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Abstract Development of photocatalytic materials able to
profit from the whole spectrum of sun for efficient organic
pollution removal and bacterial elimination is a fascinating
strategy in environmental engineering. In current work,
GO-TiOy/(Ca,Y)F,:Tm,Yb, a full-spectrum composite
photocatalyst, was prepared via hydrothermal processing
with TiO,/(Ca,Y)F,:Tm,Yb particles deposited on the
surface of graphene oxide (GO). The surface properties of
GO-TiO,/(Ca,Y)F,:Tm,Yb were characterized using vari-
ous characterization techniques including X-ray diffraction
(XRD), scanning electron microscopy (SEM), X-ray pho-
toelectron spectroscopy (XPS) and Brunauer—-Emmett—
Teller (BET) surface area analyzer. Besides, ultraviolet—
visible (UV—-Vis) diffuse reflectance spectroscopy, electron
spin resonance (ESR) and other methods were used to
systematically explore the photocatalytic mechanism of
GO enhancement of TiO,/(Ca,Y)F,:Tm,Yb. In photocat-
alytic degradation study, the degradation rate of methyl
orange (MO) was improved by 40% when GO was added
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into the TiO,/(Ca,Y)F,:Tm,Yb system. In addition, the
presence of GO also improves the antibacterial ability of
TiO,/(Ca,Y)F,:Tm,Yb against Escherichia coli and Sta-
phylococcus aureus. All results reveal high efficacy of GO-
TiO,/(Ca,Y)F,:Tm,Yb under full spectrum light irradia-
tion, in which (Ca,Y)F,:Tm,Yb and TiO, can improve its
utilization of full spectrum sunlight, and GO can enhance
adsorption ability of dye and electron—hole pair differen-
tiation ability of TiO,/(Ca,Y)F,:Tm,Yb.

Keywords Photocatalysis; Graphene oxide; Up-
conversion; Adsorption

1 Introduction

In recent years, photocatalytic technology exhibits poten-
tials in pollution and contamination control. Among pho-
tocatalytic materials, TiO, has received considerable
attention in last two decades due to its photocatalytic
activity and sustainable, nonhazardous and economically
viable significances. However, photocatalytic use of TiO,
only works under short wavelength ultraviolet (UV) light,
displaying easy photogenerated electron-hole pairs
recombination and limited light quantum efficiency [1, 2].
Strategies such as TiO, surface modification to reduce
recombination rate of photogenerated electron-hole pair
and increase light absorption range have been attempted to
improve its photocatalytic activity [3-9]. For example, by
dispersing holmium nanoparticles onto TiO,, the degrada-
tion rates of rhodamine B and MO under UV irradiation
increased from 86.6% and 71.2% to 92.1% and 78.4%,
respectively [10]. Besides, SnO,/TiO, nanocomposite
showed a 90% removal rate of methylene blue (MB) dye
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under sunlight irradiation, which is higher than that of
SnO, (44%) and TiO, (40%) alone [11]. In addition, some
potential photocatalysts, such as Fe’*/C/S/TiO,, HfO./
TiO,, ZnO/TiO, and single-crystal TiO,/SrTiO3, have also
been reported [12-17]. In the field of antimicrobial
research, materials such as biodegradable Zn alloys, poly-
dopamine-modified metal-organic frameworks, graphitic
carbon nitride-based materials, chitosan/Ag/MoS,, photo-
responsive coating composed of MnO, and Cu-doped
metal-organic frameworks have been reported for inhibit-
ing bacterium [18-23]. Such attempts with TiO, have also
been applied. For example, black urchin-like defective
TiO, was decorated with Ag;PO, nanoparticles, which
could exhibit antibacterial efficiency up to 99.8% =+ 0.2%
and 99.9% + 0.1% against E. coli and S. aureus after
20-min light irradiation followed by darkness for 12 h [24].
A rapid photo-sonotherapy was proposed by creating an
oxygen deficiency on a titanium (Ti) implant through sulfur
(S)-doping (Ti-S-TiO,.,), which reached a high antibacte-
rial efficiency of 99.995% against Staphylococcus aureus
under 15 min near-infrared (NIR) light and ultrasound
treatments [25]. However, the catalytic performance of
TiO, in the above materials was improved in the absence of
full spectrum of light utilization [26]. In our previous work,
an up-conversion luminescent material TiO,/(Ca,Y)F,:T-
m,Yb was developed, capable of converting infrared light
to visible light and UV light for full spectrum utilization of
sunlight. However, this material is still limited to its light
adsorption capacity, agglomeration and other issues. Thus,
using porous matrix to support TiO,, as a strategy to
improve its surface area and light adsorption performance
as well as avoiding particle agglomeration, is of great
interest to solve limitations of as reported TiO,/
(Ca,Y)F,:Tm,Yb [27, 28].

