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Highlights:

 Composites were formed from TiO2, lanthanide doped NaYF4 and Au nanoparticles

 Hexagonal NaYF4 and anatase TiO2 were detected

 The gold nanoparticles were proved to be present by using TEM and DRS

 The samples had better photocatalytic activity in visible light then in UV light





Abstract

Composite systems were prepared by doping NaYF4 (NYF) with lanthanide cations (Yb3+, 

Er3+, Tm3+), TiO2, and gold nanoparticles to exploit the light conversion properties of NYF and its 

possible impact on the photocatalytic activity of the composites. The composites were synthesized 

via solvothermal crystallization and the obtained structures were anatase TiO2, hexagonal NYF, 

and gold nanoparticles of 5-7 nm. The presence of NYF enhanced the photoactivity of TiO2 

towards Rhodamine B degradation under UV irradiation, while it decreased its performance under 

visible light. The presence of Au was beneficial when visible light was applied for the degradation 

experiments. The reason behind the enhanced activity was the fluorescence of NYF at 400 nm that 

was the most intense for the composites that did not contain gold. The NYF-based samples also 

showed signs of up-conversion when 900 nm was the excitation light source, highlighting the 

potential of this material for photocatalytic applications that utilize the full (UV–IR) light 

spectrum.

Keywords: NaYF4, lanthanide doping, titania, gold nanoparticles, photocatalysis



1. Introduction 

Considerable research is currently focused on the most widely studied and used 

semiconductor photocatalyst, titanium dioxide (TiO2) [1], which is the most promising candidate 

due to its improved photocatalytic performance [2]. It is naturally occurring, non-toxic, 

chemically-, thermally- and photostable, has excellent electronic, optic and catalytic properties, 

and is affordable [3]. Over the past decades, it has been used in a wide variety of applications such 

as lithium ion batteries [4], self-cleaning surfaces [5], dye-sensitized solar cells [6], Na-ion 

batteries [7], and as photocatalyst for water purification [8].

Titanium dioxide has been utilized as a photocatalyst [9] starting from the 70s. It can be used 

for sterilization, wastewater treatment, and for the photocatalytic oxidation of organic pollutants 

or other contaminants such as pesticides, drug residues, polyaromatic hydrocarbons, various heavy 

metals (mercury, lead, cadmium, etc.) or even arsenic [10]. TiO2 can only be excited efficiently by 

UV photons, which limits its visible light applicability. Therefore, demand has arisen to extend its 

excitability to the visible light range and/or to increase the charge separation efficiency [11].

However, titania might also exhibit photoactivity under visible light irradiation using 

appropriate co-catalysts or by coupling it with semiconductors of narrower band gap [12]. 

Common co-catalysts include noble metals, such as Ag [13], Au [14], Pd [15] and Pt [16] or even 

non-metallic elements, such as S [17] and N [18], however the latter ones are mostly considered 

as dopants. According to several studies, metal ion (Fe2+, Cu2+) incorporation and dye sensitization 

have proved to be the most effective methods to expand the excitability of titania-based 

photocatalysts to the visible light region [19]. 

Up-conversion describes a nonlinear process, where two or more photons are absorbed 

consecutively, which results in the formation of real intermediate energy states, thus light is 

emitted with a wavelength shorter than the absorbed light’s due to luminescence [20]. Lanthanide-

doped particles are able to convert long wavelength radiation (near infrared - NIR) to short 

wavelength (UV, visible) radiation [21]. These materials usually are composed of an inorganic 

matrix (i.e. NaYF4), in the role of the host and trivalent lanthanide ions, which are present in the 

host’s crystal lattice [22]. Fluorides have low phonon energies and are highly stable, thus they are 

the most frequently used [23].  Two crystalline phases of NaYF4 are known: hexagonal and cubic. 

