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Photochromic properties of TiO,-doped Keggin-type silicon-
Molybdenum-Tungsten ternary heteropoly acid composite film
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A series of TiO,/SiMo, W /polyvinyl alcohol (TSP) composite films were prepared by TiO,-doping as the third com-
ponent in Keggin-type silicon-molybdenum-tungsten acid (H,SiMo,, W) /polyvinyl alcohol (PVA). The microstructure
of TSP was characterized by Fourier Transform Infrared Spectroscopy (FTIR) and X-ray diffraction (XRD). The results
showed that the heteropoly acid and doping components were well dispersed in the organic network, and the basic struc-
tures of H,SiMo,, W and PVA in the composite film were undecomposed. TiO, doping enhanced the non-chemical bond
interaction between the heteropoly acid and polymer. Under ultraviolet light (UV) irradiation, the TSP composite film
changed from light yellow to blue. With the increase of TiO, addition, the color generation efficiency was significantly
improved, which affected the microstructure of the composite film and resulted in different photochromic properties of
the composite film.
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Cepus komnosuraeix miénok Ti0,/SiMo,, W /nomusuunmnossiii ciupr (TSP) 6pu1a npurorosiena myTém rernpoBanis
TiO, B KauecTBe TPETHENO KOMIIOHEHTA B BOJIb(paM-Monnbaen-kpemunenyio kuciaory tuna Rerruna (H,SiMo W) /miomnn-
surmIoBbIi ciiupt (PVA). Mukpocrpykrypa TSP 6bl1a oxapakrepusoBaHa ¢ HoMOIIbI0 WHPPAKPACHOI CTIEKTPOCKOINN ¢
npeobpasosanuem Oypoe (FTIR) u penrrenosckoit nudparmun (XRD). Pesynbrarer mokasasinm, 4ro reTepornognKuncaora
1 JIernpyIomie KOMIOHeHTHI ObLIN XOPOLIO UCIIeprupoBalibl B Opraninueckoii cetke, a ocnosubie crpykrypst H,SiMo, W
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1 PVA B koMm1io3ntHoil 1i1énKe Obin He passoskensl. Jlernposanue TiO, yeninno nexumnueckoe B3anMojieiicTsue caseil
MesRITy TeTepornoamKIcaoTol 1 mommMepoM. [lof BoseiicTBIeM yabTpaimoneTroBoro ceera KoMmosntaas mrénka TSP
U3MeHUIA 1BeT co cBerio-xéntoro Ha cunnii. C ysennuennem copepskannst TiO, shperTnBHOCTL TeHEpaIuu 1BeTa 3Ha-
YUTEILHO YUIYUIIIIACK, YTO TIOBINI0 HA MIUKPOCTPYKTYPY KOMIO3UTHOI IIBHKIL I IIPUBE/IO K M3MEHEHN IO (POTOXPOMHBIX

CBOICTB KOMIIO3UTHON IIGHKIL.

Kawueeote crosa: horoxpomuas miéHka, rereporojnkucaora tuna Kerrnua, Bojibdpam-mMoanbien-KpeMHanenas

KuejoTa, noausuHuaoBbii cnupr, Tio,,.

Heteropoly acids (HPA) is a class of homoge-
neous inorganic polymers with MO, trimetallic
oxygen cluster structure, which are widely used
in many fields because of their strong acidity,
strong oxidation and high electron transfer abil-
ity [1-5]. In particular, one of the applications of
HPA, as green and eco-friendly catalysts [4], is
the treatment of wastewater from organic pollut-
ants by photocatalysis. Due to its high efficiency,
simplicity and easy control this method is finding
increasing application in the degradation and
destruction of organic pollutants [5]. To prevent
HPA easy dissolution in water and recombina-
tion of hole-electron pairs HPA was carried on
semiconductors as TiO, which increased the HPA
specific area and synergy resulting in enhanced
photocatalytic degradation [4].

In the trimetallic oxygen cluster structure
M,O,, an octahedron (MO,) composed of coor-
dination atoms (represented by M) and oxygen
atoms forms a polynuclear coordination struc-
ture containing oxygen bridges, which makes
it have excellent electron acceptance ability.
It can accept not only 1-2 electrons to form
heteropoly blue, but also multiple electrons to
form heteropoly brown, indicating that hetero-
poly acid has excellent photochromic properties.
With the development of the information age,
photochromic materials have attracted more
and more attention due to their applications in
optical information storage, optical conversion
devices and optical switches. Over the past two
decades, in order to improve the chromogenic
efficiency of heteropoly acid photochromic
malerials and the mechanical processing per-
formance of heteropoly acids, Keggin-type
heteropoly acids as the molecular-based mate-
rials was used to construct inorganic-organic
photochromic materials has become a research
hotspot through hydrogen bonds and covalent
bonds interacting with organic polymer mac-
romolecules. Among them, the heteropoly acid
composite films prepared using water-soluble
polymer with active groups as the substrate, such
as polyvinyl alcohol [6], polyvinylpyrrolidone
[7], polyacrylamide [8] polyvinylidene [9], and
so on, have the advantages of good film-forming
property, high photoreduction efficiency, mild

