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Abstract: B-NaYF,Ho @TiO,—reduced graphene oxide (NYFH@TO-rGO) ternary composites photocatalysts were
prepared via a three-step method and used for cleanup of Rhodamine B (RhB) aqueous solution under visible light irradiation.
X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), fluorescence
spectrometries, ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS), electron spin resonance (ESR), and
photoelectrochemical properties were used to characterize the photocatalyst. The results revealed that rGO as an excellent
platform and successfully to load NYFHo@TO core—shell microcrystals. In this photocatalyst, the loading of UC microcrystals
is expected to emit UV (290 nm) light after absorbing Vis (450 nm) light of the solar spectrum and the optical response of the
rGO is enhanced from UV to Vis. so as to realize the visible light-driven photocatalysis of TiO,. It was found that add to rGO
can efficient charge separation, extended light absorption range (red-shifted to 402.6 nm), enhanced adsorption performance,
and improve photocatalytic activity. This novel tenary photocatalyst can reach decomposition rate of RhB as high as 87% after
10 h of irradiation by visible-light Xe lamp. Compared with the blank experiment, the efficiency was significantly improved. It
is of great significance to design an effective solar light-driven photocatalysis in promoting environmental protection.
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1. Introduction

Since Fujishima and Honda [1] discovered the phenomenon
of photocatalytic splitting of water on a TiO, electrode under
ultraviolet (UV) light [2], TiO, has been widely studied in
areas ranging from photocatalysis [3-5]. However, because of
the wide band gap of TiO, (E, = 3.0-3.2 eV), only a
wavelength of less than 387 nm UV light, which only makes
up ca. 5% of solar energy could produce effective
photocatalytic  activity [6]. Furthermore, the fast
recombination of charge carriers significantly reduces the
catalytic activity in practical applications. As a result, large
scale practical application of TiO,-based photocatalysts still
needs further innovational work [7].

Recently, there have been reports of the combination of
upconversion luminescence (UC) agents with the
semiconductors, which allowed the use of a visible or NIR
light source for catalysis [8-10]. In order to efficiently utilize

the valuable upconversion energy transferred from the excited
upconversion core [11]. The core-shell structure has potential,
which can protect the upconversion core from surface
quenching and increase the energy transfer efficiency to the
photocatalyst shell. However, recently studies have focused
on the doped Yb’* ion in the UC matrix material and only
excitation at 980 nm NIR [12-15]. Its UC efficiency is
limited with NIR radiation source excitation, mainly because
of its extremely weak absorption in the NIR wavelength
range. We had studied about B-NaYF,:Ho*" @TiO, core-shell
microcrystals and the successful use of Vis as a photocatalyst
[16]. However, there are still some problems about
UC@TiO, core—shell structures, and most serious problem is
the fast recombination of photogenerated electron—hole pairs.
So, other methods are still needed found to improvement
these problems.
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Graphene (GR) and reduced graphene oxide (rGO) have
emerged as attractive candidates for constructing graphene—
based materials because it has several valuable characteristics
[17-19]. First, GR materials exhibit high electron mobility and
extended m-electron conjugation. In addition, GR has a high
specific surface area and the unique flexible sheet-like
structure of the GR component. Recently, peoples pay much
attention to TiO,—grapheme (T@GR) which has shown a
significant improvement of the photoelectrochemical catalytic
ability [20-22]. Research indications GR not only has a high
theoretical specific surface area, can increase the adsorption
surface of the catalyst, but also can improve the adsorption
performance of TiO, by chemical adsorption. The T@GR
composite has the characteristics of high light transmittance
and zero bandgap of GR, and due to the excellent electrical
conductivity for storing and shuttling electrons (flexible
sheet-like structure), which can inhibiting the recombination
of photogenerated electron—hole pairs. Moreover, the
formation of Ti—O—C bonds can expand the light absorption to
longer wavelengths [23]. Despite all the advantages, these
T@GR composites still suffer from a key factor that limits the
photocatalytic activity under solar irradiation, i.e. the
low-usage of natural sunlight.

