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Abstract: The core-shell NaYb0.99 F4 :Tm0.01 @NaYF4 upconverting particles (UCPs) with a high
UV emission to apply in NIR-driven photocatalysis were synthesized. The influence of the Yb3+
doping concentration in NaYx F4 :Yb0.99−x Tm0.01 core particles, and the role of the NaYF4 shell on the
upconversion emission intensity of the UCPs were studied. The absorption of NIR light by the obtained
UCPs was maximized by increasing the Yb3+ concentration in the core, reaching the maximum
for Y3+ -free particles (NaYb0.99 F4 :Tm0.01 ). Additionally, covering the NaYb0.99 F4 :Tm0.01 core with
a protective layer of NaYF4 minimized the surface luminescence quenching, which significantly
improved the efficiency of upconversion emission. The high intensity of the UV light emitted by the
NaYb0.99 F4 :Tm0.01 @NaYF4 under NIR irradiation resulted in a high photocatalytic activity of TiO2
(P25) mixed with the synthesized material.
Keywords: photocatalysis; upconversion; near-infrared (NIR); lanthanides; TiO2

1. Introduction
Photocatalysis is a feasible solution for the emerging environmental and economic issues of
humankind. It can be used for water treatment, air purification, and hydrogen production powered
only by the sunlight [1–3]. Most of the solar radiation that reaches the Earth’s surface lies within the
visible and infrared region. However, conventional photocatalysts, such as TiO2 or ZnO, while cheap,
non-toxic, and chemically stable, absorb only ultraviolet (UV) light, which constitutes less than 5%
of the energy received from the Sun [4]. In order to extend their photocatalytic activity for visible
light, several modifications have been utilized, such as noble metal deposition, transition metal doping,
or photosensitization [5–9]. In the case of the infrared light utilization, one of the most effective
approaches is to use lanthanide-doped materials that are able to harvest near-infrared (NIR) photons
and convert them into UV and visible light [10]. Therefore, the upconverted light can be utilized to
excite TiO2 and trigger the photocatalytic reaction. However, the photocatalytic systems based on
the upconverting particles (UCPs) suffer from a low efficiency [11]. This is because the upconversion
(UC) is a multiphoton nonlinear process that requires high power density of the incident light and
is sensitive to any luminescence quenching and cross de-excitation [12,13]. Thus, much effort is
put into research to increase the efficiency of the UC processes occurring in materials suitable for
photocatalytic applications.
One of the most efficient mechanisms of UC is the energy transfer upconversion (ETU) process
(Figure 1a), which engages two different neighboring ions in energy transfer. The first ion, known as a
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Figure 2. SEM images of the synthesized NaYxF4:Yb0.99-xTm0.01 with Yb3+ content of (a) 29%, (b) 49%,

Figure 2. SEM images of the synthesized NaYx F4 :Yb0.99−x Tm0.01 with Yb3+ content of (a) 29%, (b) 49%,
(c) 69%, (d) 99%, and (e) NaYb0.99F4:Tm0.01@NaYF4. The scale bar represents 1 μm.
(c) 69%, (d) 99%, and (e) NaYb0.99 F4 :Tm0.01 @NaYF4 . The scale bar represents 1 µm.

The energy-dispersive X-ray spectroscopy (EDX) measurements (Figure 3) reveal that the samples
consist of Na, F, Yb, and Y elements. For the core-shell sample, yttrium is found in both large and
small crystals. The presence of the Au peaks is due to the preparation method of the samples for the
SEM analysis. The lack of the Tm peak, however, is attributed to the concentration of this element
being below
the2020,
detection
limit.
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2.3. Spectroscopic Analysis
The NaYF4 crystals doped with the Yb3+ –Tm3+ ion pair emit light from UV and visible range
under a 980 nm laser excitation (1 W output power), as shown in Figure 5b,c. The UV emission peaks
with maxima at 349 and 362 nm are attributed to the 1 I6 → 3 F4 (induced by the five-photon UC process)
and 1 D2 → 3 H6 (induced by the four-photon UC process) transitions of Tm3+ ions, respectively. The two
blue emission peaks centered at 450 nm and 476 nm are created in four- and three-photon processes and
correspond to the 1 D2 → 3 F4 and 1 G4 → 3 H6 transitions of Tm3+ ions, respectively. Figure 5b presents
the emission spectra of the NaYx F4 :Yb0.99−x Tm0.01 crystals with different Yb3+ doping concentrations.
