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Abstract: The novelty of this work was to prepare a series of defect-rich colored TiO2 nanostruc-
tures, using a peroxo solvothermal-assisted, high-pressure nitrogenation method. Among these
solids, certain TiO2 materials possessed a trace quantity of anatase–rutile heterojunctions, which
are beneficial in obtaining high reaction rates in photocatalytic reactions. In addition, high surface
area (above 100 m2/g), even when utilizing a high calcination temperature (500 ◦C), and absorption
of light at higher wavelengths, due to the grey color of the synthesized titania, were observed as
an added advantage for photocatalytic hydroxyl radical formation. In this work, we adopted a
photoluminescent probe method to monitor the temporal evolution of hydroxyl radicals. As a result,
promising hydroxyl radical formations were observed for all the colored samples synthesized at
400 and 500 ◦C, irrespective of the duration of calcination.

Keywords: grey titania; anatase–rutile heterojunctions; peroxo solvothermal-assisted; high-pressure nitro-
genation; photoluminescence probe method; hydroxyl radical generation; visible light-assisted photocatalysis

1. Introduction

The uniqueness of TiO2 in light-induced reactions, especially in photocatalysis, is
unequivocally accepted, and this material is considered the most efficient photocatalyst due
to its copious availability, low cost, non-toxicity, and photostability [1]. Among the various
phases of TiO2, anatase is considered the most efficient and active photocatalytic phase [2].
The wide bandgap of anatase (3.2 eV) can efficiently reduce the electron–hole recombination
as compared with rutile with narrower bandgap energy (3.0 eV) [3,4]. Anatase usually
displays higher activity than rutile in photodegradation of environmental pollutants [5,6],
while rutile is illustrated to be more active for photocatalytic water oxidation and overall
water splitting [7,8]. Researchers have adopted various strategies for the synthesis of
mixed-phase TiO2 structures. However, considerable photoactivity loss has been observed
at higher proportions of rutile [4]. Therefore, it is necessary to manage the existence of
the rutile phase in trace amounts. The anatase–rutile phase junction was first proposed by
Zhang et al., based on the enhanced photocatalytic activity of anatase–rutile mixed-phase
junction [9]. In such an anatase–rutile system, the rutile phase increases the stability, while
anatase contributes to the increased photocatalytic activity. In addition, a heterophase
junction formation between anatase and rutile can provide the transfer of photoinduced

Catalysts 2021, 11, 1500. https://doi.org/10.3390/catal11121500 https://www.mdpi.com/journal/catalysts

https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0002-8822-4089
https://orcid.org/0000-0002-8302-9284
https://orcid.org/0000-0002-3198-2954
https://doi.org/10.3390/catal11121500
https://doi.org/10.3390/catal11121500
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/catal11121500
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal11121500?type=check_update&version=1


Catalysts 2021, 11, 1500 2 of 15

electrons at the anatase–rutile interface and thereby improve charge separation leading to
further enhanced photocatalytic activity.

The color of material plays an important role in photocatalysis due to the absorption
of visible light, which represents 43% of the overall solar spectrum [10,11]. TiO2 is known
for its bright white color, which is the least absorption-effective color. Various techniques
were proposed to generate color of TiO2 and thus increase the absorption of light, such as
metal co-catalyst decoration and the treatment of TiO2 with gases such as hydrogen [12],
nitrogen [13], and argon [14] under high- or low-pressure environments. Among them, in-
ducing defects in TiO2 crystal structure has been found to be an effective method to increase
absorption [11]. In this direction, yellow [15], blue [16], red [17], grey [18], brown [19],
and black [20] TiO2 nanoarchitectures have been developed, and the mechanism of ex-
tended light absorption of colored titania was accounted by the generation of various
defect states, such as Ti3+, oxygen vacancies, and other surface disorders [21]. Among the
aforementioned methods, nitrogen doping is attractive because of its similar characteristics
to oxygen, such as electronegativity, ionic radius, and electronic polarizability [10]. The
p states in nitrogen can mix with the O 2p states, or the N 2p atomic orbitals can form a
new valence band (VB) instead of the O 2p atomic orbitals and narrow the bandgap [22].
In nitrogen-doped black TiO2, the coexistence of nitrogen impurities and oxygen vacan-
cies are responsible for visible light absorption and photocatalytic activity. In such an
instance, oxygen vacancies are responsible for the visible light response, and nitrogen in
the photocatalytic material inhibits oxidation of oxygen vacancies or the recombination
of incited electrons and holes [23]. Hence, there is a synergistic effect to properly dope
nitrogen and produce oxygen vacancies during the synthesis of a photocatalyst containing
nitrogen. In addition, a heterophase structure containing anatase and rutile can provide
the transfer of photoinduced electrons at the anatase–rutile interface and hence improve
charge separation for photocatalysis, as mentioned before.