Herein, we combined the above-mentioned strategies
together and demonstrated for the first time a NYFH@TO
core—shell structure supported on rGO as a new Vis-driven
photocatalyst. Benefiting from the high specific surface area
and the flexible sheet-like structure, rGO emerged as an
excellent platform on which to load NYFHo@TO core—shell
microcrystals  to  form B—NaYF4:Ho“@TiOfreduced
graphene oxide (NYFH@TO-rGO) ternary composites. In
this photocatalyst, the loading of UC microcrystals is
expected to emit UV light after absorbing Vis light of the
solar spectrum and the optical response of the NYFH@TO-
rGO microcrystals is enhanced from UV to Vis. At the same
time, rGO can inhibit the recombination of photogenerated
electron—hole pairs and enhance the adsorption capacity of
the photocatalyst. Finally, the photodegradation of rhodamine
B (RhB) has been investigated.

2. Experimental Section
2.1. Synthesis of NYFH@TO-rGO Ternary Composites

The NYFH@TO core-shell microcrystals
method reference group of preliminary work [16].
UV-irradiation of the NYFH@TO-graphene oxide
(NYFH@TO-GO) samples was performed using an Oriel
500 W xenon arc lamp. Firstly, 2 mg/mL GO (2.5 mL) was
ultrasonicated in a 100 mL of anhydrous ethanol solution to
disperse it well; after that, 0.1 g of NYFH@TO was added to
the above GO solution and vigorous stirring 1 h. A water
filter, which was used to cutoff IR, assisted in maintaining
the temperature of the ethanol sample (300 K) during
irradiation with minimum variation in the experimental
results. The suspensions were kept agitated during UV

synthesis

irradiation through bubbling of the solution with nitrogen gas.

The agitation of the samples ensured uniform irradiation of
the NYFH@TO-GO suspension during the reduction
process. The precipitate was centrifuged and washed with
deionized water two times and dried in the vacuum freeze
drier at -60°C for 24 h, resulting in NYFH@TO-rGO
ternary composites.

2.2. Photocatalytic Activity Measurement

The photocatalytic activity of the NYFH@TO-rGO
ternary composite was measured via comparing the
concentration of rhodamine B (RhB) after irradiation to the
original concentration of RhB, by measuring optical
absorption  using a  Hitachi U-3010 UV-Vis
spectrophotometer (Hitachi Corp., Tokyo, Japan) at 553 nm.
Typically, 50 mg of photocatalyst was suspended in 250 mL
RhB aqueous solution (5 mg/L) by sonication. Prior to
irradiation, the suspension was stirred in the dark for 0.5 h to
establish the adsorption-desorption equilibrium. Then the
solution was exposed to the irradiation of a 500 W Xenon arc
lamp with a UV cutoff filter (A > 420 nm). Every 2 hour, 8
mL of the transparent, aqueous solution was collected and
then centrifuged (10, 000 r/min) prior to analysis with the
Hitachi U-3010 UV-Vis spectrophotometer.

2.3. Characterization

The crystal structures of all prepared samples were
characterized by X-ray diffraction (XRD) using a Rigaku
D/Max2500pc diffractometer with Cu Ka radiation.
Scanning electron microscopy (SEM) images were acquired
with a Zeiss AURIGA FE microscope (EHT = 5 kV, WD =
8.8 nm; Zeiss, Oberkochen, Germany). Fourier transform
infrared spectroscopy (FT-IR, IRPrestige-21, Shimadzu,
Japan) analysis of the composite was performed using
FT-IR spectrophotometer (KBr as the reference sample).
UV-Vis diffuse-reflectance spectroscopy (UV-Vis DRS) was
performed  with the  Hitachi U-3010  UV-Vis
spectrophotometer. The sample for electron spin resonance
(ESR) measurement was prepared by mixing NYFH@TO-
rGO samples in a 50 mM DMPO solution tank (aqueous
dispersion for DMPO--OH and methanol dispersion for
DMPO--O, ). Photoelectrochemical properties were
evaluated using a CHI Electrochemical Workstation (CHI
760E, Shanghai Chenhua, China). All the
photoelectrochemical measurements were performed under
Vis light of a 300 W Xe lamp coupled with 420 nmcutoff
filters. All experiments were performed at room
temperature.

