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Environmentally friendly soft chemical processes, including solvothermal/hydrothermal process and mechanochemical process,
for the synthesis of mixed anion type visible-light induced photocatalysts are introduced in this review paper. Titania and strontium
titanate based anion doped photocatalysts can be effectively prepared at such low-temperature as below 200 °C. Especially,
the mechanochemical process is a useful method for the synthesis of various mixed ions doping functional materials at low
temperatures. The mixed anion type photocatalytic compounds consisted of N/O, N/F/O, S/O, N/C/O, show excellent visible light
absorption ability and photocatalytic activities, indicating the potential applications in environmental purifications. Full-spectra
active long wavelength light induced photocatalyst, full-time active photocatalyst system and infrared radiation (IR) shielding

multifunctional photocatalysts will be introduced also.
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1 Introduction

In recent years, semiconductor photocatalysts for treatment
of waste gas and waste water have attracted widespread at-
tentions [1-7]. Titanium oxide photocatalyst is regarded as
one of the most effective photocatalysts because of its excel-
lent stability, non-toxic, inexpensive, high activity. Besides
titanium oxide, some oxides such as zinc oxide, tungsten ox-
ide, and ABOjs type perovskite compounds are well studied.
However, due to their relatively large band gap, titanium ox-
ide can only use 5% of ultraviolet rays contained in sunlight.
So it is necessary to develop other catalysts which could uti-
lize visible light. Although tungsten oxide can absorb vis-
ible light, its stability is not enough due to the photolysis
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of itself during light irradiation. Until now, some excellent
works on graphitic carbon nitride, surface modified titania
and plasmonic metal-TiO, composites based photocatalysts
have been reviewed [8—12]. In the past decades, various kinds
of cation doping have been tried and carried out to realize the
visible light induced photocatalysis. However, their activi-
ties were still not satisfied enough. Under the circumstances,
mixed anion type photocatalysts became to be a better choice.
The first principle calculation on electronic state density of ti-
tanium was carried out by considering various anion elements
(such as N and S) doping in oxygen site of titanium oxide, the
results implied that the band gap values might be effectively
narrowed by introducing a series of anion elements [13,14]. It
is predicted that mixed anion doped titanium oxide exhibits
enhanced visible light responsiveness and possess excellent
visible light induced photocatalytic activities. Since then,
various mixed anion type visible light type photocatalysts,
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such as B and Zr titania [15], sulfur-doped g-C3N4 [16], (Fe,
N) co-doped TiO [17], AgX/g-C3N4 (X=Cland Br) [18], and
N-doped TiO; nanocrystals with exposed {001} facets [19],
have been developed by using a variety of techniques. In
inorganic functional materials research, mixed anions plays
important roles. Even though the anion elements are closed
together in the periodic table, properties such as electroneg-
ativity are greatly different. The mixed anion compound, in
which multiple anions such as oxygen, sulfur, carbon, nitro-
gen, and hydrogen are included in the same compound, pos-
sesses unique coordination structure and shows the possibility
for the innovative functions.

In this review, the recent progress on mixed anion type pho-
tocatalysts, including the soft chemical synthesis, applica-
tions on novel photocatalysis system etc. will be introduced
in details. The composites combined the high-sensitive an-
ion doped photocatalysts with up-conversion or long after-
glow phosphors showed excellent deNO, photocatalytic ac-
tivity under UV/visible/near infra-red (NIR) light irradiation,
or even after turning off light irradiation. Significant contri-
butions are expected for the development and applications by
using mixed anion type photocatalytic materials synthesized
by environmental friendly soft chemical processes.

