric area). To calibrate analyzers, the gas stream bypassed the reactor. During the
photocatalytic experiments, the samples were irradiated by black light fluorescent lamps
(BLB 15 W, Philips, Amsterdam, The Netherlands) emitting a dominant wavelength of
365 nm. The distance between the lamps and the coatings was adjusted to achieve an
irradiation intensity of 1.0 mW·cm−2. This intensity corresponds to the of UV sunlight. The
NO/NOx concentration was monitored by a commercial NOx analyzer (APNA-370, Horiba,
Kyoto, Japan). The concentration of HONO was measured by custom-made analyzers
based on chemiluminescence [19].
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3. Results and Discussion
3.1. Structural Properties of Layers Determined by XRD and Raman Spectroscopy
XRD Spectra

Spikelet TiO2 layers exhibit wider peaks than P25, indicating smaller particles and
lower crystallinity than P25 ones (Figure 2A). In the Bragg-Brentano geometry, the molar
ratio of anatase/rutile was determined as 44:56. The diffraction pattern of P25 shows
reflections of both the anatase and rutile phases, indexed at (101) 25.40◦, (103) 36.98◦, (004)
37.90◦, (112) 38.63◦, (200) 48.16◦, (105) 53.95◦ and (211) 55.16◦, corresponding to a tetragonal
anatase structure (space group I41/amd). Those indexed at (110) 27.31◦, (101) 35.93◦, (200)
39.02◦, (111) 41.18◦, (210) 43.98◦, (211) 54.21◦, and (220) 56.53◦ belong to a tetragonal
rutile structure (space group P42/mnm). The intensity ratio of the main diffraction peaks,
(anatase 101 and rutile 110) was approximately 80:20. The molar ratio anatase/rutile was
then estimated to be 84:16 which is in good agreement with that found by Ohtani et al. [20].
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Raman Spectra

Raman spectroscopy was used to verify the XRD data. The anatase TiO2 is represented
by six Raman active modes (Figure 2B): A1g + 2B1g + 3Eg centered at: 142 cm−1 (Eg),
195 cm−1 (Eg), 395 cm−1 (B1g), 515 cm−1 (A1g + B1g) and 636 cm−1 (Eg), confirming the
high phase purity of the prepared layers. The presence of the rutile phase is shown by a
peak centered at 444 cm−1 (Eg) and 611 cm−1 (A1g). The P25 layer spectrum was dominated
by the emission peaks of anatase.

UV-Vis Spectra

Figure 2C shows that that the transformed ultraviolet-visible spectra differed sig-
nificantly. First, the band gap energy of Spikelet layer is lower (3.15 eV) than that of
P25 (3.30 eV). Further, for irradiation with energies <3.2 eV, P25 did not adsorb, while for
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Spikelet, substantial adsorption was observed. The reasonable explanation is the different
hierarchical structure and the higher concentration of rutile within the spikelet structure.

3.2. Morphology of Layers
Sorption Experiments

The surface area of P25 and Spikelet TiO2 layers differed considerably and were equal
to 50 and 120 m2·g−1, respectively. The obtained area for P25 layer is in an agreement
with that for P25 powder, which shows the high degree of accessibility of the layer surface
for pollutant molecules. Concerning the Spikelet layer, the large surface area is due to its
unique morphology (Figure 3).
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SEM

Figure 3 shows the comparison between the morphology of layers P25 and TiO2
prepared by plasma jets. The TiO2 loading for both types of layers is comparable, namely
2 mg·cm−2. Because of the different mass density of the layers, their thickness differed.

The thickness of the hierarchical layer is 7 µm, without noticeable deviation. The
unique appearance of TiO2 crystals in the layer cross-section gives the impression of cereal
Spikelets growing upward from the support. The layers on FTO-glass exhibit the same
features. Anatase and rutile components cannot be distinguished from each other by view.

As the thickness of the P25 layer prepared by spin-coating was lower, achieving only
about 2 µm, it was more compact for the same loading.

