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Abstract: The surfaces of wool fibers are modified with N-doped TiO2 nanoparticles by 

treating the fibers with tetrabutyl titanate and ammonium chloride under low temperature 

hydrothermal conditions to obtain wool fibers with photocatalytic functions in the visible light 

spectrum. The effects of nitrogen and sulfur in amino acids in keratin on the photocatalytic 

activity of TiO2 particle coated wool fibers are investigated. Changes of various fiber 

properties such as tensile strength, surface friction, photocatalytic activity, and self-cleaning 

performance of untreated, TiO2-coated and N-doped TiO2-coated wool fibers are studied. It is 

found that N-doped anatase TiO2 nanoparticles with an average grain size of 11.2 nm are 

synthesized and simultaneously grafted onto the wool fibers. After treatments, the 

crystallization index of the wool fibers is slightly reduced. The capability to protect against 

ultraviolet radiation is much enhanced. The performances of photocatalytic degradation of 

methylene blue dye and self-cleaning of red wine under both UV and visible light irradiation 

are endowed. It is also found that wool fibers coated with TiO2 particles without being doped 

by nitrogen still have apparent photocatalytic reactions and self-cleaning effects under visible 

light irradiation due to the formation of C-Ti3+, O-Ti3+, and N-Ti3+ bonds between TiO2 and 

wool keratin on the wool fiber surfaces. Thus wool fabrics might not need to be coated with 

N-doped TiO2 nanoparticles to realize its self-cleaning effect under visible light. Such 

important conclusions would provide wool materials with wide applications in clothing and 
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technical products such as wastewater treatment. 

Keywords: Wool fibers; N-doped TiO2, Hydrothermal; Modification 

 

1. Introduction 

Titanium dioxide (TiO2) loaded textile structures are very attractive not only in functional 

clothing and home textiles, but also in technical textile applications. One of the typical 

potential applications of TiO2 loaded textile structure in technical textiles might be its use in 

the treatment of pollution effluents. While photocatalytic mineralization of organic pollutants 

by using photocatalyst TiO2 particles is effective to reduce water and air pollutions, the 

post-treatment removal of TiO2 in either wastewater slurries or air effluent through filtration 

and re-suspension processes can be a time consuming and costly process [1, 2]. The solution of 

this problem is to immobilize photocatalyst TiO2 particles on a porous substrate such as fibrous 

structures, to facilitate the practical application of the photocatalytic wastewater treatment 

process [3]. Wool fibers are of particular interests in both functional clothing and wastewater 

treatment substrates. On one hand, wool clothing is notorious for its dimensional stability after 

scouring and many efforts are made in achieving easy-care wool fabrics, and thus a TiO2 

treated and scouring-free wool fabric is long desired. On the other hand, wool fibers are proved 

an effective keratin substrate to absorb and adsorb organic pollutants and heavy metal ions 

from waste effluents. Therefore, a visible-light-induced self-decontamination wool fabric has 

become our research interests. 

However, the photocatalytic activities of the TiO2 nanoparticles treated fabrics mentioned 

above only function in UV light but not in the visible light spectrum. There are two routes to 



 

 4 

expand the photocatalytic activities of the TiO2 nanoparticles into visible light spectrum. One is 

to lower the unoccupied molecular orbital level of the conduction band by ion implantation of 

metallic elements into TiO2 nanoparticles and the other is to raise the occupied molecular 

orbital level of the valence band (usually by using organic photosynthesizing dyes or pigments) 

[4]. The photosynthesizing dyes have the capability of absorbing photons from visible light in a 

conventional TiO2 thin film, and then transfer them to TiO2, thus creating electricity [5]. 

Pelaez et al. [6] and Daghrir et al. [7] have systematically reviewed the development of the 

visible light active TiO2 synthesized by different strategies, including non metal doping (boron, 

nitrogen, carbon, fluorine, sulfur, etc), noble metal and transition metal doping, dye 

sensitization, and coupling semiconductors. However, only modest progress in increasing the 

photocatalytic activity have been made from those efforts because the increased absorption of 

visible light cannot be straightforwardly related to the reaction rate and the foreign species 

often work as recombination centers for the photogenerated electron/hole pairs [8]. 

When doping of TiO2 with nitrogen, the origin of the photoresponse at higher wavelengths is 

the mixing of the 2p nitrogen level with the oxygen 2p orbital to form the valence band, which 

results in a lower band gap resulting in visible light absorption [9]. The element nitrogen can 

be easily incorporated into the TiO2 structure either in the bulk or as a surface dopant because 

of its comparable atomic size with oxygen, small ionization energy, and high stability [10]. PL 

analysis confirms that nitrogen atoms in substitutional sites enhance the photocatalysis of TiO2 

under visible light more effectively than nitrogen atoms in interstitial sites [11]. Substitution of 

N in place of oxygen in the TiO2 lattice causes a decrease in oxygen vacancies which inhibits 

the recombination of electron–hole pairs [12]. However, N doping of TiO2 can enhance the 
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formation of surface oxygen vacancies [13]. The orbit of doped nitrogen is not responsible for 

modifying the electron structure of TiO2 but some local unusual structures forming when the 

N-doping process generates the visible-light activity, such as crystal defects or distortion [14]. 

Nitrogen and other elements co-doped TiO2 have also been widely investigated. In nitrogen 

co-doped TiO2, the interstitial nitrogen doping sites rather than substitutional sites seem to 

improve the photocatalytic activity of TiO2 because of the better charge separation [15]. 

Moreover, the synergic effect of substitutional and interstitial nitrogen sites are more efficient 

to improve the electrochemical photoactivity of TiO2 due to the good light absorption, charge 

transfer in substitutional doping, and the good charge separation induced by the interstitial 

nitrogen doping [16]. Results indicate that the increased photocatalytic activity of the V-N 

co-doped TiO2 can be attributed to the synergistic effects caused by V and N that increase the 

visible light absorption and simultaneously act as electron and hole trapping sites thus 

decreasing the rate of charge recombination [17]. The visible light photocatalytic activity of 

N-S co-doped TiO2 is not only influenced by the value of energy gap, the distribution of 

impurity state, but also depends on the property of impurity state, the location of Fermi level 

and the energy in the edge of band gap [18]. Examples to achieve visible light photocatalytic 

functions in TiO2 coated textile fabrics are also reported. Wool fabrics are treated with citric 

acid as a cross-linking agent and with TiO2/Ag nanocomposites, in which the lowest 

unoccupied molecular orbital level of Ti3+ is lowered by ion implantation of Ag elements into 

TiO2 nanoparticles, to achieve superior self-cleaning properties [19]. A significantly improved 

visible-light-induced self-cleaning effect can be achieved in cotton fabrics by using N-doped 

TiO2 nanoparticles together with AgI particles coating [3]. 
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Unlike cotton fiber, wool fibers are composed of keratin protein and are often not stable in 

both UV and visible light irradiation [20]. While surface gratification of TiO2 clusters on wool 

fibers has been realized mainly by the sol-gel process [21, 22] and nanocrystalline TiO2 is 

found to act primarily as a UV absorber in dry conditions [20] and as a UV photocatalyst in 

wet conditions [23], there is hardly any research done to achieve visible-light-induced 

self-cleaning effect in wool fabrics and little is known if nitrogen or sulfur element in amino 

acids of keratin wool fibers would affect such visible-light-induced photochemical reactions in 

TiO2 coated wool fibers. In addition, TiO2 nanoparticles are required to be securely bound into 

the surface of targeted wool fibers in order to increase the durability of the desired 

photochemical properties and not to release nanoparticles into surrounding environment to 

meet ecological requirements, also the mechanical properties of the wool fibers need to be 

maintained. 

