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TiO2 nanoparticles coated with bio-inspired ligands for the Safer-
by-Design development of photocatalytic paints 

Jérôme Laisney,a,†* Aurélie Rosset,a,b Vincent Bartolomei,b Daniela Predoi,c 

Delphine Truffier-Boutry,b Sébastien Artous,b Virginie Bergé,d Gregory Brochard,d 

and Isabelle Michaud-Soreta* 

Addition of titanium dioxide nanoparticles (TiO2 NPs) in photocatalytic paints represents a promising alternative aiming to 

mineralize gaseous pollutants, such as volatile organic compounds (VOCs). However, the risks of release of nanoparticles for 

human health and environmental impact have to be taken carefully into account for their development. To take in account 

these risks, we develop new way of TiO2 NPs synthesis. Here, we report the electrostatic stabilization in aqueous media with 

pyrophosphate buffers of different pH range followed by the coating with bio-inspired molecules (lysine, deferoxamine, 

dopamine) and polymers (poly-acrylic acid, polyethylene glycol, poly-dopamine) of 4-5 nm spherical photocatalytic TiO2 NPs 

for the development of safer-by-design photocatalytic paint. Characterization of the so-formed TiO2 nanocomposites by 

dynamic light scattering (DLS), Fourrier-transformed infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), 

scanning electron micrography (SEM), energy-dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy 

(XPS) showed the good grafting of the ligands on the TiO2 surface and an enhanced stability in water compared to the pristine 

TiO2 NPs. Photocatalytic activity of the TiO2 nanocomposites was investigated by following the degradation of methylene 

blue (MB) under irradiation. Results showed a modulation of the photocatalytic activity (decrease or increase of the MB 

degradation rate) as function of the nature/binding strength of the bio-inspired coating on the oxide surface. Finally, the 

most promising nanocomposites were incorporated in paints on which preliminary chalking assays were performed after 

storage for one year in the dark or in interior daylight. 

Introduction  

 

Engineered nanomaterials (ENMs) and their outstanding surface 

properties, e.g. high surface/volume ratio, exalted surface reactivity, 

possibility of multi-functionality, have carried out great promises for 

a variety of industrial and consumers applications, making materials 

lighter, more robust and more efficient compared to their bulk 

analogues.1 Since their emergence in the 1990’s, nanotechnologies 

have already showed promises in revolutionizing the agriculture,2 

food,3 textiles,4 aerospace,5 medicine,6 or else energy7 industries. 

Nowadays, more than 4330 nano-products are currently on the 

European market according to the nanodatabase,8 with silver and 

TiO2 among the most used ENMs.9 As an example, the paint and 

coating industry is considering to introduce ENMs in their paint 

formulation to provide water repellence, scratch resistance, 

durability and antimicrobial properties to the paints.10 In particular, 

rutile TiO2 microparticles enters frequently in the paint formulation 

as pigment (whitener). The photocatalytic form (generally of anatase 

type) can adsorb UV-light and produce hydroxyl radicals in the 

presence of waters11 leading to the degradation of organic 

molecules. The use of photocatalytically active TiO2 under 

nanoparticulate size (TiO2 NPs)12 in paints was shown to degrade air 

contaminants such as NOx and VOCs in the presence of indoor light.13 

However, our recent study on such formulated paints14, 15 have 

reported a degradation of the paint matrix (composed of binders, 

fillers, pigments and different additives like dispersing, thickeners 

and antifoam agents dispersed in water). This is due to the very 

strong photocatalytic activity of small TiO2 NPs (4-5 nm in diameter) 

leading to the release of aerosolized particles as well as unwanted 

organic compounds from oxidized or partially oxidized VOCs 

(formaldehyde, methanol, acetaldehyde and formic acid) in the air 

during the use phase or mechanical solicitation. Consequently, there 

is a possible risk for workers and consumers to be exposed to NPs. 

This must be taken seriously into account in order to avoid serious 

health issues16 such as encountered for asbestos. Thus, a safer-by-

design approach17 must be applied throughout the whole life cycle 

of self-cleaning paints (i.e. manufacture, use and end of life)18 to 

minimize their environmental and toxicological impact. 

Furthermore, we showed previously that the particles release is 

sensitive to the paint formulation.14 

In this context, we aim to apply a safer-by-design strategy relying on 

the chemical modification of the TiO2 NPs used in the formulated 

self-cleaning paints of our previous study15 (TiO2 NPs referenced as 

P2) in order to: (i) modulate their photo-catalytic properties; (ii) 

improve their adhesion to the paint matrix and prevent their release, 

and (iii) reduce their toxicity. Many strategies such as defects 

introduction, chemical doping, noble metal deposition, dye 

sensitization or surface modification with ligands of different nature 

(organic/inorganic species, polymers) were developed in order to 

tune the photocatalytic properties.19 This work only focuses on the 

coating of the TiO2 NPs with a selection of bio-inspired ligands. A two-

step protocol for embedding the TiO2 NPs with the different coating 
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was developed consisting in the electrostatic stabilization of the TiO2 

nanopowder in water by sonication in presence of an electrolyte that 

increase the electrostatic repulsive force. Then in a second step the 

addition of the ligand for coating the particles and provide a 

supplementary steric stabilization. The physico-chemical properties 

of the so-formed nanocomposites were investigated using various 

techniques (DLS, FTIR, TGA, XPS) as well as their photo-catalytic 

activity by following the degradation of methylene blue (MB) under 

light irradiation. The best nanocomposites will be selected according 

to specific criteria (photocatalytic performance, stability, 

affordability), then dispersed in paints to undergo chalking assays 

after storage for one year in the dark or in interior light conditions. 

The full characterization of the formulated paints is part of a separate 

publication.20 

Materials and Methods 

Chemicals 

TiO2 nanoparticles and chemicals.  

CrystalActivPC500 anatase TiO2 nanopowder (Tronox, 

Stamford, CT, USA), disodium pyrophosphate (Na2H2P2O7, 

purity ≥ 99%), tetrasodium pyrophosphate (Na4P2O7, purity ≥ 

95%), L-lysine (purity 98%), deferoxamine mesylate (purity > 

92.5%), 3,4-dihydroxy-L-phenylalanine (purity > 98%), 

poly(acrylic acid) 3.5 kDa (PAA), polyethylene glycol of different 

molecular weight (10 kDa, 3350 Da, 200 Da referenced in the 

text as PEG10000, PEG3350 and PEG200), sodium nitrate 

(NaNO3) and nitric acid were all purchased from Sigma Aldrich, 

USA. CellTak® was purchased from Corning (Corning, NY, USA). 