3. Results and Discussion
3.1. Structural and Morphology Characterization

The phase structures of the samples were characterized by
XRD measurements, and the XRD patterns of the NYFH,
NYFH@TO, and NYFH@TO-rGO are shown in Figure 1.
The results show that all the diffraction peaks of the NYFH
could be assigned to hexagonal phase B-NaYF, (JCPDS.
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16-0334), which is the best UC luminescence of the matrix
materials [24]. The diffraction peaks of anatase TiO,
(JCPDS no. 21-1272) were detected in the samples of
NYFH@TO and NYFH@TO-rGO indicates that anatase
TiO, and hexagonal phase NaYF, coexist. However, no
diffraction peak typical of rGO appeared in the XRD
patterns of the samples. We attributed this result to the fact
that the amount of rGO was below the limit of detection
(LOD) for XRD. The relative intensities of some of the
diffraction peaks differed between the standard and the
prepared products, which were indicative of differences in
the degree of crystallization and morphology among the
obtained products.
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Figure 1. The XRD patterns of NYFH, NYFH@TO, and NYFH@TO-rGO.
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Figure 2. SEM images of (a) NYFH, (b) NYFH@TO, and (c-d) NYFH@TO-rGO.

The morphologies of the prepared samples were examined
by SEM. Figure 2 shows SEM images of different samples. As
shown in Figure 2a, pure NYFH particles had uniform size
and shape distributions and formed a series of hexagonal
prisms-like structures and the average microcrystal length is
roughly 8 um, with a diameter of about 2.4 um. All the
images show that the surfaces of the microcrystals are very
smooth. After coating, the surfaces become coarser (Figure
2b), showing that the microcrystals are successfully coated
with a TiO, layer. It is also found that some agglomeration of

TiO, is attached to NYFH surface. Figure 2c shows that some
NYFH@TO was loaded on the rGO sheets and few TiO,
nanoparticles were dispersed on the surface of the rGO sheets.
As shown in the magnified SEM images (Figure 2d), the rGO
sheets were inserted between the NYFH@TO, and wrap up a
part of NYFH@TO. This structure creates a good interface
between NYFH@TO core-shell microcrystals, and rGO to
facilitate efficient charge transport within the composite,
which leads to efficient separation of photogenerated carriers
in the coupled rGO ternary composites.
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Figure 3. (a) SEM images of NYFH@TO-rGO microcrystals, (b—f) corresponding SEM elemental distribution mappings of Y, Ho, C, Na, Ti, and O.

SEM coupled with energy dispersive X-ray spectroscopy
(EDX) was used to further verify the elemental composition
of the as-synthesized ternary composites. Results are shown
in Figure 3. Figure 3b—f shows the corresponding elemental
mappings for the elements Y, Ho, C, Ti, and O, respectively.
We found some interesting results from these images. For
examples, we can easily find that Y, Ho, Ti, and O are
homogeneously distributed throughout the space. However,
C elemental the upper part is obviously more than the lower
part, from the Figure 3a we find that the upper part of the
region was covered with rGO, also the rGO sheets below
cover with NYFH@TO. All the results further confirm that
TiO, and hexagonal-phase NaYF, core-shell microcrystals
coexist in the rGO platform and formation ternary
composites. These results are consistent with the results of
XRD.
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Figure 4. FTIR spectra of GO, GR, TiO, NYFH, NYFH@TO, and
NYFH@TO-rGO.

In order to ensure the efficient transfer of GR and
characterize the carbon species, Further insights into the
reduction of GO was obtained by FTIR. Figure 4 shows the
FTIR spectra of GO, GR, TiO,, NYFH, NYFH@TO, and
NYFH@TO-rGO composites, respectively. GO shows a
strong absorption band at 3405 cm ' due to the O-H
stretching vibration. It also the characteristic peaks appearing
at 1731, 1623, 1401, 1224 and 1084 cm’! can be assigned to
carboxyl or carbonyl C=O stretching, H-O—-H bending band
of the adsorbed H,O molecules, carboxyl O-H stretching,
phenolic C-OH stretching and alkoxy C-O stretching,
respectively[25, 26]. Compared with the GO, various
oxygen-containing groups (800-1900 cm ) in
NYFH@TO-rGO and GR has a significant decrease and even
absent, suggesting that the UV-Assisted photocatalytic
treatment is an effective method for the reduction of GO to
rGO. In the case of the GR-TiO, composite, the typical
absorption peaks of GO decrease dramatically in intensity or
even disappear as compared with those of the pure GO,
indicating the reduction of GO. The broad absorption below
800 cm™ is ascribed to the vibration of Ti-O-Ti bonds and
Ti—O—C in TiO, [27], corresponding to that in spectrum of
TiO, and NYFH@TO. Meanwhile, the formation of Ti-O—C
bonds can expand the light absorption to longer wavelengths
[23]. All the results show that a ternary composite catalyst for
the rGO as a platform was successfully prepared.

