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a b s t r a c t

Complex (oxy)fluorides K2TiF6, K2TiOF4, K3TiOF5 and K7Ti4O4F7 have been successfully synthesized for the
first time through a controllable solvothermal route involving different solvents, for example, methanol,
methanol–H2O and methanol–H2O2. The as-prepared products were characterized by X-ray powder
diffraction, N2 surface area adsorption, scanning electron microscope, Fourier transform infrared spec-
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troscopy, UV–vis absorption spectra and X-ray fluorescence. The influences of reaction conditions such as
the ratio of methanol to H2O2 or methanol to H2O, reaction temperature on the phase, crystallizability and
purity of the (oxy)fluorides products were discussed in detail. Meanwhile, the photocatalytic behaviors
of the as-prepared K2TiF6, K2TiOF4, K3TiOF5 and K7Ti4O4F7 were evaluated by degradation of rhodamine

ults s
> K7T
-ray diffraction
nfrared spectroscopy
hotocatalytic properties

B molecules, and the res
order of K2TiOF4 > K2TiF6

. Introduction

Various new materials for photocatalysis have been synthesized
n the past few decades [1–3]. A successful example is TiO2, a

etal oxide often used as a catalyst in photochemistry, electro-
hemistry, environmental protection, and in the battery industry
4,5]. Recently, F− anion acting as promising dopant in a TiO2 has
ttracted a great deal of attention [6–8]. F-doped TiO2 samples
howed stronger absorption in the UV-vis range and their photocat-
lytic activity exceeded that of Degussa P25 [9]. The interpretation
f enhanced photocatalytic activities was as follows: (1) fluoride
oping improves the crystallinity of oxides [6]; (2) the doped F
toms convert Ti4+ to Ti3+ and the presence of a certain amount of
i3+ reduces the electron–hole recombination rate [7]; (3) fluorine
oping results in the formation of oxygen vacancies and an increase
f effective electron mobility [8]. In other words, effects of F− doping
n the structure, electronic chemistry and the transfer rate of pho-
ogenerated electrons to the photocatalyst surface are beneficial to
n increase of photocatalytic activities [10]. It is well known that

he studies of synthetic, structural, and electronic aspects of F− for
2− substitutions have also been particularly important [11,12]. For
xample, the synthesis of superconductor Sr2CuOF2+ı was reported
13]. That study showed that fluorine displaced oxide ions and
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ational Laboratory for Physical Sciences at Microscale, Hefei, Anhui 230026, PR
hina. Tel.: +86 551 3601791.
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304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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howed that all of the products possessed photocatalytic activities in the
i4O4F7 > K3TiOF5 at room temperature under the UV light.

© 2009 Elsevier B.V. All rights reserved.

caused a structural rearrangement to give a superconducting phase.
In this oxyfluoride, the fluoride ion plays a dominant structural
role rather than being merely an electronic dopant as in La2CuO4Fx

[14]. Therefore, the conclusion that the substitution of F− for O2− in
structure is favorable to improve superconductivity may be a kind
of useful enlightenment. It provides us a new way to reconsider
the fluorine-containing photocatalysts, and thereby it also arouses
our interest to explore photocatalytic performance of fluorides and
oxyfluorides.

The Ti-based metal oxides (e.g. SrTiO3, K2Ti6O13 and Na2Ti6O13)
[15–17] have long been studied as UV light-responsive photocat-
alysts, this is mainly because of their favorable properties such as
non-toxicity, chemical inertness, and high stability under light irra-
diation. However, little has been reported about the Ti-based metal
fluoride and oxyfluoride materials as photocatalysts. Potassium flu-
orotitanate (K2TiF6) and potassium oxofluorotitanates (K3TiOF5,
K2TiOF4 and K7Ti4O4F7) as complex (oxy)fluorides have been pre-
pared using solid-state method or thermal decomposition route
[18–21], but until now few studies have been conducted to uncover
the properties of these compounds, besides the limit application
of K2TiF6 such as additive [22] or reactant [23]. In this paper,
we investigated the photocatalytic activity of these (oxy)fluorides
utilizing the degradation of rhodamine B (RhB) aqueous solution
under UV–vis light irradiation. Preliminary experiments showed

that these complex materials possess different bandgaps for light
energy conversion and displayed different photocatalytic activities.

