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A B S T R A C T

Herein, the role of titanium oxyfluoride (TiOF2) on the charge carriers generation and electron transport in the {0
0 1} TiO2/TiOF2 heterojunction photocatalysts was examined. Time-resolved microwave conductivity (TRMC),
fluorescence lifetime spectroscopy, and DFT calculations were applied to investigate the charge carriers dy-
namics. These binary photocatalysts in a broad TiOF2 content were further studied in photocatalytic generation
of hydroxyl radicals (•OH) and degradation of several organic contaminants of emerging concern (CECs), namely
4-chlorophenol (4CP), myclobutanil (MCL) and carbamazepine (CBZ). Regardless of the CEC tested, it was found
that the combination of highly-energetic {0 0 1} TiO2 with TiOF2 phase improved the photocatalytic activity
compared to the pristine anatase. The presence of the TiOF2 phase in the heterojunction increased the interfacial
charge carriers separation and enhanced the generation of •OH radicals. Maximised photocatalytic activity and
TOC reduction were observed for composites with a TiOF2 content of 1.5 %–6 %, which exhibited the highest
number of photogenerated charge carriers and a longer lifetime compared to those with higher TiOF2 content.
DFT calculations revealed high potential barriers within the TiOF2 structure, which explains the optimum at a
low level of TiOF2 amount. Finally, high photocatalytic activity was maintained in five consecutive degradation
cycles.

1. Introduction

Nowadays, with progressive industrialisation, the amount of pol-
lutants in ground and surface water is growing. According to the Euro-
pean Environmental Agency (EEA) report, between 2000 and 2017, the
total number of synthetic chemicals in the market was estimated at
100,000 compounds, excluding transformation products from chemicals
during their life cycles [1]. Some of the commonly used cosmetic in-
gredients, pigments, pesticides and medicines are persistent in the
environment. This leads to ongoing exposure to chemical pollution and
limitation of available drinking water, which negatively affects human
health and the environment. Therefore, further advances in the
deployment of eco-innovations are crucial for reaching effective
wastewater treatment and consequently avoiding bioaccumulation and

biomagnification of contaminants of emerging concern (CECs) in the
environment.

One of the promising methods that are capable of removing persis-
tent organic pollutants and that is classified as green technology is
heterogeneous photocatalysis, in which charge carriers photogenerated
upon the irradiation of a semiconductor material participate in the
degradation of a wide span of CECs such as e.g. phenolic compounds,
pesticides and pharmaceuticals [2–4]. One of the most studied semi-
conductors is TiO2, which has been widely investigated for photo-
catalytic water treatment due to suitable conduction and valence band
edges as well as superior photostability [5,6]. Among many efforts to
improve the photocatalytic performance of TiO2, the shape-controlled
strategies have been the focus of much effort to obtain highly ener-
getic surfaces as the photocatalytic activity critically depends on the
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crystal facets exposition [7–9]. Recently, anatase {0 0 1} crystal facets
have been extensively studied since the research presented by Yang et al.
proved that these facets, despite high surface energy, could be stabilized
by F- ions and formed instead of the thermodynamically stable {1 0 1}
facets [10]. TiO2 exposing amajority of {0 0 1} facets became prominent
because it contains the high density of active unsaturated Ti atoms and
active surface oxygen atoms, which renders numerous active sites and
strong interactions with the adsorbates during the photocatalytic redox
reactions [11,12]. However, our recent studies showed that anatase
{0 0 1} nanosheets exhibited a low mineralisation rate of aromatic
compounds, which is an important factor for CECs removal because high
total organic carbon (TOC) reduction yield in the presence of the pho-
tocatalyst ensures that the substrate and any intermediate products
formed during the process have been degraded [13,14].

In fluorine-rich environments during the solvothermal reaction of a
Ti source, titanium oxyfluoride (TiOF2), a wide bandgap semiconductor
(~3.2 eV) with cubic structure, can also be formed next to anatase
[15,16]. Due to the strong bonding energy of Ti–F, TiOF2 is supposed to
be stable at ambient conditions [17]. However, pristine TiOF2 suffers
from low photocatalytic activity [14,18,19], so practical applications for
this material have been scarcely explored. The majority of the studies
regarding titanium oxyfluoride includes phase conversion to anatase via
calcination [16,18,20] or hydrothermal route [14,21]. The application
of TiOF2 in the heterojunction-based photocatalysts has not been studied
yet and only a few recent studies have been reported, e.g. TiOF2/g-C3N4
[22], Ag3PO4/TiOF2 [23] and TiOF2@Ti3C2Tx [24]. Therefore, coupling
TiOF2 with facet-regulated {0 0 1} anatase may be a perfect solution for
enhancing photocatalytic performance and inducing TOC reduction of
aromatic pollutants, which is a serious limitation for these facets expo-
sition. Two strong advantages support this combination: first, the com-
parable atomic density of states and electron binding energy between
TiO2 and TiOF2 crystals lead to excellent interfacial alignment, facili-
tating efficient migration and separation of photogenerated electron-
hole pairs [18,25]. Remarkably, the formation of {0 0 1} TiO2/TiOF2
can be performed via a one-step facile procedure, excluding co-catalyst
deposition or interface modification with an external compound.
Nevertheless, many aspects of TiOF2-based photocatalysts remain un-
explored, including the synthesis procedure for TiO2/TiOF2 with a
controllable TiOF2 content, the role of the TiOF2 phase and the under-
standing of the photocatalytic activity enhancement [26].