2 Synthesis of mixed anion type photocata-
lysts

2.1  Traditional synthesis process

Since 2001 the anion doped titania photocatalyst was re-
ported, many researches were focusing on the synthesis,
characterization and improvement of the mixed anion type
photocatalysts. It was known that nitrogen-doped titanium
oxide with high visible-light photocatalytic activities could
be prepared by sputtering a TiO, target in an N, (40%)/Ar
gas mixture followed by annealing in N> gas at 550 °C or by
treating anatase TiO, powder in an NH3 (67%)/Ar atmos-
phere at 600 °C [13]. Irie et al. [20] prepared the synthesis
of TiO,—N, with different nitrogen concentrations in an NH3
atmosphere at 550-600 °C. They also prepared C-doped
TiO; by oxidative annealing of TiC in air/O; at 600 °C for
Sh[21]. Khan et al. [22] synthesized chemically modified
TiO,-<C, by flame pyrolysis of Ti metal sheet at 850 °C in
a natural gas flame with a controlled amount of oxygen.
Umebayashi et al. [23] prepared S-doped titania by oxidative
annealing of TiS; in air at 500-600 °C. Anpo [24] reported
that various ions might be doped in the lattice effectively by
an ion injection method.

2.2 Soft chemical synthesis of mixed anion photocata-
lysts

Soft chemical synthesis means the material synthesis under
moderate or soft conditions. As a presentative concept, “soft

Sci China Tech Sci

October (2017) Vol.6o No.10

solution processing” was suggested by Yoshimura [25], in
which advanced ceramics materials might be preferably fabri-
cated in solutions directly into desired composition, structure,
shape, size, location, orientation, etc., in a closed system at
low temperatures. Soft chemical synthesis not only consists
of soft solution process, but also consists of some other low
temperature processes such as mechanochemical treatment
[7]. It is well known that photocatalytic activity is strongly
related with physical properties such as crystal phase, particle
size, specific surface area (SSA), crystallinity, and morphol-
ogy. The above mentioned traditional methods are high-tem-
perature processes, Using expensive precursors or preparation
instruments. In order to depress the environmental load and
synthesis the well-crystallized fine photocatalytic products,
some environmental friendly green processes for the synthe-
sis of mixed anion type photocatalysts were carried out.

2.2.1  Hydrothermal & solvothermal synthesis

Hydrothermal and solvothermal synthesis have become a
promising method for functional material synthesis because
of the possibility of producing nano-size crystals with soft
agglomeration, and controlling the phase composition or
morphology by optimizing reaction conditions [6,26]. The
hydrothermal/solvothermal process can be operated under
moderated reaction conditions, is an environmental friendly
green process. By controlling the parameters of the hy-
drothermal or solvothermal reaction, it is possible to produce
anhydrous crystalline powders with controlled particle size,
controlled stoichiometry, or controlled particle morphologies.
The nitrogen doped titania with anatase, brookite and rutile
single phase was successfully and selectively prepared by
a homogeneous precipitation—hydrothermal/solvothermal
process at 190 °C, without any post-solvothermal calcination
treatment (Figure 1) [27,28]. The chemical bonding between
titanium and nitrogen could be confirmed by the X-ray pho-
toelectron spectroscopy (XPS) analysis. All the as-prepared
nitrogen doped titania showed two apparent light absorp-
tion bands, one in UV light rang is related to the original
bandgap of titania, and another excellent absorption around
700-800 nm is related to nitrogen doping. All the samples
showed excellent visible light induced deNOx activity.

It is accepted when N*~ is substituted for O*", the anion
defect which causes recombination of electron/hole pairs is
generated due to the charge compensation. Since fluorine
and nitrogen co-doping potentiates the substitution of nitro-
gen without generation of any defect, photocatalytic activity
under UV and visible light irradiation could be greatly im-
proved. Figure 2 shows the effect of mixed anions co-doping
on the enhancement of doping amount together with the pho-
tocatalytic CO, generation capacity via the decomposition of
aldehyde [29]. The nitrogen contents in the nitrogen and flu-
orine co-doped titania powders were about three times higher
than those of the nitrogen doped ones, indicating that the
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Figure 1 (Color online) XPS spectra (A), diffraction reflectance spectra (DRS) (B) and photocatalytic deNOx activity of anatase, rutile and brookite phase
TiO2-xN, powders prepared by solvothermal reaction at 190 °C for 2 h in TiCl3-HMT system. Reproduced from ref. [27] with permission from The Royal

Society of Chemistry.
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Figure 2 Mixed anions co-doping effect on the enhancement of doping amount (a) and photocatalytic CO, generation capacity via the decomposition of
aldehyde (b). Reproduced from ref. [29] with permission from Transactions-Materials Research Society of Japan.

nitrogen and fluorine co-doping is very effective to increase
the amount of nitrogen doping. It is also notable that the pho-
tocatalytic ability of the nitrogen and fluorine co-doped tita-
nia powder was more higher than that of the nitrogen doped
samples.

