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Dear Editor Prof. Steve Meech,

Please consider our revised manuscript “Black carbon-doped TiO2 films: synthesis,
characterization and photocatalysis” to the Journal of Photochemistry and Photobiology A:
Chemistry (Ref: JPHOTOCHEM_2019_322).

We highly appreciate all reviewer comments, which were very constructive and helpful. We
corrected our paper according to reviewers’ comments. More specifically additional experiments
of EDS elemental mapping and electron spin resonance were performed. Photocatalytic
degradation mechanism of black carbon-doped TiO, was provided towards the degradation of MB.
English language was polished. The introduction part was extended with additional paragraphs: i)
the fundamental works in the use of the magnetron sputtering in general; ii) recent progress in the
deposition of C-doped TiO, coatings; iii) advantage of the used methodology; according to
reviewer comments. Also, experimental details, choice of the MB for the photocatalytic activity
measurements, additional explanations of XPS and XRD measurements were added to the
manuscript. These changes have clearly improved our manuscript.

We have also included a point-by-point response to the reviewer’s comments. Changes to the text

in the manuscript are highlighted.

Thank you for consideration of our revised manuscript.

Thank you very much for Your consideration.
Dr. Sarunas Varnagiris

Lithuanian Energy Institute

Breslaujos str. 3, Kaunas, Lithuania

Tel.: +37066243136

E-mail: sarunas.varnagiris@lei.lt



mailto:sarunas.varnagiris@lei.lt

Response to the reviewers

14 June, 2019
Dear Reviewers,

First of all, we would like to thank you for constructive comments which help to improve the
quality of this manuscript. The response to comments could be found below.

Reviewer 1

An in-situ synthetic method was introduced to prepare black colour rutile/anatase heterostructure
TiO2 films via DC magnetron sputtering technique. The new photocatalyst is characterized including
SEM and AFM. Crystal structure, binding energy and absorption spectrum were characterized by EDX,
and XPS. Additionally, this manuscript was well presented with some experimental data. However,
the reviewer would suggest the authors to consider the following points, which might be taken for a
major revision:

1. STEM Mapping should be provided to obtain the elements distribution, especially for carbon
element.




2. The optical and electrochemical properties of black carbon-doped TiO2 need to be measured by
photoluminescence (PL) spectroscopy, and the electron spin resonance (ESR).
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3. Photocatalytic degradation mechanism of black carbon-doped TiO2 should be provided towards



the degradation of MB.

4. English need to be polished.

Reviewer 2

The authors here present a study on C-doped TiO2 films prepared by magnetron sputtering to
improve visible light photocatalytic activity. While the subject of the paper is interesting and
appropriate for the readership of the journal, the organisation of the paper and the data presented
leave some questions that should be answered by authors to make the work publishable.

In particular, | suggest the authors to respond to the comments below:

1. The reference list should be extended to reflect the state-of-art in the field. In particular, the
authors are advised to reference the fundamental works in the use of the magnetron sputtering in
general, and the application of it to the production of TiO2 works in particular. | would suggest the
following papers should be included:

P.J. Kelly, R.D. Arnell, Magnetron sputtering: a review of recent developments and applications,
Vacuum 56(3) (2000) 159-172.

P.J. Kelly, G.T. West, M. Ratova, L. Fisher, S. Ostovarpour, J. Verran, Structural Formation and
Photocatalytic Activity of Magnetron Sputtered Titania and Doped-Titania Coatings, Molecules
19(10) (2014) 16327-16348.

J. Sicha, D. Hefman, J. Musil, Z. Stryhal, J. Pavlik, Surface Morphology of Magnetron Sputtered TiO2
Films, Plasma Processes and Polymers 4(51) (2007) S345-5349.

Also, the recent progress in the deposition of C-doped TiO2 coatings has not been reviewed.
Advantage of the used methodology should be highlighted, as well as comparison of the authors'
findings with the earlier works in the subject, such as:

M. Ratova, R. Klaysri, P. Praserthdam, P.J. Kelly, Visible light active photocatalytic C-doped titanium
dioxide films deposited via reactive pulsed DC magnetron co-sputtering: Properties and
photocatalytic activity, Vacuum 149 (2018) 214-224.

D. Xie, F. Wen, W. Yang, X. Li, Y. Leng, G. Wan, H. Sun, N. Huang, Carbon-Doped Titanium Oxide Films
by DC Reactive Magnetron Sputtering Using CO2 and O2 as Reactive Gas, Acta Metallurgica Sinica
(English Letters) 27(2) (2014) 239-244.

