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Abstract 

In recent years, the development of multifunctional nanomaterials capable of responding 

to external stimuli has garnered significant attention in materials chemistry, owing to their 

promising applications in environmental remediation, energy conversion, and 

nanomedicine. Among various semiconductors, titanium dioxide (TiO2) stands out as one 

of the most widely investigated photocatalysts due to its high photoactivity, chemical 

stability, and low toxicity. However, its efficiency is severely constrained by its wide band 

gap, which restricts its activation exclusively to the UV region, and by the rapid 

recombination of photogenerated electron-hole pairs. 

This thesis work aims to overcome these limitations through the design, synthesis, 

structural characterization, and photocatalytic evaluation of TiO2 nanoparticles co-doped 

with lanthanides (Er3+ and Yb
3+

) and silver (Ag). The primary objective is to develop a 

near-infrared (NIR)-responsive nanoplatform capable of generating reactive oxygen 

species (ROS) under NIR excitation (980 nm), thereby combining the upconversion 

luminescence (UCL) mechanism of the Er3+/Yb
3+

 pair with the structural and electronic 

properties induced by silver. This approach opens up new avenues for potential 

applications in photodynamic therapy (PDT). 

The materials were synthesized via the sol-gel method, comparing the effects of two 

distinct post-synthetic treatments: Method 1 (incorporating a washing step) and Method 

2 (without washing). X-ray powder diffraction (XRPD) analysis confirmed that all 

nanoparticles predominantly consist of the anatase crystalline phase, showing no phase 

alterations induced by either doping or washing. Morphological and dimensional 

investigations (FE-SEM, STEM, and DLS) revealed spherical nanoparticles with primary 

particle sizes ranging between 50 and 100 nm, which exhibit a tendency to form macro-

aggregates in aqueous media that can be removed through filtration. X-ray fluorescence 

(XRF) spectroscopy demonstrated that Method 2 (unwashed) is significantly more 

effective at retaining the nominal loading of dopants compared to the washed 

counterparts, while successfully maintaining the optimal Yb/Er molar ratio of 

approximately 10 across all co-doped systems. 

Optical characterization via Diffuse Reflectance spectroscopy (DR UV-Vis-NIR) 

validated the successful incorporation of lanthanide ions into the matrix through the 

detection of their characteristic intra-4f absorption bands, most notably the peak at 975 
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nm. The introduction of silver induced a pronounced red-shift in the absorption edge of 

TiO2, extending its optical response into the visible light region. This effect was found to 

be more pronounced in the unwashed samples (Method 2) due to higher dopant retention. 

This behavior is associated with the surface migration of metallic silver and the formation 

of a Schottky barrier at the metal-semiconductor interface, which is ideal for suppressing 

charge carrier recombination. 

Finally, the efficiency of ROS production was evaluated through photo-oxidation tests 

using 1,3-diphenylisobenzofuran (DPBF) as a chemical probe. While visible light 

irradiation at 520 nm did not yield significant reactive species production, NIR excitation 

at 980 nm successfully induced progressive degradation of DPBF in the rare-earth-doped 

samples, confirming the upconversion-mediated activation of the semiconductor. Among 

the investigated formulations, the TiO2_Ag_Er_Yb_2 sample (Method 2) exhibited the 

highest photocatalytic efficiency, resulting in a 17% decrease in DPBF absorbance after 

60 minutes of irradiation. This outcome confirms the successful synergy between 

lanthanide co-doping and silver incorporation, validating the synthesized material as a 

highly promising nanostructure for NIR-light-driven biomedical applications. 
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1. Introduction 

1.1 Aim of this work 

In recent years, multifunctional nanomaterials have attracted considerable attention in 

materials chemistry due to their ability to combine different chemical components within 

a single system, thereby integrating properties that cannot be achieved by individual 

constituents alone. This strategy has enabled the development of advanced materials 

capable of responding to external stimuli and performing multiple functions 

simultaneously. Within this field, photoactive nanomaterials are of particular interest 

because of their ability to convert light into chemical or physical responses, with 

applications in environmental remediation, energy conversion, and nanomedicine. In 

particular, semiconductor-based systems that generate reactive oxygen species (ROS) 

under light irradiation are widely investigated for photocatalytic purposes.1–3 

Among these materials, titanium dioxide (TiO2) is one of the most studied photocatalysts 

due to its high photoactivity, low cost, low toxicity, and good chemical and thermal 

stability.4 However, its practical application is limited by its large band gap, which 

restricts photo-response to the UV region, and by the rapid recombination of 

photogenerated electron–hole pairs, which reduces quantum efficiency. To overcome 

these limitations, various modification strategies have been explored, including metal and 

non-metal doping, surface sensitization with dyes, incorporation of noble metal 

nanoparticles, and coupling with narrow band gap semiconductors.2–4  

The present work focuses on the synthesis, characterization and photocatalytic evaluation 

of TiO2 nanoparticles co-doped with Er3+, Yb3+ and Ag. The proposed material was 

designed to combine the photocatalytic properties of TiO2 with the NIR-to-visible 

upconversion capability of the Er3+/Yb3+ couple, while Ag doping was introduced to 

improve the electronic structure of TiO2 and favour the energy transfer between the 

lanthanide ions and the semiconductor matrix. The ultimate goal is the development of a 

NIR-responsive photocatalytic nanoplatform capable of producing reactive oxygen 

species under 980 nm excitation, with potential application in photodynamic therapy. 



7 
 

1.1 Titanium dioxide (TiO2) 

TiO2 is a semiconducting material that has attracted considerable interest because of its 

unique combination of physical and chemical properties. Its high thermal stability, non-

toxicity, low cost, natural abundance and its unique photocatalytic activity under UV light 

make it a suitable material for a broad range of applications spanning from environmental 

remediation and energy conversion to biomedical technologies.8 

TiO2 can crystallize in four main polymorphic phases: anatase, rutile, brookite, and TiO2-

bronze (monoclinic). Figure 1 schematically illustrates the crystal structures of these 

polymorphs.9 Among these phases, anatase, with a band gap of approximately 3.2 eV, is 

generally considered the most photocatalytically active because of its favourable band 

bending characteristics, which promote the trapping of photogenerated holes at the 

surface and consequently enhance the formation of reactive radical species.10 

 

Figure 1. Schematic representation of the four TiO2 polymorphs: Rutile, Brookite, 

Anatase and TiO2-bronze. 

1.1.1 Synthetic approach 

The crystalline phase and morphology of TiO2 nanoparticles are strongly influenced by 

synthesis parameters, including temperature, pH, pressure, and precursor concentration. 

Low-temperature synthesis (≤ 500 °C) generally favours the formation of the anatase 

phase, whereas increasing the synthesis temperature promotes the transformation of 

anatase into rutile. Acidic conditions stabilize the anatase phase and typically result in 

spherical particles, while alkaline environments favour anisotropic crystal growth. 

Furthermore, precursor concentration plays a crucial role in determining particle size and 

the extent of agglomeration, which directly affect the available surface area and the 

efficiency of charge transfer processes.8 
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Among the available synthesis methods, the sol-gel technique is particularly attractive 

because it provides a high degree of control over particle size, morphology, and 

microstructure throughout the synthesis process, making it particularly suitable for the 

preparation of nanoparticles and thin films. Such control contributes to enhanced phase 

stability and improved photocatalytic performance by reducing charge carrier 

recombination. In addition, the process combines relatively low energy consumption with 

simple and inexpensive equipment while allowing precise control over the structural 

characteristics of TiO2 particles.8,11 

1.1.2 Photocatalytic activity 

The photocatalytic activity of TiO2 originates from the generation of electron-hole pairs 

following irradiation with UV or near-UV light. The photocatalytic process of TiO2 begins 

with the absorption of photons whose energy is equal to or greater than its band gap. This 

excitation promotes an electron (e⁻) from the valence band to the conduction band, 

leaving behind a positively charged hole (h⁺) in the valence band and thus generating an 

electron–hole pair. The photogenerated charge carriers can undergo three possible 

pathways. First, the electron and hole may recombine, releasing the absorbed energy as 

heat. This process is undesirable because it reduces the number of charge carriers 

available for photocatalytic reactions, thereby lowering the overall efficiency of TiO2. 

Second, the charge carriers may become trapped in metastable surface or defect states, 

which can prolong their lifetime by delaying recombination. Although the exact nature of 

these trapping states is still under investigation, they have been associated with surface 

defects, hydroxyl groups, and hydrogen-bonding interactions that modify the surface 

energy of TiO2. Finally, if recombination is avoided, the photogenerated electrons and 

holes migrate to the catalyst surface, where they react with adsorbed electron acceptors 

and donors. In particular, conduction-band electrons reduce oxygen molecules to form 

reactive oxygen species (ROS), while valence-band holes oxidize water or surface 

hydroxyl groups to generate hydroxyl radicals (•OH). These highly reactive species are 

responsible for the degradation of organic contaminants, water splitting, and numerous 

other photocatalytic processes. Figure 3 offers a schematic representation of the important 

processes in TiO2 photocatalysis: electron–hole pair generation, charge transfer, electron–

hole pair recombination in the bulk or at the surface, and electron and hole induced 

chemistry at the surface.3,8,9 
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Figure 2. Schematic representation of important processes in TiO2 photocatalysis: 

electron–hole pair generation, charge transfer, electron–hole pair recombination in the 

bulk or at the surface, and electron and hole induced chemistry at the surface.9 

1.1.3 TiO2 limitations 

Despite the numerous advantages of TiO2, its performance is significantly limited by 

several intrinsic properties related to its electronic structure and crystal phases. Firstly, 

the rapid recombination of photogenerated electron–hole pairs that can occur both in the 

bulk and at the surface of the material and is strongly influenced by defects, impurities, 

and structural imperfections. As a consequence, the number of charge carriers available 

for redox reactions is significantly reduced, leading to a low quantum efficiency. In 

addition, prolonged irradiation may induce photo-corrosion phenomena and gradual 

surface degradation, while the thermodynamically metastable anatase phase can 

irreversibly transform into rutile at temperatures above approximately 600–700 °C, 

resulting in a decrease in photocatalytic activity. 

Among all the intrinsic limitations of TiO2, however, its wide band gap represents the 

major obstacle to the development of efficient photoactive systems. The anatase phase 

exhibits a band gap of approximately 3.2 eV, meaning that only ultraviolet photons (λ < 

387 nm) possess sufficient energy to promote electrons from the valence band to the 
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conduction band. These characteristics considerably restrict the use of TiO2 in 

applications requiring deep light penetration or the use of low-energy radiation. 

For this reason, considerable research efforts have been devoted to extending the optical 

response of TiO2 towards longer wavelengths. A promising strategy relies on coupling 

TiO2 with optically active materials capable of absorbing low-energy radiation and 

transferring the harvested energy to the semiconductor. Among these materials, rare earth 

elements (REEs) have attracted particular interest because of their unique upconversion 

properties, which enable the indirect activation of TiO2 under near-infrared irradiation. 

3,8,12,13 

1.2 Rare Earth Elements (REEs) 

Rare Earth Elements (REEs) comprise the fifteen lanthanides, extending from lanthanum 

(La) to lutetium (Lu), together with scandium (Sc) and yttrium (Y), which are commonly 

included because of their similar chemical properties. The remarkable optical behaviour 

of lanthanide ions arises from their unique electronic structure, in which the partially 

filled 4f orbitals are effectively shielded by the outer filled 5s and 5p shells. As a result, 

the electronic energy levels are only weakly affected by the surrounding chemical 

environment, giving rise to characteristic intra-configurational 4f–4f transitions with 

narrow emission bands, long excited-state lifetimes, and excellent photostability. 