 

TiO2 nanoparticles coating 

Electrostatic stabilization of TiO2 NPs in aqueous media. (Step 1) 

Optimal dispersion conditions were obtained for 2-10 mL 

aqueous suspension of TiO2 NPs (10 mg.L-1). These suspensions 

were sonicated for 1 h (pulse 1s on/off, 80% amplitude) in a cup-

horn system (Vibracell 75041 ultrasonifier, Bioblock Scientific 

with a Sonics & Materials high intensity cup-horn), in presence 

of 5 mM of acidic (Na2H2P2O7, referenced in the text as H2Pyro), 

neutral (Na2H2P2O7/Na4P2O7 mix in a 1:1 v:v ratio) or alkaline 

(Na4P2O7, referenced in the text as NaPyro) pyrophosphate 

buffer. 

 

Embedding and steric stabilization of TiO2 NPs with the bio-

inspired coatings. (Step 2) 

Ligand solutions were introduced dropwise into the TiO2 NPs 

suspension previously stabilized. The solutions were prepared 

with optimal conditions of concentration and pH, concentration 

of ligand (CL) and volume added (Tisurf/ligand stoichiometric 

ratio of 1/1) to trigger an exchange ligand reaction between the 

hydroxylated surface and the ligands (Table S1). The 

concentration of titanium on surface sites (Tisurf) was 

determined according to the Equation 1. 21 

[Ti]surf=[TiO2].12.5/D              (1) 

Where [TiO2] represents the molar concentration (mol.L-1) of 

TiO2, and D, the particle diameter in Ångstrom. We estimated a 

concentration of Tisurf of 39 mM taking into consideration a 

primary particle size of 4 nm and a concentration of 10 mg.mL-

1. The pH was also adjusted in order to fully protonate (PAA) or 

deprotonate (lysine, deferoxamine, Dopa, PEGs) the ligand for 

an optimal reactivity with the negatively or positively charged 

TiO2 surface. The mixture was then stirred at 60 °C for 1 h in an 

Omni station OS1025 reactor (Electrothermal, Fisher Scientific, 

Waltam, MA, USA) allowing homogeneous heating of the 

solution. The particles were collected by centrifugation at 

maximum speed for 10 min, washed three times with water to 

remove unreacted ligand and dried overnight at 50 °C in an 

oven. The particles were then stored in the dark at 4 °C. 

 

Characterization 

Scanning electron microscopy (SEM). 

The size and morphology of TiO2 NPs were investigated by ultra-

High Resolution Scanning Electron Microscopy (HR-SEM, LEO 

1530, Germany). Images were acquired with a working distance 

of 3.6 mm, an accelerating voltage of 5kV, a magnification of x 

100 K and a diagram aperture of 30 µm. The elementary 

chemical composition of TiO2 NPs was analyzed by Energy 

Dispersive X-ray spectrum (EDX, QUANTAS EDS, Bruker Nano 

assisted software ESPRIT, USA) in the SEM. The working 

distance and accelerating voltage were respectively raised to 8 

mm and 15kV. 

 

Dynamic light scattering (DLS).  

The hydrodynamic radius of the nanoparticles (averaged in % 

intensity or % mass) and polydispersity were measured by DLS 

using a DynaPro NanoStar from Wyatt Technology (Santa 

Barbara, CA, USA). The suspensions of NPs were diluted in 

ultrapure water at a concentration of 100 μg.mL-1 and filtered 

on a 0.45 µm membrane prior to measurement to get rid of 

non-dispersible aggregates. 

 

Zeta potential.  

Surface charge was evaluated by electrophoretic mobility using 

a Zetasizer Nano ZSP (Malvern Instruments, Worcestershire, 

UK). 50 µg.mL-1 of TiO2 NPs were sonicated for 5 min in 13 mL 

of deionized water and 10 mM of sodium nitrate (NaNO3). 

Electrophoretic mobility was measured from low pH by adding 

small amount of nitric acid HNO3 to adjust the pH. 

 

Fourrier-transformed infrared (FTIR) spectroscopy. 

The presence of the coating on the TiO2 surface was verified by 

FTIR. FTIR spectra were recorded at RT on transmission mode 

(scan resolution: 4 cm-1) with 1 mg of dried powders pelleted 

with 99 mg of KBr and using a Spectrum 100 PerkinElmer 

spectrometer (PerkinElmer, Waltham, MA. USA). 

 

Thermogravimetric analysis (TGA).  

Quantification of the coating surrounding the TiO2 NPs was 

measured by TGA using a SDT Q600 from TA instruments (Water 

Corporation, Milford, MA, USA). The samples followed up a heat 

cycle between 20 and 800 °C at a heating rate of 10°C/min. The 

weight derivative as a function of the temperature (dashed 

curves) was represented along with the weight variation for a 
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finer analysis of the weight fluctuation over the temperature 

range. 

 

X-ray photoelectron spectroscopy (XPS) analysis.  

The grafting mode was determined by XPS using a 1486.61 eV 

Al Kα monochromatic X-ray source (SPECS GmbH, Berlin, 

Germany). Survey (0 - 1400 cm-1) and high-resolution (C1s, Ti2p 

and O1s) spectra were recorded. The atomic percentage of each 

element was determined from the high-resolution spectra using 

Spectral Data Processor software. The binding energy of spectra 

was calibrated from carbon C1s peak at 285 eV corresponding 

to the hydrocarbon (C-C/C-H). 

 

Photocatalytic activity. 

The photo-catalytic activities of the nanocomposites were 

measured with MB as a target molecule under UV-Vis 

irradiation. The degradation of MB in presence of TiO2 NPs was 

followed according to the evolution of the absorbance at 655 

nm measured by UV-visible spectroscopy (Cary 100, Agilent 

technologies, Santa Clara, CA, USA). The experimental setup 

consists of a Xe source (P = 300 W, λ > 300 nm) (Newport, MKS 

Instruments Inc., Andover, MA, USA) equipped with a liquid 

filter filtering wavelengths greater than 800 nm to prevent 

heating and evaporation of the solution. 10 mg·mL-1 of TiO2 NPs 

suspensions in water or in 5 mM NaPyro were prepared by 

weighing a mass of TiO2 accordingly to the TGA results for TiO2 

concentration in each sample then sonicated for 1 h (pulse 1s 

on/off, 80% amplitude) in a cup-horn system. The TiO2 

suspension was then diluted in 2 mL of a 12.5 µg·mL-1 aqueous 

solution of MB to reach TiO2 NPs concentrations ranging 

between 0-100 µg·mL-1. The solution was then placed in a 

quartz cuvette and irradiated under stirring at a power between 

2.1 and 2.2 suns (210 and 220 mW·cm-2). UV-vis spectrum in the 

200-800 nm range was recorded at different time points over a 

period of 2 h. 