F. Wen, C. Zhang, D. Xie, H. Sun, Y.X. Leng, Research of composition and photocatalytic property of
carbon-doped Ti-O films prepared by R-MS using CO2 gas resource, Nuclear Instruments & Methods
in Physics Research Section B-Beam Interactions with Materials and Atoms 307 (2013) 381-384.

R. Klaysri, M. Ratova, P. Praserthdam, P. Kelly, Deposition of Visible Light-Active C-Doped Titania



Films via Magnetron Sputtering Using CO2 as a Source of Carbon, Nanomaterials 7(5) (2017) 113.

2. Experimental details are incomplete. Thus, for the deposition process, the details of the
magnetron are missing, making the deposition process unsuitable to be reproduced, if required. In
particular, information on geometrical size of the magnetron, balanced / unbalanced, substrate -
target distance, presence of rotation, size of carbon-covered area should be given.




For the photocatalytic test, the irradiance patterns of the light sources used would be advantageous
for the paper. Also, the choice of the MB for the photocatalytic activity measurements should be
explained with the great care; as dyes can be easily photosensitized with the visible light and
therefore not necessarily representative of the true values of the photocatalytic activity. Authors

should comment on this fact when explaining the choice of the model pollutant.

3. It is unclear why in some sections authors compare the C-doped films with the pure TiO2, while
in the others not. It would be useful to know how the presence of C influenced all properties of the
films, compared to undoped TiO2, in particular comparison should be drawn in terms of phase
composition, photocatalytic performance, surface roughness.

4. Were the samples post-deposition heat-treated? If not, what was the deposition temperature?

5. How the chemical composition of samples was calculated with the XPS? Were samples sputter
pre-cleaned? Was the elemental carbon peak (C-C) included to the calculation? If so, this carbon is
adventitious and can not be considered as doping result.



6. How the XRD crystallite sizes were calculated? This information should be added to the text.
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e Black colour TiO, films were deposited by magnetron sputtering.
e Chemical bond analysis confirmed that TiO2 phase was doped by carbon.
e Formation of carbon-doped TiO, invokes the reduction of band gap.

e TiO, films exhibit photocatalytic activity under UV-A and visible light irradiation.
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Black colour TiO, films were deposited by magnetron sputtering.

Chemical bond analysis confirmed that TiO2 phase was doped by carbon.

Formation of carbon-doped TiO, invokes the reduction of band gap.

TiO, films exhibit photocatalytic activity under UV-A and visible light irradiation.
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Abstract

Black colour TiO, films were synthesized on amorphous fused silica substrates by DC magnetron
sputtering technique with carbon powders placed at the working magnetron surface.
Comprehensive sample analysis by X-ray diffraction, energy dispersive X-ray spectroscopy and X-
ray photoelectron spectroscopy showed that the rutile/anatase heterostructure TiO, films were
successfully formed. Moreover, observation of O-Ti-C bonds confirmed that TiO, phase was doped
by carbon additives. Scanning electron microscopy, atomic force microscopy and X-ray diffraction
were used to identify the effect of deposition time and TiO, film thickness on the surface
morphology, roughness and crystallite size. Results of electron spin resonance showed that oxygen
vacancies were generated on the surface with trapped unpaired electrons. Optical analysis by UV-
Vis light spectrophotometer showed that TiO, films with carbon additives improve its capability to
absorb visible light. Accordingly, methylene blue bleaching experiments under UV-A and visible
light irradiation showed that black colour TiO, films are capable to decompose methylene blue

solution at both UV-A and visible light irradiation.

Keywords: Photocatalysis, black TiO,, carbon-doped TiO,, magnetron sputtering, band gap, visible

light

1. Introduction

Energy depletion and environmental pollution related problems have become one of the most
important areas across the globe in recent decades. Moreover, pollution of air and water become
more noticeable due to various human activities. In many cases, effluent water is contaminated
with organic dyes that are hardly bio-degradable [1,2]. Although a great consideration is directed
to solve these problems, conventional treatment techniques have not been very successful in the

purification process [3]. Advanced Oxidation Processes (AOPs) include a more important role in



achieving the degradation of harmful pollutants. AOPs are light-induced processes which are
based on the treatment of polluting compounds by making use of hydroxyl radicals (eOH) [4].
During the AOP the radical decomposes toxic organic chemicals by means of its strong oxidizing
ability [5,6]. There are four different methods in AOPs to generate hydroxyl radicals and treat
wastewater including ozone treatment, electrochemical processes, direct decomposition of water
and photocatalysis [7]. Among other AOPs, photocatalysis has received huge attention as one of

the most promising environmental purification process [8,9].

