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Resumen 

Actualmente, la contaminación del aire es uno de los principales problemas de la 

población mundial, por lo que hay un creciente interés en el desarrollo de tecnologías 

para su mitigación. TiO2 es un fotocatalizador que ha mostrado tener capacidad para dotar 

a los materiales de construcción de propiedades autolimpiantes y descontaminantes. Sin 

embargo, la efectividad del TiO2 se encuentra limitada bajo iluminación solar debido a su 

exclusiva absorción de luz ultravioleta, por lo que resulta imprescindible, para estos fines, 

modificar los fotocatalizadores de TiO2 para aprovechar más eficientemente la luz solar.  

Esta Tesis Doctoral se centra en el desarrollo y estudio de fotocatalizadores de 

Au/TiO2/SiO2, específicamente diseñados para ser aplicados en materiales de 

construcción, dotándoles propiedades autolimpiantes y descontaminantes. El oro mejora 

la fotoactividad del TiO2 y la matriz de SiO2 promueve la adhesión del TiO2 al sustrato. 

En particular, se han estudiado diferentes parámetros para optimizar la actividad de estos 

fotocatalizadores, siendo los más relevantes: (i) el método de incorporación de las 

nanopartículas de oro (AuNPs), (ii) su tamaño y su relación respecto al TiO2, (iii) el tipo 

y la relación TiO2/SiO2, y (iv) la combinación de las AuNPs con TiO2 dopado con 

nitrógeno. Se ha llevado a cabo una caracterización en detalle de los fotocatalizadores 

desarrollados con objeto de correlacionar sus propiedades químicas, texturales y 

estructurales con su actividad fotocatalítica.  

Esta estrategia permite la aplicación de los soles de Au/TiO2/SiO2 en materiales de 

construcción, penetrando el sol en el sustrato y produciendo recubrimiento fotocatalíticos 

firmemente adheridos. La fotoactividad del recubrimiento origina materiales de 

construcción con propiedades autolimpiantes y descontaminantes que son 

considerablemente mejoradas cuando se integran las AuNPs en los recubrimientos.  



  



 

Abstract 

Air pollution is one of the major problems of the current world, thus, there is an increasing 

focus on the development of technologies for its mitigation. TiO2 is a photocatalyst that 

has demonstrated to have the capacity of promote self-cleaning and de-polluting 

properties on building materials. However, the TiO2 performance is limited in outdoor 

conditions due to its exclusive UV absorption and modified-TiO2 photocatalysts are 

necessary to take advantage of the sunlight.  

In this Doctoral Thesis Au/TiO2/SiO2 photocatalysts specifically designed to be applied 

on building materials for producing self-cleaning and depolluting properties have been 

synthetized. The gold improves the TiO2 photoactivity and the SiO2 matrix promotes the 

adhesion TiO2-substrate. In particular, different parameters have been studied in order to 

optimize these photocatalysts. The most relevant being: (i) the method of incorporation 

of the gold nanoparticles (AuNPs), (ii) their size and loading, (iii) the type of TiO2 

particles and their loading, and (iv) the combination of AuNPs and nitrogen doping of 

TiO2. An in-depth characterization of the developed photocatalysts has been carried out 

in order to correlate their chemical, textural and structural properties with their 

photocatalytic performance.  

This strategy allows the application of the Au/TiO2/SiO2 sols on building materials by 

common methods, penetrating the sols in the substrates and producing well-adhered 

photocatalytic coatings. The photoactivity of the coatings results in obtaining building 

materials with self-cleaning and depolluting properties, which are considerably enhanced 

when AuNPs are present in the coating. 
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1.1. TiO2 photoactivity  

The starting point of the TiO2 use as photocatalyst was the year 1972 when Fujishima and 

Honda discovered the TiO2-mediated electrochemical photolysis of water [1]. Since them, the 

TiO2 has become the most widely employed and investigated photocatalyst due to its high 

photoactivity, good physicochemical stability, low cost and the lack of toxicity [2,3]. The 

abundant number of researches about TiO2 has demonstrated its versatility showing 

effectiveness for photocatalytic water splitting and hydrogen production, photoelectrochemistry 

applications, dye sensitization and solar energy conversion and photochemical air and water 

treatments [4]. These applications take place according to different mechanisms, but all of them 

has the same origin, being initiated when TiO2 received radiation with energy higher than its 

band gap. The TiO2 excitation promote its electrons in the valence band to the conduction band, 

resulting in the formation of electron-hole pairs. These photoinduced charge carriers are the 

responsible of the photoelectrical properties of TiO2, but they can also react with adsorbed 

species or with O2 and water to produce radicals triggering different chemical process, as 

represented in Figure 1.  

 
Figure 1. Schematic representation of TiO2 photo-activation. 
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The amorphous TiO2 is not photoactive whereas the crystalline TiO2, which mainly occurs in 

three polymorphic forms, rutile (tetragonal), anatase (tetragonal) and brookite (orthorhombic), 

presents photoactivity [5,6]. Rutile is the most stable phase and it has a direct-type band gap of 

3.0 eV. Even though anatase has a band gap of 3.2 eV, its photocatalytic properties are higher 

than those of rutile due to its indirect-type band gap that promotes the lifetime of electron-hole 

pairs. Brookite is a better photocatalytic material than anatase and rutile because this structure 

traps the generated electrons reducing the electron-hole recombination rate. However, the 

brookite synthesis is technically difficult being only possible its preparation by hydrothermal 

methods due to its narrower stability range compared to the other TiO2 polymorphs. Frequently, 

the TiO2 photocatalysts are not crystallinity pure and they are composed by several phases and, 

even amorphous fractions, such as the well known P25 particles, consisting in more than 70% 

anatase with a minor amount of rutile and a small amount of amorphous phase [7]. 

The photocatalysts properties are also modified by the morphology of the material, and 

consequently the TiO2 has been prepared in a wide variety of shapes, including nanoparticles, 

nanorods, nanowires, nanotubes, nanosheets or porous nanostructures [8]. Numerous syntheses 

has been developed for preparing TiO2 photocatalysts, thus preparation methods can be 

classifiable as: sol and sol-gel, micelle and inverse micelle, hydrothermal, solvothermal, direct 

oxidation, chemical or physical deposition, electrodeposition, sonochemical and microwave-

assisted [9]. This huge research effort is based on the aim of optimizing the TiO2 photocatalysts 

for specifics uses and the improvement of the preparation methods taking into account their real 

applications. This growing scientific interest in TiO2 photocatalysis is demonstrated when the 

number of publications related to TiO2 phocatalysts in the last 40 years and its relative 

proportions respect to the total number publications about photocatalysis are presented (Figure 

2). 
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Figure 2. Numbers of research publications per year, search results in the period of 1978-2018 in the ‘‘Web of 

Science’’ using the keywords ‘‘photocataly∗’’ (red bars) and ‘‘TiO2 AND photocataly*’’ (blue bars). 

1.2. TiO2 photocatalysts for building materials  

In the field of photocatalytic construction and building materials TiO2 has been extensively 

employed due to their characteristic and their good compatibility with traditional construction 

materials [10]. The use of TiO2 on building materials started from the early 1990s being applied 

on all type of construction materials, such as glass [11], ceramics [12], roof tiles [13], stones 

[14], mortars [15], concrete [16] and asphalt [17]. Specifically, the photocatalytic properties of 

TiO2 allow the production of photocatalytic materials for three major applications, air-

depolluting, self-cleaning and self-sterilization.  

The organic pollutants and gases, such as NO, NO2 and SO2, present in the air of urban 

environments, can be degraded by TiO2, which make it an effective tool to curb the atmospheric 
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pollution. In the specific case of the nitrogen oxides (NOx) more than 7000 tons are emitted 

yearly in Europe [18]. Emissions of NOx to the atmosphere contribute with a volume of gases 

which is similar to that of CO, moreover, their toxicity is even four times higher. The problem 

is particularly worrying in urban areas mainly due to the intensification of industrial activity 

and the increasing number of motor vehicles in circulation [19]. As well known, NOx not only 

affect human health but also are responsible for the increase of the greenhouse effect and, 

consequently, planetary climatic change. However, no matter the progress in energy and 

environmental efficiency of transport means, as well as the ever more restrictive limits to 

industrial discharges, our society is still far away from avoiding these hazardous emissions. 

Therefore, much research has been focussed on the NOx photo-oxidation by TiO2 to non-toxic 

nitrate forms that can be removed by rain water, being the involved mechanism as follows [17]:  

TiO2 photo-activation 

𝑇𝑇𝑇𝑇𝑇𝑇2  
ℎ𝜈𝜈
��  ℎ+ + 𝑒𝑒− 

Radicals formation 

ℎ+ + 𝑇𝑇𝑂𝑂−  →  𝑇𝑇𝑂𝑂• 

𝑒𝑒− + 𝑇𝑇2  →  𝑇𝑇2•− 

𝑂𝑂+ + 𝑇𝑇2•− →  𝑂𝑂𝑇𝑇2•  

NO and NO2 oxidation 

𝑁𝑁𝑇𝑇 + 𝑂𝑂𝑇𝑇2• →𝑁𝑁𝑇𝑇2 + 𝑇𝑇𝑂𝑂• 

𝑁𝑁𝑇𝑇2 + 𝑇𝑇𝑂𝑂• →𝑂𝑂𝑁𝑁𝑇𝑇3 

The pollution, but also the animal, microorganism and human action, produces visible 

alterations on buildings in the form of staining, moist areas, soiling or graffiti [20]. The 

proliferation and accumulation of these alterations over time can constitute an important impact 

on the aesthetic value of the buildings and large costs of remediation. A large proportion of 
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these stains are produced by soot or organic compounds, alone or acting as binder of dirt 

particles, that can be effectively degraded by TiO2 [15,21]. The oxidation process of these 

species to CO2 and H2O can take place according different to mechanisms in which the holes 

or the radicals produced by the TiO2 photo-activation are the oxidizing agents [22,23].  

Despite all the benefits described above, the use of TiO2 on building materials presents certain 

limitations. First, the activity of ordinary TiO2 photocatalysts both in outdoor and indoor 

applications is restricted due to its absorption of light mainly located in the UV range which is 

scarce in the light of sun and common lamps. Second, TiO2 photocatalysts must be integrated 

on buildings using methods that preserve their photocatalytic properties and ensure a suitable 

durability. TiO2 can be directly incorporated during the fabrication of certain construction 

materials, as in the case of tiles, mortars and concrete [13,24–26], but other strategies for 

integration on existing structures are necessary. 

1.3. Modifications of TiO2 photocatalysts  

One of the most important goals of TiO2 research is the improvement of its photocatalytic 

performance, having developed several ways to achieve this purpose, such as doping both with 

metals [27] or non-metals [28], noble metal deposition [29], dye sensitization [30], 

semiconductor heterojunction [31], graphene addition [32], among others. The TiO2 

modifications can be classified in two groups, bulk modifications and surface modifications [9]. 

The bulk modifications correspond to doping and they constitute chemical changes in the TiO2 

composition that produce alterations in the electronic TiO2 structure, (as shown in Figure 3), 

which in turn modify its photocatalytic properties. The surface modifications correspond to 

metal deposition, dye sensitization, semiconductor heterojunction or other strategies where a 

substance is placed in contact with TiO2. In this case, the TiO2 is not chemically modified but 
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the deposited substance and the TiO2 interact transferring energy or charge carriers between 

them.  

 
Figure 3. Schematic representation of bulk modification of TiO2, by means of metal (Fe) and non-metal (N) doping 

rendering the TiO2 energy levels modifications. 

Each TiO2 modification promotes the photoactivity in a different way, but two main general 

mechanisms can be described:   

1-As explained before, the electron-hole pairs produced by the TiO2 photo-activation are the 

responsible of the photocatalytic properties, but they can react between them producing heat or 

radiation, which is known as electron-hole pair recombination, so stopping the photo-process. 

Some TiO2 modifications act promoting the trapping of the photogenerated charge carriers 

reducing the electron-hole pair recombination rate and, in this way, enhancing the photoactivity 

[33].  

2-The modified TiO2 have absorption in the visible range allowing the visible light activation 

of TiO2 by band-gap reduction [34] or by sensitization [35,36]. This allows the TiO2 

photoactivity under visible light and promotes the photolytic process under solar radiation. 
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1.3.1 AuNPs deposition 

The gold nanoparticles (AuNPs) deposition on TiO2 has been reported to significantly promote 

the TiO2 performance, acting in several ways. First, the TiO2-Au contact modifies the energy 

levels and the charge transfer phenomena in TiO2 surface. The AuNPs can act as reservoir of 

photogenerated charge carriers and they equilibrate the Fermi level, decreasing the electron-

hole pair recombination [37–39]. On the other hand, the localized surface plasmon resonance 

(LSPR) effect of the AuNPs enhances the TiO2 photoactivity under visible radiation [40]. The 

major mechanism taking place is the TiO2 sensitization. The visible radiation excites the AuNPs 

electrons and they can be injected in the TiO2 conduction band triggering the photocatalytic 

process (as illustrated in Figure 4) [41]. In addition, other LSPR mediated processes that can 

enhance the TiO2 photoactivity have been proposed: (1) The excited AuNPs electrons colliding 

in the TiO2-Au contact area can have enough kinetic energy for promoting the TiO2 electrons 

to the valence band [42,43]; (2) the LRSP excitation produces a local heating and the 

surrounding AuNPs can reach temperatures up to 100 °C favouring the photodegradation 

processes [44]; and (3) the LRSP increases the electric field around the AuNPs promoting the 

electron-hole pairs formation [45].  

 
Figure 4. Schematic representation of Au-TiO2 photocatalyst under visible light activation. 
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Other noble metals, like silver, can also produce the described effects, but AuNPs presents 

several advantages over silver nanoparticles (AgNPs): (1) the maximum absorption of LSPR of 

AgNPs is localized around 400 nm, close to UV light, whereas the LSPR of AuNPs is between 

500 and 600 nm, the range where solar light is more intense [46]; (2) AgNPs are highly reactive 

and they can be oxidized in the presence of O2 being this oxidation promoted as AgNPs are in 

contact with TiO2 with its higher reduction potential [47], whereas AuNPs are considered inert 

[48]; and (3) AuNPs also show catalytic properties by themselves [49] as reported for NOx 

photo-oxidation [50,51].  

1.3.2 Nitrogen doping 

Nitrogen can be incorporated into TiO2 structure in different ways. According to its situation in 

the TiO2 lattice, nitrogen can substitute oxygen atoms or it can be placed in interstitial positions 

[28,52]. Regarding its chemical form, nitrogen can be incorporated as nitrogen or as oxidized 

nitrogen species [28,52,53]. As previously explained and illustrated in Figure 3, the nitrogen 

doping modifies the TiO2 electronic levels reducing the band gap, which promotes the 

photoactivity [54]. Additionally, the nitrogen doping promotes the charge carriers trapping, so 

reducing the recombination [55]. 

Another interesting effect of nitrogen doping is that it can be used together the AuNPs 

deposition for producing Au/N-TiO2 photocatalysts. In this way the effects induced by gold and 

nitrogen are synergetic, obtaining higher photoactivities than those corresponding to N-TiO2 or 

Au/TiO2 photocatalysts alone [56–58].  
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1.4. TiO2/SiO2 photocatalysts for building materials  

Going back to the issue of TiO2 photocatalysts application on buildings, TiO2 nanomaterials 

can be easily dispersed in water or organic solvents and applied in situ for producing TiO2 

coatings after solvent evaporation. Although these coatings show a proper performance, they 

are composed by an agglomeration of particles that can be easily detached by the weathering 

[59–63]. The use of a binder can mitigate this problem, in particular silica presents affinity for 

the common building materials and it has been reported that promotes the TiO2 adhesion to the 

substrate [64–66]. Silica can present porous structure with large surface area that allows the 

diffusion of substances to the photoactive centres promoting the photoactivity in comparison 

with a non-porous matrix [63].  

For the last few years, the research group TEP243 at the University of Cadiz has developed a 

sol-gel technique that has been reported to provide an effective methodlogy for the treatment 

of building materials [67] for several reasons: (1) the obtained sols have low viscosities that 

allow their in situ application by using common and low cost methods; (2) they penetrate in the 

porous structure of the substrate and xerogels coatings with high adhesion to the substrate are 

spontaneously produced; and (3) the presence of a surfactant, n-octylamine, in the synthesis 

promotes the formation of a crack-free mesoporous material. This last aspect, the absence of 

fractures, is fundamental to get a durable coating on building materials [62,68,69].  

Recently, it has been proposed a inverse micelle mechanism that explains the silica formation 

in this sol-gel synthesis (see Figure 5) [70]. The ultrasonic shaking allows the formation of a 

microemulsion of water in the silica oligomer, thanks to the n-octylamine reverse micelles. 

These micelles are composed by the water necessary for silica oligomer and the catalyst, n-

octylamine, for the condensation reaction, thus they act as nanoreactor for the silica formation 
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producing silica seeds. The formed seeds can grow reacting with the silica oligomer until the 

silica nanoparticles are aggregated together, producing a material constituted by the packing of 

amorphous silica particles. The interparticle spacing of the silica packing produces a 

mesoporous structure that reduces the capillarity pressure during the gel drying and prevents 

the cracking.  

 
Figure 5. Silica formation via inverse micelle mechanism proposed for the sol-gel route developed by the research 

group TEP243. Reprinted from D.S. Facio, M. Luna, M.J. Mosquera, Facile preparation of mesoporous silica 

monoliths by an inverse micelle mechanism, Microporous Mesoporous Mater. 247 (2017) 166–176.  

The integration of preformed TiO2 particles in this  sol-gel route has made it possible to develop 

TiO2/SiO2 that can be easily applied on building materials for producing effective 

photocatalytic coatings (see Figure 6) [60,63,71]. The commercial titania particles applied as a 

water dispersion on stone did not create an effective coating, whereas the TiO2/SiO2 coating 

were firmly adhered to the stone surface ensuring that photocatalytic properties of the coating 

have a long-term effect. In addition, the mesoporous structure of the TiO2/SiO2 photocatalysts 

enhance the photoactivity properties of the coating, compared with the effect produced by a 

material comprising similar particles embedded in a microporous silica matrix. 
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Figure 6. Structure and performance of TiO2/SiO2 coating developed the research group TEP243.Reprinted from 

Pinho, M.J. Mosquera, Photocatalytic activity of TiO2-SiO2 nanocomposites applied to buildings: Influence of 

particle size and loading, Appl. Catal. B Environ. 134–135 (2013) 205–221. 

1.5. TiO2 modifications for enhancing the performance on building 

materials  

Although the performance of TiO2 photocatalysts for building materials is limited by its low 

absorption under solar light, few research focussed on the enhancement of the TiO2 

photoactivity for building application can be found in the literature. The nitrogen doping [24,72] 

and the AgNPs [73,74] are the only approaches employed for promoting the TiO2 performance 

on construction materials. In particular, the effect of incorporating silver to the TiO2/SiO2 

photocatalyst described in the previous epigraph was also investigated demonstrating that 

enhances their photocatalytic performance [75]. In spite of the benefits of gold over silver, the 

application of Au/TiO2 photocatalysts on building materials has not investigated with the 

exception of a work from Bergamonti et al. [76]. They prepared a TiO2 sol containing AuNPs 

that was applied on stone, but photoactivity was not significantly increased due to the addition 

of gold, probably due to the big size of AuNPs (60-150 nm) compared with the TiO2 crystallite 

size (3-6 nm) 
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According to these finding, we propose the topic of this Thesis, the integration of Au/TiO2 

nanomaterials in the previously described sol-gel synthesis as an innovative strategy to produce 

Au/TiO2/SiO2 photocatalysts, as reflected in Figure 7. These photocatalysts can solve the two 

mains drawbacks associated to the TiO2 employment for producing photocatalytic building 

materials. The AuNPs can promote the TiO2 photoactivity under solar light and the silica matrix 

provides a suitable adhesion TiO2-substrate. Therefore, building materials with promoted self-

cleaning and depolluting properties would be obtained.  

 
Figure 7. Graphic illustration of the main objective of the present Thesis, the solution of the drawbacks 

associated to the use of TiO2 on building materials developing Au/TiO2/SiO2 photocatalysts. 
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The present Doctoral Thesis has been developed within the framework of the two successive 

research projects with a common research topic, funded by the Spanish Government under the 

2013 and 2017 calls focused to Societal Challenges, with the titles “Ecosustainable building 

materials for their superhydrophobic, self-cleaning, decontaminating and biocide action (Ref. 

MAT2013-42934)” and “Smart Concrete and other Building Materials for their Self-cleaning, 

Pollutants Sequestering, Repellent and Biocide action (Ref. MAT2017-84228-R)”, Therefore, 

the objectives of this Thesis match with those associated to the mentioned project, being the 

main one the Development of ecosustainable nanostructured Au/TiO2/SiO2 photocatalysts 

specifically designed to be applied as depolluting and self-cleaning coatings on building 

materials. According to this general objective the following specific objectives were proposed: 

1-Synthesis of gold nanoparticles (AuNPs) with plasmonic properties by green routes and 

their characterization. The AuNPs will be synthesized using gold salts and ecofriendly 

reducing agents as a plant extract or citrate. 

2-Synthesis of photoactive coatings and their characterization. The AuNPs will be 

incorporated in the sol-gel synthesis that comprises TiO2 particles, a silica oligomer and a 

surfactant (n-octylamine). Other alternative will consist of depositing the synthetized AuNPs 

on the TiO2 for producing Au/TiO2 photocatalysts that will be integrated in the described sol. 

The synthetized sols will gel in laboratory conditions and the resultant Au/TiO2/SiO2 

photocatalysts will be characterized and evaluated.  An in-depth characterization of the 

developed photocatalysts has been carried out in order to correlate their chemical, textural and 

structural properties with their photocatalytic performance. 

3-Application of photoactive products on building materials, characterization and 

evaluation of their effectiveness. The sols will be applied on different building materials 

(limestone, granite and concrete) producing Au/TiO2/SiO2 photocatalytic coatings. The coated 
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building material samples will be characterized paying special attention to those affecting to 

their photocatalytic properties. The photoactivity will be tested by a model dye degradation. In 

addition, soot will be employed to evaluate the self-cleaning properties and NO will be the 

pollutant gas used for determining the depolluting activity.  

4-Synthesis of new innovative nanostructures Au/TiO2, characterization and inclusion in 

coatings. In order to promote the Au-TiO2 interaction, new Au/TiO2 photocatalysts will be 

prepared by controlled deposition of AuNPs onto TiO2. The deposition-precipitation synthesis 

method here proposed also produces nitrogen doping of TiO2, promoting a synergetic effect in 

the photoactivity enhancement. These Au/N-TiO2 photocatalysts will be characterized and 

evaluated in order to determine the best suited for preparing Au/N-TiO2/SiO2 that will applied, 

characterized and evaluated according to the procedures described in the points 2 and 3. 
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Supplementary materials 

 
Figure S1. Nitrogen physisorption isotherms and pore distribution of photocatalysts with 1% of TiO2 
prepared with different water content. 

 
Figure S2. HAADF-STEM image of AuNPs nanoparticles employed. 



Chapter 3 
  

62 
 

 
Figure S3. Size distribution of AuNPs employed. 

 

 
Figure S4. Digital reproduction of stone color after and before treatments. 

 

 
Figure S5. SEM images of coated stones under study and their untreated counterpart. 
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TiO2-SiO2 coating with a low content of AuNPs for producing self-cleaning 
building materials 

 

 
Figure S6. Optical Microscopy photograph of transversal cutting of treated stone. The coating was dyed with 
methylene blue for better observation. 

 
Figure S7. UV-visible absorbance spectra of MB deposited on untreated and on a treated stone, ST12Au 
treated sample was selected as representative example. The absorbance spectra were obtained from respective 
reflectance spectra. 

 
Figure S8. Evolution of %ΔE* for a ST12Au treated stone sample stained with methylene blue maintained 
in dark conditions. 
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Figure S9. Degradation plot and absorbance evolution for MB with the irradiation time.

. 

Figure S10. UV-visible absorbance spectra of S0Au coating and the limestone employed in this work. The 
absorbance spectra were obtained from respective reflectance spectra. 
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TiO2-SiO2 coating with a low content of AuNPs for producing self-cleaning 
building materials 

 

 
Figure S11. Left, evolution of MB degradation on ST0Au coating deposited on glass. Right, its 
corresponding fitting to first order rate equation. 