3.2. The Effect of Rgo Enhancement Photocatalyst Activity

According to the original idea, the introduction of rGO as
a photocatalyst platform in the NYFH@HO system to
efficient charge separation, extended light absorption range,
enhanced  adsorption  performance, and  improve
photocatalytic activity. In order to ensure NYFH@HO-rGO
ternary composite have the above characteristics, a series of
characterization were employed.
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Figure 5. (a) The UV-Vis absorbance spectra of the TiO, NYFH, NYFH @TO and NYFH @TO-rGO; inset: the enlarge spectra ranging from 400 nm to 500

nm. (b) Photoluminescence (PL) spectra of samples under (b) 450 nm excitations.

We investigated the optimal absorption wavelength of the
synthesized  materials  through  UV-Vis  absorption
spectroscopic analysis. Figure 5a shows representative spectra
of TiO,, NYFH, NYFH@TO and NYFH@TO-rGO. Notably,
a light absorption edge before 400 nm which is overlapped
with that of TiO,, corresponding to the band absorption of
TiO, (£ 3.2 eV), is observed for the spectrum of NYFH@TO
and NYFH@TO-rGO. Meanwhile, the NYFH@TO-rGO
showed significant enhancement of light absorption at a
wavelength of 400—-800 nm, which could be mainly attributed
to absorption of visible light by the rGO itself. Also shown in
the spectrum of p-NaYF,:Ho®*, corresponds to the absorption

of Ho™, which has absorption cross sections at about 450 nm.

Accordingly, considering the wavelength of the 450 nm were
selected as the excitation wavelength. The bandgap of the
TiO,, NYFH@TO, and NYFH@TO-rGO can be calculated
by using Tauc’s formula. The bandgaps of TiO,, NYFH@TO,
and NYFH@TO-rGO are calculated to be 3.22,2.21, and 3.08
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eV, respectively. Notably, the absorption edge for the
NYFH@TO-rGO composite was red-shifted compared to
those of pure TiO, and NYFH@TO, given that the absorption
edges were measured to be at 385.09 nm for pure TiO,, 386.29
nm for NYFH@TO, and 402.60 nm for NYFH@TO-rGO.
UV UC emission by the Ho’* ions was clearly observed.
The UV emission band around 290 nm originated from the
D, — °I; transition of Ho®" under 450 nm excitation, as
shown in Figure 5b. After coating NYFH with TiO,, notable
spectral differences are observed (Figure 5b). The intense
emission peak at 290 nm almost disappears in comparison
with the UC fluorescence spectra of NYFH microcrystals,
indicating that the UC UV emission can be strongly
quenched by being absorbed by TiO,. Furthermore, the UV
emission was completely quenched in the case of
NYFH@TO-rGO, indicating the incorporation of rGO
further improve the energy transfer between NYFH and TiO,.
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Figure 6. ESR spectral features of the DMPO—OH (a) and DMPO—0;" (b) spin adducts in the system under irradiation of full-spectrum Xe lamp with different

photocatalysts TiO,, NYFH@TO, and NYFH@TO-rGO, respectively.

Moreover, the ESR method, widely used in photogenerated
charge transfer processes, also revealed the key role of the UC
materials in the photocatalytic degradation by the ESR spectra

of the OH and-O, radical [28, 29]. The ESR spectral features
of the DMPO—OH and DMPO—0O, spin adducts in the
system with different photocatalysts pure TiO,, NYFH@TO,
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and NYFH@TO-rGO are shown in Figure 6, respectively.
After the same irradiation time, line TiO, had no signal, while
lines NYFH@TO and NYFH@TO-rGO displayed signals;
which indicated that the ‘OH and ‘O, radical was surely
formed under the present conditions. This revealed that UC
can convert Vis into UV to realize the photocatalysis of
broadband TiO,. It can also be seen that the intensities of the
signals increased in the presence of the UC materials,
indicating that the concentrations of free radicals increased.
The major reason for this phenomenon was that the TiO, shell