Graphene oxide (GO) has unique properties (high sur-
face area, significant material absorption performance,
excellent optical and electrical properties), and its combi-
nation with TiO, has aroused great research interest in past
decades. For example, Liu et al. [29] deposited self-
assembled TiO, to large GO sheets at water/toluene
interface, showing possibility of charging transfer and
inhibiting photogenerated electron-hole recombination of
TiO, by GO. To the best of our knowledge, there are few
reports on the combination of GO and TiO, with up-con-
version luminescent materials. It is hypothesized that tak-
ing the advantage of GO and up-conversion luminescent
TiO,, a full spectrum and highly efficient photocatalyst can
be developed. As an attempt to verify this concept, a GO-
TiO,/(Ca,Y)F,:Tm,Yb composite photocatalyst was pre-
pared via a multistep hydrothermal method. It is hypothe-
sized that the large specific surface area and strong
adsorption capacity of GO can be used to realize uniform
dispersion of TiO,/(Ca,Y)F,:Tm,Yb on GO sheets, and the
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synergistic effect of them can improve the absorption
spectral range and catalytic efficiency of TiO, photocata-
lysts, and enhance the organic degradation ability and
antibacterial performance of composite photocatalysts.

2 Experimental
2.1 Materials

All chemicals and reagents were analytically pure. Yttrium
chloride (YClz, 99.999%), ytterbium chloride (YbCls,
99.999%) and thulium chloride (TmClz, 99.999%) were
purchased from Grirem Advanced Materials Co., Ltd.,
Beijing, China. Polyvinylpyrrolidone (PVP) and titanium
isopropoxide (TTIP) were purchased from Chemical
Reagent No. 3, Tianjin, China. Anhydrous calcium chlo-
ride (CaCl,) was purchased from Fuchen Chemical
Reagent Co., Ltd., Tianjin, China. Acetylacetone (Hacac),
acetic acid (CH3;COOH), polyvinyl alcohol (PVA),
ammonium fluoride (NH4F) and GO were provided by
Aladdin Reagent Co., Ltd., Shanghai, China.

2.2 Synthesis of TiO,/(Ca,Y)F,:Tm,Yb

In a 50 ml beaker, 0.1388 g CaCl,, 0.025 g PVP, 0.25 ml
TmCl; solution (I x 10~ mol'ml™"), 1.25ml YbCls
solution of 1 x 10 mol-ml™!, 2.487 ml YCl; solution
2 x 107 m01~m171) and 20 ml deionized water were
mixed with 15 min magnetic stirring. Then, 0.1619 g
NH4F and 5 ml deionized water were added to the above
mixed solution with 1.5-h stirring. After hydrothermal
reaction at 180 °C for 12 h, the mixture was cooled to
room temperature. The precipitates were collected via
centrifugation, followed by washing and drying. As-pre-
pared powders were further calcined at 500 °C for 5 h in
muffle furnace to obtain (Ca,Y)F,:Tm,Yb nanoparticles.
TiO,/(Ca,Y)F,:Tm,Yb composite was prepared by a PVP-
assisted surface coating [30] and hydrothermal crystal-
lization method. In brief, 1 ml Hacac and 0.4 ml TTIP
were added into 20 ml anhydrous ethanol, and acetic acid
was added to adjust pH to 0.2 with 1-h stirring to prepare
TTIP precursor solution. Next, 100 mg (Ca,Y)F,:Tm,Yb
was dispersed in 10 ml (0.02 g-ml~") PVP solution under
ultrasonication to form a homogeneous white suspension.
Subsequently, TTIP precursor solution was added to as-
prepared white suspension with 2-h vigorous stirring, and
the mixture was transferred to a Teflon-lined stainless steel
autoclave and heated at 150 °C for 8 h to produce a crys-
talline TiO, shell. After cooling to room temperature, the
resulting sample was obtained by centrifugation, washed
with ultrapure water and ethanol, respectively, dried at
60 °C in oven. After being fully grounded, TiO,/
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(Ca,Y)F,:Tm,Yb composite powders were heated at

400 °C for 5 h.
2.3 Synthesis of GO-TiO,/(Ca,Y)F2:Tm,Yb

As-prepared TiO,/(Ca,Y)F,:Tm,Yb was dispersed in 30 ml
deionized water under ultrasonication followed by drop-
wise addition of GO solution (1 mg-ml~") under vigorous
stirring for 2 h, in which the weight ratio of GO to TiO,/
(Ca,Y)F,:Tm,Yb was set to 0%, 1%, 3% and 5%, respec-
tively (Table 1). After stirring, the suspension was trans-
ferred to a Teflon-lined stainless steel autoclave and heated
to 180 °C for 12 h. After cooling to room temperature, as-
formed GO-TiO,/(Ca,Y)F,:Tm,Yb particles were collected
by centrifugation, washed several times with deionized
water/ethanol, and subsequently freeze-dried.

2.4 Characterization

The crystalline structure of prepared samples was tested by
X-ray diffraction (XRD, Bruker D8 Discover, Cu Kal
irradiation in 20 range of 5°-90°. The morphologies and
microstructures of samples were characterized using
scanning electron microscopy (SEM, S-4800, Hitachi
Limited) and X-ray photoelectron spectroscopy (XPS,
ESCALAB 250Xi, Thermo Fisher Scientific). XPS mea-
surements were performed on an ESCALAB 250Xi pho-
toemission spectrometer using an Al Ko dual anode as
source, aimed to determining the molecular structure,
chemical valence state and elemental composition content
of samples. In addition, Brunauer—-Emmett-Teller (BET,
Autosorb-iQ, Quantachrome) specific surface area and
nitrogen adsorption—desorption isotherms of samples were
analyzed with a Quanta chrome Autosorb-iQ-MP-XR sys-
tem at 77 K.