In this study, wool fibers coated with nitrogen doped TiO2 nanoparticles are achieved by 

using tetrabutyl titanate as the precursor and ammonium chloride as the doping agent under 

low temperature hydrothermal conditions, in order to increase its photocatalytic activity of 

TiO2 nanoparticles under visible light irradiation. The functions of N-doped TiO2 particles and 

pure TiO2 particles coated wool fibers are compared with each other to find out if nitrogen or 

sulfur element in amino acids in wool fibers would play a role in self-cleaning effect in TiO2 

coated wool fibers. The differences between the tensile properties, friction coefficient, 

photocatalytic activity, and self-cleaning capability of both pure TiO2 particles and N-doped 

TiO2 particles coated wool fibers are investigated. The changes of the surface morphology, 

phase structure, chemical structure, composition, thermal behavior, and optical properties of 

app:ds:ammonium
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the wool fibers before and after treatments are investigated to establish an understanding of the 

photochemistry mechanism of TiO2 treated wool fibers. 

 

2. Experimental section 

2.1. Materials 

The merino wool fibers with an average diameter of 20 ȝm and nonionic surfactant W900 were 

obtained from the local textile mill. The reagent-grade chemicals used include tetrabutyl 

titanate (Ti(OC4H9)4), ammonium chloride (NH4Cl), methylene blue (MB), acetone, and 

anhydrous ethanol. Deionized water was used throughout this study. 

2.2. Modification of wool fibers with TiO2 and N-doped TiO2 nanoparticles 

About 3.0 g of wool fibers was immersed in 200 ml of mixed solution containing 2.0 g/l of 

sodium carbonate and 0.5% of nonionic surfactant W900 at 50°C for 15 min, and subsequently 

treated with a 100 ml of acetone and anhydrous ethanol solution at 50°C for 10 min, 

respectively, and then washed thrice in deionized water at room temperature for 10 min and 

dried at 60°C for 8 h. About 0.5 ml of tetrabutyl titanate was added dropwise into 10 ml of 

ethanol solution under vigorous stirring at room temperature. The solution was then diluted 

with 70 ml of deionized water and 8.0 g of ammonium chloride was added into. About 0.5 g of 

pretreated wool fibers were dipped in the above suspension for 10 min, and then transferred to 

a 100 ml PTFE-lined stainless steel autoclave. Six same autoclaves were simultaneously 

prepared according to the above method, which were placed in a furnace and run at a speed of 

10 r/min. The temperature was raised to 110°C at a heating rate of 2.0°C/min. After 2 h, the 

as-prepared wool fibers were taken out and successively washed with acetone, anhydrous 

app:ds:ammonium
app:ds:chloride
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ethanol, and deionized water at 50°C for 10 min, respectively, and finally dried at 60°C. The 

resultant precipitate was centrifuged after discarding the upper solution, and successively 

washed with acetone, anhydrous ethanol, and deionized water, and finally dried in an oven at 

120°C for 10 h. For comparative analysis, the wool fibers were also treated with Ti(OC4H9)4 

without NH4Cl based on the above described procedure. 

2.3. Characterization and measurement 

The morphology, structure, composition, thermal behavior, and optical properties of the wool 

fiber samples before and after treatments were characterized by using field emission scanning 

electron microscopy (FESEM), X-ray diffraction (XRD), Fourier transform infrared 

spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), thermal gravimetric (TG) 

analysis, differential scanning calorimetry (DSC), diffuse reflectance spectroscopy (DRS), and 

photoluminescence (PL) spectroscopy techniques, respectively. The fiber tensile properties 

were tested by using a standard electromechanical apparatus. The fiber surface friction 

properties were measured by using a standard single fiber friction measurement device. The 

photocatalytic activity was performed by monitoring the discoloration of MB dye. The details 

of the above characterization methods are provided in the Supporting Information S1 of this 

paper. 

The self-cleaning performance of the wool fiber samples was assessed by the discoloration 

of red wine. A bunch of wool fibers was tied onto a slide glass and about 2 ml of red wine was 

dropped onto one end of wool padding. After 3 min of absorption of red wine, the wool 

padding was irradiated with a 1500W Xenon arc lamp which produces UV and visible light 

irradiation at a distance of 10 cm. The intensities are 5.4 mW·cm-2 for UV irradiation and 
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1.55×105 lux for visible light irradiation, respectively. The color changes of the red wine 

absorbed into the wool padding were monitored by comparing the images taken before and 

after 84 h of irradiation by using a Samsung ST700 digital camera. 

 

3. Results and discussion 

TiO2 particles have been used as a delustrant and UV blocker in synthetic fibers for years due 

to its good reflective properties and UV absorption ability. But in wool fibers, there is 

possibilities for reactive oxygen species (superoxide radical anions O2
·-, hydroxyl radicals ·OH, 

and hydrogen peroxide) forming by the interaction between UV radiation and TiO2 in the 

surface of wool fibers to ultimately degrade disulfide bond and produce unwanted yellow 

photoproducts. In this section, the morphology, chemistry composition, and surface properties 

of wool fibers coated with TiO2 and N-doped TiO2 nanoparticles in hydrothermal process are 

examined and discussed. 

3.1. Tensile properties 

The results of the tensile testing of the untreated, TiO2 coated and N-doped TiO2 coated wool 

fibers before and after irradiation are listed in the Supporting Information S2 (see Table S1). It 

is found that after treatment with Ti(OC4H9)4, the average tenacity and elongation of wool 

fibers decrease slightly from 219 MPa to 200 MPa and from 25.5% to 22.3%, respectively. 

After being added with NH4Cl, the average tenacity has almost no further change (202 MPa) 

and the average elongation increases slightly (25.0%). This seems that the detrimental effect on 

the tensile properties of wool fibers is due to the hot and high pressure water together with 

chemical agents. 
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It is also noticed that, with the increases of the irradiation time, the average tenacity and 

elongation of the untreated wool fibers gradually decrease. After 500 h of continuous 

irradiation, the average tenacity and elongation decrease by 13.7% and 25.6%, respectively. 

