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10BaF.:NaF, NazAlFg/TiO2 composite as a novel
visible-light-driven photocatalyst based on
upconversion emission®
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A rare-earth free upconversion luminescent material, 10BaF2:NaF, NagAlFg, is synthesized by a hydrothermal

method. The study of fluorescent spectrum indicates that it can convert visible light (550 nm—610 nm) into ultraviolet

light (290 nm—350 nm), and two emission peaks at 304 nm and 324 nm are observed under the excitation of 583 nm at

room temperature. Subsequently, 10BaF2:NaF, NazAlFs/TiO2 composite photocatalyst is prepared and its catalytic

activity is evaluated by the photocatalytic reduction of CO2 under visible light irradiation (A > 515 nm). The results
show that 10BaF2:NaF, NagAlFg/TiO2 is a more effective photocatalyst for COs reduction than pure TiOg, their
corresponding methanol yields are 179 and 0 umol/g-cat under the same conditions. Additionally, the mechanism of
photocatalytic reduction of CO3 on 10BaF2:NaF, NazAlFg/TiO2 is proposed.
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1. Introduction

Since photoinduced decomposition of water on
TiOy electrode was discovered,!!  semiconductor-
based photocatalysis has attracted great attention
over the past few decades. Most of the investiga-
tions have focused on TiO9 due to its relatively high
reactivity, physical and chemical stability, low tox-
icity and cheapness.l*? However, TiOy has a rela-
tively large band gap (3.2 eV) that requires ultra-
violet (UV) light (A < 387 nm) for activation, and
the percentage of UV light in the solar spectrum is
only 5%, which is very low compared with that of the
visible light (~48%). The low-usage of sunlight has
been restraining the photocatalytic efficiency of pure
Ti0y." Therefore, many efforts have been made to
develop the TiOg for the utilization of visible light,
such as doping of metal or nonmetal elements,?! sur-
face photosensitization,® and combination with nar-

[7]

row band gap semiconductors.!”’ This work does suc-

ceed in broadening the range of absorption wavelength
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of TiOs. Unfortunately, the photopotential energy ex-
cited by visible light is lower than that by UV light
according to the formula F; = hv, where h is Planck
constant and v the light frequency, thus the reactivity
of electron—hole pairs excited by visible light is rela-
tively poor. (89l

Recently, much attention has been paid to extend-
ing the photo-response range of TiO9 by upconversion
luminescent material (ULM).5=171 The upconversion
luminescent materials Y3AlsO9:Er®t, Y,05:Erd3t,
YAIO5:Er3t, NaYF4:Er*t, and 40CdF,-60BaFs -
zErs03 (x = 0.8, 1.0, and 1.2) have been employed
to modify the TiO4 photocatalyst; these upconversion
luminescent materials could convert visible light into
UV light and activate TiOs to generate electron—hole
pairs, and the composite of ULM and TiO5 exhibit
higher activity than pure TiO5 in degradation of or-
ganic days under the visible light irradiation. Nev-
ertheless, the research has focused on the ULM with
rare-earth elements for their abundant energy levels
in the infrared-UV range.['8=23]
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In the present paper, a rare-earth free ULM
(BaF2:NayAlyFuysy, 03 < 2 < 0.5, 0 <y < 0.1)
is prepared and its fluorescence property is investi-
gated. Subsequently, a visible-light-driven composite
photocatalyst (BaF3:Na, Al F 3,/TiOs) is prepared
and its photocatalytic activity is tested as well; the
photocatalytic reduction of CO5 under visible light ir-
radiation is found to be effective.

2. Experiment

2.1. Chemicals

All the chemicals were used as original ones with-
NaOH, Al,O3, BaF,, and
HF (40%) were all purchased from Sinopharm Chem-
ical Reagent Co., Ltd (Shanghai, China).

out further purification.