preparation conditions and simple preparation
methods. Some research results show that the
electrons in organic molecules can be transferred
to heteropoly acid through the charge transfer
bridge formed by hydrogen bond under UV light,
which causes heteropoly acid to undergo photo-
reduction reaction and change color to produce
heteropoly blue. The charge intensity of the
surface of different organic functional group is
different, and their activity in the photoreduction
process is also different. The interaction between
heteropoly acid and organic substrate has a sig-
nificant effect on the photochromic properties
and microstructure of the composite films. The
aforementioned research contents involved the
influence of component and the structure of thin
film materials on the photochromic performance,
and the study of reaction mechanism, which was
mainly concentrated in the Keggin structure
binary heteropoly acid compounds. Generally
speaking, tungsten heteropoly acid is acidic,
molybdenum heteropoly acid oxidation is strong,
by changing its composition, can adjust the
acidity and oxidation of heteropoly acid, which
is conducive to the exploration of photochromic
properties [10—-12]. At present, there are few
studies on the preparation of ternary substituted
heteropoly acids by tungsten and molybdenum
substitution and the modulation of photochromic
properties of heteropoly acids [13, 14].

TiO, is a semiconductor conductive mate-
rial with stable chemical properties and green
environmental protection. It has photoreduc-
ing activity similar to heteropoly acid. When
added to heteropolyacid as the third component,
TiO, will induce the photochemical activity of
heteropolyacid and enhance its photochromic
performance. In this paper, an inorganic-organic
composite film was prepared, which composed of
nano-TiO, doping the ternary substituted het-
eropoly acid H,SiMo,, W and polyvinyl alcohol
(PVA). Photochromic properties and affecting
factors of the film were studied.

Objects and methods of research

Na,WO,-2H,0, Na,MoO,-:2H,0 was pur-
chased from Shanghai Sinopharm Chemical
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Reagent Co., Litd., Na,Si0,-9H,0 was purchased
from Shenyang Xindong Reagent Factory, and
P25 nano titanium dioxide TiO, was obtained
from Aladdin Reagent Co., Litd. Vinyl alcohol
(PVA1799) is the product of Beijing Xinguang
Chemical Reagent Factory. The reagents used
above are all analytically pure, and the water is
deionized water.

The infrared spectrum was collected by
WRF-510 FT-IR spectrometer and the scan-
ning range was between 400 and 4000 cm™'. The
UV-visible spectrum was obtained by TU-1950
Ultraviolet-visible spectrophotometer. X-ray
diffraction pattern was obtained by Rigaku
D/max-rB X-ray diffractometer.

Keggin-type H,SiMo, W was synthesized
according to the reported literature [15, 16].
The SiMo,, W was added to deionized water with
stirred at 65 °C and 10 mg/mL SiMo W aque-
ous solution was obtained. The aqueous solution
of SiMo,, W was added to an equal volume of
1 wt% PVA solution with stirring under dark
condition at 65 °C for 2 hours. After cooling
to room temperature, a SiMo,, W/PVA yellow
transparent composite liquid was obtained. The
TiO, powder was added to deionized water under
ultrasonic at room temperature for 30 min to
prepare 1 wt% suspension. dSul, 10ul, 20pL
and 30uL of the TiO, suspension were added to
20 mL of the SiMo,, W/PVA composite liquid
under ultrasonic for 1 hour at dark condition to
obtain TiO,/SiMo,, W/PVA composite liquid.
Then 10 pL of T102/SlMo ,W/PVA composite
liquid was coated on the glass substrate by spin
coaling method and dried at room temperature,
and then a pale yellow transparent composite
film having a film thickness of about 2 pm was
obtained. The composite films were named as
I - TiO,/SiMo, W/PVA, II - TiO,/SiMo W/
PVA, IH TiO. /SIMO (W/PVAand IV - TIOZ/
SiMOHW/PVA, respectwely The detailed con-
tent of composite film is in Table 1.

The film photochromic performance test
was carried out using a PLS-SXE300 UV400W
xenon lamp as the ultraviolet light source, and
the main emission wavelength was 365 nm. The
distance between the sample and light source

was 10 ecm and light exposure time was 1-2
min. The UV-visible absorption spectrum was
obtained by scanning with TU-1950 UV-Vis
spectrophotometer in the wavelength range of
300-900 nm until the absorption peak intensity
of the test was consistent with the previous one,
and the absorbance intensily reaches satura-
tion, the coloring process of the composite film
was finish.