It may be due to the decrease in anion defects by the ni-
trogen and fluorine co-doping. Besides nitrogen doped ti-
tania, many kinds of anion doped/co-doped visible light in-
duced photocatalysts, such as carbon doped titania [30], Fe-N
codoped TiO; [7,31], and Nd-C codoped TiO; [32], were suc-
cessfully synthesized by the solvothermal process. Not only
anion doped titania based materials, but also anion doped Sr-
TiO3 also showed excellent visible light induced photocat-

alytic activity [33—35]. In the case of nitrogen doped SrTiO3,
with the increment of hexamethylenetetramine (HMT) addi-
tive amount, the increment of photocatalytic activity might
be observer, which might be related to the formation of finer
particles under high pH conditions (Figure 3).

222

Usually, the mechanical stressing induces the formation of
fresh oxygen-rich surface, results in the electron transfer from
O’ ion on oxide surface to other organic substance, and as a
result, leads to the destruction of weak bonding in organic
substance and the formation of new bonding between ox-
ide and nonmetallic element [36,37]. It was discovered that

Mechanochemical doping
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mechanochemical technology might be an effective method
for doping anions such as nitrogen and fluorine in the lattice
of various photocatalysts around room temperature [38—43].
The fresh active surfaces could be exposed by the milling
treatment.

Carbon-doping [38,39], carbon/nitrogen co-doping [39],
and sulfur doping [40] were also successfully and easily
prepared by grinding TiO, with adamantane, HMT or sulfur.
Especially in the case of sulfur doping, usually it is partic-
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ularly difficult to be realized by normal method because of
its large ionic size of sulfur element and very easy to be
oxidized. The C/N co-doped titania possessed the highest
photocatalytic deNOy activity (Figure 4). Also it was found
that all the anion doped titania possessed two bandgaps,
which were related to the original bandgap of titania and
that by anion doping. The chemical bond of Ti-N and Ti—C
were actually produced by the mechanochemical treatment
at room temperature. The deNO, activity increased with the
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Figure 3 (Color online) (a) Photocatalytic activities of SrTiO3 and N-doped SrTiOs3 (with 4 g of HMT) for the photocatalytic deNO, under irradiation of
various wavelength lights together with those of commercial TiO;; (b) photocatalytic activities of N-doped SrTiO3 prepared with variation of HMT content for
the oxidative destruction of NO,. Reproduced from ref. [34] with permission from Elsevier.
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Figure 4 (Color online) DRS (A), XPS (B), deNOx ability (C) and nitrogen doped amount (D) of the mixed anion type titania photocatalysts prepared by
mechanochemical doping process using urea/ammonia carbonate (NHC), adamantine (ADM) and hexamethylenetetramine (HMT) as reaction reagents. For
comparison, some results of P25 before and after ball-milling are also plotted. Reproduced from ref. [43] with permission from Elsevier.
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increment of nitrogen doped amount, while decreased in the
case of exceed doping.

2.2.3

As mentioned above, difference synthesis method possesses
related advantages and disadvantages. Table 1 summarized
the advantages and disadvantages of different synthesis meth-
ods. Compare with other synthesis method, the hydrothermal
and solvothermal method prefer to obtain the mixed anion
doped or co-doped photocatalytic materials with many advan-
tages, such as the possibilities for morphological & composi-
tion control with high surface area & reactivity, high homo-
geneity and high purity with soft agglomeration, especially
no additional calcination step and milling step are required.
The soft chemical method might be the best choice for the
synthesis of functional photocatalysts with low environmen-
tal loading.