However, for both TiO2 coated and N-doped TiO2 coated wool fibers, the average tenacity 

decreases with the increase of the irradiation time at first, and then levels off beyond 250 h. 

The average elongation gradually decreases with increasing irradiation time. The average 

tenacity decreases about 17% for the TiO2 coated and N-doped TiO2 coated wool fibers after 

being irradiated for 500 h. The decrease of the average elongation of the TiO2 coated wool 

fibers (43%) is greater than that of the N-doped TiO2 coated wool fibers (39%). Therefore, it is 

evident that TiO2 coating on wool regardless of N-doped will accelerate the photo-degradation 

process of wool fibers to some degree. Besides the photodegradation of wool fibers, it is 

guessed that the increased light absorption of the TiO2 coated and N-doped TiO2 coated wool 

fibers generates the electron-hole pairs and further forms the active groups [8], which can 

destroy the structure of wool fibers under UV and visible light irradiation. This is a very 

interesting phenomenon that TiO2 coated wool fibers have the similar photocatalytic reaction to 

that of N-doped TiO2 under UV and visible light irradiation. However, because there is not 

much decrease of wool tensile strength, the photocatalytic reaction site is probably limited to 

the surface layer of wool fibers. The mechanism of action will be studied in the future work. 

3.2. Friction properties 

The results of the friction testing of the wool fibers before and after treatments are listed in the 

Supporting Information S3 (see Table S2). After treatment with Ti(OC4H9)4 and NH4Cl, as the 

N-doped TiO2 nanoparticles are immobilized onto the wool fibers, resulting in the surface 
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morphological changes of wool fibers (became coarse), the static and dynamic friction 

coefficients of the wool fibers (against-scale and with-scale) increase to some extent. However, 

the differential frictional coefficients are reduced from 28.0% to 22.7% for static friction 

testing and reduced from 12.5% to 11.8% for dynamic friction testing, respectively. Because 

felting effect of wool fibers are determined by directional frictional effect, the smaller the 

differential frictional coefficient is, the less felting effect the wool fiber has [41]. It is thus 

anticipated that the felting phenomenon of the N-doped TiO2 coated wool fibers will be 

alleviated during wet processing including laundering and scouring owing to a reduction of 

these frictional difference (ȝa − ȝw). Compared with the N-doped TiO2 coated wool fibers, the 

static and dynamic friction coefficients of the TiO2 coated wool fibers change little. Thus the 

nitrogen doping has no effects on the friction properties of the TiO2 coated wool fibers. 

3.3. Surface morphology 

The FESEM images of the wool fibers before and after treatments are shown in the Supporting 

Information S4 (see Figure S1). It is seen that the surface of the untreated wool fibers is very 

clean without any substances on. After being modified with Ti(OC4H9)4 and NH4Cl, a thin 

layer of materials is uniformly coated on the surface of the N-doped TiO2 coated wool fibers. 

Meanwhile, some large granules in micrometer scale adhere onto the fiber surfaces due to the 

agglomeration of nanoparticles. As illustrated in the high resolution FESEM image, such 

nanoscale particles with a diameter around 100 nm are tightly anchored to the substrate of the 

wool fibers. In addition, there is no distinct difference in the surfaces of the TiO2 coated and 

N-doped TiO2 coated wool fibers. The high pressure and hot water are believed to have 

facilitated the binding of colloidal nanoparticles to the wool fibers. 
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3.4. Thermal properties 

The TG and DSC curves of wool fibers before and after treatments are shown in Figure 1, and 

the results of TG analysis of wool fibers are listed in the Supporting Information S5 (see Table 

S3). It is evident from the TG curves that the onset and endset decomposition temperatures of 

wool fibers decrease from 263.3°C and 381.0°C to 259.7°C and 370.7°C after being treated 

with Ti(OC4H9)4, respectively. The lost mass increases from 63.3% to 67.0% at a temperature 

of 550°C. After treatment with Ti(OC4H9)4 and NH4Cl, the onset and endset decomposition 

temperatures of the N-doped TiO2 coated wool fibers decrease to 261.9°C and 372.8°C, 

respectively. The corresponding lost mass is 70.7%. 

It is clear from the DSC curves that the initial endothermic peak increases from 81.2°C in 

untreated wool fibers to 85.1°C in the TiO2 coated wool fibers, which is ascribed to the 

removal of surface absorbed water or the residual water molecules caused by TiO2 coating. The 

major endothermic peak at 277.4°C decreases to 273.9°C. That is attributed to the 

decomposition of both polypeptide and amino acid as well as the incorporation of TiO2 

nanoparticles. The initial endothermic peak of the N-doped TiO2 coated wool fibers further 

decreases to 80.7°C, whereas its major endothermal peak increases to 296.0°C. Obviously, 

such change in thermal stability of the N-doped TiO2 coated wool fibers is mainly due to the 

doping of N into TiO2. Therefore, the hydrothermal treatment has a little effect on the thermal 

properties of wool fibers. 

3.5. XRD analysis 

The XRD patterns of the wool fibers before and after treatments as well as the remaining 

particles are shown in Figure 2. The typical diffraction peaks for the untreated, TiO2 coated and 
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N-doped TiO2 coated fibers are found at around 2ș=9° and 20°, which belong to the 

characteristic positions of wool fibers. However, the characteristic peaks of TiO2 are not 

observed in the XRD patterns of both modified wool fibers. This might be because the amount 

of TiO2 nanoparticles loaded onto the fiber surfaces is relatively small so that its diffraction to 

X-ray cannot be detected by the instrument. The crystallization indexes of wool fibers are 

reduced from 59.8% to 51.7% for the TiO2 coated wool fibers and 57.3% for the N-doped TiO2 

coated wool fibers under hydrothermal conditions, respectively. This might be attributed to the 

structural change of microfibrils in wool surface. For both the remaining particles left in the 

hydrothermal processing medium, a series of characteristic peaks at 25°(101), 38°(004), 

48°(200), 54°(105), 56°(211), 63°(204), 68°(116), 70°(220) and 75°(215) are in agreement 

with the data list in JCPDS card No.21-1272 [24]. At the same time, three diffraction peaks are 

identified at 2ș of 23°, 32°, and 58° in the XRD pattern of the N-doped TiO2 particles, which 

are attributed to the (100), (110), and (211) planes of salammoniac (JCPDS card No.07-0007). 

Therefore, the crystalline structure of the as-synthesized particles by using Ti(OC4H9)4 and 

NH4Cl can be indexed to the anatase TiO2 doped with nitrogen. The average crystallite sizes of 

the remaining particles in the processing liquid are determined to be 9.6 nm for the TiO2 

particles and 11.2 nm for the N-doped TiO2 particles by measuring the FWHM of (101), (004), 

and (200) reflections and using Scherrer’s equation, respectively. Combined with the FESEM 

observation, the cluster of 100 nm particles is mainly caused by growth of the smaller particles 

near the surface of wool fibers due to the continuous deposition of small particles. 