Results and discussion

Figure 1 (see color insert 1) displayed the
FTIR spectra of pure SiMo, W, PVA, SiMo, W/
PVA, TiO,/SiMo, W/PVA composite films. As
shown in Table 2 and Figure 1, the character-
istic peak of pure PVA was located at 3300cm!
(-OH stretching vibration); 2900 cm™! (C—H
stretching vibration), 1425 cm'and 1320 ¢cm!
(C—H bending vibration), 1100 cm™ (C—C) vi-
bration peak. The characteristic peaks of PVA
also existed in curve of SiMo W and curve
of TiO,/SiMo ,W/PVA, were not damaged
after recombination with heteropoly acids.
Four characteristic peaks of the Keggin-type
heteropoly acid SiMo, W [17], which were

%I ony 0908 em v at Maem™, v o, at

808 cm1 and v(M at 773 cm! dlsplayed a
slight shift when blMo W comblned with TiO,
and PVA. Comparing curve of SiMo“W/PVA
and curve of TiO, /SiMo,, W/PVA, it can be seen
that four characteristic stretching vibration
peaks of Keggin-type heteropolyacid SiMo,, W
still exist after adding TiO,. Furthermore, the
peaks shift also occurred. This phenomenon
results from the electrostatic force between
two phases of polyacid anion and polymer
substrate after the addition of TiO,. That can
be attributed to hydrogen bonding interaction
or electrostatic force between polyacid anion
and polymer substrate. It can be found that
the vibration peaks position of v(M-O,) and

v(Si-0,) if composite films were red shifted, and

the vibration peaks of v(M-O_-M) weakens or
even disappeared, inferring that the heteropoly
acid TiO,/SiMo, W/PVA composite film had
undergone photoreduction.

Table 1

The detail content of composite film

Name 10 mg/mL SiMo,, W 1wt% PVA 1wt% TiO,
[ - TiO,/SiMo ,W/PVA 10 mL 10 mL O pL
IT - TiO,/SiMo, W/PVA 10 mL 10 mL 10 plu
III - TiO,/SiMo, W/PVA 10 mL 10 mL 20 pL
IV - TiO,/SiMo,W/PVA 10 mL 10 mL 30 pl.
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Fig. 1 FTIR spectra of different samples.

Fig. 2 XRD patters of different samples
Asterisk indicates major peaks (see text)
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Fig. 3. UV-Vis adsorption spectra

Fig. 4. The change of absorbency for the TiO,/
of SiMo, W/PVA composite film
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Table 2
The detail IR spectra of compounds at 1000-700 cm!

Indicator v, (M-0)) v, (Si-0,) v (M-O,-M) v (M-O-M)
TiO,/SiMo,,W/PVA(UV) 937 891 - -
TiO,/SiMo,,W/PVA 943 893 - 809
SiMo,,W/PVA 951 907 - 800
SiMo, W 958 914 858 773

Note: a dash indicates no peaks.

Figure 2 (see color insert I) demon-
strated XRD patterns of pure SiMo W, TiO,,
SiMo, W/PVA, II-TiO,/SiMo, W/PVA com-
posite film and 1V-TiO,/SiMo,, W/PVA com-
posite film. A series of characteristic diffraction
peaks at 6-12°, 16-22°, 22-30°, and 32-38°
suggested the Keggin-type structure and crys-
talline state of pure SiMo, W [18], which was
in accordance with that of FTIR. Some weak
diffraction peaksin the heteropoly acid compos-
ite film can be found in the range of 26=6—10°,
corresponding to the diffraction peaks of
SiMo, W. Thatindicated the primary structure
of the heteropoly acid anion still existed in the
structure of composite films. The sharp charac-
teristic diffraction peaks of heteropoly acid and
TiO, disappeared instead of broad dispersion
peaks in the range of 20=15-70°, suggesting
that heteropoly acid and TiO, were dispersed in
the PVA network uniformly, and the diameter of
dispersed particles was small enough so that the
crystal features disappeared, thus the composite
films exhibited an amorphous state. With the
increase of TiO, addition, the XRD pattern of
IV-TiO,/SiMo, W/PVA composite film showed
a diffraction peak at 26=25°, manifesting the
existence of TiO, in the composite film.

The composite film formed on the acti-
vated glass wafer by the drop film method was
transparent light yellow when unirradiated by
ultraviolet light. However, the film changed
from light yellow to blue after a few minutes
under ultraviolet light.