Therefore, this study aims to demonstrate the promise of coupling
highly energetic {0 0 1} anatase crystal facets with controlled amounts
of TiOF2 for the photocatalytic degradation of CECs in water under UV-A
and simulated solar light. The synthesis of a span of {0 0 1} TiO2/TiOF2
binary photocatalysts in various TiOF2 contents was performed under
pronounced steric hindrance conditions, in order to study the mecha-
nism of TiOF2 formation. The activity of these binary photocatalysts was
assessed in the degradation and mineralisation of several persistent
organic pollutants aiming to expand the scope of the study, namely 4-
chlorophenol (4CP), carbamazepine (CBZ) and myclobutanil (MCL).
4CP is a compound widely used in the textile industry, whereas the
anticonvulsant drug CBZ has been proposed as an anthropogenic marker
of water quality [27–29]. The degradation of the triazole pesticide MCL
has been still rarely reported in the literature compared to that of other
organic pollutants so this compound was also selected for investigation
[30]. Moreover, the photocatalytic generation of hydroxyl radicals
(•OH) was monitored and discussed. The behaviour of the photo-
generated charge carriers and the electronic structure of {0 0 1} TiO2/
TiOF2 were extensively studied by fluorescence lifetime measurements,
time-resolved microwave conductivity (TRMC) analysis and density
functional theory (DFT) calculations. Finally, reusability tests were
performed for the most efficient photocatalyst.

2. Results and discussion

The synthesis protocol and characterisation methods applied in this
work can be found in Supplementary Materials.

2.1. Material characterisation

Two distinct phases, namely anatase TiO2 (reference ICDD no. 01-
070-8505) and titanium oxyfluoride TiOF2 (no. 01-077-0132), were
noticed in the photocatalysts, as presented in Fig. 1a. No additional
peaks corresponding to other compounds were detected. The detailed
structural parameters of the photocatalyst series are presented in
Table 1. Based on the XRD analysis, the predominant role of the syn-
thesis time was confirmed. With the increasing time of solvothermal
synthesis, the content of anatase rises and the (101) peak at 2θ = 25.5◦

becomes more distinct. Simultaneously, the content of titanium oxy-
fluoride decreased with increasing the reaction time. This can be
explained by the progressive transformation of TiOF2 into TiO2. For
samples synthesised over times exceeding 16 h, ie. S-16 h and S-24 h, the
main (100) peak at 2θ = 23.7◦ related to TiOF2 has completely vanished,
and only pure anatase can be observed.

In addition to the phase composition, the synthesis time mainly in-
fluences three structural parameters, namely the mean anatase crystal-
lite size, the amorphous phase content and the specific surface area. The
relationship between these parameters and the time of solvothermal
synthesis is presented in Fig. S1 in Supplementary Materials. Globally,
the longer the synthesis time, the larger the mean anatase crystallite
size, so pure anatase samples (S-16 h and S-24 h) exhibit larger mean
crystallite sizes than the binary TiO2/TiOF2 samples. Also, the amor-
phous phase content increased during the first few hours of the sol-
vothermal reaction, reaching a maximum content for 6 h of synthesis,
before dropping down to reach a minimum value for S-24 h when
decreasing the TiOF2 content. This effect can be explained by the fact
that freshly synthesised TiO2 is not fully crystallised and contains a high
fraction of the amorphous phase. During the solvothermal reaction,
progressive crystallisation of the anatase structure occurs, resulting in
the decrease of the amorphous phase contribution. Additionally, the
specific surface area of the samples followed a volcano-like trend within
the 80–100 m2/g range with the increase in the synthesis time, the
highest values being for S-8 h and S-10 h. Those features correlate well
with the simultaneous occurrence of both TiOF2 → TiO2 phase trans-
formation and the progressive crystallisation process of the pure anatase
phase. By contrast, a low specific surface area of 5 m2/g was observed
for pure TiOF2.

Fig. 1b compares the FTIR spectra of TiOF2, {0 0 1} TiO2 and {0 0 1}
TiO2/TiOF2 with different phase compositions. The stretching and
bending vibrations due to adsorption of H2O and the Ti–OH groups are
found at 3100–3600 cm− 1 and 1630 cm− 1, respectively [5]. Bands
located at 539 cm− 1 and 455 cm− 1 can be attributed to Ti–O or
Ti–O–Ti vibrations. Strong absorption peaks centered at 992 cm− 1 are
ascribed to Ti–F bonds [31]. Remarkably, the intensity of this band is
dependent on the TiOF2 content – for pristine titanium oxyfluoride it is
the most distinct and decreases with increasing anatase content. Finally,
for samples prepared with a solvothermal synthesis time exceeding 8 h,
this band cannot be distinguished. This observation can be strictly
correlated with the progressive tranformation from TiOF2 to TiO2.

