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Abstract: In this study, we report the use of a radiofrequency plasma-assisted chemical vapor de-
position (RF-CVD) system with a hollow cathode geometry to hydrogenate anatase TiO2 thin films.
The goal was to create black TiO2 films with improved light absorption capabilities. The initial TiO2

was developed through magnetron sputtering, and this study specifically investigated the impact
of hollow cathode hydrogen plasma (HCHP) treatment duration on the crucial characteristics of the
resulting black TiO2 films. The HCHP treatment effectively created in-bandgap states in the TiO2

structure, leading to enhanced light absorption and improved conductivity. Morphological analysis
showed a 24% surface area increase after 15 min of treatment. Wettability and surface energy results
displayed nonlinear behavior, highlighting the influence of morphology on hydrophilicity improve-
ment. The anatase TiO2 phase remained consistent, as confirmed by diffractograms. Raman analysis
revealed structural alterations and induced lattice defects. Treated samples exhibited outstanding
photodegradation performance, removing over 45% of methylene blue dye compared to ~25% by
the pristine TiO2 film. The study emphasized the significant impact of 15-min hydrogenation on the
HCHP treatment. The research provided valuable insights into the role of hydrogenation time using
the HCHP treatment route on anatase TiO2 thin films and demonstrated the potential of the produced
black TiO2 thin films for photocatalytic applications.

Keywords: black TiO2; hollow cathode; hydrogen plasma; hydrogenation; photocatalysis

1. Introduction

Nowadays, semiconductor materials have been extensively researched as they form
the foundation for a wide range of electronic and optoelectronic devices that can be applied
in sectors focused on addressing environmental and energy challenges [1–3]. In the context
of technologies such as solar cells, hydrogen production, or water purification, a desir-
able characteristic for the application of semiconductors is the absorption of all sunlight
radiation, or at least most of it, that reaches the Earth [4]. This presents a challenge, as
many of the semiconductor-based materials used for these purposes typically possess wide
bandgaps, which do not permit the absorption of the entire solar spectrum, encompassing
the ultraviolet (UV), visible (Vis), and near-infrared (NIR) ranges [5]. Consequently, nu-
merous researchers have been devoted to the modification of these materials to enhance
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their optoelectronic properties, aiming for maximum absorption of radiation in the visible
region [6–8].

In 2011, Chen et al. published a study on a novel structural modification conducted
on pristine TiO2 nanoparticles (NPs) [6]. They reported that this newly modified TiO2,
termed “black TiO2”, was capable of absorbing electromagnetic radiation from the UV to
the NIR range. This enhanced absorption was a result of the bandgap narrowing from
3.3 eV (pristine anatase TiO2) to 1.54 eV (black TiO2), achieved after heat treatment in
a hydrogen atmosphere under high pressure using a Hy-Energy Pressure–Composition
Isotherm (PCTPro) [6]. This hydrogenation process induced the creation of defects and
structural disorder in the TiO2 NPs, facilitated by the incorporation of hydrogen and
the removal of oxygen atoms. This was responsible for the bandgap narrowing and the
subsequent increase in light absorption [6].

Considering the extreme experimental conditions employed by Chen et al., such as
high hydrogen pressure (a flammable gas) and lengthy process times, numerous stud-
ies have since been conducted with proposals to optimize the hydrogenation methodol-
ogy [9,10]. The primary expected characteristics of black TiO2 include bandgap narrowing,
the creation of Ti3+/Ti2+ oxidation states, oxygen vacancies (Vo), microstructural disor-
der, increased surface area, presence of OH groups on the surface, in-gap states, and
enhanced absorption of visible light [11]. To date, the most used methods are based on
laser processes [12], plasma-assisted treatments [13], chemical reductions [14], and low-
/high-pressure heat treatments [15–17]. Among these, plasma-based processes have been
employed through various configurations: thermal plasma furnaces [18], non-thermal
dielectric barrier discharges (DBD) [19], plasma sprays [20,21], chemical vapor deposition
(CVD) [22,23], and others [13,24]. In this context, the CVD method is one of the most
promising for synthesizing black TiO2, primarily due to its relatively mild conditions (low
pressure and short processing time) and the intense chemical reactions that this technique
offers without damaging the material’s internal microstructure.

Numerous studies have reported black TiO2 NPs treated under a hydrogen atmosphere
and subsequently applied in various fields, such as lithium-ion batteries [25], photocataly-
sis [26], photothermal cancer therapy [27], and others. In contrast, only a few studies have
explored the use of black TiO2 in thin-film form as a potential alternative for enhancing
photocatalytic activity [22,23].

Black TiO2 thin films offer several advantages compared to black TiO2 NPs as their
morphology provides improved performance when applied to solar cells and photocatalytic
treatments. Furthermore, their form allows for the easy reuse of the same thin film, mini-
mizing secondary residues in the natural environment where photocatalysis is performed,
which may not be the case when using powders.