Ultraviolet—visible (UV-Vis) diffuse reflectance spectra
(UV-Vis DRS, Lambda 1500 +, PerkinElmer) of samples
were obtained using a Lambda 1500 + UV-Vis spec-
trophotometer. ESR (JES-FA200, Business Guide-Sha,

Table 1 Composition of experimental samples

GO content/ TiO,/(Ca,Y)F2: Tm,Yb Sample

wit% content / wt%

0 100 TiOo/
(Ca,Y)F2:Tm,Yb

1 99 1%GO-TiOy/
(Ca,Y)F2:Tm,Yb

3 97 3%GO-TiO,/
(Ca,Y)F2:Tm,Yb

5 95 5%GO-TiO,/
(Ca,Y)F2:Tm,Yb

Qe

Japan) was used to test the electron-hole separation. Pho-
toelectrochemical measurements of samples were per-
formed using an electrochemical workstation (CHI 660E,
Shanghai Chen Hua Instrument Company, China), a 300 W
xenon lamp, a platinum net as counter electrode, Ag/AgCl
as reference electrode and Na,SO, (0.1 mol-L™") as elec-
trolyte. The working electrode was prepared on indium tin
oxide (ITO) conductive glass, which was cleaned by
anhydrous ethanol and deionized water under ultrasonic
conditions for 30 min. In brief, an appropriate amount of
polyvinyl alcohol (PVA) was added to 1 ml deionized
water, and an appropriate amount of sample (4:1) was
added after PVA until it was fully dissolved. When the
solution was stirred to form a paste, the above mixture was
deposited onto ITO glass with areas of ~ 1 cm?. Fre-
quency range of 0.05-1 x 10° Hz was set, and applied bias
of 1.5 V band potential (VFB) was determined by Mott—
Schottky plots from impedance spectra collected in the
potential range from 4+ 1 to — 0.2 V.

2.5 Photocatalytic activity evaluation

The photocatalytic activity of GO-TiO,/(Ca,Y)F,:Tm,Yb
samples for organic pollutant degradation was evaluated
using photocatalytic discoloration of MO. 50 mg photo-
catalyst was suspended in 50 ml MO (15 mg-L™") aqueous
solution to form a homogenous suspension. The suspension
was stirred in a dark environment for 30 min to achieve
adsorption/desorption equilibrium. Next, the suspensions
were irradiated using a 300 W xenon lamp. After irradia-
tion for 120 min, 3 ml pollutant aqueous suspension was
removed and centrifuged. The resulting supernatants were
used to perform UV-Vis absorbance measurements at
464 nm for MO. The degradation rate of MO in an organic
solvent is calculated as follows:

n =) 00 (1)

Co

where 7 is the degradation rate of MO, C, is the concen-
tration of pollutants at irradiation time (#), and C, is the
concentration of the photocatalysts in absorption equilib-
rium before irradiation.

Besides, the stability of nanocomposites was examined
by studying its reusability in a four successive runs. At the
end of each experiment, the photocatalyst used in the
experiment was collected, washed with ultrapure water and
ethanol, respectively, dried at 60 °C in an oven for 24 h.
The treated material was then used in a new round of
experiment. The degradation effect of MO by GO-TiO,/
(Ca,Y)F,:Tm,Yb under different light sources was evalu-
ated by the photocatalytic discoloration as mentioned
above. A filter plate was placed under the xenon lamp light
source to screen out ultraviolet visible light and near-
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infrared light for testing the influence of different light
sources on the degradation effect. In the same way, 10, 20,
30, 50 and 100 mg 3%GO-TiO,/(Ca,Y)F,:Tm,Yb were
added to the beaker to conduct MO degradation experi-
ment, respectively, so as to test the influence of photocat-
alyst amount on the catalytic effect.

The photocatalytic activity of the materials was deter-
mined by electron spin resonance spectrometer (ERS).
Dimethyl sulfoxide (DMSO) was used as a trapping agent
to detect -OH produced by the composite photocatalyst.
1,3-Diphenylisobenzofuran (DPBF) was used to capture
’027.

2.6 Antibacterial activity measurements

The antibacterial potential of GO-TiO,/(Ca,Y)F,:Tm,Yb
composite photocatalyst was evaluated according to GB/T2
1510-2008 “the antibacterial performance test of nano
inorganic materials”. Gram-negative E. coli and Gram-
positive S. aureus were used as model bacterial to assess
samples photocatalytic antibacterial activity. 2 ml bacterial
suspension (1 x 10" CFU-ml™") was mixed with 2 mg
photocatalyst, followed by 500 W xenon lamp exposure for
2 h. Next, 100 pl suspension (diluted 10, 100 and 1000
times, two replicates) was uniformly coated on agar plates
of solid medium and cultured at 37 °C for 12 h for standard
bacterial colony counting. Catalysts without light exposure
were used as control. In addition, bacterial live/dead fluo-
rescence test was also conducted. The bacterial suspension
was mixed with TiO,/(Ca,Y)F,:Tm,YDb to form a coculture
solution with a final concentration of 500 ug~m17], which
was irradiated with light for 120 min. Next, the bacteria
were stained with SYTO9 (Thermo Fisher, Shanghai,
China) and PI fluorescent dye reagents (Thermo Fisher,
Shanghai, China), and the cell live/dead status was detected
by fluorescence microscopy (TCS SP4, Leica, Germany).
For each material, three sets of parallel experiments were
set up to calculate the antibacterial rate and error. The
bacterial inhibition rate was calculated as follows:

where R stands for antibacterial rate, B and S stand for
colony number of blank control and test groups,
respectively.