SEM images in Fig. 2a revealed that the pristine TiOF2 titanium
oxyfluoride phase consists of irregular cubes. With increasing the syn-
thesis time, the formation of two-dimensional anatase nanoparticles is
observed, which resulted from the presence of F- ions during the sol-
vothermal synthesis. These ions stabilise the highly energetic {0 0 1}
facets and promote growth in the hk direction [13,32]. However, dif-
ferences between the anatase nanosheets can be noted, as binary
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samples S-3 h, S-8 h and S-12 h displayed thicker and wider TiO2
nanostructures than in the single-phase counterpart (sample S-24 h). In
the {0 0 1} TiO2/TiOF2 samples S-3 h, S-8 h and S-12 h, the irregular
cubes assigned to the TiOF2 titanium oxyfluoride phase displayed a
larger size than the thick nanosheets. These bulk particles were not
noticed in the S-12 h sample, as the TiOF2 content remains by far much
lower (<1 %) than for samples synthesised with shorter reaction times.

The synthesis time had an impact either on the TiO2 content or on the
morphology changes. Based on SEM and XRD results, the {0 0 1} TiO2/
TiOF2 formation under solvothermal conditions with n-hexanol as a
solvent and its transformation to pure anatase is proposed to rely on the
following mechanism (Eqs. 1–3) [15,33,34]:

2 R-OH → R-O-R + H2O, (1)

(R-O)nTiF4-n + n H2O → TiOF2 + n R-OH + n HF, (2)

TiOF2 + H2O → TiO2 + 2 HF. (3)

Generally, in the presence of alcohols and HF, the Ti precursor un-
dergoes alcoholysis and forms (R-O)nTiF4-n complex. However, for
further transformation to titanium oxyfluoride Eq. (2), H2O molecules
are needed, which amount is limited in solvothermal conditions.

Therefore, alcohol condensation Eq. (1) is probably due to high tem-
perature and increased pressure. The nucleation is slow due to the use of
long-chain alcohol as a solvent and, in consequence, steric hindrance
[13]. H2O also participates in the hydrolysis of TiOF2 to anatase Eq. (3).
However, it is well-known that the subsequent {0 0 1} TiO2 growth is a
result of HF-mediated dissolution-recrystallisation processes, in which
the Ti species are reversibly transferred between its solid oxide form and
dissolved ion, preferably coordinated with 6 ligands in the form of
bipyramid. In addition, an alcohol exchange with halide ligands is
possible under solvothermal conditions [20,35]. The scheme of these
transformations is presented in Fig. 2b. The more dissolution-
recrystallisation processes occur, the more stable and defect-free TiO2
structure is formed, which explains the relatively low amorphous phase
content in the S-24 h sample. Finally, longer durations of solvothermal
synthesis provide more H2O to the reaction environment so that when
the Ti precursor is fully transformed to anatase, this new structure is
surrounded by F- ions and water molecules. While the {0 0 1} facets can
be stabilised mainly by fluoride ions, H2O can promote the formation of
low-energetic crystal facets like {1 0 0} [36]. This is a probable reason
for the formation of wider nanosheets in the pure anatase S-24 h sample
compared to the binary photocatalysts. The proposed mechanism of the

Fig. 1. a) XRD patterns and b) FTIR spectra of the {0 0 1} TiO2/TiOF2 series samples.

Table 1
Characterisation of the photocatalysts using XRD, BET and XPS analyses.

Sample name Phase composition (%) Mean anatase crystallite size (nm) * Amorphous phase content (%) Surface area (m2/g) Surface Ti/F ratio

TiO2 TiOF2

TiOF2 - 100 43 - 5 0.5
S-3h 56 44 8 42 79 1.1
S-6h 74 26 9 60 78 1.2
S-8h 94 6 13 54 99 2.5
S-10h 98.5 1.5 11 54 102 3.7
S-12h >99 <1 12 47 82 n.c.
S-16h 100 - 17 36 84 n.c.
S-24h 100 - 19 21 78 4.9

*For TiO2-containing samples, the mean anatase crystallite size was calculated based on the (101) peak. For TiOF2, the mean crystallite size was calculated based on the
(100) peak. The mean crystallite size for anatase, defined as the average size of the coherent diffracting domains, remains an estimate as it was determined from the
Scherrer equation with the usual assumption of spherical crystallites.
n.c.: non calculated.
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morphological changes is schematically presented in Fig. 2c.
The formation of {0 0 1} facets in anatase nanosheets was confirmed

by transmission electron microscopy (TEM). The TEM images of S-16 h
presented in Fig. 2d revealed a well-defined sheet-shaped structure. As
shown in HRTEM images (Fig. 2e) and corresponding line profile image
(Fig. 2f), the lattice spacing parallel to the front of the nanosheets was
calculated to be ~0.24 nm, which is a direct confirmation that the
exposed top and bottom facets belong to {0 0 1}, because these planes
are arranged to [001] direction [37].

DRS analysis performed on the TiO2/TiOF2 series within the
200–800 nm range (Fig. 3a) exhibited the absorption band and edge
characteristic for both anatase and titanium oxyfluoride phases [14,38].
Pure TiOF2 is grey with a small band above 380 nm, which further
vanishes during TiO2 formation. The derived Tauc plot evidenced that
the bandgap energy of the samples was not significantly influenced by
the phase composition and the morphology changes (Fig. S2 in Sup-
plementary Materials).