  

Paint formulation and chalking assay. 

Photocatalytic paints were formulated with TiO2 NPs and TiO2 

NPs coated with Dopa, PEG3350 and PAA. Slurries of TiO2 

nanopowders with a TiO2 concentration of 35 wt% were 

prepared in 5 mM neutral pyrophosphate buffer to ensure 

optimal dispersion conditions. The particles were then 

incorporated in the paint as described in ref 20 with a final TiO2 

NP content of 3.5 wt%. The formulated paints were then applied 

on a Leneta substrate using a manual film applicator with a wet 

thickness of 150 μm. The paints were then stored at room 

temperature for one year in the dark or under interior day light 

before undergoing a chalking assay according to the NF EN ISO 

norm 4628-3. Experimentally, the chalking resulting from 

ageing was removed with a tape then examined on a 

contrasting background. The degree of chalking was evaluated 

using a reference scale quotation. 

 

Fig. 1: Selected bio-inspired molecules (a) and polymers (b) and their expected 
binding affinity with the TiO2 NPs surface. 

Results and discussion 

1. Electro-steric stabilization of photocatalytic TiO2 NPs with 

bio-inspired ligands 

Selection of bio-inspired ligands. 

The selected bio-inspired coatings are presented in Fig. 1. They 

were chosen according to specific criteria such as 

biocompatibility, adhesion properties and hydrophilicity to 

reduce the toxicity of the particles, adhere to the paint matrix 

via supplementary bonds and work under mild conditions such 

as in aqueous medium. They also possess different binding 

mechanism (covalent versus non-covalent) and functional 

groups to vary the binding strength on the TiO2 surface. These 

coatings can be divided into two categories: (a) low molecular 

weight natural ligands and (b) bio-compatible polymers. Among 

the molecular coatings (Fig. 1a) were selected the lysine amino-

acid, the deferoxamine siderophore (DFOA) and the dopamine 

(Dopa) molecule, well known for its ability to bind iron and TiO2 

films via the catechol functional group.22 Since these coatings 

possess an affinity with Fe(III), we expect these molecules to 

bind covalently via a coordination bond to the Ti(IV) sites on the 

surface of the particles. For the bio-polymers category (Fig. 1b), 

polyethylene glycol (PEG) and polyacrylic acid (PAA) were 

chosen due to their regular use in the synthesis of nanoparticles 

conferring them stabilization, biocompatibility and bio-

adhesion properties. 23-29 In contrast to the previous class of 

coatings, these polymers bind to the surface via a multiplicity of 

weaker interactions such as hydrogen bonds or van der Waals 

contacts. Different molecular weights of PEG were selected (MW 

= 200, 3350, 10000 g.mol-1) to vary the thickness of the coating 

layer around the TiO2 surface. Finally, we chose a derivative of 

Mfp (Mussel Foot Protein) type proteins that possess 

considerable adhesion properties on any kinds of surfaces (dry 
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or wet) related to the presence of Dopa and lysine within the 

protein chain.30-32 In particular, CellTak® is a commercial poly-

dopamine Mfp protein used for cells adhesion on substrates 

and containing 5% Dopa formed by the repetition of the 

decapeptide (Ala-Lys-Pro-Ser-Tyr-Hyp-Hyp-Thr-Dopa-Lys)x (x = 

80 - 100).33 

Electrostatic stabilization of the TiO2 NPs with an electrolyte. 

SEM image and EDX spectrum of the TiO2 NPs, presented in Fig. 

S1, showed the presence of large clusters of a few microns 

composed of spherical NPs with a diameter of approximately 4-

5 nm, as already reported in our previous study.15 For a uniform 

and efficient coating around the NPs, an effective method is 

needed first to break the clustering of particles34 then to 

stabilize the suspension in aqueous medium for allowing the 

ligand to interact with the oxide surface. Pyrophosphates have 

proven to be an effective electrolyte for the dispersion of TiO2 

nanopowder.33 The acidic (Na2H2P2O7, pH 4.5) and alkaline 

forms (Na4P2O7, pH 8.5) of pyrophosphate, designed 

respectively as H2Pyro and NaPyro, open the possibility for two 

synthetic routes according to the physico-chemical properties 

of the bio-inspired ligands (e.g. acceptor or electron donor, pH 

of the ligand in aqueous solution). The zeta potential of the 

particles measured as a function of the pH (Fig. S2) gives an 

estimation of the point of zero charge of the TiO2 NPs in water 

located around pH 5.0. Based on this result, dispersion in H2Pyro 

will protonate the water layer on the particle surfaces and lead 

to a positively charged TiO2 surface (ξ = +5-10 mV) while the 

basic pyrophosphate form will lead to the reduction of the 

surface water layer with the presence of hydroxyl ions and 

negative charges (ξ = -35 mV). Contrary to pure dispersions in 

water leading to a rapid sedimentation of the powder, the 

suspensions in presence of pyrophosphate remains stable. DLS 

measurements performed on the suspensions (Fig. 2) shows the 

different particle sizes population in mass-weighted average. 

After sonication, two populations were observed for both 

conditions. A population predominant in mass (main peak) of 

small particles with a hydrodynamic radius measured in the 3-5 

nm range, i.e. compatible with the size of the primary particles 

(2-2.5 nm radius), and clusters of a hundred of nanometers. In 

addition to the good dispersion in the particle size (PDI of the 

main peaks < 0.05), the colloidal solutions are stable from 

several hours to several days with a slightly improved stability 

when the particles were sonicated in presence of the basic 

pyrophosphate form. The improved stability of the particles can 

be easily explained by the value of the zeta potential of the 

particles with a higher global surface charge at pH 8.5 compared 

to pH 4.5 providing higher repulsive electrostatic forces. Indeed, 

according to the Derjaguin-Landau-Vervey-Overbeek (DLVO) 

theory,35 the aggregation or dispersion of particles in solution is 

governed by the relative intensity of two main forces: (i) 

attractive force of van der Waals and (ii) repulsive electrostatic 

force. In an aqueous medium, the low overall charge of the 

nanoparticles surrounded only by water molecule does not 

provide enough repulsive force to avoid the rapid aggregation 

of the particles in solution. 