Recently, an RF-CVD system integrated with an HCHP setup was employed for hy-
drogenating anatase TiO2 thin films [11]. This method proved to be swift and effective,
producing black TiO2 thin films with enhanced solar light absorption in a short processing
duration, thus showing promise as a photocatalyst for pollutant degradation [11]. The
current study builds upon these findings, exploring the impact of HCHP processing time
on the properties and photocatalytic activity of black TiO2 thin films. In this experiment,
pristine anatase TiO2 thin films were subjected to HCHP treatment for varying treatment
times (15, 30, 45, and 60 min) under controlled plasma parameters. Post-treatment, each
sample was assessed, considering morphological, microstructural, chemical, optical, elec-
trical, and wettability characteristics. This evaluation was conducted to garner a deeper
understanding of how the processing time during HCHP treatment influences the overall
performance of the resulting black TiO2 thin film. The photocatalytic activity was gauged
by observing the degradation of methylene blue (MB).
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2. Materials and Methods
2.1. Materials

Silicon wafers and glass slides were adopted as substrates in this study. Pieces of
0.5 × 0.5 cm2 p-type Si (100) were purchased from UniversityWafer Inc. (South Boston, VA,
USA). Wafers of 2 × 2 cm2 glass were obtained from Perfecta (ExaCta, São Paulo, Brazil).
All substrate surfaces were well cleaned before use [28]. The purity degree of the titanium
(Ti) target, even with the oxygen (O2), argon (Ar), and hydrogen (H2) gases used in this
study (see Sections 2.2 and 2.3), was 99.999%.

2.2. Pristine Anatase TiO2 Thin Films Growth

Pristine TiO2 thin films 300–400 nm thick were grown onto pieces of glass and
Si (100) using a DC reactive magnetron sputtering system with a circular
Ti target (34 mm diameter) [29]. More details concerning this step can be seen in
the Supplementary Materials. Following the deposition process, the TiO2 thin films were
subjected to an annealing treatment at 450 ◦C using an INTI FT-1200 tubular oven under
atmospheric pressure for a duration of 120 min, aiming to promote the prevalence of the
anatase phase. The heating and cooling rates were 10 ◦C min−1 and 2 ◦C min−1, respectively.

2.3. Hydrogenation Process

The HCHP treatment was performed to hydrogenate the pristine anatase TiO2 thin
films using an RF-CVD system with a hollow cathode geometry, which is schematically
illustrated in Figure S1. Additionally, more details concerning this setup can be found in
the Supplementary Materials.

In this paper, the samples were named as: (i) (P-TiO2), pristine TiO2; (ii) (B-15), black
TiO2 produced after 15 min; (iii) (B-30), black TiO2 produced after 30 min; (iv) (B-45),
black TiO2 produced after 45 min; and (v) (B-60), black TiO2 produced after 60 min of
HCHP treatment.

2.4. Thin Film Characterization
2.4.1. Morphological Analysis

A mechanical profilometer (KLA-Tencor, P-7) was used to measure the average thick-
ness of pristine and black TiO2 thin films. These measurements were possible by the
formation of steps on a specific region of the samples during the deposition and HCHP
processes. Moreover, AFM images (1 µm2) were acquired using Shimadzu (SPM 9500J3)
equipment in which the surface area of the produced thin films was determined by the
Shimadzu SPM-9500 Series Version 2.4 software.

2.4.2. Crystalline Structure and Chemical Analysis

The crystalline structure of the samples was investigated using an X-ray diffractometer
(PANalytical Empyrean) with Cu Kα (1.5405 Å for Kα1) as a source of incident radiation us-
ing 40 kV and 40 mA. The measurements were performed from 20◦ to 80◦ (Bragg–Brentano)
range with a speed of scanning of 3.2◦ per min using step size and time per step of 0.013◦

and 60 s/step, respectively. The average crystallite size was acquired from the Rietveld
refinement using HighScore software [30]. Raman spectroscopy spectra in the range of
100–700 cm−1 (with spectral resolution lower than 1 cm−1) were collected using a Horiba-
Evolution Raman spectrometer equipment using a 532 nm laser as an excitation source
with power < 10 mW. The XPS examination was not preceded by any sputtering processes
on the surface zone of the samples. The surface chemical and molecular composition of
the produced samples were investigated by the acquisition of the Ti 2p and O 1s high-
resolution spectra by X-ray photoelectron spectroscopy (XPS) using a Kratos Axis Ultra
spectrometer with a monochromatic Al Kα (hν = 1486.69 eV) source at 120 W. The ac-
quired spectra were analyzed utilizing CasaXPS software, specifically version 2.1.0.1 [31].
The peaks deconvolution was carried out using a Voight line shape after subtracting a
Shirley-type background.
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2.4.3. Optical and Electric Analysis

The optical properties of the black TiO2 thin films were investigated using a UV-Vis-
NIR spectrophotometer (Jasco, model V-570, Tokyo, Japan). This instrument is equipped
with a 150 mm integrating sphere, and transmittance measurements were conducted over
a range of 190 to 2500 nm, with the incident radiation directed normally onto the samples.