Due to their low photon energy and chemical stability, hexagonal nanocrystals have enhanced 

luminescent properties and they are formed only at high reaction temperatures, unlike cubic 



structures that are formed at low temperatures. For optical applications the hexagonal structure is 

preferred over the cubic structure because it provides better photoluminescent properties [24]. 

These upconverting elements are often used to make various fluorescent materials. They can 

be used as fillers to make luminescent polymer films and luminescent inks, for example, against 

counterfeiting of money and documents [25]. NaYF4-TiO2 double-shell photocatalysts have 

already been synthesized by hydrothermal method, enabling the absorption of both UV and visible 

light [26]. 

Composites can be formed containing the upconverting materials and TiO2. Titanium 

dioxide can utilize the upconverted photons, thus exploit a greater proportion of the light spectrum 

(e.g. sunlight) at the same time. Lanthanide-doped NaYF4 exhibits photoluminescent properties in 

the UV and NIR ranges, which can also contribute to the enhancement of the photoactivity [27,28]. 

In addition to titanium-dioxide, further semiconductors can be used beside the upconversion 

nanoparticles, such as CdS [29] or graphitic carbon nitride (g-C3N4) [30]. 

Gold nanoparticles can not only improve the photocatalytic activity (by increasing the 

lifetime of electron-hole pairs), but they also exhibit surface plasmon resonances (SPR) [31]. This 

phenomenon can be utilized in photocatalysis, because the SPR-induced electrons can be directly 

injected into the conduction band of TiO2 [32], thus the TiO2-Au composites can exhibit 

photocatalytic activity under visible light irradiation.

The beneficial properties of the above-mentioned materials have provided the basis of the 

present research. The main idea was to synthesize ternary composites containing lanthanide-doped 

NaYF4, which can convert the visible/NIR light to shorter wavelengths that can be used by TiO2 

and Au nanoparticles. With this method, the beneficial properties of all three components can be 

exploited simultaneously. The special interest for the present research can also be derived from the 

extremely small number of papers published in the last 45 years in this topic (i.e., only 12 

publications, based on Web of Science; 7 deals with photocatalysis, mostly NIR-driven, 2 with 

dye-sensitized solar cells, and the others deal with either oxidation reactions, H2 production, or 

improvement in up-conversion luminescence).

2. Experimental section

2.1. Materials



During the experiments, the following materials were used without further purification: 

trisodium citrate (Na3C3H5O(COO)3, 99.99% purity; Alfa-Aesar) as 0.5 mmol·L-1  and 0.63.10-4 

mol·L-1  aqueous solutions; Y(NO3)3 (0.5 mol·L-1 ), Yb(NO3)3 (0.5 mol·L-1 ), Er(NO3)3 (0.01 

mol·L-1 ), and Tm(NO3)3 (0.01 mol·L-1 ) stock solutions (all purchased from Alfa Aesar, 99.9%); 

NaF (Fluka AG); urea (CH4N2O, 99.4% Molar); isopropanol (C3H8O, 100%, VWR); 

diethylenetriamine (DETA, C4H13N3, Sigma-Aldrich); titanium isopropoxide (97%, 

Ti[OCH(CH3)2]4, Aldrich); HAuCl4 as a 25.4 mmol·L-1 (99.99 %; trace metal basis, Sigma-

Aldrich); sodium borohydride (NaBH4; 96% purity; acquired from Merck) as a solution of 0.15 

mol·L-1 ; Milli-Q water; and ethanol (C2H5OH, VWR).  

2.2. Synthesis methods

2.2.1. Synthesis of the lanthanide-doped NaYF4

The NYF samples were prepared by adding 1.488 mL Y(NO3)3 (0.5 M), 0.5 mL Yb(NO3)3 (0.5 

M), 0.1 mL Er(NO3)3, 0.5 mL Tm(NO3)3 stock solutions to 15 mL of 0.5 mM trisodium-citrate. 