These distinctive spectroscopic properties make lanthanide ions ideal candidates for a 

wide range of optical applications. Among their various optical applications, 

upconversion luminescence has attracted particular attention because it enables the 

conversion of low-energy near-infrared photons into higher-energy visible or ultraviolet 

light through the ladder-like energy levels of selected lanthanide ions. Owing to its high 

penetration depth, low background autofluorescence, and excellent photostability, this 

phenomenon has become a key strategy in areas such as bioimaging, photocatalysis, 

sensing, and phototherapy. The fundamental principles and mechanisms governing 

upconversion luminescence are discussed in the following section.4,14 

1.2.1 Upconversion luminescence (UCL) 

UCL is a nonlinear optical process in which the sequential absorption of two or more low-

energy photons results in the emission of a single photon with higher energy. Unlike 

conventional fluorescence, where the emitted photon has lower energy than the excitation 
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light (Stokes emission), upconversion generates anti-Stokes emission, typically 

converting near-infrared (NIR) excitation into visible or ultraviolet light. This process is 

made possible by the long-lived intermediate excited states of lanthanide ions, which 

allow the successive absorption or transfer of excitation energy before radiative relaxation 

occurs.15 Efficient upconversion generally requires the combination of three fundamental 

components (Figure 3): 

- Activator (A): the luminescent centre responsible for photon emission after either 

direct excitation by near-infrared (NIR) irradiation or, more commonly, after 

receiving excitation energy from a sensitizer. 

- Sensitizer (S): an ion capable of efficiently absorbing excitation light at a specific 

wavelength and transferring the harvested energy to the activator, thereby 

promoting UCL. 

- Host matrix: a crystalline lattice that accommodates both sensitizer and activator 

ions at appropriate concentrations, enabling the energetic interactions required for 

the different upconversion pathways.16 

 

Figure 3. Lanthanide ions S and A in the host, schematic energy levels of A, and energy 

transfer from S to A. S stands for sensitizer and A for activator.16 

Upconversion can occur through five principal mechanisms: excited-state absorption 

(ESA), energy transfer upconversion (ETU), cooperative sensitization upconversion 

(CSU), cross relaxation (CR) and photon avalanche (PA), as illustrated in Figure 4.15 

- Excited-state absorption (ESA): ESA is the simplest upconversion mechanism, as 

it involves a single lanthanide ion. The ion first absorbs one excitation photon and 
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is promoted from the ground state (G) to a long-lived intermediate excited state 

(E1). Before relaxing back to the ground state, it absorbs a second photon that 

promotes it to a higher excited state (E2). Radiative relaxation from E2 then 

produces the upconverted emission. Because this mechanism relies on the 

sequential absorption of photons by a single ion, it can occur only in lanthanides 

with suitable ladder-like energy levels, such as Er³⁺, Ho³⁺, Tm³⁺ and Nd³⁺. 

- Energy transfer upconversion (ETU): ETU involves two neighbouring ions: a 

sensitizer and an activator. The sensitizer first absorbs the excitation photon and 

stores the energy in its excited state. Instead of emitting light, it transfers this 

energy to the activator. After two successive energy-transfer events, the activator 

reaches a higher excited state (E2), from which it relaxes radiatively, producing 

upconverted emission. Because this mechanism relies on energy transfer between 

neighbouring ions, its efficiency strongly depends on the distance between 

sensitizer and activator ions, and therefore on the dopant concentration. ETU is 

the most efficient and widely exploited upconversion mechanism in lanthanide-

doped nanoparticles, particularly in Yb3+/Er3+, Yb3+/Tm3+, and Yb3+/Ho3+ systems 

excited at approximately 975 nm. 

- Cooperative sensitization upconversion (CSU): CSU is a three-ion process 

involving two sensitizer ions and one activator ion. After excitation, both 

sensitizers simultaneously transfer their stored energy to the activator, promoting 

it directly to a higher excited state. The activator subsequently relaxes by emitting 

an upconverted photon. Because the simultaneous transfer of energy from two 

ions is intrinsically unlikely, CSU is much less efficient than ESA or ETU. 

However, its highly localized excitation can be advantageous for high-resolution 

imaging applications. 

- Cross-relaxation (CR): Cross-relaxation is a non-radiative energy transfer process 

that occurs between two neighbouring lanthanide ions. During this interaction, an 

excited ion transfers part of its energy to a nearby ion in the ground or in a lower 

excited state, resulting in the simultaneous redistribution of energy between the 

two ions. Depending on the energy levels involved, cross-relaxation may either 

enhance or reduce the upconversion emission by changing the population of the 

emitting states. This mechanism is particularly relevant in highly doped systems, 

where the short distance between neighbouring lanthanide ions increases the 

probability of ion-ion interactions. 
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- Photon avalanche (PA): Photon avalanche is a nonlinear upconversion mechanism 

that occurs only when the excitation power exceeds a threshold value. Initially, 

only a few ions are promoted to a metastable excited state. These ions undergo 

excited-state absorption and, through cross-relaxation with neighbouring ions, 

generate additional excited ions. This positive-feedback process continuously 

increases the excited-state population, leading to a rapid, avalanche-like increase 

in luminescence intensity. Consequently, PA exhibits a well-defined excitation 

threshold, a relatively slow build-up time, and a very strong dependence of the 

emission intensity on the excitation power.2,16 

 

Figure 4. Principal UC processes for lanthanide-doped UCNPs: (a) excited-state 

absorption (ESA), (b) energy transfer upconversion (ETU), (c) cooperative sensitization 

upconversion (CSU), (d) cross relaxation (CR), and (e) photon avalanche (PA). The red, 

violet, and green lines represent photon excitation, energy transfer, and emission 

processes, respectively.2 

1.2.1.1 Er3+/Yb3+ UCL mechanisms 

Among the different sensitizer–activator combinations, the Yb3+/Er3+ pair is the most 

extensively investigated and one of the most efficient upconversion systems.16 Its success 

mainly arises from the electronic structure of Yb3+, which possesses only two energy 

levels, the ground state (2F7/2) and a single excited state (2F5/2).
17 The energy gap between 

these two levels closely matches the energy of a 980 nm photon, allowing Yb3+ to 

efficiently absorb near-infrared radiation. In addition, the excited state of Yb3+ is in good 

resonance with the 4I11/2 level of Er3+, making energy transfer between the two ions highly 

efficient. Minor energy mismatches can be compensated by phonon-assisted energy 

transfer, further improving the upconversion efficiency.16,18  

The upconversion process, reported in Figure 5, is initiated when Yb3+ absorbs a 980 nm 

photon and is promoted from the 2F7/2 ground state to the 2F5/2 excited state. Instead of 
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emitting light directly, the excited Yb3+ ion transfers its energy non-radiatively to a 

neighbouring Er3+ ion and simultaneously returns to its ground state. This first energy-

transfer event promotes Er3+ from its ground state (4I15/2) to the intermediate 4I11/2 level. 

A second 980 nm photon is then absorbed by another Yb3+ ion, which again transfers its 

energy to the already excited Er3+ ion. As a result, Er3+ is promoted from the 4I11/2 level 

to higher excited states, such as 4F7/2. From this level, the ion rapidly undergoes non-

radiative relaxation to lower excited states (2H11/2, 
4S3/2, and 4F9/2), from which radiative 

relaxation to the ground state generates the characteristic upconversion emission. In 

particular, the transitions 2H11/2/
4S3/2 → 4I15/2 produce green emission (approximately 

520–550 nm), whereas the 4F9/2 → 4I15/2 transition is responsible for the red emission 

around 650 nm. 

Because the excitation energy is accumulated through two successive energy-transfer 

events rather than by direct absorption of multiple photons by Er3+, the Yb3+/Er3+ couple 

exhibits significantly higher upconversion efficiency than Er3+ alone. For this reason, the 

Yb³⁺/Er³⁺ pair has become the most widely used upconversion system, and several 

approaches, including host optimization, core–shell structures, co-doping strategies and 

plasmonic enhancement, have been investigated to further improve its luminescence 

efficiency.16 

 

Figure 5. Schematic representation of Er3+/Yb3+ UCL mechanism. 

1.3 TiO2 doping for band gap modification 

As discussed in the previous sections, the combination of TiO2 with upconverting 

lanthanide ions offers the possibility of converting deeply penetrating NIR radiation into 

visible emission. However, the visible photons generated by Er3+-based upconversion 
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alone are not sufficient to efficiently activate pristine TiO2, whose wide band gap (~3.2 

eV) restricts its photo-response mainly to the UV region. Therefore, although the 

incorporation of lanthanides extends the excitation wavelength of the overall system, the 

photocatalytic efficiency remains limited unless the electronic structure of TiO2 is also 

modified. 

Considerable research efforts have focused on band gap engineering strategies aimed at 

extending the optical absorption of TiO2 towards the visible region. These approaches 

generally rely on the introduction of new electronic states within the band gap or on the 

modification of the conduction and valence band positions, thereby enabling the 

activation of the semiconductor under lower-energy irradiation. A schematic comparison 

of the electronic band structures of pristine and doped TiO2 is presented in Figure 6.8,12 

 

Figure 6. Schematic illustration of the electronic band structure of pure TiO2 (left) and 

doped TiO2 (right).8 

Some of the promising strategies of TiO2 band gap modification are reported in the 

following sections. 
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1.3.1 Dye-sensitization  

Dye sensitization represents one of the most established strategies for extending the 

optical response of TiO2 beyond its intrinsic band gap. In this approach, dye molecules 

absorb photons in the visible region and are promoted to an excited state. From this state, 

they can inject electrons into the conduction band of TiO2, effectively bypassing the wide 

band gap limitation of the semiconductor. In this way, the dye acts as a light-harvesting 

antenna, while TiO2 functions as an electron acceptor that supports charge separation and 

drives photocatalytic reactions (Figure 7). 

 

Figure 7. Mechanism of dye sensitized semiconductor photocatalysis.12 

The main advantage of dye sensitization is that it allows the use of low-energy visible 

light to activate TiO2, significantly expanding its applicability in photocatalysis and solar-

energy conversion. In addition, the separation between light absorption (dye) and catalytic 

function (TiO2) can improve charge separation efficiency compared to direct excitation 

of the semiconductor. 

However, dye-sensitized systems also present important limitations. The dye molecules 

are often not stable under prolonged irradiation and can undergo photodegradation, 

leading to a gradual loss of activity. Furthermore, recombination of charge carriers can 

still occur if electron injection into TiO2 is not sufficiently fast or efficient, reducing the 

overall photocatalytic performance. For these reasons, dye sensitization is effective but 

often requires additional stabilization strategies to ensure long-term operation.12 
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1.3.1 Metal and noble metal doped TiO2 

Metal doping is a widely used strategy to overcome the TiO2 band gap limitation. By 

introducing metal species into the TiO2 structure, either as substitutional or interstitial 

dopants, it is possible to modify its electronic structure and extend its absorption toward 

the visible region. Metal dopants interact with the Ti 3d orbitals, introducing new 

electronic states within the band gap or shifting the band edges, which can effectively 

reduce the band gap and improve light harvesting. In addition, metal ions with suitable 

electronic energy levels can act as electron traps, capturing photogenerated electrons and 

thereby reducing electron–hole recombination. This enhances charge separation and 

improves photocatalytic efficiency by facilitating the migration of charge carriers toward 

surface redox reactions (Figure 8). 

 

Figure 8. Electron transfer mechanism in silver loaded TiO2.
12 

Among metal dopants, noble metals such as Ag, Au, Pt, and Pd play a particularly 

important role due to their strong ability to enhance interfacial charge transfer. These 

metals can act as efficient electron sinks, increasing the lifetime of photogenerated charge 

carriers and improving overall photocatalytic performance. At the TiO2 interface, noble 

metals can form Schottky junctions, which create an internal electric field that drives 

directional electron transfer from TiO2 to the metal, further suppressing recombination 

and promoting surface reactions. In addition, noble metal nanoparticles can exhibit 

localized surface plasmon resonance (LSPR), which enhances visible-light absorption 
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through strong local electromagnetic field effects and can contribute to additional electron 

excitation processes. 