Four-point probe analysis (Jandel, RM3000, Leighton Buzzard, United Kingdom)
was performed to acquire the sheet resistivity from the thin films. The analysis in-
volved applying a current of 100 µA at three distinct points on the sample, and the
mean and standard deviation values of the sheet resistance were calculated based on the
obtained data.

To examine the characteristics and alterations in the valence band of the produced
TiO2 thin films following the HCHP process, XPS analysis was performed within the lower
energy range of 0–12 eV. For that, the same equipment described in the previous section
was used.

2.4.4. Wettability and Surface Energy Analysis

Goniometry analysis was performed by measuring the contact angles between sample
surface and the droplet of a polar and nonpolar liquid (deionized water and diiodomethane,
respectively) using a goniometer (Ramé-Hart, Model 500-Advanced Goniometer, Succa-
sunna, USA). The contact angles were measured in three different regions of each sample.
The average values from the acquired data were used to determine the contact angle
and the surface energy. Surface energy values were calculated with a software program
(DROPimage Advanced, version 2.4) that uses the harmonic mean method applied to the
acid-base theory.

2.4.5. Photocatalytic Activity Evaluation

The photocatalytic degradation experiments were conducted using a custom-built
reactor, which was equipped with six air-cooled UV-visible germicide lamps (Osram, model
HNS G13-G15T8/OF) with a power output of 15 W each. Additional information regarding
the experimental setup can be found in Figure S2. The lamps emitted an irradiance of
2.2 mW cm−2 at the position of the sample [32,33]. It is important to note that the reference
cell did not detect the main emission peak of the lamps at 250 nm, suggesting that the
actual irradiance at the sample position might be higher than the reported value (refer
to Figure S3).

3. Results and Discussion
3.1. Morphological Characteristics

The thickness of the thin film diminishes as the hydrogenation duration increases. In
this regard, the P-TiO2 sample exhibits the greatest thickness, approximately 342 nm, while
the B-60 sample displays the least thickness at approximately 202 nm, as demonstrated
in Table 1.

Table 1. Thickness and surface energy values of the TiO2 thin films for various HCHP treatment durations.

Sample Thickness (nm) Surface Energy (mN/m)

P-TiO2
B-15
B-30
B-45
B-60

342 ± 47
309 ± 10
291 ± 17
265 ± 21
202 ± 12

61.3 ± 0.4
70.0 ± 0.2
67.0 ± 0.2
60.0 ± 0.3
47.0 ± 0.4

The obtained AFM images (Figure 1) illustrate that the pristine film displays round-
shaped agglomerates with an approximate average diameter of 70 nm, while the B-15
sample presents smaller grains with an average diameter of approximately 40 nm. A subtle
alteration was observed in the morphological aspects for samples with treatment durations
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exceeding 15 min, characterized by the emergence of some valleys and a reduction in grain
size diameter.
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Figure 1. AFM 2D and 3D images, alongside water droplet photographs depicting the contact angles
formed with the surface of (a) pristine and black TiO2 films treated in the HCHP process for durations
of (b) 15, (c) 30, (d) 45, and (e) 60 min. For each sample, the surface area (Sa) obtained by AFM
measurements is presented.

The measured surface areas (Sa) are presented in Figure 1. The B-15 sample exhibits
a higher surface area (approximately 1.30 ± 0.01 µm2) compared to the samples treated
for extended durations, which display reduced surface areas. These findings suggest that
during the initial minutes of treatment, the hydrogen plasma etches the borders of the large
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grains present in the pristine film, resulting in a rougher surface. However, this etching
becomes detrimental for treatment durations exceeding 15 min, causing a smoothing of the
film surface, consistent with the AFM results.

The etching caused by hydrogen plasma species has been previously observed in simi-
lar studies [34,35]. The authors also reported the emergence of valleys and holes resulting
from the etching effect of hydrogen radicals, which can be explained by the desorption of
oxygen atoms that have reacted with hydrogen radicals. Moreover, following the oxygen
desorption, some Ti atoms may be left unbound and subsequently volatilize after absorbing
sufficient energy provided by the activated hydrogen radicals from the plasma [34]. This
phenomenon is particularly noticeable in this work, primarily for treatment durations
exceeding 15 min, due to the employment of a hollow cathode, which renders the hydro-
gen plasma denser than in a conventional geometry, leading to more energetic hydrogen
reactions with the TiO2 surface [11].