After stirring for 1 hour, 4 mmol of NaF and 20 mmol of urea were added and stirred again for 1 

hour with a magnetic stirrer. The sample was then placed in a Teflon® lined autoclave for 12 hours 

at 180 °C. As the autoclave cooled to room temperature, the sample was separated and washed by 

centrifugation (5×5 minutes, 4400 rpm), 3 times with 40 mL ethanol and 2 times with 40 mL 

distilled water. Finally, the sample was dried for 12 hours at 40 °C in an oven. 

2.2.2. Synthesis of the lanthanide-doped NaYF4-TiO2 composites

0.05 g of the previously prepared NaYF4 was dispersed in 42 mL of isopropanol and then 0.04 mL 

of diethylenetriamine (DETA) was added. After stirring for 10 minutes, 2 mL of 97% titanium 

isopropoxide was added. After mixing, the sample was hydrothermally treated for 24 hours at 

200 °C in a Teflon® lined autoclave. The as-formed composite was separated and washed by 

centrifugation using 40 mL ethanol (3×5 minutes, 4400 rpm). Then it was dried in an oven at 40 °C 

for 12 hours [11]. In certain cases, calcination was carried out at 350 °C for 2 hours at a heating 

rate of 5 °C/min. The TiO2 reference sample was synthesized by carrying out the same steps, just 

without adding NaYF4 to the system.

2.2.3. Synthesis of composites decorated with Au nanoparticles



For the synthesis of the Au-containing composites 495 mg of the previously prepared sample was 

added to 20 mL of Milli-Q water. Then, 1.62 mL of Na-citrate solution (0.63·10-4 mol·L-1) was 

added under continuous magnetic stirring, followed by 0.21 mL of HAuCl4 (25.4 mmol·L-1) after 

30 minutes, and 0.26 mL of freshly prepared NaBH4 solution (0.15 mol·L-1) after another 30 

minutes. This mixture was stirred for another half hour. After that it was dried in an oven for 12 

hours at 40 °C, then washed by centrifugation with 40 mL of Milli-Q water (3×15 minutes, 4400 

rpm), and finally dried again at 40 °C for 12 hours. In all cases the Au content was 1 wt.%, which 

was based on the fact that in the literature the 1-2 % Au content proved to be the most beneficial 

to improve the photocatalytic activity [33]. During the synthesis only the reduction of Au took 

place, because it is not possible to reduce the Ti in TiO2, because this process needs extremely 

high temperature and inert atmosphere [34].

2.2.4. Nomenclature of the composites

Lanthanide-doped NaYF4 was abbreviated as NYF. If the TiO2 or the NYF-TiO2 composite was 

calcinated it is marked with ‘_calc’. The order of the components indicates the order of the 

synthesis (for example: NYF-TiO2_calc means that the NYF was synthesized firstly, then a 

composite was formed with TiO2, then finally it was calcined).

Based on the methods described above, the following materials were prepared:

 NYF

 TiO2

 TiO2_calc

 TiO2-Au

 TiO2_calc-Au

 NYF-TiO2

 NYF-TiO2_calc 

 NYF-TiO2-Au 

 NYF-TiO2_calc-Au 

The theoretical composition of the composites was 99:1 wt.% for TiO2-Au; 28:71:1 wt.% for NYF-

TiO2-Au and 28.5:71.5 wt.% for NYF-TiO2.



2.3. Characterization methods and instrumentation

The crystalline phase compositions and mean primary crystallite sizes of the photocatalysts 

were determined by X-ray diffraction (XRD) with a Rigaku diffractometer using Cu-Kα radiation 

(λ = 1.5406 Å) equipped with a graphite monochromator. The primary crystallite size of the 

prepared semiconductors was evaluated using the well-known Scherrer equation [35].

The morphological properties were investigated by transmission electron microscopy 

(TEM). TEM micrographs were obtained using a FEI Tecnai G2 20 X-Twin HRTEM instrument 

to determine the composition of the samples.

During the scanning electron microscopy (SEM) measurements a Hitachi S-4700 Type 

II FE-SEM was used to determine the average particle size and morphology of the samples. The 

applied acceleration voltage was 10.0 kV.