The peroxide-assisted method is considered the most efficient for the synthesis of
the rutile TiO2 phase below the phase transition temperature. The H2O2 treatment on
hydrolyzed titanium species followed by calcination at 400 ◦C leads to anatase–rutile mixed
phase with efficient photocatalytic activity [24]. TiO2, obtained through exactly the same
procedure except for the calcination temperature (viz. 300 ◦C), has also paved the way
for anatase–rutile mixture, but with reduced rutile concentration [25]. There are reports
based on the hybrids of such anatase–rutile structures with graphene oxide support for
CO2 reduction [25,26]. Ullattil and Abdel-Wahab have recently developed self-oxygenated
anatase–rutile phase junctions using a peroxide-assisted solvothermal strategy; it has
been proven that anatase–rutile phase junctions are playing an important role in boosting
the efficiency of photocatalysis [15]. Another version of TiO2 has been developed by a
hydrothermal method, where a very small amount of hydrogen peroxide, with reactants
such as TiCl3 and TiN, has been used to synthesize two sets of TiO2 nanocrystallites with
anatase–rutile phase junctions [27]. In both sets of solids, the temperature was set 200 ◦C.
These materials were used in the photocatalytic hydroxylation of terephthalic acid and
hydrogen generation [27].

The presence of H2O2 in the liquid phase (formed via the activation of adsorbed oxy-
gen molecules with conduction-band electrons) facilitates the formation of many hydroxyl
radicals, which is the most common reactive oxidizing species that enables efficient photo-
catalytic reactions [28]. It has been proven that the concentration of hydroxyl radicals can
be higher when the crystal phase is rutile or a mixture of anatase and rutile [29]. When the
material is pure anatase, the scavenging of hydroxyl radicals with H2O2 occurs, leading to
reduced hydroxyl radical formation [30]. Therefore, it is necessary to exploit the benefits of
a visible light absorption and heterophase junction to obtain an active photocatalyst. It has
been reported that the grey titania nanostructures yield stable photocatalytic performance
in the absence of noble metals; the photoactivation was ascribed to the formation of surface
defect states such as oxygen vacancies and trivalent titanium ions (Ti3+) [31]. These defect
states can act as intrinsic co-catalytic centers to promote photocatalysis [32]. Furthermore,
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the heterophase junction between anatase and rutile improves the transfer of photoinduced
electrons at the anatase–rutile interface and boosts the charge separation, leading to higher
photocatalytic activity [4].

Based on these premises, the present manuscript explores the synthesis of anatase–
rutile heterophase junctions below the anatase–rutile transition temperature (~600 ◦C) by
a peroxo solvothermal-assisted high-pressure nitrogenation method. All TiO2 samples,
including the sample treated at 500 ◦C for 4 h, possessed surface area above 100 m2/g,
except for the TiO2 sample synthesized at 500 ◦C for 20 h (85 m2/g). Furthermore, we
report on high defect concentration and reduced electron–hole recombination; all these
features pave the way for promising hydroxyl radical concentration, detected using a
photoluminescent probe method where coumarin was used as a probe molecule. Besides,
coumarin is a water pollutant originating from pharmaceutical and personal care products
(PPCPs), causing environmental concerns worldwide.

2. Results and Discussion

To synthesize the defect-rich grey titania nanoparticles, a peroxo solvothermal-assisted
high-pressure nitrogenation method was utilized in this study. The incorporation of
nitrogen was confirmed using CHN elemental analysis. It was found that, except for the
pristine titania (PT), all other synthesized samples comprised of 0.7–3.2 wt.% of nitrogen
(Figure S1). All the synthesized samples contained low amounts of carbon (below 0.6 wt.%)
as a result of organic precursor used. As described below, the nitrogenation treatment
of PT sample at temperature ≥ 400 ◦C induced the formation of grey titania with the
presence of defects such as trivalent titanium ions (Ti3+) and oxygen vacancies, among
which the titania samples synthesized at 500 ◦C possessed trace quantity of anatase–rutile
heterophase junctions. The synthesis route adopted here passes through via a stable sol
network such as the peroxotitanate complex sol. This stable and uniform gel formation
can assist the retention of the anatase phase at higher temperatures. Such a uniform
system is considered to have caused the reduction in the anatase-anatase contact points
that possibly reduces the growth process of anatase particles and subsequently inhibit the
rutile formation [33]. However, nitrogen acted as an anatase-to-rutile phase promoter by
inducing defect states within the TiO2 crystal lattice [34].