3.2. Wettability and Surface Energy Characteristics

The contact angle measurements are presented in Figure 1. All samples exhibit hy-
drophilic behavior. Although the contact angle values decrease from 49◦ (pristine TiO2) to
33◦ for brief exposure to the HCHP treatment (sample B-15), they begin to increase as the
hydrogenation duration is extended, reaching 69◦ for the sample B-60.

As shown in Table 1, the surface energy of the produced samples follows the same
trend as the water contact angles, as wettability, and consequently surface energy, depends
on the chemical surface composition as well as the morphological pattern of the film
surface [28,36].

The results can be attributed to the morphological pattern change observed in the
sample B-15 and the significant enhancement of OH species concentration on its surface,
which will be discussed later. Similar results were obtained by Han et al., who attributed the
improvement in hydrophilic character to the presence of OH radicals capable of forming
hydrogen bonds with water molecules [36]. However, for HCHP treatment durations
longer than 15 min, we believe that the morphological changes were the primary factor in
decreasing the surface energy, as we detected similar content of OH groups in the samples
B-15, B-30, B-45, and B-60 (see Section 3.4) but different morphological patterns and surface
area reduction after 15 min of hydrogenation. Thus, we propose that the changes observed
in B-15 (the emergence of more pronounced valleys among the smaller grains) were the
main contributor to the reduced hydrophilic behavior, i.e., the decrease in surface energy
following 15 min of HCHP treatment.

3.3. Microstructural Characteristics

Anatase TiO2 patterns (ICOD 01-089-4921) were observed in both the pristine and
black TiO2 sample diffractograms, as can be seen in Figure 2a. This suggests that neither the
incorporation of hydrogen into the TiO2 microstructure nor the temperature of the hydrogen
plasma treatment (approximately 260 ◦C) were sufficient to significantly alter the original
TiO2 anatase tetragonal microstructure. From the XRD patterns of pristine TiO2 and black
TiO2 films, the primary crystalline plane of anatase TiO2 films (101) can be observed in
all samples. The intensity of the (101) reflection, as well as that of other peaks, slightly
decreased with increasing H doping, and the peaks shifted towards lower 2θ values, as
depicted in Figure 2b. Furthermore, a decrease in the (101) peak’s relative intensity can be
observed, accompanied by a subtle increase in its FWHM. These changes may indicate the
occurrence of stress in the films due to the hydrogen plasma treatment. This is attributed to
lattice disorder induced by the creation of Vo, primarily because of the chemical interaction
between the reactive species (H+ and OH- mainly) formed in the hydrogen plasma with the
TiO2 thin film surface [11,37] and the high kinetic energy that the hydrogen ions from the
plasma impart to the film surface [38].
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Furthermore, the P-TiO2 average crystallite size was approximately (86.5 ± 7.7) Å,
while the samples hydrogenated for 15, 30, and 45 min displayed an average crystallite
size ranging from (89.7 ± 11.3) Å to (96.7 ± 9.0) Å. In contrast, B-60 exhibited a decrease to
(73.0 ± 2.8) Å, which can be related to the previous discussion.

The reduction in average crystallite size following the hydrogenation process, as
observed in the B-60 sample, may be attributed to the increase of Vo, and consequently,
the lattice disorder created [39,40]. However, changes may also have occurred in the
other samples, as we believe that the HCHP treatment can only hydrogenate the film’s
surface [11]. Considering that Cu-Kα X-rays might penetrate approximately 15 µm in
depth within the samples, the changes occurring on the surface of the hydrogenated layer
of the black TiO2 thin films are obscured by the higher counts detected by the reflection
of the planes corresponding to the pristine TiO2 crystalline layer located beneath the
hydrogenated layer, as depicted in Figure 3. Therefore, since B-60 likely has the thickest
hydrogenated layer, the average crystallite size change was observed solely in this sample.
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Figure 4. Raman spectra of the samples, highlighting the main anatase vibrational modes. 

Figure 3. Schematic illustration of the pristine and black TiO2 thin films, emphasizing their mi-
crostructures and the hydrogenated layer following HCHP treatment.

As depicted in Figure 4, micro-Raman spectroscopy analysis was conducted to evaluate
the anatase TiO2 vibrational modes. Only anatase TiO2 vibrational modes could be detected
for all samples, in agreement with the XRD results. However, by analyzing the position and
profile of the main Eg anatase vibrational mode (approximately 140 cm−1), some interesting
behaviors could be observed.
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Figure 4. Raman spectra of the samples, highlighting the main anatase vibrational modes. Figure 4. Raman spectra of the samples, highlighting the main anatase vibrational modes.