Figure 3 (see color insert 1) was UV-Vis
adsorption spectra of SiMo ,W/PVA and
TiO,/SiMo, W/PVA composite film. For the
light-yellow composite film, no adsorption peak
appeared in the wavelength range of 300—900 nm
without any irradiation. After ultraviolet-
light irradiation, a broad absorption peak at
720-800 nm emerged following irradiation
time. Meanwhile, the blue color of the com-
posite film was gradually deepened. With the
increased of the irradiated time and the amount
of TiO, added, the absorption peak in the vis-
ible light region undergoes a blue shift. This

phenomenon can be attributed to the IVCT (in-
tervalence charge transfer) transition of single
electron transfer, which can be considered as
the characteristic absorption band of Hetero-
poly blue which formed by SiMo,, W electron
reduction. From Figure 4 (see color insert I),
it can be found that the SiMo,,W/PVA film
reached saturation after being exposed to light
for 15 min. Nevertheless, only UV irradiating
10 min, TiO, /SiMo, W/PVA composite film
was achieved saturation (Figure 3). During
the UV-light irradiation process, O—H and
W=0 bonds gradually disintegrate, and the het-
eropoly acid was reduced (Mo(VI)—Mo(V)).
Along with the duration of UV-lightirradiation
time, the number of Mo(VI) atoms decreased
while the number of Mo(VI) atoms increased.
After addition of TiO,, the interaction between
SiMo, W and PVA was enhanced, correspond-
ingly improving the oxidizing property of the
heteropoly acid.

It can be seen from Figure 4 that the
maximum absorbance of the TiO,/SiMo W/
PVA composite film tends to saturate with the
extension of the UV light time. Moreover, the
peak absorption strength of the composite film
increases with an increase in the amount of TiO,
in the same conditions and the absorbance of
the composite film reached 0.10, 0.176, 0.33,
0.50 and 0.553, respectively with an increase
in TiO, content at saturation. As a result, the
light absorption efficiency of the composite film
was improved, and the photochromic effect of
the ternary composite film was enhanced with
the addition of TiO,. From the UV—Visible spec-
trum of TiO,/SiWo11W /PVA composite film,
with the increasing of the TiO, addition, the
absorption peak underwent a blue shift. That
can be attributed to the intervalence charge
transfer (IVCT) of the single electron transfer,
which indicates the characteristic heteropoly
blue absorption formed due to the electron re-
duction of SiMo, W.

Figure 5 (see color insert 1) displayed the
fading process for the TiO, / SiMo, W / PVA
composite film. After the UV light source was
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turned off, the composite film was gradually
fade in a dark place. If the TiO, / SiMo W /
PVA composite film was stored in nitrogen or
vacuum after UV-light irradiation, the color
of the film can be maintained for about three
days. Then the fading process will be contin-
ued as the film was placed in dark with air or
oxygen. This phenomenon suggested that the
oxygen in the air played an important role in
the discoloration of the composite film. From
the plots of I - TiO,/SiMo,, W/PVA, 11 - TiO,/
SiMo,,W/PVA and SiMo, W/PV in Figure 5,
the composite film with TiO, addition, the color
removal rate showed a significant acceleration.
However, the decolorization rates of curves
for 111 — Ti0,/SiMo,,W/PVA and 1V - TiO,/
SiMo,, W/PVA was rather slow with increase
of the TiO, addition amount increasing. The
rate of color fading of the film was related to
the rate of oxygen intake and transmission.
The addition of TiO, made the composite film
structure loose, improving its permeability and
enhancing the speed of oxygen participaling
in the oxidation reaction. As the amount of
TiO, increasing, the coverage ability of TiO,
nanoparticles enhanced, reducing the oxygen
transmission speed and resulting in a slower
fading speed. On the other hand, TiO, nanopar-
ticles had the ability to capture oxygen, which
resulted in the amount of oxygen cut down
during the oxidation reaction of Mo(V). There-
fore, the decolorization speed decreased as the
addition of TiO, nanoparticles increased.

Conclusion

A series of novel composite films was
obtained by doping TiO, in H,SiMo, W/PVA
composite films. Heteropoly acid and TiO, were
well dispersed in the PVA organic network, and
TiO, showed amorphous in composite films.
Composite films exhibited reversible photo-
chromism. The peak absorption strength of the
composite film increases with an increase in the
amount of TiO, under the same conditions. The
photochromic efficiency of the heteropolyacid
composite film is significantly higher than the
undoped composite film. However, the discol-
oration speed of the composite film decreases
significantly as the doping amount increases.
Thus, photochromic efficiency of the composite
films effectively improved and discoloration
speed slowed down by doping TiO,,.
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