3.6. FT-IR analysis 

The FT-IR spectra of the wool fibers before and after treatments as well as the as-obtained 

app:ds:crystallization
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nanoparticles are shown in Figure 3. Compared with the spectrum of the untreated wool fibers, 

the O-H band of the TiO2 coated wool fibers shifts from 3425 to 3443 cm-1. This is ascribed to 

the surface absorbed water induced by the TiO2 coating [25], which might make the TiO2 

coated fiber generate much stronger oxidative free radicals than those of untreated one [26]. 

The peak at 2932 cm-1 (CH2 asymmetric stretching) decreases to 2929 cm-1, while the band at 

1450 (CH3 asymmetric bending) increases to 1452 cm-1. The amide I and II I bands shift from 

1636 (C=O stretching) and 1234 cm-1 (C-N stretching) to 1638 and 1236 cm-1, respectively. 

Furthermore, influenced by the Ti-O band at 462 cm-1 of TiO2, the N-H band at 568 increases 

to 588 cm-1 [27]. 

For the N-doped TiO2 coated wool fibers, the peak at 3430 cm-1 is intensified because of the 

introduction of N-H band. The amide I and III bands decrease to 1628 and 1229 cm-1. The 

peaks at 2932, 2877 (CH3 symmetric stretching), 1708 (carbonyl group), 1450, 933 (C-O 

stretching), and 568 cm-1 shift to 2926, 2875, 1717, 1445, 937, and 578 (influenced by the Ti-O 

band at 582 cm-1 of N-doped TiO2) cm-1, respectively. Therefore, it can be concluded that the 

TiO2 and N-dope TiO2 nanoparticles are immobilized onto the wool fibers by chemical 

grafting. 

3.7. XPS analysis 

To study the bonding mechanism between TiO2 nanoparticles and wool fibers, the survey 

spectra and core level single spectra of the bonding partners (C1s, O1s, S2p, N1s, and Ti2p) of the 

wool fibers before and after treatments are shown in the Supporting Information S6 (see Figure 

S2). The quantitative XPS data are listed in the Supporting Information S7 (see Table S4). 

It is noticed that the element of titanium appears in the TiO2 coated and N-doped TiO2 
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coated wool fibers, while it is a much smaller intensity peak in Ti2p in N-doped TiO2 coated 

wool fibers than in TiO2 coated wool fibers. The percentage atomic concentration of Ti2p in 

N-doped TiO2 coated wool fibers is about 16% of that in TiO2 coated wool fibers, which 

indicates a small amount of TiO2 is coated in the N-doped TiO2 coated wool fibers. Also, In 

comparison with TiO2 coated wool fibers, there are much greater intensity peaks appearing in 

both N1s and C1s binding energy band in N-doped TiO2 coated wool fibers, and the percentage 

atomic concentrations of both of these two elements are very close to those of untreated wool 

fibers as shown in Table S4. 

Compared with the C1s XPS spectra of the untreated wool fibers, the sub-peaks of C-C/C-H, 

C-N/C-O, and C=O/C(O)N of the TiO2 coated fibers shift from 284.54, 286.23, and 287.61 eV 

to 284.60, 285.89, and 287.77 eV, respectively. A new sub-peak at the binding energy of 

283.47 (C-Ti4+/C-Ti3+) eV is observed [28]. For the N-doped TiO2 coated fibers, the sub-peaks 

of C-C/C-H, C-N/C-O, and C=O/C(O)N shift to 284.39, 285.90, and 287.78 eV, respectively 

[29, 30]. Meanwhile, two new sub-peaks at the binding energies of 280.08 (C-Ti3+) and 282.37 

(C-Ti4+) eV are identified [31]. These are attributed to C atoms of wool fibers bound to Ti of 

N-doped TiO2. 

The O1s peak of the untreated wool fibers is deconvoluted into two subpeaks. After treatment 

with Ti(OC4H9)4, the subpeaks at 531.42 (O=C) and 532.39 (O-C) eV shift to 531.80 and 

533.50 eV, respectively. Moreover, two new subpeaks are found. The subpeak at 530.44 eV is 

assigned to O atoms bound to Ti of TiO2 (O-Ti4+). The subpeak at 528.73 eV is ascribed to O 

atoms of wool fibers bound to Ti of TiO2 (O-Ti3+). After being modified with Ti(OC4H9)4 and 

NH4Cl, the subpeaks at 531.42 and 532.39 eV shift to 531.09 and 532.54 eV, respectively. 
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Also, two new subpeaks are identified. The subpeak at 529.16 eV is attributed to O atoms 

bound to Ti of N-doped TiO2 (O-Ti4+) [32]. The subpeak at 526.88 eV is assigned to O atoms 

of wool fibers bound to Ti of N-doped TiO2 (O-Ti3+) [33]. 

With respect to the S2p XPS spectra of the untreated wool fibers, the subpeaks at 163.42 (S-S) 

and 164.67 (S-H) eV change little (163.21 and 164.75 eV) when wool fibers are modified with 

Ti(OC4H9)4. After treatment with Ti(OC4H9)4 and NH4Cl, the subpeaks at 163.42 and 164.67 

eV are reduced to 161.90 and 163.87 eV, respectively. Furthermore, a shoulder at lower 

binding energy of 159.18 eV is noticed. This has been assigned to S atoms of wool fibers 

bound to Ti of N-doped TiO2 (S-Ti3+) [34]. However, it has been reported that the peak of a 

binding energy between 163–164 eV is assigned to element sulfur or TiS [35], and that TiS2 

nanoparticles is fabricated by sol-gel process [36, 37], therefore, there might be the new 

bindings of S-Ti4+, S-Ti3+, and S-Ti2+ forming between wool fibers and TiO2 nanoparticles in 

the hydrothermal process. 

For the N1s XPS spectra of three wool fiber samples, the subpeaks at 398.62 (C-N) and 

400.08 (N-H) eV in untreated wool fibers slightly shift to 398.77 and 400.10 eV after treatment 

with Ti(OC4H9)4, respectively. A small subpeak at 396.86 eV also forms in the wool fibers 

treated with Ti(OC4H9)4, and this new subpeak is ascribed to the bonding of nitrogen atoms of 

wool fibers with Ti of TiO2 [38]. This means that the N atoms of wool fibers are bound to Ti of 

N-doped TiO2 (N-Ti4+/N-Ti3+). When wool fibers are treated with Ti(OC4H9)4 and NH4Cl, the 

subpeaks at 398.62 and 400.08 eV are reduced to 397.68 and 399.69 eV, respectively. 

Meanwhile, a new subpeak at 395.12 eV is found, which can be attributed to the nitrogen 

replacing the oxygen in the crystal lattice of N-doped TiO2 [39, 40]. Thus those characteristics 
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of C1s, S2p, and N1s in N-doped TiO2 coated wool fibers are not the same as those of TiO2 

coated wool fibers. 