Table 2 demonstrates that this peak exhibits a slight blue-shift following the hydro-
genation process for all samples. Additionally, a significant increase in the FWHM of this
peak was observed [41]. Both blue-shift and FWHM increase of the main Eg vibrational
mode detected after TiO2 hydrogenation was also observed in previous works and is
attributed to the structural changes that the TiO2 suffers by the induced lattice defects,
i.e., structural disorder promoted by the creation of Vo [16,42].

Table 2. Representation of the peak center and FWHM of the main Eg anatase vibrational
mode values, along with strain variation for the chemical bonding character at different HCHP
treatment durations.

Sample Eg Peak Center (cm−1) Eg FWHM (cm−1)

P-TiO2
B-15
B-30
B-45
B-60

139.44
140.26
141.15
140.88
142.29

10.77
13.40
14.87
17.32
16.18
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3.4. Chemical Characteristics

Surface chemical states and composition relating to each sample were investigated
using XPS analysis by deconvolution of the Ti 2p3/2 and O 1s high-resolution spectra, as
shown in Figure 5a,b, respectively.
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Figure 5. High-resolution XPS spectra of (A) Ti 2p3/2 and (B) O 1s peaks of each sample before
and after the HCHP process during 15, 30, 45, and 60 min. Open circles and lines represent the
experimental data and the fit, respectively.

The Ti 2p3/2 curve of the pristine sample can be deconvoluted into a single peak
centered at approximately 459.7 eV, which is associated with the Ti4+ oxidation state [37].
The same Ti 2p3/2 peak undergoes a redshift of about 0.8 eV after the hydrogen treatment
(B-60 sample), which can be linked to a decrease in electron density around Ti atoms-a strong
indication that a Ti reduction reaction occurred during the hydrogen plasma treatment [43].
Indeed, the Ti 2p3/2 curves obtained from the black TiO2 samples can be deconvoluted into
three peaks centered at roughly 458.88 eV, 456.91 eV, and 455.54 eV, which are assigned to
Ti4+, Ti3+, and Ti2+ oxidation states, respectively [36,39]. The reduction of Ti4+ to Ti3+/2+

species is a consequence of the hydrogenation process through the formation of Vo [44],
which were formed primarily due to the removal of oxygen atoms from the TiO2 lattice by
the creation of H2O volatile molecules resulting from the interaction between hydrogen
ions from the plasma and the oxygen atoms from the film [11,37]. The Ti atoms with
3+ and 2+ oxidation states, generated after the hydrogenation process, were also detected in
previous studies and attributed to Ti3+ ions in Ti2O3 and Ti2+ ions in TiO [45]. Consequently,
two chemical reactions are possible because of the interaction between the reactive species
produced in the hydrogen plasma and the TiO2 thin films during the HCHP treatment [11]:

2TiO2

Hydrogen Plasma
+2H

−−−−−−−−−−−−−−→ Ti2O3 + H2O ↑
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and

TiO2

Hydrogen Plasma
+H

−−−−−−−−−−−−−−→ TiO + H2O ↑

It can be observed that in the presence of hydrogen plasma, TiO2 might interact with
H atoms, resulting in both Ti2O3 and/or TiO and H2O volatile molecules. It is important
to highlight that reports mainly describe the oxidation state reduction of titanium atoms
after the hydrogenation process to Ti3+ species only [10]. However, previous studies also
show Ti4+ reduction to Ti with 2+ oxidation states, besides the Ti3+ [36,37,40]. In general,
these works reported the presence of Ti2+ species in its black TiO2 mainly due to the direct
reduction of Ti4+ oxidation states to Ti2+ induced by the efficient/assertive method used to
induce structural defects in TiO2. In this work, the presence of Ti2+ species can be related to
the high density and energy of the hydrogen plasma generated by a hollow cathode geometry,
which was able to promote the direct reduction of Ti4+ to Ti2+.

Considering the percentage area under each curve, a significant increase (~26%) of
Ti3+/2+ species after 15 min of treatment can be noted in Table 3, but for times over 15 min,
the black TiO2 films achieve a slight increase of Ti3+/2+ species concentration, reaching a
maximum of ~30% for the sample B-60.

Table 3. XPS elemental composition in atomic percentage (at. %) and deconvolution data.

Sample Ti 2p3/2 O 1s

Ti3+/2+ Ti-OH/TiOx Ti-O

P-TiO2
B-15
B-30
B-45
B-60

0
26.41
26.87
27.76
30.46

45.47
52.98
52.52
52.13
53.23

54.53
47.02
47.48
47.87
46.77

Concerning the O 1s high-resolution curve (Figure 5b), both pristine and black TiO2
thin films can be deconvoluted into two peaks, one centered at around 532.1 eV, which may
be assigned to hydroxyl groups bonded to Ti atoms (Ti-OH) or/and Vo (TiOx) neighboring
the Ti atoms with 3+/2+ oxidation state, and one at around 530.8 eV that may be due
to Ti-O bindings [39,40,43]. From the acquired percentage area under each deconvoluted
curve, an expressive concentration increase (from ~45% to ~53%) of hydroxyl groups/Vo
on the sample B-15 and a slight variation around this value for superior treatment times
can be observed in Table 3, reaching a maximum of 53% for the sample B-60. The 45%
concentration for the peak centered at 532.1 eV for the pristine TiO2 thin film can be assigned
mainly to OH species from the atmosphere adsorbed on the film surface or even to intrinsic
structural defects on the thin film. In Table 3, the opposite behavior for the Ti-O bonding
can be observed, reaching a significant decrease for the sample B-15 (from 54.5% to 47.0%),
and a slight variation around 47% for superior times.