TEM and SAED

Even nanocrystals observed by a transmission electron microscope (TEM) exhibited
both anatase and rutile components, as proven by selected area electron diffraction (SAED)
(see Figure 4, right). A similar conclusion follows from details of the specific morphology
of the Spikelet layer observed on a small fragment of the material using TEM, cf. Figure 4,
left side. Even use of this technique did not distinguish anatase and rutile components
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(nanocrystals) from each other on the image by view, despite the presence of both phases
being evidenced in the Spikelets by X-ray and by selected area electron diffraction (SAED)
(see Figure 4, right).
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DCDF TEM

This technique was applied to provide information on the spatial distribution of
phases for Spikelets. TiO2 on the Si wafer forms a columnar microstructure. The individual
columns (with diameter ~200–400 nm) are separated from each other and have their own
internal microstructure, similar to a spike (“twigs” emanate from the center of the columns).
The “twigs” form an angle with the axis of the column in the range ~10–30◦. The individual
spikes contain grains of both TiO2 phases, anatase and rutile (Figure 5c). An analysis of
the distribution of anatase and rutile in the sample was performed using the DCDF TEM
technique. Due to the very close inter-planar distances of anatase (011) and rutile (110),
there are considerable overlaps in the signal from both phases (Figure 5a) and moreover,
there are overlaps with the bright field (BF) signal due to the size of the objective aperture
(Figure 5b). However, by using specific settings (see Methods for details), it is possible
to observe the signal distribution in the sample corresponding to the individual phases
(Figure 5c,d): rutile (red), anatase (yellow), and undifferentiated BF TEM regions formed
by both TiO2 phases (green). The rutile particles appear to be preferentially localized in the
area of the “twigs” while anatase is distributed mainly at the edges of the formed columns.

3.3. DC Measurements

The primary data obtained from the above DC measurements on TiO2 layers are
summarized in Figure 6 and together with additional characteristics of the systems, in
Tables 1 and 2 as well.
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Table 1. Results of DC electrical measurements for TiO2 Spikelet layer.

λ/nm E/eV Ph/s−1 σPh/S σd /S, σΣ/S Id, IΣ/A IPh/A e−/s−1 EQE

Dark - - 0 2.6E−11 1.3E−11 - - -
465 2.66 4.7E+16 1.4E−11 4.1E−11 2.0E−11 0.7E−11 4.6E+07 9.8E−10
405 3.06 2.0E+16 4.2E−09 4.5E−09 2.2E−09 2.2E−09 1.4E+10 6.8E−07
370 3.30 4.7E+15 3.3E−09 3.3E−09 1.7E−09 1.6E−09 1.0E+10 2.2E−06

Table 2. Results of DC electrical measurements for TiO2 P25 layer.

λ/nm E/eV Ph/s−1 σPh/S σd/S, σΣ/S Id, IΣ/A IPh/A e−/s−1 EQE

Dark - - 0 4.3E−10 2.1E−10 - - -
465 2.66 4.7E+16 0.6E−11 4.3E−10 2.2E−10 3.0E−11 1.9E+08 4.0E−09
405 3.06 2.0E+16 0.8E−11 5.0E−10 2.5E−10 3.8E−11 2.4E+08 1.2E−08
370 3.30 4.7E+15 0.9E−11 5.1E−10 2.6E−10 4.3E−11 2.7E+08 5.3E−08
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The sort (i) of the data is exemplified in Figure 6A for Spikelets and in Figure 6B for
P25. The parameter of the response’s family obtained upon irradiation is the wavelength
λ of the irradiation source.

The (ii) and the (iii) sort of the data are presented in Figure 6C for Spikelets and in
Figure 6D for P25.

The generation of photocurrent upon irradiation is indicated in Figure 6A,B by a
difference between the value of IΣ and Id. This difference is denoted as IPh = IΣ − Id and is
considered as a measure of the photocurrent IPh.

A significant increase of IΣ on irradiation was observed for the Spikelet layer using
wavelengths of 370 and 405 nm. A much smaller contribution to IΣ due to photocurrent
occurred with wavelength of 465 nm. In the case of the P25 layer, we found a measurable
increase of current IΣ upon radiation only for wavelengths 370 and 405 nm, cf. the data in
Tables 1 and 2. This result is consistent with XRD and Raman spectroscopy data, cf. the
above section on characterization. Such behavior was expected in view of the fact that the
anatase does not absorb the wavelength of 465 nm. For Spikelets, the weak photocurrent
for the wavelength 465 nm is the consequence of the rutile content, while for 370 and
405 nm, much higher photocurrents were observed.