 

Fig.2: Hydrodynamic radius measured by DLS (mass-weighted average) of an 
aqueous suspension of TiO2 NPs sonicated in presence of 5 mM pyrophosphate in 
acid (H2Pyro, pH = 4.5) or basic form (NaPyro, pH = 8.5). Measurements performed 
after sonication (—) and before aggregation (‐ ‐ ‐). 

 

Coating of TiO2 NPs with the bio-inspired ligands. 

After dispersion and stabilization in presence of pyrophosphate, 

a solution of ligand was added dropwise to the TiO2 NPs 

suspension with optimized ligand concentration CL and pH 

(Table S1). As an example, PAA has a pKa of 4.5 meaning that 

the functional groups of the acrylic acid monomer are 

undissociated and positively charged below 4.5.36 As the pH of 

a PAA solution at CL is 2, the TiO2 NPs were then sonicated in 

presence of the basic form of pyrophosphate to provide 

negative charges to the surface and trigger an electrostatic 

reaction between the TiO2 NPs and the polymer. Concerning the 

reaction of Dopa on the TiO2 surface, it is reported in the 

literature37 that Dopa binds the Ti(IV) sites according to two 

coordination modes depending of the pH. The first one so-called 

salicylate mode at acidic pH in which the protonated or partially 

protonated Dopa binds the Ti(IV) via hydrogen bonds. The 

second one, a catecholate mode (pH > 7) in which the binding 

involved two coordination bonds from the two deprotonated 

oxygens. The catecholate binding mode on the photocatalytic 

properties was only investigated by preparing the Dopa in basic 

medium (deprotonated form). In the particular case of the 

CellTak® coating, the attachment on the surface is achieved 

after the sudden raise of the pH from neutral to basic. 

After reaction, the nanocomposites powders involving the 

covalent grafting (biomolecules and CellTak® coatings) exhibits 

different color from pale yellow to dark brown compared to the 

original bright white TiO2 NPs powder and the non-covalent 

grafting composites (PEG and PAA). These different optical 

properties can be an indicator of the good grafting of the 

molecules on the surface as covalent grafting involves 

coordination bonds creating charge transfer bands (Ligand-to-

Metal type) in the visible domain or the polarization of the 

dipole moment.38 The evolution of the NPs size after addition of 

the bio-inspired ligands was followed by DLS (Fig. S3). After 

addition of the bio-inspired ligands and ageing in the dark, the 

population of the particles progressively evolved over time 

toward clusters of a hundred of nanometers before their 

aggregation. From this dataset, we estimated the stability of the 
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different suspensions after their electro-steric stabilization 

(Table 1). It is worth noticing that the stability of the NPs was 

improved when coated with the different bio-inspired ligands 

compared to TiO2 NPs suspended in water and pyrophosphate. 

The particles coated with Dopa, PEG3350 and PAA present the 

best stability with a lifetime in the dark superior to 6 months.  

However, the particles coated with Lysine, PEG200, and 

PEG10000 aggregates after only one month. In the case of 

particles coated with CellTak®, the addition of ligand causes the 

formation of large size assemblies that rapidly settles down. 

After reaction, the nanocomposites were collected by 

centrifugation for further characterization.  

 

Table 1: Stability and photo-catalytic properties of the TiO2 nanocomposites as a function of the dispersing medium and the bio-inspired coatings. 

Coating Electrolyte Stabilityφ 
t1/2 (min) 

(50 µg.mL-1)ψ 
Photo-catalytic activity ζ 

(%) 

- - A few minutes 27.3 - 

- H2Pyro A few hours - - 

- NaPyro A few days - - 

Lysine H2Pyro 2 weeks 34.2 -25 

DFOA H2Pyro 1 month 45.8 -68 

Dopa NaPyro > 6 months 85.6 -214 

PEG200 H2Pyro 1 month 33.1 -21 

PEG3350 H2Pyro > 6 months 48.8 -78 

PEG10000 H2Pyro 1 month 36.4 -33 

PAA NaPyro > 6 months 22.2 +18 

CellTak® Pyro neutral buffer Aggregation 67.8 -148 

     

 (φ) Qualitative estimation according to DLS measurements (Fig. S3) of the electro-steric stabilized TiO2 NPs suspensions sonicated in pyrophosphate buffer and coated with the 

different bio-inspired ligands. (ψ) Half-degradation time of MB under UV-vis irradiation with the TiO2 nanocomposites. (ζ) Decrease (-) or increase (+) of the photocatalytic activity 

(PA) of the TiO2 nanocomposites was determined from T1/2 (MB) of the composites compared to T1/2 (MB) of the pristine TiO2 NPs according to the formula PA=(T1/2 composite -T1/2 

pristine TiO2 NPs).100/ T1/2 pristine TiO2 NPs. 

 

2. Characterization of the TiO2 nanocomposites 

Grafting of the ligands by FTIR spectroscopy. 

FTIR spectra of the powders were collected to verify the good 

grafting of the bio-inspired ligands on the surface. Fig. 3 shows 

the FTIR spectra in the 1850-1000 cm-1 range for the pristine 

TiO2 NPs and the so-formed nanocomposites after ligands 

addition. In this range, characteristics bands attributed to the 

TiO2 NPs can be found at 1630 cm-1 and 1114 cm-1 

corresponding to the Ti (TiO2)-O (H2O) and O (TiO2)-O (H2O) 

vibrations between the titanium or oxygen from the TiO2 

surface and the oxygen from the hydroxyl layer. According to 

the literature,39 the characteristics vibration band of TiO2 

observed at 1400 cm-1 can be attributed to the vibration of Ti-O 

bonds inside the TiO2 crystal lattice. Other characteristic 

vibrations of TiO2 outside this range can be found at 660 cm-1 

(νTi-O-Ti) and between 3700 and 2600 cm-1, attributed to the 

hydrogens vibration from the hydroxyl layer (Fig. S4 for the full 

range FTIR spectra). In addition to the characteristic vibrational 

bands of TiO2, additional bands are visible in the spectra of the 

nanocomposites. A clear additional band appears in the TiO2-

PAA nanocomposite spectrum (Fig. 3e) that can be attributed to 

the C=O from the carboxylate functional group of the acrylic 

acid monomer. Similarly, the TiO2-PEG nanocomposite 

spectrum (Fig. 3d) presents an intense band at 1106 cm-1 that 

could be due to the O-O vibration band between the PEG 

polymeric chains and the O from the TiO2 surface or the 

hydroxyl layer. The TiO2-Dopa (Fig. 3c) and other bio-molecular 

coatings (Lysine, Fig. 3a; DFOA, Fig. 3b) lets appear additional 

vibration bands at 1490 cm-1 and 1270 cm-1 that can be 

attributed to the vibrations of C-NH2 and C-O functional groups 

present in these ligands. The assignment of the bands for the 

other coatings can be found in Table S2. As those additional 

bands are characteristic of functional groups and chemical 

bonds present in the different ligands, FTIR characterization 

could indicate their good grafting on the surface. 