Furthermore, ζ potential as a function of pH was studied to investi-
gate the interaction between the photocatalyst surface and the pollutant.
Based on the zeta potential analysis presented in Fig. S3 in Supple-
mentary Materials, the isoelectric point (IEP), which is defined as the pH
where the electrophoretic mobility changes from positive to negative,
was determined. For the samples S-24 h (pure anatase) and S-10 h
(TiO2/TiOF2), the IEP values were 5.7 and 5.5, respectively. Compared
to the literature value of the isoelectric point for TiO2 (6.2) [39,40], a
slight shift towards acidic conditions can be observed. This effect can be
explained by differences in the surface atom arrangement due to the
exposition of {0 0 1} facets stabilised by fluorine ions. The presence of F-

and the unique morphology obtained influence the rates of surface hy-
droxylation and protonation compared to bulk TiO2 [41]. Moreover,
IEPS-10h is slightly lower than IEPS-24h, which is probably a result of the
presence of the titanium oxyfluoride phase in the photocatalyst, which
causes different electronic distribution on the surface compared to pure
{0 0 1} anatase nanocrystals.

Fig. 2. a) SEM images of the TiO2/TiOF2 series samples, for samples S-3 h and S-8 h, TiOF2 and anatase TiO2 phases are marked with red and yellow arrows,
respectively. b) Transformation of Ti species under solvothermal conditions and c) proposed mechanism of the morphology transformation from TiOF2 cubes to {0
0 1} TiO2. d) TEM and e) HRTEM image of the {0 0 1} TiO2 (sample S-16 h) in bright-field mode, f) line profile image.
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The photocatalyst surface was also studied using X-ray photoelectron
spectroscopy (XPS). The XPS spectra at F1s and Ti2p core orbital regions
recorded on the binary TiO2/TiOF2 samples with different TiOF2 con-
tents and both pure TiOF2 and anatase (S-24 h) samples are depicted in
Fig. 3a-b. The survey scans of all the samples are shown in Fig. S4 in
Supplementary Materials. The spectra recorded on the pure titanium
oxyfluoride material showed a characteristic symmetrical contribution
at 685.2 eV ascribed to F- ions (F1s orbital), and a well-defined Ti4+ Ti
2p3/2-Ti 2p1/2 doublet at 459.9 eV and 465.6 eV with a spin–orbit
coupling constant of 5.7 eV (Ti2p orbital) [13,15]. The bulk trans-
formation of the TiOF2 phase into TiO2 with increasing the synthesis
duration is accompanied by a surface change, and the Ti2p orbital
spectra recorded on binary TiO2/TiOF2 samples were characterised by
the presence of two well-defined Ti4+ doublets, with the contribution of
Ti4+–O bonds at ca. 459.1 eV and 464.8 eV, and an additional doublet
at higher binding energy assigned to Ti–F bonds. Contrary to the bulk
ratio, the Ti4+–O contribution was dominant over its Ti–F counterpart
already for the short synthesis duration of 3 h. Thereby the contribution
of the Ti–F species was not evidenced for synthesis durations exceeding
6 h, while simultaneously the F1s orbital signal decreased significantly
when increasing the TiO2 content with increasing the synthesis duration.
Consequently, the Ti/F surface atomic ratio increased strongly with the
increase in the TiO2 content (Table 1). With the electrostatic model of

chemical shifts in XPS, the higher binding energy of the Ti-F bond
contribution compared to that of Ti4+–O results from the higher elec-
tronegativity of fluoride vs. oxygen. This was also observed by Jain et al.
[42], who studied the surface chemical state of TiF4. Similar F-induced
chemical shifts were observed for a span of elements [43]. However, F
atoms are randomly distributed in the titanium oxyfluoride structure
[44], which makes it impossible to distinguish between Ti–F and Ti–O
bonds in the Ti 2p XPS spectra of pure TiOF2.

Valence-band XPS spectra (VB-XPS) presented in Fig. 3d revealed the
position of the valence band relative to the Fermi level. The VB edges
values for pristine TiOF2, {0 0 1} TiO2 (S-16 h), S-3 h and S-8 h were
2.46 eV, 2.27 eV, 2.74 eV and 2.80 eV, respectively. S-3 h and S-8 h
samples, which correspond to {0 0 1} TiO2/TiOF2 photocatalysts,
exhibit a shift toward higher binding energies compared to pure com-
pounds, which can be attributed to the modulation of Fermi level in the
heterojunction.

2.2. Photocatalytic degradation of contaminants of emerging concern

The photocatalytic activity of the samples was studied in the
degradation of organic pollutants classified as contaminants of emerging
concern and differing strongly in terms of chemical functions. Firstly,
the degradation of 4-chlorophenol (4CP) under UV-A light was studied.