The Ti2p XPS spectra for both modified wool fibers consist of four distinct subpeaks. For the 

TiO2 coated wool fibers, the subpeaks at 464.48 and 459.28 eV represent 

C-Ti4+/O-Ti4+/N-Ti4+
2p1/2 and C-Ti4+/O-Ti4+/N-Ti4+

2p3/2, respectively [14]. The subpeaks at 

462.73 and 457.60 eV correspond to C-Ti3+/O-Ti3+/N-Ti3+
2p1/2 and C-Ti3+/O-Ti3+/N-Ti3+

2p3/2 

respectively. But for the N-doped TiO2 coated wool fibers, the subpeaks at 464.85 and 458.80 

eV are in accord with C-Ti4+/O-Ti4+/S-Ti4+/N-Ti4+
2p1/2 and C-Ti4+/O-Ti4+/S-Ti4+/N-Ti4+

2p3/2, 

respectively. The subpeaks at 462.77 and 456.51 eV agree with C-Ti3+/O-Ti3+/S-Ti3+/N-Ti3+
2p1/2 

and C-Ti3+/O-Ti3+/S-Ti3+/N-Ti3+
2p3/2, respectively. Therefore, the results testify that the 

N-doped TiO2 nanoparticles are grafted onto the wool fibers via the C-Ti4+(Ti3+), O-Ti4+(Ti3+), 

S-Ti4+(Ti3+, Ti2+), and N-Ti4+(Ti3+) bonds. 

While it is known that titanium trivalent (Ti3+) on the surface of TiO2 particles is very 

reactive [41] and plays an essential role in photocatalytic process over TiO2 photocatalyst [42], 

and that it can be generated by using UV irradiation and thermal annealing on the surface of 

anatase TiO2 particles, we thus propose that the stable bonding between TiO2 particles and 

wool fibers are C-Ti4+, S-Ti4+(Ti2+), O-Ti4+, and N-Ti4+, and the reaction mechanism between 

TiO2 nanoparticles and wool fibers is summarized in Figure 4. 

3.8. DRS analysis 

The diffuse reflectance spectra of the untreated, TiO2 coated and N-doped TiO2 coated wool 

fiber samples in the wavelength range of 200-800 nm are shown in Figure 5. 

In comparison with untreated wool samples, it is noted that the reflectance of the TiO2 
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coated fiber samples decreases in the UV region (200nm~400nm) and increases significantly in 

the visible light region (450nm~800nm); and that such decrease of the reflectance in the UV 

region in N-doped TiO2 coated wool fiber samples is relatively small but the increase of the 

reflectance in the visible light region (450nm~800nm) is still significant. This increase of the 

reflectance in the visible light region is a band gap narrowing effect which might be due to N2p 

and S2p states mixing with O2p states in N-doped TiO2 coated fibers, as it is known that the 

substitutional doping of nitrogen into the TiO2 lattice causes a shift of the absorption edge 

towards the visible spectral region [9]. With the increase of the substitutional nitrogen sites in 

the TiO2 lattice, the UV activity decreases but not the visible light photoactivity [16]. The 

photocatalytic activity of the N-doped TiO2 coated wool fibers is thus enhanced in visible 

region but weakened in UV region because of the N doping. 

However, there is hardly any existing theory that can explain why TiO2 coated wool samples 

(without N-doping) has such a significant decrease of reflectance in UV band and increase in 

visible light band. We suspect that such decrease of reflectance in UV band is due to the role of 

existing C, O, and N elements existing in keratin protein, which forms a certain amount of 

C-Ti3+, O-Ti3+ and N-Ti3+ bands with TiO2 as indicated in XPS analysis and thus promote 

photocatalytic activities in the TiO2 coated wool fibers [28, 38, 43]. The increase of the 

reflectance in visible light region is mainly due to the increase of the whiteness of TiO2 coated 

wool fibers. 

It is also shown that, in comparison with the average reflectance of wool fibers coated with 

pure TiO2, the average reflectance of the wool fibers coated with N-doped TiO2 is about 1.3% 

smaller in the UV waveband and about 5.0% greater in the visible band. This might be due to 
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the fact that the amount of TiO2 applied onto wool fibers in N-doped TiO2 coated wool is much 

smaller than that in pure TiO2 coated wool, as indicated in XPS results. 

The effect of such small differences in the average diffuse reflectance on the photocatalysis 

and self-cleaning performance between TiO2 coated and N-doped TiO2 coated wool fibers will 

be investigated further in next few sections. 

3.9. PL analysis 

The PL spectra of the wool fibers before and after treatments are shown in the Supporting 

Information S8 (see Figure S3). It is known that the PL spectrum of TiO2 is related to its 

transfer behavior of photo-induced electrons and holes (TiO6 octahedra and oxygen vacancies), 

reflecting the separation and recombination of charge carriers [44]. For the TiO2 coated wool 

fibers, a broad emission band can be observed in the range of 320–560 nm (direct electron-hole 

radiative recombination for 320-400 nm, indirect band gap and surface recombination for 

400-500 nm, and charge transfer transition of trapped electron in an oxygen vacancy and Ti3+ 

defects for 500-560 nm), which is consistent with the previous studies [45–47]. Although the 

shape and position of the PL emission peaks are almost identical, the PL intensity of the TiO2 

coated wool fibers is lower than those of the N-doped TiO2 coated wool fibers expect for the 

sample doped with 100g/l of NH4Cl. This is because doping of N into the TiO2 lattice results in 

the effective quenching of photoluminescence [48]. 

It is also observed that the PL intensity of the N-doped TiO2 coated wool fibers gradually 

decreases with the increase of the amount of NH4Cl at first, and then reaches the lowest value 

when the amount of NH4Cl is 100 g/l, indicating the low recombination rate of photogenerated 

electron–hole pairs and the reduction of surface Ti3+ species, which leads to the high 
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photocatalytic activity [49]. After that, the PL intensity increases with increasing the amount of 

NH4Cl. This is due to an increase in the formation of vacancy sites, which can increase the 

probability of charge recombination [50]. As a result, the N-doping level causes the change in 

the valence band level of N-doped TiO2, which results from the photocatalytic formation of 

OH· radicals induced by irradiation with visible light. 

3.10. Photocatalysis 

The photocatalytic activity of the untreated, TiO2 coated and N-doped TiO2 coated wool fibers 

are characterized by measuring the absorbance of MB solution under both UV and visible light 

irradiation. The change of normalized C0/C of MB concentration with irradiation time is shown 

in the Supporting Information S9 (see Figure S4). It is evident that the normalized C0/C 

gradually increases with the increase of irradiation time for all samples under both UV and 

visible light irradiation. 