Fig. 3: FTIR spectra (KBr pellet) in the 1850-1000 cm-1 of the TiO2 NPs (in black) and 
TiO2 NPs coated with  (a) Lysine, (b) Deferoxamine (DFOA), (c) Dopa (catecholate), 
(d) PEG3350, (e) PAA and (f) CellTak®. The spectra were normalized according to 
the peak at 1630 cm-1 (νTi-OH).  
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Quantification of the coating by thermogravimetric analysis 

(TGA). 

To confirm and quantify the coating around the TiO2 NPs 

surface, thermogravimetric analysis (TGA) was performed on 

the nanocomposites (bio-molecules, Fig. 4a and bio-polymers, 

Fig. 4b). In the thermograms were observed several weight 

losses associated to the departure of chemical species during 

the thermal cycle. A first weight loss associated to the 

dehydration of the samples (Twater<100 °C) was observed for all 

the nanocomposites. After dehydration, a weak weight loss was 

observed soon after (T = 172.6 °C) for the pristine TiO2 NPs that 

could potentially be associated to the impurities surrounding 

the NPs surface. Additional weight losses were observed in the 

thermograms of nanocomposites at a temperature relatively 

close to the temperature observed in the case of the departure 

of the free bio-inspired ligands (Fig. S5) allowing us to 

unambiguously confirm the good grafting of the ligands on the 

surface. At 800 °C, all the different organic coatings were 

sublimated and the remaining product/weight was associated 

to TiO2. All the different features that can be extracted from the 

thermograms are presented in Table 2. The nanopowders 

contain between 6 and 12 wt% of water depending on the 

drying as the departure of water occurs below 50 °C for most of 

them. The weight content of TiO2 in the different samples, 

including the initial nanopowder, is found below 85 wt%. 
 

 
Fig. 4: Thermograms of the TiO2 NPs (in black) and TiO2 NPs coated with the 
different bio-inspired molecules (a) and polymers (b). Dash curve: derivative 
function of the weight as a function of the temperature. 
 

 

 

Table 2: Dehydration temperature (T water), thermal decomposition of the ligand (T Ligand), decomposition temperature of the ligand coated on the TiO2 surface (T coating), 

and global composition of the TiO2 nanocomposites (water, coating and TiO2 contents) extracted from the thermograms. 

 

 

N.A.: not available

 

 

 

 

 

 

 

 

Sites 
Twater  
(°C) 

TLigand  
(°C) 

Tcoating 
(°C) 

Water content 
(wt%) 

Coating content 
(wt%) 

TiO2 content 

(wt%)
 

TiO2 37.9 N.A. - 12 - 82 

TiO2 –Lysine 35.5 N.A. 303.1 8 5 83.5 

TiO2 –DFOA 35.1 
208.0 
387.6 

200.9 
377.3 

6.5 6-7 82 

TiO2 –Dopa 38.7 
280.1 
501.6 

280.2 
405.6 

10 2.5 81.5 

TiO2 -PEG200 36.2 215.8 307.4 10 2 84 

TiO2 -PEG3350 80.0 256.4 277.0 6 17 76 

TiO2 -PEG10000 36.6 251.3 333.9 7 10 78 

TiO2 –PAA 36.8 
246.0 
315.4 
505.6 

378.1 7 6-7 82 

TiO2 –CellTak 36.8 N.A. 323.6 11.5 3 82 
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Adsorption mode and thickness of the coating by X-ray photo-

electron spectroscopy (XPS). 

 

The TiO2 nanocomposites were analyzed with XPS to determine 

the grafting mode of the bio-inspired ligands on the TiO2 

surface. The high-resolution XPS spectra of C1S, Ti2p and O1s 

region of the pristine and coated TiO2 NPs are represented in  

Fig. 5. The carbon C1s peak was composed of three peaks at 

284.82 ± 0.04 eV, 286.1 ± 0.45 eV and 289.15 ± 0.45 eV binding 

energies. The first peak was associated to C-C or C-H bonds.40, 41 

The peaks at 286.1 ± 0.45 eV and 289.15 ± 0.45 eV were 

attributed respectively to C-O and O=C-O bonds.40 For the TiO2 

-PEG3350 nanocomposite, the peak at 289.15 ± 0.45 eV is not 

present. For the TiO2-Dopa, TiO2-PEG3350, TiO2-PAA and TiO2-

DFOA nanocomposites, a supplementary peak appeared at 

287.76 ± 0.24 eV. This peak was attributed to C=O bonds.40 On 

the other hand, previous studies42, 43 have shown that the peaks 

at 287.76 eV and 289.15 eV may be from atmospheric 

contamination. The both peaks at 286.1 ± 0.45 eV and 287.76 ± 

0.24 eV can be originated from the ligands. In the case of 

pristine TiO2 NPs, C-O bonds could come from a carbon layer 

surrounding the particles.15 The peak at 288.76 eV was only 

observed for the TiO2-PAA nanocomposite and assigned to –O-

C=O bonds.44-46 The titanium Ti2p peak was composed of two 

main peaks assigned to Ti 2p3/2 and Ti 2p1/2 core levels of Ti4+ at 

458.97 ± 0.09 eV and 464.63 ± 0.17 eV, respectively.47, 48 The 

predominant peak at 458.97 ± 0.09 eV was attributed to Ti4+ 

ions in TiO2.48, 49 This indicates that these ions are in an 

octahedral environment, coordinated with oxygen.50, 51 XPS 

spectrum of TiO2-Dopa and TiO2-DFOA nanocomposites show 

that the Ti 2p3/2 and Ti 2p1/2 was shifted toward a lower binding 

energies compared to pristine TiO2 NPs, approximatively of 0.21 

eV and 0.36 eV, respectively. This confirms that the bond 

between TiO2 and Dopa and DFOA is based on C-O-Ti and not C-

Ti.52 For the TiO2-Dopa nanocomposite, two supplementary 

peaks appeared at 460.46 eV and 466.04 eV, which belong to 

the N-Ti-O bonds and C-O-Ti, respectively.53 This C-O-Ti binding 

in titanium Ti2p compared to pristine TiO2 NPs was attributed 

to covalent interaction of the ligand with Ti sites at the surface. 