2.2. Preparation of upconversion lumi-
nescent material BaF,:Na,Al, F, 3,

The upconversion luminescent material
BaFg:Na, Al F, 3, was synthesized by a hydrother-
mal method. A mixture of NaOH (12.0 g) and AlyO3
(2.0 g) was added into 50 mL of distilled water, then
stirred vigorously and refluxed at 200 °C for 6 h. BaF,
(2.0 g) was dispersed into the above solution and kept
stirring for 1 h. Subsequently, HF was used to adjust
the pH to 1-2. After stirring for 2 h, the mixture was
sealed in a 100-mL Teflon-lined stainless steel vessel,
which can resist pressure. It was heated at 180 °C un-
der a high pressure for 24 h and then cooled down to
room temperature in a natural manner. The resulting
precipitate was separated by centrifugation, washed
with distilled water twice, and dried at 50 °C for 24 h
in a vacuum oven with a pressure of 0.08 MPa. Fi-
nally, BaFy:Na,Al F, 3, was obtained by annealing
the particles at 500 °C for 3 h, where z and y denote
the atom percentages of Na and Al in Na,Al, Fy 3,

respectively.

2.3. Preparation of composite photocat-
alyst BaF,:Na,Al,F,3,/TiO,

Nano-TiOy (0.4 g, Degussa P25) and
BaF,:Naz Al Fy 13, (2.0 g) were mixed in 50-mL abso-
lute alcohol, and adequately dispersed by ultrasound
at a 40-kHz frequency and 300-W output power for
10 min, followed by centrifugation at 6000 rpm for
5 min, then the separated powder was dried at 50 °C
for 12 h in a vacuum oven with a pressure of 0.08 MPa.

BaF,:Na, Al F,3,/TiOs was obtained by annealing
the particles at 400 °C for 3 h. For comparison,
BaF;:Na,Al,F, 3, and TiOs were treated under the
same condition as described above.

2.4. Visible light photocatalytic activity

The visible light activities
of the samples, including pure nano TiOs,
BaF,:Na, Al F, 3,, and BaFs:Na,Al F, 3,/TiOq,
were evaluated by photocatalytic reduction of COq

photocatalytic

with HoO in a circulated quartz photoreactor. The
reactor was illuminated by a 500-W spherical xenon
lamp with an optical filter A > 515 nm, and shielded
by a black box during the reaction to prevent the re-
actor from being interfered with by outside light. The
2.0 g of the photocatalyst was suspended in 400 mL of
distilled water. Prior to irradiation, COy (99.995%)
was bubbled through the reactor for at least 30 min to
eliminate dissolved oxygen and saturate the solution.
The temperature was monitored and controlled by a
temperature controller. During the experiment, some
reaction solution evaporated into a condensed solu-
tion, which was analysed using gas chromatography
directly.

2.5. Characterization

The general morphologies of the samples were
characterized by a field-emission scanning electron
microscope (FESEM, FEI, Quanta 400 FEG). X-
ray diffraction (XRD) patterns were recorded us-
ing a Bruker D8 Advance Diffractometer with high-
intensity Cu K, irradiation (A = 1.5406 A, 1 A =
0.1 nm). Room temperature upconversion lumines-
cence properties were observed using a Hitachi F-7000
fluorescence spectrophotometer. Infrared spectra (IR)
were recorded on a Fourier transform (FT) infrared
spectrophotometer using KBr pellets (Bruker, VER-
TEX 70). The methanol yield was analysed by a gas
chromatography, a Shimadzu GC-14C with hydrogen
flame and PEG 20M column. The temperatures of col-
umn, injector, and detector were 90, 150, and 180 °C,
respectively.

3. Results and discussion

3.1. Microstructure analysis

The size and morphology of the resulting mate-

rials were examined by scanning electron microscopy
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(SEM). It is apparent that BaFs:Na,Al F, 3, con-
sists of a large number of micro-particles which tend
to adhere to each other (Fig. 1(a)).
surfaces become rough after the treatment described
in Subsection 2.2 (Fig. 1(b)). It is indicated that TiO,
nano-particles may be coated on the surface of the

However, their

BaFg:Na, Al F, 3, particle after the ultrasonic dis-
persion and annealing treatment. The coupling be-
tween TiO2 and BaFy:NayAlyF, 13, is probably due
to the formation of the chemical bonds (refer FT-IR

analyses below).

Fig. 1. SEM images of (a) BaF2:Na;AlyF;3, and (b)
BaF2:NagzAlyFy 43, /TiOo.