Summary for the synthesis methods

3 Development and applications of high sen-
sitive mixed anion type photocatalysts

3.1  Photocatalysis principle and reaction mechanism

It is accepted that photocatalyst particles absorb light energy
greater than its band gap to generate electron/hole pairs
(eq. (1)) [6,7]. In the absence of oxygen, the electrons in
the conduction band generated by the light irradiation would
reduce water to produce hydrogen gas by the eq. (2). On
the other hand, in the presence of oxygen, the electrons are
photoinduced to the conduction band (e Bc), and the holes
in the valence band (h'vg) are subsequently trapped by H,O
to yield H" and ‘OH radicals (eq. (3)). The photoinduced
electrons are immediately trapped by the molecular oxygen
to form "O " (eq. (4)), which can then generate active -*OOH
radicals (eq. (5)) [44,45]. Environmental organic pollutants
in the solution react with these reactive oxygen radicals

Table 1
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and/or molecular oxygen, to produce intermediates or com-
plete decomposition products of CO, and H>O (eq. (6)).
While in the case of deNO, photocatalysis, the reaction
relates to oxidation through active oxygen species, such as
‘OH or ‘O, as shown in the eqs. (7) and (8) [24,32]. The
mixed anion doping might lead to the narrow of bandgap,
and result to the improvement of visible light absorption and
visible light induced photocatalysis effects [13,14].

Photocatalyst — Photocatalyst (e o+ ;)

(under light irradiation), (1)
2H,0+ 2¢ ,— H,+ 20H, 2)
h,+H,0— - OH+ H, 3)
e t0,— - 0,, “4)
-0, +H — - OOH, (5)

Organic compounds + { + OH, + OOH, and/or O,}

— intermediates — CO, + H,0, (6)
NO+ 2 - OH — NO, + H,0, 7
NO,+ - OH — NO, +H". (8)

3.2  Weak LED light induced photocatalytic activity

Hydrothermal and solvothermal synthesized photocatalyst
particles possessed high crystallinity, small particle size,
high specific surface area, and showed excellent weak light
induced photocatalytic activity. Figure 5 shows the irradi-
ation time dependence of the concentration of NO, in the
presence of samples irradiated by various monochromatic
light-emitting diode (LED) lamps [32]. In the case of photo-
catalytic characterization, usually strong light sources were
utilized. It was reported that even with the use of very weak

Advantages and disadvantages of various synthesis methods for the mixed anion photocatalysts

Synthesis method Disadvantages

Moderate cost; Limited treatment

Sputtering capacity

High temperature treatment

: High t ture; Aggl ti
in gas atmosphere igh temperature; Agglomeration

High cost; Low surface area;

Partial oxidation . .
Large particle size

Ion injection High cost; Limited treatment capacity

Contamination; Agglomeration;

Mechanochemical
Surface vacancy

O3 plasma treatment Limited treatment capacity

Moderate treatment pressure;

H h 1 lvoth 1
ydrothermal & solvotherma Moderate cost

Homogeneity; High purity, co-doping; Soft

Advantages Ref.
Simple operation [13,14]
Simple operation; Low cost [13]
Precise composition control [20,21,23]
Universal doping method [24]
Universal doping method; Low cost; Low [38-42]
temperature treatment; co-doping
Low temperature treatment; Strong [43]

mechanical strength of thin films
Morphological & composition control;

. L. 27,28,31-33,
agglomeration; No calcination step; No (27.28,31-33,33]

milling step; High surface area & reactivity




1452 Zhao Z H, et al.

Red LED(627nm) Green LED(530nm) Blue LED{445nm) UV LED

(a)

Sci China Tech Sci

(627nm,1.98ev) | (530nm, 2.34eV) | (445nm, 2.79eV) |(390nm,
on off on off on off o 3.18eV)
1odlaA A A Nj;*i_,‘- A e A s o)
AR A A
£ ' o \ " £
3 g
-~ 0.9 -~
5 \ g
= 2
g 0.8 E
= €
©
el @
: o | 3
- Q
© O
& 627tm 530nm | 445hHm W 3
Z s =z
----- Blank
—AS-TiOZI
05 10 b 0 0 0 b 10
Time / min
(c) Red LED(627nm) Green LED(530nm) Blue LED(445nm) UV LED
(627nm,1.98ev) | (530nm, 2.34€V) | (445nm, 2.79eV) |(390nm,
lon off on off on off on| 3.18eV)
1.0
£
S
o £
S &
S <
5 g
S 08 g
g g
e g
o
8 07 <
& 627Hm 53Dnm | 445m  |UV | &
< s
----- Blank
TION
08 0 0 0 o
Time / min