The new peak in titanium Ti2p corresponding to N-Ti-O suggest 

an electrostatic interaction between the positively charged 

NH3
+ groups in the ligands with O2- sites at the surface. The 

grafting of Dopa on the TiO2 NPs surface could be the result of  

 

 

a combination of covalent interaction (C-O-Ti bonds) and 

electrostatic interaction via protonated NH2 at the surface 

whereas the grafting of DFOA on the TiO2 NPs surface is purely 

covalent. The binding energies are now 457.48 eV and 462.92 

eV were attributed to Ti 2p3/2 and Ti 2p1/2 of Ti3+.54, 55 This means 

that the Ti3+ sites were created in nanocomposites during the 

grafting. This oxidation of Ti sites at the surface could be due to 

absorption of the DFOA on the TiO2 surface. The deconvolution 

of the O1s spectrum shows a main peak at 530.30 ± 0.13 eV 

attributed to oxygen atoms of TiO2 lattice and various minor 

peaks at higher binding energies.56 The minor peaks at 531.33 ± 

0.04 eV and 533.09 ± 0.09 eV were assigned respectively to OH 

and H2O species, indicating the presence of hydrated oxides at 

the TiO2 surface.57 For the TiO2-PEG3350 and TiO2-PAA 

nanocomposites, new bonds appeared compared to XPS 

spectra of pristine TiO2 NPs. A slight shift of the peak at 

531.33 ± 0.04 eV is observed for TiO2-PEG3350 and TiO2-PAA 

nanocomposites, of approximately 0.25 eV, probably due to the 

adhesion of the ligands. The peak at 533.09 ± 0.09 eV was not 

observed for the pristine TiO2 NPs and TiO2-PAA 

nanocomposite. However, for pristine TiO2 NPs, a peak at 

532.47 eV appears. This peak can be assigned to C-O bonds52 

which comes from a carbon layer coating surrounding the 

particles. B.F. Xin et al.58 suggest that the peaks at binding 

energy at 531-533 eV can be attributed to oxygen chemisorbed 

such as O2, -OH, and -CO3 on TiO2 surfaces. Moreover, the peak 

at binding energy at 533.87 eV can be assigned to the oxygen 

atoms connected to carbon atoms in C-O.59 This suggests that 

the grafting with the polymers is a non-covalent grafting 

occurring preferentially on O sites at the TiO2 surface. The 

concentration of each elements related to the nanocomposites 

were also determined by XPS. Table S2 presents the average 

chemical composition measured over each sample. The pristine 

TiO2 NPs contain 8.30 at% of carbon, which is coming from a 

thin carbon layer contamination surrounding the particles. This 

result is in agreement to thermogravimetric measurements. For 

the TiO2-Dopa, TiO2-PEG3350, TiO2-PAA and TiO2-DFOA 

nanocomposites, the carbon concentration is about 2.6 times 

higher than for pristine TiO2 NPs. This indicates that the carbon 

finds its origins from the ligands. Elements such as F, N, P and 

Na were also present in our spectra and represent a total of 3 

at%. 
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Fig. 5: XPS spectra of pristine TiO2 NPs and TiO2 NPs coated with bio-inspired ligand. C1s, Ti2p and O1s spectra of (a) pristine TiO2 NPs, TiO2 NPs coated with (b) 
deferoxamine (DFOA), (c) Dopa, (d) PEG3350 and (e) PAA. 
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Coating rate of the TiO2 NPs. 

Taking into account the molar amount of active sites available 

(O and/or Ti) deduced from Jankovic et al.60 formula for an 

anatase spherical particles (Text S1), the grafting mode on the 

surface from the XPS study (covalently and/or electrostatically 

via Ti and/or O sites, respectively), the denticity of the ligand 

and the amount of coating present on the surface extracted 

from TGA, one can estimate the particle coating rate for the 

different ligands (Table 3). Variability among the 

nanocomposites was observed depending on the chemical 

nature of the ligand (molecular weight, grafting mode, 

denticity) and its affinity with the TiO2 surface. The highest 

coating rate in the case of bio-molecules and polymers was 

found respectively with Dopa (24.3% of active sites coated) and 

PEG10000 (coated surface of approximately 42.6%). Among the 

molecular coatings, Dopa has a highest binding affinity with the 

TiO2 surface than Lysine (12.56%) and DFOA (5.25%). The 

covalent grafting mechanism offers a fewest available sites for 

the adhesion of the ligand (reaction with the titanium sites only) 

compared to non-covalent grafting (multiple van der Waals-

type interactions with the Ti and O sites but also hydrogens 

bonding with the hydroxyl layer). However, this estimation 

takes only into account the ideal case where the nanoparticles 

are perfectly dispersed in solution (primary TiO2 NPs with a 

diameter of 4 nm). Indeed, DLS measurements of the 

nanocomposites (Fig. S3) rather indicated the presence of 

clusters of particles of a 100 nm radius decreasing drastically the 

number of available surface sites for the adsorption/exchange 

reaction with hydroxyl groups to take place. 

 

 

Fig. 6: Photocatalytic activity of the TiO2 NPs in water (pH 7.0). (a) Degradation of 
MB under UV-vis irradiation as a function of the TiO2 NPs concentration. (b) Half-
degradation time of MB (time necessary to deteriorate 50% of MB) as a function 

of the TiO2 NPs concentration. MB (%) = ((A665nm, t – A665nm,t0)/A665nm,t0)x100. 

 

  

Table 3: Composition of the TiO2 nanocomposites (water, TiO2, coating) for 100 mg of powder according to TGA and estimation of the coating rate of one particle.

 

α preferential TiO2 adsorption site based on XPS investigation, β theoretical mass of ligand necessary to bind the entire active sites of a 4 nm spherical anatase particle,  
γ coating rate (CR) calculated according to the formula CR = (experimental coating mass/theoretical coating mass)*100. 

 

 

3. Photocatalytic activity 

 

Degradation of Methylene Blue (MB) as a function of the TiO2 

NPs concentration. 