The main advantages of metal and noble metal doping are improved visible-light 

absorption, enhanced charge separation, and increased photocatalytic activity. However, 

these systems also present limitations, including the possible introduction of 

recombination centres at high dopant concentrations, potential instability of metal 

nanoparticles under irradiation, and increased material cost, particularly for noble 

metals.3 

1.3.1.1 Silver (Ag) doping 

Silver (Ag) is one of the most promising noble metal dopants for TiO2 modification and 

is widely regarded as a benchmark system among metal-modified photocatalysts. Its 

relevance arises from its combined electronic, optical, and biological properties, which 

make Ag a multifunctional enhancer of TiO2 performance in photocatalysis and 

biomedical applications. At the nanoscale, silver nanoparticles (AgNPs) exhibit localized 

surface plasmon resonance (LSPR), high surface reactivity, and strong antimicrobial 

activity, which together contribute to their extensive use in environmental remediation, 

water treatment, antimicrobial coatings, and biomedical devices. When combined with 

TiO2 nanoparticles, AgNPs form composite materials with significantly improved 

functional performance compared to pristine TiO2.
13,19 

Under irradiation, TiO2 generates electron–hole pairs; however, their rapid recombination 

limits photocatalytic efficiency. Silver nanoparticles act as efficient electron sinks, 

capturing photogenerated electrons from the conduction band of TiO2. This process is 

driven by the formation of a Schottky junction at the Ag/ TiO2 interface, which promotes 

directional electron transfer from TiO2 to Ag after Fermi level equilibration. As a result, 

charge carriers are spatially separated, with electrons accumulating on Ag while holes 

remain in TiO2, significantly suppressing recombination and enhancing the availability of 

charges for surface redox reactions. In addition, Ag nanoparticles can exhibit localized 

surface plasmon resonance (LSPR), which enhances visible-light absorption through 

strong local electromagnetic fields and may contribute to additional photoinduced charge 

generation. The photocatalytic behaviour of Ag-doped TiO2 strongly depends on the silver 

loading. At relatively low concentrations, Ag⁺ ions tend to migrate and form silver oxide 

species on the TiO2 surface. As the silver content increases and metallic Ag⁰ nanoparticles 
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are formed, photocatalytic activity is significantly enhanced.20 This improvement is 

primarily attributed to the increased availability of electron trapping sites, which 

effectively suppress electron-hole recombination, one of the principal factors limiting the 

performance of pristine TiO2. In addition to improving charge separation, silver 

incorporation decreases the band gap of TiO2 to approximately 2.89 eV, extending its 

photo-response into the visible region.21  

Despite these advantages, Ag–TiO2 systems also present some limitations. The 

photocatalytic efficiency is highly dependent on the amount and chemical state of silver, 

and excessive loading may lead to the formation of recombination centres or less active 

Ag2O/AgO phases, reducing performance. In addition, a critical concern is the possible 

release of Ag nanoparticles or Ag⁺ ions during operation, which may result in 

environmental contamination, alteration of microbial communities, and long-term 

ecological effects.8,21 

Overall, silver represents one of the most effective and widely investigated noble metal 

dopants for TiO2, owing to its strong ability to enhance charge separation, extend light 

absorption into the visible region, and improve photocatalytic efficiency even at relatively 

low loadings. 

1.3.2 Non-metal doped TiO2 

Since the early 1990s, non-metal doping has attracted considerable attention as an 

effective strategy for improving the photocatalytic performance of TiO2.  

Non-metal doping lies in the modifies the TiO2 band structure through the incorporation 

of heteroatoms such as carbon, nitrogen, sulphur, and phosphorus. These elements can be 

introduced into the TiO2 lattice either by substituting oxygen atoms (substitutional 

doping) or by occupying interstitial positions within the crystal structure. In both cases, 

the presence of non-metal dopants leads to the formation of new electronic states within 

the band gap or to the modification of the valence band edge. Substitutional doping 

typically introduces localized impurity levels inside the band gap, while interstitial doping 

promotes the formation of intermediate states that facilitate charge transfer and improve 

the separation of photogenerated electron–hole pairs. As a consequence, the effective 

band gap of TiO2 is reduced and the material becomes active under visible-light 

irradiation. 
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The main advantage of non-metal doping is therefore the ability to tune the electronic 

structure of TiO2 in a relatively simple and cost-effective way, enabling visible-light 

activation while maintaining good structural stability. In addition, unlike many metal 

dopants, non-metal elements generally do not act as strong recombination centres when 

properly incorporated, which helps preserve or even enhance photocatalytic efficiency. 

However, non-metal doping also presents some limitations. The extent of band gap 

narrowing is often modest and strongly dependent on the dopant concentration and 

incorporation mode. In some cases, dopants can introduce defect states that act as 

recombination centres if not properly controlled, reducing photocatalytic performance. 

Moreover, achieving homogeneous and stable doping can be synthetically challenging, 

particularly when precise control over substitutional versus interstitial incorporation is 

required.3 

1.3.2.1 Nitrogen doping 

Among non-metal doping, nitrogen is the most extensively investigated and one of the 

most promising dopants for TiO2 modification. Nitrogen was the first non-metal 

successfully incorporated into the TiO2 lattice and remains highly attractive due to its 

comparable atomic radius to oxygen, which enables efficient substitution with minimal 

lattice distortion.22 The mechanism of nitrogen doping relies on the modification of the 

electronic structure of TiO2 through orbital interactions. In particular, the N 2p orbitals 

interact with the O 2p states of the valence band, leading to the formation of new 

electronic states just above the valence band edge. These states effectively narrow the 

band gap and enable the excitation of electrons under visible-light irradiation. As a result, 

nitrogen-doped TiO2 can be activated using lower-energy photons, significantly 

extending its photocatalytic response beyond the ultraviolet region.23.  

Overall, nitrogen doping significantly enhances the photocatalytic performance of TiO2 

under both visible and ultraviolet irradiation. Its effectiveness arises from its ability to 

introduce band gap states that enable visible-light activation, combined with the 

possibility of tuning its incorporation mode, with interstitial nitrogen representing the 

most favourable configuration for maximizing photocatalytic efficiency.24 



21 
 

1.4 Photodynamic therapy (PDT) 

Photodynamic therapy (PDT) is a minimally invasive treatment strategy based on the 

light-triggered generation of reactive oxygen species (ROS). Initially developed for 

oncological applications, PDT has progressively been extended to other fields, including 

dermatology, ophthalmology, and antimicrobial photodynamic inactivation.25,26 

Its mechanism relies on the simultaneous presence of three components: light, molecular 

oxygen and a photosensitizing agent (PS), a photosensitive chemical that, after its 

activation with light of a specific wavelength in the presence of molecular oxygen, results 

in selective tissue damage by having a cytotoxic effect on cancer cells. Individually, these 

components are not sufficient to produce the photodynamic effect; however, when 

combined, they can induce localized oxidative damage.25 

It has been found that PDT work through the following mechanism. The PS absorbs light 

and transitions from its ground state to an excited singlet state, followed by an intersystem 

crossing to a relatively long-lived excited triplet state. From this triplet state, the 

photosensitizer can undergo two parallel photochemical pathways: 

- Type I reaction: the photosensitizer transfers an electron or a hydrogen atom to 

nearby biomolecules or oxygen, generating reactive free radicals such as 

superoxide and hydroxyl radicals; 

- Type II reaction: the photosensitizer transfers its energy directly to ground-state 

molecular oxygen to produce highly reactive and cytotoxic singlet oxygen. 

These two types of reactions occur simultaneously, but Type 2 is believed to be the 

predominant pathway. A schematic representation of this two mechanisms is reported in 

Figure 9.27  

 

Figure 9. schematic representation of Type 1 (on the right) and Type 2 (on the left) 

reaction mechanisms of PDT.27 
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These locally generated reactive oxygen species (ROS) inflict severe oxidative damage 

that eradicates targeted tissue through three main interconnected mechanisms: direct 

cancer cell death via apoptosis or necrosis, indirect destruction by severely damaging the 

tumour-associated vasculature to cause localized hypoxia and starvation, and the 

stimulation of a robust anti-tumour immune response.27 

The main advantage of PDT is its spatial selectivity, since ROS are generated only in the 

irradiated region containing the photosensitizer. This feature can limit damage to 

surrounding tissues and makes the treatment potentially repeatable and minimally 

invasive. Nevertheless, clinical translation of PDT remains limited not only by the 

dependence of the photodynamic process on oxygen availability, but also by choosing the 

right light wavelength. In fact, high-energy UV and visible radiation are strongly absorbed 

and scattered by biological chromophores, whereas longer wavelengths penetrate more 

deeply but may not provide sufficient energy to directly activate conventional 

photosensitizers or molecular oxygen. Therefore, PDT is limited by a trade-off between 

the improved tissue penetration of longer wavelengths and the energy required to activate 

the photosensitizer and generate cytotoxic ROS.25,28 In addition, many molecular 

photosensitizers show poor aqueous solubility, limited stability under physiological 

conditions, and rapid systemic clearance, which can reduce their accumulation at the 

target site and affect their photodynamic efficiency.1 

To overcome these limitations, nanotechnology has emerged as a promising pathway. In 

fact, nanoparticles (NPs) can improve the solubility and stability of hydrophobic 

photosensitizers, facilitate their delivery, and enable the integration of multiple optical or 

therapeutic functions within a single system.1,2 The various investigated systems can be 

classified in organic and inorganic nanomaterials. The organic ones are mainly employed 

for their high biocompatibility and their ability to deliver photosensitizers and drugs, 

whereas inorganic nanomaterials are valued for their excellent optical properties, 

phototransduction capabilities, and high chemical stability.1 A graphic representation of 

the main investigated NPs is reported in Figure 10. 
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Figure 10. Graphic representation of the main NPs systems with application in PDT.1 

Among the different nanotechnological approaches, lanthanide-doped upconversion 

nanoparticles have attracted considerable interest for PDT triggered by near-infrared 

(NIR) light, which lies precisely within the optical transparency window of biological 

tissues, where scattering and absorption by endogenous chromophores as well as 

phototoxicity from shorter wavelength are minimized. The resulting visible or ultraviolet 

emission can then be used to locally activate an associated photosensitizer or photoactive 

matrix.2  

In this context, the material developed in this work is particularly relevant, as it is 

designed to operate under near-infrared (NIR) excitation and to generate reactive oxygen 

species through a synergistic combination of upconversion processes and TiO2-based 

photocatalysis. The integration of a Yb3+/Er3+ upconversion system with Ag-modified 

TiO2 enables the conversion of 980 nm radiation into effective charge separation and ROS 

production, making the proposed nanoplatform a promising candidate for NIR-triggered 

PDT applications. Moreover, beyond the functional design of the system itself, an 

additional relevant aspect of the present work is the synthetic approach. The developed 

nanostructure is obtained through a fast and relatively simple one-pot strategy, which 

avoids the use of toxic or hazardous organic solvents, relying mainly on environmentally 

benign solvents such as water and propanol. This represents a significant advantage 

compared to many conventional multistep syntheses of functional nanomaterials, which 

often require harsh conditions, multiple purification steps, and the use of more 

problematic solvents. As a result, the proposed material not only provides a functional 

NIR-responsive nanoplatform for PDT, but also introduces a more sustainable synthetic 

route. 
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2. Materials and Methods 

Chemicals purchased from Sigma Aldrich: Titanium (IV) isopropoxide (TTIP) 97% 

(CAS–No: 546–68–9); 2-Propanol (2-PrOH) ACS reagent ≥ 99,5% (CAS–No: 67–63–0); 

Silver nitrate (AgNO3) ACS reagent ≥ 99.0% (CAS–No: 7761–88–8); Erbium (III) nitrate 

pentahydrate (Er(NO3)3∙5H2O) 99,9% trace metals basis (CAS-No: 10031–51–3); 

Ytterbium (III) nitrate pentahydrate (Yb(NO3)3∙5H2O) 99,9% metal basis (CAS–No: 

35725–34–9); Ammonium nitrate ≥ 99.0% (NH4NO3) (CAS–No: 6484–52–2); 1,3-

Diphenylisobenzofuran (DPBF) 97% (CAS–No: 5471–63–6). 

Chemicals purchased from Carlo Erba reagents: Ammonium chloride (NH4Cl) for 

analysis – ACS reagent (CAS–No: 12125–02–9). 

Chemicals purchased from Thermo Fisher Scientific: Acetonitrile ≥ 99.9% HPLC 

gradient grade (CAS–No: 75–05–8),  

2.1 Synthesis of Ag-, Er-, Tm-, Yb- doped TiO2  

TiO2-based samples, including mono-doped Er-, and Yb- , as well as co-doped Er/Yb or  

materials, either with or without Ag modification, were synthesized via a sol-gel route 

adapted from the procedure reported by M. Santos et al.29, followed by two different post-

synthetic treatments, named Method 1 and Method 2. 