2.1. Photocatalyst Characterization
2.1.1. XRD Analysis

The results of XRD analysis of synthesized TiO2 samples are summarized in Figure 1a.
All detected diffraction peaks correspond to TiO2-anatase and rutile, and no additional
peaks or peak shifts were observed. Combining the results of the presence of nitrogen
from CHN analysis with the XRD, it can be corroborated that the nitrogen atoms were
incorporated at the interstitial positions of the TiO2 lattice instead of substituting oxy-
gen [35]. It can be seen that TiO2 nanomaterials synthesized at lower temperatures contain
only TiO2-anatase phase, whereas at higher treatment temperature, viz. at ≥400 ◦C, the
trace amounts of rutile occurred (dotted box in Figure 1a (zoomed area in Figure S2) and
listed in Table 1). TiO2 samples synthesized at 400 and 500 ◦C contain minor rutile phase,
irrespectively of the reaction time, which underpins the ability of peroxide-assisted reac-
tions to induce rutile phase below the anatase–rutile transition temperature (≥600 ◦C). The
rutile concentration was found the highest for NT-O-4 sample and the lowest for NT-5
sample. It has also been reported that the concentration of rutile should be in trace amount
as compared with anatase in an anatase–rutile heterophase system for facilitating a high
rate of photocatalytic reactions [36]. The average crystallite size of all the samples was
determined by Scherrer equation to be <10 nm, except for the NT-O-5 sample (Table 1),
which is 11.6 nm, hence still in the range of accuracy of this method. Interestingly, it is
evident from the previous report that H2O2 also acts as an effective crystallite-size reducer.
The presence of hydrogen peroxide, even at low concentrations, can significantly reduce
the crystal size of both anatase and rutile [27].
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Figure 1. Results of (a) XRD, (b) Raman, and (c) FTIR analyses of investigated solids. Graph (d) shows zoomed FTIR spectra
in the range of 1000–400 cm−1.

Table 1. Calculated mass fraction of anatase and rutile (using Spurr equation), the average crystallite size as calculated by
Scherrer equation, BET surface area, total pore volume, and average pore diameter of TiO2 samples.

Sample
Mass Fraction

of Anatase
(%)

Mass Fraction
of Rutile

(%)

Average
Crystallite Size

(nm)

BET Surface Area
(m2/g)

Total Pore Volume
(cm3/g)

Average Pore
Diameter

(nm)

PT 100 0 8.0 164 0.450 10.3
NT-3 100 0 8.1 148 0.423 11.4
NT-4 96.6 3.4 9.4 131 0.398 12.2
NT-5 97.2 2.8 10.3 114 0.376 12.0

NT-O-3 100 0 8.2 141 0.417 11.8
NT-O-4 95.8 4.2 9.3 111 0.363 13.0
NT-O-5 96.1 3.9 11.6 85 0.294 13.7

2.1.2. Raman Spectroscopy

The Raman spectra of all the TiO2 samples (Figure 1b) were recorded to identify the
presence of TiO2 phases, but no noticeable peak of rutile was observed, which may be
due to its low content. The Raman peaks present are at 146 (Eg), 199 (Eg), 401 (B1g),
518 (A1g + B1g), and 642 cm−1 (Eg) [37]. The characteristic peak of anatase at 146 cm−1 is
sharp for all samples, which suggests that the crystallite sizes of the sample are similar [31].
This is in agreement with the values of average crystallite size, listed in Table 1. Except for
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this peak, all other peaks are broad, indicating the defective nature of TiO2 samples [38].
Furthermore, it can also be assumed that the trace rutile peak may be masked inside the
broad anatase peaks.

2.1.3. FTIR Examination

The FTIR spectra (Figure 1c) show a broad band from 900 to 400 cm−1 for all the TiO2
samples. The assigned peaks for the Ti-O-Ti stretching vibration are usually present at
450 cm−1, which is masked within the broad band [39]. The Ti-OH vibrations, generally
present at 670 and 740 cm−1, may be present within the same broad band [40,41]. It can be
perceived from Figure 1d that the Ti-O-Ti stretching band, indicating the Ti-O character,
is most intense for NT-O-5 sample and the least intense for NT-4 solid. The order of Ti-O
character is the following: NT-O-5 > NT-5 > NT-3 > PT > NT-O-3 > NT-O-4 > NT-4.