Fig. 3. a) DR/UV–vis absorption spectra of the photocatalysts, b) F1s and c) Ti2p orbital XPS spectra recorded on selected samples from the TiO2/TiOF2 series, d) VB-
XPS spectra of selected photocatalysts.
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As presented in Fig. S5 in Supplementary Materials, pristine TiOF2
revealed low photocatalytic activity, whereas Fig. 4a and Fig. S6 show
that all the samples containing {0 0 1} anatase TiO2 in the series could
degrade and mineralise 4CP. The least efficient samples were S-16 h and
S-24 h, which are composed of pure {0 0 1} anatase phase. Both
degradation and mineralisation kinetics were accelerated when the
TiOF2 phase was present in the photocatalyst structure. The relationship
between the TiOF2 content in the heterojunction-based photocatalyst
and both apparent kinetic rate constants for degradation and minerali-
sation evidenced a volcano-type behavior with increasing the TiOF2

content (Fig. 4b). The highest apparent kinetic constants for both 4CP
degradation and TOC reduction were achieved for the sample S-10 h,
namely the heterojunction with a low and optimal TiOF2 content of
about 1.5 %. We observed that a too high titanium oxyfluoride content
inhibited the photocatalytic degradation of the organic pollutant.

Based on the results of 4CP degradation, the photocatalytic activity
of the samples was assessed in the degradation of CECs with more
complex molecular structures, namely myclobutanil and carbamaze-
pine. Fig. 5 depicts the evolution of the relative concentration of both
pollutants for reactions conducted under pure UV-A light or simulated

Fig. 4. a) Photocatalytic degradation of 4CP under UV-A light over TiO2/TiOF2 series, b) relationship between the k-constants and the TiOF2 content. Process
parameters: [4CP]0 = 20 ppm, [cat] = 1 g/dm3.

Fig. 5. Photodegradation of MCL and CBZ under UV–Vis and UV-A light using {0 0 1} TiO2 and {0 0 1} TiO2/TiOF2. Conditions: [CBZ]0 = 14 ppm, [MCL]0 = 20
ppm, [cat] = 1.0 g/dm3.
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solar light, and the apparent kinetic rate constants for degradation are
presented in Table S1 in Supplementary Materials. HPLC chromato-
grams of CBZ and MCL are shown in Fig. S7. Photolysis in the absence of
photocatalysts and the linear plots of ln(C0/C) vs. irradiation time are
shown in Fig. S8. Pure {0 0 1} anatase samples (S-16 h and S-24 h)
exhibited lower apparent kinetics than the heterojunction-based pho-
tocatalysts independently of the light source. The TOC reduction after 2
h of reaction is presented in Fig. 6. Similarly to the results with 4CP, the
highest mineralisation efficiency was observed for samples with a very
low TiOF2 content. In the case of MCL and CBZ solutions, this corre-
sponded to S-8 h and S-10 h samples that have a TiOF2 content lower
than 6 %. These samples exhibited excellent photocatalytic performance
toward CECs oxidation, comparable or higher than the previous reports
regarding CBZ and MCL removal (the comparison of apparent kinetic
rate constants is presented in Table S2 in Supplementary Materials).

Although myclobutanil and carbamazepine are degraded, their
interaction with the photocatalyst surface is different. The pH of the
suspension before the photocatalytic MCL removal was 4.9. Herein, MCL
occurs in the deprotonated form as pH > pKa (2.3) and therefore MCL is
negatively charged in the degradation reaction conditions. The posi-
tively charged surface of the {0 0 1} TiO2/TiOF2 sample consequently
favoured its interaction with the deprotonated form of the pesticide
compound. After the photocatalytic process, the pH of the suspension
slightly dropped down to 4.3, as a result of the release of acidic Cl− ions
during the MCL removal, which is consistent with IC chromatography
analysis of the Cl− ion concentration. By contrast, the CBZ molecule is
neutral, as pH < pKa (13.9), and therefore the electrostatic attraction
with the photocatalyst surface is unlikely.

Based on Figs. 4-6, three samples – S-8 h, S-10 h and S-12 h – with a
relatively low TiOF2 content (below 6 %), can be distinguished as the
most photocatalytically active binary systems with the highest kinetic
rate constants, and for which the highest 4CP, MCL and CBZ removal, as
well as the highest TOC reduction, were observed. Therefore, it can be
assumed that the ability to create the TiO2/TiOF2 heterojunction is a
predominant factor which affects the photocatalytic degradation of
pollutants. The effect of surface fluorination also occurs, but based on
our previous report [45], we can assume that the role of surface fluo-
rination is relatively low compared to the formation of heterojunction.

However, these experiments showed that considering the degrada-
tion of MCL and CBZ, the apparent kinetic rate constant may not be
correlated with the TOC reduction efficiency. For example, S-12 h
exhibited k-constants comparable to those obtained with S-10 h and S-8
h, but the TOC conversion was significantly lower than with the afore-
mentioned samples. This discrepancy was also observed in our previous
studies about facet-engineered TiO2 [14]. The probable reason is that

the presence of titanium oxyfluoride influences the degradation
pathway of the pollutant oxidation. Moreover, the interaction with the
photocatalyst is different for particular CECs due to various pKa values.
Finally, the intermediate products formed during the degradation of the
contaminant can have different adsorption features on the photocatalyst
surface than the initial compound.