This shows that the intensity of both the UV and Vis emission bands increases with the increasing Yb3+
doping in the crystals. By the increasing concentration of ytterbium ions, the number of absorbing
centers in each crystal is enlarged. The reflectance spectra of these materials (Figure 5a) show that a
narrow peak at 976 nm, originating from the Yb3+ absorption, has a higher intensity for the sample
with 99% of Yb3+ than for the one with 49% of Yb3+ content. Therefore, in highly Yb3+ -doped materials,
more photons are absorbed and transferred onto the activator’s energy levels than in the less-doped
particles. This results in a higher upconversion emission intensity, especially for the peaks originating
from the multiphoton processes. The luminescence intensity of the NaYb0.99 F4 :Tm0.01 crystals is

Catalysts 2020, 10, 232

5 of 10

the strongest. For this reason, NaYb0.99 F4 :Tm0.01 crystals were chosen for further coating with the
inert NaYF4 shell. After depositing the NaYF4 shell on the surface of the NaYb0.99 F4 :Tm0.01 crystals,
the size of the particles slightly changed: both the prisms and cubes crystals grew larger (Figure 2e).
The XRD pattern of the core-shell particles (Figure 4a) shows that the sample consists of both cubic and
hexagonal crystals, with a slightly higher content of the cubic phase in comparison to the core particles.
This may indicate the predominance of this phase in the structure of NaYF4 . No changes in the XRD
peaks’ positions can be observed, suggesting no substitution of the Yb3+ by Y3+ . However, the lattice
parameters
NaYF4 are very similar (Figure 4); therefore, the changes may be too small
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mixed with P25 was also recorded (Figure 5c). This shows that in the presence of TiO2 the UV emission
peaks of the core-shell UCPs significantly decreased compared to the visible emission peaks. The UV
light emitted by the UCPs overlapped with the optical bandgap of titania (3.2 eV), what suggests that
the attenuation of the 349 and 362 nm peaks originates from the absorption of light by the surrounding
P25. The photocatalytic activity measurements further confirm these findings (Figure 5d).
2.4. Photocatalytic Activity
The production of the HO• radicals under NIR light irradiation was investigated in order to
establish the photocatalytic performance of the mixture of upconverting particles with TiO2 . Because of
their strong oxidation ability, these reactive species are often considered to be responsible for the
degradation of organic molecules. To verify the generation of HO• , terephthalic acid (TA) hydroxylation
was investigated (Scheme 1) [16]. The TA itself does not show any fluorescence; however, it reacts
with the hydroxyl radicals produced in the photocatalytic redox reaction to form hydroxyterephthalic
acid (TAOH), which emits light at about 425 nm when excited with UV light. For used experimental
conditions (i.e.,: temperature, pH, and oxygen concentration) the intensity of the TAOH fluorescence is
proportional to the concentration of generated HO• radicals, and TAOH should be the only fluorescent
product of the reaction [16,17]. As shown in Figure 5d, the photoluminescence intensity of TAOH
increases in the presence of the UCPs mixed with P25 with NIR irradiation time. The experiment proves
the efficient absorption of the UV light (emitted by NaYb0.99 F4 :Tm0.01 and NaYb0.99 F4 :Tm0.01 @NaYF4 )
by TiO2 . The mixture containing the core-shell material produces a significantly higher amount of HO•
radicals in comparison to the systems with the materials of core-only structure. A negligible hydroxyl
radical generation was detected in the absence of either the photocatalyst or UCPs. The proposed
mechanism of a NIR-driven photocatalytic reaction in the presence of the synthesized core and core-shell
Catalysts 2020,
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3. Materials and Methods
3.1. Materials
Ytterbium chloride hexahydrate (YbCl3 ·6H2 O, 99.99%, Sigma Aldrich, St. Louis, MO, USA),
yttrium chloride hexahydrate (YCl3 ·6H2 O, 99.99%, Sigma Aldrich, St. Louis, MO, USA), thulium
chloride anhydrous (TmCl3 , 99.99%, Sigma Aldrich, St. Louis, MO, USA), sodium hydroxide (NaOH,
99.8%, POCh, Gliwice, Poland), oleic acid (OA, 99.9%, Fluka, Buchs, Switzerland), 1-octadecene
(ODE, 90%, Sigma Aldrich, St. Louis, MO, USA), ammonium fluoride (NH4 F, Acros, Geel, Belgium),
ethyl alcohol (EtOH, POCh, Gliwice, Poland), cyclohexane (Sigma Aldrich, St. Louis, MO, USA),
hydrochloric acid (HCl, POCh, Gliwice, Poland), terephthalic acid (TA, Aldrich, St. Louis, MO,
USA), and titanium(IV) oxide (P25, Evonik, Essen, Germany) were used as received without
further purification.