2.1.4. TEM Analysis

TEM analyses of samples PT, NT-5, and NT-O-5 are summarized in composite Figure 2.
The overview conventional TEM micrographs (Figure 2a–c) visualize agglomerates of nano-
sized sphere-like irregularly shaped particles, with average particle size of about 10 nm. The
small size of particles, even in samples treated at high temperature, is due to the pressurized
condition during the photocatalyst preparation procedure. The particle size distribution
histogram is embedded in Figure 2(a3–c3) and was calculated as Feret diameter size [42].
On the PT and NT-5 samples we can observe the formation of the crystal facets, while the
crystal structure of the sample NT-O-5 appears to be disrupted, affecting the overall mor-
phology of the crystallites (Figure 2(a1–c1)). The phase-contrast (HR-TEM) micrographs
in combination with selected-area electron diffraction patterns (SAED, Figure 2(a2–c2))
were also used for phase identification: in PT sample the particles correspond to pure
anatase, while in samples NT-5 and NT-O-5 majority of particles correspond to anatase,
with sporadic rutile crystallites. On the SAED patterns, the characteristic rutile reflections
are marked with arrows: the scattered electrons from abundant anatase particulates are
forming continuous reflection circles, while several rutile crystallites only scatter isolated
reflection dots. The intensity profile of SAED pattern, compared to simulated anatase
profile, matches perfectly (Figure 2(a4–c4)).

2.1.5. UV-Vis DR Analysis

The UV-Vis DR spectra are shown in Figure 3a. It is clearly visible that the absorption
of visible light increased as the temperature during the peroxo solvothermal-assisted high-
pressure nitrogenation treatment increases, obviously due to the change of color of PT
sample to off white and then to grey. Moreover, the light absorption in the UV region
(200–300 nm) is also increased for the nitrogenated samples. The absorption of visible light
is the maximum in the case of NT-O-4 sample and slightly less in the case of NT-5 and
NT-O-5 solids, although there is not much noticeable change in the wavelength cut-off.
The Tauc plots are further shown in Figure 3b. One can see that the band gap energy of all
materials falls under the range of 3.06–3.18 eV.

2.1.6. N2 Physisorption Analysis

The obtained nitrogen adsorption/desorption isotherms are illustrated in Figure 4a.
The corresponding values of BET specific surface area, total pore volume, and average pore
diameter are listed in Table 1. It can be seen in Figure 4a that the adsorption/desorption
isotherms are of type 4, typical for mesoporous solids with limited pore size range. BET
surface area measurements have shown interesting results that all the TiO2 samples have
very high surface area (Table 1). Except the comparatively high crystalline NT-O-5 material,
all other samples have surface area above 100 m2/g. The highest surface area is observed
for PT sample having the lowest crystallinity. Owing to comparatively high crystallinity,
NT-O-5 sample exhibited the lowest BET surface area of 85 m2/g. This is obviously due to
the high crystallinity achieved by calcination carried out at 500 ◦C for 20 h. For illustration,
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the sample NT-5, synthesized at the same temperature with 4 h of thermal treatment,
exhibited higher surface area of 114 m2/g.
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Figure 4. (a) N2 adsorption/desorption isotherms and (b) EPR spectra of TiO2 samples collected at room temperature.

2.1.7. EPR Examination

The EPR spectra were recorded to analyze the presence of defect states in the samples.
The results are shown in Figure 4b. The analyzed g-values, signal widths, and intensities
are listed in Table S1. No EPR signal was measured in the PT sample, but an isotropic
signal with a g-value of ≈ 2.003 was measured in all nitrogenated samples. The signal
can be attributed to the significant presence of oxygen vacancies. Previously, density
functional theory calculations have also shown that nitrogen treatment leads to a decrease
in the formation energy of oxygen vacancies, resulting in easier formation of oxygen vacan-
cies [43]. Other paramagnetic centers, e.g., Ti3+, are not detected in the spectra measured
at RT [44]. The intensity of the EPR signal is highest for the samples thermally treated at
the highest temperature, i.e., 500 ◦C (NT-O-5 and NT-5), proving a high concentration of
defect states in the material among the synthesized samples and consequently a stronger
paramagnetic nature. Moreover, no change of signal intensity was observed when the
samples were illuminated in an aqueous suspension for 180 min. The signal intensity
decreases by 3 and 10 times when the temperature treatment of the samples is reduced to
400 and 300 ◦C, respectively. These results are consistent with the photocatalytic formation
of hydroxyl radicals and the results of photoluminescence spectroscopy (see below).