2.3. Hydroxyl radicals generation

The ability of the heterojunction photocatalysts to generate •OH
radicals, which participate in the degradation and the mineralisation of
the pollutant, was monitored using a coumarin fluorescence probe
method. The more hydroxyl radicals are generated, the more 7-hydrox-
ycoumarin (7-OHC) is formed by selective oxidation of the coumarin
substrate. Fig. 7a shows the 7-OHC production under UV-A light ob-
tained on selected photocatalysts, whereas the statistical analysis of
coumarin fluorescence probe method is depicted in Fig. S9 in Supple-
mentary Materials. A direct correlation is observed between the hy-
droxyl radicals formation (characterised by the formation of 7-OHC) and
the degradation rate of CBZ and MCL, as shown in Fig. 7b. Indeed, the
concentration of 7-OHC is significantly higher for the {0 0 1} TiO2/
TiOF2 composites (S-8 h and S-10 h) than for pure anatase nanosheets (S-
24 h). This indicates that the presence of the TiOF2 phase helps in the
separation of charge carriers and the enhancement of ROS generation.
The high •OH generation yield obtained with the S-8 h sample is com-
parable to that shown by the Aeroxide© TiO2 P25 (Degussa), as is pre-
sented in Fig. S10 in Supplementary Materials, which confirms the high
photoactivity of the binary TiO2/TiOF2 photocatalysts.

Generation of •OH radicals is often the result of H2O reaction with
photogenerated holes [46,47]. Therefore, higher coumarin conversion
to 7-OHC for {0 0 1} TiO2/TiOF2 can be explained by higher amount of
charge carriers available to drive the reaction. This hypothesis was
verified by the experiment of photocatalytic hexavalent chromium
reduction, presented in Fig. S11 in Supplementary Materials. Similarly,
the enhanced Cr(V) → Cr(III) conversion was observed for TiO2/TiOF2.
Considering that electrons are responsible for reduction reactions, this
suggests that the formation of heterojunction enhances the separation of
electrons and holes.

2.4. The role of TiOF2 – Charge carriers generation and separation, DFT
calculations

Furthermore, to study the role of the TiOF2 phase in the hetero-
junction at an atomic level, DFT calculations were performed. The
optimised model of the (0 0 1) TiO2/(1 0 0) TiOF2 interface, along the

Fig. 6. TOC reduction achieved after 2 h of process under UV-A and UV–Vis light using {0 0 1} TiO2 and {0 0 1} TiO2/TiOF2 photocatalysts.
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Fig. 7. a) 7-OHC generation under UV-A light, b) relationship between the apparent kinetic rate constants for CBZ and MCL degradation and the 7-OHC production
derived from the slopes of Fig. 6a.

Fig. 8. a) Optimized model of the (001) TiO2/(100) TiOF2 interface, considering mutual [0 0 1] axis of both crystal structures, b) the corresponding calculated
electron density distribution map, and c) charge density difference formed as the consequence of the interface formation, d) Total DOS of (0 0 1) TiO2/(1 0 0) TiOF2
interface and e) electrostatic potential plotted along the slab thickness. In panel a), Ti, O and F atoms are blue, red and purple, respectively; in panel c) element
colours were omitted for better clarity.
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analogical [0 0 1] axis, is presented in Fig. 8a. From the output file of
SCF results (necessary for geometrical optimisation), work functions (Φ)
of pristine compounds were obtained, equal to 5.87 eV and 6.76 eV for
(0 0 1) TiO2 and (1 0 0) TiOF2, respectively. The Φanatase is consistent
with the literature [48]. Noteworthy, the interface formation resulted in
a noticeable distortion of the TiOF2 geometry, with O/F atoms deviating
from their cubic-phase positions and recreating lengths and angles
analogical to the (0 0 1) plane of the anatase TiO2. Following the ge-
ometry optimisation, the electronic properties of the interface were
investigated based on the charge density map (Fig. 8b), and charge
density difference (Fig. 8c, 3D model). As observed, overall charge
density shows little difference within the model, with the most notice-
able feature being preferred charge localization on the F atoms within
the TiOF2 structure, in agreement with the extremely high electroneg-
ativity of the fluorine. However, analysis of the charge density difference
revealed further consequences of the interface formation. As presented
in Fig. 8c, electron density became more affected at the interface, with a
clear preference to localize charge at the interfacial F atoms and Ti-O-Ti
bridge of the (0 0 1) anatase plane (dark-yellow regions in the figure). In
this regard, it is expected that the formation of the TiO2/TiOF2 interface
will form additional states that are especially beneficial for electron
localization. To quantitatively investigate the charge change and
transfer, Bader charge analysis was performed for pristine compounds

and in heterojunction (Table S3 in Supplementary Materials). The pos-
itive Bader charge corresponds to electron donation, whereas negative
values show the electrons gained by atoms. The highest interface effect
is noticed for interfacial F atoms, which exhibited a positive value of
Bader charge. These results are consistent with charge density difference
plots.