The photocatalytic activities of the TiO2 nanocomposites were 

evaluated by following the degradation of MB under UV-vis 

irradiation. The emission spectrum of the lamp can be found in 

Fig. S6. TiO2 is a wide-bandgap semi-conductor with 3.0-3.2 eV 

of bandgap energy (Eg) that requires the light excitation with a 

wavelength range shorter than 400 nm. The photogeneration of 

electron-hole pairs and reactive radicals (HO
.
, O2

.-) participates 

in reduction and oxidation processes at the surface. A first set 

Nanocomposite 
Mligand 

(g.mol-1) 
n denticity 

H2O 
(mg) 

TiO2 

(mg) 
Coating 

(mg) 
TiO2 adsorption 

sitesα 
Coating (theory) 

(mg)β 
Coating 
rate (%)γ 

TiO2 -Lysine 146 1 10.5 83.5 6.0 Ti 47.8 12.6 

TiO2 -DFOA 656.8 1 6.6 82.3 11.1 Ti 211.5 5.2 

TiO2 -Dopa 197.2 1 4.4 80.5 15.1 Ti 62.1 24.3 

TiO2 -PEG200 200 4 12.0 84.4 3.6 O 33.0 10.9 

TiO2 -PEG3350 3350 60 10.9 79.4 9.7 O 34.7 28.0 

TiO2 -PEG10000 10000 178 7.4 78.0 14.6 O 34.3 42.6 

TiO2 -PAA 1800 25 9.7 82.4 7.9 O 46.4 17.0 

     7.9 Ti+O 69.6 11.3 

TiO2 -CellTak 140000 1000 13.1 81.7 5.2 Ti 44.8 11.6 
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of experiment was conducted by looking at the degradation of 

MB as a function of the TiO2 NPs concentration (Fig. 6 and Fig. 

S7). Fig. 6a presents the degradation of MB as a function of TiO2 

concentration (0-100 µg.mL-1). The results show a linear 

degradation of MB under irradiation in the absence of TiO2 with 

46% of the MB degraded after 2 h of irradiation. However, a 

faster degradation is clearly observed when MB is irradiated in 

presence of the TiO2 NPs. This photolysis is considerably 

accelerated when increasing the TiO2 NPs concentration. Fig. 6b 

represents the half-degradation time of MB (t1/2, time necessary 

for degrading 50% of MB under irradiation) as a function of the 

TiO2 NPs concentration. The recorded points fit well with an 

exponential fitting. Therefore, 50% of the MB is completely 

degraded after 100 min of irradiation at a concentration of 10 

µg.mL-1. This time decrease down to 10 min at a concentration 

of 100 µg.mL-1. 

 

Influence of the coating on the photo-catalytic activity. 

This first series of experiments showed that the photocatalytic 

activity is highly sensitive to the TiO2 concentration. For the 

following experiments, we fixed a TiO2 NPs concentration of 50 

µg.mL-1 in order to observe fine changes in the photocatalytic 

activities. To make sure to get the same TiO2 amount in every 

sample and compare the photo-catalytic activity of the different 

nanocomposites, the mass necessary to prepare the 50 µg.mL-1 

solutions was weighted according to the TiO2 wt% content 

found by TGA. Because the photocatalytic activity is strongly 

influenced by the pH,61 the activities of TiO2 NPs coated with 

bio-inspired ligands (Fig. 7) were evaluated at pH 7.0. Fig. 7a and 

Fig. 7b show the degradation of MB under UV-vis irradiation in 

presence of the nanocomposites in the case of the bio-

molecular and bio-polymeric coatings, respectively (Fig. S8). The 

superimposition for all coatings can be found in Fig. S9 and the 

photocatalytic activity (T1/2) compared to the pristine TiO2 NPs 

is reported in Table 1. The dataset nicely shows a good 

modulation of the photo-catalytic activity with the different 

coatings surrounding the TiO2 NPs. For the bio-molecule 

coatings (Fig. 7a), the photo-catalytic activity is slightly reduced 

with Lysine and DFOA coatings. However, the photo-catalytic 

activity is strongly decreased when the TiO2 NPs are coated with 

Dopa that possesses a stronger binding affinity toward the TiO2 

surface and a higher coating rate compared to Lysine and DFOA. 

Two regimes can clearly be observed: a slow degradation of MB 

between 0 and 40 min followed by a more rapid degradation 

with a progressive increase of the standard deviations. This  

suggests a deterioration of the Dopa coating over time as its 

photodegradation by TiO2 have already been observed in 

aqueous media.62 In the case of bio-polymers (Fig. 7b), the 

coating of the TiO2 NPs with PEG of different molecular weights 

shows different behaviors. The photocatalytic activity is less 

impacted with PEG200 (-21%) and PEG10000 (-33%) contrary to 

PEG3350 coating where a decrease of the activity by around -

80% was found. PEG200, PEG3350 and PEG1000 have an 

increasing coating rate according to the TGA calculations (Table 

3), which can be directly correlated to the thickness of the 

polymeric layer on the surface. Based on these results, we can 

assume that the photocatalytic activity is influenced by the 

thickness of the polymeric layer coating, but further 

investigations are needed to ascertain this hypothesis. A strong 

decrease was also observed for the CellTak® poly-dopamine 

with possible deterioration of the coating as the same behavior 

than Dopa can be noticed (two distinct regimes with a more 

intense degradation and progressive increase of the standard 

deviation over time). Contrary to Dopa and the polyDopa, 

PEG3350 coating seems to be more stable over the irradiation 

cycle. Interestingly, the TiO2-PAA nanocomposite is the only 

coating exhibiting an increase of the photocatalytic activity by 

around 20%. 

The photocatalytic activity seems very sensitive to a change at 

the surface of the TiO2 nanoparticles. It was shown that the 

activity depends on both intrinsic TiO2 NPs properties 

(crystallinity, surface charge, particle size, presence of defect 

sites) and interfacial interactions with the substrate.63 As the 

intrinsic TiO2 NP properties and experimental conditions (pH, 

concentration) were kept identical in the different experiments, 

the decrease can be explained by a less surface available for the 

adsorption/degradation reaction of MB to take place because 

of the surface coverage by the ligand.  

 
 
Fig. 7: Influence of the coating on the photo-catalytic activity. Degradation of MB 
under UV-vis irradiation with TiO2 NPs (50 µg.mL-1) coated with (a) biomolecules 

and (b) biopolymers. MB (%) = ((A665nm, t – A665nm,t0)/A665nm,t0)x100. Error bars 

determined from duplicate experiments. 

 



 Environmental Science: Nano  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx Environmental Science: Nano ., 2020, 00, 1-3 | 11 

Please do not adjust margins 

Please do not adjust margins 

 

Concerning the increase of the photocatalytic activity observed 
with PAA, the proximity of the polymer energy levels 64 — with 
a HOMO (highest occupied molecular orbital) and LUMO (lower 
unoccupied molecular orbital) located respectively at -7.6 eV 
and -4.0 eV — and the valence (Evb) /conduction (Ecb) bands of 
anatase TiO2 (Evb = -7.1 eV; Ecb = -3.95 eV) 65 could favor the 
formation of a type II heterojunction between the polymer and 
the nanoparticles. Recently, Liu et al. 66 reported a so-called 
“Lock-in Effect” in a heterojunction of a COOH conjugated 
polymer and TiO2 exhibiting outstanding photocatalytic activity. 
These new electronic properties resulted from the interfacial 
interaction between the carboxyl (also present in PAA) and 
hydroxyl groups of TiO2, improving drastically the electron-hole 
separation efficiency and the interface charge transfer ability. 