2.1.8. Photoluminescence Spectroscopy

All TiO2 samples were tested for the magnitude of their electron–hole recombination
rate. The results are presented in Figure 5. Additional peaks in the PL spectra of the
TiO2 samples are due to the scattering of the weak Xe lamp emission passed through the
excitation monochromator [45]. Hence, the overall intensity is only used to compare the
magnitude of e−-h+ recombination but not to give a detailed discussion about an origin
of the PL bands. Since the photoluminescence emission results from the recombination of
photoexcited electrons and holes, a lower overall intensity of the PL spectra indicates a
lower recombination rate of the charge carriers and thus a higher separation rate [46,47].
It was found that the electron–hole recombination rate was significantly lower for all
nitrogenated samples compared with the PT sample. A total PL intensity is lowest for the
NT-O-5, NT-5, and NT-O-4 samples, followed by NT-O-3, NT-4, and NT-3 samples. The in-
tensity systematically decreases with increasing oxygen defect concentration (EPR results),
suggesting that the recombination rate of charge carriers is effectively suppressed upon
nitrogenation and temperature treatment of the samples, as both induce the formation
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of surface defects, leading to improved electron–hole separation efficiency. Additionally,
the broad band at about 530 nm rises only in the nitrogenated samples, but not in the
pristine (anatase) titania. According to the literature [48], it can be assumed to originate
from partially reduced titanium ions, self-trapped excitons, oxygen vacancies, and surface
states, that additionally arise during nitrogenation.
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Figure 5. PL spectra of solid TiO2 samples.

2.1.9. XPS Analysis

Figure S4 shows survey spectra for PT, NT-5, and NT-O-5 samples. All survey spectra
show signals for O 1s, Ti 2p, C 1s, Ti 3s, and Ti 3p. In the case of NT-5 and NT-O-5 samples,
a low-intensity peak for N 1s was also present (seen more clearly in Figure 6). The O 1s
signal mainly originates from TiO2 and to a lesser extent from the oxidized adventitious
carbonaceous species, while the C 1s peak originates from adventitious carbonaceous
species. This signal was also used to correct the binding energy scale of the survey and
high-resolution spectra based on the main C-C/C-H peak at 284.8 eV. An intense Ti 2p
signal with a distinct doublet is present in all survey spectra in 455–460 eV binding energy
range. Additional Ti-related peaks were also present at more negative binding energies
than that for Ti 2p, i.e., Ti 3s and Ti 3p peaks labeled in Figure S4. Ti-related signals originate
from TiO2 compound.

Figure 6 shows high-resolution spectra for the powder samples NT-5 and NT-O-5
to further determine the oxidation state of the C-, O-, N-, and Ti-containing species. The
high-resolution C 1s spectra consist of three spectral features shown with dashed lines in
Figure 6a corresponding to COO−/COOH, C-O/C=O, and C-C/C-H. These C-containing
compounds originate from adventitious carbonaceous species and oxidized carbonaceous
species adsorbed from the surrounding atmosphere after sample preparation. It is also
possible that adventitious carbonaceous species were oxidized after adsorption. The high-
resolution O 1s spectra in Figure 6b also consist of three spectral features, indicated by
dashed lines 1–3. The most intense is spectral feature 2, which corresponds to O in TiO2. A
low-intensity spectral feature at dashed line 1 corresponds to the oxidized C-containing
species also identified in the C 1s spectra. The spectral feature at dashed line 3 is most
likely from Ti-O-N [49]. Spectral feature 3 is more pronounced in NT-O-5 than in the
sample NT-5. The latter explains the presence of N, since N was incorporated into these
samples during the preparation procedure in N2 atmosphere. The N 1s spectra also support
the latter, showing a low-intensity signal for N-containing species located at the dashed
line in Figure 6c. High-resolution Ti 2p spectra are shown in Figure 6d,e for NT-5 and
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NT-O-5 samples, respectively. The Ti 2p spectra consist of two peaks, i.e., Ti 2p3/2 and
Ti 2p1/2 separated by approximately 5.7 eV in the case of TiO2. An intensive Ti 2p3/2
peak corresponding to Ti(IV) is present for both samples. On the other hand, the spectra
for both samples contained a feature on the low binding energy side of the main peak
corresponding to Ti(III). The latter is more expressed for the NT-O-5 sample (Figure 6e).
Fitting of the Ti 2p spectra was performed using the doublets for Ti(IV) and Ti(III) in
Figure 6d,e [50]. Quantification of the oxidation states of Ti(IV) and Ti(III) revealed 17.8%
Ti(III) and 82.2% Ti(IV) for the NT-5 sample, while 23.9% Ti(III) and 76.1% Ti (VI) were
present for the NT-O-5 sample, indicating that more Ti(III)-containing species were formed
in the case of the NT-O-5 sample.
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2.2. Photocatalytic Hydroxyl Radical Formation