can efficiently absorb UV light (290 nm) emitted from the UC
cores upon irradiation by a high pressure mercury lamp (500
W) with a UV cutoff filter (A > 420 nm). The presence of rGO
can enhance UC luminescence to form stronger UV emissions;
therefore, the intensity of line NYFH@TO-rGO -OH and -O,"
is 2.9 and 1.6 fold that of line NYFH@TO. This phenomenon
was consistent with the result of the photocatalytic
degradation, and it also revealed the key role of the UC
materials in the photocatalytic — degradation  with
NYFH@TO-rGO under non-UV excitation.
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Figure 7. Transient photocurrent density of the as-prepared samples.

Photoelectrochemical measurements were performed to
investigate the excitation, separation, transfer, and
recombination of photoinduced charge carriers [30]. As
shown in Figure 7, the photocurrent responses for
NYFH@TO-rGO composite electrodes are prompt, steady
and reproducible during repeated on/off cycles of the Vis
irradiation. In contrast, no photocurrent response occurs for
bare NYFH, and lower photocurrent density is found in the

case of NYFH@TO. The enhancement of the photocurrent
for the NYFH@TO-rGO electrode indicates a higher
photoinduced charge separation efficiency and charge
transfer rate in composite. The rGO serves as an acceptor and
a transporter for the electrons generated from TiO, shell after
excited by upconversion energy from the NYFH core, thus
inhibiting  the  recombination of  photo-generated
electron-hole pairs effectively.

10 —— 0Oh a 10153 . ; ; b
-0.5h == : J
——2.5h '
= 0.8 4.5h 0.8 B
= ——8.5h 1%,
g 0.6 P’ is _g \\\ :
8 S 1 _
?g 0.4 1 3 R &
< 0.4 - —— Pure RhB solution ™ :
P25 1
0.2 NYFH R
" 02| —+— NYFH@TO g
i : : L ,—— NYFH@TO-GO . s B
400 450 500 550 600 650 0 2 4 6 8 10
Wavelength(nm) Time(h)

Figure 8. (a) Time-dependent UV-Vis absorption spectroscopy of a RhB solution degraded by NYFH@TO-rGO ternary composite. (b) Time-dependent plot of
the photodegradation of an RhB solution by different catalysts upon irradiation by a Xe lamp (500 W) with a UV cutoff filter (2 > 420 nm).
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Figure 8a shows the absorbance spectra of RhB catalyzed
by the NYFH@TO-rGO under Xe lamp irradiation as a
function of the irradiation time. The absorption intensity of
RhB at 554 nm decreases gradually with the increase in
irradiation time, indicating the degradation of RhB. As shown
in Figure 8b, without catalyst, only about 7% of the RhB was
decomposed under the Xe lamp irradiation 10 h, while the
degradation ratio of RhB reached ~87% after 10 h irradiation
in the presence of NYFH@TO-rGO ternary composite. It
may be, on one hand, based on rGO strong adsorption
performance. Surface adsorption of the dye is the key step for
photocatalytic reaction and plays important roles in
determining photocatalytic degradation activity [31]. On the
other hand, extended light absorption range can let
NYFH@TO-rGO make use of more light. With NYFH and
NYFH@TO about 38 and 67% of the RhB was decomposed
after 10 h irradiation, respectively, which is far below the
NYFH@TO-rGO. It is very clear that rtGO as NYFH@TO
core-shell structure catalysis platform is beneficial to
photocatalytic activity according to the reaction results.

4. Conclusions

In this work, we have demonstrated a new strategy by
integrating the Vis-to-UV UC property of NYFH with the
excellent electrical properties of graphene to enhance the
photocatalytic efficiency of TiO,. NYFH@TO-rGO ternary
composites photocatalysts were prepared via a three-step
method. The enhanced photocatalytic activity is associated
with the large extended photoresponsive range, great
adsorptivity of dyes and high electron—hole separation
efficiency due to the synergetic interactions among TiO,,
graphene and UC material. This work is anticipated to
promote practical applications of photocatalysts under solar
irradiation in addressing various environmental issues.
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