 
Figure S12. Fitting between the KM/KM0 values measured (dots) and calculated by fitting to rate equation 
(lines) for the different degradations processes, overall (black), monomer (red) and dimer (blue). 
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Figure S13. Mass spectrum of air from reactor obtained during the mass spectroscopy experiments when the 
sample was being irradiated with light. 

. 

Figure S14. Example of soot absorbance spectra during soot self-cleaning test for ST12Au treated stone. 

Video S1 showing the self-cleaning test by water action can be visualized in the following link: 
https://youtu.be/c9ahncU2Hvg 
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Supplementary materials 

 

Figure S1. DLS size distributions of Au-TiO2 nanopodwers dispersed in water. 
 

 

Figure S2. Photographs of obtained xerogels. 
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Au-TiO2/SiO2 photocatalysts with NOx depolluting activity: influence of gold 
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Figure S3. UV-Visible absorbance spectra of xerogels obtained from gelled sols. The absorbance spectra were 

obtained from respective reflectance spectra. 

 

 

Figure S4. Comparison of the previous visible absorbance spectra with the spectra obtained two years after the 

photocatalysts synthesis for selected samples. 
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Figure S5. N2 physisorption isotherms and NLDFT pore size distributions obtained for the photocatalysts under 

study. 

 

Figure S6. FTIR spectra of ST0.5Au13 before and after NO degradation test.
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Abstract 

Air pollution is one of the major problems of the current world, thus, there is an increasing 

focus on the development of technologies for its mitigation. TiO2 is a photocatalytic that has 

been shown to have the capacity of produce self-cleaning and de-polluting building materials. 

However, the TiO2 performance is limited in outdoor conditions due to its exclusive UV 

absorption. In this work, Au-TiO2NPs are integrated into a sol-gel synthesis in order to produce 

long-lasting coatings with self-cleaning and de-polluting properties on building materials. This 

simple synthesis permits the application, in situ, on buildings. The enhancement of TiO2 

photoactivity by AuNPs is clearly demonstrated. The self-cleaning and de-polluting properties 

were evaluated using soot and NO, respectively, demonstrating that AuNPs also promote the 

TiO2 performance. In addition, the role of AuNPs size and their loading on TiO2 performance 

are investigated. It is demonstrated that the smaller AuNPs size and the intermedium gold 

content show the highest photoactivity.   

Keywords: photocatalyst; de-polluting; self-cleaning; Au-TiO2/SiO2 composite; buildings 

materials; long-lasting coatings, NOx, soot.  

1. Introduction 

The air pollution is having a great impact on the quality of life in big cities and industrial areas 

around the world due to the high amount of hazardous substances emitted to the atmosphere, 

more than 7000 tons of NOx and 3000 kilotons of particulate matter (PM) are emitted yearly in 

Europe [1]. It is clearly proven that NOx promote the cancer mortality and other diseases [2]. 

NOx are also a greenhouse gas and one of the main responsible of acid rain. Moreover, the 

combustion processes, specially, from vehicles and heating generate particulate matter 

constituted mainly by soot [3], which is deposited on the building facades deteriorating their 
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appearance [4] and, also, it promotes cardiovascular and respiratory diseases [5]. Considerable 

efforts are currently being made to reduce the concentration of these pollutants in urban areas 

[6], but these measures are not compatible with our current lifestyle and they have an important 

impact in the economy and the social life.  

An alternative to reduce the concentration of these pollutants in the urban environment can be 

the employment of massive de-polluting surfaces, being the most attractive choice the use of 

photocatalytic building materials that can reach this goal by themselves under sunlight exposure 

[7,8]. The TiO2 is the predominant photocatalyst chosen for this purposes [9] due to its excellent 

photocatalytic properties, stability, availability, low cost and lack of toxicity [10]. The TiO2 

mediates the photocatalytic removal of NOx following three different mechanisms, the photo-

oxidation, the photo-decomposition and the photo-selective catalytic reduction [11], being the 

first one the most common on building materials [12–17].  

Regarding to the fouling associated to the pollution TiO2 is also the main choice to produce a 

self-cleaning performance. The hydroxyl and oxygen radicals produced by the TiO2 light 

activation are able to react with a wide carbon based compounds such as soot, which are 

degraded to CO2 and water, producing the self-cleaning effect [18,19]. These self-cleaning 

properties have been widely studied by evaluating the photodegradation of organic dyes on 

building materials [20–29]. However, their study in more realistic scenarios, such as the soot 

photodegradation [30–35] has been hardly faced. 

An important drawback of TiO2 for outdoor application is related with its light absorption 

exclusively limited to UV region. The low fraction of UV radiation in the sunlight has promoted 

the development of modified TiO2 photocatalyst in order to supply this deficiency [36]. The 

employment of metal nanoparticles is an effective method to enhance the TiO2 photoactivity, 

because the metal-TiO2 contact promotes the electron-hole pair separation and the charge 
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transfer phenomena and, additionally, the effects derived of the metal localized surface plasmon 

resonance improve the photoactivity under UV-Vis light [37]. The gold nanoparticles (AuNPs) 

show a high efficacy in the TiO2 photoactivity enhancement [38,39], but the use of Au/TiO2 

photocatalyst for building materials has been scarcely studied [33,40,41]. 

Another drawback related to the use of TiO2 photocatalysts on building is associated to their 

durability. The TiO2NPs can be easily dispersed in water or organic solvents and applied in situ 

for producing TiO2 coatings after solvent evaporation. Although these coatings shows a suitable 

performance, they are composed of an agglomeration of particles on the substrate surface that 

can be easily removed in outdoors conditions.  The integration of TiO2 into a SiO2 matrix has 

been demonstrated to mitigate this problem due to the improvement of substrate adhesion 

[33,42–44]. Our research group has previously developed a sol-gel that has been reported to be 

an effective technique for the treatment of building materials [45–47] by several reasons: (i) 

The obtained sols have low viscosities that allow their in situ application by using common and 

low cost methods; (ii) they penetrate in the porous structure of the substrate and xerogels 

coatings with high adhesion to the substrate are spontaneously produced; (iii) the presence of 

n-octylamine in the synthesis promotes the formation of a crack-free mesoporous material. 

In the present work, we evaluate the photocatalytic performance Au-TiO2/SiO2 on two different 

building stones. Two main parameters are studied, the AuNPs loading and their sizes. The 

loading is a key parameter because an excessive AuNPs loading can promote the electron-hole 

pairs recombination [38,48] and their preferential light absorption instead of TiO2 [39,49]. The 

AuNPs size is also a relevant parameter to study, because the inverse correlation between 

catalytic activity and AuNPs [50] is not always met in photocatalysis [39,51,52]. The different 

phenomena involved in the Au/TiO2 photocatalysts, such as electronic factors, Au-TiO2 

interactions or plasmonic effects, are differently altered when AuNPs size is modified. 
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For effectiveness evaluation, in this work the batch of Au-TiO2/SiO2 sols with three different 

AuNPs and two different sizes were applied on limestone samples and their photoactivity was 

evaluated by using methylene blue (MB) as a model dye. The Au-TiO2/SiO2 photocatalyst with 

the best performance was applied onto two different building stones (limestone and granite) in 

order to evaluate their NO de-polluting and soot self-cleaning properties. 

2. Experimental 

2.1. Materials 

The AuNPs dipersions were prepared by an adaptation of Turkevich synthesis. A KAuCl4 

solution was boiled for 10 minutes and sodium citrate solution (0.5M) was added. Once the 

complete change of colour was reached, a small volume (0.5% v/v) of an aqueous solution of 

polyvinylpyrrolidone (PVP) 3% was added. The size of AuNPs obtained was controlled 

modifying the citrate/Au ratio in the synthesis. A red dispersion containing small AuNPs was 

prepared employing a citrate/Au ratio of 5 and a purple dispersion with bigger particles was 

obtained using a ratio of 1.25. Next, these AuNPs dispersions were mixed with TiO2 particles 

in three different Au/TiO2 proportions: 0.25, 0.5 and 1% w/w. The TiO2 employed was VP 

Aeroperl P25/20 particles from Evonik, microgranulates with an average particle size of 20 μm 

and 50±15 m2/g of surface area, produced by aggregation of P25 particles. The slurries obtained 

were dried in a vacuum oven at 60 °C overnight obtaining the final Au-TiO2 nanopodwers. The 

size of AuNPs in the nanopodwers was determined by high angle annular dark field scanning 

transmission electron microscopy (HAADF-STEM) images acquired in a JEOL 2010F 

microscope, being the average sizes 12.6±1.9 nm and 38.2±11.6; see Figure S1 in 

supplementary material.  
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The Au-TiO2/SiO2 photocatalysts were prepared according to a synthesis previously described 

[33]. Specifically, the amount of components in respect to the silica oligomer were 0.36% v/v 

of n-octylamine, 0.83% v/v of water and 1% w/v of Au-TiO2 nanopowders. In addition, for 

comparison purposes, sols without AuNPs containing pure VP particles and without any TiO2 

particles were prepared. The synthesized sols were named STxAuY, where S, T and Au indicate 

the presence of SiO2, TiO2 and Au, respectively, in the resultant coatings, x is the % w/w of 

Au/TiO2 and Y refers to the average size, 13 or 38, of the AuNPs (in nm).  

Two different building materials were employed for evaluating the photocatalysts under study. 

The first one was the Capri limestone, a stone quarried from Cabra (Spain) and commonly 

employed for facades facing. This stone presents a homogeneous structure, composed by calcite 

and has an open porosity of 12%. The white colour of this limestone is ideal for evaluating the 

degradation of stains deposited on its surface. The second one was the granite Grey Pearl which 

is quarried from Meis (Spain) and it has an open porosity lower than 1%. This granite is 

commonly employed for covering facades and other architectonic elements. The sols were 

directly applied (without dilution) on 4x4x2 cm stone samples by spraying onto one of the larger 

faces until its saturation. The surfaces were maintained wet during 1 minute and excess sols 

were removed by spraying air. Next, the samples were weighed to calculate the uptake of the 

products. Finally, the treated stones were dried under laboratory conditions until their weights 

were constant (approximately after two weeks) and their dry matters were calculated. These 

samples were named STxAuY/L or STxAuY/G, where L or G indicate that the corresponding 

photocatalyst was applied on a limestone or a granite sample, respectively. 

2.2. Characterization 

The rheological properties of the sols were studied immediately after their synthesis. A 

concentric cylinder viscometer (model DV-II+ with UL/Y adapter) from Brookfield operated 
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at 25 ºC was employed. The shear stress versus shear rate flow curves were generated and the 

viscosities were calculated as the slope of these curves in the Newtonian behaviour range 

evaluated. 

15 ml of sols were placed in plastic Petri dishes and maintained at room temperature in order 

to study the sol-gel transition that took place spontaneously. The gels were dried at laboratory 

conditions until constant weight and the obtained xerogels were characterized using the 

following techniques. The visible reflectance spectra were recorded on a UV-2600 

spectrophotometer from Shimadzu equipped with an ISR-2600 integrating sphere. Textural 

characterization was performed by N2 physisorption at -196 ºC, using a Quantachrome 

Autosorb IQ. TEM and STEM images were recorded in the microscope previously described. 

The changes in stone colour induced by the treatments were determined by using a solid 

reflection spectrophotometer, Colorflex model, from HunterLab. The conditions used were 

illuminant D65 and observer 10º. CIELa*b* colour space was used and variations in colour 

were evaluated using the total colour difference (ΔE*) parameter. 

Scanning electron microscopy (SEM) images of the coatings were taken using a Nova 

NanoSEM model from the FEI Company, working at an acceleration voltage of 3 kV. 

The TiO2 particles adhesion to the substrate was evaluated subjecting a ST/L sample to 

aggressive conditions. The coated sample was immersed in 50 ml of water and was sonicated 

in an ultrasonic bath for 5 minutes. Next the sample was removed from the water, 200 mg of 

KBr were added and the mixture was dried at 120°C. The obtained solid was pressed into a 

pellet and its Fourier transform infrared (FTIR) spectra was recorded using an IRAffinity-1S 

from Shimadzu, in order to determine the composition of the matter leached by the sample. For 

comparative purposes, the process was repeated for other limestone samples coated with TiO2, 
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employing a 1% VP water dispersion, named T/L sample. The amount of TiO2 deposited was 

equivalent to those for ST and STXAu samples.  

The self-cleaning properties of coated limestone samples were evaluated through a MB 

photodegradation test, adapted from a standard procedure [53]. It is well known that TiO2 can 

degrade MB and other organic dyes by sensitization mechanisms [54,55]. Despite this, MB was 

chosen as a model substance because only a low portion of MB is degraded by sensitization 

mechanism and it is easy to determinate its discoloration in a short time, due to its fast 

degradation. Specifically, 320 µL of a 1 mM solution of methylene blue (MB) in ethanol was 

deposited, drop by drop, on the treated faces of the limestone samples and on their untreated 

counterparts. The samples were irradiated in a solar degradation chamber, Solarbox 3000eRH 

from CO.FO.ME.GRA., equipped with a 2500 W xenon arc lamp and an outdoor UV filter, 

monitoring the temperature, humidity and irradiance in the range 300-800 nm. The conditions 

in the chamber were 500 W/m2 of irradiance, 60 ºC of temperature and 70±10 mg/m3 of absolute 

humidity. The evolution of diffuse reflection spectra with time was followed by using the 

previously described spectrophotometer. The Kubelka-Munk function was used to obtain the 

equivalent MB absorbance to determine the MB degradation. As we previously demonstrated 

[33], this methodology provides better results than the evaluation of colour change, which is 

the methodology commonly employed to evaluate the self-cleaning in building materials.  

Complementary, we analysed the gas released during the MB photodegradation, by using a 

Thermostar QMS 200 mass spectrometer from Pfeiffer, employing a 30 ml/min of O2(5%)/Ar 

flow, over four samples of treated stone pieces, and their untreated counterpart, stained with 

methylene blue using the procedure previously described. The stained specimens were placed 

into a 81 mm x 81 mm × 25 mm homemade reactor built in poly(methyl methacrylate) (PMMA). 

Four samples were placed in each experiment in order to achieve a total surface area of 64 cm2. 
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Evolution of CO2 (m/c=44) and H2O (m/c=18) traces in the gas phase versus time was 

monitored for the transient period induced by illumination of a 22W daylight fluorescent light 

bulb.  The irradiation over the samples was 100W/m2. The irradiance was measured using a 

PM100D power meter equipped with a detector S302C from Thorslabs. The same equipment 

was employed for the irradiance measurements described later in this work. 

Finally, the photocatalyst that showed the best performance in the MB degradation test was 

evaluated against real staining and pollutant agents.  Limestone and granite samples coated with 

this photocatalyst and with the material without AuNPs (ST), for comparative purposes, were 

subjected to the following procedures.  

Soot, the most significant staining agent in building, was chosen to evaluate the self-cleaning 

activity of the treated stones. For soot deposition, we burnt 0.5 ml of hexane in a Ø6 cm petri 

dish and the treated faces of stones were exposed to this flame. Afterwards, we removed the 

excess and not adhered soot layer using compressed air. The stone samples were further 

irradiated in the solar degradation chamber and the evolution of diffuse reflection spectra were 

measured. The chamber operation conditions employed in these photocatalytic tests were 

identical to those used in the case of the previously described methylene blue degradation tests. 

A de-pollutant test, based on NO degradation, was also carried out. The experimental conditions 

were designed, in order to achieve NO values detectable by the analyser, as follows. Four stone 

samples were placed inside the same homemade reactor employed for the previous mass 

spectrometry experiments. Air was conveyed by a gas-washing bottle, filled with demineralised 

water in order to keep the absolute humidity at 25 ± 2 g/m3. Moist air and NO streams were 

mixed to obtain a total flow of 500 cm3/min and a NO concentration of 20 ppm NO. This stream 

flowed through the reactor for 15 minutes to ensure it is filled with the gas mixture and the 

reactor was isolated from the rest of the system.  Then, the samples were irradiated for 30 



Chapter 5 
  

98 
 

minutes using a 300W Ultra-Vitalux lamp from Osram, being the irradiance 500 W/m2. Finally, 

the gas in the reactor was carried to a CLD NO/NOx analyser module (NGA 2000 model) from 

Emerson-Rosemount Analytical using a 1000 cm3/min N2 flow rate and the NO concentration 

over time was recorded.  

The NO conversion was defined according to the following equation: 

NO conversion =
𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 − NOlight

𝑁𝑁𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
×  100 

where NOdark and NOlight represent the area of NO concentration signal over time measured in 

dark conditions and after illumination, respectively. 

The design of the reactor employed and an example of the measurement methodologies are 

included in Figure 1. 

 
Figure 1. Representation of the flow gas setup, design of the photocatalytic reactor employed and an example of 

the measurements. 
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3. Results and discussion 

3.1. Sol and gel characterization 

The synthesized sols showed evident differences in appearance. The only silica sol (S) was 

uncoloured and transparent, whereas the inclusion of TiO2 produced opaque sols.  The AuNPs 

changed the white colour of ST sol to purple for STxAu38 sols and pink for STxAu13 sols, 

increasing the colour intensity with the Au loading. These colours highlighted the absorption 

in visible range, which is characteristic of the localized surface plasmon resonance (LSPR) of 

AuNPs [56].  Differences were also observed for the TiO2 dispersion in the sols, as the TiO2 

was completely dispersed in the ST sol, but the STxAu sols included small amounts of 

undispersed Au-TiO2 nanopowders, which was increased as Au loading was raised.   

The silica sol (S) had a viscosity of 4.77 mPa·s whereas the other sols had higher viscosities 

with similar values, ranging from 4.99 to 5.07 mPa·s. As previously reported, this slight 

increasing of viscosity was due to the presence of TiO2NPs [29,33].  These viscosities are even 

lower than those corresponding to commercial impregnation treatments (i.e. Tegovakon V100 

shows a viscosity value of 5.25 mPa·s at 25ºC) [28]. These low viscosity values allow their 

application in situ in building materials by common procedures, such as spraying, brushing or 

using a roller. In addition, this low viscosity enhances sol penetration into the substrate, 

promoting a suitable adherence [29]. 

The sols deposited on Petri dishes spontaneously gelled in less than 6 hours, giving rise to 

homogeneous crack-free gels. The obtained xerogels showed the characteristic color produced 

by the LSRP absorption of AuNPs. This visible absorption was clearly visible in the recorded 

spectra (Figure 2a). The intensity of absorption was increased as the Au content was raised, 

being higher for STxAu13 photocatalysts. In addition, the LSPR bands for STxAu38 
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photocatalysts were shifted to red and were wider than the STxAu13 ones, which is related to 

the higher size of the AuNPs [56].  

 
Figure 2. Representative results of xerogels characterization, a) visible spectra of xerogels, b) N2 physisorption 

isotherm of ST xerogel and its corresponding pore size distribution, c) TEM image of ST xerogels and d) STEM 

image of ST1Au13 highlighting the components distribution, SiO2 (red), TiO2 (green) and Au (yellow).   
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All the xerogels showed similar type IV(a) N2 isotherms Figure 2b with nearly H1 hysteresis 

loops, characteristics of mesoporous materials, as observed in their pore size distributions [57]. 

The N2 adsorbed volume for the samples was in the range of 270-370 cm³/g, providing large 

surface areas and pore volumes, 280-325 m²/g and 0.42-0.57 cm³/g respectively, which are 

fundamental for a good performance of the photocatalyst [58]. These isotherms are related to a 

structure composed by an aggregation of uniform particles and high pore connectivity [59], 

which is in accordance with the silica formation mechanism via micelles inverse proposed for 

sols containinig n-octylamine [60]. It has been suggested that the water is encapsulated in the 

surfactant micelles that act as nanoreactors giving rise to silica particles that are packed 

producing the interparticle spaces and the subsequent mesopores. The TEM charactetization 

(Figure 2c) showed that the xerogels under study were constituted by an aggregation of silica 

nanoparticles confirming the previous hypothesis. The STEM mode allowed identifying the 

distribution of TiO2 and Au in the silica matrix.  The TiO2 was dispersed in the silica as 

individual particles or small agglomerates, on the other hand the AuNPs were always detected 

as disposed on the TiO2. This behaviour confirmed that the AuNPs kept in contact with TiO2 

after the sol synthesis, which is fundamental to allow the Au-TiO2 interactions, specially the 

SPR-mediated charge injection from gold to titania [61].   However, an important drawback 

was also found, the number and size of TiO2 agglomerates was increased as AuNPs content 

was raised. This decrease of TiO2 dispersion was slight for the 0.25 and 0.5% Au contents, but 

it was significant for 1% content showing Au-TiO2 agglomerates of micrometric size (see 

Figure 2d).  
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3.2. Application of the photocatalysts on building materials 

Table 1 shows the uptake, dry matter and ΔE* values for the stone samples treated with the 

different sols under study. 

Table 1. Uptake, dry matter and total colour difference (ΔE*) values of treated samples. 

Treatment Uptake (mg/cm2) Dry matter (mg/cm2) ΔE* 

S/L 15.38 6.63 2.26 

ST/L 12.75 6.25 1.90 

ST0.25Au38/L 13.54 6.98 3.79 

ST0.5Au38/L 12.92 5.94 5.37 

ST1Au38/L 13.44 6.60 6.33 

ST0.25Au13/L 15.52 7.60 3.50 

ST0.5Au13/L 16.35 7.40 4.86 

ST1Au13/L 14.79 7.08 5.97 

ST/G 5.88 2.44 1.67 

ST0.5Au13/G 5.62 2.50 3.58 

 

The uptake and dry matter values were very similar for the same substrates because all the sols 

had similar viscosities and the slight differences were exclusively due to the intrinsic 

differences of the stone substrate. These values were considerably lower for granite samples, 

which are directly related to the porosity of the substrates, 9-12% for the limestone versus less 

than 1% for the granite. The average dry matter was near to the theoretical 41% of silica that 

the precursor provides upon complete hydrolysis, confirming that the sol-gel reaction took place 

once in the stone. The higher weights are due to non-hydrolysed ethoxy groups and/or ethanol 

occluded in the xerogel structure. Despite of the dry matter in granite was lower than that 

corresponding for the limestone, the amount of photocatalyst on the substrate surface was 
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higher for the granite as observed in Figure 3. The sol penetrated in the porous structure of 

limestone to a depth of 6 mm, whereas it remained in the surface of the non-porous granite 

(Figure 3a). This different behaviour resulted in an increase of the maximum coating thickness 

from 5 μm for limestone to 10 μm for the granite (Figure 3b).    

 
Figure 3. Images cross sections of ST13Au treated samples stained with MB aqueous solution, a) photographs showing the 

photocatalyst penetration in the substrates and b) optical microscope images showing coating thickness. 

The change in colour induced by the treatments can be a relevant parameter in applications 

where the original material appearance should be preserved. The threshold value generally 

accepted for this type of restrictive applications is 5 [62]. In the case of the treatments under 

study, the colour changes produced were below the threshold excepting those corresponding to 

the highest Au content due to the pink/purple colour of the AuNPs. The ΔE* values for granite 

samples were smaller than the corresponding for the limestone ones due to the lower amount 

of absorbed product.  

The limestone samples observation by SEM confirmed that the treatments produced continuous 

and crack-free coatings, which covered the stone surface (Figure 4). This demonstrates the role 

played by n-octylamine to prevent the xerogel cracking [63] and therefore promoting the 

adhesion, and the subsequent durability, of the coatings [64,65]. The coating with 1% gold 
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content presented higher roughness than the coating with lower gold contents. The presence of 

big Au-TiO2 agglomerates was responsible of this behaviour.  

 
Figure 4. SEM images of treated stones and their untreated counterpart. All images have the same magnification. 

The sonication of samples immersed on water was a simple method for evaluating the TiO2 

adhesion enhancement induced by the silica. First of all, a simple visual inspection of washing 

water allowed to conclude that the T/L sample produced higher turbidity than the ST/L (see 

Figure S2 in the supplementary material). The greater turbidity is related to the presence of 

TiO2 particles which have an elevated refraction index. The composition of the material 

removed from the samples was determined by FTIR spectroscopy (Figure 5). The main bands 

observed for both samples mainly agree on the bands of the stone spectra, highlighting that the 

most of leached material correspond to calcite mineral grains disaggregated from the substrate. 