October (2017) Vol.6o No.10

(b) Red LED(627nm) Green LED(530nm) Blue LED(445nm) UV LED

(627nm,1.98ev) | (530nm, 2.34eV) | (445nm, 2.79eV) |(390nm,
on off on off on off on 3.18eV)
09 '/\[A \
o \W‘V/ e \\
0.7 A
W
627mhm 530nm | 445nm uv
06
..... B|ank
= TiONFe
05 i
0 10 0 o] 0 0 0 10
Time / min
(d) RedLED(627nm) Green LED(530nm) Blue LED(445nm) UV LED
(627nm,1.98ev) | (530nm, 2.34eV) | (445nm, 2.79V) ((390nm,
on off on off on off on| 3.18eV)
" T
0.9
08
0.7
627hm 530Dnm | 445nm UV
06
..... Blank
TIONPt
05 .
0 10 0 0 0 0 0 0
Time / min

Figure 5 (Color online) Weak LED visible light irradiation, time dependence of NOy concentration as a function of sample type. (a) S-TiO2; (b) TiON; (c)
TiONFe; (d) TIONPt. 1 ppm NO gas was pumped continuously through the reactor (373 cm?). Irradiation was carried out using various LED light sources with
a light intensity of 2 mW for 10 min; the light was then turned off to allow the concentration to return to 1 ppm. Reproduced from ref. [32] with permission

from Elsevier.

monochromatic LED lamps (2.5 W), high deNO, photocat-
alytic activity could be realized. Different samples showed
quite different light wavelength dependencies. Normal non-
doping titania S-TiO; displayed excellent UV light induced
activity and very weak photocatalytic activity under blue light
irradiation, while nitrogen doped titania TiON showed excel-
lent UV light and visible light induced photocatalytic activity
under both blue light (445 nm) and green light (530 nm) irra-
diation. Itis notable that the Fe- and Pt-loaded nitrogen titania
samples TiONFe and TiONPt showed excellent deNOj abili-
ties even under red light (627 nm) irradiation. The Pt-loaded
sample showed the highest deNOy abilities in all light wave-
length ranges. The LED light irradiation system is suitable
for the mechanism research, because LED light could provide
single-color light with monodispersed wavelength irradiation
without obvious heat irradiation.

3.3  Full-time active photocatalytic system

Photocatalyst usually does not work without light irradiation
in night. In order to effectively utilize the night time for

atmosphere purification, a full-time active photocatalytic
system was developed [46-51]. The coupling of photo-
catalysts with a proper long afterglow phosphor such as
CaAl,04:(Eu,Nd) was expected to prolong the photocatalytic
activity even after turning off the light by using the fluo-
rescence as the light source [46-51]. Usually the nano-size
photocatalyst is suitable for loading on the surface of large
geometric dimension long afterglow materials, because the
large surface area of nano-size photocatalyst on the surface
is required for the photocatalysis, while the long afterglow
materials can provide enough intensity of emission lumines-
cence for the photocatalytic reactions even if coated by the
photocatalyst nanoparticles.

Figure 6(a) shows the schematic illustration of the concept
of the multifunctional persistent full-time reactive photocat-
alytic system. This photocatalytic system not only worked
under light irradiation, but also in night without light irradia-
tion. Although normal titania absorbed only UV light of the
wavelength less than 400 nm, anion-doped titania showed ab-
sorption of visible light up to 700 nm, showing a nice overlap
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Figure 6 (Color online) (a) Schematic illustration of full-time reactive photocatalytic system; (b) overlap of the emission spectra of long afterglow phosphor
CaAl>04:(Eu, Nd) and diffuse reflectance spectra of various mixed anion type TiO,-.N,-based composites; (c) emission spectra of various long-afterglow phos-
phors; (d) NO degradation ability of various titania based visible light induced composite type photocatalysts under light irradiation followed by fluorescence
assisted catalytic activity in dark. Reproduced from refs. [7,49,50] with permission from Ceramic Society of Japan, Elsevier, and American Chemical Society,

respectively.