3 Results and discussion

3.1 Morphology and structure

The crystal structure of the photocatalytic composite

material prepared experimentally was analyzed by XRD,
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and the obtained patterns are shown in Fig. la. XRD pat-
tern of TiO,/(Ca,Y)F,:Tm,Yb shows obvious diffraction
peaks at 20 = 25.3°, 37.8°, 48.0°, 53.9°, 62.7° and 75.1°,
corresponding to the (101), (004), (200), (105), (204) and
(215) reflection planes of cubic TiO, (PDF No. 71-1166),
respectively. Besides, characteristic peaks at 260 = 28.1°,
32.5°, 46.7° and 55.4° can be assigned to the (111), (200),
(220) and (311) reflection planes of (Ca,Y)F, (PDF No.
31-0293), respectively. The concentrations of Tm and Yb
were too low to cause no significant impact on the phase
purity of TiO,/(Ca,Y)F,:Tm,Yb [31]. On the other hand,
similar XRD patterns between TiO,/(Ca,Y)F,:Tm,Yb and
GO-TiO,/(Ca,Y)F,:Tm,Yb samples indicates that GO has
no significant impact on the phase purity of TiO,/
(Ca,Y)F,:Tm,Yb. In addition, a characteristic peak of GO
at 11° in GO/ TiO,/(Ca,Y)F,:Tm,Yb samples is absent,
attributed to the low content of GO [32, 33]. In Fig. 1b,
typical GO appears as a sheet structure. As shown in
Fig. 1c, d, TiO,/(Ca,Y)F,:Tm,Yb nanoparticles are dis-
tributed on GO surface after hydrothermal reaction. The
large specific surface area of GO can offer a platform for
uniform growth of TiO,, effectively inhibiting its
agglomeration [34].

XPS result is shown in Fig. 2a—d. Comprehensive
energy spectrum of 3% Go-TiO,/(Ca,Y)F,:Tm,Yb com-
posite materials is shown in Fig. 2a, in which five binding
energy peaks observed at 457.98, 529.3, 283.76, 684.78
and 384.11 eV are attributed to Ti 2p, O 1s, C 1s, F 1s and
Ca 2p, respectively. In Fig. 2b, peaks at 459.95 and
465.6 eV can be assigned to Ti 2p3, and Ti 2pyp,
respectively. The calculated energy gap difference between
the two peaks is 5.65 eV, indicating the presence of Ti*"
[35] in the Ti—-O composites. There are four peaks
belonging to C 1s XPS spectra of GO-TiO,/(Ca,Y)F,:T-
m,Yb (Fig. 2c), in which peak at 284.5 eV is due to sp2
hybridized (C=C) double bonds, and peaks observed at
285.82, 287.2 and 289.85 eV correspond to C-OH, C-O
and O-C=0 bonds, respectively [36]. Compared with pure
GO, the C=0O absorption peak strength of GO-TiO,/
(Ca,Y)F,:Tm,Yb composites is relatively weak, indicating
that GO as well as its C=0 content is reduced during the
hydrothermal preparation of composites [37]. In addition,
the O 1s energy spectrum in Fig. 2d shows three peaks at
530.83, 531.3 and 533 eV, contributed to Ti—-O, Ti—-OH and
C-OH, respectively. Therefore, TiO, is successfully loaded
onto the surface of GO through chemical bond connections,
providing an interface for electron transfer between TiO,
and GO.

The specific surface area was investigated using BET
gas adsorption measurements. Nitrogen (N,) adsorp-
tion—desorption isotherms were obtained to demonstrate
the specific surface area, pore size and relative textural
properties of the TiO,/(Ca,Y)F,:Tm,Yb, 1%, 3% and

a
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Fig. 1 a XRD patterns of (1) TiOo/(Ca,Y)F2:Tm,Yb, (2) 1%GO-TiO-/(Ca,Y)F2:Tm,Yb, (3) 3%GO-TiO-/(Ca,Y)F2:Tm,Yb, (4) 5%GO-
TiO,/(Ca,Y)F2:Tm,Yb and (5) GO; b SEM images of GO and c-d low- and high-magnification SEM images of 3%GO-TiO,/
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Fig. 2 a XPS survey spectra, b Ti 2p, ¢ C 1s and d O 1s XPS spectra of 3%GO-TiO,/(Ca,Y)F,:Tm,Yb composite material

5%GO-TiO,/(Ca,Y)F,:Tm,Yb nanocomposites at 377 K
using multipoint BET method. As shown in Fig. 3a, all
isotherms show a typical Hs hysteresis loop shape.
Brunauer-Deming—Deming—Teller