The photocatalysis process involves a semiconductor which is activated under light irradiation.
During the process, an electron is excited and transferred from the valence band to conduction
band. In order to excite an electron, the photocatalyst should absorb photon whose energy is
equal or higher to its band gap energy level. This process creates an electron-hole pair which
reacts with oxygen molecules, water molecules or hydroxyl groups and generates highly reactive
oxygen species (ROS). These ROS react with organic components or pollutants and decompose

them during oxidation process [10,11].

Among all the photocatalysts, titanium dioxide (TiO,) is recognized as a leading photocatalyst for
environment purification due to its strong oxidizing power under ultraviolet irradiation, high
chemical stability, low cost and other properties. On the other hand, wide band gap (e. g. 3.2 eV
for TiO, anatase phase) for pure TiO, limit its application. Only UV part of solar light spectrum
could initiate excitation of electrons and as a consequence electron jumps from a valence band to
the conduction band in pristine TiO,. Moreover, UV radiation contributes only 5 % of the total

solar radiation energy at earth surface. Therefore, most of the solar energy is wasted [12-14].

In order to enhance TiO, applications in photocatalysis, it is necessary to extend its absorption

edge to the visible light region of the solar spectrum as well as to reduce the recombination of the



electron-hole pairs. Various techniques such as doping with metal/non-metal elements [15],
control of morphology, usage of different substrates/supports or shapes of TiO, [3], reduction of
oxygen amount in TiO, phases [16], etc. were tried for the formation of TiO, with the significant
photocatalytic activity under visible light irradiation. Moreover, in order to harvest sunlight more
effectively, yellow [17,18], red [19,20], blue [21,22], grey [23,24] and brown TiO, [25,26] was also
produced. However there are still a lot of issues (secondary impurities, limited or even zero IR
region absorption, etc.) which reduce the photocatalytic activity [27]. On the other hand, a lot of
researchers showed that black colour TiO, demonstrates promising features of wide optical
absorption as well as possibility to decompose various pollutants under visible light irradiation

[28-31].

Up to now various techniques were used for the synthesis of black TiO, nanomaterial including
high/low pressure hydrogen treatment [32,33], hydrogen-argon treatment [34,35], hydrogen-
nitrogen treatment [36,37], plasma treatment [38,39], metal reduction [40,41], solvothermal
synthesis [42], electrochemical reduction-anodization [43] and others. Nevertheless,
hydrogenation is the most employed method for synthesizing black TiO,. However new methods

for black TiO, synthesis are also required [27].

The present report describes the experimental investigation of the photocatalytically active black
colour TiO, formation by using a magnetron sputtering technique. Magnetron sputtering is a
widely used technique for the production of high quality coatings due to its scalability, versatility,
uniformity and repeatability [44]. J. Sicha et al. showed possibility to control structure and surface
morphology of deposited TiO, films by changing deposition rate, partial oxygen pressure and/or
mode of sputtering [45]. Moreover, P. J. Kelly et al. demonstrated that the choice of MS deposition

technique as well as dopant element has significant influence on structural formation and



photocatalytic activity of deposited coatings [46]. One of the most suitable dopants for

improvement of TiO, photocatalytic activity is carbon [47-50].

Various methods can be used to form magnetron sputtered carbon-doped TiO, films. R. Klaysri et
al. used pulsed direct current magnetron sputtering for the deposition of carbon-doped titania
coatings with CO, gas as the source of carbon. The promising photocatalytic activity was observed
while deposited carbon-doped TiO, films could decompose methylene blue dye under visible light
irradiation [47]. Similar magnetron sputtering technique with CO, gas as carbon source was
applied by other authors [48,49]. Two magnetron co-sputtering technique via reactive pulsed DC
power source was successfully applied for photocatalytical active carbon-doped TiO, film

formation [50]. However, all these methods require appliance of annealing or BIAS voltage.