3.2. Synthesis of NaYx F4 :Yb0.99−x Tm0.01 Microcrystals
The NaYx F4 :Yb0.99−x Tm0.01 materials were prepared by a solvothermal method. In a typical
process, 0.36 g NaOH were transferred to a Teflon autoclave lining filled with 2.4 mL ethanol and
0.6 mL distilled water and stirred until a homogeneous solution was obtained. Vigorous stirring was
continued throughout the preparation of the reaction mixture. Then, 6 mL of oleic acid was added to
the solution. After 20 min, a total volume of 1.5 mL of 0.2 M rare-earth (RE) chlorides solution (YCl3 ,
YbCl3 , and TmCl3 with molar ratios of 70:29:1, 50:49:1, 30:69:1, or 0:99:1) was added dropwise to the
reaction vessel. The amount of the added 0.1 M NH4 F was fixed at 1.2 mL for obtaining particles with
an F− to RE3+ molar ratio of 4:1.
The Teflon lining with the resulting solution was then placed in a stainless steel autoclave, sealed,
and maintained at 190 ◦ C for 12 h. The synthesized particles were washed several times with ethanol
and cyclohexane to remove the remaining oleic acid and possible impurities formed during the
synthesis. The purified particles were dried at 60 ◦ C for 12 h.
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3.3. Synthesis of the Core-Shell NaYb0.99 F4 :Tm0.01 @NaYF4 Crystals
The 0.36 g of NaOH was transferred to a Teflon vessel. Then, 2.4 mL ethanol was added to
the vessel and mixed until a homogeneous solution was obtained. Vigorous stirring was continued
throughout the entire preparation of the reaction mixture. The 6 mL of oleic acid was added to
the mixture. After 20 min, 1.5 mL of 0.2 M YCl3 solution was added, along with 25 mg of the core
NaYb0.99 F4 :Tm0.01 particles dispersed in 0.6 mL of distilled water and 1.8 mL of 0.1 M aqueous NH4 F
solution. The Teflon linings were then placed in stainless steel autoclaves. The syntheses were carried
out at 190 ◦ C for 12 h. After the reactors were naturally cooled to room temperature, the solutions were
poured into falcons, rinsed with ethanol to precipitate synthesized nanoparticles, and centrifuged at
5000 rpm for 20 min. The supernatant was removed and the particles were washed several times with
ethanol and distilled water to get rid of residual oleic acid and any impurities generated in the synthesis
process. Then, the oleic acid was removed from the surface of the particles in order to obtain the
ligand-free water-dispersible microcrystals. For this purpose, a modified literature procedure reported
by Bogdan et al. [18] was used. In a typical experiment, oleate-capped particles were dispersed in
4 mL of 2 M HCl solution and sonicated for 15 min to remove surface ligands. The products were
washed with ethanol and water three times, collected by centrifugation and dried at 60 ◦ C. In order to
improve the crystallinity of the materials and remove any organic impurities, the obtained powders
were calcined in the oven at 400 ◦ C for 3 h.