In addition, we have also focused on the synthesis of
(oxy)fluorides. Many different synthesis techniques have been used
for preparation all kinds of (oxy)fluorides [24–30]. Direct syn-

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:kbtang@ustc.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.05.141
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pared at 200 C for 24 h in an appropriate solvent composed of
CH3OH and H2O2 with volume ratio of 3:1 (No. 1 of Table 2). When
the ratio of CH3OH to H2O2 was altered to 4:1 or 2:1 without chang-
ing other conditions, it was found that K2TiF6 was the dominant
phase and always coexisted with impurities in final products, e.g.
80 J. Sheng et al. / Journal of Haza

hesis of these materials via simple route has attracted intensive
nterest in material science [31]. The mildly hydrothermal route
s a typical solution approach has been proved to be effective
nd convenient in synthesizing various materials, for example,
oxy)fluoride functional materials [32–34] and (oxy)fluoride mate-
ials with open-framework [35]. The solvothermal approach is an
volution of hydrothermal synthesis, and it is also proved to be a
acile and environmental friendly way. The required solvent can be
sed in the special systems to avoid the emergence of water and
atisfy specific conditions. However, there are few reports about
he solvothermal synthesis of oxyfluorides [36]. In the present
ase, we explored the feasibility of preparing the (oxy)fluorides
2TiF6, K3TiOF5, K2TiOF4 and K7Ti4O4F7 by employing a convenient
olvothermal method at relatively low temperature.

. Experimental

.1. Preparation of the samples

Solvothermal synthesis of samples K2TiF6, K3TiOF5, K2TiOF4 and
7Ti4O4F7 was carried out in a Teflon-lined stainless steel auto-
lave under autogenously pressure. All the reagents (KOH, KF·2H2O,
iO2, Ti, NH4HF2, H2O2 and methanol) were purchased from Shang-
ai Chemical Reagent Company, and they were all analytically pure
nd used without further purification. The doses of starting mate-
ials for the synthesis of K2TiF6, K2TiOF4, K3TiOF5 and K7Ti4O4F7
ere listed in Table 1. The mixture was put into a 50-mL Teflon-

ined stainless autoclave which was then filled with methanol,
ethanol–H2O or methanol–H2O2 up to 80% of the total volume.

he autoclave was sealed quickly and heated at 200 ◦C for 24 h or
6 h, and then cooled to room temperature naturally. The precip-

tates were collected and washed with absolute ethanol, distilled
ater, respectively, and dried in vacuum at 60 ◦C for 2 h.

.2. Sample characterizations

The samples were identified by X-ray powder diffraction (XRD)
n a Philips X’pert PRO SUPER diffractometer with Cu-K� radiation
� = 1.541874 Å) at room temperature (40 kV, 30 mA) in the angu-
ar range of 10◦ < 2� < 70◦. The quantitative analysis of the products

as carried out by XRF-1800 Sequential X-ray fluorescence spec-
rometer (XRF); the Fourier transform infrared spectra (FT-IR) were
erformed on a Magana IR-750 Ft spectrometer. The powders were
ispersed in KBr (1.5/150 mg) and were studied at room tempera-
ure. UV–vis diffuse reflectance spectra (DRS) of the samples were

easured by using Hitachi U-3010 UV–vis spectrophotometer. The
canning electron microscopy (SEM) images were taken on a Sirion
00 field emission scanning electron microscope (FE-SEM, 20 kV).
he Brunauer–Emmett–Teller (BET) tests were determined via a
icromeritics ASAP-2000 nitrogen adsorption apparatus.

.3. Photocatalytic test

Photocatalytic activities of the as-obtained samples were evalu-
ted by the degradation of RhB under ultraviolet light irradiation of
250 W Hg lamp and visible light irradiation of a 500 W Xe lamp. In
ach experiment, 100.0 mg sample as photocatalyst was added into
0 mL RhB solution (1.0 × 10−5 mol/L), and dispersed in an ultra-
onic bath for 5 min. The solution was stirred for 10 min in the dark

o reach adsorption equilibrium between catalyst and solution, and
hen was exposed to photo-irradiation. Concentrations of RhB were

easured using UV–vis spectra (Shimadzu UV2550) every 5 min or
onger time. Comparative experiments were also carried out with
ommercial Degussa P25 and without any photocatalysts on the
ame conditions.
Materials 171 (2009) 279–287