While the UV rays can decolorize the MB dye to some degree due to UV photo-bleaching 

[51], it is found in Figure S4(a) that, the TiO2 coated wool fibers behave much better than the 

N-doped TiO2 coated ones under UV irradiation condition. The apparent rate constant of the 

normalized C0/C for the TiO2 coated wool fibers (0.41 h-1, squared correlation coefficient, 

R2=0.96) is as about 1.2 times as that for the N-doped TiO2 coated ones (0.34 h-1, R2=0.99). 

This might be because there is a greater amount of TiO2 particles coated on the surface of wool 

fibers. After being irradiated by visible light irradiation for a specific time, it appears in Figure 

S4(b) that the apparent rate constant of the normalized C0/C of the N-doped TiO2 coated wool 

fibers (0.15 h-1, R2=0.93) is as about 1.15 times as that of the TiO2 coated fibers (0.13 h-1, 

R2=0.94), although there are much less amount of N-doped TiO2 particles immobilized on wool 
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samples than the amount of pure TiO2 particles on wool fibers as indicated in XPS results. The 

visible light activity of the N-doped TiO2 coated wool fibers during the MB degradation 

process might be attributed to the N- and/or S-induced mid-gap level forming above the 

valence band of TiO2 [51, 52]. Based on the analyses of XPS, DRS and PL, it is concluded that 

the nitrogen and sulfur anions act as the hole traps, reducing the recombination rate of the 

hole–electron couples [53]. Moreover, the oxygen deficient sites forming in the grain 

boundaries are responsible for the visible light response [54], whilst the presences of nitrogen 

and sulfur improve the stabilization of these oxygen vacancies [55, 56]. 

3.11. Self-cleaning performance under the mixture of UV and visible lights 

The images of the untreated, TiO2 coated and N-doped TiO2 coated wool fibers stained by red 

wine before and after irradiation are shown in Figure 6. It is interesting to note that the 

self-cleaning performance of the wool fibers after treatment with Ti(OC4H9)4 can be achieved 

regardless of NH4Cl being added. After 84 h of UV and visible light irradiation, the intensity of 

the red color on the untreated wool padding stained by red wine still remains intact. However, 

the red color on the surface of the TiO2 coated wool padding is almost completely discolored 

while the red color of N-doped TiO2 coated wool padding can still be seen. When exposed to 

UV and visible light irradiation, a photon with energy greater than the band gap of TiO2 

generates an electron hole pair. The positive hole in the valence band can react with the 

absorbed water to produce H+ and ·OH radicals, and the electron in the conduction band can 

reduce oxygen to produce O2·- anions. Both hydroxyl radicals and peroxide anions are 

extremely reactive species, and they can oxidize the organic compounds of red wine until 

complete mineralization is achieved [57]. It is confirmed that by merging with a subsurface 
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oxygen vacancies (VO), O2 adsorbed as superoxo (O2
–) at fivefold-coordinated Ti sites can be 

transformed to peroxo (O22-) and placed into an anion surface lattice site as an interstitial (O2)O 

species, which is also an important intermediate in the photooxidation of water [58]. The 

photocatalytic activity of the N-doped TiO2 coated wool fibers can be enhanced in visible 

region because of the N doping, but weakened in UV region. In addition, it is noticed that the 

introduction of NH4Cl into hydrothermal process reduces the amount of TiO2 particles forming 

on the surface of wool fibers and thus reduces the total photocatalytic activity of the N-doped 

TiO2 coated wool fibers under UV and visible light irradiation. In contrast, the wool fibers after 

treatment solely with Ti(OC4H9)4 have much greater amount of TiO2 particles coated on the 

surface of wool and also have C-Ti3+ and N-Ti3+ bonds forming on the surface of the wool fiber 

and could thus have photocatalytic activities under both UV and visible light irradiation. 

Therefore, the self-cleaning ability of the TiO2 coated wool fibers is much better than that of 

the N-doped TiO2 coated ones under a combination of UV and visible light irradiation. 

 

4. Conclusions 

The N-doped TiO2 nanoparticles have been prepared by using tetrabutyl titanate as the 

precursor and ammonium chloride as the doping agent in the presence of wool fibers under 

hydrothermal conditions. The photocatalytic effects have been compared with the wool fibers 

treated solely using tetrabutyl titanate as the precursor under similar hydrothermal conditions. 

The SEM and XRD results confirm that the surfaces of the wool fibers are coated with a thin 

film of anatase-type N-doped TiO2 nanoparticles with an average nanocrystal size of 11.2 nm. 

The FT-IR and XPS results confirm that the N-doped TiO2 nanoparticles are grafted onto the 

app:ds:ammonium
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wool fibers through the chemical bonds of C-Ti4+, S-Ti4+(Ti2+), and N-Ti4+. There are also N- 

and S-Ti3+ bonds forming between TiO2 particles and the surface of wool fibers, which enable 

the photocatalytic activities of TiO2 nanoparticles under visible light irradiation. The TG and 

DSC results confirm that the thermal properties of wool fibers have only small changes. The 

coefficients of friction increase, while the differential frictional coefficients decrease. The DRS, 

PL and tensile results confirm that there are photocatalytic activities and photodegradation 

reactions happening in the TiO2 coated and N-doped TiO2 coated wool fibers. A certain amount 

of N-dopant incorporated into TiO2 accelerates the evolution of O2. The self-cleaning 

performances confirm that wool keratin polymers could form C-, N-, and O-Ti3+ bonding with 

TiO2 particles to have photocatalysis effect and self-cleaning performance under visible light 

irradiation. 
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Figure captions: 

Figure 1. TG (a) and DSC (b) curves of wool fibers before and after treatments 

Figure 2. X-ray patterns of wool fibers before and after treatments and the remaining particles 

Figure 3. FT-IR spectra of wool fibers before and after treatments and the remaining particles 

Figure 4. Proposed mechanism of wool fiber surface-grafted with N-doped TiO2 nanoparticles 

Figure 5. DRS of the untreated, TiO2 coated and N-doped TiO2 coated wool fibers 

Figure 6. The self-cleaning effect of wool fibers before and after 84 h of UV and visible light 

irradiation: (a) before irradiation; (b) after irradiation 
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Figure 1 TG (a) and DSC (b) curves of wool fibres before and after treatments 
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Figure 2 X-ray patterns of wool fibres before and after treatments and the remaining particles 
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Figure 3 FT-IR spectra of wool fibres before and after treatments and the remaining particles 

 



 

 33 

 
Figure 4 Proposed mechanism of wool fibre surface-grafted with N-doped TiO2 nanoparticles 
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Figure 5 DRS of the untreated, TiO2 coated and N-doped TiO2 coated wool fibres 

 

 

   

(a) before irradiation                      (b) after irradiation 

Figure 6 The self-cleaning effect of wool fibres before and after 84 h of UV and visible light irradiation 

 

 

 



 

 34 

Supporting Information 

 

Photocatalytic Effects of Wool Fibers Modified with Solely TiO2 Nanoparticles and 

N-doped TiO2 Nanoparticles by Using Hydrothermal Method 

Hui Zhang*1, Zhenwei Yang1, Xingtao Zhang1, and Ningtao Mao1,2 

1SĐŚŽŽů ŽĨ TĞǆƚŝůĞ Θ MĂƚĞƌŝĂůƐ͕ Xŝ഻ĂŶ PŽůǇƚĞĐŚŶŝĐ UŶŝǀĞƌƐŝƚǇ͕ Xŝ഻ĂŶ ϳϭϬϬϰϴ͕ CŚŝŶĂ 

2School of Design, University of Leeds, Leeds, LS2 9JT, United Kingdom 

*To whom correspondence should be addressed. E-mail: hzhangw532@xpu.edu.cn 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 35 

S1. Characterization and measurement 

The surface morphologies of the wool fibers before and after treatments were examined by 

using a field emission scanning electron microscope (FESEM, JEOL JSM-6700). 