Method 1: Washed. To obtain the undoped TiO2 3.5 mL (11,8 mmol) of TTIP and 3.5 mL 

of 2-PrOH were mixed in a glass vial, followed by sonication for 15 minutes. Then, 8 mL 

of Milli-Q® water were added in a single portion, and the mixture was sonicated for an 

additional 15 minutes. The resulting gel was firstly washed with Milli-Q® water and 2-

PrOH to remove unreacted reagents and then dried overnight at 80 °C in an oven. The 

dried material was then calcined in a tubular furnace at 450°C for 4h in air (100 mL/min) 

with a heating ramp of 2°C/min. 

The same procedure was used to obtain the doped samples listed in Table 1 with the 

appropriate dopant precursors dissolved in the 8 mL of Milli-Q® water prior to its 

addition to the TTIP/2-PrOH mixture. The precursor amounts used were: 52.3 mg (0.118 

mmol) of Er(NO3)3∙5H2O, 530.0 mg (1.18 mmol) of Yb(NO3)3∙5H2O, 78.3 mg (0.46 

mmol) of AgNO3. 

Method 2: Unwashed. To better understand the effects of the washing treatment a second 

batch of samples was prepared following the same procedure described for Method 1. 
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The only difference was avoiding the washing step. After the sonication, the gel was 

transferred in the oven without any washing step and dried overnight at 80 °C before 

calcination under the same conditions reported before. 

The acronyms of the synthesized samples, the dopant loadings and the corresponding 

preparation method are summarized in Table 1. 

Table 1. Summary of the sample acronyms, the dopant loading and the corresponding 

preparation method. *The number at the end of each sample acronym (1 or 2) indicates 

the synthetic route used (Method 1 or Method 2, respectively). **The dopant loading is 

expressed as mol% relative to Ti (for example, 1 𝑚𝑜𝑙% 𝑜𝑓 𝐸𝑟 =
0.118 𝑚𝑚𝑜𝑙 𝑜𝑓 𝐸𝑟

11.8 𝑚𝑚𝑜𝑙 𝑜𝑓 𝑇𝑖
× 100). 

 Dopant loading (mol%)  

Acronyms Ag Er Tm Yb 
Post-Synthetic 

treatment 

TiO2_1 - - - - Method 1 

TiO2_Er_2 - 1 - - Method 2 

TiO2_Tm_1 - - 1 - Method 1 

TiO2_Tm_2 - - 1 - Method 2 

TiO2_Yb_2 - - - 10 Method 2 

TiO2_Ag_1 4 - - - Method 1 

TiO2_Ag_2 4 - - - Method 2 

TiO2_Er_Yb_1 - 1 - 10 Method 1 

TiO2_Er_Yb_2 - 1 - 10 Method 2 

TiO2_Er_Yb_Ag_1 4 1 - 10 Method 1 

TiO2_Er_Yb_Ag_2 4 1 - 10 Method 2 

All the samples that included Ag modification showed a change in colour after 

calcination, from pure white to yellowish. Figure 11 reports photographs taken before and 

after calcination of the samples TiO2_Er_Yb_Ag_1 and TiO2_Er_Yb_Ag_2. It is 
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noticeable that the unwashed sample exhibits a more intense yellow coloration compared 

to the washed sample. This observation will be further discussed in the following sections. 

 

Figure 11. Photographs of the samples before and after calcination: a) 

TiO2_Er_Yb_Ag_1 before calcination; b) TiO2_Er_Yb_Ag_1 after calcination; c) 

TiO2_Er_Yb_Ag_2 before calcination; d) TiO2_Er_Yb_Ag_2 after calcination. 

2.3 Physico-chemical Characterization  

- X-ray powder diffractograms (XRPD) were collected on powder samples on a 

Bruker D8 Advance powder diffractometer (Karlsruhe, Germany), operating in 

Bragg–Brentano geometry, with a Cu anode target (used as an X ray source) 

equipped with a Ni filter and with a Linxeye XE-T high-resolution position 

sensitive detector. Trio and twin/twin optics are equipped on the DaVinci design 

modular XRD system. The X-ray tube of the instrument operates with Cu-Kα1 

monochromatic radiation (λ = 1.54062 Å), with the current intensity and operative 

electric potential difference set to 40 mA and 40 kV, respectively, and with 
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automatic variable primary divergent slits and primary Soller slits of 2.5°. The X-

ray profiles were recorded at room temperature in the 10°–90° 2ϑ with a coupled 

2 ϑ – ϑ method, continuous PSD fast scan mode, time per step (rate or scan speed) 

of 0.100 s per step, and 2 ϑ step size (or increment) of 0.020°, with automatic 

synchronization of the air scatter (or anti scatter) knife and slits and with a fixed 

illumination sample set at 17 mm. 

- Elemental composition (Ti, Ag, Er, Yb) was determined by energy dispersive X-

ray fluorescence spectroscopy (ED-XRF), using a Rigaku NEX CG II series 3D 

cartesian geometry ED-XRF spectrometer (Tokyo, Japan) operating with a high-

power X-ray tube (50 kV−50 W/65 kV−100 W) and a large-area high-throughput 

silicon drift detector (SDD), analyzing Na to U elements. The instrument is 

equipped with a vacuum/helium purge, automatic sample changers and a sample 

spinner tray. Samples were measured at solid state using dedicated 32 mm double 

open-ended samples cups equipped with ring and cap, with a 4 mm Mylar® (PP) 

thin film. 

- Field emission scanning electron microscopy (FE-SEM) images were acquired on 

a Gemini SEM 360 scanning electron microscope (Zeiss, Oberkochen, Germany) 

equipped with a Schottky-type field effect emitter as the electron source. Before 

the analysis, to prevent the insulating particles from becoming electronically 

charged under the electron beam, a conductive coating of platinum (12,66 nm) 

was deposited on the samples by chemical vapor deposition (CVD) using the Desk 

Sputter Coater DSCT1-F (Vac Coat, Golders Green, London, UK.). The samples 

were prepared depositing a few drops of the material previously dispersed in water 

and filtered with a 0.45 µm filter onto an aluminium stub coated with conductive 

carbon tape. For transmission electron imaging, a multi-mode Scanning 

Transmission Electron Microscopy (STEM) detector (aSTEM) integrated into the 

ZEISS GeminiSEM 360 platform was utilized. Samples were deposited onto 

carbon-coated copper TEM grids and mounted onto a dedicated STEM holder. 

- Dynamic light scattering (DLS) analysis was carried out in aqueous solution by 

using a Malvern Zetasizer NanoZS instrument (Malvern Panalytical, Grovewood 

Road, UK) equipped with a He-Ne laser (λ = 633 nm). The DLS measurements 

were performed at neutral pH and 25 °C. The sample suspensions were prepared 

by dispersing 3 mg of solid compound in 30 mL of ultrapure water and sonicating 
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at 59 kHz for 15 min. The dispersion was measured both before and after filtration 

with a 0.45 µm filter. 

- Diffuse reflectance UV-Vis-NIR (DR UV-Vis-NIR) spectra were collected on pure 

solid samples with a PerkinElmer LAMBDA 900 UV-Vis-NIR double-beam 

spectrophotometer (Waltham, MA, USA) in the range of 200–2000 nm, with a 

resolution of 1 nm.  

- The Er3+/Yb3+ upconversion (UC) process was investigated by collecting emission 

spectra on a Horiba Jobin-Yvon Model IBH FL-322 Fluorolog 3 Spectrometer 

(Northampton, UK) equipped with a 450 W Xenon arc lamp, double grating 

excitation and emission monochromators (2.1 nm·mm−1 dispersion; 1200 grooves 

per mm), a Hamamatsu Model R928 photomultiplier tube and a PSU–III–LED 

980 nm laser. The emission UC spectra were collected in the range of 500–700 

nm using a laser power of 1240 mW (1430 mA). 

- Photoluminescence (PL) measurements were performed by using an Edinburgh 

FLSP920 spectrophotometer equipped with a Hamamatsu R928P PMT detector 

(200–900 nm) and a Hamamatsu R5509-72 NIR PMT detector (500–1700 nm). 

Steady-state PL spectra were acquired illuminating the sample with a 450 W 

continuous-wave (CW) xenon lamp. Appropriate optical filters were used, and 

steady-state emission data were corrected for the instrumental spectral response. 

All PL measurements were recorded at room temperature. Solid-state samples 

were put between quartz plates (Starna cuvette type 20/C/Q/0.2). 

2.4 Reactive oxygen species generation 

To evaluate the ability of the samples to generate reactive oxygen species (ROS), such as 

singlet oxygen (1O2), 1,3-Diphenylisobenzofuran (DPBF) was used as a probe in the 

following procedure:  

3,5 mL of acetonitrile, 87,5 µL of a 1×10-3 M stock solution of DPBF in acetonitrile and 

0,5 mg of the selected sample were added to a quartz cuvette. Then, UV-Vis spectra were 

collected after different irradiation times (from 0 to 60 min) using two different excitation 

wavelengths:  

- 980 nm, using the laser, corresponding primarily to the absorption band of  Yb3+ 

ions, to evaluate the ability of the material to generate ROS species through 

upconversion; 
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- 522 nm, using a Xenon lamp, corresponding to the main green emission band of 

Er3+, to assess the possibility of energy transfer between Er3+ and TiO2 . 

As a reference the same procedure was carried out without the addition of the solid 

sample. 

All the UV-Vis absorption spectra were recorded at 25 °C in the 250–800 nm range with 

a resolution of 1 nm using a double-beam PerkinElmer LAMBDA 1050+ UV-Vis-NIR 

Spectrophotometer (Waltham, MA, USA). 
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3. Results and discussion 

The goal of this research activity is the synthesis  of TiO2 nanoparticles (NPs) able to 

generate reactive oxygen species (ROS) species under near-infrared (NIR) irradiation by 

exploiting NIR to visible upconversion processes with potential applications in 

photodynamic therapy (PDT). A series of TiO₂-based materials, including mono-doped 

(Er-, Tm-, and Yb-) and co-doped (Er/Yb and Tm/Yb) samples, with and without Ag 

modification, were synthesized and systematically characterized. Particular attention was 

devoted to evaluating the influence of the dopant in the titania matrix, silver 

incorporation, and post-synthetic treatment on the structural, morphological, and optical 

properties of the obtained materials. Furthermore, the effects of the two synthetic 

protocols (Method 1 and Method 2) were investigated to identify the most suitable 

conditions for enhancing the upconversion-assisted photocatalytic activity and ROS 

generation under NIR excitation. To achieve these information a multi-technique 

approach was used combining the following characterization techniques: X-Ray powder 

diffraction (XRPD), X-Ray fluorescence spectroscopy (XRF), Field emission scanning 

electron microscopy (FE-SEM), Scanning transmission electron microscopy (STEM), 

Dynamic light scattering (DLS), Diffuse reflectance UV-Vis spectroscopy (DR UV-Vis) 

and Photoluminescence (PL) spectroscopy. 

3.1 Ag-, Er-, Tm-, Yb- doped TiO2 

3.1.1 X-Ray powder diffraction (XRPD) 

XRPD was employed to investigate the crystalline structure of the synthesized NPs upon 

calcination at 450°C. In particular, the analysis was performed to identify the predominant 

TiO₂ crystalline phase (anatase, rutile, brookite, or monoclinic), to evaluate whether the 

incorporation of the dopants induced any structural modifications in the TiO₂ lattice and 

assess the influence of the two post-synthetic treatments on the resulting crystalline 

structure. 

Figure 12 illustrates the XRPD pattern of the pristine TiO2_1 nanoparticles (NPs). It 

exhibits diffraction peaks at 2ϑ = 25.28, 37.80, 48.05, 50.06, 62.69, 68.76, 70.31, 75.03, 

82.66 which corresponds, respectively, to the (101), (004), (200), (211), (204), (116), 

(220), (215), (224) of the tetragonal anatase TiO2 phase. 36–39 This information is in good 

agreement with the Joint Committee on Powder Diffraction Standards (JCPDS) card No. 
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21-1272. A weak diffraction peak at 2θ = 30.8° was also detected and assigned to the 

(121) plane of brookite TiO₂, indicating the presence of a minor brookite fraction.38 

These results suggest that the simple and fast sol-gel synthesis procedure used in this 

work leads primarily to the formation of anatase phase along with minor brookite phase. 