3. Result and discussion

3.1. The fluoride K2TiF6 and the oxyfluoride K2TiOF4

3.1.1. Structure characterization
Fig. 1a shows the XRD pattern for the as-obtained Sample 1 (in

Table 1). All of the diffraction peaks can be indexed as a hexago-
nal unit cell (P3̄m1) with lattice parameters a = 5.737 Å, c = 4.669 Å,
which were in good agreement with the reported data for K2TiF6
[JCPDS Card No. 08-0488: a = 5.727 Å, c = 4.661 Å]. No other charac-
teristic peaks were observed for impurities, such as Ti, TiO2, etc.
Fig. 1b shows the XRD pattern of the as-prepared Sample 2. The
diffraction peaks can be well indexed as the tetragonal K2TiOF4
with the lattice constants a = 7.713 Å, c = 11.568 Å (JCPDS Card No.
38-0984) and no peaks of impurities were detected. Furthermore,
elementary analysis by XRF indicates that the molar ratios of K:Ti:F
for Samples 1 and 2 are 1.88:1:5.85 and 1.74:1:3.84, respectively,
which are close to the stoichiometry of K2TiF6 and K2TiOF4. SEM
images of the as-prepared K2TiF6 and K2TiOF4 samples are shown
in Fig. 2a and b, respectively. The K2TiF6 sample displays an irreg-
ular shape with the particle size less than 1 �m (Fig. 2a), and the
sample K2TiOF4 also exhibits an irregular shape with an inhomo-
geneous particle size distribution (Fig. 2b). In order to illuminate
the unhomogeneity, Scheme 1 gives a statistics graph to describe
visually the particle size distribution of K2TiOF4, in which the par-
ticle size distribution collected mostly in a narrow region less than
2 �m.

3.1.2. Influences of reaction conditions on the products
In the work, the volume ratio of solvent CH3OH/H2O2 and

reaction temperature were found to play vital roles on the for-
mation, crystallizability and purity of K2TiF6 and K2TiOF4 samples.
They were investigated systematically, and the results are listed in
Table 2. Ti, KOH and NH4HF2 as reactants and mineralizers were
employed to prepare K2TiF6 and K2TiOF4 in the reaction [37]. The
phase formation of K2TiF6 and K2TiOF4 could be easily accessed by
controlling the volume ratio (CH3OH/H2O2) and reaction tempera-
ture.

The pure and well-crystalline K2TiF6 sample was typically pre-
◦

Fig. 1. The XRD patterns of the desired products obtained by solvothermal synthesis
with feasible conditions (a) K2TiF6, (b) K2TiOF4, (c) K3TiOF5, and (d) K7Ti4O4F7.
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Table 1
Feasible conditions for solvothermal synthesis of K2TiF6, K2TiOF4, K3TiOF5 and K7Ti4O4F7.

No. Starting materials Mole ratio Temperature (◦C) Time (h) Solvent (volume ratio) Products

a b c d e

Sample 1 – Ti KOH – NH4HF2 1:2:3 200 24 CH3OH:H2O2 (3:1) K2TiF6

Sample 2 – Ti KOH – NH4HF2 1:2:2 200 24 CH3OH:H2O2 (1:1) K2TiOF4

Sample 3 TiO2 – – KF – 1:5.5 200 24 CH3OH K3TiOF5

Sample 4 TiO2 – KOH KF – 1:1:2 200 36 CH3OH:H2O (1:1) K7Ti4O4F7

(a) K2T

T
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d
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f
w
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N

Fig. 2. SEM images of the as-obtained samples:

iO2, TiOF2 or hydrated oxyfluorides (Nos. 2 and 3). Table 2 also
hows the effects of reaction temperature on the final products.

hen the reaction was carried out at 100 ◦C for 12 h or 48 h, K2TiF6
as always accompanied by byproducts in the final products (Nos.
and 5). When the reaction temperature increased to 250 ◦C, the
esired K2TiF6 sample could be also obtained (No. 6).
The volume ratio of CH3OH/H2O2 and temperature also greatly

ffected the synthesis of K2TiOF4. Typically, K2TiOF4 was success-
ully obtained when the synthesis was performed at 200 ◦C for 24 h

ith CH3OH/H2O2 = 1:1 in volume ratio (No. 7). While the ratio

able 2
ariant conditions for solvothermal synthesis of K2TiF6 and K2TiOF4.