From Table 3, an increasing behavior at a ratio of 0.25% of hydroxyl groups/oxygen
vacancies and Ti3+/2+ species concentration on the black TiO2 thin film surface can be
observed as a function of hydrogenation process time. These findings align with previous
studies that have demonstrated the formation of Ti3+/2+ species because of the generation
of oxygen vacancies (Vo), as discussed earlier [37,44].

Therefore, the results obtained from the Ti 2p3/2 and O 1s deconvoluted spectra
indicate that the HCHP treatment was effective in promoting both Vo and Ti3+/2+ defects,
which can narrow the bandgap of TiO2 [6], as will be discussed further.

3.5. Optical and Electric Characteristics

The optical characteristics of the produced black TiO2 thin films were investigated
through transmittance measurements, as shown in Figure 6. The dashed line represents



Plasma 2023, 6 372

the glass substrate. As expected, all samples exhibit a well-defined bandgap energy Eg of
~3.2 eV at ~390 nm (UV), where the transmittance rapidly increases from zero to a value
above 30%, depending on the HCHP treatment time. The oscillations observed above
400 nm are due to the well-known interference effect caused by multiple reflections at the
film/substrate and film/air interfaces.
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Figure 6. The UV-Vis-NIR transmittance spectra were obtained for glass substrates, both pristine and
black TiO2 thin films, which were hydrogenated using the HCHP process for durations of 15, 30, 45,
and 60 min.

The spectra in Figure 6 demonstrate that the absorbance in the visible and NIR regions
increases proportionally with the hydrogen plasma exposure time. Moreover, even for the
longest treatment time, sample B-60, the black TiO2 thin films remain translucent.

The optical changes observed above are a direct result of a significant increase in
Ti3+/2+ band states defect density and the increase in tail states breadth between the valence
(VB) and conduction (CB) bands for the black TiO2 [6]. The presence of both phenomena
was confirmed by the XPS valence band spectra, as shown in Figure 7 and schematically
represented in Figure 8a.

All samples exhibit tail states (TS), denoted as ∆ in Figure 7. As the HCHP treatment
time increases, the TS breadth tends to expand, displaying a quasi-linear trend with a rate
of 6.8 × 10−3 eV min−1, as illustrated in Figure 8b. From Figure 7, a significant increase
in Ti3+/2+ defect band states can be observed, transitioning from the pristine sample to
the 15-min HCHP treated sample, as detailed in Table 3. Furthermore, the similar values
obtained for both Ds (TS breadths of 0.67 and 0.65 eV, respectively) and the Ti3+/2+ state
percentages (Table 3) for samples B-30 and B-45 can account for the comparable light
absorption performance observed in the spectrophotometry results (Figure 6).

Consistent with the results discussed in the preceding sections, Fan et al. reported
analogous changes concerning the TS in the valence band following the hydrogenation
process. The authors attributed the presence of these TS to structural disorder induced in
the TiO2 structure, primarily through the creation of Vo [46]. It is important to emphasize
that the existence of a TS with a size of 0.29 eV in the pristine TiO2 thin film is due to its
intrinsic structural defects, as previously mentioned.

Furthermore, the valence band (Figure 7) can be deconvoluted into four peaks centered
at 10.3 eV (γ), 7.7 eV (σ), 5.7 eV (π), and 4.5 eV (for the pristine sample), which are attributed
to OH groups, π-type molecular orbitals, σ-type molecular orbitals, and nonbonding
O 2p orbitals, respectively [37]. Additionally, another peak centered at 0.8 eV (for the pristine
TiO2) can be fitted to the acquired spectra and is associated with the Ti3+/2+ 3d states. These
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in-gap states, along with the tail states, contribute to narrowing the bandgap and consequently
increasing light absorption [47], which is in line with the spectrophotometry results.
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Figure 7. XPS valence band spectra were obtained for both pristine and black TiO2 thin films subjected
to the HCHP process for durations of 15, 30, 45, and 60 min.
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Figure 8. (A) Schematic representation of defect Ti3+/2+ and tail states occurring between the valence
and conduction bands; (B) the increase in tail state size as a function of HCHP treatment time, with
the red line representing a linear fit.