The ST/L sample only showed additional bands related to silica corresponding probably to 

xerogel removed together with the stone grains removed, but any TiO2 signals were not 

observed. On the other hand, the T/L sample showed an evident absorption increase in the 400-

800 cm-1 region that denote the presence of TiO2NPs. These results demonstrate that the 
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employment of a silica matrix promote the TiO2 adhesion to the building materials. Thus, these 

treatments should be more durable than a TiO2 particles based-treatment under outdoor 

conditions.  

 
Figure 5. FTIR spectra of material removed from ST/L and T/L samples sonicated after immersion in water. For comparative 

purposes the spectra of limestone, ST xerogel and VP particles are also represented below.  
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3.3. Methylene blue degradation 

The MB degradation profiles for the samples under study are compiled in Figure 6.   

 
Figure 6. Evolution of methylene blue absorbance on the untreated and treated limestone samples. 

The degradation profiles observed in Figure 6 allows stablishing the following sequence of MB 

degradation: 

ST0.5Au13>ST0.25Au13>ST1Au13≈ST0.5Au38>ST1Au38>ST>ST0.25Au38>S>>Untreated 

MB degradation on the untreated stone did not take place in the evaluated time range, but the 

S/L sample, which did not contain any photoactive component, considerably degraded the MB. 

This MB degradation is due to purely photochemical mechanisms associated to the MB 

photolysis, as previously discussed [66]. Degradation is not observed in the untreated samples 

because MB is absorbed into the pore structure and additionally, it is deposited as a dimer, 

which is not a favourable disposition for degradation, as previously discussed [33]. In the case 
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of the coated sample, the MB is more accessible to degradation because it is on the surface and 

additionally, MB monomers, the most effective form for degradation, are produced. 

All the coatings including TiO2 significantly increased the MB degradation, demonstrating that 

titania maintains its photocatalytic effect when it is integrated into a silica matrix [67]. 

Regarding to the AuNPs addition, all the coatings (except ST0.25Au38) showed a higher self-

cleaning performance than those without gold. For these photocatalysts, we observed some 

trends concerning the AuNPs size and the AuNPs loading. The coatings with the smaller AuNPs 

were more effective than those containing the bigger AuNPs. It can be explained as a 

consequence of a lower size which implies a higher number of particles and a higher surface 

area for the same weight of bigger particles. This increases the LSPR effect and the probability 

of effective Ti-Au interactions.  

Regarding to the Au loading effect, the maximum activity was reached for the coatings with 

the intermedium Au content in the two photocatalyst series. This behaviour can be attributable 

to the worst TiO2 dispersion observed by STEM, especially for the photocatalysts with 1% of 

AuNPs. Additionally, a high gold content can reduce the TiO2 photoactivity due to adverse 

effects, such as the recombination of photo-induced electron-hole pairs [38,48] and the 

preferential light absorption by gold rather than TiO2 [39,49]. 

The MB degradation results were fitted to a kinetic equation where the MB degradation take 

place in two parallel first order process, being one significantly faster than the other, as 

previously reported [33]. The results of this fitting (see Table 2) show the goodness of fitting 

of the experimental results and they highlight a similar trend in MB degradation performance 

as visually observed.  

 



Chapter 5 
  

108 
 

Table 2. Parameters of fitting to the kinetic equation for methylene blue degradation test. 

 k1 (min-1) k2 (min-1) x R2 t75% (min) 

S 0.096 0.007 0.390 0.997 67 

ST 0.395 0.014 0.364 0.987 28 

ST0.25Au38 0.370 0.016 0.449 0.989 38 

ST0.5Au38 0.509 0.028 0.416 0.991 19 

ST1Au38 0.412 0.028 0.451 0.994 21 

ST0.25Au13 0.387 0.034 0.459 0.995 18 

ST0.5Au13 0.716 0.057 0.363 0.997 7 

ST1Au13 0.457 0.025 0.395 0.990 19 

k1: rate constant for the fast degradation process 

k2: rate constant for the slow degradation process 

x: fraction of methylene blue degraded in the slow process 

R2: fitting correlation coefficient  

t75%: time calculated using the equation for degrading the 75% of initial MB  
 

Two types of photobleaching can take place in MB [68]:  its simple decouloration by reduction 

towards the leuco form in the absence of oxygen, or its photooxidation  producing total 

mineralization of the molecule to carbon dioxide and water in the presence of oxygen. Although 

under our experimental conditions, the mineralization should be favoured, mass spectroscopy 

was employed to study the gases released during this process for selected samples in order to 

confirm the total MB mineralization. Figure 7 shows the carbon dioxide evolution in the gas 

phase during the transient period induced by the illumination of the ST0.5Au13/L sample 

previously coated by MB exposed to an O2(5%)/He flow. The sample illumination induces a 

gradual increase in the concentration of carbon dioxide and water (not shown) in the gas phase 

until reaching a maximum value. The effect must be associated with the photocatalytic process 

as far as after switching off the lamp, the CO2 signal decreases to residual values. Moreover, in 

the case of this sample, which contains the gold nanoparticles, the effect is significantly more 
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intense than that occurring in untreated limestone or ST/L sample. These results confirm the 

efficiency of the proposed material and are of interest because the wide majority of 

experimental evidences regarding activity or mechanism of photobleaching of organic dyes 

have been obtained in aqueous medium and not in gas phase [69]. In the particular case of 

methylene blue, only Fujishima´s group  [70] reported the remote elimination of this dye but 

studying two coated plates separated by microns. 

 
Figure 7. Carbon dioxide (m/c=44) evolution induced by the visible radiation illumination of limestones treated 

stained with methylene blue and their counterparts untreated with and without dye in a O2(5%)/He flow as followed 

by means of mass spectrometry. 

 

 



Chapter 5 
  

110 
 

3.4. Self-cleaning and de-polluting performance on building stones 

We evaluated the soot degradation using the average absorbance obtained in the spectral range 

of 420-440 nm for the stained stones, both limestone and granite. We selected this methodology 

because the soot does not have a maximum of absorption in the visible range [33]. The 

degradation plots are presented in Figure 8. We observed that the soot degradation was slower 

than the MB degradation (Figure 6) denoting the higher stability of soot. By comparing the 

coatings, we observed a higher self-cleaning performance for the stone samples coated with 

Au-TiO2/SiO2 photocatalysts. These results followed the same trend as that observed in the MB 

degradation test, and confirmed that the AuNPs promotes the self-cleaning effect. Additionally, 

we observed that the soot degradation was greater for the granite samples according to the 

higher amount of photocatalyst onto granite surface. 

 
Figure 8. Evolution of soot absorbance on coated stone samples 
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Figure 9 compiles the results obtained for the NO de-polluting test. A NO degradation of 10-

11% in presence of the untreated stones was measured, which is probably caused by chemical 

photoreactions with the water and oxygen in the sample or reactor walls under our experimental 

conditions. When the test took place using the TiO2/SiO2 coated samples, the NO degradation 

was noticeably increased demonstrating the photocatalytic oxidation produced by the coating. 

Regarding the Au-TiO2/SiO2 coated stones, the NO degradation was near the double of that 

corresponding to the TiO2/SiO2 coatings confirming that the photoactivity improvement 

induced by AuNPs doping remain in the coated materials. Finally, we also noted a greater de-

polluting effect for the granite samples in connection with the lower granite porosity. 

 
Figure 9. NO concentration curves obtained for the samples under dark conditions and after 30 minutes of UV-visible irradiation, 

a) limestone and b) granite 
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Table 3. Results of NO conversion of photodegradation test for stones. 

Sample % NO 
conversion 

Untreated 11 

ST/L 33 

ST/G 42 

ST0.5Au13/L 63 

ST0.5Au13/G 79 
 

4. Conclusions 

Au-TiO2/SiO2 photocatalysts for building materials with self-cleaning and de-polluting 

performance has been obtained by using a sol-gel synthesis. Specifically, Au-TiO2NPs were 

integrated into silica being applied by a simple procedure (spraying) on building materials. The 

sols spontaneously gel for producing long-lasting Au-TiO2/SiO2 coatings with photocatalytic 

properties. The TiO2 integration in a silica matrix enhances its adherence to the substrate and 

the subsequent the coating durability. The AuNPs effectively increased the TiO2 photoactivity 

and the self-cleaning and depolluting properties of the coated building materials. 

A deeper analysis of the effect caused by the size and loading of AuNPs allows to optimize the 

formulation of the coating photocatalyst, in particular:  

 (1) The smallest AuNPs investigated (13 nm) produced a higher increase of TiO2 photoactivity 

due to their better dispersion on TiO2 and the higher Au-TiO2 contact.  

(2) The maximum photoactivity performance was reached for the intermedium AuNPs loading 

in the 0.25-1% range. The reduction of photoactivity for the highest AuNPs loading was 
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attributed to the formation of the big Au-TiO2 agglomerates observed during the STEM 

characterization of the photocatalysts. 
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Figure S1. HAADF-STEM image of two representative Au-TiO2 nanopowders with a Au/TiO2 loading of 0.5%.  

a) containing the smaller AuNPs prepared with the highest citrate/Au ratio; b) containing the bigger AuNPs 

prepared with the lowest citrate/Au ratio. Gold nanoparticles can be displayed by their bright contrast 

 
Figure S2. Washing water obtained after sonication of limestone coated samples immersed in water, a) ST/L and 

b) T/L.  
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Abstract 

Au/N-TiO2 photocatalysts with enhanced photoactivity thanks to nitrogen doping and gold 

nanoparticles (AuNPs) controlled deposition onto titania have been obtained by means of a 

simple and innovative one-pot synthesis promoting synergetic activity between these two 

approaches. The activity of the materials under study was evaluated by methylene blue and NOx 

degradation tests as models of environmental remediation processes for water purification and 

air depollution. The use of a deposition-precipitation method employing urea allows obtaining 

Au/N-TiO2 photocatalysts containing 0.3 at% of nitrogen and 0.5 wt% of gold. The results 

obtained confirmed that the presence of both, nitrogen and AuNPs, enhanced the TiO2 

photoactivity increasing the photodegradation of the dye and NOx in a factor of 4.5 and 1.7, 

respectively. In particular, the AuNPs enabled the photoactivity under visible light and 

improved substantially the selectivity of the NO degradation process. The photocatalysts here 

proposed maintain their properties as they are integrated into a silica matrix producing a product 

with potential use for the coating of different substrates, such as building materials for 

application in urban areas and fabrics or foams for the photocatalytic filters production. 

Keywords: photocatalyst; TiO2; nitrogen doping; gold; Au/N-TiO2; NOx depolluting 

1. Introduction 

TiO2 exhibits photoactivity in the presence of solar light and therefore it can show depolluting, 

self-cleaning and biocide activity. However, its performance is limited by its low absorption in 

the visible range, the most important component of solar radiation. This drawback can be 

overcome by titania doping with gold nanoparticles (AuNPs) [1,2]. According to the literature, 

the in situ Au deposition on the TiO2 support instead of preformed AuNPs improves the Au-

TiO2 interaction and subsequently their photocatalytic enhancement [3]. The starting point of 
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this work is to adopt this strategy to produce Au-TiO2 photocatalysts with improved properties 

with respect to those obtained by mixing of preformed Au and TiO2 that we previously reported 

[1,2]. 

The simplest method for producing Au on TiO2 is the wet impregnation, where the support is 

immersed in a gold salt solution and Au species are adsorbed on the titania surface by 

electrostatic interactions affected by the pH equilibriums [4,5], followed by separation and 

calcination steps. However, this procedure is unsuitable for gold because of: (i) its low yield, 

(ii) the AuNPs size is not under control and (iii) the resultant catalyst contains a considerable 

amount of impurities. Therefore other more tedious methods are preferred [6,7]. An easy 

modification of wet impregnation, providing an effective way to get well-dispersed supported 

catalysts, is the deposition-precipitation method (DP). In DP, an alkali is employed to favour 

the precipitation and adsorption of the gold salt as Au(OH)3 on the support surface and the size 

of the AuNPs obtained can be controlled by adjusting the pH [8,9].  The drawback of DP in the 

specific case of Au-TiO2 synthesis is associated to the compromise situation between the 

required AuNPs size and the gold deposition yield, because both parameters decrease for pH 

values above 5.5 [8,10,11]. In order to prevent this drawback, Geus [12] avoided the high local 

OH- concentration, by using urea, which decomposes at temperatures higher than 60°C 

producing OH- ions, which are consumed in the gold precipitation. The DP-urea method has 

been employed in the preparation of well dispersed gold supported catalysts with small particle 

size and a high yield [11,13]. Recently, it has been demonstrated that gold precipitation is not 

exactly promoted by the slow OH- liberation, confirming that the mechanism involves the 

formation of gold intermediates with the products of urea decomposition [10].   

According to the previous findings, the DP-urea method was chosen to prepare the 

photocatalysts of this study, because it allows getting AuNPs with size suitable for an effective 
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TiO2 photoactivity enhancement. On the other hand, the urea is a nitrogen source widely 

employed for doping TiO2 [14–16]. The nitrogen doping is another effective approach for the 

TiO2 photoactivity enhancement [17] and it can be combined with the AuNPs in order to reach 

a synergetic effect on the TiO2 photocatalytic activity, as demonstrated when gold was 

deposited on titania previously doped with nitrogen [18–20].  

Considering all this background, the main target of this work is to prepare Au/N-TiO2 

photocatalysts with activity under visible light by using two different approaches creating 

synergies by a single one-pot procedure based on the DP-urea method: (i) nitrogen doping of 

TiO2 and (ii) AuNPs deposition onto TiO2. Specifically, the procedure was adapted to get a 

nearly 0.5 wt% Au gold content and the amount of urea employed was increased to ensure the 

nitrogen doping. In addition, three types of commercial TiO2 particles with different size were 

employed in order to study the role played on the performance. This strategy simplifies the 

usual procedure for Au/N-TiO2 synthesis where two steps are required: 1) the nitrogen doping 

of titania, and 2) the gold deposition in the previously prepared nitrogen-doped TiO2. An in-

depth characterization of the photocatalysts was carried out. The enhanced photoactivity caused 

by the synergy activity of nitrogen doping and gold AuNPs was investigated through methylene 

blue (MB) degradation test. Additionally, the NOx depolluting effect of the photocatalysts under 

study, one of the most popular application purposes, was also studied.  

In order to produce an effective photocatalytic material with potential applications in 

environmental remediation, the TiO2 commonly requires its integration in a binder, such as 

silica. The binder promotes the photocatalyst separation from the liquid in water treatment 

application and enhances the adhesion to specific substrates in air purification or self-cleaning 

applications [21–24]. The choice as a binder of a porous silica matrix with large surface area 

that allows the diffusion of substances to the photoactive centres promoting the photoactivity 
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in comparison with a non-porous matrix is desirable [25]. According to these findings, the 

Au/N-TiO2 particles were incorporated into a silica sol, following a method previously 

described [2] to produce Au/N-TiO2/SiO2 photocatalysts. In order to verify if the photoactivity 

is preserved once the Au/N-TiO2 is integrated in the silica matrix, the photocatalytic 

performance and NOx depolluting activity were also re-evaluated.  

2. Experimental 

2.1. Au/N-TiO2 synthesis 

6 g of TiO2 were dispersed in 100 ml of water in an ultrasonic cleaner for 10 minutes, the TiO2 

dispersion being mixed under vigorous stirring with 100 ml of KAuCl4 solution (1.9 mM) and 

100 ml of urea solution (75% w/w urea/H2O). The mixture was maintained under stirring and 

heated at 80°C for 2 hours. The TiO2 was centrifuged, washed with water several times, dried 

at 100 °C overnight and, finally, calcined at 273 °C for 4 hours. 

Three types of commercial TiO2 particles from Evonik were employed for the photocatalysts 

preparation: Aeroxide P25, Aeroxide P90 and the granulated form of P25, VP Aeroperl P25/20. 

Some properties of these particles, provided by the manufacturer, are compiled in Table 1.  

Table 1. Characteristics of TiO2 particles employed 

Particle SBET (m2/g) Anatase/Rutile 
Ratio 

Particle 
size 

Density 
(g/cm3) 

P25 50±15 80/20 21 nma 0.13 

P90 90±20 90/10 14 nma 0.12 

VP 50±15 80/20 20 µmb 0.70 

a primary particle size 
b particle granulate size 
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For comparative purposes, two alternative syntheses were also carried out as follows: (1) Au 

was removed by replacing the KAuCl4 solution by water in order to get the corresponding 

nitrogen doped particles; (2) nitrogen was removed by replacing urea by water to obtain the 

TiO2 particles subjected to the same thermal treatment.  

2.2. Au/N-TiO2 characterization 

The tapped density of the powdered photocatalysts was determined using a procedure adapted 

from the standard ISO 787-11:1981 [26].   

Inductively coupled plasma atomic emission spectroscopy (ICP‐AES) analysis of gold content 

of the Au/N-TiO2 materials was performed using an Iris Intrepid spectrophotometer from 

Thermo Scientific.  

UV–visible reflectance spectra of particles were recorded on a UV-2600 spectrophotometer 

from Shimadzu equipped with an ISR-2600 integrating sphere, using BaSO4 powder as 

reference. The band gap values were calculated by using the Kubelka-Munk function and the 

Tauc plot [27,28]. 

The X‐ray diffraction (XRD) study was carried out with a X‐ray powder D8 Advance 

diffractometer from Bruker, equipped with a secondary monochromator, Cu tube X-ray, using 

Cu Kα radiation. The phase composition was determined by means of a FullProf [29] based 

software that employs the Rietveld refinement [30], and the crystallite size was calculated using 

the Scherrer equation [31].  

Textural characterization was performed by N2 physisorption at -196 ºC, using an Autosorb IQ 

gas sorption analyser from Quantachrome. Analysis was performed using approximately 0.3 g 

of samples outgassed at 150 ºC under vacuum. The Brunauer-Emmett-Teller (BET) surface 
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area was determined using the multipoint BET method within the P/P0 interval 0.025-0.30. The 

total pore volume was obtained at P/P0=0.995. The Barrett-Joyner-Halenda (BJH) pore size 

distributions were calculated from the isotherm desorption branches.  

X-ray Photoelectron Spectroscopy (XPS) measurements of the samples were acquired on an 

Axis Ultra DLD spectrometer from Kratos. The powder samples were analysed as pellets using 

Al Kα radiation (1486.6 eV) at a power of 150 W, and the binding energy (BE) scale was 

corrected using the C 1s core level from adventitious carbon at 284.8 eV.  

The TiO2 and Au particle size was studied using electron microscopy. Scanning Electron 

Microscopy (SEM) images were recorded in a Nova NanoSem microscope from FEI Company 

operating at 5kV in field immersion mode and using secondary electrons and a Through the 

Lens Detector (TLD). High Angle Annular Dark Field Scanning Transmission Electron 

Microscopy (HAADF-STEM) images were taken using a JEOL 2010F TEM/STEM 

microscope operated at 200 kV with an electron probe of 0.5 nm and a camera length of 10 cm.  

2.3. Au/N-TiO2 photocatalytic activity 

First, the decolourization of methylene blue (MB) solution was employed to evaluate the 

photocatalytic activity of the different TiO2 particles under study. 10 mg of TiO2 particles were 

dispersed in 20 ml of water using an ultrasonic cleaner for 15 minutes and 200 µl of MB solution 

1 mM was added in order to get a MB concentration nearly 10-5 M.  The mixture was kept in 

the dark under vigorous stirring for 30 minutes to ensure the complete MB adsorption on TiO2 

before the test beginning. An Ultra Vitalux 300W lamp from Osram was placed above the 

solution providing an irradiance of 60 W/m2, measured using a PM100D power meter equipped 

with a detector S302C from Thorslabs. The UV-Visible spectra of the solution were recorded 

using the UV-2600 spectrophotometer at progressive irradiation times, after solid separation by 
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centrifugation. The degradation plots were represented using the Abs/Abs0 at 664 nm and the 

results were fitted to a first order rate equation, being the correlation coefficients higher than 

0.96, obtaining the corresponding rate constants. Additional tests using different illumination 

were carried out in order to study the effect of the wavelength employed. Irradiation of 15W 

fluorescent blacklight bulb lamp at 15 W/m2 and filtered irradiation of Ultra Vitalux lamp at 60 

W/m2 were employed. 

Next, selected particles were deposited on 10x5x0.4 cm glass plates according to a method 

previously reported [32]. These TiO2 coated glasses were employed for evaluating the NO 

photo-oxidation using the ISO 22197-1 standard [33], details of the system employed can be 

found in the literature [32,34]. The amount of NO and NOx removed and the NO2 generated 

were calculated employing the following expressions. 

𝑛𝑛𝑁𝑁𝑁𝑁 =
𝑓𝑓

22.4
� [𝑁𝑁𝑁𝑁]𝑖𝑖𝑖𝑖
𝑡𝑡𝑜𝑜𝑓𝑓𝑓𝑓

𝑡𝑡𝑜𝑜𝑜𝑜
− [𝑁𝑁𝑁𝑁]𝑜𝑜𝑜𝑜𝑡𝑡 𝑑𝑑𝑑𝑑 

𝑛𝑛𝑁𝑁𝑁𝑁2 =
𝑓𝑓

22.4
� [𝑁𝑁𝑁𝑁2]𝑜𝑜𝑜𝑜𝑡𝑡
𝑡𝑡𝑜𝑜𝑓𝑓𝑓𝑓

𝑡𝑡𝑜𝑜𝑜𝑜
 𝑑𝑑𝑑𝑑 

𝑛𝑛𝑁𝑁𝑁𝑁𝑥𝑥 = 𝑛𝑛𝑁𝑁𝑁𝑁 − 𝑛𝑛𝑁𝑁𝑁𝑁2 

Where nxx are the µmol of gas removed or generated, f is the normalized air flow in l/min (0ºC, 

101.3 kPa), toff and ton are the times of lamp switch off and on respectively, [NO]in is the supply 

NO air concentration in ppm, [NO]out is the NO air concentration at the reactor exit in ppm and 

[NO2]out is the NO2 air concentration at the reactor exit in ppm.   

Also, the selectivity to NO2 of the process was calculated as follows: 

% 𝑁𝑁𝑁𝑁2 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠 =   100 ·
𝑛𝑛𝑁𝑁𝑁𝑁2
𝑛𝑛𝑁𝑁𝑁𝑁
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In order to increase the amount of NOx removed during the test, the TiO2 coated glass samples 

previously tested were modified employing an alkali that promotes the elimination of HNO3 in 

the form of nitrates. Firstly, the samples were consciously rinsed with water to remove the nitric 

acid produced, then 2 ml of a Ca(OH)2 water dispersion (4 mg/ml) were deposited in each 

sample and finally, once dry, the NO photo-oxidation of samples was tested again.   

An alternative preparation method of TiO2 coated glass samples was employed to emphasize 

the photoactivity differences among the TiO2 particles under study. A first TiO2 layer was 

prepared on the glass surface according to the method previously employed, next 5 ml of a 

water dispersion containing 50 mg of Ca(OH)2 and 50 mg of TiO2 were deposited onto the first 

TiO2 layer. The resultant samples were employed to perform the photo-oxidation NOx tests.     

2.4. Integration of Au/N-TiO2 in a silica matrix, characterization and photocatalytic 

evaluation  

The TiO2 particles were mixed at 4% w/v with a silica precursor, TES40 WN (Wacker), an 

ethylsilicate oligomer that provides approximately 41% of silica upon complete hydrolysis, 

according to the procedure previously described [2]. The synthesized sols were designated 

preceding a letter S to the name of TiO2 particles that they contain. Immediately after the 

synthesis 15 ml of sols were disposed on Ø85 mm plastic Petri dishes and maintained at 

18±0.5 °C of temperature and 53±3 % of humidity. The spontaneous sol-gel transition took 

place overnight and the gels were dried at the same conditions until constant weight before their 

characterization and evaluation.  

The UV-Visible spectra and nitrogen physisorption isotherms of the xerogels were obtained 

using the methodology previously described. In this case, the pore size distributions were 

calculated fitting the results of adsorption branches to a hybrid NLDFT (non-local density 
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functional theory) approach [35], a model considering that nitrogen adsorption on silica with 

cylindrical pores was employed. 

The powdered xerogels were employed to perform the MB degradation test previously 

described. The following modifications were done: 50 mg of xerogel was employed, MB 

concentration was nearly 5·10-5 M, the MB solution and xerogels were stirred during 1 hour 

before the irradiation, and 100 W/m2 non-filtered irradiation of Ultra Vitalux lamp was 

employed. 