The rate of formation of hydroxyl radicals was evaluated in this work as a function of
the conversion of coumarin to 7-OHC [51]. It has been widely established that hydroxyl
radicals, formed in the presence of an illuminated photocatalyst, can react with coumarin,
which leads to the formation of 7-OHC. The obtained results are illustrated in Figure 7,
and the initial rates of 7-OHC formation are listed in Table S2. The associated fluorescence
intensity vs. wavelength spectra, used to calculate concentration–time profiles, depicted
in Figure 7, are shown for all samples in Figure S3. Figure 7 is plotted as the fluorescence
intensity vs. time, where the initial value of fluorescence intensity at 450 nm was subtracted
from the fluorescence intensity measured for each withdrawn sample. It was found out
by preliminary measurements (not shown) that the concerned experiments were carried
out in the kinetic regime, which implies that the obtained dependencies are not influenced
by mass-transfer resistances. Furthermore, the results of CHN elemental analysis of fresh
and spent photocatalyst samples revealed that negligibly small amounts of coumarin and
oxidation products were adsorbed on the photocatalyst surface, which could result in
eventual photocatalyst deactivation. This is in agreement with low conversion of coumarin
being in the range of a few percent [51].
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Figure 7. Temporal hydroxyl radical formation using coumarin probe method. To set the initial value
of fluorescence intensity to zero, values at each time interval are subtracted with the corresponding
initial intensity, i.e., at t = 0 min.

The formation of hydroxyl radicals is in the given range of operating and reaction
conditions and under visible light illumination the highest for NT-5 sample and the lowest
for the parent solid PT (Figure 7). NT-O-5 sample also showed considerable efficiency, and
samples such as NT-4 and NT-O-4 managed as well to harvest visible light for generation
of hydroxyl radicals, but to a lower extent compared with NT-5 and NT-O-5 solids. All the
materials were able to harvest visible light mainly due to their color change from white
to off white and grey, thereby enabling visible light absorption. The highest wavelength
absorption is observed for NT-O-4 sample, which is slightly higher than the most efficient
photocatalyst NT-5. Although the latter exhibits slightly lower visible light absorption as
compared with the NT-O-4 sample, its high surface area (111 m2/g), the second highest Ti-
O character observed from the FTIR spectra, relatively high defect concentration obtained
from EPR analysis, and the low electron–hole recombination, collectively played a vital
role for the high rate of photocatalytic hydroxyl radical generation as compared with all
other TiO2 samples. NT-O-5 sample also showed promising hydroxyl radical formation,
but behind the NT-5 solid; its lower activity may be mainly due to the lowest surface area
among the samples (Table 1) that could reduce the number of active sites. In addition to
that, the redundant nitrogen content as evident from CHN elemental analysis (Figure S1),
could subdue the separation and migration of e−-h+ pairs and reduce the photocatalytic
hydroxyl radical formation. It is also striking that the defect concentration of NT-5 sample
is behind the NT-3 material. However, in the case of the NT-3 sample, relatively high defect
concentration was not enough to cover its inability in harvesting visible light functionally
due to its lowest visible light absorption and the high rate of electron–hole recombination.

Assimilating the above data, it has been proved that the extended visible light absorp-
tion due to grey color, rich defect concentration, high surface area, and low electron–hole
recombination are responsible for the enhanced hydroxyl radical formation beneficial for
photocatalysis (Figure 7). The interparticle electron transfer, enabled by the anatase–rutile
heterojunction, resulted in more efficient electron–hole separation, which is confirmed with
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the results of PL measurements. It has also been reported that the trace amount of rutile
can pave the way for high rate of photocatalytic reactions [4]. In anatase–rutile heterophase
structures, the flow of electrons from rutile to anatase and simultaneously the transfer of
holes is in the opposite direction, which promotes the separation of photoexcited electron–
hole. To conclude, the high photoactivity of NT-5 sample is due to the synergistic effect of
the anatase–rutile heterophase, relatively high defect concentration, reduced electron–hole
recombination, high surface area, and the extended visible light absorption [15,29].