The FT-IR spectra of the samples are shown in
Fig. 2. The absorption peak at 1630 cm~! belongs
to the bending vibration of the hydroxyl group on
the surface of the samples. The peak centred at
663 cm™! is due to vibration absorption of O-Ti-O
bands.[?4 The peaks at 413 cm™! and 578 cm ™! are
attributed to the bending and the stretching vibra-
tion absorptions of BaFy and [AlFg]®~, respectively.
As shown in Fig. 2 (curve ¢), two small absorption
peaks at 906 cm~! and 946 cm™' are observed in
the spectrum of BaFy:NayAl F, 3, /TiOy compared
with the spectra of TiOs and BaFj:Na Al F,.3,,
which can be attributed to the stretching vibration
absorptions of Al-O and F-O bands on the contact
surface between TiO, and BaF;:Na,Al F, 3,. It

means that TiOy is attached to BaFo:Naz Al F, s,
under the assistance of chemical bonds, which might
cause the shift of O-Ti—-O infrared feature toward
lower frequencies (643 c¢cm~™!) in the spectrum of
BaFs:Na, Al F,5,/TiOs. The peak at 1096 cm™*
is basically retained. These results suggest that the
main properties of TiOp and BaF:Na,Al F, 3, are
not changed in the composite photocatalyst.

4 8 12 16 20 24

Wave number/10% cm~1

Fig. 2. FT-IR (curve a)

BaF2:NagzAlyFy i3y, (curve b) Nano-TiOg,
and (curve c¢) BaF2:Nagz Al Fy 43, /TiO2.

spectra  of

The XRD patterns of the sample are shown in
Fig. 3. The characteristic diffraction peaks of BaFs,
NaF, and NagAlFg are observed in the XRD pat-
tern of BaFy:Na, Al F, 3, (Fig. 3(a)), which are in
good agreement with those in the standard JCPDS
cards Nos. 04-0452, 36-1455, and 25-0772, respec-
It is indicated that NaF and NagAlFg are
obtained under the above conditions.

tively.
Therefore,
BaF3:Na,Al,F, 43, is a ternary fluoride, including
BaFy, NaF, and NagAlFs. Hereafter, NajAl,F, 3,
is employed to denote the NaF and NagAlFg for
short. The XRD pattern of BaF3:Nag Al F, 3, /TiO
is shown in Fig. 3(b). Clearly, in addition to the
diffraction peaks of anatase TiOy (JCPDS No. 21—
1272), and rutile TiOy (JCPDS No. 21-1276, 27.45°,
36.09°, and 54.32°), only several weak peaks of BaFs
are observed at 24.86°, 28.78°, 41.13°, and 48.60°.
Figure 4 shows the energy dispersive X-ray anal-
ysis (EDAX) pattern of the sample. The molar
ratio of BaFy, NaF, and NagAlFg is about 10:1:1
in BaFy:NajAl Fo 3, and the atom percentages of
Na and Al in Na,Al F, 3, are about 33.3% and
8.3%, respectively, and the formula of Na,yAl F, 3,
is Nag.333Alp.083F0.582 according to the atom percent-
age shown in the inset table of Fig. 4.
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Fig. 3. XRD patterns of (a) BaF2:NazAl,Fy 3, and (b)
BaF2:NazAlyFyq3,/TiO2.

light absorptions at around 290 nm and 583 nm.
The emission spectra and phosphorescence life time
of BaFy:Na, Al F, 3, are presented in items (a9) and
(al0) of Appendix A. It can be seen that the emis-
sion property under the excitation of 290 nm is very
similar to that under the excitation of 583 nm, includ-
ing the emission peaks and phosphorescence lifetime
(t > 3 ms). These results suggest that the light emis-
sions from BaFg:Na, Al F 3, under the excitation of
290 nm and 583 nm undergo a similar emission pro-
cess except for the excitation process (See item (all)
in Appendix A).
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Fig. 4. EDAX pattern of BaF2:NazAlyFy,3y.

3.2. Upconversion luminescence proper-
ties

Figure 5 shows the three-dimensional scan spec-
tra of BaFy:Na,yAlyF;3,. The ordinate and the ab-
scissa denote the excitation wavelength and the emis-
sion wavelength respectively. A continuous curve rep-
resents the same emission intensity. The emission
ranges I and II in Fig. 5 are attributed to the Ra-
man scattering. Besides, it can be seen clearly that
the visible light (550 nm—610 nm) can be effectively
converted into ultraviolet light (290 nm-350 nm) by
BaFo:Naz Al Fyya,.
NaF, NagAlFg, and their mixtures exhibit upconver-

However, none of pure BaFs,

sion luminescence properties (See items (al) to (a7)
in Appendix A).