The X-ray diffraction (XRD) patterns of the fiber samples and as-obtained particles were 

ŽďƚĂŝŶĞĚ ďǇ ƵƐŝŶŐ CƵ Kɲ1 radiation (ʄ=0.154056 nm), with a 7000S diffractometer at 40 kV and 

40 mA with an angle of 2ɽ from 5° to 80° at a scan speed of 8 deg/min. The crystallite size of 

the remaining particles was determined by the Scherrer formula (D=KʄͬɴĐŽƐɽ͕ ǁŚĞƌĞ D is the 

ĚŝĂŵĞƚĞƌ ŽĨ ƚŚĞ ƉĂƌƚŝĐůĞ͖ ʄ ŝƐ ƚŚĞ X-ƌĂǇ ǁĂǀĞůĞŶŐƚŚ͖ ɴ ŝƐ ƚŚĞ Ĩull width at half maximum (FWHM) 

ŽĨ ƚŚĞ ĚŝĨĨƌĂĐƚŝŽŶ ůŝŶĞ͖ ɽ ŝƐ ƚŚĞ ĚŝĨĨƌĂĐƚŝŽŶ ĂŶŐůĞ͖ ĂŶĚ K is a constant 0.89) [S1]. The 

crystallization index CI of the fiber samples was calculated by equation 1 [S2]. 

%100
9

149 



o

oo

I

II
CI         (1) 

Where I9° and I14° ĂƌĞ ƚŚĞ ŝŶƚĞŶƐŝƚŝĞƐ ŽĨ ĚŝĨĨƌĂĐƚŝŽŶ Ăƚ Ϯɽ=ϵΣ ĂŶĚ Ϯɽ=14°, respectively. 

Functional groups of untreated and treated wool fibers were analyzed by using Fourier 

transform Infrared spectroscopy (FT-IR) in an FTIR 7600 spectrophotometer (Lambda Scientific 

Systems, Inc.). The spectra were recorded in the range of 400ʹ4000 cm-1 with a resolution of 

4 cm-1 as the KBr pellets. 

The composition and chemical states of key elements in the fiber surfaces were obtained by 

using a Thermo Scientific K-Alpha X-ray photoelectron spectrometer (XPS) system. The fiber 

ƐĂŵƉůĞƐ ǁĞƌĞ ĂŶĂůǇǌĞĚ ǁŝƚŚ Aů Kɲ ŵŽŶŽĐŚƌŽŵĂƚŝĐ X-ray source (1486.68 eV, 12 kV, 6 mA) and 

the vacuum of the analysis chamber was less than 8×10-6 Pa. All binding energies were 

calibrated relative to the C1s peak (284.6 eV) from hydrocarbons absorbed on the surface of 

the samples. The percentage atomic concentration of component elements were obtained 

app:ds:crystallization
app:ds:index
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from XPS peak areas and peak decomposition which were determined using the Thermo 

Scientific Avantage Data System. The spectrum was first smoothed by using the Savitsky-Golay 

algorithm (autoapply changes), and the peak background was then processed by using the 

smart algorithm, and finally the peak was fitted by using the Gauss-Lorentz mixed algorithm. 

The changes of the thermal properties of the wool fibers were investigated by using 

thermogravimetric (TG) and differential scanning calorimetry (DSC) analyses in a NETZSCH STA 

449F3 instrument. The percentage weight change and heat flow with respect to temperature 

were evaluated from 40°C to 550°C with a 10oC/min heating rate under a nitrogen 

atmosphere, respectively. The onset and endset decomposition temperatures and peak 

decomposition temperature were determined using the attached NETZSCH Proteus Thermal 

Analysis Software. 

The optical properties of the fiber samples were measured by using diffuse reflectance 

spectroscopy (DRS) in U-3010 spectrophotometer, which was equipped with an integrating 

sphere (ø150 mm) and barium sulfate (BaSO4). The spectra were recorded at ambient 

temperature in the 200-800 nm range at a scanning speed of 600 nm/min. 

The photoluminescence (PL) spectra of the fiber samples at room temperature were 

recorded using a Hitachi F-4500 fluorescence  spectrophotometer with a 150 W xenon lamp 

as the light source under photoexcitation at 300 nm. 

The photocatalytic degradation of the MB dye in an aqueous solution was performed by 

using the untreated and treated wool fibers. About 0.4 g of the fiber sample was immersed 

into 50 ml of a 5 mg/l MB solution, which was placed in a dark box. Every 8 h, the reaction 

solution was replaced with the same volume of fresh MB solution until the absorbance was 
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kept at 0.467 at ʄmax 662 nm. The MB solution was then exposed to a Philips 40W UV lamp 

with a main wavelength of 254 nm at a distance of 10 cm. The intensity of UV irradiation was 

ĚĞƚĞƌŵŝŶĞĚ ƚŽ ďĞ ϮϭϱʅWͼĐŵ-2 by a TM-213 UV illumination meter. To simulate the visible light 

irradiation, a 125W metal halide lamp was hung over the MB solution at a distance of 15 cm. 

The solution was covered with a UV filter to block out the UV rays. The intensity of visible light 

was measured to be 1.25×104 lux by a TES 1332A digital light intensity meter. The absorbance 

of the MB solution at ʄmax 662 nm was measured by using a VIS-7220N spectrophotometer 

(Beijing Rayleigh Analytical Instrument Corp.) at set intervals. The standard curve between the 

concentration and the absorbance for MB solution was calibrated based on the 

Beer-LĂŵďĞƌƚ Ɛ͛ ůĂǁ͘ VĂƌŝĂƚŝŽŶ ŽĨ ŶŽƌŵĂůŝǌĞĚ C0/C of MB concentration was plotted against 

irradiation time t and the apparent photo-degradation rate constant k of MB solution was 

calculated by equation 2 [S3]. 

kttf
C

C
 )(ln 0     (2) 

Where C0 is the initial concentration of MB aqueous solution, C is the concentration of MB 

solution at time t. 