o. Starting material ratio Solvent volume ratio

Ti KOH NH4HF2 CH3OH H2O2

1 1 2 3 3 1
2 1 2 3 4 1
3 1 2 3 2 1
4 1 2 3 3 1
5 1 2 3 3 1
6 1 2 3 3 1
7 1 2 2 1 1
8 1 2 2 1 1
9 1 2 2 1 1

10 1 2 2 1 1
11 1 2 2 0.5 1
iF6, (b) K2TiOF4, (c) K3TiOF5, and (d) K7Ti4O4F7.

descended to 0.5, the final products contained K2TiOF4 and a little
impurity, e.g. TiO2. In the experiments, we found that the phase-
pure K2TiOF4 could be obtained at higher temperature (≥200 ◦C),
while multiphase samples with impurities were produced at lower
temperature (100 ◦C) (Nos. 8–10 in Table 2). Thus, the formation

of K2TiOF4 and K2TiF6 was much sensitive to the ratio of solvents,
which could be attributed to the competitive results between the
O and F species. It is known that fluorine can substitute easily oxy-
gen in solid-state chemistry due to the similar size of the O2− and
F−. Usually, K2TiOF4 can be facilely acquired with volume ratio of

Temperature (◦C) Time (h) Products

200 24 K2TiF6

200 24 K2TiF6 + impurities
200 24 K2TiF6 + K2TiOF4 + impurities
100 48 K2TiF6 + impurities
100 12 K2TiF6 + impurities
250 12 K2TiF6

200 24 K2TiOF4

250 12 K2TiOF4

100 48 K2TiOF4 + impurities
100 12 K2TiOF4 + impurities
200 24 K2TiOF4 + impurities
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Scheme 1. Particle size distributions of Sample 2 (K2TiOF4).

:1 (CH3OH to H2O2), whereas, the decrease of H2O2 led to the
ncrease of fluorine content relative to oxygen, and that fluorine
ook over competitive advantageous status in the reaction. Finally,
he free-oxygen compound K2TiF6 was obtained.

.2. The oxyfluoride K3TiOF5 and K7Ti4O4F7

.2.1. Structure characterization
The powder X-ray diffraction pattern of Sample 3 (in Table 1) is

hown in Fig. 1c. All of the diffraction peaks can be well indexed
s the tetragonal K3TiOF5 (JCPDS Card No. 23-0506) with lat-
ice parameters of a = 6.102 Å, c = 8.655 Å. No characteristic peaks
f impurities were detected. Further investigation of XRF shows
hat the molar ratio of K:Ti:F for Sample 3 is 3.07:1:5.27 close to
he stoichiometry of K3TiOF5, which confirmed the production of
hase-pure K3TiOF5 sample. Fig. 1d shows the XRD pattern of Sam-
le 4. The observed 2� values and intensities of reflection lines were
onsistent with the reported values of K7Ti4O4F7 (JCPDS Card No.
20354), and it indicated that Sample 4 could be obtained with the
ominal composition of K7Ti4O4F7. Similarly, the analysis of XRF
as also carried out to further verify the composition of Sample 4.

he result reveals that its molar ratio of K:Ti:F equal to 2.02:1:1.65,
hich roughly agrees with the stoichiometry of K7Ti4O4F7.

Fig. 2c shows SEM image of the as-obtained K3TiOF5 sample,
hich was composed of many microparticles and irregular polyhe-

ra with 0.5–5 �m in diameter. SEM image of the as-synthesized
7Ti4O4F7 sample is shown in Fig. 2d, and it revealed that the sam-
le was also comprised of irregular particles with around 0.5 �m in
iameters and displayed a tendency of conglomeration.

.2.2. Influences of reaction conditions on the products
The solvents and Ti-sources in the synthesis of K3TiOF5 and

7Ti4O4F7 were different from that of K2TiF6 and K2TiOF4. The
etailed information is summarized in Table 3. The pure K3TiOF5
ample was successfully prepared using TiO2 and KF·2H2O as reac-
ion reagents at 200 ◦C for 24 h in methanol solvent (No. 1 in Table 3).
t was found that the reaction temperature was also an important
actor to produce the K3TiOF5 sample, and the higher temperature

as favorable for the formation of pure K3TiOF5. Whereas, when
he synthesis was carried out at the lower temperature than 100 ◦C,

o K3TiOF5 was obtained (Nos. 4 and 5) even though the reaction
ime increased to 48 h. When the temperature increased to 250 ◦C,
he single phase K3TiOF5 could be obtained with the reaction time
hortened to 12 h (No. 6). The dose of KOH had greatly impact on
he final results in the reaction. If 0.1 mmol KOH was added, K3TiOF5
Materials 171 (2009) 279–287

always appeared along with impurities; while 0.5 mmol KOH was
employed in experiment, K3TiOF5 was scarcely obtained (Nos. 2 and
3).