The excitation spectra of BaFs:NayAlF, 3,
were measured using the monitoring wavelength at
324 nm at different photomultiplier tube (PMT) volt-
ages (See item (a8) in Appendix A). Two excita-
tion peaks at 290 nm and 583 nm are found in the
spectra, suggesting that there are two different en-
ergy levels in BaF»:Na,Al F,3,, which lead to the

£ 600 ~
<
550
500 |1|l
200 250 300 350 400
Aem /nm
Fig. 5. Three-dimensional scan spectra of

BaF2:NagzAlyFyq3y.

The energy levels of BaFs:NazAl F,1 3, in (item
(all)) of Appendix A may be related to the crys-
tal defects of BaFy for its fluorite structure, which
can be induced easily by the impurity ion (Na*t) and
Frenkel disorder during the heat treatment. The light
absorption at 583 nm is attributed to the Fo (Na™)
centre in the BaF, crystal,?>=27 and the light ab-
sorption at 290 nm and the radiative transition may
result from other detectable levels.28=31 Tt is likely
that the electron in the excited state (ES;) can absorb
another 583 nm photon and transfer to ES4, because
the energy of ES; (2.13 €V) is about half that of ESy
(4.28 eV). The transitions from ES3 and ESs to the
ground state (GS) result in the emissions at 304 nm
and 324 nm. The above results suggest that the up-
conversion emissions may be related to the BaFy and
Na™. However, those detected levels in BaF, crystal
are still elusive, further efforts on this perspective are
needed.

The visible-light-driven photocatalysis based on
upconversion emission depends on the energy trans-
fer from BaFy:NagAl,F, 3, to TiO2. The require-
ment for an efficient energy transfer is to make the
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donor emission band overlap with the absorption
band of the acceptor.[32:33] Here BaFg:Na, Al F, 3,
is the donor and TiO; is the acceptor. The excita-
tion spectrum and upconversion emission spectrum of
BaFs:Na, Al F,.3,, and the absorption spectrum of
TiO; are presented in Fig. 6. As a semiconductor with
a wide band gap, TiOy exhibits a narrow absorption
band from 200 nm-400 nm (Fig. 6 (curve a)). It is very
clear that the absorption band of TiO5 overlaps very
well with the UV emission of upconversion particles
(Fig. 6 (curve b)), which can be excited by the visible
light at around 583 nm (Fig. 6(curve c)). The large
spectral overlap indicates that the upconversion UV
emission can be strongly quenched by energy transfer.

1.0,

0.8

0.671

0.4 ¢

0.2}

1°°
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400 500 600
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Normalized intensity/arb. units

Fig. 6. (curve a) Absorption spectrum of TiOz, (curve b)
upconversion emission spectrum of BaFo:NazAlyF; 3y,
(curve ¢) excitation spectrum of BaF2:NagAlyFyq3y.

To examine the energy transfer process, the up-
conversion emission spectra of the BaFo:Na, Al Fy 3,
and BaF:NayAl F, 3,/TiO were recorded under

the excitation of 583 nm (Fig. 7). The intensities of

324 nm

=]
T
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Iy
T

[\
T

Intensity/10% arb. units

B N M

BaF2:NagAlyFz i3y /TiO2

O 1
275 300 325 350 375 400
Wavelength/nm
Fig. 7. The upconversion emission spectra of

BaF2:NagAlyF, 3, and BaF2:NagAl,Fy 43, /TiOo.

UV emission peaks are greatly reduced after the com-
bination of TiOq, indicating effective energy transfer
from BaFy:NagAl,F; 3, to TiOy. The comparison of

the visible light photocatalytic activity between the
donor and the donor—acceptor pairs could provide di-
rect evidence for the energy transfer (refer Subsection
3.3).

3.3. Photocatalytic properties

The visible-light-driven photocatalytic activity of
BaF,:Na, Al F,3,/TiO9 composite was measured by
the photocatalytic reduction of COs with HoO. GC
analysis indicated that methanol was the major hy-
drocarbon. Figure 8 shows the methanol yield of the
reaction under the visible light irradiation. It can be
seen that BaF2:Nag Al F, 13, /TiOs is obviously an ef-
fective photocatalyst for this reaction, the correspond-
ing methanol yield increases fleetly at the beginning
with the irradiation of visible light (A > 515 nm),
and reaches its maximum (179 pmol/g-cat) at 3.0 h.
However, pure nano-TiO2 and BaFs:Na, Al F, 3, do
not show photocatalytic activity when used separately
under the same conditions. It suggests that upconver-
sion luminescence property is the main function mech-
anism of BaFs:NajzAl F, 3, during the photoreac-
tion, which further confirms the energy transfer from
BaF3:Na, Al F, 3, to TiO».