In this study an alternative magnetron sputtering approach was used. Photocatalytic active black
colour carbon-doped TiO, films were deposited in oxygen atmosphere using single magnetron
with Ti cathode. Carbon powders were placed on the top of the cathode. This method required
only one magnetron during deposition while polycrystalline anatase/rutile phase could be
performed at room temperature. The analysis of the results is focused on the surface
characterization, chemical bonds, light absorption and photocatalytic activity by measuring

decomposition of methylene blue solution under UV and visible light irradiation.

2. Experimental

2.1 Carbon-doped TiO, films deposition

Carbon-doped TiO, films were deposited using unbalanced magnetron sputtering technique with
Ti cathode (95 mm diameter, 99.99 % purity). Carbon powder (99.5 % purity) was used for the in-

situ TiO, film doping. For each experiment 2 g of carbon powder was divided into four parts and



placed on Ti cathode as shown in Fig. 1. The size of carbon-covered area on Ti cathode was
approximately 1.2 cm? for each carbon part. The selected amount of carbon powder was
predetermined experimentally finding optimal conditions for the formation of carbon-doped TiO,
films. Each deposition process was started at room temperature and no auxiliary heat treatment
was used during or after deposition. During the deposition high purity (99.999 %) oxygen gas was
kept at a constant 1.3 pressure. Films were deposited on flat (Ra < 1 nm) fused silica substrates
(total size 10x20 mm, covered part 10x15 mm) using DC sputtering power of 675 W (current - 1.5
A, voltage 450 V). Prior to magnetron sputtering fused silica substrates were washed in isopropyl
alcohol in an ultrasonic bath and then dried out under dry air flow. The distance between the
sample and Ti cathode was fixed at 5 cm. As samples were placed directly above the magnetron,
sample size was significantly smaller than the cathode diameter and there were no indications of
films inhomogeneity. Therefore, deposition of TiO, films was performed without any additional
rotation of the substrate. During experiments magnetron sputtering was performed for 60, 120

and 180 min.

Sample Sample holder
Carbon powder Titanium
\ sputtering

zone

Magnetron

Fig. 1. Scheme of experimental set-up during carbon-doped TiO, formation.



2.2 Characterization

As-deposited carbon-doped TiO, films were analyzed using stylus profiler (Ambios XP-200) for
thickness measurement. Surface morphology measurement was performed with a scanning
electron microscope (SEM, Hitachi S-3400N) using a secondary electron detector. Energy
dispersive X-ray spectroscopy (EDS, Bruker Quad 5040) was used for the analysis of elemental
composition and elemental mapping of TiO2 films. Phase structure of the deposited films was
identified by X-Ray diffractometer (XRD, Bruker D8) operating with Cu Ka radiation. The crystallite
sizes were evaluated by Topas software with Lorentzian convolution. Surface roughness was
evaluated by an atomic force microscope (AFM, Microtestmachines NT-206). Chemical state of the
deposited TiO, films was analyzed with X-ray photoelectron spectrometer (XPS, PHI Versaprobe
5000) using monochromated 1486.6 eV Al radiation, 25 W beam power, 100 um beam size and 45°
measurement angle. Sample charging was compensated using dual neutralization system
consisting of low energy electron beam and ion beam. Prior to XPS measurements the surface of
TiO2 samples was pre-cleaned using Ar* ions. The electron paramagnetic resonance (EPR) spectra
of black colour carbon doped TiO2 were obtained using Bruker ELEXSYS-II E500 CW-EPR
spectrometer operated at 100 kHz modulation frequency, room temperature X-band (= 9.36 GHz)
and 2 G modulation amplitude. Samples were cut and placed in identical quartz EPR tubes
ensuring equal positioning of the tubes within the resonator. EPR spectra have been averaged

across 30 scans and normalized to the sample mass.

2.3 Testing of photocatalytic properties

Photocatalytic properties of carbon-doped TiO, films were tested by investigating bleaching of the
aqueous Methylene Blue (MB; Reachem Slovakia s.r.0.) solution under UV-A (Thorlabs M365PL1-

C5 lamp; nominal wavelength 365 nm, beam diameter 43 mm) and visible light (Thorlabs M455L3-



C5 lamp; nominal wavelength 455 nm, beam diameter 43 mm) irradiation. Methylene blue is
cationic dye with molecular formula C;4H;sCIN3S. Photocatalytic decomposition of methylene blue

can be expressed by the following equation [50]:

Ci6H1gCIN3S + 2550, =  HCL+ H,S04 + 3HNO3 + 16C0, + 6H,0 (1)
TiO2, hv > BG

Changes of the strongest peak intensity (absorption peak at ca. 665 nm) were used for the
determination of the MB solution concentration. It is known that MB could be photosensitized
with the light irradiation and as a consequence perverts the true values of photocatalytic activity
[51]. Therefore, in order to estimate such experimental inaccuracy, the influence of UV and visible
light irradiation on MB degradation was evaluated separately prior to the photocatalysis

experiments.