between the diffuse reflectance spectra of mixed anion
type photocatalysts and the emission spectrum of long
afterglow phosphor CaAl,04:(Eu,Nd) (Figure 6(b)). Be-
sides CaAl204:(Eu,Nd) (emission peak at 440 nm), various
kinds of long afterglow material such as SroMg(Si,0O7):Eu
(peak: 465 nm), Sr4Al14025:(Eu,Dy) (peak: 490 nm), and
SrAl,O4:(Eu,Dy) (peak: 520 nm) could also be the utilized in
the proposed system (Figure 6(c)). Not only NO, and VOC
(such as CH3CHO), but also some dyes in solution (such
as MO and RhB dyes solutions), the persistent photocat-
alytic purification effect with light irradiation was confirmed
[51-53].

3.4  Infra-red light induced full spectrum active photo-
catalytic system

In order to improve the solar light utilize effectively, another
composite type photocatalyst system was suggested [54,55].
The combination of weak visible light induced carbon doped
titania (C-TiO3) photocatalyst with up-conversion phosphor
((YDb,Er)-NaYF4) might be the more promising way to ef-
fectively use the UV, visible, and near infra-red (NIR) lights
for photocatalytic applications. The Yb and Er co-doped
NaYF4 designated as possessed two main emission peaks at

about 545 and 655 nm under the irradiation of 980 nm. For
pure C-TiO», although excellent deNO, activity could be
observed under various visible LED light irradiation until
627 nm, no NIR light induced activity could be observed,
because C-TiO; could not be excited by 980 nm NIR light
directly. There was no deNOx activity for (Yb,Er)-NaYF4
alone under irradiation of various wavelength of light, be-
cause (Yb,Er)-NaYFs4 was not a photocatalyst. However,
when C-TiO; was combined with (Yb,Er)-NaYF4 up-conver-
sion phosphor, NO, gas was continuously destructed even
when the NIR diode laser was used as the irradiation light
source. This NIR light induced activity was owing to the
synergetic effect of C-TiO» photocatalyst and (Yb,Er)-NaYF4
up-conversion phosphor (Figure 7).

3.5 Infra-red light shielding multifunctional photocat-
alyst system

In order to improve the functionality of photocatalyst materi-
als, multifunctionality development is also a research hotspot.
Some multifunctionality such as photocatalytic activity to-
gether with magnetic property has been developed because
it is useful for the recovering of photocatalyst particles [56].
Also it was suggested to combine the NIR shielding effect



1454 Zhao Z H, et al.

NIR Laser | Red LED |Green LED

ppm

Er)-N:aYF4
—:+(1:1 @(Yi?, En)-NaYF /Ti
= —(1:1)@(Yb, Er}-NaYF jC-

—C-TiD, | |

NO_ Concentration /

rio, !

' 1 '
2 I ' I
1 1 i |
' . . !

0 10 0 10 o0 10 0 10 o 10 o
Time / min

© NIR diode Laser 980 nm
on off on___ off on__ off

ppm
[=]
&

0.90

0.85 4

X

1% run

NO Concentration /
o
3

0.75

0 10 0 10 0 10 0 10 o
Time / min

Sci China Tech Sci

October (2017) Vol.6o No.10

(b)
354 6:90‘n§m
30" ------- *-77455nm "
- TS S \
--------- v 530 - X
o b
%25- ______ a----4 N
Sl A
= 0. 627 nm AN
= ] /’.‘—;'.\ \\\\\\
oN Phd \ W
Z15- /'. \ WA
g 980 nm oWy
~ 104 - AR
‘|’// ,.———_.-_--.\\ NW
- i »
54 -7 ‘\\\\\
4 ’,’ ‘\:‘
0k

333 500 667 100
(Yb, Er)-NaYF, composition / wt. %

: M)
'\4%;
\521m11\>

UV
Aor, = L
-4

“li 6530m

H:0/0H~

(Yb,Er)-NaYF4 C-TiO:

Figure 7 (Color online) (a), (b) Photocatalytic deNO, activities under irradiation of visible light LED and NIR laser light; (c) the multi-cycles of deNOj ability
of (1:1)@(Yb,Er)-NaYF4/C-TiO; under the irradiation of 980 nm light; (d) schematic illustration of the photoluminescence and photocatalytic mechanism.