200
B BaF2:NagAl,Fyy3,/TiOs

160 | N pure BaF2:Nag AlyFyo

z pure nano TiOg

£}
¢
20
=
o]
g 120}
I
=
L 80
=
E
g 40
=
k5]
=
0

0 1 2 3
Reaction time/h

Fig. 8. Methanol yields of photocatalytic reaction of COg2
with H2O under the visible light irradiation (A > 515 nm)
at reaction temperature 40 °C, COs flow rate about
10 mL/s. The methanol yield should be described as
(methanol concentration)/(concentration of TiOg).

3.4. Mechanism of photocatalytic reduc-
tion of CO; on BaF,:Na,Al F, 3,
/TiO4

Firstly, the incident visible light (560 nm-610 nm)
is converted into UV light (290 nm-350 nm) by
BaFy:Naz Al F 13, (Eq. (1)), then the UV light is
absorbed by TiOs particles. Subsequently, electron

(e7)-hole (h™) pairs are formed and located in the
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conduction band and valence band of TiOs (Eq. (2)).
Finally, redox reactions are initiated by e~ and h™
on the surface of TiOy. The active ht can oxidize
Hy0 or OH™ to form hydroxyl radicals (OH-) which
could release Oy and H+.34 H* and high active e~
will facilitate COs reduction and produce methanol
or other hydrocarbons.[?>=37) Equation (3) indicates
that six electrons are required to convert the C**
of CO4 into the C?~ of CH30H. It is apparent that
BaFy:Na, Al F, 3, plays a crucial role in the above
process

BaFg :NamAl?,Fm+3y

4hvs83 nm hvsoa wm+hv324 am, (1)

TiO24+hv304 nm+hv324 nm — 2Ti04 (e_)+2Ti02 (h+),
(2)
COq + 2H50 + 6e~ — CH30H + 3/202 (3)

4. Conclusions

The upconversion luminescent material
10BaFy:NaF, NagAlFg is synthesized by a hydrother-
mal method, and 10BaFy:NaF, NazAlFg/TiOy com-
posite is prepared for visible-light photocatalysis
based on upconversion emission. The microstruc-
ture and the upconversion properties of the resulting
samples are investigated. The energy transfer from
10BaFy:NaF, NagAlFg to TiOs under visible light
irradiation is confirmed. The visible-light-driven pho-
tocatalysis is realized by photocatalytic reduction
of COy with H2O. This study suggests a promising
method to develop the visible-light-driven photocatal-
ysis, which may have a profound implication on the
future utilization of solar energy.

Appendix A

(al) Supporting information about the three-
dimensional scan spectra of pure BaFq (Fig. (al)).

(a2) Supporting information about the three-
dimensional scan spectra of pure NaF (Fig. (a2)).

(a3) Supporting information about the three-
dimensional scan spectra of pure NagAlFg (Fig. (a3)).

(ad) Supporting information about the three-
dimensional scan spectra of the mixture of BaFy and
NaF (10:1) (Fig. (ad)).

(a5) Supporting information about the three-
dimensional scan spectra of the mixture of BaFy and
NagAlFg (10:1) (Fig. (ah)).

(a6) Supporting information about the three-
dimensional scan spectra of the mixture of NaF and
NagAlFg (1:1) (Fig. (a6)).

(a7) Supporting information about the three-
dimensional scan spectra of the mixture of BaFs, NaF,
and NagAlFg (10:1:1) (Fig. (a7)).

(a8) Supporting information about the excitation
spectra of BaFy:NayAl F 13, (the monitoring wave-
length is 324 nm) (Fig. (a8)).

(a9) Supporting information about the emission
spectrum of BaFs:Na,Al F 3, (Fig. (a9)).

(al0) Supporting information about the phospho-
rescence life time of BaFo:Na,Al F, 43, (Fig. (al0)).

(all) Supporting information about the emission
process of BaF:Na,yAl F, 13, (Fig. (all)).
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Fig. Al. The scan spectra for pure BaFg, NaF, NazAlFg,
and their mixtures (al)—(a7); the excitation spectra of
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