By analyzing the areas of the deconvoluted fitted peaks, we can quantitatively assess
the composition concerning each species and orbitals as the hydrogenation treatment
time increases. The percentage area of the γ peak increases at a rate of 0.11% min−1,
indicating a rise in the concentration of OH groups on the black TiO2 thin film as the HCHP



Plasma 2023, 6 374

process duration increases. Simultaneously, as the concentration of π-type molecular
orbitals increases, the σ-type molecular orbitals decrease at the same rate of ~0.7% min−1.
From Figure 7, it can be observed that the growth of the π-type molecular orbitals peak
contribution was the primary factor resulting in the TS size increase. Furthermore, the
concentration of nonbonding O 2p orbitals decreases at a rate of −0.14% min−1 as the
exposure time of the TiO2 thin films to the hydrogen plasma increases, which is consistent
with the previously discussed XPS results. These nonbonding O 2p orbitals are related to
the removal of oxygen atoms from the TiO2 structure [37].

Moreover, the alterations in the bandgap of black TiO2 thin films led to changes in
their electrical properties. Figure 9 demonstrates a significant sheet resistance reduction
of 99.98% after 15 min of hydrogenation, and for longer durations, the sheet resistance
of the samples continues to decrease, albeit at a slightly lower rate of −20 (Ω/�) min−1.
This enhancement in conductivity can be attributed to the increased concentration of
Ti suboxides (Ti3+/2+) in the black TiO2 thin films, as they result in an excess of electrons in
the electronic states adjacent to the Fermi edge [37,48].

Plasma 2023, 6, FOR PEER REVIEW    13 
 

 

for both Ds (TS breadths of 0.67 and 0.65 eV, respectively) and the Ti3+/2+ state percentages 

(Table 3) for samples B-30 and B-45 can account for the comparable light absorption per-

formance observed in the spectrophotometry results (Figure 6). 

Consistent with the results discussed in the preceding sections, Fan et al. reported 

analogous changes concerning the TS  in the valence band following the hydrogenation 

process. The authors attributed the presence of these TS to structural disorder induced in 

the TiO2 structure, primarily through the creation of Vo [46]. It is important to emphasize 

that the existence of a TS with a size of 0.29 eV in the pristine TiO2 thin film is due to its 

intrinsic structural defects, as previously mentioned. 

Furthermore, the valence band (Figure 7) can be deconvoluted into four peaks cen-

tered at 10.3 eV (γ), 7.7 eV (σ), 5.7 eV (π), and 4.5 eV (for the pristine sample), which are 

attributed to OH groups, π-type molecular orbitals, σ-type molecular orbitals, and non-

bonding O 2p orbitals, respectively [37]. Additionally, another peak centered at 0.8 eV (for 

the pristine TiO2) can be fitted to the acquired spectra and is associated with the Ti3+/2+ 3d 

states. These in-gap states, along with the tail states, contribute to narrowing the bandgap 

and consequently increasing light absorption [47], which is in line with the spectropho-

tometry results. 

By analyzing the areas of the deconvoluted fitted peaks, we can quantitatively assess 

the composition concerning each species and orbitals as the hydrogenation treatment time 

increases. The percentage area of the γ peak increases at a rate of 0.11% min−1, indicating 

a rise in the concentration of OH groups on the black TiO2 thin film as the HCHP process 

duration increases. Simultaneously, as the concentration of π-type molecular orbitals in-

creases, the σ-type molecular orbitals decrease at the same rate of ~0.7% min−1. From Fig-

ure 7, it can be observed that the growth of the π-type molecular orbitals peak contribution 

was the primary factor resulting in the TS size increase. Furthermore, the concentration of 

nonbonding O 2p orbitals decreases at a rate of −0.14% min−1 as the exposure time of the 

TiO2 thin films to the hydrogen plasma increases, which is consistent with the previously 

discussed XPS results. These nonbonding O 2p orbitals are related to the removal of oxy-

gen atoms from the TiO2 structure [37]. 

Moreover, the alterations in the bandgap of black TiO2 thin films led to changes in 

their electrical properties. Figure 9 demonstrates a significant sheet resistance reduction 

of 99.98% after 15 min of hydrogenation, and for longer durations, the sheet resistance of 

the samples continues to decrease, albeit at a slightly lower rate of -20 (Ω/□) min−1. This 

enhancement in conductivity can be attributed to the increased concentration of Ti subox-

ides (Ti3+/2+) in the black TiO2 thin films, as they result in an excess of electrons in the elec-

tronic states adjacent to the Fermi edge [37,48]. 

 

Figure 9. Sheet resistance (in kΩ per square-□) values as the HCHP treatment time increases. 