The BET method was used to calculate the specific surface areas of the composite 

samples, for which a BELCAT-A device was used to record the isotherms at 77 K via N2 

adsorption.

Fluorescence emission measurements were carried out at room temperature using an 

epifluorescence accessory (EFA 383 module) for Jasco LP-6500 spectrofluorometer with a 1 nm 

spectral resolution, equipped with a Xenon lamp as excitation source, using excitation and 

emission bandwidths of 3 nm. Fluorescence spectra were recorded in the wavelength range of 200–

900 nm employing a fixed excitation wavelength at 365, 550, and 900 nm.

In the case of diffuse reflection spectroscopy (DRS) the light absorption properties of the 

solid samples were measured. The spectra of the samples (λ = 300-800 nm) were registered by 

using a JASCO-V650 spectrophotometer with an integration sphere (ILV-724). The indirect band 

gap of the photocatalysts was determined via the Kubelka-Munk method [36].

Photocatalytic activities of the composites were determined by the decomposition of 

Rhodamine B solution under UV- (λmax=365 nm), visible light (λ>400 nm) and near infrared 

irradiation (NIR, λ>850). The reactor was surrounded either by 6 × 6 W black light lamps (9.53 

W/m2 energy flux at the reactor position) or 4 × 24 W conventional compact fluorescent lamps 

(Düwi 25920/R7S-24W; 81.37 W/m2 energy flux at the reactor position), or 4 × 150 W NIR lamps 

(Philips IR RED R250 250W; 52.25 W/m2 energy flux at the reactor position). Then a Rhodamine 

B stock solution (10 μmol·L-1) and a 1 g·L-1 photocatalyst suspension were prepared. An ultrasonic 

bath was used to distribute the catalyst more efficiently, then the system was stirred for 15 minutes 



in dark for adsorption to occur, after that the photocatalytic degradation reaction was initiated by 

turning on the lamp (either UV- visible- or NIR- light-emitting, with the above-mentioned 

wavelengths). In the case of the NIR tests the water was supplemented for each 2 hours (except 

night), while the experiment length was 24 hours. During the UV and visible light driven 

experiments continuous magnetic stirring was applied. 2 mL of the samples were taken every 10 

min (1 hour in NIR) in the first hour (6 hours NIR and one sample 2 hours later and the last sample 

before finishing the experiment) of the experiment and every 20 min in the second hour. After the 

centrifugation (3 min, 13,800 rpm) and filtration (with a Whatman Anotop 25 0.02 µm syringe 

filter) of the samples, the Rhodamine B concentrations were measured. UV-Vis measurements 

were performed using a JASCO-V650 spectrophotometer, using distilled water as reference. A 

pre-prepared calibration curve of the Rhodamine B solution was applied to determine the actual 

concentrations at 553 nm.

3. Results and discussion

3.1. X-Ray diffraction

Based on the XRD measurements anatase TiO2 (JCPDS: 21-1272) and hexagonal NaYF4 

[37] (JCPDS: 28-1192) were identified (Figure 1). XRD patterns of the composites containing 

NYF, TiO2 and gold nanoparticles are presented in Figure 1A, while the patterns of the samples 

without NYF are shown in Figure 1B. The dots above the patterns indicate the reflections of TiO2, 

while the stars indicate the reflections of NYF. There is a minimal difference between the 

diffraction patterns of the calcined and non-calcined composite samples. In the latter, the peaks 

are sharpened, indicating an increase in the mean primary crystallite sizes (for example, TiO2-10.7 

nm, TiO2_calc-13.8 nm), that were calculated with the Scherrer equation and summarized in 

Table 1. 