3. Materials and Methods
3.1. Synthesis of Photocatalysts
3.1.1. Materials

Titanium tetra isopropoxide (98%, p.a., Sigma-Aldrich, Saint Louis, MO, USA), iso-
propanol (p.a., Sigma-Aldrich, Saint Louis, MO, USA), and hydrogen peroxide (30%,
Merck KGaA, Darmstadt, Germany) were purchased and used as received. Deionized
water was used in all the experiments.

3.1.2. Synthesis of Pristine and Grey TiO2

50 mmol (14.2 g) of titanium tetra isopropoxide was mixed with 100 mL of isopropanol
and stirred for 10 min. Then, 15 mL of 30% H2O2 was added to generate peroxotitanate
complex in the form of a yellowish-orange sol. Stirring was continued, and another 15 mL
of H2O2 was added after 5 min for the complete complex formation of titania. Stirring was
carried out for a further 20 min, and the derived product was solvothermally treated at
150 ◦C for 22 h in a Teflon-lined autoclave. The samples were filtered and washed 4 times
each with water and ethanol and dried at 90 ◦C for 2 h to obtain the pristine titania (PT).
For modification, PT was inserted into a metallic tubular reactor (Microactivity Reference,
PID Eng&Tech, Madrid, Spain) and nitrogen was purged at a rate of 100 mL/min under
15 bar at different temperature regimes, such as 300–500 ◦C for 4 and 20 h. The synthesized
TiO2 samples are named as NT-3, NT-4, and NT-5 (i.e., TiO2 synthesized at 300, 400, and
500 ◦C for 4 h), and NT-O-3, NT-O-4, and NT-O-5 (i.e., TiO2 synthesized at 300, 400, and
500 ◦C for 20 h). After the reaction was completed, the reactor was allowed to cool down
to ambient temperature (~ 50 ◦C), and the over-pressure was released to zero. The samples
synthesized at 300 ◦C were off white but the samples synthesized at 400 and 500 ◦C were
grey, irrespective of the reaction time.

3.2. Photocatalyst Characterization

The crystallinity and phase composition of TiO2 samples was characterized by pow-
der X-ray diffraction (XRD; X‘pert PRO MPD, PANanalytical, Almero, The Netherlands)
utilizing Cu Kα radiation (1.54056 Å) in reflection geometry (range between 20 and 80◦ in
steps of 0.0341◦). The amount of anatase in the samples was estimated by using the Spurr
equation [52]:

FA = 100 −
(

1
1 + 0.8[IA(101)/IR(110)]

)
100 (1)

where FA is the mass fraction of anatase in the sample, and IA(101) and IR(110) are the
integrated main peak intensities of anatase and rutile, respectively.

The CHN elemental analysis of samples was performed using an analyzer from Perkin–
Elmer (Waltham (MA), USA, model 2400 Series II CHN). Cystine (99.9%, p.a., Perkin–Elmer,
Shelton (CO), USA) was used as a calibration standard.

The BET (Brunauer, Emmett, and Teller) surface area, total pore volume and av-
erage pore size measurements were performed by nitrogen physisorption at −196 ◦C
(TriStar II 3020, Micromeritics, Norcross, GA, USA).

The crystallinity, phase composition, and morphology of the nanoparticles were ana-
lyzed by transmission electron microscope (TEM; JEM-2100, Jeol Ltd., Tokyo, Japan), oper-
ating at 200 kV. The micrographs were recorded by a slow-scan CCD camera (Orius SC1000,
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Gatan Inc., Pleasanton, CA, USA). The powdered samples were first diluted in EtOH(abs),
sonicated in an ultrasonic bath, and transferred onto Cu-supported amorphous carbon grids.

The formation of TiO2 was additionally confirmed by measuring the FTIR spectra
using a Perkin–Elmer spectrometer (Waltham, MA, USA, model Frontier) in the range of
4000–400 cm−1. Raman spectra were recorded with a Raman/AFM instrument (Alpha
300RAS, WITec, Ulm, Germany) with a green laser emitting light at 532 nm and 5 mW with
an integration time of 10 s.

The UV-Vis diffuse reflectance (DR) measurements of synthesized samples were
recorded with a Perkin–Elmer UV-Vis spectrophotometer (Waltham, MA, USA, model
Lambda 35) equipped with the accessory for powdered samples (Labsphere, North Sutton,
NH, USA, model RSA-PE-19M Praying Mantis). The measured wavelength range was
200–900 nm, and Spectralon® was used for the background correction. The bandgap
calculation was done using the Tauc equation [53].