For the photocatalysis experiments samples were placed into 30 mm diameter Petri dish. Before
the measurements with the selected irradiation samples were kept in the dark for 24 hours. The
UV-A and visible light exposure experiments were started straight after 3 ml of 20 mg/L
concentration aqueous MB solution was syringed above the samples and top of the petri dish was
covered by fused silica disc to minimize evaporation of MB solution. Irradiation intensities at the
surface of the sample were 12 mW/cm? and 24.5 mW/cm? for UV-A and visible light respectively

(measured using Thorlabs PM16-401 Power meter).

UV-VIS spectrophotometer (Jasco V-650) was used for the tracking of MB concentration changes.
All measurements were repeated regularly at 30 minutes intervals with 1.5 ml volume. MB
solution was syringed back to the petri dish with the sample immediately after the spectroscopic

analysis (approximately 2 minutes).

3. Results and Discussion



EDS elemental analysis confirmed that deposited films consisted only from titanium, oxygen and
carbon. There were no additional impurities or traces element observed. It is important to
mention that the amount of doped carbon increased with the longer deposition time (see table
1.). Carbon concentrations were 1.65 at. %, 2.23 at. % and 3.74 at. % for TiO, films deposited for

60 min, 120 min and 180 min respectively.

SEM surface views of carbon-doped TiO, films after different deposition times are shown in Fig. 2.
It can be seen that in all cases carbon-doped TiO, films had rough surface with irregular shaped
features which consist of different size grains (approximate grains sizes were 50-150 nm for 60
min, 300-400 nm for 120 min and 400-500 nm for 180 min deposited carbon-doped TiO, films
respectively). Moreover, it was observed that clusters size increased with the larger film thickness.
Measured film thickness was approximately 1100 nm for 60 min deposited sample, 2250 nm for

120 min deposited sample and 3325 nm for 180 min deposited sample.

Fig. 2. SEM morphology views of carbon-doped TiO, films after a deposition time of a) 60 min, b)
120 min, c) 180 min.

EDS mapping was performed in order to evaluate carbon distribution in TiO, films. Fig. 3. shows
EDS mapping views of Ti, O, C elements. Fig. 3. shows EDS mapping views of Ti, O, C elements. It is
evident that for all samples carbon, titanium and oxygen are uniformly distributed over whole

analyzed area of TiO, films.



Fig. 3. EDS mapping views of Ti, O, C elements after deposition time of: a) 60 min, b) 120 min, c)

180 min.

In order to reveal more topographic details and obtain quantitative estimation of carbon-doped
TiO, films surface roughness, AFM measurement was performed. Fig. 4 represents AFM surface
images of carbon-doped TiO, films which were deposited for 60 min (a), 120 min (b), 180 min (c).
Quantitative as well as qualitative AFM data indicates that film surface after 60 min deposition is
rather smooth compared to films after longer deposition time: roughness parameters Ra and Rq
respectively were 7.6 nm and 11.4 nm for the first sample, 16.0 nm and 20.8 nm for the second,
21.4 nm and 26.2 nm for the third sample. These results agree with the SEM views and thickness
measurements and confirm that with the longer deposition time film microstructure evolves into

larger grains.



a) Ra=7.6 nm
Rg=11.4 nm

10.0

10.0 0

b) Ra=16.0 nm
Rg=20.8 nm

10.0

Fig. 4. AFM images of carbon-doped TiO, films: a) after 60 min deposition, b) 120 min deposition,

c) 180 min deposition.

Table 1. Main characteristics of carbon-doped TiO, films.

No. Deposition Thickness, Amount of Surface Crystalline size,  kvalue, X104 min!
time, min nm doped carbon, roughness, nm
atom. % nm
Ra Rg A(101) R(110) 365nm 455nm
1 60 1100 1.65 7.6 11.4 68.8 24.5 10.3 6.7
2 120 2250 2.23 16.0 20.8 55.1 18.0 25.8 7.5

3 180 3325 3.74 214 26.2 78.1 12.3 31.8 11.4
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Fig. 5. XRD patterns of carbon-doped TiO, films after 60 min, 120 min and 180 min deposition.