According to the

Q

classification, the existence of corresponding mesopores
(2-50 nm) can be confirmed. Figure 3b depicts the pore
size distribution curves of the TiO,/(Ca,Y)F,:Tm,Yb and
1%, 3% and 5%GO-TiO,/(Ca,Y)F,:Tm,Yb composites.
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The obtained surface area and pore volume of TiO,/
(Ca,Y)F,:Tm,Yb are 40.221 mz-gf1 and 0.299 cm3-g71,
respectively. After GO was combined into the composite
material, the obtained surface areas of 1%, 3% and 5%GO-
TiO,/(Ca,Y)F,:Tm,Yb are 59.148, 63.835 and 66.652
m?-g~!, respectively. Besides, the pore volumes of 1%, 3%
and 5%GO-TiO,/(Ca,Y)F,:Tm,Yb are 0.255, 0.215 and
0.246 cm® ~g_l, respectively. With an increase in material
specific surface area, adsorption of pollutants to photocat-
alyst surface is expected to increase, further enhancing
photocatalytic degradation. In addition, the increase in
specific surface area is primarily due to the introduction of
GO on the surface of the nanocomposites, indicating that
the addition of GO can provide more surface sites to
accommodate more adsorbed drug pollutants, which is
beneficial for photocatalysis.

3.2 Optical property studies

UV —Vis absorption spectroscopy was used to investigate
the optical properties of the prepared nanocomposites. The
result is shown in Fig. 4. The optical properties of TiO,/
(Ca,Y)F,:Tm,Yb nanocomposites were significantly
affected by the addition of GO at different weight ratios.
Figure 4 shows that the peaks observed at 404 nm corre-
spond to a band gap of 3.18 eV. Figure 4a clearly reveals
that GO significantly enhances the absorption properties of
the catalyst in the visible light region. Therefore, with GO
content increasing, the absorption peak moves to a higher
wavelength, which eventually leads to a decrease in the
band gap energy. Figure 4b shows that the increase in GO
content decreases the band gap of TiO,/(Ca,Y)F,:Tm,Yb
from 3.18 to 2.88 eV (1%GO-TiO,/(Ca,Y)F,:Tm,Yb),
2.65 eV (3%GO-TiOy/(Ca,Y)F,:Tm,Yb) and 2.94 eV
(5%GO-TiO,/(Ca,Y)F,:Tm,Yb). TiO, composite material,

a

| ——TiO,/(Ca,Y)F,; Tm,Yb
—— 1% GO-TiO,/(Ca,Y)F,:Tm,Yb
—— 3% GO-TiO,/(Ca,Y)F,:Tm,Yb
| 5% GO-TiO./(Ca,Y)F,:Tm,Yb

-
[6))
o
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o )
o o

0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p,)

with a smaller band gap energy, shows better photocat-
alytic activity. The decrease in band gap energy can be
attributed to the chemical bonding between TiO,/
(Ca,Y)F,:Tm,Yb and GO [38]. In addition, the band gap of
TiO, decreases with GO content increasing, confirming
that charge delocalization is caused by strong chemical
bonding between the carbon at a specific location in GO
and the semiconductor [39, 40].

3.3 Photoelectrochemical measurements

The interfacial charge separation efficiency of the com-
posite photocatalyst was examined using electrochemical
impedance (EIS) spectra. Figure 5 shows EIS Nyquist plots
of TiO,/(Ca,Y)F,:Tm,Yb and GO-TiO,/(Ca,Y)F,:Tm,Yb
samples. The arc radius of the EIS Nyquist curve can
reflect the reaction rate on the electrode surface. The
smaller the arc radius is, the more effective the separation
of photogenerated electron-hole pairs is, and the higher the
charge migration efficiency through the electrode/elec-
trolyte interface is. As can be seen, the arc radius of GO-
TiO,/(Ca,Y)F,:Tm,YDb is significantly smaller than that of
TiO,/(Ca,Y)F,:Tm,YDb, indicating that the separation and
migration of the photoelectron—hole pair at the GO-TiO,/
(Ca,Y)F,:Tm,Yb electrode are more effective. This phe-
nomenon further confirms that the presence of GO can
promote charge separation of the photoelectron-hole pair
at the interface. However, the Nyquist arc radius of the
composite photocatalyst with 5% GO is larger than that of
TiO,/(Ca,Y)F,:Tm,Yb, which may be caused by excessive
GO used as the recombination center of photogenerated
carriers. In addition, the smallest arc radius of EIS Nyquist
curve belongs to composite photocatalyst with 3% GO
addition, suggesting that it is the most effective formula for
separation of photogenerated electron and hole pairs.

b 0.014
—— TiO,/(Ca,Y)F,:Tm,Yb
0.012 | —— 1% GO-TiO,/(Ca,Y)F,Tm,Yb
— —+— 3% GO-TiO,/(Ca,Y)F,:.Tm,Yb
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§ 0.006 |
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T
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0 1 1 1 1 L
0 20 40 60 80 100

Pore size / nm

Fig. 3 a N, adsorption—desorption isotherms of TiO,/(Ca,Y)F2:Tm,Yb and 1%, 3%, 5%GO-TiO./(Ca,Y)F2:Tm,Yb; b pore size
distribution curves of TiO./(Ca,Y)F2:Tm,Yb and 1%, 3%, 5%GO-TiO,/(Ca,Y)F.:Tm,Yb
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3.4 Adsorption and photocatalytic activity studies

The large surface area of GO is beneficial for adsorbing
more pollutants. In this work, MO is a water-soluble azo
dye that almost does not degrade itself under sunlight
irradiation. It is a typical dye in wastewater and has been
used as an organic pollutant model for adsorption and
photocatalytic activity tests.