0 15 30 45 60
0

1

2

3

4

9995

9996

9997

9998

9999

10000

Treatment Time (min)

S
h

ee
t 

R
es

is
ta

n
ce

 (
K


/ 
 )

Figure 9. Sheet resistance (in kΩ per square-�) values as the HCHP treatment time increases.

3.6. Photocatalytic Degradation of Methylene Blue Dye

The photoactivity (PA) of pristine TiO2 and hydrogenated TiO2, treated for different
durations, is compared based on the photodegradation rate of methylene blue (MB) under
UV-Visible irradiation, as shown in Figure 10a. It is evident that the pure MB solution
displayed negligible photocatalytic activity when exposed to light. In contrast, the pho-
tocatalytic activity of the films increased under the test conditions due to hydrogenation
treatment, as evidenced by the concentration ratio (Co/C) of MB plotted against the light
irradiation time in the presence of the photocatalysts.

Figure 10a reveals that the B-15 and B-30 samples demonstrated higher photodegrada-
tion rates, with around 60% of the MB dye decomposed, while the B-45 and B-60 samples
exhibited photodegradation performance at around 45%. However, all black TiO2 samples
displayed superior photocatalytic performance compared to the pristine TiO2 film, which
decomposed only about 25% of MB after 90 min of reaction. The improved photocatalytic
performance of the black TiO2 films can be attributed to the presence of Ti3+/2+ interstitials,
oxygen vacancies (Vo), and hydroxyl radicals (OH) on the film surface. These findings
align with the results obtained from XPS analysis.

Although Ti3+/2+ and Vo species play a significant role in improving the PA, the
formed OH groups are the primary oxidative species in photocatalysis reactions, as they
exhibit strong performance in the photodecomposition of organic molecules. Moreover, the
enhanced surface area of the films may also play a role in improving photocatalytic activity,
as it is a crucial factor in enhancing dye degradation, as evidenced by the AFM results.
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The photodegradation reaction rates of pristine TiO2, pure solution, and all-black
TiO2 films are compared by plotting −ln(Co/C) against hydrogenation irradiation time,
as illustrated in Figure 10b. It was observed that the photoactivity of black TiO2 varies
depending on the hydrogenation time, and the PA did not increase consistently with longer
durations. When compared to the PA of pristine TiO2 (2.5 × 10−3 min−1), black TiO2 films
experienced a minimum two-fold increase in photoactivity after hydrogen treatment.

Figure 10b demonstrates that black TiO2 hydrogenated for 45, 60, 30, and 15 min ex-
hibited significant improvements in photoactivity, in descending order. The corresponding
reaction rate constants (k) were 5.1 × 10−3 min−1, 6.7 × 10−3 min−1, 7.1 × 10−3 min−1,
and 9.6 × 10−3 min−1, respectively. Prolonged hydrogenation may generate a high concen-
tration of oxygen vacancies (Vo) within the TiO2 bulk, inducing charge annihilation centers
and potentially increasing the electron-hole recombination rate. These factors, combined
with the reduction of the thin film surface area, may contribute to the impaired efficiency
of photocatalytic degradation.

This can lead to an improvement in visible light absorption while negatively affect-
ing the photocatalytic activity of black TiO2 nanomaterials, which may explain why the
B-15 and B-30 samples demonstrated better results than the others.

4. Conclusions

In conclusion, this study comprehensively highlights how the HCHP treatment in-
fluences the transformation of TiO2 thin films into black TiO2. The mechanism involves
introducing reactive hydrogen species to TiO2, triggering chemical reactions that create
oxygen vacancies and reduce Ti4+ oxidation states to Ti3+/2+ species. The presence of these
species and the induced lattice defects, including titanium suboxides, significantly alter the
film’s optical and electrical properties.

Notably, this treatment has boosted light absorption by ~30% and conductivity by
~99.98% after 60 min of treatment, ascribed to an increased presence of Ti3+/2+ interstitials,
oxygen vacancies, and hydroxyl radicals on the film surface. HCHP also results in an
expansion of tail states between the valence and conduction bands, facilitating the formation
of black TiO2. A 24% increase in surface area is observed within 15 min of treatment,
though this begins to decrease with longer durations. Despite these transformative surface
changes, the anatase phase of TiO2 remains intact, a testament to the treatment’s selectivity.
This treatment’s impact on the material’s morphological properties is underscored by a
change in surface energy and wettability patterns, hinting at the nuanced influence of
HCHP treatment.
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Experimental results validate the enhanced photocatalytic performance of the treated
samples. Following HCHP treatment, the samples eliminated more than 45% of MB dye, a
substantial improvement from the untreated film’s approximate 25%.

Overall, these findings underscore the power of the HCHP treatment process to
transform the photocatalytic properties of TiO2 films without disrupting their structural
integrity. Future studies should focus on the optimization of the treatment duration to
maximize photocatalytic performance, contributing to the development of more efficient
photocatalytic materials.
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