The first three columns in Tables 1 and 2 characterize the source of radiation: E is
the excitation energy (eV), Ph is the photon emission rate expressed as the number of
photons emitted from the radiating source per second (s−1). The photocurrent IPh (A) was
evaluated from Id, IΣ (A) as suggested above. The quantity e− (s−1) represents the steady-
state photoelectron generation rate expressed as a number of photoelectrons generated
upon radiation per second. This quantity is related to the current IPh by the following
equation:

e− (s−1) = IPh/qe (1)

where charge qe = 1.602 × 10−19 C.
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The symbol EQE stays for external quantum efficiency which is defined as

EQE = e−/Ph (2)

It should be noted that the values of the parameter EQE were found as a rule by about
1.5 order of magnitude higher for Spikelet layers as compared with P25 ones. Specifically,
(EQE)SPIKELET/(EQE)P25 is 57.6 for λ = 405 nm and 37.8 for λ = 370 nm. This is, however,
not the case for the wavelength λ = 465 nm. Only in this particular case of low excitation
energy, we found an opposite effect, i.e., (EQE)Spikelet/(EQE)P25 < 1, specifically, 0.245. The
considerably high values of the parameter EQE for the Spikelet layers represent further
characteristic feature, which makes this material unique and deserving of attention, for
instance, in photocatalysis.

Primary DC data of the sort (ii) and (iii) also provide important electrical parameters
of the photocatalytic layers, specifically material conductivity σd (S) (obtained from a
dark experiment) and the total conductivity σΣ (S) (measured on steady irradiation) (cf.
Figure 6C,D). The conductivity values σd, σΣ were evaluated from the slopes of linear volt
ampere characteristics treated by linear regression:

σi =
Ii

U
(3)

where i = d, Σ.
The above quantities are summarized in Tables 1 and 2 together with their difference

which represents the intrinsic photoconductivity of the material:

σPh = σΣ − σd (4)

The description of the interphase charge transfer of the P25 and Spikelet layers can be
divided into two parts: (a) in the UV region (λ < 400 nm) and (b) in the visible spectrum
region (λ > 400 nm). For the ultraviolet region, the free charge carrier’s photoexcitation
probability is the same in both phases (anatase and rutile). The photoexcited electrons in
the anatase conduction band then diffuse to favorable electron trapping sites in the rutile
since its conduction band lies approximately 0.2 eV below the edge of that in anatase [20].
On the other hand, in the visible range, the rutile phase is more activated and the reverse
process takes place, i.e., the excited photoelectrons diffuse from the rutile conduction
band to favorable trap states in the anatase conduction band, preventing their subsequent
recombination.

Our explanation is confirmed by the work of Hurum et al. [21] and Bickley et al. [22].
The distinct band alignment and the presence of defects in the mixed-phase with a reduced
gap tend to break the Ti-O bonds in the anatase and subsequently form new Ti-O bonds in
the rutile. In this process, oxygen defects are generated, which increases the non-radiative
deexcitation of the charge carriers that prevent their recombination [23]. Thus, it can be
stated that both the free oxygen vacancies and the effective interface of the anatase/rutile
phases can play a significant role in photocatalysis.

The dependence of photocurrent on the wavelength of the incident light (Figure 6A)
correlates with the transformed adsorption spectra in Figure 2C. For the Spikelet layers,
high photocurrents due to 370 nm and 405 nm incident light were observed, which is in
accordance with the Spikelet adsorption within this range. On the other hand, for P25, the
blue shift of absorption edge caused a very low level of photocurrent generated by light
with a wavelength higher than 370 nm.