To estimate the adsorption of MO by as-prepared pho-
tocatalysts, dark adsorption experiments were performed
by stirring in the dark for 30 min before irradiation. Each
material can reach adsorption equilibrium within 30 min
(Fig. 6a). The adsorption removal rates of TiO,/
(Ca,Y)F,:Tm,Yb within 30 min were 1.33%. On contrast,
the adsorption removal rates of 1 wt%, 3 wt% and 5
wt%GO-Ti0,/(Ca,Y)F,:Tm,Yb were 20.21%, 39.21% and
44.02%, respectively. Owing to non-covalent heterotopic
interactions, MO with aromatic rings can be adsorbed on
the two-dimensional nanosheets of GO, displaying a GO

aQ

content dependent MO adsorption behavior. It is known
that photocatalytic redox reaction usually occurs on the
surface of the photocatalyst; therefore, adsorption of dye
molecules is a prerequisite for following photocatalytic
degradation of dyes [33]. Therefore, enhanced dye
adsorption by GO is expected to improve the photocatalytic
degradation activity of TiO,/(Ca,Y)F,:Tm,Yb.

Under full spectral irradiation, the photocatalytic
degradation of MO by TiO,/(Ca,Y)F,:Tm,Yb and GO-
TiO,/(Ca,Y)F,:Tm,Yb changes with time. After 120 min
simulated sunlight irradiation using 300 W xenon lamp,
(Ca,Y)F,:Tm,Yb almost did not degrade MO, and the
degradation rate of MO by TiO,/(Ca,Y)F,:Tm,Yb was
57.02%, attributed to the photocatalytic ability of the
semiconductor TiO,. For the aspect of GO-TiO,/
(Ca,Y)F,:Tm,Yb, the photocatalytic performance largely
depends on the content of GO in the catalyst. As shown in
Fig. 6b, after the introduction of GO, the degradation rates
of MO by 1%, 3% and 5%GO-TiO,/(Ca,Y)F,:Tm,Yb
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increase to 92.32%, 100% and 86.75%, respectively. In
addition, as an electron flow conductor, GO improves the
energy transfer between up-conversion luminescent mate-
rials and TiO,, thereby improving the photocatalytic
activity of TiO,. Although 5 wt% GO-TiO,/(Ca,Y)F,:T-
m,Yb has the highest adsorption capacity, its photocatalytic
degradation of MO is not the best, which may be caused by
following factors: (1) a large amount of GO could shield
TiO, from the incident light, which significantly affected
the excitation of the carrier [41, 42]; (2) excessive GO, as
the recombination center of photogenerated carriers, could
lead to a decrease in photocatalytic activity [43]; (3)
excessive GO absorbed excessive near-infrared light,
which limited the luminescence of (Ca,Y)F,:Tm,Yb up-
conversion.

To further quantitatively evaluate the photocatalytic
efficiency of TiO,/(Ca,Y)F,:Tm,Yb and 1%, 3% and
5%GO-TiO,/(Ca,Y)F,:Tm,Yb composite photocatalysts,
pseudo-first-order dynamics model [44] was applied to
evaluate the photocatalytic degradation rate (Eq. (3)).
Figure 6¢c shows the linear relationship between In(C/Cy)
and irradiation time (7). In addition, the apparent
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degradation rate constant (k) can be calculated by plotting
In(C/Cy) versus irradiation time. All experimental data fit
the first-order kinetic model well. At the same time, the
incorporation of GO into TiO,/(Ca,Y)F,:Tm,Yb signifi-
cantly promotes the degradation rate of organic pollutants.
The k values of TiO,/(Ca,Y)F,:Tm,Yb, 1%GO-TiO,/
(Ca,Y)F>:Tm,Yb, 3%GO-TiO,/(Ca,Y)F,:Tm,Yb  and
5%GO-TiO,/(Ca,Y)F,:Tm,Yb are 0.0056, 0.016, 0.0217
and 0.0133, respectively. The analytical results are in
agreement with experimental results, in which 3%GO-
TiO,/(Ca,Y)F,:Tm,Yb photocatalysts shows better cat-
alytic activity. The pseudo-first-order dynamics model
equation is as follows:

C
lna) = —kt (3)
where C is the residual concentration of MO at time
t (mg-L_l), and C;, is the initial concentration of MO
(mg-L™"). The apparent rate constant (min~") and reaction
time (min) of MO are expressed by k and ¢, respectively.

In addition to photocatalytic efficiency, photocatalytic
stability of catalyst also plays an important role in practice.

a
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To further investigate the photocatalytic stability of
3%GO-TiO,/(Ca,Y)F,:Tm,Yb composite photocatalyst, a
four successive runs photocatalytic degradation test was
performed. As can be seen from Fig. 6d, after four suc-
cessive runs, efficiency of GO-TiO,/(Ca,Y)F,:Tm,Yb for
photocatalytic degradation of MO decreases from 100% to
94.54%. This efficiency loss may be caused by the cen-
trifugation, drying or recovery step of the catalyst in the
recycling process. In summary, the prepared photocatalyst
has high working stability and efficient recovery perfor-
mance [45].