The formation of K7Ti4O4F7 was also very sensitive to the prepar-
ative conditions such as CH3OH/H2O volume ratio, temperature
and the basicity of solution. Typically, the pure K7Ti4O4F7 could be
received at 200 ◦C for 36 h in the mixed solvent (CH3OH/H2O = 1/1
in volume ratio), using TiO2, KOH and NH4HF2 as starting material.
The effects of CH3OH/H2O on the formation of K7Ti4O4F7 are shown
in Table 3. When the ratio (CH3OH/H2O) changed from 1/1 to 2/1,
as-obtained K7Ti4O4F7 sample contained impure phases, e.g. TiO2
(Nos. 7 and 8). Table 3 also reveals the influences of reaction tem-
perature on the formation of K7Ti4O4F7, which was similar to that of
K3TiOF5. No K7Ti4O4F7 was observed at lower temperature (100 ◦C),
and it could be acquired at higher temperature (≥200 ◦C) under the
similar conditions (Nos. 9 and 10). The excessive KOH would not
favor for the production of pure K7Ti4O4F7 (Nos. 11 and 12), but TiO2
dominated the final products in the high alkaline solution. The two
synthetic strategies were similar to that of K2TiF6 and K2TiOF4, and
that there also existed competition between fluorine and oxygen
anions in the reactions. The use of anhydrous methanol resulted in
competitive advantage of F− to O2− anions in the reaction system.
Due to large proportion of fluorine content, it should be reasonable
that K3TiOF5 rather than K7Ti4O4F7 with low fluorine content was
obtained in anhydrous methanol. In contrary, K7Ti4O4F7 instead of
K3TiOF5 could emerge in the reaction using the mixed solvent of
CH3OH and H2O.

3.3. FT-IR analysis

In order to further demonstrate the character of as-prepared
(oxy)fluorides, the FT-IR spectra of the products are presented
in Fig. 3, in which all samples exhibit main absorption bands at
450–1000 cm−1. Fig. 3a shows the characteristic absorption peak
of the as-prepared K2TiF6 products, which is loaded at 579 cm−1,
consistent with the reported values of absorption band of TiF6

2−

in K2TiF6 [38]. The absorption peaks of the as-prepared K2TiOF4
sample are present at 530 cm−1 and 873 cm−1 (shown in Fig. 3b),
which can be ascribed to the stretching vibration of Ti–F and
Ti–O (terminal oxygen), respectively. Moreover, the absorption
bands overlapped with others at 466 cm−1 and 828 cm−1 (indi-
cated with arrows in Fig. 3b) probably resulted from fluorine and
terminal oxygen presenting and distributed in the crystal lattice
randomly [39]. The FT-IR spectrum of obtained K3TiOF5 sample
is shown in Fig. 3c, and the strong absorption peaks at 514 cm−1

and 896 cm−1 are ascribed to the stretching vibration of Ti–F and
Ti–O (terminal oxygen) of K3TiOF5, respectively. Fig. 3d displays
the IR spectrum of the as-prepared K7Ti4O4F7 products. The peak
at 554 cm−1 can be assigned to the stretching vibration of Ti–F,
and the peaks at 1100–750 cm−1 could be attributed to the pres-
ence of Ti–O bond or to a combination lattice mode of Ti–O and
Ti–F bands in K7Ti4O4F7 [39]. It is noted that in all the IR spectra
(4000–1100 cm−1) of the four samples, no peaks of impurities were
detected except for two broad absorption bands around 3450 cm−1

(O–H stretching) and 1630 cm−1 (H–O–H bending), which were
due to water molecules absorbed from air. The results suggest that
all samples have not been incorporated with N, C species, which
confirms the absence of NH4

+ or absorbed organic molecules in
the (oxy)fluorides products. It is found that no Ti–O characteristic
absorption peaks (750–900 cm−1) were observed in Fig. 3a, indi-
cating that no –OH or oxygen binding to Ti in crystal lattice of

as-prepared K2TiF6. Because of almost identical shapes and rela-
tive intensity of absorption peaks from water molecules in all FT-IR
spectra (Fig. 3) of the obtained (oxy)fluorides samples, it is clear
that there are no OH groups taking up the position of crystal lattice
of all the prepared (oxy)fluorides.
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Table 3
Variant conditions for solvothermal synthesis of K3TiOF5 and K7Ti4O4F7.