4. Paint formulation with TiO2 NPs coated with bio-inspired 
ligands. 

Finally, paints were formulated with different photocatalytic 

TiO2 nanocomposites chosen according to their stability and 

photocatalytic activity (Table 1). Based on these criteria, 

uncoated TiO2 (control), TiO2-Dopa (high colloidal stability, -

215% decrease of the photocatalytic activity), TiO2-PEG3350 

(high colloidal stability, -80% decrease of the photocatalytic 

activity) and TiO2-PAA (high colloidal stability, +20% increase of 

the photocatalytic activity) NPs were selected and incorporated 

in paints at a 3.5 wt% TiO2 content. After deposition on Leneta 

substrates, the paints were aged for one year in the dark or 

under interior day light (Fig. 8a). Whereas the paints exhibits a 

stable bright white coloration, the TiO2-Dopa formulated paint 

possesses a characteristic brown color due to LMCT band issued 

from the covalent binding between Dopa and Ti sites on the TiO2 

NPs surface. This paint progressively turned to white after 

ageing in day light. This change of color can be associated to the 

progressive photodegradation of the Dopa coating by TiO2 as 

suggested by the photocatalytic activity of the NPs and reported 

in the literature.62  

Chalking assays performed after one year of storage (Fig. 8b) 

showed a high amount of collected powder on the tape with the 

TiO2-PAA nanocomposites formulated paint (quotation of 5 and 

4 after ageing in the dark and day light, respectively). This 

observation lets suggest a more intense degradation of the 

mechanical strength of the paint with this coating. Hence, it comes 

to confirm the enhanced photocatalytic activity exhibited by 

these NPs (+20%) compared to the original TiO2 nanopowder. A 

decrease of the TiO2 NP content by 20% could eventually be 

applied during the formulation to reduce the paint degradation 

and observe a comparable photocatalytic effect of the paint. 

The quotation of the TiO2-Dopa paint after ageing in day light 

(quotation of 4) strongly increased compared to the aged in the 

dark and the TiO2 control ones (quotations of 2), which could be 

the direct consequence of the degradation of the coating under 

irradiation as mentioned above. Among the three selected 

coatings, PEG3350 is the most promising one since the 

formulated paint appeared to be the most stable after ageing. 

This polymer is also relatively inexpensive and the NPs easy to 

prepare under mild conditions (e.g., without use of toxic 

solvents).  

 
 

 
 
 
Fig. 8:(a) photographies of paints deposited on Leneta substrats after storage in dark and 
exposed to day light.and (b) chalking assay after storage for one year in dark or under 
interior day light of paints formulated with photocatalytic TiO2 NPs uncoated or coated 
with Dopa, PEG3350 and PAA. 

 

Conclusions 

We successfully modified the surface of a commercial 

photocatalytic TiO2 nanopowder with bio-inspired ligands of 

different chemical nature (molecules and polymers) for its 

application in self-cleaning paint. The coating strategy relied on 

the electrostatic stabilization in aqueous media with a 

pyrophosphate buffer (acid or basic conditions) followed by the 

addition of the ligand providing an extra steric stability 

compared to the initial particles. 

The grafting and quantification of the ligand on the surface were 

confirmed by FTIR spectroscopy and TGA analysis performed on 

the nanocomposites. The grafting mode of several ligands was 

investigated by XPS and showed that the binding resulted from 

a combination of covalent and electrostatic interactions 

depending on the ligand chemical nature and architecture. 

These nanocomposites exhibit variable photocatalytic activities 

based on the degradation of MB under UV-vis irradiation, 

meeting our initial objective toward the safer-by-design 

development of a self-cleaning paint. As most of the ligands 

decreased more or less strongly the photocatalytic activity of 

the TiO2 NPs, the nanocomposites should induce fewer 

damages to mechanical strength of the paint once incorporated 

in the paints while keeping the self-cleaning property. Only the 

coating with PAA presented an increase of the photocatalytic 

activity. With this feature, fewer particles in number would be 

necessary in the paint formulation for observing the same self-

cleaning effect, and concomitantly, a lower amount of NPs 

would be released by mechanical stress, use or ageing over the 

paint life cycle. In order to improve the performance of the 

nanocomposites, the influence of the coating rate (thickness of 

the coating) on the photocatalytic properties, its resistance over 

several irradiation cycles and ageing would need to be 

investigated. The performance of these safer-by-design 

photocatalytic paints during their life cycle (photocatalytic 

efficiency, NPs emission during use, abrasion and incineration, 
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NPs toxicity and genotoxicity) should be further analyzed to 

evaluate their environmental benefits. Actually, the NPs and 

VOCs released during the use, weathering and mechanical 

solicitation of the formulated paints have been already further 

investigated and will be published in a separate paper.20 It 

confirms the interest of our nanocomposites and our safer-by-

design approach. 

Conflicts of interest 

There are no conflicts to declare. 

Acknowledgements 

 

The authors acknowledge Stéphane Ménage and Aurélien 

Deniaud for interesting discussions. This work is a contribution 

to the LABEX SERENADE (n° ANR-11-LABX-0064) funded by the 

“Investissements d'Avenir” French Government program of the 

French National Research Agency (ANR) through the A*MIDEX 

project (N° ANR-11-IDEX-0001-02). This research is part of the 

LabEx ARCANE and CBH-EURGS (grant ANR-17-EURE-0003). JL 

and AR were supported by the SafeTiPaint project granted by 

the LabEx SERENADE. The NanoZS were funded by the EQUIPEX 

NanoID (grant ANR-10-EQPX-39-01).  

 

Abbreviation 
 
TiO2 NPs: Titanium dioxide nanoparticles; DFOA: Deferoxamine; 

Dopa: Dopamine; PAA: Poly-acrylic acid; PEG: Polyethylene 

glycol; MB: Methylene blue; H2Pyro and NaPyro: acidic 

(Na2H2P2O7, pH 4.5) and alkaline forms (Na4P2O7, pH 8.5) of 

pyrophosphate, respectively; FTIR: Fourrier-transformed 

infrared; SEM: Scanning electron micrography; EDX: Energy-

dispersive X-ray spectroscopy. 
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