Fig. 5. shows the XRD pattern of carbon-doped TiO, films after 60 min, 120 min and 180 min
deposition time. It was observed that films have polycrystalline TiO, structure consisting of
anatase (tetragonal, 141/amd, JCPDS No. 21-1272) and rutile (tetragonal, P42/mnm, JCPDS No.
086-0148) crystalline phases. The most intensive anatase and rutile peaks have (101) and (110)
orientation respectively. Notably, it is observed that for shorter deposition times carbon-doped
TiO, tend to form a relatively strongly oriented film structures whereas with the longer deposition
time significantly less textured polycrystalline structure is formed. Similar polycrystalline structure
growth results using longer formation time were observed by other authors [52,53]. We suggest
that such behavior is related to the competing crystallization of two dissimilar TiO, phases.
Crystalline sizes were calculated for both anatase (101) and rutile (110) orientations. Anatase (101)
orientation showed a tendency to grow (68.8 nm after 60 min and 78.1 nm after 180 min

deposition time) while the crystalline size of rutile (110) orientation decrease during deposition



time (from 24.5 nm to 12.3 nm). Moreover, strong anatase (004) and (200) orientations were

observed after 180 min deposition time.
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Fig. 6. The XPS spectra of (A) survey, (B) C1s, (C) (Ti2p), and (D) O1s of TiO, films after (i) 60 min, (ii)

120 min and (iii) 180 min deposition time.

The chemical state investigation of carbon atoms incorporated into TiO, photocatalyst was

performed by XPS measurement. Prior to the sample analysis, the surface of carbon doped TiO,



films was gently pre-cleaned using Ar* ions. This allowed to avoid adventitious carbon during the
analysis. Nevertheless, strong carbon peak was observed even after pre-cleaning process. Fig. 6.
shows the XPS survey (A), C1s (B), Ti2p (C) and O1s (D) spectra of TiO, films after different
deposition times. The clear evidence of Ti, O and C elements could be seen in survey spectra. It is
important to mention that no additional elements or impurities were observed. All survey spectra
were very similar; however, some differences were observed by analyzing individual core level

spectra of C, Ti and O.

The C1s spectra of all three samples are shown in Fig. 6 (B). In all cases, it consists of four
components with the peak energies at approximately 282.2 eV, 284.7 eV, 286.2 eV and 288.9 eV.
The peak at 284.7 eV is attributed to C-C bond, which covers nearly 76 % of all C1s peak area. This
means that the majority of incorporated carbon does not react and influence TiO, states. The
other two peaks with the binding energies of 286.2 eV and 288.9 eV belong to C-O/C-OH and C-OH
bonds respectively [54]. The last peak of C1s spectra was observed at around 282.2 eV in all three
samples. Based on Y. Park et al. if anionic carbon species were doped into TiO, lattice the peak
would be found at 282 eV which is attributed to C-Ti bond [55]. Moreover, carbon could be doped
into TiO, lattice by substituting the O site and formed O-Ti-C bond. Due to the electronegativity of
carbon which is smaller than oxygen, electron density around Ti atom should be decreased
compared to C-Ti bond. This process invokes a small binding energy shift of C-Ti to higher energy
[56]. According to this explanation, we assert that carbon has been doped into TiO, lattice by
forming an O-Ti-C bond (C-TiO,). C1s peak fitting suggest that the concentration of carbon-doped

TiO, takes 3.3 %, 5.2 % and 6.8 % of C1s spectra area at (i), (ii) and (iii) samples respectively.

The Ti2p spectra are shown in Fig. 6 (C). Three Ti2p3/2 peaks were observed at binding energies of

455.0 eV, 456.8 eV and 458.7 eV (corresponding Ti2p1/2 are observed at 460.9, 463.0 eV and



464.4 eV) and were attributed to Ti%*, Ti%*, Ti** respectively. The appearance of Ti?* and Ti®* in TiO,
lattice is attributed to the Ar* sputtering during the XPS measurement [56,57]. The separation
between two Ti** peaks is 5.7 eV. This value agrees with the theoretical difference between these
two peaks of titanium dioxide and confirms the existence of TiO, compound. Moreover, a small
shift of Ti** was observed to lower energies (standard TiO, binding energy is 458.8 eV). The similar
shift to lower energies was observed at Ti-O bond in O1s spectra (Fig. 5 (D)). The peak around
529.8 eV was attributed to Ti-O bond (standard binding energy is 529.9 eV). These shifts were
invoked by carbon which is doped in TiO; lattice and confirm the formation of O-Ti-C bond. Other
two peaks were observed at 531.4 eV and 532.9 eV binding energies and corresponded to C-O and