3.4. Characterization
The crystal phase content of the synthesized particles was determined using a MiniFlex 600
(Rigaku, Tokyo, Japan ) X-ray diffractometer equipped in a CuKα nickel-filtered source lamp (λ =
1.54 Å] operating at 40 kV voltage. The scan range was 3–70◦ 2θ with a step of 0.02◦ and the rate of 10◦
per minute.
The size, morphology, and elemental composition were analyzed using a Vega 3 LM (Tescan,
Brno, Czech Republic) scanning electron microscope equipped with an LaB6 cathode and EDX detector
(10 mm2 x-act SDD detector, Oxford Instruments, Abingdon, UK ) operating at 20 and 30 kV voltage.
The samples were prepared by spreading the powders on the carbon tape and coating them with a thin
layer of gold (Quorum Q150R, Laughton, UK).
A Perkin Elmer LS55 fluorescence spectrometer was used to record the luminescence spectra
of hydroxyterephthalic acid. The excitation wavelength was set to 315 nm and the emission was
measured in the range of 300–600 nm. The measurements were performed in quartz cuvettes with a
pathlength of 5 mm.
The diffuse reflectance spectra (DRS) were recorded by a UV-Vis Lambda 12 (Perkin Elmer,
Waltham, MA, USA) spectrometer equipped with a 5 cm diameter integrating sphere. The samples
were ground in the agate mortar with barium sulphate in the weight ratio of 1:50. BaSO4 was also used
as a reference.
The upconversion luminescence spectra were obtained using a 980 CW diode laser (LambdaWave,
Wrocław, Poland) with a light power of 0.84 W and a beam size of approximately 8 mm2 . The results
were recorded using a SPEX Fluorolog 3.22 (Horiba, Kyoto, Japan) spectrofluorometer.
3.5. Photocatalytic Measurements
The photocatalytic activity of the UCPs/P25 systems was analyzed by measuring the fluorescence
intensity of hydroxyterephthalic acid (TAOH) formed in the process of terephthalic acid hydroxylation.
For each experiment, 6 mg of UCPs was mixed with 1.25 mL of 0.4 mg/mL P25 aqueous suspension.
Then, 1.25 mL of the 0.6 mM TA solution in 10 mM NaOH was added. The prepared suspensions were
irradiated with the 980 nm laser diode (measured power of light: 10.5 W cm−2 , beam size: 8 mm2 ).
Every 45 min, 0.5 mL of the suspensions were collected and centrifuged, and the emission spectra of
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the supernatants were recorded (λex = 315 nm). The concentration of the generated hydroxyl radicals
was proportional to the intensity of the fluorescence band of TAOH (λmax = 425 nm).
4. Conclusions
NaYx F4 :Yb0.99−x Tm0.01 upconverting particles with a variable Y3+ to Yb3+ ratio were synthesized.
The crystals with the highest upconversion photoluminescence intensity were chosen to be coated with
a protective NaYF4 layer in order to assess the outer shell influence on their luminescent properties.
The results revealed that P25, in the presence of the microcrystals with the highest concentration of
Yb3+ ions coated with the inert shell, exhibited the highest HO• generation efficiency under the NIR
irradiation. The increased photocatalytic activity can be attributed to the strengthened upconversion
photoluminescence of the core–shell NaYb0.99 F4 :Tm0.01 @NaYF4 particles compared to the core-only
NaYb0.99 F4 :Tm0.01 material. The conducted experiments proved that the increase of the concentration
of sensitizer ions (Yb3+ ) that absorb NIR light at 980 nm leads to a significant enhancement of UV-Vis
emission. We also confirmed that coating the luminescent NaYb0.99 F4 :Tm0.01 core with a protective
NaYF4 layer intensifies the upconversion efficiency, and, hence, improves the UCPs-assisted TiO2
photocatalytic activity under NIR irradiation.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/2/232/s1,
Figure S1: EDX analysis of the NaYb0.99 F4 :Tm0.01 @NaYF4 sample with different beam intensities (BI). The Yb3+ /Y3+
ions ratio is significantly increasing with the penetration depth, what indicates higher content of Y3+ ions at the
surface of studied material.
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