This information aligns with literature that shows that the formation of anatase phase 

occurs at temperatures below 600°C.37 Therefore, a calcination temperature of 450°C was 

selected for the present study. Among the various TiO₂ polymorphs, anatase is widely 

recognized as the most photocatalytically active phase thanks to its band bending property 

which enhances surface hole trapping, thereby promoting the generation of free radicals 

and making it particularly attractive for PDT applications.8 

 

Figure 12. XRPD pattern of the TiO2_1 NPs, with the diffraction peaks indexed 

according to their corresponding crystallographic planes. *A=anatase, B=brookite 

Figure 13 (a-c) compares the XRPD patterns of all synthesized TiO2-doped NPs. All 

materials exhibit the same diffraction pattern observed for the TiO2_1 NPs shown in 

Figure 12. The diffraction reflections can be assigned predominantly to the anatase phase, 

with a minor contribution from brookite. These results demonstrate that the incorporation 

of Er³⁺, Yb³⁺, and Ag dopants does not alter the crystal structure of TiO2 under the adopted 

synthesis conditions. Moreover, the lack of additional peaks associated with crystalline  
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phases of the dopant species, suggest a homogeneous dispersion of the dopants within 

anatase crystallites.29,40  

 

Figure 13. Comparison of the XRPD patterns of all synthesized TiO2-doped NPs. a) 

Washed samples (Method 1); b) Unwashed samples (Method 2); c) mono-doped 

samples. 

Figure 14 (a-c) highlights the effect of the two post-synthetic treatments on the crystal 

structure of the synthesized NPs. As observed in Figure 12, all samples exhibit the 

characteristic reflections of anatase TiO2 together with a minor brookite contribution, 

indicating that the washing treatment does not affect the crystalline phase composition. 

However, the doped NPs display broader and less intense reflections compared to 

undoped TiO2, particularly in the unwashed series. This observation suggests that dopant 
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incorporation may hinder crystal growth and slightly reduce the crystallinity of the 

nanomaterials.41  

 

Figure 14. Comparison of the effect of the post-synthetic treatments on the crystal 

structure. a) TiO2_Ag_1 vs TiO2_Ag_2 samples; b) TiO2_Er_Yb_1 vs TiO2_Er_Yb_2 

samples; c) TiO2_Ag_Er_Yb_1 vs TiO2_Ag_Er_Yb_2 samples 

In conclusion, the collected XRPD analysis demonstrates that all the synthesized NPs are 

composed primarily of anatase phase, with only a minor contribution from brookite. 

Neither dopant incorporation nor the washing treatment affected the crystalline phase 

composition of TiO2. However, the presence of the dopants resulted in a slight decrease 

in crystallinity, as evidenced by the broadening and attenuation of the diffraction 

reflections. This effect was particularly evident in the unwashed samples. 
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3.1.2 X-Ray fluorescence spectroscopy (XRF) 

Several studies have shown that the optimal Ag loading to effectively enhance the visible-

light photocatalytic activity of TiO₂ is between 4 and 5 mol%. Lower Ag concentrations 

do not produce significant improvements, whereas at higher Ag contents, Ag metal 

nanoparticles tend to aggregate, forming larger particles that lead to a decrease in the 

photocatalytic performance.29,42–44 The Er³⁺ and Yb³⁺ concentrations were selected 

according to previous investigation conducted by our research group on rare earth doped 

TiO2 materials. In this systems Yb3+ acts as the sensitizer and is therefore typically 

employed at a significantly higher concentration than the activator (Er³⁺) to maximize the 

absorption of 980 nm radiation and promote efficient energy transfer.15,16,45  

On the basis of  these considerations, nominal dopant loadings of 4 mol% for Ag, 1 mol% 

for Er³⁺, and 10 mol% for Yb³⁺ were selected.  The actual elemental composition of the 

synthesized samples was subsequently assessed by XRF analysis to verify its agreement 

with the nominal values. The results of the XRF analysis are reported in Table 3. NPs 

prepared without the washing treatment (Method 2) exhibit dopant concentrations very 

close to the nominal values. In contrast, the washed NPs (Method 1) show significantly 

lower dopant contents, indicating that the washing step leads to a partial loss of the dopant 

precursors and, consequently, to a lower final dopant concentration. This observation is 

consistent with the visual appearance of the samples shown in Figure 1. In particular, the 

unwashed Ag-containing samples display a more intense yellow coloration than the 

corresponding washed samples. Since yellow coloration has previously been associated 

with Ag incorporation into TiO2
29,42–44,46,47, this qualitative observation further supports 

the higher Ag content determined by XRF.  

These findings are also consistent with the XRPD patterns reported in Figure 4(a-c). As 

previously reported, the doped NPs exhibited broader and less intense diffraction peaks, 

particularly in the unwashed series, indicating a lower degree of crystallinity. The higher 

dopant concentrations determined by XRF for these samples further support the 

hypothesis that dopant incorporation reduces the crystallinity of TiO2. Moreover, the 

comparison between washed and unwashed samples suggests that this effect becomes 
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more pronounced as the dopant concentration increases, indicating a correlation between 

dopant loading and the extent of crystallinity loss. 

Table 2. Elemental composition of the synthesized samples obtained by XRF analysis. 

 

Interestingly, despite the different absolute dopant concentrations, the experimental Yb/Er 

molar ratio remained remarkably close to the nominal value of 10 for all co-doped 

samples, as shown in Table 4. This indicates that the washing treatment affects both rare-

earth dopants to a similar extent, preserving the sensitizer-to-activator ratio required for 

efficient upconversion. 

Table 3. Summary of the Yb/Er ratio of the Er3+- Yb3+-doped samples (with and without 

Ag). 

 TiO2_Er_Yb_1 TiO2_Er_Yb_2 
TiO2_ 

Ag_Er_Yb_1 

TiO2_ 

Ag_Er_Yb_2 

Yb /Er 10.6 ± 0.7 10.5 ± 0.2 10.7 ± 0.8 10.7 ± 0.3 

Sample 
 

TiO2 (mol%) Ag (mol%) Er (mol%)  
Yb 

(mol%) 

TiO2_1 100.000 ± 0.007 - - - 

TiO2_Er_2 98.90 ± 0.01 - 1.090 ± 0.006 - 

TiO2_Yb_2 90.10 ± 0.01 - - 9.9 ±  0.2 

TiO2_Ag_1 97.600 ±  0.007 2.350 ±  0.001 - - 

TiO2_Ag_2 96.200 ±  0.008 3.780 ±  0.002 - - 

TiO2_Er_Yb_1 96.70 ±  0.01 - 0.283 ±  0.003 3.0 ±  0.2 

TiO2_Er_Yb_2 89.50 ±  0.01 - 0.911 ±  0.004 9.6 ±  0.2 

TiO2_Ag_Er_Yb_1 95.00 ±  0.01 2.140 ±  0.002 0.252 ±  0.003 2.7 ±  0.2 

TiO2_Ag_Er_Yb_2 87.00 ±  0.01 3.410 ±  0.002 0.825 ±  0.004 8.8 ±  0.2 
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In conclusion, XRF analysis demonstrate that the washed samples contain significantly 

lower absolute amount of dopants than the unwashed samples, indicating that Method 2 

is better in retaining the nominal dopant loading. Yb/Er ratio, however, is not influenced 

by the post-synthetic treatment and is maintained around 10 for all the co-doped samples 

which is an optimal value for upconversion applications. 

3.1.3 Field Emission Scanning Electron Microscopy (FE-SEM) and 

Scanning Transmission Electron (STEM) Microscopy 

To gain detailed insights into the morphological features, particle size, and aggregation 

state of the synthesized materials, Field Emission Scanning Electron Microscopy (FE-

SEM) and Scanning Transmission Electron Microscopy (STEM) analyses were 

performed. 

Figure 15 (a-b) reports the FE-SEM micrographs of the undoped TiO2 sample at two 

different magnifications. The material displays a highly uniform, quasi-spherical 

morphology with a primary particle size visually estimated under 50 nm, though the 

highly agglomerated nature of the sample doesn’t allow for a precise measurement of the 

NPs dimension, in this analysis conditions. This result is in good agreement with other 

works where a sol-gel method was employed to synthesise TiO2 NPs. 29,42,46,47 

 

Figure 15. FE-SEM micrographs of TiO2_1. 

Figure 16 (a-b) illustrates a high-magnification FE-SEM comparison at identical imaging 

conditions to evaluate the morphological impact of dopant introduction, specifically 

comparing TiO2_Er_Yb_1 (a) and TiO2_Ag_Er_Yb_1 (b). 

Both materials preserve the primary spherical shape seen for TiO2_1, suggesting that 

neither lanthanides nor Ag presence in the matrix affect the material morphology.  
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Figure 16. FE-SEM micrographs of TiO2_Er_Yb_1 (a) and TiO2_Ag_Er_Yb_1 (b).   

To accurately resolve individual particle boundaries and investigate the nanostructure at 

a higher resolution, STEM imaging was performed on dispersed samples. Figure 17 (a-c) 

reports the micrographs, registered in the same conditions, of TiO2_Er_Yb_1 (a) and 

TiO2_Ag_Er_Yb_1 (b-c). Both samples shows spheric particles with dimensions well 

under 100 nm.  

 

 

Figure 17. STEM micrographs of TiO2_Er_Yb_1 (a) and TiO2_Ag_Er_Yb_1 (b-c). 

In conclusion, the combination of FE-SEM and STEM analysis provided insights into the 

samples morphology indicating a spheric particle shape and dimensions estimated 

between 50 to 100 nm. Moreover, the lanthanide doping and Ag incorporation doesn’t 

seem to largely affect the sample morphology.  
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3.1.4 Dynamic light scattering 

Dynamic light scattering (DLS) measurements were performed to further investigate the 

size of the TiO2 nanoparticles and to compare it with the particle sizes observed by FE-

SEM and STEM. In addition, DLS analysis provided information on the behaviour of the 

nanoparticles in water, including the possible presence of particle agglomerates. To this 

end, the samples were analysed both before and after filtration through a 0.45 µm filter 

in order to remove larger nanoparticles. The results obtained for TiO2_1 and TiO2_Ag_1 

are reported in Figures 10 and 11, respectively. 

Figure 18 (a-b) shows the DLS results obtained for the undoped TiO2 sample in water. 

Before filtration (Figure 10a), two main peaks centred at approximately 81 nm and 291 

nm are observed. The presence of two populations suggests that, besides smaller 

nanoparticles, larger agglomerates are also present in the aqueous dispersion. After 

filtration (Figure 18b), only one peak centred at approximately 97 nm is detected, while 

the signal associated with the larger population disappears. This result supports the 

attribution of the peak at around 291 nm to agglomerated particles, which were removed 

by filtration. 

 

Figure 18. DLS histograms of (a) unfiltered TiO2_1 and (b) filtered (0.45 µm) TiO2_1. 

Figure 19 (a-b) reports the DLS results of the TiO2_Ag_1 sample. Before filtration (Figure 

19a), two main populations centred at approximately 185 nm and 656 nm are observed, 

indicating the coexistence of smaller particles or aggregates and larger agglomerates in 

the aqueous dispersion. After filtration (Figure 19b), the peak associated with the larger 

population disappears, while a single broad distribution centred at approximately 495 nm 
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is detected. This result suggests that filtration removes the largest agglomerates; however, 

the remaining particles are still characterized by a relatively large hydrodynamic 

diameter. Compared with TiO2_1, TiO2_Ag_1 shows larger hydrodynamic dimensions 

both before and after filtration. This behaviour may be related to the presence of Ag-

clusters on the surface of the TiO2 NPs, that form after calcination. 

 

Figure 19. DLS histograms of (a) unfiltered TiO2_Ag_1 and (b) filtered (0.45 µm) 

TiO2_Ag_1. 