C-OH bonds respectively [54].
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Fig. 7. ESR spectra views of TiO, films at room temperature

It is known that atoms or molecules with unpaired electrons have a significant influence in
photocatalysis, which can be quantitatively and qualitatively evaluated by ESR [58,59].
Measurements of ESR were performed at room temperature to characterize the unpaired

electrons or paramagnetic centers. ESR spectra of the investigated films are shown in Fig. 7. The



results showed that very strong ESR signal at g = 2.003 + 0.001 was observed by TiO, film after 180
min deposition. This could be attributed to the unpaired electron trapped on surface oxygen
vacancies [60,61]. Significant weaker signals at about g = 2.001 + 0.001 were observed for TiO,
films after 60 min and 120 min deposition respectively. Such significant decrease of ESR spectra
intensity implies the reduction of the Ti%* spins. The ESR results demonstrate that longer
deposition time may contribute to the generation of oxygen vacancies while TiO, is doped by
carbon. Similar results were observed by other authors where carbon or other dopants invoke

generation of oxygen vacancies in TiO, [62-65].

3.0+
2.5
] P 20
3 5
o
= @ 15
m
< o
> 1.04
=
=2
0.54
T r T T T V 0.0 y = T T |
400 500 600 700 800 900 1.5 2.0 25 3.0 3.5
Wavelength (nm) hv (e\/)

Fig. 8. Optical properties of deposited carbon-doped TiO, films: a) VIS-IR absorption spectra of
carbon-doped TiO; films b) Bang gaps based on Tauc plots.

One of the most important parameters for practical application of black colour carbon-doped TiO,
is the capability to absorb visible light of solar spectra [27,33]. The VIS-IR absorption spectra of
carbon-doped TiO, films after 60 min, 120 min and 180 min (black colour TiO,) deposition time are
shown in Fig. 8. Results showed that all black colour TiO, films have promising absorption
characteristics in visible light spectra. The redshift of absorption onset was observed in all samples
compared to compared to commercially available TiO2 P25 degussa powders [66]. Moreover, the
significant absorption in the range between 400 nm and 700 nm was observed for TiO, films

deposited 120 and 180 min respectively. Similar results were observed by W. Hui et al., which



incorporated Cu particles into heterojunction rutile/anatase phase TiO, films. They claimed that
higher visible light absorption is related to the reduction of TiO, band gap [67]. Moreover, similar
results were observed by other authors, which analyzed carbon-doped TiO, photocatalyst

[55,56,66,68,69].

The optical band gaps of deposited carbon-doped TiO, films were obtained using Tauc plots,
following procedure described in paper of S. Kumal et al [70]. It was evaluated that the optical
band gap of transparent TiO, film was about 3.3 eV while optical band gap of black colour TiO,
films varied from approximately 2.2 eV to 2.4 eV, according to Fig.8, b. This indicates that the
formation of carbon-doped TiO, during magnetron sputtering influence reduction of its optical

band gap. This could be the main reason for improved visible light absorption.
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Fig. 9. Photocatalytic degradation kinetics of MB dye by TiO, films irradiated with a) 365 nm

wavelength and b) 455 nm wavelength irradiation.

Decomposition of MB solution by carbon-doped TiO, films irradiated with UV-A (365 nm) and
visible light (455 nm) irradiation are shown in Fig. 9. (a) and Fig. 9. (b). Also, the rate constants of
MB photocatalytic degradation (first-order reaction constants, k values) for carbon-doped TiO,
films with different deposition time were extracted from linear fitting of the curves variation of
In(C/Co) with exposition time (table 1). It is important to note that the rate of MB absorption by

carbon-doped TiO, films and MB bleaching under UV-A and visible light without photocatalyst



were negligible (k values < 1 x 10 min‘1). Accordingly, this data was not included in Fig. 9. and

table 1.