Continuous wave EPR measurements were performed in X-band mode (microwave
frequency of 9.5 GHz) using an EPR spectrometer from Adani Systems (Minsk, Belarus,
model CMS 8400). The samples were measured in powder form at room temperature. The
masses of the selected samples in the 3.8 mm thin-walled precision quartz EPR sample tubes
(Fluorochem Ltd., Derbyshire, United Kingdom) were equal (38 mg). All EPR experiments
were repeated 10 times. The experimental EPR spectra were analyzed in Matlab using
EasySpin 5.2.33 toolbox [54] (g-value, linewidth Γ-peak-to-peak width of the measured first
derivative of the EPR spectrum and intensity I-area under the absorption line).

The photoluminescence (PL) measurements of solid samples were recorded at ambient
conditions using a UV-Vis photoluminescence spectrophotometer (LS 55, Perkin–Elmer,
Waltham, MA, USA).

XPS analyses were performed using a Supra+ XPS instrument (Kratos, Manchester, UK)
equipped with an Al Kα excitation source and a monochromator. Measurements of the
powder samples were performed on a 300 by 700 micrometer spot at a 90◦ take-off angle.
Pass energy of 160 eV and 20 eV was used to measure survey spectra and high-resolution
spectra, respectively. Data acquisition and processing was performed using ESCApe
(Kratos, Manchester, UK).

3.3. Photoluminescence Probe Method

The hydroxyl radical formation was indirectly measured at T = 25 ◦C by using a
photoluminescence probe method with coumarin (COUM, 98%, p.a., Alfa Aesar, Kandel,
Germany) as a probe compound. A measure of 40 mg of the photocatalyst was dispersed in
50 mL of an aqueous solution containing 1.4 mM coumarin. The suspension was vigorously
stirred in the dark for 30 min before being exposed to visible light illumination (irradiance
of 0.2 W/m2). The visible light source was a lamp from Schott (KL 1600 LED (T = 5600 K),
Mainz, Germany) with light emission in the wavelength (λ) range of 400–650 nm; the
spectrum of the light source is provided in Figure S5. The aliquots of liquid-phase samples
were collected in each 30 min time interval immediately after filtering the aqueous suspen-
sion through a regenerated cellulose membrane filter of pore size of 0.2 µm. The samples
were then analyzed by recording the photoluminescence signal of 7-hydroxy coumarin
(7-OHC) using the photoluminescence spectrophotometer. Analysis was carried out using
an excitation wavelength of 315 nm. Other parameters such as the scanning speed and slit
width were set as 200 nm/min and 5 nm, respectively. The generation of hydroxyl radicals
was confirmed by the formation of 7-OHC, which was perceived from the variation of peak
intensity at ~450 nm.

4. Conclusions

A peroxo solvothermal-assisted, high-pressure nitrogenation method was developed
for the synthesis of promising TiO2 photocatalysts. The presented method has been found
advantageous for the manipulation of grey TiO2 with enhanced light absorption in the
visible region below the anatase-to-rutile transition temperature. The TiO2 sample treated
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at 500 ◦C for 4 h possessed high surface area of 111 m2/g and reliable defect concentration,
which resulted in the highest activity for the formation of hydroxyl radicals among solids
investigated. This synthesis approach puts a new strategy on the table for inducing
pronounced defective sites in TiO2 and achieve high BET surface area (above 100 m2/g)
along with the presence of trace amount of anatase–rutile heterophase junctions. These
features in turn enable the generation of enhanced amount of hydroxyl radicals and will
definitely pave the way for enhancing the rate of visible light-assisted photocatalytic
reactions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11121500/s1, Table S1: Calculated g-values, line width Γ (peak-to-peak width of measured
EPR spectra) for isotropic broadening, and intensities evaluated from the double-integrated EPR
spectra. The uncertainties of the last digit are given in parenthesis, Table S2: Initial rates of 7-OHC
formation obtained during the photocatalytic oxidation of aqueous solution of coumarin in the
presence of investigated TiO2 photocatalysts under visible light illumination, Figure S1: Results of
CHN elemental analysis of fresh TiO2 samples, Figure S2: Zoomed XRD diffractograms of solids
examined in the present study in the range of 22–30◦, Figure S3: Photoluminescence spectra obtained
during the photocatalytic oxidation of aqueous solution of coumarin conducted in the presence
of investigated TiO2 samples, Figure S4: Survey XPS spectra measured for PT, NT-5, and NT-O-
5 samples, Figure S5: Energy spectrum of LED lamp (KL 1600 LED, Schott, Mainz, Germany) used in
the present study.
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