In conclusion, the DLS analysis provides a confirmation informations evidenced by FE-

SEM and TEM analysis. In fact, the visual estimation obtained from the microscopic 

images indicated a spherical particle shape with dimensions positioned between 50 to 100 

nm. When dispersed in water, the undoped TiO2 sample exhibits a population centred at 

around 81 nm, which is in perfect agreement with the nanoparticle dimensions observed 

under the microscope. However, the presence of the second larger peak at approximately 

291 nm directly reflects the highly agglomerated nature of the sample, which was already 

noted during the FE-SEM analysis. The fact that filtration successfully removes this larger 

population indicates that these macro-aggregates are composed of the smaller 50–100 nm 

spherical particles. 

3.1.5 Diffuse reflectance UV-Vis-NIR spectroscopy (DR UV-Vis-NIR) 

DR UV-Vis-NIR analysis were performed to investigate the optical absorption properties 

of the synthesized NPs. Specifically, this analysis aimed to: (i) confirm the successful 

incorporation of Er3+, and Yb3+ in TiO2 network through the identification of their 
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characteristic absorption bands; (ii) evaluate the effect of Ag introduction on the TiO2 

band gap and assess whether it broadens the absorption toward the Vis region, thereby 

improving the spectral overlap with the Er3+ absorption bands and potentially enhancing 

the energy transfer responsible for ROS generation; and (iii) provide additional evidence 

of the different dopant concentrations observed by XRF, since samples with lower dopant 

contents are expected to exhibit correspondingly weaker rare-earth absorption features.48 

All DR UV-Vis spectra exhibit a broad absorption band between 200 and 400 nm, 

corresponding to the TiO2 band gap.29,47  

DR UV-Vis spectra of undoped TiO2 together with the mono-doped Er³⁺- and Yb³⁺- 

samples and the co-doped  Er³⁺/Yb³⁺  materials, both with and without Ag-doping, are 

reported in Figure 20. The spectra of TiO2_Er_2 (in yellow) and TiO2_Yb_2  (in red) 

allow the identification of the characteristic absorption features of Er³⁺ and Yb³⁺, 

respectively. In the TiO2_Er_2 spectra, the narrow absorption bands observed in the 

visible region arise from the intra-4f electronic transitions of Er3+ and can be assigned to 

the following transitions peaks: 

- 450 nm: 4I15/2 → 4F5/2 

- 488 nm: 4I15/2 → 4F7/2 

- 520 nm: 4I15/2 → 2H11/2 

- 543 nm: 4I15/2 → 4S3/2 

- 653 nm: 4I15/2 → 4F9/2 

An additional band is observed at 975 nm corresponding to the 4I15/2 → 4I11/2 transition of 

Er3+. 

On the other hand, the TiO2_Yb_2 spectra exhibits a broader absorption peak with a 

maximum at 975 nm that corresponds to the 2F7/2 → 2F5/2 transition.48–50 

In the co-doped Er³⁺/Yb³⁺ samples, all  these characteristic absorption bands are observed, 

confirming presence of both rare-earth ions in the TiO2 NPs. Furthermore, neither Ag 

doping nor the post-synthetic washing treatment alters the characteristic absorption 

features of Er³⁺ and Yb³⁺ ions, indicating that both modifications preserve the optical 

properties of the rare-earth dopants. 
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Figure 20. DR UV-Vis-NIR spectra of undoped TiO2, mono-doped Er3+- Yb3+- TiO2 and 

co-doped Er3+/Yb3+ TiO2 both with and without Ag. 

A comparison between DR UV-Vis-NIR spectra of TiO2_Er_Yb_1, TiO2_Er_Yb_2 and 

undoped TiO2 is reported in Figure 21. It is noticeable that the doped samples show a 

slight shift of the absorption maximum of TiO2, especially the unwashed ones. The 

unwashed samples contain higher dopant concentrations, suggesting that the increased 

dopant incorporation, as evidenced by XRF results, slightly affect the TiO2 band gap.48 

Moreover, TiO₂_Er_Yb_2 exhibits significantly more intense Er³⁺ and Yb³⁺ absorption 

bands than TiO₂_Er_Yb_1. Since the intensity of the rare-earth absorption bands is 

proportional to the dopant loadings,48,50 this observation is fully consistent with the XRF 
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analysis and further confirms that Method 2 is more effective at retaining the nominal 

dopant loading than Method 1. 

 

Figure 21. Comparison between the DR UV-Vis-NIR spectra of TiO2_Er_Yb_1, 

TiO2_Er_Yb_2 and undoped TiO2. *The spectra have been normalized between 0 and 1. 

DR UV-Vis-NIR spectra of TiO2_Ag_1 and TiO2_Ag_2 in comparison to the undoped 

TiO2 are reported in Figure 22. Both Ag-doped samples exhibit a red shift of the TiO2 

absorption edge compared with undoped TiO2 NPs. The shift is more pronounced for the 

unwashed sample (TiO2_Ag_2), which is to be expected considering the higher Ag 

content determined by XRF. The observed red shift is consistent with previous reports on 

Ag-modified TiO2, where silver incorporation has been shown to alter the electronic 

structure of the semiconductor, leading to an apparent narrowing of the optical band gap 

and an extension of the absorption toward the visible region. During calcination 

treatment, Ag+ ions are not expected to substitute Ti4+ within the anatase lattice because 

of their considerably larger ionic radius. Instead, they tend to migrate toward the 

nanoparticle surface, where metallic Ag clusters are formed. These surface Ag clusters 

establish a metal–semiconductor interface with TiO2, promoting electron transfer from 

the TiO2 conduction band to Ag and resulting in the formation of a Schottky barrier. This 
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interface acts as an efficient electron sink, suppressing electron–hole recombination and 

thereby enhancing the photocatalytic activity. Residual Ag+ species may also contribute 

by acting as electron trapping centres.44  

 

Figure 22. Comparison between the DR UV-Vis-NIR spectra of TiO2_Ag_1, TiO2_Ag_2 

and undoped TiO2. *The spectra have been normalized between 0 and 1. 

Figure 23 compares the DR UV-Vis-NIR spectra of undoped TiO2, TiO2_Ag_Er_Yb_1 

and TiO2_Ag_Er_Yb_2. As previously discussed, all samples exhibit the broad 

absorption band associated with the TiO2 band gap together with the characteristic 

absorption bands of Er3+ and Yb3+. The spectra further demonstrate that Ag incorporation 

broadens the TiO₂ absorption edge toward the visible region even in the presence of the 

rare-earth dopants. 

Furthermore, TiO2_Ag_Er_Yb_2 exhibits not only more intense Er3+ and Yb3+ absorption 

bands than TiO2_Ag_Er_Yb_1, but also a more pronounced red shift of the TiO2 

absorption edge. These observations are fully consistent with the XRF results and with 

the behaviour observed for the Ag-doped samples (Figure 22), indicating that the higher 

dopant concentration retained in the unwashed material enhances both the rare-earth 

absorption features and the Ag-induced modification of the TiO2 optical response. 
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Figure 23. Comparison between the DR UV-Vis-NIR spectra of TiO2_Ag_Er_Yb_1, 

TiO2_Ag_Er_Yb_2 and undoped TiO2. *The spectra have been normalized between 0 

and 1. 

Finally, Figure 24 provides an immediate comparison between the samples prepared by 

Method 1 (a) and the samples prepared by Method 2 (b), with the undoped TiO2 spectra 

included as reference. The DR UV–Vis–NIR analysis confirms both the characteristic 

optical response of TiO₂ and the successful incorporation of Er³⁺ and Yb³⁺ in the mono- 

and co-doped materials through the observation of their characteristic absorption bands. 

Ag modification resulted in a significant red shift of the TiO2 band gap, and this behaviour 

was maintained also in the Ag- Er3+- Yb3+- co-doped samples, indicating that Ag preserves 

its ability to extend the optical absorption of TiO2 toward the visible region even in the 

presence of Er3+ and Yb3+, while the rare-earth ions retain their characteristic absorption 

bands. This confirms that the simultaneous incorporation of Ag and lanthanides does not 

compromise the optical features contributed by each dopant. A comparison between the 

two post-synthetic treatments further reveals that the unwashed samples consistently 

exhibit more intense Er³⁺ and Yb³⁺ absorption bands than their washed counterparts. This 
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observation is in excellent agreement with the XRF results, confirming that Method 2 

retains a higher dopant loading than Method 1. 

 

Figure 24. DR UV-Vis-NIR spectra of the samples prepared by Method 1 (a) and the 

samples prepared by Method 2 (b), with the undoped TiO2 spectra included as reference 

3.1.6 Photoluminescence (PL) spectroscopy 

PL spectroscopy was employed to further investigate the optical properties of the doped 

TiO2 NPs. In particular, this analysis aimed to: (i) identify the characteristic emission 

bands of Er3+ and Yb3+ under different excitation wavelengths, confirming their 

successful optical activation and assess the occurrence and direction of energy transfer 

processes between TiO2, Er3+, and Yb3+ by selectively exciting either the semiconductor 

matrix or the rare-earth ions. To this end, both emission and excitation spectra were 

collected. The instrumental parameters, including the excitation and emission wavelength 

ranges, slit widths, and optical filters, were optimized for each measurement to maximize 

the quality and information content of the acquired spectra. Since different instrumental 

settings were employed for the various measurements, all spectra were normalized to their 

maximum intensity to enable a reliable qualitative comparison of the collected data. The 

emission spectra were collected using the following excitation wavelengths: 
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- Around 345 nm, corresponding to TiO2 band gap absorption wavelength; 

- 520 nm, corresponding to the Er3+ green absorption; 

- 975 nm, corresponding to the Er3+ and Yb3+ NIR absorption. 

The excitation spectra were registered monitoring the emission at: 

- 1035 nm, corresponding to the Yb3+ NIR emission; 

- 1532 nm, corresponding to the Er3+ NIR emission. 

Ag-doped samples were not included in this analysis due to their pronounced photo-

sensitivity, which significantly affected their PL characterization. 

3.1.6.1 Photoemission spectra 

Figure 25 (a-b) reports the emission spectra of TiO2_Er_2, TiO2_Er_Yb_1 and 

TiO2_Er_Yb_2, registered under direct excitation of Er3+ at 520 nm. Figure 17a exhibits 

the emission spectra in the Vis region, while Figure 17b displays the corresponding NIR 

emission spectra. Under this excitation wavelength, the TiO2_Er_2 spectra (yellow) 

exhibits the characteristic Er³⁺ emission bands in both the visible and near-infrared 

regions. In particular the following transitions are observed: 

- 550 - 570 nm: complex band ascribable to 4S3/2 → 4I15/2 

- 659 nm: 4F9/2 → 4I15/2 

- 979 nm: 4I11/2 → 4I15/2 

- 1450 - 1640 nm: complex band ascribable to 4I13/2 → 4I15/2 

These characteristic Er3+ emission bands are also observed in the co-doped Er3+/Yb3+  

samples. In addition, a broad emission band extending from approximately 975 to 1050 

nm appears, which can be attributed to Yb3+ emission. The main components of this band 

are: 

- 979 nm: electronic transition from the fifth Stark sublevel of the excited 2F5/2 state 

to the first Stark sublevel of the ground 2F7/2 state. 

- 1008 nm: electronic transition from the fifth Stark sublevel of the excited 2F5/2 

state to the second Stark sublevel of the ground 2F7/2 state.50,51 

Since the applied excitation wavelength directly populates the excited states of Er3+ rather 

than Yb3+, the observation of Yb3+ emission suggests the presence of energy transfer 

mechanism from Er3+ to Yb3+. This will be further discussed in the following sections.  
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Figure 25. PL emission spectra of TiO2_Er_2, TiO2_Er_Yb_1, and TiO2_Er_Yb_2 

recorded under direct excitation at 520 nm. (a) UV–Vis emission spectra. (b) NIR 

emission spectra. *The spectra have been normalized between 0 and 1. 

Figure 26 reports the emission spectra of TiO2_Er_2, TiO2_Er_Yb_1 and TiO2_Er_Yb_2, 

recorded under excitation at 975 nm. The broad emission band in the 1450–1640 nm range 

attributed previously to the 4I13/2 → 4I15/2 Er3+ transition is observed. Since excitation at 

975 nm can simultaneously address both the 4I15/2 → 4I11/2 transition of Er3+ and the 2F7/2 

→ 2F5/2 transition of Yb3+, these spectra alone do not provide conclusive evidence of an 

energy transfer process between Yb3+ and Er3+.  
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Figure 26. PL NIR emission spectra of TiO2_Er_2, TiO2_Er_Yb_1, and TiO2_Er_Yb_2 

recorded under direct excitation at 975 nm. *The spectra have been normalized between 

0 and 1. 