Results of photocatalytic degradation of MO by the
composite photocatalyst under irradiation by different light
sources are shown in Fig. 7. In Fig. 7a-c, under UV light,
degradation efficiencies of MO by TiO,/(Ca,Y)F,:Tm,Yb
and 1%, 3% and 5%GO-TiO,/(Ca,Y)F,:Tm,Yb within
120 min are 32.45%, 100%, 94.86% and 70.44%, respec-
tively. Under visible light irradiation, degradation rates of
the four photocatalyst samples are 12.99%, 60.67%,
83.51% and 63.75%, respectively. Under NIR light irra-
diation, the degradation rates of 33.55%, 56.46%, 82.05%
and 64.93% are achieved for the composite photocatalyst
samples. These results show that GO-TiO,/(Ca,Y)F,:
Tm,Yb composite photocatalysts display different
responses to light sources in different wavelength ranges,
in which 1%GO-TiO,/(Ca,Y)F,:Tm,Yb, 3%GO-TiO,/

(Ca,Y)F>:Tm,Yb and 3%GO-TiO,/(Ca,Y)F,:Tm,Yb exhi-
bit the best response to UV, visible and NIR light,
respectively. Figure 7d—f shows that removal of MO by
photocatalyst fits the first-order kinetic model well
(Eqg. (3)). The degradation rate constants of the photocat-
alysts under UV light are slightly higher than those under
visible light and NIR light, revealing that UV light remains
the main light source responsible for the photocatalytic
behavior of TiO,. This is particularly evident in the com-
posite photocatalyst doped with 1% GO. TiO,/
(Ca,Y)F,:Tm,Yb materials mainly absorb UV light and
have limited ability to absorb visible light. Therefore,
TiO,/(Ca,Y)F,:Tm,Yb has the poorest degradation effect
on MO under visible light irradiation. The NIR pho-
tothermal effect is stronger than UV light and visible light.
When NIR light is used for catalytic reaction, the tem-
perature and degradation rate of MO solution will increase
relatively, thus producing the degradation effect compara-
ble to that under UV light irradiation. In general, the
photocatalytic activity of GO-TiO,/(Ca,Y)F,:Tm,Yb is
better than that of TiO,/(Ca,Y)F,:Tm,Yb under irradiation
by different light sources because TiO, interacts with the
conjugated © bonds on the GO surface. Under the excita-
tion of light, the photogenerated holes in the TiO, valence
band can be accelerated to the GO surface, which promotes
the separation of holes and electrons. At the same time, the
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photogenerated holes transferred to the GO surface can
directly oxidize with the organic pollutants adsorbed on the
surface of the catalyst, thereby improving the degradation
efficiency. But excessive doping of GO will lead to the
formation of recombination center, which is unfavorable to
the separation of photogenerated charges and consequently,
reduces associated photocatalytic activity of the catalyst. In
addition, temperature is also believed to have a certain
impact on the degradation rate of MO. Owing to the lim-
itation of experimental conditions, it is hard to determine
the effect of temperature change on MO degradation
caused by sample under irradiation alone.

The effects of different amounts of catalyst on the
degradation of MO were further studied. The initial con-
centration of MO was 15 mg~L_1, and the amount of cat-
alyst was 10, 20, 30, 50 and 100 mg. The test results are
shown in Fig. 8. In the dark reaction stage, MO removal
rate of the 3%GO-TiO,/(Ca,Y)F,:Tm,Yb composite mate-
rial increased with catalyst content increasing, induced by
adsorption of MO to catalyst surface. A xenon lamp was
used immediately after the end of the dark reaction to start
the photocatalytic reaction. The degradation rates of MO
by five different catalyst amounts after 120 min were
21.73%, 67.17%, 93.15%, 100% and 100%, respectively,
revealing a catalyst concentration dependent MO degra-
dation behavior. During the whole reaction process, the
MO removal rate generally increased with the increase in
the amount of composite photocatalyst.

To verify antibacterial properties of the composite
photocatalyst, two kinds of bacteria were selected as rep-
resentative models: Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli). As shown in Fig. 9a, c, after
120-min irradiation under light, the antibacterial rates of
TiO,/(Ca,Y)F,:Tm,Yb against S. aureus and E. coli reach
89.1% £ 1.1% and 91.3% =+ 0.8%, respectively. At the

same dose, the antibacterial rates of 3%GO-TiO,/
a
12} —=—10mg ——20mg ——30 mg
50 mg —— 100 mg
1.0
08rf
S i
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02t
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(Ca,Y)F,:Tm,Yb against S. aureus and E. coli are
96.4% £+ 1.6% and 94.8% =+ 0.4%, respectively. As
shown in Fig. 9b, d, only a small number of dead bacteria
associated red fluorescent spots can be seen in the fluo-
rescence images of control group, showing that light cannot
kill bacteria. In group of photocatalyst, large areas of red
fluorescence appear on contrast. In addition, 3%GO-TiO,/
(Ca,Y)F,:Tm,Yb shows better antibacterial ability than
TiO,/(Ca,Y)F,:Tm,Yb. These results are in accordance
with the plate counting results, revealing the advantage of
photocatalysts in E. coli and S. aureus elimination under
full spectrum sun light. Besides, TiO,/(Ca,Y)F,:Tm,Yb
and 3%GO-TiO,/(Ca,Y)F,:Tm,Yb in darkness exhibit
limited bacteria inhibitory effect. This is due to the fact that
rare earth ions have certain antibacterial properties [46].
The rare earth ions (Y>*, Tm>" and Yb>") in the material
may react with peptidoglycan and lipopolysaccharide in the
bacterial structure, causing bacterial cell structure damage.
In addition, rare earth ions may also inhibit the activity and
synthesis of various enzymes in bacterial cells, thus
affecting the proliferation and growth of bacteria [47, 48].