For testing the xerogels, the NO degradation procedure was modified respect to that employed 

for particle evaluation. 2 g of powdered xerogel were disposed in a 15x1.8x0.2 cm cavity of an 

acrylic resin semi-cylinder and placed into a tubular (2.2 cm inner diameter) quartz reactor, (see 

diagram in Figure S1 in the supplementary information). The air was bubbled by a gas-washing 

bottle containing demineralised water in order to provide humidity to the air. The air was mixed 

with NO to obtain a 1000 ml/min flow with a 3 ppm NO concentration that was sent to the 

reactor.  The sample was irradiated at 25 W/m2 using two 15W daylight fluorescent light tubes. 

The NO and NOx concentrations were measured using a NGA 2000 model chemiluminescence 

CLD NO/NOx analyser module from Emerson-Rosemount Analytical. The sample was 

irradiated for a short period and the NO conversion and selectivity towards NO2 were defined 

using the average concentrations according to the following equations: 

% NO conversion = 100 ·
[NO]in − [NO]out

[NO]in
 

% Selectivity = 100 ·
[NO2]out

[NO]in − [NO]out
 

where [NO]inlet represents the concentration of NO in the feedstream and [NO]outlet and 

[NO2]outlet are the concentration of NO or NO2 in the outlet stream, respectively. 
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3. Results and discussion 

3.1. Au/N-TiO2characterization 

As well known, low amounts of P25 and P90 fill large volumes and they easily float in the air 

due to their low density. After the synthesis, the P25 and P90 particles showed a drastic 

compaction multiplying their density by 6.5 (Table 2) whereas the density of VP, initially 

compacted in a granulated form, was only increased by 25%. It should be highlighted that the 

primary particles (P25 and P90) are significantly agglomerated during the synthesis process.  

Table 2. Properties of synthetized particles 

Sample Density 
(g/cm3) 

Au loading 

(wt%) 
Band Gap 

(eV) 
Phase 

contenta (%) 
Crystallite 
sizea (nm)  

SBET 
(m2/g) 

Vpore 

(ml/g) 

P25 0.12 n.a. 3.32 [82.8](17.2) [21.3](31.2) 53 0.247 

N-P25 0.79 n.a. 3.16 [83.4](16.6) [22.0](32.7) 49 0.461 

Au/N-P25 0.78 0.47±0.02 3.14 [82.5](17.5) [21.7](32.7) 61 0.488 

P90 0.13 n.a. 3.27 [88.1](11.9) [13.8](21.3) 97 0.690 

N-P90 0.83 n.a. 3.14 [88.9](11.1) [12.5](18.7) 99 0.443 

Au/N-P90 0.82 0.51±0.01 3.11 [88.6](11.4) [12.4](21.2) 108 0.446 

VP 0.67 n.a. 3.11 [81.1](18.9) [21.3](31.8) 50 0.607 

N-VP 0.85 n.a. 3.13 [82.6](17.4) [21.1](32.2) 51 0.469 

Au/N-VP 0.85 0.47±0.02 3.13 [80.9](19.1) [21.5](31.3) 54 0.512 
a[Anatase](Rutile)  

The ICP analysis revealed that the gold content was 0.47% for P25 and VP and 0.51% for P90, 

which represents a synthesis yield of 75 and 82 %, respectively. It is remarkable that P25 and 

VP, with the same surface area, showed the same gold content and P90, with higher surface 
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area, showed a slightly higher value. This confirms that the amount of gold deposited can be 

related with the TiO2 surface area. 

The TiO2 colour was also modified after the synthesis. Specifically, the nitrogen doped particles 

showed a slightly yellowish colour whereas the particles containing gold had an intense purple-

blue colour that confirmed the AuNPs presence (see Figure S2). The UV-Visible spectra of the 

particles under study (Figure 1) confirmed a slightly increase of visible absorption for N-TiO2 

particles. This low increase indicated that the amount of nitrogen incorporated to TiO2 was 

below 1 % [36], but it has been demonstrated that a low nitrogen concentration can promote the 

trapping of photogenerated charge carriers [37], which is essential to enhance the TiO2 

photoactivity. On the other hand, the Au/N-TiO2 particles had a considerable visible absorption 

with a band centred at 550-560 nm due to the localized surface plasmon resonance (LSPR) 

effect of AuNPs [38], this band being more intense for Au/N-P90 due to its higher gold content, 

as previously discussed. The band gap values calculated for P25 and P90 were around 3.3 eV 

(Table 2), which is close to the value for anatase (3.2) and also to those calculated by other 

authors [39–42].  The nitrogen doping produced a reduction of nearly 0.15 eV because the 

nitrogen introduces new energy levels in the TiO2 at higher energy than the valence band [14]. 

The presence of AuNPs also produced a slightly decrease of the band gaps values. VP particles 

showed a lower band gap value than P25 and P90 but it was not modified after nitrogen doping 

or AuNPs addition. 
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Figure 1. UV-Visible spectra of particles under study. 

The XRD patterns (Figure S3 in the supplementary information) revealed that the starting 

titania samples are composed of anatase and rutile and no modification of the diagrams were 

observed after the synthesis performed. In particular, no gold peaks were observed due to the 

low size and concentration of AuNPs. Comparing the different particle series, the P25 and VP 

patterns were nearly identical, as a result of VP being an agglomerate of P25 primary particles. 

Regarding to P90, they showed wider peaks related to their lower particle size. The unchanged 

patterns after synthesis indicate that the low temperature calcination did not bring about the 

phase transformation from anatase to rutile nor induced the growth of the particles. The phase 

analysis reported anatase/rutile relations that nearly matched the values indicated by the 

manufacturer (see Table 2). The anatase crystallite sizes calculated for the different particles 

were nearly the same as those of the primary particles provided by the manufacturer (Table 2). 
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The rutile crystallite sizes were in all cases around 50% higher than the corresponding ones for 

anatase.   

All samples showed nitrogen physisorption isotherms (Figure 2) of type IV(a), most of them 

with hysteresis H3-type, except N-P90 and Au/N-P90 with a nearly H1 hysteresis [43]. H3 

hysteresis is characteristic of a mesoporous solid with a wide pore distribution containing 

macropores, whereas H1 is characteristic of mesoporous materials composed by a compact 

particle agglomeration [43,44]. These porous structures agreed with the pore size distributions 

obtained and illustrated in Figure 2. This different behaviour for P90 highlights a clear trend to 

agglomeration associated to their lower particle size. In addition, it is important to remark that 

P25 and P90 isotherms and their corresponding pore size distributions considerably changed 

after the synthesis. By the other hand, the isotherm profiles and pore size distributions for N-

TiO2 and Au/N-TiO2 are practically identical for the three titania samples studied, confirming 

the absence of textural differences due to the gold inclusion.  

Regarding their textural parameters (Table 2), the pore volume had the same trend than the 

isotherms and pore distributions and it was notably altered after the synthesis, but the surface 

area was not affected and it corresponded with the values determined by the manufacturer. 

These evidences indicate that the changes are not produced by the chemical modification of the 

particles; otherwise a physical alteration promoted by the particles agglomeration during the 

synthesis procedure is the probably responsible of the changes in the physisorption behaviour. 

The unaltered surface area indicates that the size of primary TiO2 particle was not modified, as 

evidenced by XRD. The particle agglomeration was previously confirmed by the density 

measurements. The particles compaction reduced the interparticle size increasing the amount 

of mesopores, as it is observed in the pore size distribution. In fact, after the synthesis P25 

particles showed isotherms and pore size distribution very similar to the corresponding ones for 
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VP, the commercial agglomerated form of P25. In the case of P90 the tendency toward the 

agglomeration was so intense that its isotherm became like the characteristic one for a 

particulate material showing a narrow mesoporous size distribution. On the other hand, the 

differences after the synthesis found in VP particles were not substantial, probably, due to fact 

that the particles were initially agglomerated. 

 
Figure 2. Nitrogen physisorption isotherms and BJH pore size distributions of the particles under study. 

The P25 particles series was chosen to be characterized by XPS and the obtained results are 

plotted in Figure 3. All samples clearly showed the titanium and oxygen signals corresponding 

to TiO2 and a carbon peak characteristic of adventitious carbon contamination.  The N-P25 and 

Au/N-P25 samples had small peaks of nitrogen confirming their presence in the samples; finally, 
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the weak gold signal of AuNPs was present in Au/N-P25 sample. The atomic composition of 

the samples was determined from these spectra and it is listed in Figure 3. The Ti:O relation 

was nearly the theoretical 1:2 relation corresponding to the ideal TiO2. The nitrogen content for 

N-P25 and Au/N-P25 was around 0.3 at%, confirming the UV-visible characterization results 

previously discussed Regarding the gold content, the 0.14 at% implies approximately a 1 wt% 

Au/TiO2, which is more than the double the concentration determined by ICP. These discrepant 

results are related to the different nature of the techniques; ICP is a bulk analysis of the entire 

sample whereas the XPS information is received from the sample surface, where AuNPs are 

located.  
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Figure 3. Results of XPS characterization for P25 particle series. Survey spectra with the corresponding at% 

composition obtained and high resolution spectra of representative core levels. 
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The high resolution spectra show that Ti and O core level peaks were slightly shifted to lower 

binding energies. Ti 2p3/2 and 2p1/2 appeared at 458.7 and 464.6 eV, respectively, for P25 and 

at 458.5 and 464.2 for N-P25 and Au/N-P25, respectively; O 1s was shifted from 529.9 eV for 

P25 to 529.7 and 529.8 for N-P25 and Au/N-P25, respectively.  These shifts take place when 

TiO2 is doped with nitrogen [16,45–48], and, specifically a shift of 0.2 eV has been previously 

observed for 0.3% N doped TiO2 [36]. Therefore, the observed shifts confirm that the detected 

nitrogen in our samples was integrated into the TiO2 structure chemically bonded. The nitrogen 

has lower electronegativity than the oxygen and its insertion in the TiO2 structure produces an 

electronic enrichment of titanium and oxygen. Next to the main oxygen peak, another weak 

signal appeared at around 532 eV like a shoulder in the tail of the main signal. The signals in 

this position are usually related to oxygen in organic matter contaminating the sample and the 

hydroxyl groups in the TiO2 surface. N 1s peaks commonly only appear in two well-differenced 

areas, near 396 or 400 eV, depending on the type of N doping. In the studied samples, it is 

difficult to determine the exact position of N 1s peaks due to the strong noise, but they are 

clearly positioned close to 400 eV. The signals in this position have been widely described as a 

consequence of the presence of nitrogen in interstitial positions in the TiO2 structure, specially 

oxidized nitrogen species [14,16,36,49–53]. Considering that the nitrogen compounds are 

easily oxidized and the samples were calcined in an oxidant ambient, it is reasonable that the 

samples incorporated oxidized nitrogen in interstitial position. Finally, the Au 4f7/2 peak is 

located at 82.7 eV that corresponds with Au0 because cationic gold species appear at B.E. values 

higher than 84 eV, the reference for metallic gold. The value lower than 84 eV means that 

AuNPs possessed negative charge due to an electronic transfer from TiO2 [6,54], confirming 

the electronic interaction between AuNPs and TiO2. Additionally, a 0.2eV shift of valence band 

was observed for Au/N-P25 and N-P25 particles (see Figure S4 in the supplementary 
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information) which was nearly identical to the band gap reduction determined from UV-Vis 

spectra.  

The images obtained from SEM are shown in Figure 4. All samples were composed by particles 

with polyhedral shapes. Regarding the size, most particles had a homogeneous size but some 

significantly bigger particles were observed. More precisely, the sizes of P25 and VP were 

commonly around 25 nm and 40-50 nm for the bigger ones. For P90, the medium size was 14 

and bigger particles around 25-35 nm were also observed. The sizes of small particles were 

very similar to the size provided by the manufacturer and the size determined by XRD for 

anatase crystal. Therefore, we can conclude that the most abundant particles correspond to 

anatase crystals whereas the biggest and scarce particles correspond to rutile crystals. No 

significant difference in TiO2 particle size or shape was observed after Au deposition, which 

agrees with the results above commented. Nevertheless, the SEM technique has allowed to 

detecting the presence of AuNPs in our samples (see insets in Figure 4).   

The AuNPs were easily observable through HAADF-STEM characterization (see Figure 5), 

they were abundant and well dispersed on TiO2. The AuNPs were small being the size mainly 

between 4 and 8 nm but slight differences in the size distributions were observed. The smallest 

AuNPs were present in Au/N-P25 with a size of 5.2±1.3 nm, whereas the size for Au/N-VP was 

6.1±1.5 and Au/N-P90 had the widest distribution with a size of 6.2±2.1nm and a considerable 

amount of AuNPs bigger than 10 nm. However, it is difficult to discern whether these small 

differences were due to the support employed or they were due to the variability of the synthetic 

procedure. These results explain the lower visible absorption of Au/N-VP compared with Au/N-

P25, the higher AuNPs size implies a lower number of AuNPs and the consequent reduction of 

the LRSP effect. 
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Figure 4. SEM images of commercial TiO2 particles and the corresponding Au/N-TiO2. The insets include the 

detail of a zone containing AuNPs (detected by its higher contrast). a) P25, b) Au/N-P25, c) P90, d) Au/N-P90, e) 

VP and f) Au/N-VP.  

 
Figure 5. HAADF-STEM images of the Au/N-TiO2 particles synthetized and their corresponding AuNPs size 

distributions. a) Au/N-P25, b) Au/N-P90 and c) Au/N-VP 
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3.2. Au/N-TiO2 photocatalytic activity 

In order to evaluate the photoactivity of the three photocatalysts series, MB degradation tests 

were performed. The results are plotted in Figure 6. For comparative purposes, the results for a 

blank test without any particle, P25 calcined at the same conditions employed in the synthesis 

and the Au/TiO2 reference catalyst from the World Gold Council (Au/TiO2WGC) were also 

included. This reference catalyst is prepared from P25 by DP method and it has a gold load of 

1.4% and an average AuNPs size of 3.7±1.5 nm [55,56]. The tests were carried out in oxidant 

conditions where the MB photobleaching takes place via its mineralization by O2 [57], thus the 

absorbance decrease was directly related to the photo-oxidation process. The results 

successfully fitted to a first order rate equation obtaining the rate constants compiled in Table 

3.  

 
Figure 6. MB photodegradation in the presence of the studied TiO2 particles under UV-Vis radiation. 
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Table 3. Rate constants obtained from the fitting of MB degradation results to a first order rate equation.  

Sample Rate Constant (h-1) 
UV-Vis UV Vis 

Blank 0.05 - - 
P25 0.86 2.70 0.03 

P25 calcined 1.69 - - 
N-P25 2.99 4.32 0.04 

Au/N-P25 3.94 6.12 0.24 

P90 1.63 - - 
N-P90 2.44 - - 

Au/N-P90 3.62 - - 
VP 0.81 - - 

N-VP 2.27 - - 
Au/N-VP 3.09 - - 

Au/TiO2WGC 2.81 - - 
 

In the absence of photocatalyst, a very small MB concentration decrease was observed, thus the 

MB photolysis contribution was negligible as compared with the MB photodegradation 

catalysed by TiO2. The lowest photoactivity corresponded to the unmodified commercial 

particles, being the highest for P90 due to their smaller size and greater surface area. However, 

it was observed that the MB degradation for P90 was decelerated after some minutes, probably 

due to the particles agglomeration during the test that produced clusters of higher size reducing 

the TiO2-solution contact. P25 and VP have the same surface area, but the MB degradation was 

slightly higher for P25. This difference is attributable to the granulated nature of VP that 

produced a worse dispersion in the solution. 

It is well known that a heat treatment can modify the photocatalytic properties of TiO2. For this 

reason, P25 particles were calcined under the same conditions employed in the synthesis in 

order to evaluate the effect of particle calcination in the MB photodegradation. The calcination 

produced an evident increase in the MB degradation rate of P25, the constant rate nearly 
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doubling that of the uncalcined particles. However, the previous particle characterization 

indicated that the soft heat treatment was not enough to produce changes in the morphology or 

phase composition of TiO2 particles. This behaviour has been previously observed and 

attributed to the transformation of amorphous TiO2 present in P25, which can reach the 13% of 

the sample [42,58,59], to anatase [39]. 

The nitrogen-doped particles showed a higher MB degradation rate than the undoped particles. 

The N-P25 degradation rate was also higher than that of the calcined P25, demonstrating that 

the nitrogen doping increases the particle photoactivity. The photocatalytic enhancement is due 

to two main factors: (i) the visible absorption increase, and the subsequent band gap decrease, 

as observed during the UV-Visible characterization, and (ii) the decrease of charge carriers 

recombination rate for the nitrogen-doped TiO2 [60]. As for the undoped particles, the N-P25 

rate was higher than the N-VP one, but the N-P90 rate was lower than that of N-P25 one. This 

decrease in N-P90 activity compared with the undoped particles is attributable to the particle 

agglomeration during the synthesis that made difficult its proper dispersion in the MB solution. 

Finally, the particles containing the AuNPs showed the highest MB degradation rates, 

confirming the role of AuNPs in the improvement of the TiO2 photocatalytic effect. The TiO2-

AuNPs contact modifies the energy levels and the charge transfer phenomena in TiO2 surface. 

Specifically, the AuNPs act as reservoir of photogenerated charge carriers and they equilibrate 

the Fermi level, resulting in a diminution of electron-hole pair recombination and a promotion 

of electron transfer process with the reactant species [61–63]. Additionally, the LSPR effect of 

the AuNPs enhances the TiO2 photoactivity under visible radiation [64]. The major mechanism 

taking place is the TiO2 sensitization, the AuNPs electrons are excited when they receive visible 

radiation and they get enough energy to be injected in the TiO2 conduction band triggering the 
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TiO2 photocatalytic process [65]. In addition, other LSPR mediated processes that can enhance 

the TiO2 photoactivity have been proposed: 

(i) The excited AuNPs electrons colliding in the TiO2-Au contact area can have enough kinetic 

energy for promoting the TiO2 electrons to the valence band [66,67]. 

(ii) The LRSP excitation produces a local heating and the surrounding AuNPs can reach 

temperatures up to 100 °C favouring the photodegradation processes [68]. 

(iii) The LRSP increases the electric field around the AuNPs promoting the electron-hole pairs 

formation [69].  

By comparing with Au/TiO2WGC, it is observed that the Au/N-TiO2 particles prepared 

according to our method were more active than the reference catalyst, even though the gold 

content of the prepared particles is nearly a third of that corresponding to the Au/TiO2WGC. 

The lower photoactivity of the reference catalyst can be attributed to the following facts:  

(i) The photoactivity enhancement produced by the nitrogen doping, which is not present in the 

reference catalyst. 

(ii) The reference catalyst is optimized for conventional catalysis where a small AuNPs size is 

desired because the AuNPs size increasing drastically reduces the catalytic activity. However, 

for photocatalytic applications there is no clear relationship between AuNPs size and activity 

[3,70]. The low size of reference catalyst AuNPs can be inadequate to enhance the TiO2 

photoactivity due to the attenuation and disappearance of LSPR [71–73] or because the Au 

energy levels are unsuitable for producing the Au-TiO2 energy transfer [6].   
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(iii) A higher gold content can be adverse favouring the electron-hole recombination [18,74] 

and, also, because the excess of gold can absorb the UV light reducing the amount available for 

the TiO2 [3,75]. 

The activity order among the synthesised Au/N-TiO2 particles was Au/N-P25>Au/N-

P90>Au/N-VP. The highest degradation for Au/N-P25 is related to the better TiO2 particle 

dispersion, which was previously mentioned, and its smaller and narrower AuNPs size 

distribution. Au/N-P90 showed a higher MB degradation rate than Au/N-VP due to its higher 

gold content. 

The P25 particles series was chosen to carry out additional MB degradation experiments under 

only visible or only UV light in other to elucidate the nature of the mechanism that enhance the 

efficiency of TiO2. The MB degradation curves are represented in Figure 7 and their 

corresponding constant rates are compiled in Table 3. 

 
Figure 7. MB photodegradation in the presence of the studied TiO2 particles under UV (left) and visible (right) 

radiation. 
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Under UV radiation, a progressive increase of MB degradation rate, in the order P25<N-

P25<Au/N-P25, was observed. This radiation can effectively activate the TiO2 but it is far away 

from the range of LSPR activation of AuNPs. Therefore, the TiO2 photoactivity enhancement 

was due to the electronic phenomena previously described. 

Under exclusively visible radiation, the MB degradation results were completely different, 

showing a considerable increase of MB degradation rate for the gold-containing sample. The 

filter cuts off the radiation with wavelength lower than 550 nm (see Figure S5 in the 

supplementary material), so the resultant visible light did not have enough energy to activate 

the TiO2 but it corresponded to the range of AuNPs LSPR absorption. In the absence of TiO2 

activation the slightly MB degradation observed for P25 and N-P25 can be explained as a result 

of a sensitization effect produced by the MB [76,77]. However, the MB degradation rate was 

six-folded when the AuNPs are present demonstrating that the TiO2 visible activation via 

AuNPs LSPR mechanisms took place in the Au/N-TiO2 particles prepared. These results also 

confirm that the contribution to MB degradation due to TiO2 visible sensitization by MB was 

negligible under UV and UV-visible radiation. 

Since the Au/N-P25 particles showed the best MB degradation results, the P25 particle series 

was chosen for the NO photodegradation evaluation, the results being shown in Figure 8, and 

the corresponding amounts of NO and NOx removed and NO2 generated being presented in 

Table 4. 
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Figure 8. NO (continuous line), NO2 (dotted line) and NOx (dashed line) concentration profiles during the NO 

photodegradation test for the glass samples coated with (from top to bottom) only a first layer of TiO2; first layer 

of TiO2 and second one of Ca(OH)2; and first layer of TiO2 and second one of TiO2+Ca(OH)2.   
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Table 4. Results of the NO photodegradation test for the different TiO2 coated glasses samples. 

Sample Particles 
NO removed NO2 generated NOx removed NO2 

selectivity 
µmol % µmol % µmol % 

TiO2 

P25 6.5 18.5 5.5 15.7 1.0 2.9 84.6% 

N-P25 8.9 25.2 7.7 21.9 1.2 3.3 86.8% 

Au/N-P25 11.5 32.1 10.1 28.2 1.4 3.9 87.7% 

TiO2 + 
Ca(OH)2 

P25 8.1 23.0 5.9 16.8 2.2 6.2 72.8% 

N-P25 8.3 23.4 6.3 17.9 1.9 5.5 75.9% 

Au/N-P25 8.7 24.2 6.6 18.5 2.0 5.7 75.9% 

TiO2 + 
(Ca(OH)2 
and TiO2) 

P25 14.0 38.7 9.2 25.5 4.8 13.2 65.7% 

N-P25 14.5 39.2 8.6 23.4 5.8 15.8 59.3% 

Au/N-P25 14.6 40.5 6.5 17.9 8.2 22.6 44.5% 

 

The NO photo-oxidation to HNO3 in the presence of TiO2 takes place following the consecutive 

reactions (1) to (3) [32]. 

4𝑁𝑁𝑁𝑁 + 𝑁𝑁2 + 2𝐻𝐻2𝑁𝑁
𝑇𝑇𝑖𝑖𝑁𝑁2�⎯� 4𝐻𝐻𝑁𝑁𝑁𝑁2  (1) 

4𝐻𝐻𝑁𝑁𝑁𝑁2 + 𝑁𝑁2
𝑇𝑇𝑖𝑖𝑁𝑁2�⎯� 4𝑁𝑁𝑁𝑁2 + 2𝐻𝐻2𝑁𝑁  (2) 

2𝐻𝐻2𝑁𝑁 + 4𝑁𝑁𝑁𝑁2 + 𝑁𝑁2
𝑇𝑇𝑖𝑖𝑁𝑁2�⎯� 4𝐻𝐻𝑁𝑁𝑁𝑁3 (3) 

Comparing with the initial results for the glass samples coated with a unique TiO2 layer, an 

evident increase in the amount of NO removed for N-P25 and Au/N-P25 was observed, which 

demonstrated the TiO2 photoactivity enhancement produced by the nitrogen doping and the 

AuNPs. However, although the NO conversion rise was reached, for depolluting purposes it is 

also relevant to study the amount of NO2 generated during the process, as the NO2 toxicity is 
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even higher than the NO one. NO2 is not only generated as a reaction intermediate but its 

formation is promoted as the HNO3 is accumulated in the TiO2 surface according to reaction 

(4) [32,78]. Finally, once enough HNO3 is produced, the process reaches an equilibrium 

condition where TiO2 acts as NO to NO2 converter as stated in equation (5) 

2𝐻𝐻𝑁𝑁𝑁𝑁3 + 𝑁𝑁𝑁𝑁
𝑇𝑇𝑖𝑖𝑁𝑁2�⎯� 3𝑁𝑁𝑁𝑁2 + 𝐻𝐻2𝑁𝑁 (4) 

2𝑁𝑁𝑁𝑁 + 𝑁𝑁2
𝑇𝑇𝑖𝑖𝑁𝑁2�⎯� 2𝑁𝑁𝑁𝑁2 (5) 

In this way, the samples started to release NO2 reaching its maximum concentration after a few 

minutes of irradiation producing a drastic increase in the concentration of total nitrogen oxides 

(NOx), resulting in a low net amount of NOx removed in the test. All the samples suffered this 

“deactivation”, because, although the amount of NO removed increased with the TiO2 

photoactivity enhancement, the amount of NO2 generated was also proportionally increased. 