No. Starting materials ratio Solvent volume (ml) Temperature (◦C) Time (h) Products

TiO2 KOH KF CH3OH H2O

1 1 – 5.5 40 – 200 24 K3TiOF5

2 1 – 5.5 40 – 100 24 TiO2 + impurities
3 1 – 5.5 40 – 100 48 TiO2 + impurities
4 1 – 5.5 40 – 250 12 K3TiOF5

5 1 0.1 5.5 40 – 200 48 K3TiOF5 + impurities
6 1 0.5 5.5 40 – 200 12 multiphase
7 1 1 2 20 20 200 36 K7Ti4O4F7

8 1 1 2 30 15 200 36 K7Ti4O4F7 + impurities
9 1 1 2 20 20 100 36 TiO + impurities

0
0

1 0
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10 1 1 2 20 2
11 1 3 2 20 2
2 1 4 2 20 2

.4. Photoabsorption properties

Photoabsorption ability of the (oxy)fluorides was detected by
V–vis diffuse reflectance spectra, as shown in Fig. 4. The sam-
le K2TiF6 presented the photoabsorption properties from the
V-light to visible light region shorter than 450 nm (Fig. 4a).
he steep shape of spectrum indicated that the visible-light
bsorption was due to the bandgap transition of K2TiF6, but the
ransition from the impurity. For a crystalline semiconductor, it
as known that the optical absorption near the band edge fol-

owed the equation (˛h�)n = A(h� − Eg), where ˛, �, Eg, and A were
bsorption coefficient, light frequency, bandgap, and constant,
espectively, while the value of n is decided by the characteris-
ics of transition in a semiconductor. According to the equation,
he bandgap (Eg) of K2TiF6 was estimated to be 3.44 eV (direct

ransition) from the onset of absorption edge (inset in Fig. 4a).
imilarly, the optical absorption properties of K2TiOF4, K3TiOF5
nd K7Ti4O4F7 were revealed in Fig. 4b–d, and the values of Eg

f three samples corresponding to direct transition were deter-
ined to be 3.21 eV, 3.94 eV and 4.39 eV, respectively. Fig. 4b

Fig. 3. FT-IR spectra of the as-obtained samples: (a) K2
2

250 20 K7Ti4O4F7

200 36 K7Ti4O4F7 + impurities
200 36 TiO2 + impurities

shows that K2TiOF4 possesses a broad absorption band appeared
in the range of 350–670 nm, and a minimum bandgap compared
with those of other three samples. It is known that the mecha-
nism of photocatalytic reactivity is the result of multiple effects
from bandgap energy (Eg), photoproduced hole–electron sepa-
ration and the charge transport, energy levels of valence band
and conduce band, surface areas of materials and so on. In the
work, the catalytic mechanism was not explained detailedly, but
the bandgap energies determined by the absorption spectra have
been presented, which indicate that these (oxy)fluorides were the
wide-bandgap semiconductors and they may become potential
photocatalysts.

3.5. BET surface areas of K2TiF6, K2TiOF4, K3TiOF5 and K7Ti4O4F7
Fig. 5a–d represents the nitrogen adsorption–desorption
isotherms and BJH pore size distribution curves (inset) of
the (oxy)fluorides K2TiF6, K2TiOF4, K3TiOF5 and K7Ti4O4F7 by
solvothermal route, respectively. The typical isotherms were iden-
tified as type II with the hysteresis loop of H3 type suggest that