Gold nanoparticles (JCPDS: 04-0784) were not detectable in the Au-containing 

composites, because their concentration was lower than the detection limit of the instrument, 

moreover, the gold-specific signals (38°, 45°, 64.5° and 77.5°) overlap with reflections of both 

TiO2 and NaYF4. The XRD pattern of the calcined TiO2-NaYF4 composite was used to calculate 

the TiO2:NaYF4 ratio of 71.6:28.4 taking the two most intensive reflections at 25.28° (2θ) for TiO2 

and 53.6° (2θ) for NaYF4 into account.



Fig. 1. A. - XRD patterns of the composites containing both NYF and TiO2. The reflections of 

both materials can be observed, while the reflections of Au nanoparticles were not detectable. B. 

– XRD patterns of the composites without NYF. The dots indicate the reflections of TiO2, while 

the stars indicate the reflections of NYF. 

Based on the data in Table 1 it can be seen that the mean primary crystallite size of the TiO2 and 

NaYF4 increases, while their specific surface area decreases, as expected. 

3.2. Scanning electron microscopy

Based on the SEM micrographs of the NYF particles, they have an average length of 5.8–

6.8 µm and an average width of 3.2–3.8 µm (Figure 2). It can be observed that a NYF particle has 

a hollow prism structure with 6 flat surfaces. The calculated mean crystallite sizes derived from 

the XRD data differ from those determined based on the micrographs, because the Scherrer 

equation is accurate only for smaller particle sizes (10–80 nm). From the SEM micrographs of 

TiO2 and the calcined TiO2 the following conclusions can be drawn: TiO2 has an average particle 

size of 1.5–2.5 µm, the calcination induces a particle size growth, increasing the average size to 

4.5–5.5 µm. A similar alteration of the mean primary crystallite size was also obtained from the 

XRD data. 

A. B.



Fig. 2. SEM micrographs of the prepared photocatalysts: the first column contains the base 

catalysts, while the second column contains their heat-treated counterparts. In the third column 

the EDAX spectrum of the sample named NYF-TiO2_calc-Au can be seen. All of the constituent 

elements are present in the composite.

In Fig. 2 the left column shows the NYF, TiO2 and NYF-TiO2 composite particles, and the 

right column their calcined counterparts. After calcination the particles that build up the 

composites have grown, in accordance with the results of the XRD pattern analysis. In addition, 

these particles have a uniform, smoother surface compared to the samples before calcination. Both 

spherical and hexagonal particles were formed as it can be seen in the micrographs. Moreover, the 

structure of the NYF particles is damaged, while irregularly deposited individual TiO2 crystals can 



also be found. Furthermore, the effect of calcination does not affect the hollow prism structure of 

NYF in the composite. The gold nanoparticles cannot be seen in these micrographs, because they 

are too small to be detected by SEM. Therefore, EDAX and TEM was used to prove their presence.

In Fig 2. in the third column the EDAX spectrum of the sample named NYF-TiO2_calc-

Au is presented. All of the constituent elements are present in the composite, therefore the 

synthesis can be considered successful. 

3.3. Transmission electron microscopy

Fig. 3. TEM micrograph of NYF-TiO2_calc-Au: the arrows indicate the positions of the Au 

nanoparticles, which have spherical shape and an average size of 5–7 nm. 

Based on the TEM micrographs the gold nanoparticles can clearly be observed as small spheres in 

the TiO2-Au, NYF-TiO2-Au samples, and in their calcined counterparts. Figure 3 shows a 

representative TEM micrograph of the NYF-TiO2_calc-Au composite sample, where the gold 

nanoparticles are marked with arrows. The average size of the gold nanoparticles was 5–7 nm, 

while the average size of TiO2 particles is 12–14 nm (matching with the calculated results from 

XRD). A relatively good dispersion of Au NPs inside the composite can also be observed that 

ensure the existence of a high number of TiO2-Au contact points, and consequently improve the 



degradation efficiency of the samples that contain Au in comparison with those without Au 

(Table 1).
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Fig.4. Particle size distribution curve for Au (A) and TiO2 (B) nanoparticles. The average 

size of Au being 5-7 nm, while for TiO2 12-14 nm.