As a result, high selectivities to NO2 and only slight increases in the percentages of NOx 

removed for N-P25 and Au/N-P25 were observed. This behaviour is frequently observed for 

TiO2 particles deposited on glass. Specifically, it has been stablished that the HNO3 produced 

is distributed homogeneously in the TiO2 surface and the amount of HNO3 to reach the 

saturation is proportional to the TiO2 surface area, 0.04 µmol of HNO3/mg or 0.5 molecules/nm2 

for P25 [78]. Based on these data, the amount of HNO3 necessary for P25 sample saturation 

would be exactly the amount of NOx removed in the test, 1 µmol. Thus, the nitrogen doping 

and AuNPs not only enhanced the TiO2 photoactivity, but also increased the tolerance to HNO3, 

0.048 µmol/mg or 0.58 molecules/nm2 for N-P25 and 0.056 µmol/mg or 0.67 molecules/nm2 

for Au/N-P25. 

In order to make evident the differences in NOx removal activity of the particles under study, 

Ca(OH)2 was employed to produce alkaline conditions that promote the elimination of HNO3 
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in the form of nitrates. A first attempt involved depositing a Ca(OH)2 layer on the TiO2 coated 

glass samples. The amount of NO2 generated for these samples was lower than that 

corresponding to the first samples and subsequently the amount of NOx removed was increased. 

However, the amount of NO removed for N-P25 and Au/N-P25 was also reduced, no 

differences in NOx removal activity were observed between the samples, and the NOx 

concentration continued increasing quickly after a few minutes of irradiation. The amount of 

Ca(OH)2 added was enough to react with all the HNO3 produced in a total NO conversion, so 

the HNO3 was not effectively removed in these samples. Probably, the elimination of HNO3 

only took place in the zone of contact of TiO2 and Ca(OH)2 layers and the new top layer made 

difficult the NO diffusion to TiO2, producing the decrease of NO conversion observed for N-

P25 and Au/N-P25. In order to promote the TiO2-Ca(OH)2 contact, new samples were prepared 

depositing simultaneously TiO2 and Ca(OH)2 on the initial TiO2 layer. These samples showed 

the highest NO removal activity but only slight increases in the amount of NO removed were 

observed for N-P25 and Au/N-P25 in comparison with P25. However, the amount of NO2 

generated was significantly reduced for N-P25 and especially for Au/N-P25, resulting in an 

increase in NOx removal activity and a reduction of selectivity to NO2. The nitrogen doping 

increased by 20% the amount of NOx removed for P25 sample due to the photoactivity 

enhancement. On the other hand, Au/N-P25 increased it by 70%, which was not only due to the 

TiO2 photoactivity enhancement caused by TiO2 but also to the fact that the AuNPs participate 

in the process, adsorbing the NO on its surface and promoting its oxidation [2,79].  

3.3. Integration of Au/N-TiO2 in a silica matrix, characterization and photocatalytic 

evaluation  

The xerogel containing the Au/N-TiO2 particles showed an absorption in the visible range 

(Figure 9) shaped like the one previously observed for the isolated particles (Figure 1), 
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demonstrating that the AuNPs were not modified during the sol-gel synthesis process. Another 

relevant fact observed was the reduction of UV absorption associated to TiO2 for the xerogels 

containing the N-TiO2 and Au/N-TiO2 particles. This reduction in the xerogel TiO2 content was 

due to a small fraction of N-TiO2 and Au/N-TiO2 particles non-dispersed in the silica sol during 

the synthesis. The worse dispersion is related to the higher agglomeration of the synthetized 

particles as previous mentioned. Indeed N-P90 and Au/N-P90, that reported the highest 

agglomeration, presented the lowest UV absorption in the spectra.  

 
Figure 9. UV-Visible spectra of the xerogels under study. 

Figure 10 compiles the nitrogen isotherms obtained for the xerogels. They were of type IV(a) 

with hysteresis that presented parallel branches almost vertical, classifiable as H1 [43]. This 

type of isotherm is characteristic of solids with cylindrical mesopores of uniform size, such us 

zeolites, ordered silicas or controlled porous glasses. The non-total verticality of hysteresis 

branches can be attributable to xerogels having wide pore size distributions (see Figure 10). 

Evident differences were observed for the P25 and P90 series between the xerogels containing 
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the pristine titania particles and those after the synthesis performed. By contrast, the isotherms 

of the materials prepared from VP particles series were practically overlapped. These 

differences can be attributed to the TiO2 particle agglomeration that modifies how TiO2 is 

distributed in the matrix. The same behaviour was observed for the pore size distribution. It 

should be emphasized that all xerogels containing the synthetized particles exhibited a similar 

double size distribution centred at 2.5 and 12 nm. Regarding the textural parameters (see Table 

5), all xerogels prepared using the synthetized particles showed similar total pore volume values 

and the particles of P90 and VP series had specific surface areas significantly higher than P25 

series, due to the presence of micropores.  

 
Figure 10. Nitrogen physisorption isotherms and NLDF pore size distributions of the xerogels under study. 
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Table 5. Textural properties and main results obtained in the MB and NO photodegradation tests using the prepared 

photocatalysts. 

Sample SBET 

(m2/g) 
Vpore 

(cm3/g) 
Rate 

Constant (h-1) 
% NO 

conversion 
% NO2 

selectivity 

SP25 278 0.473 0.75 32.3 18.6 
SN-P25 289 0.463 1.07 43.3 16.2 

SAu/N-P25 310 0.464 1.40 56.0 3.6 

SP90 219 0.421 0.59 13.7 22.0 
SN-P90 365 0.485 0.69 26.3 15.2 

SAu/N-P90 365 0.466 0.87 37.7 4.4 

SVP 394 0.510 0.68 22.3 19.6 
SN-VP 403 0.508 0.99 36.7 16.4 

SAu/N-VP 415 0.489 1.27 46.0 4.3 
 

The MB photodegradation test in the presence of the powdered xerogels (see Figure 11 and 

Table 5) demonstrated that the TiO2 photoactivity was preserved after its integration in the silica 

matrix. The obtained results were similar to the previous ones for the TiO2 particles, observing 

the obvious photoactivity enhancement induced by the nitrogen doping and the AuNPs. 

Comparing the different starting TiO2 particles, it was observed that P25 series showed the best 

results whereas P90 series showed the lowest MB degradation rates. These results contrast with 

the previous ones obtained for similar TiO2/SiO2 photocatalysts prepared with the same 

particles [80]. The highest activity of TiO2/SiO2 photocatalysts containing VP particles (named 

AP in the previous work) can be attributed to two main factors:  

(i) The photocatalyst containing VP particles showed higher surface area and pore volume than 

that containing P25. Both parameters are factors that promote the photoactivity [81]. 

(ii) Not all P25 batches are equal, differences in phase composition and morphology of particles 

can be found between different batches of the manufacturer [82], thus, a more active batch can 

have been employed in the present work.  
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Figure 11. MB photodegradation in the presence of the TiO2 particles integrated in a silica matrix under UV-Vis 

radiation. 

Figure 12 shows a selection of the nitrogen oxides concentration profiles measured during the 

NO photodegradation tests. It was noticed that the “deactivation” observed for the TiO2 coated 

glasses did not take place under the experimental conditions employed in this case. The short 

time of analysis and the high amount of photocatalyst employed ensured that the effect of the 

acid nitric produced in the process was negligible. In spite of the short times, the NO conversion 

values (see Table 5) showed the enhancement caused by the nitrogen doping and the AuNPs 

and differences between the different particles, as previously observed for the MB. Finally, an 

evident decrease in the NO2 selectivity was observed when the AuNPs were included in the 

photocatalysts.  



 

161 
 

One-pot synthesis of Au/N-TiO2 photocatalysts for environmental 
applications: enhancement of dyes and NOx photodegradation 

 

These results confirmed that once integrated in the silica matrix the Au/N-P25 particles 

preserved their better performance, demonstrating that P25 is the most suitable starting material 

for this synthesis.  

 
Figure 12. NO (continuous line), NO2 (dotted line) and NOx (dashed line) concentration profiles during the NO 

photodegradation test for the xerogels containing the P25 series particles.  

4. Conclusions 

Au/N-TiO2 photocatalysts with enhanced photoactivity have been obtained by means of a 

simple and innovative one-pot synthesis based in the deposition-precipitation method using 

urea that allows to promote two synergic approaches: (i) nitrogen doping of TiO2 and (ii) 

AuNPs deposition onto TiO2. The obtained results confirmed that both nitrogen and AuNPs 

enhanced the TiO2 photoactivity, but only AuNPs enabled the photoactivity under visible light. 

In addition, both components increased the NO photodegradation but only AuNPs improved 

the selectivity of the process.  
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The characterization studies demonstrated that the starting TiO2 particle size and its phase 

composition are not altered by the preparation method, but the texture of the final product is 

substantially modified as far as the titania particles are agglomerated and compacted. This 

compaction was especially important for P90 particles and minor for VP particles due to their 

initial agglomerated state.   

The Au/N-P25 particles showed the highest photoactivity because they had the lowest and 

narrowest AuNPs size distribution and they were less agglomerated than the other ones. P90 

was the most active of the pristine TiO2 particles but the photocatalysts prepared with them 

showed low activities due to their tendency to particles agglomeration.  

The particles integrated into a silica matrix preserved their photocatalytic properties allowing 

their potential use in environmental remediation applications as demonstrated by the dye 

removal and NO depolluting tests. 
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Figure S1. Diagram of xerogel samples disposition on quartz reactor, a) cross section, b) longitudinal section.  

 
Figure S2. Photographs of P25 particle series. 

 
Figure S3. XRD patterns of the samples under study.  
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Figure S4. Detail of valence band in XPS spectra of P25 particle series. 

 
Figure S5. Transmittance spectrum of light filter employed for MB degradation test under visible light compared 

to the absorbance spectra of Au/N-P25 particles. 



 

 
 

 

  



 

 
 

 



 

Chapter 7 

Use of Au/N-TiO2/SiO2 photocatalysts in building materials 

with NO depolluting activity 

7.1. Introduction .................................................................................. 180 

7.2. Experimental ................................................................................ 183 

7.3. Results and discussion.................................................................. 187 

7.4. Conclusions ................................................................................... 200 

7.5. References ..................................................................................... 201 

7.6. Supplementary materials ............................................................ 209 

 

  



 

 



 

179 
 

Use of Au/N-TiO2/SiO2 photocatalysts in building materials with NO 
depolluting activity 

 

Use of Au/N-TiO2/SiO2 photocatalysts in building materials with NO 

depolluting activity  

Sent to Journal of Hazardous Materials 

Manuel Lunaa, José M. Gaticab*, Hilario Vidalb, María J. Mosqueraa** 

aDepartamento de Química Física, Universidad de Cádiz, Puerto Real 11510, Spain 

bDepartamento C.M., I.M. y Química Inorgánica, Universidad de Cádiz, Puerto Real 11510, 

Spain 

Corresponding authors: *josemanuel.gatica@uca.es; **mariajesus.mosquera@uca.es 

 

Highlights 

New Au/N-TiO2/SiO2 photocatalysts for building materials with NO depolluting activity 

The TiO2/SiO2 ratio of the coating is directly related with its photo-activity 

The AuNPs considerably improve the performance of nitrogen-doped TiO2 

The substrate determines the photoactivity of the coated building material 

Photoactivity, price and aesthetic impact can be balanced in the building material 

 

mailto:josemanuel.gatica@uca.es
mailto:mariajesus.mosquera@uca.es


Chapter 7 
  

180 
 

Abstract 

Two factors are key in the designing of a TiO2 photocatalyst for building materials that meets 

the requirements for environmental applications: the TiO2 light absorption restricted to UV and 

its poor adhesion to the substrates.  In this work, two strategies of TiO2 modification, nitrogen 

doping and AuNPs deposition, were combined in order to promote the TiO2 photoactivity under 

solar radiation. By the other hand, the Au/N-TiO2 photocatalysts were incorporated in a silica 

sol allowing their application by spray on three different building material substrates (limestone, 

granite and concrete), where the sol spontaneously produced Au/N-TiO2/SiO2 well-adhered 

coatings. The samples photoactivity was evaluated by dye degradation tests and NO depolluting 

measurements. The obtained results demonstrated that the AuNPs considerably enhanced the 

photoactivity of N-TiO2, increasing the amount of NOx removed by a factor of 1.5. In addition, 

the role of the substrate and the TiO2/SiO2 ratio of the coating were also investigated. The 

coatings practically triplicated their depolluting effectiveness on concrete in comparison with 

their application on limestone. A direct correlation between the TiO2 loading and the 

photoactivity was observed, increasing NOx abatement by a factor of 1.3 when the Au/N-TiO2 

loading of the coating was raised from 10 to 25% 

Keywords: photocatalyst; NO de-pollution; Au-N-TiO2/SiO2; buildings materials 

1. Introduction 

TiO2 is an efficient and polyvalent photocatalyst that has been implemented for a wide variety 

of applications related to energy and environment [1]. Specifically, the TiO2 can be employed 

on building materials in order to get materials with self-cleaning, self-sterilizing or de-polluting 

properties [2], thanks to the same fundamental mechanism. Briefly, the TiO2 light irradiation 

induces the formation of electron-hole pairs that can react with water or oxygen for producing 
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highly reactive radicals, which are able to degrade a wide range of organic and inorganic 

compounds [3]. However the TiO2 effectiveness for building materials applications is restricted 

due to its absorption of light mainly located in the UV range which is scarce in both outdoor 

(solar light) and indoor (common visible lamps) conditions. Important efforts have been 

undertaken in order to resolve this drawback using different strategies of TiO2 modification, 

such as metal deposition, doping or dye sensitization, among others [4].  Each TiO2 

modification causes specific changes in the TiO2 but there are two main mechanisms 

responsible of TiO2 photoactivity enhancement. 

(1) The new elements incorporated to TiO2 act as traps for the photogenerated charge 

carriers reducing the electron-hole pair recombination rate [5]. The higher lifetime 

electron-hole pairs increase the chance that they can react with the species involved in 

the process enhancing the photoprocess yield. 

(2) The resultant photocatalysts have absorption in the visible range allowing the visible 

light activation of TiO2. In the case of dopants, they are integrated in the TiO2 modifying 

their composition and electronic structure, which induces a reduction of band-gap 

energy [6]. Other components, such as noble metal nanoparticles or organic dyes, absorb 

visible light by themselves and transfer their excited electron to the TiO2 initiating the 

photoprocess [7,8]. 

In this sense, nitrogen has been proposed for its incorporation to the TiO2 structure producing 

N-TiO2 photocatalysts with enhanced photoactivity due to the reduction of electron-hole pairs 

recombination and the increase of visible light absorption [9]. By the other hand, the use of gold 

nano-particles (AuNPs) has been reported to significantly promote the TiO2 performance, 

acting in several ways: (1) They also reduce electron-hole pairs recombination [10]; (2) Their 

localized surface plasmon resonance (LSPR) effect triggers different mechanisms that promote 



Chapter 7 
  

182 
 

the photoactivity under visible light, TiO2 sensitization being the main mechanism [11]; (3) 

Gold also shows catalytic properties by itself that can promote certain photodegradation 

mechanism [12], as reported for NOx photo-oxidation [13]. The combination of both, nitrogen 

and gold, produces Au/N-TiO2 photocatalysts, whose activity is higher than that corresponding 

to N-TiO2 or Au/TiO2 photocatalysts alone [14–16].  

Regarding the TiO2 photocatalysts integration on building materials, they can be directly 

incorporated during their preparation, as in the case of tiles, mortars and concrete [17–20]. 

However, these methods are unsuitable for application on existing structures and thus, other 

strategies such as the photocatalyst dispersion in water or a solvent are commonly employed 

for in situ applications. The resultant coatings after the solvent evaporation show a suitable 

performance, but they are composed by an agglomeration of particles that can be easily 

detached by the weathering [21]. The use of a binder can mitigate this problem, being silica the 

ideal candidate because it has chemical affinity for the common building materials and has large 

surface areas for promoting the  photocatalytic effect [22–25].  

The photocatalysts developed in this work are based on the integration of a previously 

optimized Au/N-TiO2 nano-material [26] in a sol-gel synthesis that has been recently reported 

to be effective for the treatment of building materials [27–29]. This method presents several 

advantages: (1) The obtained sols have low viscosities and consequently, they can be applied 

in situ on building by common and low cost application methods; (2) the sols penetrate in the 

porous structure of the substrate and spontaneously gel producing well-adhered coatings; (3) A 

surfactant, n-octylamine, integrated in the sol allows the formation of a crack-free mesoporous 

material by an inverse micelles mechanism [30]. As far as we know, there are no previous 

reports in the use of an advanced titania-based formulation employing both gold and nitrogen 

doping for application as an effective depolluting coating for building materials.  
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The Au/N-TiO2/SiO2 photocatalysts were here applied as sols on three different widespread 

used building substrates (limestone, granite and concrete) in order to evaluate their 

effectiveness in the degradation of deposited dyes and NOx abatement. In parallel, a deep 

investigation of texture and structure of the developed photocatalysts and the coated substrates 

were carried out in order to stablish a relationship with their performance. 

2. Experimental 

2.1. Au/N-TiO2/SiO2 photocatalysts synthesis and application on building materials 

Aeroxide P25 particles from Evonik were employed as TiO2 starting material. 100 ml of P25 

water dispersion (6 g/100 ml) were prepared in a ultrasonic cleaner for 10 minutes and they 

were mixed under vigorous stirring with 100 ml of KAuCl4 solution (1.9 mM) and 100 ml of 

urea solution (75% w/w urea/H2O). The slurry was maintained under stirring and heated at 

80 °C for 2 hours, and after that it was centrifuged and washed with water several times. The 

obtained solid was dried at 100 °C overnight and, finally, calcined at 273 °C for 4 hours in order 

to obtain the Au/N-TiO2 particles. The procedure was repeated replacing the KAuCl4 solution 

by water in order to get the corresponding nitrogen doped TiO2 particles named N-TiO2. The 

synthesis of these materials was designed according to our previous optimization study [26]. 

The prepared Au/N-TiO2 and N-TiO2 particles were mixed with a silica precursor, TES40 WN 

(Wacker), an ethylsilicate oligomer that provides approximately 41% of silica upon complete 

hydrolysis, according to a procedure previously described [13]. The amount of Au/N-TiO2 (or 

N-TiO2) particles added to the synthesis was adjusted in order to obtain TiO2/SiO2 ratios in the 

final photocatalysts of 2.5, 10 and 25 wt.%. For the synthesis of the sol with the highest TiO2 

content, the silica oligomer was replaced by a TES40/isopropanol (2:1 v/v) mixture, in order to 

prevent an excessive sol viscosity. The sols were designated SXAu/N-TiO2 or SXN-TiO2, 
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where X refers to the TiO2/SiO2 ratio in the final photocatalyst. For comparative purposes, an 

additional photocatalyst without titania nitrogen-doping denominated as S10Au/TiO2 was 

prepared, as previously described [13], using preformed AuNPs and P25 particles. After the 

synthesis 15 ml of sols were disposed on Ø85 mm plastic Petri dishes and maintained at 

18±0.5 °C of temperature and 53±3 % of humidity. The spontaneous sol-gel transition took 

place overnight and the gels were dried at the same conditions until constant weight before their 

characterization.  

Three different building materials, widely employed in construction for facade facing, 

pavements and wall covering, whether indoor or outdoor, were chosen as substrate for 

evaluating the photocatalysts under study: (1) Capri limestone, a stone quarried from Cabra 

(Spain) composed by calcite and with an open porosity of 9-12%; (2) Granite Grey Pearl, a 

stone quarried from Meis (Spain) that has an open porosity lower than 1%; and (3) HERPLAC® 

concrete, a glass fibre reinforced concrete (GFRC) board composed by an agglomerate of 

aggregates of dolomitic and limestone aggregates of 0.1 to 6 mm and Portland cement CEM I 

52.5R, vibro-compacted and armed with alkali resistant fiberglass manufactured by HERMESA 

STONE, S.L. This concrete presents an open porosity of around 10%. 

The sols were applied directly (without dilution) on 4x4x2 and 5x10x2 cm3 pieces of the 

building materials by spraying onto one of the larger faces until its saturation. The surface was 

maintained wet for 1 minute, the sol excess was removed by spraying air and the samples were 

weighed to calculate the uptake of the products. Finally, the treated stones were dried at 

18±0.5 °C and 53±3 % of humidity until constant weight (approximately after two weeks). 

These samples were named employing the name of the photocatalysts applied and a letter 

indicating the substrate, L (limestone), G (granite) or C (concrete). As an example S10Au/N-

TiO2/L indicates S10Au/N-TiO2 photocatalysts deposited on limestone. 
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2.2. Characterization 

The rheological properties of the sols were studied, immediately after the synthesis, using a 

viscometer (model DV-II+ with UL/Y adapter) from Brookfield operating at 25 ºC. The 

viscosities values were obtained as the slope of shear stress vs. shear rate curves in their ranges 

of Newtonian behaviour evaluated. 

The obtained photocatalytic xerogels were characterized using the following techniques:  

The UV–visible reflectance spectra were recorded on a UV-2600 spectrophotometer from 

Shimadzu equipped with an ISR-2600 integrating sphere, using BaSO4 powder as white 

reference. 

The N2 physisorption isotherms at -196 ºC were obtained using a Quantachrome Autosorb IQ. 

Approximately 0.3 g of sample, previously calcined at 200 ºC overnight and evacuated at 150 

ºC, were employed in the analysis. The corresponding pore size distributions were calculated 

using a hybrid NLDFT (non-local density functional theory) approach [31] considering the 

absorption of N2 on silica containing cylindrical pores. 

Scanning electron microscopy (SEM) images Au/N-TiO2/SiO2 photocatalysts were taken using 

a Nova NanoSEM model from the FEI Company, working at an acceleration voltage of 5 kV. 

Transmission electron microscopy and high angle annular dark field scanning transmission 

electron microscopy (HAADF-STEM) images of the Au/N-TiO2/SiO2 photocatalysts were 

recorded using a JEOL 2010F TEM/STEM microscope operated at 200 kV. 

The changes in stone colour induced by the treatments were determined by using a solid 

reflection spectrophotometer, Colorflex model, from HunterLab. The conditions used were 
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illuminant D65 and observer 10º. CIELa*b* colour space was used and variations in colour 

were evaluated using the total colour difference (ΔE*) parameter. 

SEM images of building materials samples were taken using the previously described 

microscope. 

2.3. Photocatalytic evaluation  

The photocatalytic properties of the treated building materials samples were evaluated through 

a methylene blue (MB) photodegradation test, according to the methodology previously 

described [24]. Specifically, 320 µL of a 0.5 mM ethanolic MB were deposited on the samples 

and the conditions in the solar chamber were 250 W/m2 of irradiance, 50 ºC of temperature and 

45±5 % of relative humidity. 

10x5x2 cm3 coated samples were employed for evaluating the NO photo-oxidation using the 

ISO 22197-1 standard [32], details of the system employed can be found in the literature [33,34]. 

The amount of NO and NOx removed and the NO2 generated were calculated employing the 

following expressions. 