The calculated density of states (DOS) of the interface between the
anatase (0 0 1) surface and (1 0 0) TiOF2 is presented in Fig. 8d. It can be
seen that the band corresponding to TiOF2 possesses lower energy than
TiO2, so the conduction band (CB) of TiO2 will be located higher than
that of TiOF2. Consequently, the valence band (VB) positions also vary
from each other and the VB of TiO2 possesses higher energy than that of
TiOF2. Finally, plotting of the average electrostatic potential along the
slab (Fig. 8e) revealed that high potential barriers exist within the TiOF2
structure. Above all, this might be the reason behind the long lifetimes of
the generated charge carriers observed for the TiOF2, but might also
contribute to its negligible photocatalytic activity, as the charge carriers
might undergo trapping within the crystal structure, with the low pos-
sibility of migration and transfer after the excitation. However, as
a consequence, efficient charge separation can be achieved only when
TiOF2 forms thin structures at the (0 0 1) TiO2 surface. This is because
further growth of the TiOF2 may trap electrons at the interface and
reduce their possible migration due to the high potential barriers

Fig. 9. a) Fluorescence lifetime for the different TiO2/TiOF2 samples vs. the TiOF2 phase content. The solid line is a guide to the eye only; Inset shows the PL spectra
of pure compounds at λexc = 320 nm, b) TRMC signal after excitation at λ = 360 nm for pure {0 0 1} anatase, TiOF2 and TiO2/TiOF2 photocatalysts, c) Proposed
mechanism of charge carriers separation in illuminated TiO2/TiOF2 based on lifetime measurements and DFT calculations; blue arrow shows the recombina-
tion process.
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existing within its structure. In this regard, it seems reasonable that
small amounts of TiOF2 in the heterojunction can effectively withdraw
both charge carriers from the composite structure, leading to boosted
photocatalytic activity.

Considering the band structures of these two semiconductors, there
are two possible charge carrier transfer pathways in the photocatalytic
systems, that is, a traditional type-II heterojunction or a direct Z-scheme
system. Therefore, DFT calculations were combined with fluorescence
spectra to indicate the type of heterojunction between titanium oxy-
fluoride and {0 0 1} anatase. This time-resolved spectroscopy technique
is supposed to be appropriate for heterojunction classification, as it
provides insights into the evolution dynamics of photogenerated charge
carriers within the heterojunction [49]. Fig. 9a shows the average
fluorescence lifetimes obtained from exponential decay fittings of the
fluorescence delay times measured for the different samples. An
example of experimental and fitted exponential decay curves is pre-
sented in Fig. S12 in Supplementary Materials. Considering the single-
phase compounds, TiOF2 shows a remarkably longer fluorescence life-
time than TiO2, which can be related to longer-lived electron-hole pairs.
The composites show intermediate fluorescence lifetime values that
reasonably follow an asymptotic trend with increasing TiOF2 content.
However, pure TiO2 exhibited significantly higher fluorescence intensity
than TiOF2 (inset in Fig. 9a), so the determined fluorescence lifetimes in
the composites originate from the anatase phase. Based on the presented
trend, it can be noticed that < τ > increases for {0 0 1} TiO2 when
coupled to TiOF2. In this system longer fluorescence lifetime, associated
with higher number of photogenerated electrons, can be achieved when
electrons from the CB of TiOF2 recombine with holes from the VB of
TiO2. In the case of type-II heterojunction, electron flow should be into
CB of TiOF2, resulting in lower fluorescence intensity and lifetime.
Therefore, according to the relative band positions obtained from DFT
calculations, we suggest a Z-scheme heterojunction in {0 0 1} TiO2/
TiOF2. This proposed heterojunction type aligns with the literature,
where it has been studied using different techniques [50].

The TRMCmeasurements are presented in Fig. 9b. It can be observed
that TiOF2 itself does not show any signal, therefore this compound is
supposed not to be photocatalytically active. All the compounds con-
taining TiO2 present a clear, typical high signal with well-defined decay.
However, it can be noted that both S-3 h and S-6 h samples present a
positive A sensitivity factor, whereas the others show signals with
negative A factors. Therefore, it is not possible to compare Imax values of
samples with opposite A factors. These differences in A factors for these
series can be explained by significant variations in the microstructures.
Composite structures consisting of two heterogeneous phases are always
associated with important A factors variations. The structural analysis
confirms this assumption – S-3 h and S-6 h are the only ones containing
TiOF2 in a significant amount with particular heterojunction structura-
tion. The other photocatalysts with a low TiOF2 content possess a similar
behaviour to that of pure TiO2 (S-16 h and S-24 h). However, in the
range of synthesis time from 8 h to 24 h, it is possible to fully compare
the TRMC signals. In this case, S-8 h and S-10 h exhibit the highest Imax
values and slower decays, indicating a high number of charge carriers
available for driving the surface redox reactions and the photocatalytic
process.

Based on DFT calculations, VB-XPS spectroscopy and band gap
measurements, we propose the band position of {0 0 1} TiO2/TiOF2
composite in relation to vacuum. Based on fluorescence lifetime mea-
surements, the mechanism of electron and hole transport is suggested
(Fig. 9c). This mechanism of charge carrier transfer is suitable for pho-
tocatalytic reactions because a Z-scheme photocatalyst has simulta-
neously a strong redox ability for driving photocatalytic reactions and
spatially separated reductive and oxidative active sites. In the case of a
type-II heterojunction, the advantage of charge carrier separation is at
the expense of the redox abilities of charge carriers, which may weaken
some specific surface redox reactions [51].