TiF6, (b) K2TiOF4, (c) K3TiOF5, and (d) K7Ti4O4F7.
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F K2TiO
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ig. 4. UV–vis diffuse reflectance spectra of as-obtained samples: (a) K2TiF6, (b)
oxy)fluorides, which were estimated to be 3.44 eV, 3.21 eV, 3.94 eV and 4.39 eV fro
ll products possessed characteristic structures with nonporous or
acroporous adsorbents and unrestricted monolayer–multilayer

dsorption [40]. Table 4 summarizes the surface area (SBET), pore
olume (VP), and pore diameter (Dp) of different products calculated

ig. 5. Nitrogen adsorption–desorption isotherms of as-obtained samples: (a) K2TiF6, (
espectively.
F4, (c) K3TiOF5, and (d) K7Ti4O4F7. The insets shows the bandgap (Eg) of these
onset of the absorption edge, respectively.
by the BJH method based on the nitrogen adsorption–desorption
isotherms. The surface areas of K2TiF6, K2TiOF4, K3TiOF5 and
K7Ti4O4F7 are 5.4696, 1.4367, 2.5253 and 3.9880 m2/g, respec-
tively, all of which are much smaller than that of the Degussa P25

b) K2TiOF4, (c) K3TiOF5, and (d) K7Ti4O4F7. The insets show their BJH pore size,
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Table 4
Textural properties of K2TiF6, K2TiOF4, K3TiOF5 and K7Ti4O4F7.

Sample ABET (m2/g) DP (nm) VP (cm3/g)

K2TiF6 5.4696 38.5 0.053
K2TiOF4 1.4367 22.0 0.0065
K
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t
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m
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t
s
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r
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K
t
s
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t
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t
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m

F
p

3TiOF5 2.5253 9.8 0.0098
7Ti4O4F7 3.9880 30.5 0.017
25 50 – –

iO2 (50 m2/g) from the linear part of the BET plots. The aver-
ge pore size for these (oxy)fluorides are about 38.5, 22.0, 9.8
nd 30.5 nm, respectively, with nonuniform distribution of pore
ize, and their pore volume are about 0.053, 0.0065, 0.0098 and
.017 cm3/g, respectively. The pores originating from the interpar-
icles space are very lower, which can be shown in the SEM image
Fig. 2).

.6. Photocatalytic activities

It is well known that light absorption of materials and the
igration of the light-induced electrons and holes are key factors

ontrolling a photocatalytic reaction, which are relevant to the elec-
ronic structure characteristics of materials [41–43]. The absorption
pectra (in Fig. 4) display that the (oxy)fluorides possess intense
bsorption in the UV–vis light regions, which means as-prepared
oxy)fluorides could be regarded as candidate photocatalysts. The
hotocatalytic efficiency of the samples was evaluated by degrad-

ng RhB solution. Fig. 6 displays the temporal evolution of the
elative RhB concentration during the photodegradation mediated
y K2TiF6, K2TiOF4, K3TiOF5 and K7Ti4O4F7 under UV light illu-
ination, which exhibited clearly that all samples possessed fine

hotocatalytic properties for the degradation of RhB. By compari-
on, it can be observed that their catalytic efficiency was as follows:
2TiOF4 > K2TiF6 > K7Ti4O4F7 > K3TiOF5. Especially, K2TiOF4 with

he highest activity was almost comparable to the Degussa P25
ample under UV light irradiation. In addition, a blank test has
een performed without photocatalyst under UV light illumi-
ation, which demonstrated that the degradation of RhB was
xtremely slow. The result of the commercial Degussa P25 on
he same conditions shows that degradation percentage of RhB
olution was up to 96% within 20 min of irradiation. It is know

hat the BET surface areas are closely related to the photocat-
lytic activities, in another word, the high BET surface areas are
ainly factor contributing to the high photocatalytic activities for
any photocatalysts [44]. However, the BET surface areas of these

ig. 6. Comparison of photocatalytic activity for different photocatalysts by decom-
osing rhodamine B (RhB) under UV-light irradiation.
Fig. 7. Comparison of photocatalytic activity for different photocatalysts by decom-
posing rhodamine B (RhB) under visible-light irradiation.

(oxy)fluorides (<10 m2/g) were much small comparing with the
P25 (50 m2/g). Therefore, the possible reasons inducing high pho-
tocatalytic activities should be attributed to their self-structure
feature. In addition, the photocatalytic activity of K2TiOF4 was
the highest among that of these (oxy)fluorides, which was almost
comparable to that of the commercial Degussa P25, but K2TiOF4
possessed with the narrowest bandgap (Eg = 3.21 eV). The relation-
ship between catalytic activity and Eg of the catalysts is not clear,
and the specific photocatalytic mechanism needed to be further
explored.