𝑛𝑛𝑁𝑁𝑁𝑁 =
𝑓𝑓

22.4
� ([𝑁𝑁𝑁𝑁]𝑖𝑖𝑖𝑖 − [𝑁𝑁𝑁𝑁]𝑜𝑜𝑜𝑜𝑜𝑜)
𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝑜𝑜𝑜𝑜𝑜𝑜
 𝑑𝑑𝑑𝑑 

𝑛𝑛𝑁𝑁𝑁𝑁2 =
𝑓𝑓

22.4
� [𝑁𝑁𝑁𝑁2]𝑜𝑜𝑜𝑜𝑜𝑜
𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

𝑜𝑜𝑜𝑜𝑜𝑜
 𝑑𝑑𝑑𝑑 

𝑛𝑛𝑁𝑁𝑁𝑁𝑥𝑥 = 𝑛𝑛𝑁𝑁𝑁𝑁 − 𝑛𝑛𝑁𝑁𝑁𝑁2 

Where nxx are the µmol of gas removed or generated, f is the normalized air flow in l/min (0ºC, 

101.3 kPa), toff and ton are the times of lamp switch off and on respectively, [NO]in is the supply 
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NO air concentration in ppm, [NO]out is the NO air concentration at the reactor exit in ppm and 

[NO2]out is the NO2 air concentration at the reactor exit in ppm.   

Also the selectivity to NO2 of the process was calculated as follows:  

% 𝑁𝑁𝑁𝑁2 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠𝑠𝑠𝑠𝑠𝑑𝑑𝑠𝑠 =   100 ·
𝑛𝑛𝑁𝑁𝑁𝑁2
𝑛𝑛𝑁𝑁𝑁𝑁

 

3. Results and discussion 

3.1. Photocatalysts characterization 

A progressive increase of sol viscosity was observed as the TiO2 content was raised and no 

differences were detected between Au/N-TiO2/SiO2 and N-TiO2/SiO2 sols (see Table 1) The 

sol with the lowest TiO2 content had a viscosity value similar to that corresponding to 

commercial stone consolidant [35] Additionally, the use of isopropanol effectively reduced by 

a third the viscosity value of the sol containing the highest TiO2 amount compared with the 

equivalent without it [36]. However, the TiO2 sedimentation occurred faster for the sols 

containing the isopropanol. 

Table 1. Sol viscosities and textural parameters of the photocatalysts under study. 

Sample Viscosity (mPa·s) SBET (m2/g) Vpore (cm3/g)* 

S2.5N-TiO2 5.5 389 0.294 

S2.5Au/N-TiO2 5.7 384 0.275 

S10N-TiO2 7.3 250 0.241 

S10Au/N-TiO2 7.0 260 0.251 

S25N-TiO2 17.2 226 0.307 

S25Au/N-TiO2 15.8 244 0.292 

* total pore volume determined by nitrogen adsorption volume at P/P0 = 0.995 
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The first indication of the presence of AuNPs was the intense pink-purple colour of the Au/N-

TiO2/SiO2 photocatalysts that contrasted with the white colour of the N-TiO2/SiO2. This visible 

absorption revealed the localized surface resonance plasmon (LSRP) effect of the AuNPs whose 

absorption band is clearly visible in the UV-Vis spectra of the xerogels (Figure 1). The intensity 

of the LSRP band and the xerogels colour were increased as the amount of Au/N-TiO2 particles 

in the xerogel was raised. The strong absorption of TiO2 was localized in the UV region of 

spectra. The intensity of TiO2 absorption was significantly increased from the TiO2/SiO2 ratio 

of 2.5% to that of 10% but no differences were observed between 10% and 25% due to the 

spectra saturation. 

 
Figure 1. UV-Visible absorbance spectra of the photocatalysts under study. The absorbance spectra were obtained 

from the respective reflectance spectra. 

The porous structure of the photocatalysts was studied by means of N2 physisorption, obtaining 

the isotherms and corresponding pore size distributions shown in Figure 2. The plots for N-

TiO2/SiO2 are not represented because they practically overlap with those of the equivalent 
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Au/N-TiO2/SiO2 photocatalysts. All the samples showed type IV(a) isotherms with H2 

hysteresis loops, which are characteristic of mesoporous materials where there is pore blocking 

[37]. Comparing the isotherms, there was a gradual hysteresis transformation from H2(a) to 

H2(b) as the TiO2 content was raised, being both characteristic of ink-bottle pores. However, 

H2(a) hysteresis is observed when the desorption occurs via cavitation, suggesting that necks 

of the pores are much narrower than their bodies [38]. Therefore, the observed transition must 

be a consequence of the introduction of bigger TiO2 particles in the xerogels structure 

promoting the formation of bigger pores. This fact was effectively observed in the pore size 

distribution curves where there was a progressive disappearance of the micropores and small 

mesopores with a corresponding increase in the amount of bigger mesopores.  The most 

remarkable difference in the textural parameters (see Table 1) was the higher surface area for 

the photocatalysts with the lowest TiO2 content, which is related with their higher mesopore 

fraction. 

 
Figure 2. N2 physisorption isotherms and NLDFT pore size distributions obtained for the Au/N-TiO2/SiO2 

photocatalysts under study.  
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The SEM images (Figure 3.a-c) showed that the photocatalysts had rough and porous surfaces 

that contain particles corresponding to the TiO2. In the specific case of photocatalysts with the 

highest TiO2 content, large TiO2 particles agglomerates emerging on the surface were observed 

(Figure S1 in the supplementary material). The TEM images (Figure 3.d-f) revealed fine details 

about the photocatalysts nano-structure showing polyhedral crystalline TiO2 particles and 

smaller AuNPs, with the darkest contrast, that are integrated in an amorphous silica matrix 

composed by a compaction of poor-defined particles. The formation of SiO2 particles is a 

consequence of the role played by n-octylamine, promoting an inverse micelle mechanism [30]. 

This structure looked less compact as the TiO2 content was raised, which is related with the 

increase of bigger pores revealed by the N2 physisorption study. The Au phase was also detected 

being in contact with the TiO2 particles (Figure 3.g), which is fundamental to get an effective 

Au-TiO2 interaction via LSPR-mediated charge injection [39]. Finally, the STEM-HAADF 

images and their corresponding XEDS maps allowed studying the TiO2 distribution in the 

matrix (see Figure 3.j-o). First, as might be expected, the amount of TiO2 was higher as the 

TiO2/SiO2 ratio of the photocatalyst was raised. Regarding the TiO2 dispersion, it was 

homogeneous for the 2.5 and 10% TiO2/SiO2 ratios. On the contrary, the TiO2 was evidently 

agglomerated in the photocatalyst with the highest TiO2/SiO2, confirming the results previously 

observed by SEM. This TiO2 agglomeration can be a consequence of the isopropanol 

introduction in the sol, reducing the colloidal stability of TiO2 (as observed by the higher 

tendency to sedimentation). 
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Figure 3. Electron microscopy images of the Au/N-TiO2/SiO2 photocatalysts under study. SEM images of a) 

S2.5Au/N-TiO2/SiO2, b) S10Au/N-TiO2/SiO2 and c) S25Au/N-TiO2/SiO2. TEM images of d) S2.5Au/N-TiO2/SiO2, 

e) S10Au/N-TiO2/SiO2, f) S25Au/N-TiO2/SiO2, detail of g) Au and TiO2 particles, h) TiO2 and i) Au structure. 

STEM-HAADF images of j) S2.5Au/N-TiO2/SiO2, k) S10Au/N-TiO2/SiO2, l) S25Au/N-TiO2/SiO2 and m), n), l) 

their corresponding XEDS maps showing the TiO2 (red) and SiO2 (green) distribution.  



Chapter 7 
  

192 
 

3.2. Building materials samples characterization 

The sol uptake values (Table 2) were dependent on the substrate and sol viscosity, but not 

affected by the presence of gold. The uptake values for the granite samples were lower than the 

sensitivity of the balance because the sol could not penetrate in the non-porous structure and 

produced a thin layer on the polished surface. By contrast, the sol penetrated inside the porous 

substrates, limestone and concrete, producing higher uptakes. Regarding the effect of the sol 

viscosity, the uptake was reduced as viscosity was raised because the higher viscosity makes 

difficult the penetration inside the substrate porous structure. This photocatalysts penetration in 

the substrate was confirmed by observation of the cross section of the samples (Figure S2), 

being the penetration depth values compiled in Table 2. The lower penetration for concrete 

samples contrasts with their higher sol absorption. This anomalous behaviour can be related to 

the presence of big holes in the concrete, produced by air bubbles trapped into the cement paste 

during manufacturing process, which can accumulate large amounts of sol. 

Table 2. Uptake values, photocatalysts penetration and total colour difference (ΔE*) for the treated building 

materials samples. 

Sample Uptake (mg/cm2) Penetration (mm) ΔE* 

S2.5Au/N-TiO2/G <0.6 - 1.4 

S10Au/N-TiO2/G <0.6 - 2.5 

S25Au/N-TiO2/G <0.6 - 3.6 

S2.5Au/N-TiO2/L 11.4 7.2 2.4 

S10Au/N-TiO2/L 7.5 5.5 6.9 

S25Au/N-TiO2/L 6.0 5.0 13.5 

S2.5Au/N-TiO2/C 17.0 2.5 2.6 

S10Au/N-TiO2/C 14.4 2.0 7.1 

S25Au/N-TiO2/C 12.5 1.7 17.7 
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The SEM images of the building materials samples (Figure 4) showed that the photocatalyst 

produced a continuous and homogeneous coating that covered the original substrate surface. 

The absence of fractures in the coating demonstrates the role played by the n-octylamine to 

prevent the xerogel cracking [40] which promotes the adhesion, and the subsequent durability, 

of the coatings [41,42]. The higher magnification allows confirming that the coatings were 

constituted by an agglomeration of small particles corresponding to the silica particles produced 

via micelles inverse mechanism proposed for sols containing n-octylamine [30]. The TiO2 

particles of bigger size were especially present in the surface of the coatings with the highest 

TiO2 content. 

 
Figure 4. SEM images of the building materials samples, the images in the same row has the same magnification. 
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As might be expected, the colour changes of the substrates induced by the treatments (Table 2) 

were determined by two factors, the sol absorption of the substrate and the gold amount in the 

photocatalyst. In this way, the ΔE* values for the S25Au/N-TiO2/L and S25Au/N-TiO2/C 

samples were excessive, since this parameter can be relevant in certain applications where the 

material appearance should be preserved, being 5 the value generally accepted [43]. By 

comparison, the ΔE* values for the N-TiO2/SiO2 photocatalyst were in the range 1-2, being the 

characteristic colour of the AuNPs, which was completely different from the substrate colours, 

the responsible of this behaviour. In fact, the case of concrete and limestone samples was 

extreme due to their quasi-white colours being possible to restrict the colour change in 

substrates with other colours. For example, the application of the S10Au/N-TiO2 photocatalyst 

on grey concrete instead of white reduced the ΔE* value from 8.2 to 4.3. 

On the other hand, since the high price of gold, its impact on the cost of the catalysts was also 

evaluated. This cost associated to gold is directly related with the uptake values and the Au 

content in the sol, being in the range 0.01-0.07 €/m2 for the granite, 0.19-0.70 €/m2 for the 

limestone and 0.28-1.47 €/m2 for the concrete (estimate from the current market value of gold 

37 €/g). For comparison, the photocatalytic paint KEIM Soldalit®-ME [44] has a treatment cost 

of approximately 10 €/m2 considering its price and its typical consumption. Therefore, the 

developed treatments can be commercially viable, especially for low absorbent substrates and 

low TiO2/SiO2 ratios. In addition this cost can be further decreased reducing the sol uptake. 

Therefore, the amount of photocatalyst applied on the substrate can be reduced applying an 

only silica sol as a primer before the Au/N-TiO2/SiO2 sol application, this strategy can also help 

to mitigate the problems associated to the substrate colour changes. 
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3.3. Photocatalytic evaluation 

MB was employed for evaluating the photocatalytic properties of treated building material 

samples, being the results compiled in Figure 5. The MB deposited on untreated stones was 

degraded due to its own photolysis under UV radiation, as previously reported [45]. All 

treatments accelerated the MB degradation rate confirming that the TiO2 contained in the 

coatings provided photocatalytic properties to the substrates. In addition, the increase of TiO2 

content increased the coating performance. This behaviour was the expected since the TiO2 is 

the photoactive component of the nanocomposite. However, other photocatalysts parameters, 

such as their textural properties, also affect their photoactivity, as previously reported for 

TiO2/SiO2 coatings prepared using the same TiO2 ratios [36]. Therefore, the synthesis 

modification incorporating isopropanol allowed increasing the TiO2/SiO2 ratio of coating, 

which promoted its photoactivity. In the specific case of the limestone substrate the coatings 

with 25% TiO2/SiO2 ratio showed practically the same performance as the coatings with 10%. 

This anomaly is due to the fraction of MB dimer, which is slowerly degraded [24], being higher 

for the 25% TiO2/SiO2 coating (see Figure S3). Regarding the AuNPs inclusion, all the Au/N-

TiO2/SiO2 photocatalysts showed higher activities than the corresponding N-TiO2/SiO2 ones. 

This photoactivity enhancement was especially significant for S2.5Au/N-TiO2 that reached an 

activity comparable to the N-TiO2/SiO2 coating with a 10% TiO2/SiO2 ratio, and even a 25% 

ratio for the granite. These results confirmed the effectiveness of AuNPs for enhancing the TiO2 

photoactivity, allowing a good performance in spite of the reduction of the TiO2 loading. The 

AuNPs on the TiO2 surface act as reservoir of photogenerated electron-hole pairs, reducing 

their recombination and promoting their transference to the species involved in the 

photocatalytic process [46–48]. Additionally, the AuNPs LSPR can also enhance the TiO2 

photoactivity under visible radiation [11], being the TiO2 sensitization mechanism the most 

important one [49]. Finally, all the Au/N-TiO2/SiO2 coatings showed higher activity than the 
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Au/TiO2/SiO2 previously developed [13], being this fact related to: (1) the preparation method; 

the catalyst prepared using preformed AuNPs generally gives lower activities than those 

prepared from gold deposition methods [10]; (2) the AuNPs size, the small size implies a higher 

number of particles increasing the TiO2-Au contact and smaller particles shift the fermi level 

promoting the charge separation [46]; (3) the nitrogen doping promotes the TiO2 photoactivity 

for reducing the charge carriers recombination rate [50], producing a synergic effect with gold 

[16].  

 
Figure 5. Evolution of methylene blue absorbance on the building materials samples. 
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According to the MB degradation tests, selected samples were employed for testing their NO 

de-polluting properties, the obtained results being compiled in Figure 6 and Table 3. The 

photoactivity of the samples was evidenced by the immediate and sharp decrease in NO 

concentration, continuing with a slight increase during the test. Simultaneously, NO2 was 

generated causing that the NOx concentration maintains higher than the NO one. This 

apparently activity reduction is frequently observed for long duration tests [34], due to the 

HNO3 accumulation in the photocatalysts that promote the NO to NO2 conversion [51]. 

According to the measured NOx elimination percentages, two clear trends (which were in 

accordance with those resulting from the above commented MB degradation study) were 

observed.  Thus, the amount of NOx removed was increased as (1) the TiO2/SiO2 ratio was 

raised and (2) the AuNPs were included in the coating. This effect of AuNPs is not only a matter 

of the enhancement in TiO2 photoactivity induced by doping with AuNPs, but the gold can also 

activate the O2 and NO via adsorption mechanisms promoting the NO oxidation. Regarding the 

different substrates, the low activity of granite samples was related to the relatively low amount 

of photocatalyst deposited. On the other hand, the concrete samples showed the highest activity 

being the amount of NOx removed by them nearly 3 times that of the limestone samples. In 

addition to the higher amount of photocatalyst deposited in this substrate, this fact is attributable 

to its different acid-base behaviour. Both, limestone and concrete, have an alkaline nature but 

concrete basicity is higher and even the treated surfaces showed a pronounced basic behaviour, 

as demonstrated by a simple phenolphthalein test (see Figure S4 in supplementary material). 

The basic medium can promote the HNO3 elimination in the form of nitrates enhancing the 

amount of NOx removed. In this sense, the addition of an alkali, such as CaO, can be a viable 

strategy to optimize this type of photocatalysts for NOx removal applications. Finally, to put 

the obtained results in perspective, a previous study of Zouzelka and Rathousky [52] was 

employed for comparison. In that work the NOx photodegradation of concrete samples coated 
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with a P25-based photocatalytic paint was tested under the same conditions employed in the 

present work. Specifically, the samples had a TiO2 loading of 5 mg/cm2 and showed an initial 

NOx photodegradation rate of 176 µmol·m-2·h-1. By contrast, the initial degradation rate for the 

S25Au/N-TiO2/C sample, calculated from the first 30 minutes of test, was 344 µmol·m-2·h-1 

and its TiO2 loading was only 1 mg/cm2. Therefore, the developed Au/N-TiO2/SiO2 coatings 

practically duplicate the NOx depolluting performance of a common TiO2 coating reducing by 

a fifth the amount of TiO2 necessary, which demonstrates the potential of these photocatalysts 

for depolluting purposes.  

Table 3 Results of the NO photodegradation tests. 

Sample 
NO removed NOx removed % NO2 

selectivity µmol % µmol % 

S25N-TiO2/G 0.5 1.5 0.2 0.6 60.0 

S25Au/N-TiO2/G 1.7 6.0 0.6 1.9 70.6 

S10N-TiO2/L 2.4 6.4 0.9 2.3 62.5 

S10Au/N-TiO2/L 2.8 7.6 1.3 3.6 53.6 

S25N-TiO2/L 3.5 9.4 1.0 2.8 71.4 

S25Au/N-TiO2/L 5.3 14.3 1.7 4.5 67.9 

S10N-TiO2/C 3.8 11 2.0 5.9 51.4 

S10Au/N-TiO2/C 5.2 15.1 3.2 9.3 38.5 

S25N-TiO2/C 6.8 19.6 3.2 9.2 52.9 

S25Au/N-TiO2/C 8.5 24.5 4.2 12 51.7 

 



 

199 
 

Use of Au/N-TiO2/SiO2 photocatalysts in building materials with NO 
depolluting activity 

 

 
Figure 6. Evolution of NO (continuous line), NO2 (dotted line) and NOx (dashed line) concentration profiles during 

the NO photodegradation tests. 
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4. Conclusions 

Au/N-TiO2/SiO2 photocatalysts with potential use for building materials showing de-polluting 

performance have been obtained by using a sol-gel synthesis. Specifically, TiO2 particles doped 

with nitrogen and AuNPs were integrated in the synthesis, obtaining sols that can be applied on 

building materials by common procedures. The sols spontaneously gel on the building materials 

producing the Au/N-TiO2/SiO2 photocatalysts that cover the substrate surface, creating a 

photocatalytic coating. Three parameters that affect the coating performance were studied, 

obtaining the following conclusions. 

(1) The substrate in which the sols are applied determines the final characteristics of the 

treated materials. The substrate porosity affects strongly the sol absorption, higher 

amounts of photocatalyst enhance the photoactivity but also induce higher color 

variations of the substrates. The chemical composition of the substrate can also modify 

the sample activity. In this work it has been demonstrated that a substrate with a higher 

alkaline behavior like concrete promotes the NOx photodegradation.  

(2) The promoted-TiO2/SiO2 ratio of the coating is directly related to its activity. On the 

other hand, the sol viscosity is increased as the TiO2 loading is raised reducing the 

absorption and penetration in the substrate. In addition, a high TiO2/SiO2 ratio, as the 

highest one evaluated in this work (25 % wt.), can cause drastic color variations.  

(3) The AuNPs considerably promote the activity of nitrogen-doped TiO2. Specifically, the 

Au/N-TiO2/SiO2 coatings show activities comparable to those corresponding to the N-

TiO2/SiO2 coatings with higher TiO2/SiO2 ratios. Additionally, it has been demonstrated 

that the combined titania modification with nitrogen and AuNPs employed produces 

photocatalysts which are considerably more active than those prepared from preformed 
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AuNPs and non-doped TiO2. However, the AuNPs inclusion has the disadvantage of 

inducing strong color variations. 

Therefore, these three parameters can be adjusted in other to get a photocatalytic building 

material with the desired compromise between activity, aesthetic characteristics and treatment 

cost. 
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Supplementary materials 

 
Figure S1. SEM image showing a general view of the Au/N-TiO2/SiO2 photocatalyst. 

 
Figure S2. Cross section photographs of treated building material samples stained with methylene blue in order to 

highlight the photocatalyst penetration in the substrate.  
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Figure S3. Absorbance spectra of MB deposited on treated limestone samples. 

 
Figure S4. Photographs of samples treated with S2.5Au/N-TiO2 photocatalysts after phenolphthalein tests. Left, 

limestone and right, concrete.  
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This Doctoral Thesis is focused on the development of new Au/TiO2/SiO2 photocatalysts for 

self-cleaning and depolluting applications on building materials. Firstly, we made a preliminary 

study incorporating AuNPs into a TiO2/SiO2 sol-gel synthesis previously developed by our 

research group. The AuNPs induced an enhancement of the self-cleaning properties of the 

TiO2/SiO2 coating, demonstrating that gold could be a good candidate for promoting the coating 

photoactivity. Secondly, a new method of AuNPs incorporation to the photocatalyst was 

employed in order to prevent the disadvantages associated to the previous methodology. 

Additionally, the role of AuNPs size and their loading were investigated. Finally, in order to 

increase the Au-TiO2 interaction and further enhanced the activity of our materials, we 

employed a direct method of gold deposition on TiO2 instead of the use of preformed AuNPs.  

According to the sequential methodology employed for the obtaining of the photocatalytic 

building materials, three different types of samples can be distinguished: (1) the Au and 

Au/TiO2 nanoparticles incorporated to the silica sol; (2) the obtained Au/TiO2/SiO2 

photocatalysts; and (3) the building materials samples coated with the Au/TiO2/SiO2 

photocatalysts. Thus, the following discussion has been structured in three blocks where the 

characterization and evaluation results obtained for each type of samples are discussed. 
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8.1. Au and Au/TiO2 nanoparticles 

8.1.1. Methodology of AuNPs incorporation to the photocatalysts 

The first AuNPs evaluated for promoting the TiO2 photoactivity were prepared from KAuCl4 

employing a Dracaena Draco leaves extract as reducing and stabilizing agent. These AuNPs 

were selected because their well-stablished synthesis had been developed by our group at the 

time that the Thesis work started [1]. The AuNPs presented a wide variety of shapes and a broad 

range of sizes from 1 to 30 nm (Chapter 3, Figure S2), specifically, a clear bimodal distribution 

was observed (Chapter 3, Figure S3) composed by small spherical particles of 3±0.8 nm 

diameter and big anisotropic particles of 17.7±4.4 nm in size. Different volumes of a 

concentrated AuNPs dispersion were directly added to the sol-gel synthesis in order to get 

Au/TiO2 loadings in the range 0-0.5% wt. for the final photocatalysts. As will be discussed later, 

this first approach had several drawbacks and, consequently, we implemented a new method 

for the AuNPs incorporation. 

The second method of gold incorporation consisted of depositing preformed AuNPs on TiO2 to 

produce Au/TiO2 particles that would be integrated in the sol-gel synthesis. Because the 

relationship between activity and Au size is not totally clear in literature for Au/TiO2 

photocatalysis [2–4], we opted for using AuNPs with two different sizes. For this purpose, an 

adaptation of Turkevich synthesis [5] (synthesis details can be found in Chapter 4.2) was chosen 

for several reasons: (1) the AuNPs size can be modulated varying the citrate/Au ratio employed 

in the synthesis; (2) the AuNPs obtained with this synthesis showed good stability; and (3) it is 

a “cleaner” synthesis as far as only citrate and PVP are employed whereas the leave extract is 

a complex mixture of organic compounds [6]. The Au/TiO2 photocatalysts were prepared by 
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simply mixing the obtained AuNPs dispersions with TiO2 particles, according to Au/TiO2 

proportions in the range 0.25-1%, these particles will be referred to as AuCit/TiO2. 