3.4. Specific surface area - nitrogen adsorption

The specific surface area of the composite samples was determined by nitrogen adsorption 

and the results are shown in Table 1 and Fig. 5.. TiO2-Au (163 m2/g) exhibited the highest specific 

surface area, while NYF (25 m2/g) the smallest one. Furthermore, the effect of calcination is also 

observed here, namely the specific surface area of the samples decreased as the particle size 

increased. As expected, when a material with lower specific surface area is combined with a 

sample with higher specific surface area, the resulting specific surface area will be in between 

those two values [38], as it was the case in this study. The presence of gold facilitated 

crystallization, therefore it has resulted in the decrease of the specific surface area [39].

Fig. 5. The specific surface area of the composite samples determined by nitrogen adsorption.

3.5. Diffuse reflectance spectroscopy 

The optical properties were investigated by DRS measurements. As it can be seen in Fig. 6 

the reflectance values in the visible light region are higher for the calcined samples that do not 

contain gold nanoparticles. The characteristic plasmonic resonance bands, which appear due to the 

presence of gold nanoparticles, can be observed at ~500 nm in all composites that contain Au , 

further reinforcing its presence. Additionally, UV-visible spectroscopy measurements were carried 

out. In Fig. 7 the UV-visible spectrum of the gold nanoparticles is presented. The absorption band 

at ~500 nm appears due to the surface plasmon resonance of the Au nanoparticles [40].



The band gap energies were calculated using the Kubelka-Munk equation and the results 

were listed in Table 1. In all cases, the calcination has led to the increase of the band gap energy 

values, implying that these samples became more crystalline. Interestingly, if a sample was not 

calcined, the loading of gold resulted in the increase of the band gap energy value, and if a 

gold-containing sample was heat treated then its band gap energy decreased. Another interesting 

result is the band gap energy of TiO2, which was calculated to be 1.82 eV. 

Fig. 6. DRS spectra of the prepared samples.
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Fig. 7. UV-visible spectrum of the gold nanoparticles.

3.6. Photocatalytic activity under UV light

From the initial and final concentrations of Rhodamine B the degradation efficiency was 

calculated for the prepared samples, and these values are summarized in Table 1. Results show 

that among the obtained materials NYF-TiO2_calc has the highest (86%) decomposition 

efficiency. Thus, the following order can be established: NYF-TiO2_calc-Au (75.5%), TiO2_calc-

Au (63.7%), NYF-TiO2 (49.7%), NYF-TiO2-Au (48.3%), TiO2_calc (48.2%), TiO2-Au (23.2%), 

TiO2 (17.3%) and NYF has the lowest degradation efficiency (13.2%).

Furthermore, it can be observed that the calcined counterpart of a composite has a higher 

efficiency, for example, NYF-TiO2_calc has an efficiency of 86%, while for the corresponding 

non-calcined composite (NYF-TiO2) this value is 49.7%. Calcination promoted crystallization 

(crystalline anatase is formed), thus increased the photocatalytic activity [34]. The presence of 

gold in some composites improved the photocatalytic activity, which could be explained as a result 

of charge separation [41]. 
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Fig. 8. Photocatalytic activity of the composites: A. under UV light, B. under visible light.

3.7. Photocatalytic activity under visible light

Similarly to the photocatalytic experiments under UV light, the visible light-degradation efficiency 

was calculated from the initial and final Rhodamine B concentrations, and these values are also 



summarized in Table 1 and Fig. 8B. From the results it can be concluded that the prepared 

composites achieved higher activity in visible light than in UV light. Except for NYF, which had 

negligible photocatalytic activity (just 8.2%), all composites showed degradation efficiency higher 

than 60%. TiO2 decomposed almost all of the Rhodamine B even after 60 minutes and its final 

efficiency was 99.8%, which can be explained by the fact that the band gap energy of TiO2 is 1.8 

eV (already discussed in more detail in Section 3.5). This value was followed closely by TiO2-Au, 

with an efficiency of 94.7%. TiO2_calc-Au, NYF-TiO2, and NYF-TiO2_calc had almost the same 

photocatalytic activity with degradation efficiencies of 86.4%, 84.8%, and 82.8%, respectively. 