Reproduced from ref. [54] with permission from the Nature Publishing Group.

with the photocatalytic performance together in one tech-
nique. M;WOs3 has been researched as an excellent infrared
radiation (IR) shielding material [57-60]. Since the energy
saving and environmental cleanup can be achieved by this
proposal simultaneously, it would have a brilliant prospect
in our daily life. Until now, some related materials such
as W-C co-opted TiO; [61], CsyWO3/ZnO nanocomposite
[62,63], and K,WO3/F-TiO, nanocomposite [64] have been
successfully synthesized (Figure 8). FT-KWO nanocompos-
ite film with an appropriate mass ratio of F-TiO» to K,WOs3,
exhibiting a great synergistic effect on blocking NIR and UV
light as well as transmitting most of visible light [64].

As shown by the working model, obviously, this smart win-
dow plays different roles in various conditions. In summer
days, the FT-KWO film side towards the outside; with the
irradiation of the solar light, the smart window can not only
block most of the NIR lights for heat preservation and keep
cool indoor, but also isolate harmful UV light and transmit Vis
light. In winter days, this window should be rotated 180° to
make the FT-KWO film side towards the inside. In this case,
the smart window not only reduces heat loss from inside to
outside, but also blocks UV light and transmits Vis light ef-

fectively. At the same time the high hydrophilic capacity can
control the production of water vapour on the window and
enhance the visibility availably [64].

3.6  Mixed anion type photocatalysts for photocatalytic
hydrogen evaluation

As mentioned above, recently the mixed anion type photo-
catalysts have attracted great attention. Various novel anion
type photocatalysts have been successfully synthesized, and
reported as high active hydrogen evaluation photocatalysts.
Domen et al. reported that TaON, LaMg,Ta;—O;+3N2-3,
(x=1/3) [65], and MgTa>0¢-:N,/TaON Z-scheme photocata-
lyst [66] showed excellent hydrogen evolution ability based
on water splitting. Wang et al. [67] reported the synthesis
and effects of N, S, C, and P monodoping and N-N, C-S,
P—P, and N-P cooping on the NaTaO3 photocatalyst, and in-
dicated that N and S can shift the valence band edge upward
without losing the ability to split water into H, and O,.

Kato et al. [68] successfully synthesized the solid solu-
tions between LaTaON; and SrTiO;. The photocatalytic
activities of LaTaON»-SrTiO3 for H» and O, evolution
under visible light could be successfully realized by
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bandgap turning using different fraction of perovskite SrTiO3
(Figure 9). It was found that the valence band maxima
(VBM) shifted to positive sides as the fraction of SrTiO3
increased, resulting in the appearance of activity for
O, evolution. The bare LagsSrosTagsTiosO2N exhibited
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4 Remarks

In this review, the synthesis, characterization, and novel ap-
plications of various kinds of mixed anion type photocata-
lysts were introduced. Because of the large electronegativity
of anions, the doping of anions in the oxygen site of semi-
conductors would result to big changes in electronic struc-
ture, crystalline phase, and other physical-chemical proper-
ties, compare with those of cation doping. This is the reason
that anion doping or mixed-anion doping prefers to produce
some novel functionality, in some cases even fantastic photo-
catalytic activity for energy and environmental applications.
The mixed anion type photocatalysts are expected to be a fu-
ture trend in photocatalytic researches. The environmentally
friendly green processes, including hydrothermal/solvother-
mal process and mechanochemical doping process are effec-
tive for the synthesis of photocatalysts with high crystallinity
and small particle size. The concept design of full-time ac-
tive and full-spectra active photocatalytic system greatly con-
tribute to the improvement of solar light utilization efficiency.
Some novel functionality and new applications are expected
to be developed. The design of novel photocatalysts has great
potential in environmental applications.
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