Finally, we decided to optimize the Au/TiO2 photocatalysts synthesis employing a method of 

direct gold deposition on TiO2 in order to promote the Au-TiO2 interaction. In this sense, the 

deposition-precipitation method employing urea was chosen, because it allows getting AuNPs 

with suitable size for an effective TiO2 photoactivity enhancement [7]. In addition, the urea is 

a nitrogen source widely employed for doping TiO2 [8–10], which is another effective approach 

for the TiO2 photoactivity enhancement [11]. Therefore by using this method it can be possible 

to combine both strategies (AuNPs deposition and nitrogen doping) in order to reach a 

synergetic effect on the TiO2 photocatalytic activity, as demonstrated when gold was deposited 

on titania previously doped with nitrogen [12–14]. Specifically, the procedure was adapted to 

get a nearly 0.5 wt% Au gold content and the amount of urea employed was increased to ensure 

the nitrogen doping, as described in detail in Chapter 6. Another important issue was the study 

of the effect of the properties of titania in the photocatalyst activity, and we opted for employing 

three different types of commercial TiO2 particles, P25, P90 and VP (Chapter 6, Table 1). We 

employed VP TiO2 particles in the previous photocatalysts preparations of this Thesis because 

our group found that they were the best suited for TiO2/SiO2 photocatalysts preparation [15]. 

However, now we were studying a new photocatalytic system where a higher Au-TiO2 

interaction takes place and the use of different TiO2 particles must be re-evaluated for 

optimizing the photocatalyst. These photocatalysts will be referred to as Au/N-TiO2 or N-TiO2, 

and therefore for referring to a specific type of TiO2 particles we will employ its commercial 

denomination, such as Au/N-P25 and N-P25 for the catalysts prepared from P25. 
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8.1.2. Au/TiO2 photocatalysts characterization 

The AuCit/TiO2 photocatalysts prepared employing the AuNPs synthetized with the highest 

Au/Citrate ratio showed spherical AuNPs with an average diameter of 12.6±1.9 nm 

homogeneously dispersed over the TiO2 (see Chapter 4, Figure 2a). On the other hand, for the 

materials prepared with the AuNPs synthetized using the lowest citrate amount, the AuNPs had 

irregular shapes with an average size of 38.2±11.6 nm and they were heterogeneously dispersed 

being accumulated in certain areas of TiO2 (see Chapter 4, Figure 2b). The FTIR analysis of 

these photocatalysts evidenced the presence of citrate and PVP remnants from the AuNPs 

synthesis (see Chapter 4, Figure 3). These species adsorbed in the TiO2 surface modified the 

pH behaviour of the TiO2 and promoted the particle agglomeration (Chapter 4, Table 2). 

Specifically, it has been reported that the PVP chains can link the TiO2 particles by hydrogen 

bonds [16], which hinders their disaggregation during the ultrasonic stirring. 

The Au/N-TiO2 photocatalysts were in-depth characterized in order to correlate their 

compositional, textural and structural properties, with their photocatalytic performance. The 

UV-Vis characterization (Chapter 6, Figure 1) demonstrated that the nitrogen doping produced 

a slightly increase in the photocatalyst visible absorption and it induced a reduction of the band 

gap value of 0.15 eV, which is because nitrogen introduces new energy levels in the TiO2 at 

higher energy than the valence band [10]. On the other hand, the AuNPs deposition notably 

increased the visible light absorption showing a band centred at 550-560 nm characteristic of 

the localized surface plasmon resonance (LSPR) effect of AuNPs [17]. The textural study by 

means of nitrogen physisorption analysis (Chapter 6, Figure 2 and Table 2) showed that the 

specific surface area of the photocatalyst was not altered by the nitrogen doping or gold 

deposition, but the pore volume and pore size distribution were substantially modified. This 

behaviour was explained as the TiO2 primary particle size was not modified but the particles 
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were compacted, which was confirmed by SEM (Chapter 6, Figure 4), XRD (Chapter 6, Figure 

S3 and Table 2) and the increase of photocatalyst density (Chapter 6, Table 2). The XPS 

(Chapter 6, Figure 3) provided information about the atomic energy levels, observing peak 

positions and shifts that confirmed the nitrogen doping of the titania and the Au-TiO2 interaction. 

Finally, the TEM observation (Chapter 6, Figure 5) revealed small AuNPs homogenously 

dispersed on the TiO2, whose sizes were 5.2±1.3 nm for Au/N-P25, 6.2±2.1nm for Au/N-P90 

and 6.1±1.5 for Au/N-VP. 

8.1.3. Au/TiO2 photocatalysts evaluation 

The photoactivity of the Au/TiO2 photocatalysts was evaluated by degradation tests using 

methylene blue (MB) as a probe (Chapter 4, Figure 4 and Chapter 6, Figure 6), this dye has 

been widely employed for the photocatalytic evaluation of Au/TiO2 photocatalysts [18]. The 

tests were carried out in oxidant conditions where the MB photobleaching takes place via 

mineralization [19], thus the absorbance decrease was directly related to the organic dye 

concentration reduction due to the photo-oxidation process. In the absence of photocatalyst, a 

very small MB concentration decrease was observed due to the natural MB photolysis under 

UV irradiation [20]. By contrast, the fast absorbance reduction in the presence of photocatalyst 

clearly demonstrated the photocatalytic effect of TiO2.  

In general, the AuNPs accelerated the MB degradation rate confirming their role in the TiO2 

photoactivity enhancement. The TiO2-AuNPs contact modifies the energy levels and the charge 

transfer phenomena in the TiO2 surface. Specifically, the AuNPs act as reservoir of 

photogenerated charge carriers and they equilibrate the Fermi level, resulting in a diminution 

of the electron-hole pair recombination and a promotion of the electron transfer process with 

the reactant species [21–23]. Additionally, the LSPR effect of the AuNPs enhances the TiO2 

photoactivity under visible radiation [24]. The major mechanism taking place is the TiO2 
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sensitization, the AuNPs electrons are excited when they receive visible radiation and they get 

enough energy to be injected in the TiO2 conduction band triggering the TiO2 photocatalytic 

process [25]. In addition, other LSPR mediated processes that can enhance the TiO2 

photoactivity have been proposed: (1) the excited AuNPs electrons colliding in the TiO2-Au 

contact area can have enough kinetic energy for promoting the TiO2 electrons to the valence 

band [26,27]; (2) the LRSP excitation produces a local heating and the surrounding AuNPs can 

reach temperatures up to 100 °C favouring the photodegradation processes [28]; and (3) the 

LRSP increases the electric field around the AuNPs promoting the electron-hole pairs formation 

[29].  

The examination of MB degradation results for the AuCit/TiO2 photocatalysts allows us 

concluding that there are two important trends related to the Au size and loading. The samples 

containing the smaller AuNPs were more active, which can be explained by (1) their higher 

number (see Chapter 4, Figure 2) that increases the TiO2-Au contact surface; (2) their better 

dispersion onto TiO2 support; and (3) the Fermi Level shift to more negative potentials, 

promoting a higher charge separation [21]. Regarding the Au content, it was found that the 

optimum was the intermediate content evaluated, 0.5 %, for both average size of particles, lower 

and higher. This behaviour is attributed to the tendency to TiO2 agglomeration increased as 

gold content was raised, as confirmed by DLS. In addition, a high gold loading can reduce the 

TiO2 photoactivity by promoting the recombination of electron-hole pairs [12,18] or due to the 

preferential light absorption by gold rather than TiO2 [2,30]. 

The Au/N-TiO2 photocatalysts showed the relatively highest MB degradation rates confirming 

the already mentioned synergetic effect of nitrogen doping and AuNPs combination. In addition 

to the advantages induced by gold, the nitrogen doping reduced the photocatalysts band gap  

increasing the visible absorption, as previously discussed, and decreased the charge carriers 
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recombination rate of TiO2 [31]. Comparing the obtained kinetic constants data (Chapter 4, 

Table 2 and Chapter 6, Table 3), we can see that the best AuCit/TiO2 photocatalyst increased 

the MB degradation rate of TiO2 by a factor of 2.7 whereas the Au/N-VP (prepared using the 

same type of TiO2 particles) showed an increase of 3.6 times. This definitively confirmed the 

best suitability of the corresponding of this methodology for preparing Au/TiO2 photocatalysts. 

The better performance is a consequence of three factors: (1) the nitrogen doping that is only 

present in the Au/N-TiO2 photocalysts, (2) the relatively lower AuNPs size that favours the Au-

TiO2 interactions, as previously discussed; and (3) the preparation method employed because 

the catalysts prepared from preformed AuNPs are generally less active [2]. Comparing the three 

Au/N-TiO2 photocatalysts prepared, Au/N-P25 showed the highest MB degradation 

performance, which was attributed to less agglomerated particles and to its smaller and 

narrower AuNPs size distribution.  

Additional MB degradation experiments under only visible light were carried out (Chapter 4, 

Figure 5b and Chapter 6, Figure 7) in order to elucidate if the AuNPs can trigger the TiO2 

photoprocess under this part of the electromagnetic spectra. The utilization of this radiation is 

particularly important for environmental applications where the sun is the light source. In the 

absence of AuNPs the TiO2 activation did not take place and a slightly MB degradation, which 

can be explained as a result of a sensitization effect produced by the MB [32,33], was observed. 

However, the MB degradation rate was considerably higher when the AuNPs were present 

demonstrating that the TiO2 visible activation via AuNPs LSPR mechanisms took place in the 

Au/TiO2 materials prepared. These results also confirm that the contribution to MB degradation 

due to TiO2 visible sensitization by MB was negligible for the previous tests.  

The degradation of p-nitrophenol, that does not present absorption in the visible region, was 

also evaluated (Chapter 4 Figure 5). The purpose of this test was demonstrating the 
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photoactivity enhancement induced by gold, because there is controversy about the use of dyes 

for photocatalysts evaluation when visible light is present [32]. In the absence of photocatalyst, 

no degradation was observed, whereas the photocatalysts produced evident degradations, being 

higher for the AuCit/TiO2. These results demonstrated that the photocatalysts could degrade 

different types of organic compounds and not only dyes that could promote sensitization 

mechanisms under visible light. 

Finally, the NO photodegradation of the optimized Au/N-TiO2 photocatalyst was also evaluated 

(Chapter 6 Figure 8 and Table 4). The NO abatement is one of the major interest focus of TiO2 

photocatalysis, due to the high concentration of nitrogen oxides in the air our cities that can 

exceed the safety levels [34]. The initial results showed an evident increase in the amount of 

NO removed for N-P25 and Au/N-P25, which demonstrated the TiO2 photoactivity 

enhancement produced by the nitrogen doping and the AuNPs. In this process, NO is oxidized 

to HNO3 being the NO2 produced as a reaction intermediate [35]. Therefore, it is also relevant 

to study the amount of NO2 generated during the process, as the NO2 toxicity is even higher 

than the NO one. In addition, the HNO3 accumulation on the TiO2 surface promotes the direct 

NO to NO2 conversion [35,36]. In this way, the NO2 concentration quickly increased producing 

that the total amount of nitrogen oxides (NOx) removed was low. As a result, high selectivities 

to NO2 and only slight increases in the percentages of NOx removed for N-P25 and Au/N-P25 

were observed.  

In order to make evident the differences in NOx removal activity of the particles under study, 

Ca(OH)2 was employed to produce alkaline conditions that promote the elimination of HNO3 

in the form of nitrates. Specifically, the simultaneous deposition of TiO2 photocatalysts and 

Ca(OH)2 demonstrated to be an effective approach to promote the NOx removal. Specifically,   

the amount of removed NOx was considerably increased and the selectivity to NO2 reduced. 
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The nitrogen doping increased by 20% the amount of removed NOx for P25 sample due to the 

photoactivity enhancement. On the other hand, Au/N-P25 increased it by 70%. This behaviour 

is not only attributed to the photoactivity enhancement induced by gold but also to its capacity 

to activate the O2 and NO molecules via strong adsorption promoting the NO oxidation. The 

adsorbed O2 in the photocatalysts is reduced by the photoinduced electrons yielding superoxide 

radicals that play a relevant role in the NO photooxidation [37]. The Au increases the oxygen 

absorption capacity of the photocatalysts enhancing the amount of O2 available for reacting 

with the photogenerated electrons [38]. On the other hand, density functional theory (DFT) 

calculations have revealed that the NO adsorption on Au modifies the NO energy molecular 

levels in a way that its oxidation is favoured [39]. 

8.2. Au/TiO2/SiO2 photocatalysts 

As a consequence of the three methodologies of gold incorporation described in the previous 

section, three different Au/TiO2/SiO2 photocatalysts were developed. The first type consisted 

of the photocatalysts prepared by including in the sol-gel synthesis the AuNPs prepared using 

the leaves extract (preparation details can be found in Chapter 3), they will be named as 

AuD/TiO2/SiO2 for easy identification. The second type correspond to those prepared by 

including the AuCit/TiO2 photocatalysts (preparation details can be found in Chapter 4), named 

as AuCit/TiO2/SiO2. The Au/N-TiO2 photocatalysts (specifically the Au/N-P25 particles) were 

employed for preparing the last type of photocatalyst evaluated (preparation details can be 

found in Chapter 7), named as Au/N-TiO2/SiO2. 
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8.2.1. Characterization 

8.2.1.1. Sol rheology and sol-gel transition 

The studied sols showed a nearly Newtonian behaviour at the shear range evaluated and sol 

viscosity values were calculated as the slope of shear rate vs shear stress curves, with a goodness 

of fit higher than 0.99 (see results in Chapter 3, Table 2, Chapter 5 and Chapter 7, Table 1).  

As AuNPs were integrated in the AuD/TiO2/SiO2 photocatalysts synthesis dispersed in water, 

the increase of Au loading also involved the increase in the amount of water content in the 

synthesis media (Chapter 3 Table 1). It is well known that water has an important impact in the 

hydrolysis rate of the sol-gel reaction [40]. Indeed, a clear correlation between viscosity 

(Chapter 3, Table 2) and the sol water content was observed, which can be explained taking 

into account that the higher hydrolysis rate promotes the progress of the sol-gel process and 

therefore increasing the viscosity. 

The TiO2 incorporation in the sol also affected the viscosity, observing its progressive increase 

as the TiO2 content in the sol was raised. This trend was previously reported by our group [15], 

where a viscosity of 45 mPa·s was measured for a TiO2/silica oligomer ratio of 10%. However, 

we have prepared Au/N-TiO2/SiO2 photocatalysts employing the same TiO2/silica oligomer 

relation incorporating isopropanol to the mixture and we achieve to reduce the viscosity to 16 

mPa·s.  

The viscosity values of the developed sols ranged from 4.5 to 17 mPa·s, the viscosities near to 

the lower threshold are similar to those corresponding to commercial silica sols employed for 

protecting building materials. Tegovakon V100 from Evonik, one of the most popular 

commercial stone consolidants, has a viscosity of 5.25 mPa·s at 25 °C [41]. Although we have 

obtained products that triplicate the viscosity of the cited consolidants, this value is still far 
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away of the 100 mPa·s, viscosity value considered acceptable in the paint industry [42]. 

Therefore, the low viscosities allow their application by common procedures, such as spraying, 

brushing, as coatings of building materials, even under outdoor conditions, and promote the sol 

penetration into the substrate porous structure improving the adherence of the resultant coatings. 

The obtained sols stored in closed vessels and dark conditions were stable for at least six months, 

which ensures an enough time frame since the photocatalysts preparation until their in situ 

application on a building. By the contrary, the sols place in open reservoirs spontaneously gel 

and dry giving rise to crack-free and homogeneous xerogels, confirming the role of the n-

octylamine catalyzing the process and preventing the fractures [43].  

The duration of sol-gel transition was strongly affected by the water content in the sol, as 

demonstrated in the study of AuD/TiO2/SiO2 photocatalysts that contained different water 

amounts (Chapter 3, Table 2). The gelification time decreased as water content was raised 

producing quasi-instantaneous gelation for water contents greater than or equal to 2.5%, setting 

the limit for the sol applicability. This fact is also a consequence of the hydrolysis rate 

promotion by water. For the other sols (AuCit/TiO2/SiO2 and Au/N-TiO2/SiO2) with the same 

water amount (0.83%), the sol-gel transition took place overnight.  

8.2.1.2 Nitrogen Physisorption 

The nitrogen physisorption was a useful technique to study the photocatalysts texture and 

correlate the obtained results with the material performance. All the developed photocatalysts 

presented type IV(a) isotherms (Chapter 3, Figure 3; Chapter 4, Figure S5; Chapter 6, Figure 

10; and Chapter 7, Figure 2), which are characteristic of mesoporous materials [44]. The 

observed hysteresis loops can be classified as H1, H2(a), H2(b) or intermediate situations, 

which are characteristic of porous silicas [44,45]. H1 is found in materials with narrow and 
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homogeneous size distributions, whereas H2 corresponds to materials with more complex pore 

structure where there is pore blocking due to ink-bottle pore geometry. Specifically, H2(a) 

hysteresis is observed when the desorption occurs via cavitation, suggesting that necks of the 

pores are much narrower than their bodies. Indeed, we can observe a clear correlation between 

the isotherm hysteresis and the corresponding pore size distributions. H2(a) hysteresis was 

observed for the materials with small pore size mainly located below 5 nm, whereas materials 

with maximum pore size around 6 nm showed H2(b) hysteresis that became H1 as the fraction 

of bigger pores was raised.  

Significant differences in isotherms were observed for the AuD/TiO2/SiO2 photocatalysts with 

different Au loading (Chapter 3, Figure 3), finding the highest surface area and pore volume 

for the material with intermedium Au content. Again, this was a consequence of the different 

amount of water incorporated to the sol-gel synthesis, as demonstrated by preparing 

photocatalysts without gold but varying the water content (Chapter 3, Figure S1).  

By the other hand, the AuCit/TiO2/SiO2 photocatalysts containing citrate and PVP remnants 

showed less accused differences (Chapter 4, Figure S5. These species adsorbed on the TiO2 

surface changed its pH behaviour (Chapter 4 Table 2) which is a key factor in the sol-gel process 

[46,47]. Additionally, TiO2 shows a strong affinity for amine moeties, promoting their 

absorption on its surface [48–50] , but, the citrate and PVP remnants are also adsorbed on the 

TiO2 surface [16,51], competing with n-octylamine adsorption and modifying the amount of 

free catalyst in the sol.  

The study of Au/N-TiO2/SiO2 (Chapter 7 Figure 2) allowed to concluding that the increase of 

theTiO2 content in the photocatalysts promotes the formation of bigger pores and confirmed 

that the AuNPs did not modify the xerogel structure. 
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The textural parameters calculated from the isotherms reflected the differences previously 

discussed (Chapter 3, Table 2; Chapter 4, Table 3; Chapter 6, Table 5; and Chapter 7, Table 1). 

We found that the surface area of the developed photocatalysts ranged from 150 to 400 m2/g 

and their pore volume was in the range 0.30-0.75 cm3/g. Since the photodegradation reactions 

are surface processes, the contact between TiO2 and the agents acting in the redox process (light, 

O2 and H2O) needs to be maximized [52–55]. Thus, the photocatalyst surface area and pore 

volume play a key role in the photocatalyst performance, promoting the exposed photocatalyst 

surface and the diffusion of substances to the active photocatalyst sites through the pore 

structure [15,53,54,56–60]. 

8.2.1.3 Electron Microscopy 

TEM images of the Au/TiO2/SiO2 photocatalysts (Chapter 3, Figure 4; Chapter 4, Figure 6; and 

Chapter 7, Figure 3) highlight that they were composed by a matrix of aggregated amorphous 

silica particles where the TiO2 particles are embedded. This structure is in accordance with the 

results to which leads the micelles inverse mechanism proposed for sols containing n-

octylamine [61], which suggests that the water is encapsulated in the surfactant micelles that 

act as nanoreactors, producing silica particles with uniform size. The porous structure observed 

by nitrogen physisorption correspond to the interstitial holes produced by the SiO2 and TiO2 

nanoparticles packing.  

STEM-HAADF images and their corresponding XEDS maps (Chapter 3, Figure 5; Chapter 4 

Figure 7; and Chapter 7, Figure 3) gave us information about the TiO2 distribution in the 

photocatalysts. In general, TiO2 was distributed in the whole SiO2 matrix in the form of 

individual particles and small agglomerates. However, some synthesis parameters favours the 

TiO2 agglomeration reducing their dispersion along the matrix. For AuD/TiO2/SiO2 

photocatalysts it was observed that a high water content in the synthesis promotes the formation 
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of larger TiO2 agglomerates (Chapter 3, Figure 5). The AuCit/TiO2/SiO2 photocatalysts showed 

tendency to TiO2 agglomeration as the gold content was raised (Chapter 4, Figure 7), revealing 

even massive agglomerates of micrometric size for the highest Au Loading. As previously 

discussed, the PVP linked the TiO2 particles and hindered their dispersion during the sol-gel 

synthesis. Finally, the Au/N-TiO2/SiO2 photocatalysts (Chapter 7, Figure 3) with TiO2/SiO2 

ratios of 2.5 and 10 % showed a good TiO2 dispersion demonstrating that the optimized Au/N-

TiO2 particles can be easily dispersed. On the other hand, for the highest TiO2 loading (25 %) 

the titania agglomeration effect was significant, showing areas without TiO2 and domains were 

the presence of titania is predominant. This was a consequence of isopropanol addition to the 

sol, this solvent could modify the electrostatic interactions in the sol promoting the attraction 

forces between the TiO2 particles. 

Regarding the AuNPs distribution in the photocatalysts, it was demonstrated that the method of 

gold incorporation used is a key factor in the Au/TiO2/SiO2 photocatalysts preparation. The 

AuNPs in the AuD/TiO2/SiO2 photocatalysts were detected forming accumulations of AuNPs 

whose size was increased as gold content was raised (Chapter 3, Figures 5,c and d). This poor 

dispersion can be explained as the AuNPs were not freely dispersed in the sol but they remained 

dispersed in the water encapsulated in the n-octylamine micelles. However, the AuNPs 

distribution was completely different for the other photocatalysts that wre prepared 

incorporating the AuNPs previously deposited on the TiO2. Both, AuCit/TiO2/SiO2 and Au/N-

TiO2/SiO2, showed their particles individually dispersed and unequivocally located in contact 

with TiO2 (Chapter 4, Figure 6 and Chapter 7, Figure 3), confirming that the Au and TiO2 

particles were not separated during the sol-gel synthesis process. This Au-TiO2 contact is 

necessary to achieve the enhancement of the TiO2 photoactivity because it is necessary for the 

LSPR-mediated charge injection mechanisms to take place [62]. 
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8.2.2. Photocatalytic evaluation 

8.2.2.1 Methylene blue degradation 

The MB degradation tests were employed for evaluate the Au/N-TiO2/SiO2 photocatalysts 

performance and determine which are the most appropriate Au/N-TiO2 particles for their 

integration in the silica matrix. The obtained results (Chapter 6, Figure 11) were similar to the 

previous ones for the Au/N-TiO2 photocatalysts before their integration in the silica matrix 

(Chapter 6, Figure 6), observing the obvious photoactivity enhancement induced by the 

nitrogen doping and the AuNPs. These results confirmed that the photocatalysts activity was 

preserved after their integration in the silica matrix. Comparing the different starting TiO2 

particles, it was observed that P25 series showed the best results whereas P90 series showed 

the lowest MB degradation rates. As previously discussed, this behaviour can be related to the 

different agglomeration that suffered the particles. Finally, our results contrast with the previous 

ones obtained for similar TiO2/SiO2 photocatalysts prepared with the same particles [15]. The 

highest activity of the TiO2/SiO2 photocatalysts containing VP particles (named AP in the 

previous work) can be attributed to two main factors: (1) the photocatalyst containing VP 

particles showed higher surface area and pore volume than that containing P25, both parameters 

being factors that promote the photoactivity [63]; and (2) not all P25 batches are equal, 

differences in phase composition and morphology of particles can be found between different 

batches of the manufacturer [64], thus, a more active batch can have been employed in the 

present work.  

8.2.2.2 NO degradation 

The use of the developed photocatalysts for producing depolluting building materials is one of 

their desired applications, thus NO, a typical gas pollutant in urban environments in areas of 
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high motor vehicle traffic, was chosen to evaluate the photocatalysts performance. The 

specifications described in the ISO standard were modified in order to study samples in the 

form of powders. In spite of this modification, under our experimental conditions a nearly 

equivalent pollutant load was preserved.   