Figure 27 (a,b) reports the PL emission spectra of TiO2_1, TiO2_Er_2, TiO2_Yb_2, 

TiO2_Er_Yb_1, and TiO2_Er_Yb_2 recorded under excitation at the absorption 

maximum of the TiO2 matrix. Figure 27a shows that all the samples exhibit the broad 

emission band centred around 510 nm, which is attributed to the intrinsic 

photoluminescence of TiO2.
42,43 In addition, the TiO2_Er_2 sample displays the same Er3+ 

emission peaks previously discussed in Figure 25a. The observation of Er3+ emission 

upon excitation of TiO2 band gap suggests that the excitation energy can be transferred 

from TiO2 to Er3+. Conversely, these characteristic Er3+ emissions are no longer observed 

in the co-doped samples, suggesting that under TiO2 excitation the energy transfer 

towards Er3+ becomes less efficient in the presence of Yb3+. This interpretation is further 

supported by the NIR spectra shown in Figure 27b. As expected, undoped TiO2 does not 

exhibit any emission in this spectral region. TiO2_Er_2 shows the broad emission band 

between 1450 and 1640 nm, previously assigned to the 4I13/2 → 4I15/2 transition of Er3+, 
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whereas TiO2_Yb_2 displays the characteristic Yb3+ emission centred between 

approximately 975 and 1050 nm, corresponding to the 2F5/2 → 2F7/2 transition. These 

results demonstrate that the excited TiO2 matrix is able to transfer energy to both Er3+ and 

Yb3+ ions. For the co-doped samples, emission bands from both Er3+ and Yb3+ are 

observed. However, the Yb3+ emission is significantly more intense than the Er3+ 

emission. Moreover, the relative Er3+ emission intensity is markedly lower than that 

observed in Figure 25b, where Er3+ was directly excited at 520 nm. Under TiO2 excitation, 

these observations indicate that energy transfer from TiO2 preferentially occurs towards 

Yb3+ rather than Er3+. This behaviour is consistent with the larger absorption cross-section 

of Yb3+ and with its ten times higher concentration than Er3+, both of which increase the 

probability of TiO2→Yb3+ energy transfer.48,50 

 

Figure 27. PL emission spectra of TiO2_1, TiO2_Er_2, TiO₂_Er_Yb_1, and 

TiO2_Er_Yb_2 recorded under direct excitation at 345 nm, 343 nm, 338 nm, and 348 

nm, respectively. (a) UV–Vis emission spectra. (b) NIR emission spectra. *The spectra 

have been normalized between 0 and 1. 

3.1.6.2 Photoexcitation spectra 

Figure 28 (a-b) reports the excitation spectra recorded monitoring the characteristics NIR 

emission wavelengths of Er3+ at 1532 nm and of Yb3+ at 1035 nm. The emission 
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wavelength of 1532 nm was selected because it corresponds to the most intense 

component of the Er3+ NIR emission band observed in Figures 10 and 11. For Yb3+, the 

emission was monitored at 1035 nm instead of the maximum at approximately 979 nm, 

since the latter overlaps with the Er3+ emission arising from the 4I11/2 → 4I15/2  transition, 

reported in Figure 25b and 27b. Monitoring at 1035 nm therefore ensures that only the 

Yb³⁺ emission is detected. 

Figure 28a shows the excitation spectra of TiO2_Er_2, TiO2_Er_Yb_1 and TiO2_Er_Yb_2 

collected by monitoring the Er3+ emission at 1532 nm. The spectra exhibit the 

characteristic Er3+ absorption bands previously discussed in Figure 20. In addition, two 

absorption bands centred at approximately 381 and 408 nm become clearly visible, that 

corresponds to the following transitions:48 

- 381 nm: 4I15/2 → 4G11/2 

- 408 nm: 4I15/2 → 2H9/2 

These transitions were not distinguishable in the DR UV–Vis–NIR spectra because they 

were masked by the strong absorption of the TiO2 matrix. Furthermore, a weak broad 

excitation band extending from approximately 300 to 400 nm is observed. This band is 

characteristic of TiO2 absorption and, since the monitored emission originates from Er3+, 

its presence demonstrates that excitation of the TiO2 matrix contributes to the Er3+ 

emission, providing further evidence of energy transfer from TiO2 to Er3+. Interestingly, 

the TiO2-related excitation band is slightly more pronounced for the mono-doped Er3+  

sample than for the co-doped materials. This observation is consistent with the PL spectra 

reported in Figure 25a, where the characteristic visible Er3+ emission is observed only for 

TiO2_Er_2 under TiO2 excitation. These results suggest that the presence of Yb3+ reduces 

the efficiency of the TiO2 → Er3+ energy transfer. 

Figure 28b reports the excitation spectra of TiO2_Yb_2, TiO2_Er_Yb_1 and 

TiO2_Er_Yb_2 recorded by monitoring the Yb3+ emission at 1035 nm. All samples exhibit 

the intense broad excitation band between approximately 300 and 400 nm, corresponding 

to the intrinsic absorption of TiO2. Since the detected emission originates from Yb3+, this 

feature provides clear evidence that the excitation energy absorbed by the TiO2 matrix is 

efficiently transferred to Yb3+ ions. In the co-doped samples, the excitation spectra also 

display the characteristic Er3+ absorption bands. Since the monitored emission 

exclusively arises from Yb3+, these features indicate that excitation of Er3+ can populate 
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the excited states of Yb3+, confirming the occurrence of energy transfer between Er3+ and 

Yb3+ ions. 

 

Figure 28. a) PL excitation spectra of TiO2_Er_2, TiO₂_Er_Yb_1, and TiO2_Er_Yb_2 

recorded monitoring the emission wavelength at 1532 nm; (b) PL excitation spectra of 

TiO2_Yb_2, TiO₂_Er_Yb_1, and TiO2_Er_Yb_2 recorded monitoring the emission 

wavelength at 1035 nm.*The spectra have been normalized between 0 and 1. 

In conclusion, PL analysis provided a coherent picture of the energy transfer processes 

occurring in the synthesized doped TiO2 NPs. The emission and excitation spectra 

suggests that the TiO2 matrix is able to transfer excitation energy to both Er3+ and Yb3+. 

In the co-doped samples, however, energy transfer from TiO2 preferentially occurs 

towards Yb3+, as evidenced by the stronger Yb3+ emission and the reduced Er3+ 

luminescence under TiO2 excitation. At the same time, the observation of Er3+ absorption 

features in the excitation spectra monitored at the Yb3+ emission wavelength, together 

with the Yb3+ emission under direct Er3+ excitation, suggests the occurrence of energy 

transfer between Er3+ and Yb3+. These findings outline a possible network of energy 

transfer pathways operating in the co-doped systems, where energy transfer occurs 

between Er3+ and Yb3+ in both directions, while TiO2 can sensitize both rare-earth ions, 

with a preferential TiO2→Yb3+ pathway thanks to the larger absorption cross-section of 

Yb3+ and its higher concentration than Er3+. 



52 
 

3.1.7 Upconversion (UC) 

The upconversion (UC) properties of the synthesized nanoparticles were finally 

investigated through optical characterization. Since the proposed system relies on the 

NIR-to-Vis UC in order to activate TiO2, photoluminescence spectroscopy was employed 

to assess the optical response of the rare-earth-doped samples under 980 nm excitation. 

In particular, the measurements aimed to verify the successful optical activation of Er3+ 

and Yb3+ ions and to evaluate the effectiveness of the Er3+/Yb3+ upconversion process. 

Figure 29a reports the emission spectra collected in the range 500-700 nm of TiO2_1, 

TiO2_Ag_2 and TiO2_Ag_1, upon irradiation with a 980 nm laser. As expected, none of 

these samples exhibit detectable upconversion emission, since they do not contain 

optically active rare-earth ions capable of converting near-infrared radiation into visible 

light. The recorded spectra are characterized only by a weak and nearly featureless 

background, confirming that the introduction of Ag alone does not induce upconversion 

behaviour in TiO2. 

Figure 29b compares the emission spectra of undoped TiO2 and mono-doped Er3+ TiO2 

collected under the same experimental conditions. While the undoped sample does not 

exhibit any significant emission, the TiO2_Er_2 sample displays the characteristic 

upconversion luminescence of Er3+, consisting of two broad emission bands located in 

the green (520–570 nm) and red (640–690 nm) spectral regions, corresponding to the 

following Er3+ transitions:48,52,53 

- 520-570 nm: 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 

- 640-690 nm: 4F9/2 → 4I15/2 

This observation indicates that Er3+ ions are able to generate upconversion luminescence 

even in the absence of Yb3+. This is in accordance with the literature, where upconversion 

in Er3+-only systems mainly occurs through the Excited State Absorption (ESA) 

mechanism, in which the sequential absorption of two 980 nm photons by the same Er3+ 
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ion promotes the population of the excited states responsible for the green and red 

emissions.16 

 

Figure 29. UC emission spectra upon irradiation at 980 nm with a laser power of 1240 

mW (1430 mA). (a) TiO2_1, TiO2_Ag_2 and TiO2_Ag_1 samples, (b) TiO2_1 and 

TiO2_Er_2 samples. 

Figure 30 (a-b) reports the UC emission spectra of the co-doped Er3+/Yb3+  samples under 

980 nm excitation. All the samples exhibit the same green and red emission bands already 

observed for the Er3+ sample, confirming that the UC emission still originates from the 

characteristic Er3+ transitions. However, a remarkable increase in the emission intensity 

is observed after the introduction of Yb3+, particularly for the red emission around 660 

nm. This enhancement is consistent with the well-known sensitizing role of Yb3+ ions. 

Compared to Er3+, Yb3+ possesses a much larger absorption cross-section at 980 nm and 

can efficiently transfer the absorbed energy to Er3+ ions that are close in space. As a result, 

the population of the Er3+ excited states becomes more efficient, leading to an overall 

increase in the UC emission intensity. 

Although all the co-doped samples exhibit the same spectral profile, differences in the 

overall emission intensity can be observed. In particular, TiO2_Ag_Er_Yb_1 shows the 

highest UC emission intensity, whereas TiO2_Er_Yb_2 exhibits the lowest one.  

No significant differences can be observed between the Ag-containing and Ag-free 

samples, suggesting that the presence of Ag clusters does not substantially affect the UC 

emission under the investigated experimental conditions. 
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These results confirm that the presence of Yb3+ improves the upconversion efficiency by 

acting as an effective sensitizer for Er3+, leading to a more efficient population of the 

emitting states compared to the Er3+ only samples.48,50 

 

 

Figure 30. UC emission spectra of TiO2_Er_Yb_1, TiO2_Er_Yb_2, TiO2_Ag_Er_Yb_1 

and TiO2_Ag_Er_Yb_2, upon irradiation at 980 nm. (b) zoom of the green emission 

region.  
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To provide a quantitative comparison of the upconversion emission, the green and red 

bands were integrated, and the corresponding areas are reported in Table 5. The results 

confirm the qualitative observations from Figure 22 (a-b), showing noticeable differences 

in the overall emission intensity among the investigated samples. In particular, 

TiO2_Ag_Er_Yb_1 exhibits the largest integrated emission in both spectral regions, 

whereas TiO2_Er_Yb_2 shows the lowest values. Despite these differences in absolute 

intensity, the green-to-red integrated area ratio remains relatively constant for all the 

samples, ranging from approximately 0.045 to 0.073.  