3.4. Photocatalytic Abatement of NOx and Chlorophenol

The comparison of results from the P25 layer prepared by spin coating and the TiO2
layer prepared by the plasma system is shown in Figure 7. In the air flow experiments,
the performance towards degradation of NO or NO2 was determined. For NO, the ac-
tivity of both layers was comparable in the whole-time range; the selectivity, however,
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differed substantially. The formation of HONO was suppressed on Spikelets, while for P25,
considerable concentrations of this dangerous acid were produced. Concerning NO2, the
P25 layer was more active at the early stage of the reaction; later, after 4 h, the activity was
similar. Regarding the selectivity, the same trend as for NO abatement was observed, the
concentration of HONO produced being relatively high for P25 and negligible for Spikelets.
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Photocatalytic abatement of 4-chlorophenol and its mineralization expressed as TIC (Total Inorganic
Carbon) on P25 and TiO2 spikelet layers.

The general mechanism of NO or NO2 degradation is based on their oxidation on the
surface of the photocatalyst due to the direct attack of the holes or OH radicals. The final
product of the oxidation is nitric acid or nitrates deposited on the photocatalyst surface;
however, the undesirable intermediate products NO2 and HONO can be released into the
environment [24].

In aqueous experiments, the results were different compared to the air. P25 exhibited
more than three times higher activity than Spikelets. However, what is more important
is that the degree of mineralization of toxic 4-chlorophenol was practically the same for
both layers. Consequently, the products of the 4-chlorophenol degradation formed on
P25 were mostly organic and potentially toxic. Typically, we reported the formation of
carcinogenic quinones [25]. We studied the mechanism of photocatalytic degradation of
4-chlorophenol in our previous research by employing DFT calculations based on the attack
of OH radicals, leading in parallel to the hydroxylation of the aromatic ring and its opening
releasing hydroperoxyl radical and hydroxyl radical, respectively. The restored OH radical
can either further oxidize the primary ring opening product or attack another molecule of
4-chlorophenol [25–27].

From the above-mentioned results, a more general conclusion follows—on Spikelets,
the formation of products in a higher oxidation state is preferable, namely that of nitric
acid or nitrates in the degradation of NO or NO2; and, CO2 and H2O production in
4-chlorophenol degradation, respectively.

A possible explanation for the specific selectivity can be the different surface and
sorption properties of both samples. Spikelets exhibit a substantially larger BET surface
area than P25. Further, the percentage ratio of the anatase and rutile phases differs and



Nanomaterials 2021, 11, 3254 14 of 15

the mutual interdispersion of both phases in these samples is also expected to differ.
Due to their hierarchical morphology, the Spikelets can be expected to contain a higher
concentration of surface defects, which can serve as traps of reactants. It was reported that
these traps can favor photo-assisted adsorption, which is important for the achievement of
the total oxidation (i.e., complete mineralization) of organic compounds [28]. This feature is
a probable reason for the difference in selectivity achieved in the degradation of pollutants
in both gaseous and aqueous phases.

4. Conclusions

Owing to the excellent properties, hierarchically structured layers prepared by plasma
jet deposition are very promising for broad range of applications. The scale-up is easily
feasible and their deposition can be realized on a variety of type substrates (metals, non-
metals and/or insulants). Specifically, in the environmental photocatalysis, the hierarchical
layers exhibit a unique selectivity characterized by the suppression of the formation of
unwanted harmful intermediate products. In general, this type of selectivity is challenging
in photocatalytic abatement of both gaseous and aqueous pollutants and very difficult to
achieve. For instance, the reference TiO2 P25 did not exhibit this specific selectivity type in
either media.
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19. Mikuška, P.; Motyka, K.; Večeřa, Z. Determination of nitrous acid in air using wet effluent diffusion denuder–FIA technique.
Talanta 2008, 77, 635–641. [CrossRef]

20. Ohtani, B.; Prieto-Mahaney, O.O.; Li, D.; Abe, R. What is Degussa (Evonik) P25? Crystalline composition analysis, reconstruction
from isolated pure particles and photocatalytic activity test. J. Photochem. Photobiol. A Chem. 2010, 216, 179–182. [CrossRef]

21. Hurum, D.C.; Agrios, A.G.; Gray, K.A.; Rajh, T.; Thurnauer, M.C. Explaining the enhanced photocatalytic activity of Degussa P25
mixed-phase TiO2 using EPR. J. Phys. Chem. B 2003, 107, 4545–4549. [CrossRef]