Three common stages were observed in the NO profiles for the evaluated photocatalysts 

(Chapter 4, Figure 8 and Chapter 6, Figure 12). (1) In the absence of UV–Vis light irradiation, 

neither activation of the photocatalytic sites nor NO oxidation took place, consequently the 

concentration of NO was kept constant at 3 ppm. (2) Under UV–Vis light irradiation, the 

heterogeneous photocatalytic reaction occurred and the oxidation of the pollutant began. The 

decrease in NO concentration reached its maximum and became practically constant in this 

period of time, indicating complete activation of the photocatalytic sites. In parallel, NO2 gas 

appeared in some extent as a product of the reaction, increasing the inlet NOX concentration as 

much as it corresponds to the sum of both gases: NO and NO2. It was noticed that the 

“deactivation” observed for the Au/N-TiO2 particles deposited on glass did not take place under 

the experimental conditions employed in this case. The short time of analysis and the high 

amount of photocatalyst employed ensured that the effect of the acid nitric produced in the 

process was negligible. (3) Finally, when the irradiation was off, the NO concentration returned 

to its initial value.  

The analysis of the second stage, related to the photoactivity region, leads to the NO conversion 

and selectivity data (Chapter 4, Table 4 and Chapter 6, Table 5). As expected, the inclusion of 

TiO2 into the silica matrix transfoms into photocatalytic the inert starting material. The NO 

conversion values follow the same trends observed and discussed for the MB degradation 

results by AuCit/TiO2 and Au/N-TiO2 photocatalysts. For AuCit/TiO2/SiO2, the highest NO 

conversion was achieved for the intermedium gold content and the smallest Au size. For Au/N-
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TiO2/SiO2 samples, it was observed that both, nitrogen doping and the presence gold increased 

the NO conversion, and the highest values were obtained for the photocatalysts prepared from 

P25 particles. Regarding the selectivity, it was improved as gold was included in the 

photocatalyst, especially for Au/N-TiO2/SiO2 samples, which confirmed that the AuNPs also 

promoted the simultaneous NO adsorption mechanisms previously described once they are 

integrated in the silica matrix. 

FTIR spectra of photocatalyst before and after the NO test were recorded (Chapter 4, Figure 

S6), to obtain additional evidences of the formation of non-toxic nitrogen species. As can be 

seen, before irradiation, no bands concerning N-O vibration modes were detected. Only those 

related to the silica were observed, in particular the intense band at 1090 cm-1 with its shoulder 

at 1190 cm-1, and the small peak at 1650 cm-1 can be assigned to the stretching of ≡Si-O-Si≡ in 

the silica structure and the deformation of adsorbed water, respectively. New bands in the 1300-

1600 cm-1 range appear in the spectrum obtained after the NO test. In particular, according to 

[65] those located above 1500 cm-1 might correspond to monodentate and bidentate nitrates, 

while those between 1500 and 1300 cm-1 can be related to monodentate and bridging nitrites. 

These species could be eliminated in the form of soluble acids under the presence of rain in the 

potential application of our photocatalytic materials.  

8.3. Au/TiO2/SiO2 photocatalysts on building materials 

The developed photocatalysts were applied, as sol, by spraying onto three common building 

materials (limestone, granite and concrete) in order to evaluate the performance of the resultant 

photocatalytic building materials samples. 
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8.3.1. Characterization 

8.3.1.1. Sol uptake and photocatalyst penetration 

The sol uptake values (Chapter 3, Table 3; Chapter 5 Table 1; and Chapter 7, Table 2) were 

dependent on the substrate and sol viscosity. The uptake values for the granite samples were 

lower because the sol could not penetrate in its non-porous structure. By contrast, the sol can 

penetrate inside the porous substrates, limestone and concrete, producing higher uptakes. The 

surface finish also affected the sol uptake because the sol can fill holes and groves of the surface 

increasing the uptake. Indeed, we observed a really low uptake for a polished granite (Chapter 

7, Table 2) because the sol did not penetrate in the substrate and produced a thin layer on the 

polished surface, on the contrary for bush-hammered granite the uptake was significantly higher 

(Chapter 5 Table 1). Regarding the effect of the sol viscosity, the uptake follows an inverse 

trend because the penetration inside the substrate porous structure diminish when the sol 

viscosity increases. This behaviour was clearly observed for AuD/TiO2/SiO2 (Chapter 3 Table 

3) and Au/N-TiO2/SiO2 (Chapter 7 Table 2) photocatalysts. The photocatalysts penetration in 

the substrate was confirmed by direct observation of the cross section of the samples (Chapter 

5, Figure 3 and Chapter 7, Figure S2).  

8.3.1.2. Applicability evaluation 

Some parameters must be satisfied to get suitable photocatalytic coatings for building materials. 

First, in order to preserve the photocatalytic properties, the coating must be well-adhered on the 

substrate and the TiO2 particles must not be removed. The coating adhesion was evaluated by 

a peeling test employing an adhesive tape. The treatments significantly reduced the material 

removed by the peeling test in comparison with the untreated substrate (Chapter 3 Table 3). 

These results confirmed that the coatings presented an appropriate adhesion to the substrate and 
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they even produced an effective consolidation of the surface. Additionally, in order to evaluate 

the capacity of the silica matrix for preventing the TiO2 removal, stone samples coated with 

only TiO2 particles and with our TiO2/SiO2 photocatalysts were immersed in water and 

sonicated. First of all, a simple visual inspection of washing water allowed concluding that the 

TiO2 sample produced higher turbidity than the TiO2/SiO2 one (Chapter 5, Figure S2). The 

increasing turbidity is related to the presence of TiO2 particles which have an elevated refraction 

index. The composition of the material removed from the samples was studied by FTIR 

spectroscopy (Chapter 5, Figure 5). The main bands observed for both samples mainly matched 

those related to the substrate minerals. The TiO2/SiO2 sample only showed additional bands 

related to silica, but no TiO2 signals were observed. On the other hand, the TiO2 sample showed 

an evident absorption increase in the 400-800 cm-1 region that denote the TiO2 removal from 

the substrate. The results demonstrated that the use of a silica matrix promotes the TiO2 

adhesion to the building materials. Thus, the developed treatments in this Thesis could lead to 

more durable materials than a TiO2 particles based-treatment against the weathering. 

The total colour differences of the substrates induced by the treatments can be relevant in certain 

applications, such as application on Cultural Heritage elements, where the material appearance 

should be preserved, being a value of 5 units the threshold [66]. This parameter was evaluated 

for all the building materials samples under study (Chapter 3, Table 3; Chapter 5, Table 1; and 

Chapter 7, Table 2). Briefly, the presence of AuNPs induced intense pink-purple colours in the 

photocatalysts. The colour variations were low for the AuD/TiO2/SiO2 photocatalysts with a 

small Au loading, whereas they were higher for AuCit/TiO2/SiO2 and Au/N-TiO2/SiO2 

photocatalysts, showing a clear trend to increase as Au content in the sol was raised. As might 

be expected, the colour variations were also affected by the uptakes values and indeed, the 

granite samples showed low values always below the above 5 units. The other substrates 

presented higher colour changes being some of them above the accepted threshold. The main 
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reason of these strong colour variations is that we have employed quasi-white substrates (for 

better observation of stains produced for the photocatalytic evaluation) and the photocatalysts 

colour easily evolve. The impact in the aesthetic characteristics of the substrate can be reduced 

for other substrates, e.g. the colour variation produced by a Au/N-TiO2/SiO2 photocatalyst was 

reduced from 8.2 to 4.3 using a grey concrete substrate instead of a white one.  

Also important and according to the price of gold, its impact on the cost of the catalysts was 

also evaluated for the optimized Au/N-TiO2/SiO2 photocatalysts. This cost associated to gold 

is directly related with the uptake values and the Au content in the sol, being in the range 0.01-

0.07 €/m2 for the granite, 0.19-0.70 €/m2 for the limestone and 0.28-1.47 €/m2 for the concrete 

(estimated from the current market value of gold 37 €/g). For comparison, the photocatalytic 

paint KEIM Soldalit®-ME [67] has a treatment cost of approximately 10 €/m2 considering its 

price and its typical consumption. Therefore, the developed treatments can be commercially 

viable, especially for low absorbent substrates and low TiO2/SiO2 ratios. In addition, this cost 

can be further decreased reducing the sol uptake. Thus, the amount of photocatalyst applied on 

the substrate can be reduced applying an only silica sol as a primer before the Au/N-TiO2/SiO2 

sol application. This strategy can also help to mitigate the problems associated to the substrate 

colour changes 

8.3.1.3. Scanning Electron Microscopy 

The SEM images of the building materials samples (Chapter 3, Figure S5; Chapter 5, Figure; 

and Chapter 7, Figure 4) showed that the photocatalyst produced a continuous and 

homogeneous coating that covered the original substrate surfaces. The absence of fractures in 

the coating demonstrates the role played by the n-octylamine to prevent the xerogel cracking 

[68] which promotes the adhesion, and the subsequent durability, of the coatings [69,70]. The 

higher magnification images allows confirming that the coatings were constituted by an 
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agglomeration of small particles corresponding to the silica particles produced via micelles 

inverse mechanism proposed for sols containing n-octylamine [61]. The TiO2 particles were 

identified by their bigger size, increasing their presence in the coating surface as the TiO2/SiO2 

ratio was raised, being especially visible for TiO2/SiO2 ratios of 25%. 

8.3.2. Photocatalytic evaluation 

8.3.2.1. Methylene blue degradation 

The MB degradation was a reference test employed for testing the photocatalyst properties of 

all the samples evaluated. Previously, our research group had employed a methodology based 

on the colour measurement of the stained surface in order to determine the MB decolouration 

produced by the TiO2 photoactivity [15,41,43,63,71]. However, the first studies of this Thesis 

revealed that this methodology was not convenient to study in-depth the MB degradation 

(Chapter 3, Figure 9a). The main drawback is that the colour coordinates are stablished 

according to the human visual perception of the colour and thus, the colour measurements are 

not directly related to the amount of dye. According to this, we employed a methodology based 

on applying the Kubelka-Munk theory to the UV-Visible reflectance spectra. The Kubelka-

Munk theory [72,73] is commonly used to explain the light absorption in a thin layer of dye 

deposited on a non or low-absorbent substrate [74], situation that can be considered similar to 

that of MB deposited on the building materials samples. The following equation is specifically 

addressed for explaining these type of systems: 

( ) ( )21
2

R kf R
R s

∞
∞

∞

−
= =

 

where 𝑓𝑓(𝑅𝑅∞)) is equivalent to absorbance, 𝑅𝑅∞ is the diffuse reflectance, k is the dye molar 

absorption coefficient and s the surface scattering coefficient. 
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From this equation, the experimentally obtained diffuse reflectance spectra can be converted 

into the corresponding absorbance spectra, being this absorbance directly related to the MB 

concentration, because the Kubelka-Munk equation fit the Lambert-Beer’s law. In this way, we 

obtained new MB degradation profiles where each sample is clearly differenced (Chapter 3, 

Figure 10a), whereas the profiles made from the colour measurements showed a significant 

overlapping. Additionally, as we had information about the MB concentration, we could study 

the degradation of specifics forms of MB (Chapter 3, Figures 10,b and c) or the kineticss of the 

process (Chapter 3, Table 4), as extensively discussed in Chapter 3.  

A series of common results for the different samples were observed. The MB on untreated 

substrate was slowly degraded and this effect was associated to the MB photolysis. The samples 

with an only silica coating showed a considerably increase of MB degradation rate even though 

no photoactive components were present. This significant difference was attributed to the 

combination of three factors: (1) MB is deposited in different form in the untreated stone, mainly 

as dimer, and predominantly as monomer in the treated stones (Chapter 3 Figure S7), being 

faster the monomer degradation [75,76]; (2) the coating restricts the MB penetration into the 

substrate and it has a large surface area compared with the stone, promoting the MB exposition 

to light, oxygen and humidity; and (3) the stone has a greater absorption in the UV range than 

the silica coating (Chapter 3, Figure S10), reducing the amount of high energy light available 

to produce the MB photolysis. The incorporation of TiO2 to the coating enhanced the MB 

degradation as a result of its photocatalytic properties. Finally, the highest MB degradation rates 

corresponded to the Au/TiO2/SiO2 coatings, confirming the AuNPs role to promote the 

photocatalytic effect of TiO2.  

For the AuD/TiO2/SiO2 photocatalysts the maximum performance corresponded to the 

intermedium gold content evaluated, 0.12%. We can explain this as a consequence of the 



General discussion 
  

237 
 

influence of the structure and the texture of the coatings on their photoactivity [63]. In particular, 

photocatalysts showed a better distribution of the photoactive components in the matrix and the 

highest pore volume and surface area, as previously discussed. We also evaluated the benefits 

of using gold instead of silver for promoting the TiO2 photoactivity. We found that our best 

AuD/TiO2/SiO2 photocatalyst showed higher performance than the Ag/TiO2/SiO2 

photocatalysts previously developed by our group (Chapter 3, Figure 9b) [71]. It was needed a 

3.2% wt. of silver to achieve a MB degradation equivalent to that corresponding to a 0.12% wt. 

of gold, furthermore, the high silver loading induced an excessive colour variation in the 

substrate. Therefore, the results obtained for these photocatalysts confirmed the adequacy of 

gold for enhancing the activity of TiO2/SiO2 coating. However, due to the differences in textural 

parameters induced by the water during the synthesis, we could differentiate the contribution 

of gold and textural parameters to this enhancement.  

AuCit/TiO2/SiO2 sol were prepared employing the same water content and the differences in 

the textural parameters for the photocatalysts not very significant. In this way, we can conclude 

that the obtained photoactivity enhancement was effectively produced by the AuNPs. The 

coatings with the lowers in size AuNPs were more effective than those containing the largest 

AuNPs and the maximum activity was reached for the coatings with the intermedium Au 

content. These trends perfectly agree with the previously discussed results for MB degradation 

using AuCit/TiO2 particles and for the NO degradation using the powdered AuCit/TiO2/SiO2.  

In the case of Au/N-TiO2/SiO2 samples we also investigated the application on different 

substrates and coating with different TiO2/SiO2 ratios. Firstly, the granite samples showed 

considerably lower MB degradation rates than those corresponding to limestone and concrete 

samples, which is related to the low uptake that showed granite according to its texture. On the 

other hand, there was an evident increase of the MB degradation rate as the TiO2 content was 
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raised, which was the expected behaviour since the TiO2 is the photoactive component of the 

nanocomposite. However, other photocatalysts parameters, such as their textural properties, 

also affect their photoactivity. Indeed, it was previously reported that a TiO2/SiO2 ratio of 25% 

produced a drastic fall in the samples performance due to the low surface area and pore volume 

of the photocatalyst [15]. Therefore, the synthesis modification incorporating isopropanol 

allowed increasing the TiO2/SiO2 ratio of the coating, which promoted its photoactivity. Finally, 

all the Au/N-TiO2/SiO2 coatings showed higher activity than the equivalent AuCit/TiO2/SiO2 

photocatalysts prepared from P25. This fact is related to: (1) the preparation method, the catalyst 

prepared using preformed AuNPs generally gives lower activities than those prepared from gold 

deposition methods [2]; (2) the AuNPs size, the small size implies a higher number of particles 

increasing the TiO2-Au contact and smaller particles shift the fermi level promoting the charge 

separation [21]; (3) the nitrogen doping promotes the TiO2 photoactivity for reducing the charge 

carriers recombination rate [31], producing a synergic effect with gold [12].  

Although under our experimental conditions the MB mineralization should be favoured, we 

employed the mass spectroscopy to study the gases released during this process (Chapter 3, 

Figure 11 and Chapter 5, Figure 7) in order to confirm that the MB photobleaching is not due 

to other process, such as the reduction to the uncoloured leuco-MB [19]. The sample 

illumination induced a gradual increase in the concentration of carbon dioxide and water in the 

gas phase until reaching a maximum value. The effect must be associated with the 

photocatalytic process as far as after switching off the lamp, the CO2 and H2O signals decreases 

to residual values. Moreover, in the case of Au/TiO2/SiO2 samples, the effect was significantly 

more intense than that occurring in untreated or TiO2/SiO2 samples. These results confirm the 

efficiency of the proposed materials and are of interest because the wide majority of 

experimental evidences in literature regarding activity or mechanism of photobleaching of 

organic dyes have been obtained in aqueous medium and not in gas phase [77].  
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8.3.2.2. Self-cleaning properties 

Soot, a common staining agent of building, was chosen in order to evaluate the self-cleaning 

properties of the developed photocatalysts. This evaluation was really tedious due to the 

difficulty for obtaining a proper staining of the treated building materials samples. The staining 

by using water or solvent soot dispersions was unsuitable because the soot was not 

homogeneously deposited. The soot deposition by flame produced homogeneous stains but it 

was difficult to control or determine the amount of soot deposited. The amount of soot deposited 

was also a key parameter, thick soot layers had strong light absorption and no degradation was 

observed whereas the colour variations of substrates was not effectively measured for very thin 

layers.  

Despite these problems, we managed to get some results about soot degradation (Chapter 3, 

Figure 12 and Chapter 5, Figure 8). We observed that the soot degradation was slower than the 

MB degradation denoting the higher stability of soot. Nevertheless, we have proven the 

disappearance of soot stains for the TiO2-containing samples demonstrated that the 

photocatalytic properties of the developed coatings has the capacity to remove real stains, 

producing the self-cleaning effect. This self-cleaning performance was higher for the coating 

containing the AuNPs, which confirms that the gold promotes the self-cleaning effect.  

The self-cleaning properties of building materials is also associated to the wetting properties 

that can favour the elimination of dirt deposited on their surfaces by the water, such as the rain 

action. Specifically, the TiO2 increased the hydrophilicity of the coating, so promoting the 

removal of oil-based stains by water (Chapter 3, Figure 13 and Video S1).  

 

 



Chapter 8 
  

240 
 

8.3.2.3. NO depolluting properties 

As previously mentioned, one of the main purposes of this Thesis is producing depolluting 

building materials by employing the developed photocatalysts. Therefore, it was crucial to 

evaluate the NO removal activity of the treated building materials samples. 

First, we evaluated the AuCit/TiO2/SiO2 samples according to a stationary method described in 

Chapter 5 instead of using the flow methodology described in the ISO standard, due to the 

sensibility of the analyser employed. It was observed that the concentration of NO detected was 

reduced after the samples irradiation (Chapter 5, Figure 9), calculating the NO conversion from 

the area of the obtained NO curves (Chapter 5, Table 3). A NO conversion around 10% in the 

presence of the untreated stones was measured, which was attributed to NO adsorption in the 

sample or chemical photoreactions. When the test took place using the TiO2/SiO2 samples, the 

NO degradation was noticeably increased demonstrating the photocatalytic oxidation produced 

by the coating. Regarding the AuCit/TiO2/SiO2 coated stones, the NO degradation was near the 

double of that corresponding to the TiO2/SiO2 coatings confirming that an enhancement of NO 

conversion induced by AuNPs was also observed for the coated materials. These results 

confirmed that the treated building materials samples had the capacity to oxidize NO, being 

possible their application for NO removal. 

Finally, the depolluting properties of the optimized Au/N-TiO2/SiO2 photocatalysts was 

evaluated according to the ISO standard (Chapter 7, Figure 6 and Table 3). The photoactivity 

of the samples was evidenced by the immediate and sharp decrease in NO concentration, 

continuing with a slight increase during the test. Simultaneously, NO2 was generated causing 

that the NOx concentration maintains higher than the NO one. This apparent activity reduction 

associated to HNO3 accumulation, which was observed for the Au/N-TiO2 particles, is 

frequently observed for long duration tests [35]. According to the measured NOx elimination 
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percentages, two clear trends (which were in accordance with those resulting from the MB 

degradation study) were observed. Thus, the amount of NOx removed was increased as (1) the 

TiO2/SiO2 ratio was raised and (2) the AuNPs were included in the coating. This effect of 

AuNPs was produced by the combination of TiO2 photoactivity enhancement and the activation 

of O2 and NO via adsorption, as previously discussed. Regarding the different substrates, the 

low activity of granite samples was related to the relatively low amount of photocatalyst 

deposited onto this material. By the contrary, the concrete samples showed the highest activity 

being the amount of NOx removed by them nearly 3 times that of the limestone samples. In 

addition to the higher amount of photocatalyst deposited in this substrate, this fact is attributable 

to its different acid-base behaviour. Both, limestone and concrete, have an alkaline nature but 

concrete basicity is significantly higher and even the treated surfaces showed a pronounced 

basic behaviour, as demonstrated by a simple phenolphthalein test (Chapter 7, Figure S4). The 

basic medium can promote the HNO3 elimination in the form of nitrates enhancing the amount 

of NOx removed. In this sense, the addition of an alkali, such as CaO, can be a viable strategy 

to optimize this type of photocatalysts for NOx removal specific applications. Finally, to put the 

obtained results in perspective, a previous study of Zouzelka and Rathousky [78] was employed 

for comparison. In that work the NOx photodegradation of concrete samples coated with a P25-

based photocatalytic paint was tested under the same conditions employed in the present work. 

Specifically, the samples had a TiO2 loading of 5 mg/cm2 and showed an initial NOx 

photodegradation rate of 176 µmol·m-2·h-1. By contrast, the initial degradation rate for the 

S25Au/N-TiO2/C sample, calculated from the first 30 minutes of test, was 344 µmol·m-2·h-1 

and its TiO2 loading was only 1 mg/cm2. Therefore, the developed Au/N-TiO2/SiO2 coatings 

practically duplicate the NOx depolluting performance of a common TiO2 coating reducing by 

a fifth the amount of TiO2 necessary, which demonstrates the potential of these photocatalysts 

for depolluting purposes.  
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According to the obtained results during the progress of the Doctoral Thesis, we can conclude 

that the here developed Au/TiO2/SiO2 photocatalysts can be applied as sol on building materials 

of different nature, where the sols spontaneously gel producing Au/TiO2/SiO2 photocatalytic 

coatings with self-cleaning and depolluting properties. Those corresponding to the coated 

building materials have been validated employing real pollutants, such as soot and NO, which 

demonstrates the potential use of the developed photocatalysts for real applications.  

In addition, it is possible to stablish the following specific conclusions: 

-The AuNPs enhance the TiO2 photoactivity, allow the visible activation of TiO2 and promote 

the selectivity of the NO photo-oxidation process. The AuNPs lowest size (5nm) are most 

adequate for enhancing the TiO2 photoactivity. Intermedium gold loading (0.5 % wt.) shows 

the highest performance because some negative aspects (such as TiO2 agglomeration or textural 

modification) are promoted for the highest loadings. 

-The method of AuNPs incorporation to the photocatalyst determines its properties. The 

integration of AuNPs dispersed in water to the sol-gel synthesis gives rise to several 

disadvantages associated to the increase of water amount in the media synthesis. On the other 

hand, the integration of a preformed Au/TiO2 in the sol-gel synthesis produces materials with 

better photocatalytic activity. 

-There is a clear correlation between textural and structural properties of the photocatalysts and 

their performance. The photoactivity is promoted as the textural parameters (surface area and 

pore volume) are raised and it decreases when TiO2 is agglomerated. 

-The presence of reagent remnants from the AuNPs synthesis in the photocatalysts modifies 

their properties. Citrate and PVP change the pH behaviour of the photocatalysts and promote 

the TiO2 agglomeration. 
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-The silica matrix promotes the TiO2 adhesion to the substrates. Therefore, the developed 

treatments in this Thesis could lead to more durable materials than a bare TiO2 particles based-

treatment against the weathering. 

-The double TiO2 modification by AuNPs deposition and by nitrogen doping, both achieved by 

means of the deposition-precipitation synthesis method here proposed, produces a synergetic 

effect in the photoactivity enhancement. In addition, the obtained Au/N-TiO2/SiO2 

photocatalysts are considerably more active than those prepared from preformed AuNPs. 

-The substrate determines the final characteristics of the photocatalytic building material. The 

substrate porosity affects strongly the sol absorption, higher amounts of photocatalyst enhance 

the photoactivity but also induce higher colour variations of the substrates. The chemical 

composition of the substrate and therefore its acid-basic properties, can also modify the sample 

activity. In particular, the more alkaline behaviour of concrete in relation to limestone promotes 

the NOx photodegradation.  

-The promoted-TiO2/SiO2 ratio of the coating is directly related to its activity. On the other 

hand, the sol viscosity is increased as the TiO2 loading is raised reducing the absorption and 

penetration in the substrate. The increase of the TiO2 content also induces higher colour 

variations in the coated materials.  
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