On the other hand, bulk TiOF2 shows minimal photocatalytic activity

in both oxidation and reduction processes. However, the low photo-
reactivity of a material does not preclude its efficient role in a hetero-
junction, as a material can produce electrons and holes under suitable
irradiation while exhibiting minimal standalone photocatalytic activity.
For example, Liang et al. reported the superior photocatalytic activity of
Ag2S/Cu2O due to formation of Z-scheme heterojunction, although both
pristine materials exhibited poor photocatalytic performance [52].
Although no signal was detected for pristine TiOF2 in TRMC measure-
ments, the calculated electron density distribution map revealed that its
electronic structure significantly differs when used incorporated into the
heterojunction compared to its standalone form. Due to this effect,
comparing photocatalytic performance of TiOF2 in the composite with
its pristine form is challenging.

2.5. Stability and reusability tests of the optimum TiO2/TiOF2
photocatalyst

Reusability tests are of prime importance as leaching of fluorine ions
from the {0 0 1} TiO2/TiOF2 photocatalysts can occur, whether it might
come directly from the TiOF2 phase or residual ions resulting from the
HF-assisted solvothermal synthesis that forms the {0 0 1} TiO2 facets.
Using the most efficient S-8 h binary photocatalyst and the degradation
of MCL under UV–vis irradiation, Fig. 10 shows the ability of the TiO2/
TiOF2 system to be reused for five consecutive test cycles. The photo-
catalytic activity remained stable upon the first three cycles, with an
average apparent kinetic rate constant kMCL of 0.044 ± 0.002 min− 1.
XRD patterns of the fresh and used photocatalysts showed that the {0
0 1} TiO2/TiOF2 photocatalysts undergo minor structural changes
(Fig. S14 in Supplementary Materials) with similar crystallite size (14
nm), while XPS measurements evidenced an increase in the Ti/F surface
ratio (Fig. S15 in Supplementary Materials) and a slight decrease in the
Ti4+− F contribution. The lower Ti4+− F contribution than in the fresh
sample and the slight increase in the Ti/F surface ratio were assigned to
fluorine leaching, as confirmed by the ion chromatography (IC) analysis
of the post-process water (Fig. S16 in Supplementary Materials). IC
showed the presence of both F− released by the photocatalyst, and Cl−

which originates from MCL mineralisation. The experimental Cl− con-
centration was close to the theoretical value, which also confirmed the
high efficiency of MCL dechlorination over three consecutive cycles. The
slight decrease in the photocatalytic activity can be observed in fourth
(0.0395 min− 1) and fifth cycle (0.0391 min− 1). Therefore, it is worth
highlighting that although changes in the structure and surface, the
photocatalytic activity is still high, so that the {0 0 1} TiO2/TiOF2
photocatalyst can be reused in water treatment.

Fig. 10. Reusability tests of the MCL photocatalytic degradation on the S-8 h {0
0 1} TiO2/TiOF2 under UV–Vis light.
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3. Conclusions

In the present work, the potential of {0 0 1} TiO2/TiOF2 hetero-
junction semiconductor photocatalysts was investigated for photo-
catalytic CECs oxidation and •OH generation. The combination of the
TiOF2 phase with highly energetic {0 0 1} crystal facets of anatase
strongly enhanced both the degradation and the mineralisation of the
organic pollutants. TRMC confirmed that the most photoactive samples
(S-8 h and S-10 h) exhibited the highest number of charge carriers
available for driving the surface redox reactions. Time-resolved fluo-
rescence spectra revealed that charge carriers’ lifetimes were prolonged
when TiOF2 was present in the final photocatalyst. DFT calculations and
valence-band XPS spectra showed the favourable band position between
both (0 0 1) TiO2 and (1 0 0) TiOF2 semiconductor phases, facilitating
efficient migration and separation of photogenerated electron-hole
pairs.

The TiOF2 content in the binary photocatalyst, controlled by tuning
the duration of the solvothermal synthesis, was a crucial factor which
affected the photocatalytic performance. Regardless of the pollutant to
degradation, the apparent kinetic rate constants for degradation as well
as the TOC reduction efficiency feature a volcano-type behavior with
increasing the TiOF2 content. The highest performances were obtained
on binary {0 0 1} TiO2/TiOF2 heterojunction photocatalysts with a low
content of the TiOF2 phase in the range 1.5–6 %, corresponding to
synthesis durations of 8 h–12 h. These experimental results align well
with DFT calculations which revealed a high potential barrier for TiOF2
which is responsible for impeded electron migration. Therefore, efficient
charge separation is achievable only when TiOF2 forms thin structures at
the (0 0 1) TiO2 surface. Finally, reusability tests demonstrated high
MCL degradation efficiency over five consecutive test cycles, despite
minor structural changes.

The present study provides information about novel composition-
controlled TiOF2-based photocatalysts with improved charge carrier
dynamics, as a key-factor for enhancing the degradation and minerali-
sation of a span of contaminants of emerging concern with varied
chemical functions.
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