3.5 Mechanisms of photocatalytic activity

ESR was used to study the photoactive substances pro-
duced by photocatalysts in photocatalysis (Fig. 10). After
the introduction of GO, the ESR signal intensity increases.
The presence of GO can promote h'—e~ separation,
prompting more h*—e™ pairs to reach the particle surface
and water to generate -OH and -O,  for photocatalytic
activity enhancement. Therefore, MO degradation can be
contributed to strong organic matter adsorption capacity of
GO as well as its unique surface property. The former is
caused by the high surface area of GO, which consequently
enhances direct contact between TiO, and organic matter
for photocatalytic efficiency improvement. The latter is
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Fig. 8 a Residual concentration ratio and b kinetics plots showing linear fitting of data for MO degradation with respect to catalyst

amount
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Fig. 10 ESR spectra of a -OH and b -O,™ signals of TiO,/(Ca,Y)F2:Tm,Yb and 3% GO-TiO/(Ca,Y)F.:Tm,Yb photocatalysts at room

temperature

contributed to the electrostatic repulsion property of GO
surface, which enables TiO, excitation generated ht—e~
free move and effectively separate the photogenerated
electron—hole pairs to inhibit the recombination of photo-
generated carriers.

Based on the above experimental results, the photocat-
alytic mechanism of GO-TiO,/(Ca,Y)F,:Tm,Yb compos-
ites is as follows: under full-spectrum irradiation,
(Ca,Y)F,:Tm,Yb, as a sensitizer, has a large absorption
cross section for irradiation by near-infrared light and can
be effectively excited from %Fs,, to %Fy, and three suc-
cessive energy transfers from Yb to Tm absorbs photon
energy, resulting in 'Gy - *F4, 'Gy — *Hg and 'Iy — *Hg
energy level transitions and emitting corresponding red
light (650 nm), visible light (477 nm) and UV light

aQ

(360 nm), respectively. The UV light (360 nm), visible
blue light (477 nm) and red light (650 nm) emitted by the
energy level transition can effectively excite TiO, to pro-
duce oxidation valence band holes (h™) and reduction
conduction band electrons (e™). Photogenerated electron—
hole pairs are separated and migrate to the ion surface
under the action of an electric field. Photogenerated holes
are highly oxidizing and can react with H,O and OH™
adsorbed on the surface of TiO, to generate a hydroxyl
radical (-OH). The electrons generated by the transition
react with the oxygen adsorbed on TiO, surface to form a
superoxide ion -O,~, which can partially undergo a chain
reaction to form -OH. The hydroxyl and superoxide ions
generated on the surface of TiO, have strong oxidizing
properties capable of breaking the chemical bonds to
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organics, thereby enabling those small organic molecules
to be oxidized into carbon dioxide and water. In addition,
due to the interaction between GO and TiO,, the photo-
generated holes will transfer to GO, which will slow down
the recombination of holes and electrons and thus, improve
the photocatalytic efficiency. Moreover, porous GO can act
as an adsorbent, making it easier for the holes to react with
organic matter.

4 Conclusion

In this work, GO-TiO,/(Ca,Y)F,:Tm,Yb photocatalyst
nanocomposites with different mass ratios of GO were
developed. The photocatalytic degradation of the organic
pollutant MO and the significant antibacterial effect toward
E. coli and S. aureus were achieved by using GO-TiO,/
(Ca,Y)F,:Tm,Yb nanocomposites as photocatalysts under
simulated sunlight full-spectrum irradiation. Under full
spectral light irradiation, 3%TiO,/(Ca,Y)F,:Tm,Yb mate-
rial has the highest degradation rate (100%) of MO within
120 min, which was about 40% higher than that of TiO,/
(Ca,Y)F,:Tm,Yb. At the same time, the antibacterial rate
against S. aureus and E. coli within 120 min was
96.4% £+ 1.6% and 94.8% =+ 0.4%, respectively, higher
than that of TiO,/(Ca,Y)F,:Tm,Yb. The composite material
has a wider absorption spectrum, in which UV light is still
the main excitation source of TiO,. On this basis, different
mechanisms of photocatalytic activity enhancement were
discussed. The large specific surface area of GO helps to
reduce the agglomeration of nanomaterials. The photo-
electron—hole pairs generated by TiO, excited can move
freely to the surface of GO, which effectively separates the
photoelectron—hole pairs and inhibits the recombination of
photogenerated carriers. More photogenerated hole—elec-
trons can reach the surface of the sample and react with
water to form -OH and -O,” for photocatalytic perfor-
mance improvement. Taken together, combination of GO
and the up-conversion material with TiO, synergistically
improves the adsorption capacity, photocatalytic activity
and light absorption range of the composites.
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