The wool fibers were irradiated with the aforementioned metal halide lamp at a distance of 

15 cm. The room temperature is 26°C and the relatively humidity is 72%. The intensity in 

visible light waveband is 1.75×104 lux and the intensity of UV irradiation is ϵϮϬ ʅWͼĐŵ-2. The 

tensile strength of the fiber samples before and after irradiation was conducted in accordance 

with GB/T 13835.5-2009 on a YG001N electromechanical measurement device. The gage 

length was 20 mm and the constant extension rate was 20 mm/min with a pretension of 0.2 

cN. More than 300 wool fibers were measured and the average value was recorded. 
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The changes of the static and dynamic friction coefficients of the wool fibers against a 

smooth stainless steel rod surface were evaluated based on the capstan method [S4] by using 

a Y151 single fiber friction measurement device. A defined weight (W) was fixed at one end of 

a single fiber sample and the free end of the single fiber was connected to the hook of a 

torsion balance, which was hung onto the rod perpendicular to the rotation axis of the rod. 

The static and dynamic friction coefficients (ʅs and ʅd) were determined by evaluating the 

loads imposed on the fiber sample when the cylinder was not rotating and when it was 

rotating, respectively. The value of either ʅs or ʅd was calculated by equation 3 [S5]. 

)/(log733.0)( mWWds       (3) 

Where W is the initial weight loaded onto one of the ends of fiber sample and m is the weight 

recorded on the torsion balance. The average of 50 tests was calculated. The differential 

frictional coefficient (static ʍs or dynamic ʍd) was calculated by equation 4. 

%100)( 




wa

wa
ds 

         (4) 

Where ʅa and ʅw ĂƌĞ ƚŚĞ ĨƌŝĐƚŝŽŶ ĐŽĞĨĨŝĐŝĞŶƚƐ ŝŶ ƚŚĞ ͚ĂŐĂŝŶƐƚ-ƐĐĂůĞ͛ ĂŶĚ ͚ǁŝƚŚ-ƐĐĂůĞ͛ ĚŝƌĞĐƚŝŽŶƐ͕ 

respectively. 

S2. The results of the tensile testing of the untreated, TiO2 coated and N-doped TiO2 coated 

wool fibers before and after irradiation 

Table S1. The results of tensile properties of wool fibers 

Irradiation 

time (h) 

Untreated TiO2 coated N-doped TiO2 coated 

Tenacity 

(MPa) 
Elongation (%) 

Tenacity 

(MPa) 

Elongation 

(%) 

Tenacity 

(MPa) 

Elongation 

(%) 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

0 219 3.33 25.47 11.26 200 2.61 22.34 12.40 202 3.08 25.00 10.92 

100 212 2.70 23.82 10.65 195 3.63 21.24 12.24 197 2.91 18.48 10.72 

250 205 2.76 20.12 11.61 167 2.39 15.67 9.55 168 2.52 17.76 11.36 

500 189 2.55 19.85 11.30 166 1.56 12.71 10.51 167 2.56 15.33 11.62 
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Note: Mean is denoted as the average value; SD is denoted as the standard deviation 

S3. The results of the friction testing of the wool fibers before and after treatments 

Table S2. The results of friction properties of wool fibers 

Wool fibers 

Friction coefficient Differential frictional 

coefficient (%) Against-scale With-scale 

Static Dynamic Static Dynamic Static Dynamic 

Untreated 0.48 0.27 0.27 0.21 28.0 12.5 

TiO2 coated 0.53 0.39 0.35 0.31 20.5 11.4 

N-doped TiO2 coated 0.54 0.38 0.34 0.30 22.7 11.8 

S4. FESEM images of the wool fibers before and after treatments 
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Figure S1. FESEM images of (a) 3000× untreated, (b) 3000× and (c) 30000× TiO2 coated, and (d) 

3000× and (e) 30000× N-doped TiO2 coated wool fibers 

S5. The results of TG analysis of wool fibers 

Table S3. The results of TG analysis of wool fibers 

Wool fibers 
Onset decomposition 

temperature/°C 

Endset decomposition 

temperature/°C 

Decomposition 

rate /% 

Untreated 263.3 381.0 63.29 

TiO2 coated 259.7 370.7 67.03 

N-doped TiO2 coated 261.9 372.8 70.69 

S6. XPS spectra and core level single spectra of the bonding partners (C1s, O1s, S2p, N1s, and 

Ti2p) of the wool fibers before and after treatments 
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Figure S2. XPS spectra of wool fibers before and after treatments 

(a) Survey spectra; (b) before and after treatments with (c) Ti(OC4H9)4 and (d) Ti(OC4H9)4 and 

NH4Cl of C1s spectra; (e) before and after treatments with (f) Ti(OC4H9)4 and (g) Ti(OC4H9)4 and 

NH4Cl of O1s spectra; (h) before and after treatments with (i) Ti(OC4H9)4 and (j) Ti(OC4H9)4 and 

NH4Cl of S2p spectra; (k) before and after treatments with (l) Ti(OC4H9)4 and (m) Ti(OC4H9)4 and 

NH4Cl of N1s spectra; after treatments with (n) Ti(OC4H9)4 and (o) Ti(OC4H9)4 and NH4Cl of Ti2p 

spectra 



 

 43 

S7. The quantitative XPS data 

Table S4. XPS data of wool fibers before and after treatments 

Wool 

fibers 
Peak 

Binding 

energy/eV 
FWHM/eV Area/CPS.eV 

Atomic 

concentration/% 

Untreated 

C1s 284.57 2.37 12887.12 70.15 

N1s 399.91 2.04 3560.47 11.44 

O1s 531.80 2.56 6915.16 14.75 

S2p 163.84 2.29 1191.45 3.66 

TiO2 

coated 

C1s 284.59 2.99 11954.8 60.38 

N1s 399.15 2.62 2599.61 7.75 

O1s 530.98 3.56 11889.14 23.52 

S2p 163.54 2.95 962.46 2.74 

Ti2p 457.89 2.94 7997.36 5.61 

N-doped 

TiO2 

coated 

C1s 284.58 3.55 44648.40 67.29 

N1s 399.52 2.50 13790.28 12.26 

O1s 531.07 2.84 26431.49 15.61 

S2p 163.51 2.87 4633.59 3.95 

Ti2p 458.61 1.69 4261.93 0.89 

S8. PL spectra of the wool fibers before and after treatments 
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Figure S3. PL spectra of wool fibers before and after treatments 

S9. The change of normalized C0/C of MB concentration for the untreated, TiO2 coated and 

N-doped TiO2 coated wool fibers with irradiation time under UV or visible light irradiation 
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Figure S4. Variation of normalized C0/C of MB concentration as a function of irradiation time: 

(a) UV light and (b) visible light irradiation 
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