22. Bickley, R.I.; Gonzalez-Carreno, T.; Lees, J.S.; Palmisano, L.; Tilley, R.J.D. A structural investigation of titanium dioxide photocata-
lysts. J. Solid State Chem. 1991, 92, 178–190. [CrossRef]

23. Scanlon, D.O.; Dunnill, C.W.; Buckeridge, J.; Shevlin, S.A.; Logsdail, A.J.; Woodley, S.M.; Catlow, C.R.A.; Powell, M.J.; Palgrave,
R.G.; Parkin, I.P.; et al. Band alignment of rutile and anatase TiO2. Nat. Mater. 2013, 12, 798–801. [CrossRef]

24. Zouzelka, R.; Rathousky, J. Photocatalytic abatement of NOx pollutants in the air using commercial functional coating with
porous morphology. Appl. Catal. B Environ. 2017, 217, 466–476. [CrossRef]

25. Guerin, V.M.; Zouzelka, R.; Bibova-Lipsova, H.; Jirkovsky, J.; Rathousky, J.; Pauporte, T. Experimental and DFT study of the
degradation of 4-chlorophenol on hierarchical micro-/nanostructured oxide films. Appl. Catal. B Environ. 2015, 168, 132–140.
[CrossRef]

26. Zouzelka, R.; Kusumawati, Y.; Remzova, M.; Rathousky, J.; Pauporté, T. Photocatalytic activity of porous multiwalled carbon
nanotube-TiO2 composite layers for pollutant degradation. J. Hazard. Mater. 2016, 317, 52–59. [CrossRef] [PubMed]

27. Zouzelka, R.; Remzova, M.; Plsek, J.; Brabec, L.; Rathousky, J. Immobilized rGO/TiO2 photocatalyst for decontamination of water.
Catalysts 2019, 9, 708. [CrossRef]

28. Bredemeyer, N.; De Buhr, S.; Hesse, D. Parameters influencing photoassisted adsorption of NO on TiO2 powder. Chem. Eng.
Technol. 2000, 23, 527–533. [CrossRef]

http://doi.org/10.1016/j.tsf.2014.10.040
http://doi.org/10.1002/adsu.202100071
http://doi.org/10.1016/j.apsusc.2019.05.341
http://doi.org/10.1016/j.tsf.2017.01.039
http://doi.org/10.1088/0957-4484/20/1/015604
http://doi.org/10.1016/j.electacta.2009.10.017
http://doi.org/10.1116/1.2836425
http://doi.org/10.1016/j.jmmm.2008.11.053
http://doi.org/10.1007/s11051-019-4479-4
http://doi.org/10.1088/1361-6463/aae117
http://doi.org/10.1063/1.4959993
http://doi.org/10.1016/j.surfcoat.2019.125256
http://doi.org/10.1016/j.surfcoat.2019.03.010
http://doi.org/10.1016/j.vacuum.2021.110679
http://doi.org/10.1016/S0257-8972(02)00389-4
http://doi.org/10.1016/j.talanta.2008.07.008
http://doi.org/10.1016/j.jphotochem.2010.07.024
http://doi.org/10.1021/jp0273934
http://doi.org/10.1016/0022-4596(91)90255-G
http://doi.org/10.1038/nmat3697
http://doi.org/10.1016/j.apcatb.2017.06.009
http://doi.org/10.1016/j.apcatb.2014.12.041
http://doi.org/10.1016/j.jhazmat.2016.05.056
http://www.ncbi.nlm.nih.gov/pubmed/27262272
http://doi.org/10.3390/catal9090708
http://doi.org/10.1002/1521-4125(200006)23:6&lt;527::AID-CEAT527&gt;3.0.CO;2-T

	Introduction 
	Materials and Methods 
	TiO2 Layer Preparation 
	TiO2 Layer Characterization 
	Photocatalysis in Water and Air 

	Results and Discussion 
	Structural Properties of Layers Determined by XRD and Raman Spectroscopy 
	Morphology of Layers 
	DC Measurements 
	Photocatalytic Abatement of NOx and Chlorophenol 

	Conclusions 
	References