Results of MB bleaching experiment showed that all deposited carbon-doped TiO, films exhibit
photocatalytic decomposition properties. The highest decomposition rate was observed by using
carbon-doped TiO, film after 180 min deposition time (k values 3.18x10° min? with UV-A and
1.14x10° min! with visible 455 nm light irradiation) while the lowest decomposition ratio was
observed by carbon-doped TiO, films after 60 min deposition time (k values 1.03x103 min?! with
UV-A and 0.67x10° min?! with visible 455 nm light irradiation). These photocatalytic
decomposition properties could be related to several processes. First of all, XRD analysis showed
that deposited carbon-doped TiO, films have both anatase and rutile crystalline phases. A lot of
researchers claimed that heterojunction of two phases have synergistic effects and can improve
the photocatalytic activity compared to pure TiO, phases. Normally, by absorbing light electrons
are excited from the valence band to the conduction band of the same material and fall-back to
the valence band during electron-hole recombination. Anatase has wider band gap compared to
rutile [15], therefore at the heterojunction electron also can jump from conduction/valence band
of anatase to conduction/valence band of rutile. This means that at heterojunction, electrons can
spend more time at “unified” conduction band and sometimes have no space for the relaxation to
the valence band. Altogether this reduces the possibility of electron-hole recombination [71,72].
Moreover, different orientations of the same phase also have different photocatalysis
characteristics which could also have a positive influence on photocatalysis [73]. X. Wang et. all
showed that higher anatase TiO, crystalline size have a positive influence on its photocatalytic
properties [74]. The similar results were observed in the presented case where the highest
photocatalytic activity was observed using carbon-doped TiO, film after 180 min deposition

(anatase TiO, crystalline size 78.1 nm, see table 1). Higher surface roughness resulting in higher



specific surface area, as well as larger crystallite size, could also have positive effect on
photocatalytic activity. Higher roughness determines higher active contact area between TiO, film
and tested solution [74]. Finally, incorporation of carbon into TiO, film and formation of carbon-
doped TiO, phase allowed to reduce its band gap, change its colour from transparent to black and
as a consequence to improve visible light absorption properties. Arguably the lowering of the band
gap was the most important advancement in order to form TiO, films which are photocatalytically

active under visible light (455 nm) irradiation.

4. Conclusions

Black colour anatase/rutile heterostructure carbon doped TiO, films (1.65 at. % to 3.74 at. %
carbon) were deposited using is-situ DC magnetron sputtering technique. Throughout analysis of
the films showed that TiO, film thickness, surface roughness and crystalline size increase with the
longer deposition time. XPS analysis confirmed carbon incorporation into the TiO, film. ESR
demonstrated generation of oxygen vacancies where unpaired electron was trapped. Analysis of
the optical properties of the carbon-doped TiO, films revealed that incorporation of carbon during
deposition process can reduce the optical band gap of TiO, from approximately 3.3 eV to 2.2-2.4
eV. Accordingly, MB bleaching experiment showed that black colour TiO, films exhibit significant
photocatalytic activity under both UV-A (365 nm) and visible light (455 nm) irradiation. The highest
MB decomposition rates were observed for carbon-doped TiO, film after 180 min deposition time,
where the first order reaction constants were 3.18x107° min? with UV-A and 1.14x103 min'! with
visible 455 nm light irradiation respectively. These results showed that such black colour TiO,
formation technique has promising characteristics for further photocatalytically active TiO,

formation.
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Figure Captions
Fig. 1. Scheme of experimental set-up during carbon-doped TiO, formation

Fig. 2. SEM morphology views of carbon-doped TiO, films after a deposition time of a) 60 min, b)

120 min, c) 180 min

Fig. 3. EDS mapping views of Ti, O, C elements after deposition time of: a) 60 min, b) 120 min, c)
180 min.

Fig. 4. AFM images of carbon-doped TiO, films: a) after 60 min deposition, b) 120 min deposition,

c) 180 min deposition
Fig. 5. XRD patterns of carbon-doped TiO, films after 60 min, 120 min and 180 min deposition time

Fig. 6. The XPS spectra of (A) survey, (B) C1s, (C) (Ti2p), and (D) O1s of TiO, films after (i) 60 min,
(ii) 120 min and (iii) 180 min deposition time

Fig. 7. EPR spectra views of TiO2 films at room temperature

Fig. 8. Optical properties of deposited carbon-doped TiO, films: a) VIS-IR absorption spectra of
carbon-doped TiO, films b) Bang gaps based on Tauc plots

Fig. 9. Photocatalytic degradation kinetics of MB dye by TiO, films irradiated with a) 365 nm

wavelength and b) 455 nm wavelength irradiation
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