NYF-TiO2_calc-Au (73.2%), NYF-TiO2-Au (67.8%) and TiO2_calc (62%) achieved similar 

degradation results as well. Calcination did not have such a significant impact on the degradation 

as in the previous case using UV light irradiation: calcination increased the activity only for NYF-

TiO2-Au (from 67 to 73%). With the deposition of gold nanoparticles, an increase in the activity 

was expected, however, the presence of gold increased the efficiency only for the TiO2_calc 

sample (from 62% to 86.4%). On the other hand, it is worth pointing out that there is no significant 

difference between the samples with or without Au. Since TiO2 had the best photocatalytic activity, 

one can ask why is it worth to deal with the composites? The answer regarding this question lies 

within the fact that an elucidated mechanism can be provided which can result in further strategies 

which could lead to higher photocatalytic activity.

3.8. Photoluminescence measurements and the origin of activity-possible photocatalytic 

mechanisms

The fluorescence measurements were carried out using λ = 365 nm and 900 nm light as the 

excitation source, because the photocatalytic experiments were also carried out at this wavelength. 

It should be taken in consideration, that the fluoresce in correlation with the measured 

photoactivity values are giving indirect evidence about the importance of each component and 

their optical properties. The following key observations were made: 

 when NYF was present in the samples an emission at 460 nm was found, and an 

asymmetric emission band around 400 nm was also observed. This was the strongest when 

sample NYF-TiO2_calc was used. It seems that a down-conversion occurs in these samples, 

but the emitted light is in the border of UV-A and visible light, that is why under UV 

irradiation this composite shows high activity. 



 Moreover, when Au was deposited the band at 460 nm got weaker, while the one at 400 

nm nearly disappeared. As the light emitted at 460 nm was not utilizable by any of the 

components, the obtained activity for NYF-TiO2_calc-Au was lower. When the excitation 

wavelength was changed to 550 nm, no additional fluorescence was observed, therefore 

the above-registered activity trends were independent from the fluorescence properties of 

NYF. That is why the best activity was achieved for the TiO2-Au sample under visible light 

irradiation. 

 Nevertheless, when the excitation wavelength was changed to 900 nm the band at 400 

and 460 nm reappeared, pointing out the possible activation of this catalyst under infrared 

irradiation. For this mechanism to happen the system must go through a set of more 

complex processes. First, the 2F7/2→ 2F5/2 transition must happen in order to absorb the NIR 

light. For this to happen, Yb3+ is the responsible specie. The emission band at 400 nm must 

be the result of the 1D2→ 3H6 transition of Tm3+ with the possibility of cross relaxing, as 

the expected wavelength would be around 365 nm. This observation was made by others 

as well [42]. However, this slight 40 nm difference could originate from the higher energy 

excitation at 900 nm instead of 980 nm or above. The band at 460 nm seems to originate 

from Tm3+, as well as from the 1D2→ 3F4 transition, meaning that Er3+ does not participate 

in the up-conversion cycle. However, Au could absorb the emitted wavelength above 500 

nm, making this transition invisible, while resulting in an electron injection into the 

conduction band of TiO2. This finding means that NIR photons can indeed be utilized, 

however, the buildup of the light path must be carefully developed to maximize the 

efficiency of this process. Experimental evidence of the NIR activity, with the mechanism 

proposed above and illustrated in Figure 9 was gathered for all the samples. Only in case 

of sample (NYF-TiO2_calc_Au) a 12.5% of degradation was observed (Figure S1). 

Although, the degradation value seems quite small, it should be mentioned that even such 

an amount is a great advance, proving that NIR photoactivity is achievable.