Table 4. Integration value of the area of the green emission band and the red emission 

band for TiO2_Er_Yb_1, TiO2_Er_Yb_2, TiO2_Ag_Er_Yb_1 and TiO2_Ag_Er_Yb_2 

with the respective green/red ratio 

Sample Green emission area Red emission area Green/Red 

TiO2_Er_Yb_1 2.83×10⁶ 5.10×10⁷ 0.0556 

TiO2_Er_Yb_2 5.72×10⁵ 7.81×10⁶ 0.0732 

TiO2_Ag_Er_Yb_2 2.10×10⁶ 4.71×10⁷ 0.0446 

TiO2_Ag_Er_Yb_1 3.60×10⁶ 7.14×10⁷ 0.0505 

 

3.1.8 Reactive oxygen species (ROS) generation tests 

To investigate the ability of the synthesized TiO2 nanoparticles to generate reactive 

oxygen species (ROS), oxidation experiments were performed using 1,3-

diphenylisobenzofuran (DPBF) as a chemical probe. According to the literature, DPBF is 

a highly sensitive molecule that can be readily oxidized in the presence of photo-

generated reactive species. DPBF exhibits a characteristic absorption band centred at 

around 411 nm, which does not overlap with the absorption bands of the doped TiO₂ 

nanoparticles. 

Upon reaction with ROS, DPBF undergoes a [4+2] cycloaddition reaction, leading to the 

formation of an unstable endoperoxide intermediate. This intermediate subsequently 

degrades to 1,2-dibenzoylbenzene (DBB). The reaction disrupts the conjugated π-system 

of DPBF, causing a progressive decrease in the intensity of its characteristic visible 

absorption band. Therefore, the decrease in DPBF absorbance can be used as an indirect 
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indication of ROS generation by the investigated nanoparticles. The reaction mechanism 

is reported in Figure 22.54,55  

 

Figure 31. Reaction mechanism of 1O2 with DPBF.54 

The experiments were carried out according to the procedure described in the Materials 

and Methods section. 

Figure 33 (a-d) reports the UV–Vis spectra of the DPBF solution (a), TiO2_Er_Yb_1 (b), 

TiO2_Ag_Er_Yb_1 (c), and TiO2_Ag_Er_Yb_2 (d) under 520 nm irradiation. The spectra 

were collected after 0, 5, 15, 30, and 60 min of irradiation. For all the investigated 

samples, no significant decrease in the DPBF absorption band at 411 nm was observed 

over the irradiation time. The DPBF solution showed no appreciable spectral variation, 

confirming that DPBF is stable under 520 nm irradiation in the absence of nanoparticles. 

Similarly, the spectra collected in the presence of the selected TiO2 samples did not show 

a significant decrease in DPBF absorbance. These results indicate that, under 520 nm 

irradiation and under the adopted experimental conditions, no detectable ROS generation 

occurred. Therefore, direct excitation of Er3+ at this wavelength does not appear to 

provide sufficient energy transfer to the TiO2 matrix to induce a measurable oxidation of 

DPBF. 
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Figure 33. UV-Vis spectra of the DPBF solution (a), TiO2_Er_Yb_1 (b), 

TiO2_Ag_Er_Yb_1 (c), TiO2_Ag_Er_Yb_2 (d) registered after 0, 5, 15, 30, and 60 min of 

irradiation at 520 nm.  

Figure 34 summarizes the absorbance % values at 411 nm obtained from all the spectra 

reported in Figure 33. The offer clear evidence that only minor variations in the DPBF 

absorption band were observed during irradiation. In all cases, the absorbance remained 

above 98% of its initial value after 60 min, indicating that DPBF degradation was 

negligible under 520 nm irradiation. The small decrease observed for some samples can 

be attributed to the high sensitivity of DPBF towards oxidation.54,55 However, this 

variation is too small to indicate a significant ROS-mediated oxidation process. 

Therefore, these results further confirm that no measurable photocatalytic ROS 

generation occurred under the adopted experimental conditions. 
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Figure 34. Summary of the absorbance % values at 411 nm obtained from the spectra at 

different times of the DPBF solution and the TiO2_Er_Yb_1, TiO2_Ag_Er_Yb_1, 

TiO2_Ag_Er_Yb_2 samples upon 520 nm irradiation. 

Figure 35 (a-e) reports the UV-Vis spectra of the DPBF solution (a), TiO2_1 (b), 

TiO2_Er_Yb_1 (c), TiO2_Ag_Er_Yb_1 (d), and TiO2_Ag_Er_Yb_2 (e) under 980 nm 

irradiation. The spectra were collected after 0, 5, 10, 15, 20, 30, 40, 50 and 60 min of 

irradiation. The DPBF solution (Figure 35a) doesn’t exhibits a significant variation of the 

characteristic DPBF absorption band at 411 nm over 60 min of irradiation, confirming 

that DPBF is stable under near-infrared light in the absence of nanoparticles. In the 

presence of TiO2_1 (Figure 35b), the intensity of the DPBF absorption band remains 

almost unchanged, suggesting that the undoped sample does not is not effective for ROS 

generation under the adopted experimental conditions. On the other hand, a progressive 

decrease in the absorbance at 411 nm is observed for TiO₂_Er_Yb_1 (Figure 35c), 

TiO₂_Ag_Er_Yb_1 (Figure 35d), and TiO₂_Ag_Er_Yb_2 (Figure 35e). The decrease is 

more pronounced for TiO2_Ag_Er_Yb_2, indicating a higher DPBF oxidation efficiency 

under 980 nm irradiation.  
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Figure 35. UV-Vis spectra of the DPBF solution (a), TiO2_1 (b), TiO2_Er_Yb_1 (c), 

TiO2_Ag_Er_Yb_1 (d), TiO2_Ag_Er_Yb_2 (e) registered after 0, 5, 10, 15, 20, 30, 40, 50 

and 60 min of irradiation at 980 nm.  
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Figure 36 summarizes the absorbance % values at 411 nm obtained from all the spectra 

reported in Figure 35, allowing a direct comparison of the different samples. As expected, 

the DPBF solution and undoped TiO2_1 show only minor absorbance variations over the 

irradiation time. Among the rare-earth-containing samples, TiO2_Ag_Er_Yb_2 shows the 

most pronounced decrease, reaching approximately 83% of its initial absorbance after 60 

min. TiO2_Er_Yb_1 and TiO2_Ag_Er_Yb_1 show a less pronounced but still progressive 

decrease, reaching final absorbance values close to 88%. Overall, the graph highlights the 

different DPBF oxidation efficiencies of the investigated samples and identifies 

TiO2_Ag_Er_Yb_2 as the most effective formulation under the adopted experimental 

conditions.  

 

Figure 36. Summary of the absorbance % values at 411 nm obtained from the spectra at 

different times of the DPBF solution and the TiO2_1, TiO2_Er_Yb_1, 

TiO2_Ag_Er_Yb_1, TiO2_Ag_Er_Yb_2 samples upon 980 nm irradiation. 

Finally, Figure 37 offer a clear comparison between the percentage decrease in DPBF 

absorbance at 411 nm after 60 min of irradiation at 520 and 980 nm. Under 520 nm 

irradiation, all the investigated systems show only minor absorbance variations, ranging 

from 1 to 2%. This result confirms that direct visible excitation does not lead to a 

measurable photo-oxidation of DPBF under the adopted experimental conditions. On the 
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other hand, under 980 nm irradiation, the rare-earth-containing samples show a markedly 

higher decrease in DPBF absorbance. TiO2_Er_Yb_1 and TiO2_Ag_Er_Yb_1 both 

induce a 12% decrease, whereas TiO2_Ag_Er_Yb_2 shows the highest value, reaching a 

17% decrease after 60 min. The DPBF solution, used as a control, shows only a 2% 

variation under the same irradiation conditions. 

 

Figure 37. Percentage decrease in DPBF absorbance at 411 nm after 60 min of 

irradiation at 520 nm and 980 nm for the TiO2_Er_Yb_1, TiO2_Ag_Er_Yb_1 and 

TiO2_Ag_Er_Yb_2 samples 

In conclusion, these results demonstrate that the Er3+/Yb3+ upconversion process play a 

key role in enabling the activation of TiO2 under 980 nm excitation and therefore inducing 

the oxidation of DPBF through ROS generation. Moreover, the higher DPBF decrease 

observed for TiO2_Ag_Er_Yb_2 is consistent with the DR UV-Vis-NIR data that showed 

a wider TiO2 band gap shift for the TiO2_Ag_Er_Yb_2 sample, attesting that the Ag-

induced TiO2 band gap modification is fundamental in improving the interaction between 

Er3+ and the TiO2 matrix.  



62 
 

4. Conclusions 

The present thesis work focused on the design, sol-gel synthesis, and comprehensive 

chemical-physical and functional characterization of innovative nanostructured 

architectures based on co-doped titanium dioxide (TiO2) nanoparticles with rare earth 

elements (Er3+/Yb
3+

) and modified with Ag. The core of the research centred on 

developing an advanced, multifunctional photocatalytic platform capable of overcoming 

the intrinsic limitations of pure TiO2 by extending its optical activity into the near-

infrared region, tailored for potential biomedical application in photodynamic therapy 

(PDT). 

From a structural and morphological standpoint, XRPD results demonstrated that the 

adopted sol-gel methodology consistently isolates the anatase phase, which is universally 

recognized as the most photocatalytically active form of titania. Crucially, neither the 

sequential introduction of the metallic and rare earth dopants nor the choice of post-

synthetic treatment (washing vs. non-washing) compromised the integrity of the host 

matrix's crystalline phase, resulting only in a minor and predictable decrease in the overall 

degree of crystallinity. Electron Microscopy investigations (FE-SEM and STEM), 

combined with DLS measurements, confirmed the development of well-defined spherical 

nanoparticles with primary diameters confined within the 50–100 nm range, although 

they exist within a reversible macro-aggregation equilibrium in aqueous environments 

that can be managed via mechanical filtration. 

Quantitative XRF analysis revealed a pivotal detail regarding the stability of the synthetic 

protocol: the procedure based on Method 2 (samples not subjected to post-calcination 

washing) retains an absolute dopant content significantly closer to the nominal values 

compared to Method 1. Even though washing causes partial leaching of superficial 

chemical species, a highly positive outcome is that the Yb/Er molar ratio remains 

constant around the stoichiometric value of 10 across all studied systems. This preserves 

the precise spatial distance and energetic interaction between the sensitizer ion (Yb
3+

) 

and the activator ion (Er3+), which is a strict prerequisite for efficient upconversion 

energy transfer. 

The efficacy of the molecular design was thoroughly corroborated by DR UV-Vis-NIR 

and photoluminescence studies. Diffuse reflectance spectroscopy confirmed, on one 

hand, the retention of the intra-4f transitions of the lanthanides (with the main band at 

975 nm well-preserved and unaltered by other components) and, on the other hand, 
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highlighted the decisive role of silver. The incorporation of Ag generates a sharp red-shift 

in the semiconductor's absorption edge, expanding its action spectrum into the visible 

light range. This phenomenon, most prominent in the unwashed system 

(TiO2_Ag_Er_Yb_2) due to its higher noble metal content, reflects the formation of Ag 

clusters on the particle surfaces. These clusters establish a metal-semiconductor junction 

(Schottky barrier) that acts as an electron sink, effectively hindering radiative 

recombination and increasing the quantum efficiency of the system. 

Ultimately, the functional success of the proposed strategy was validated by reactive 

oxygen species (ROS) generation tests using DPBF as a tracer molecule. While direct 

stimulation in the visible region at 520 nm did not exhibit appreciable photocatalytic 

responses under the adopted experimental conditions, irradiation at 980 nm (NIR region) 

provided unequivocal proof of the indirect activation of TiO2. The upconversion 

mechanism of the Er3+/Yb
3+

 pair successfully converts low-energy infrared photons into 

transitions capable of driving redox processes on the catalyst's surface, steering the 

oxidative degradation of the probe. In line with the structural and optical evidence, the 

unwashed sample TiO2_Ag_Er_Yb_2 displayed the superior functional performance, 

inducing a 17% reduction of the DPBF signal within 60 minutes. 

In conclusion, the optimized nanostructured architecture TiO2_Ag_Er_Yb_2 successfully 

meets all the predefined requirements. It proves that the co-presence of the upconversion 

system and silver clusters synergistically extends the photoactivity of titanium dioxide 

into the near-infrared therapeutic window. This study establishes a robust foundation for 

the future deployment of these nanoplatforms in nanomedicine, where the deep tissue 

penetration enabled by NIR light, combined with the proven capacity for in situ ROS 

generation, holds great promise for utilizing these materials as innovative agents in cancer 

photodynamic therapy. 
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