It should be noted that K2TiOF4 shows an intense photoab-
sorption in the visible light region (� > 420 nm, see Fig. 4b). This
means that the compound can utilize more irradiation light energy
and has also the ability to respond to the wavelength of visible
light region. In order to further explore photocatalytic perfor-
mance, The RhB decomposition catalyzed by K2TiF6, K3TiOF5
and K7Ti4O4F7 was investigated under visible light irradiation
(� > 420 nm). As a comparison, the RhB photodegraded by Degussa
P25 was also performed. The blank experiment without the pho-
tocatalyst was investigated under the same conditions. The RhB
concentrations versus the reaction time in these (oxy)fluorides
and P25 systems as well as the blank experiment are plotted
in Fig. 7, respectively. It can be clearly seen that the K2TiF6,
K3TiOF5 and K7Ti4O4F7 (oxy)fluorides exhibit extremely slow
degradation ratio under visible light irradiation. The commercial
Degussa P25 was obviously inactive under visible light irradi-
ation, as reported by Asahi et al. [45]. RhB photolysis without
the photocatalyst could almost be neglected in identical condi-
tions. However, the photocatalytic activity of K2TiOF4 was the
most significant under visible light irradiation, the degradation
ratio of RhB was up to 93% after 120 min of irradiation. It is not
surprising, Liu et al. [46] have also synthesized two doped pho-
tocatalysts Cs0.68Ti1.83O4−xNx and H0.68Ti1.83O4−xNx, which have
an extraordinary band-to-band shift from 356 and 380 nm to 472
and 453 nm Comparing with Cs0.68Ti1.83O4, H0.68Ti1.83O4, respec-
tively, and that the photocatalysts do better work under visible
light irradiation. An efficient doping strategy could lead to the
photoabsorption occurring in visible light region, the bandgap
energy decreasing distinctly, and the visible-light-driven photoac-
tivity enhancing greatly. Commonly, an efficient photocatalytic
process is subject to the direct absorption of a photon by the
energy bandgap of the materials. Huang [47] has prepared oxhalide

BiOCl, which possesses an open (loose packed) structure and an
indirect-transitions bandgap. This may benefit the hole–electron
separation and the charge transport. The high photocatalytic activ-
ity of K2TiOF4 can only be achieved under visible light in our case,
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he energy level and the unique band structure of the K2TiOF4 may
lay a crucial role in determining its photocatalytic activity. Further
esearch is under way to achieve a full understanding of this novel
hotocatalyst.

. Conclusions

In summary, the controllable synthesis of the complex
oxy)fluorides K2TiOF4, K3TiOF5, K7Ti4O4F7 and K2TiF6 was suc-
essfully realized via a mild solvothermal route at 200 ◦C for the
rst time, which was proved by a variety of characterizations

ncluding XRD, FT-IR, and XRF. Investigations showed that the
omponents of solvents and their volume ratio were important
actors in the formation of these (oxy)fluorides. In this paper,
ur results revealed that there were optimum CH3OH/H2O2 vol-
me ratio for the formation of K2TiF6 and K2TiOF4. The anhydrous
ethanol was in favor of preparing the pure K3TiOF5, however,

7Ti4O4F7 could be obtained using the mixture of CH3OH and
2O (volume ratio 1:1) as solvent at identical reaction conditions.

urthermore, the reaction temperature was also a principal factor
ffecting the formation of the products, which was beneficial to
ynthesis of these (oxy)fluorides above 200 ◦C. UV–vis absorption
pectra indicated all products possessed larger bandgap from direct
ransition. Despite of the lower BET surface area, the as-prepared
2TiOF4, K3TiOF5, K7Ti4O4F7 and K2TiF6 still displayed good photo-
atalytic performances for the degradation of RhB aqueous solution
nder UV light irradiation with a activity sequence as following:
2TiOF4 > K2TiF6 > K7Ti4O4F7 > K3TiOF5. In particular, the photocat-
lytic activity of K2TiOF4 was comparable to that of the commercial
egussa P25 for UV light, moreover, K2TiOF4 also showed high
isible-light photocatalytic activity in degrading RhB. All these indi-
ate that the as-prepared complex (oxy)fluorides were novel and
ctive photocatalysts which may find potential application in pho-
ocatalytic fields in the future.
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