To explain the photoactivity, the above-mentioned excitation scenarios can be considered, 

while not entering in-detail the formation of Rhodamine B degradation intermediates and 

mechanisms (the usual degradation mechanism, driven by direct hole oxidation and OH radical 

driven degradation). Under UV irradiation, the photoactivity of pure titania can be considered, 

while a substantial reemission by NaYF4 enhances the activity, by maximizing the overall photon 



flux, which enters in contact with TiO2. Interestingly, in case of visible light irradiation the NYF 

component was inactive, most probably due to the fact that Au was localized mostly on TiO2, 

while the latter is not excitable under visible light irradiation. The upconversion mechanism was 

noticed when carrying out the fluorescence measurements at 900 nm, namely the emission bands 

at UV and visible light reappeared making possible the excitation pathway detailed in Figure 9. 

Fig. 9. Mechanism of the near-infrared photocatalysis based on upconverting nanoparticle 

and UV or visible light active photocatalyst. (*ER = energy transfer)

Interestingly, if the degraded Rhodamine B was normalized to the available specific surface 

area the most efficient catalyst would be NYF-TiO2_calc-Au (Table 1). This shows that the surface 

quality of this composite is good (the necessary amount of surface defects and catalytically active 

centers), but due to the lower specific surface area the reemitted light amount and the available 

surface for the mass transfer is low, thus synthesizing this sample with higher specific surface area 

shows great potential.

4. Conclusions

In the presented research, composites were synthesized from TiO2, lanthanide-doped NaYF4, 

and Au nanoparticles. Based on the XRD results hexagonal NaYF4 and anatase TiO2 were 

obtained. The calcination of the samples increased the primary crystallite sizes. The obtained NYF 

particles had an average length of 5.8–6.8 µm and an average width of 3.2–3.8 µm, while TiO2 had 

an average particle size of 1.5–2.5 µm, the latter one being a hierarchical structure. The presence 

of gold nanoparticles was proved by TEM, and their average particle size was in the range of 5–7 

nm. The specific surface area of the composite samples was determined by nitrogen adsorption. 



The results showed that TiO2-Au (163 m2/g) had the highest specific surface area, while NYF (25 

m2/g) had the smallest one. The photocatalytic activity was investigated by Rhodamine B 

degradation. The presence of NYF enhanced the photoactivity, but only under UV illumination. 

The presence of Au was not beneficial under UV irradiation, only in the case of visible light 

experiments, while NYF proved to be active in up-conversion under NIR irradiation, achieving 

12.5% of degradation.
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Table 1. Primary crystallite mean size, the specific surface area, band gap energy of the composites and the degradation efficiencies 

under UV and visible light for the investigation samples

Sample name TiO2 
(nm)

NaYF4 
(nm)

Specific 
surface 

area 
(m2/g)

Band gap 
energy 

(eV)

Surface 
Degradation 

efficiency 
under UV light 

(%)

Degradation 
efficiency 

(UV) 
(mM/m2)

Degradation 
efficiency 
under Vis 
light (%)

Surface 
Degradation 

efficiency 
(Vis) 

(mM/m2)
NYF - 15.3 25 1.07 13.2 0.528 8.2 0.328
TiO2 10.7 - 155 1.82 17.3 0.111 99.8 0.643
TiO2_calc 13.8 - 133 2.97 48.2 0.362 62.0 0.466
TiO2-Au 12.9 - 163 2.56 23.2 0.142 94.7 0.58
TiO2_calc-Au 13.8 - 126 2.74 63.7 0.505 86.4 0.685
NYF-TiO2 12.5 11.5 123 1.82 49.7 0.404 84.8 0.689
NYF-TiO2_calc 13.3 12.2 112 3.09 86.0 0.767 82.8 0.739
NYF-TiO2-Au 11.6 11.1 135 2.52 48.2 0.357 67.8 0.502
NYF-TiO2_calc-Au 14.7 12.8 88 2.87 75.5 0.857 73.2 0.83
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