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Abstract Titania nanoparticles (TiO2 NPs), when

applied directly on textile surfaces for self-cleaning

applications, often result in poor wash durability and

degradation of the substrate on exposure to UV light.

Janus structures having nano-titania deposited on one

half of silica (SiO2) particles have been explored to

address these issues. The Janus particles could be

applied on cotton fabric at neutral pH and exhibited

higher photocatalytic activity under neutral conditions

unlike TiO2 NPs, which required strongly acidic

environment both during application and photocatal-

ysis. The Janus particles attached durably to the fabric

through their SiO2 surface with TiO2 layer facing

upwards resulting in formation of a SiO2 bridge

between the active TiO2 layer and the fabric surface.

The improved properties were attributed to the char-

acteristic morphology of Janus particles.

Keywords Nanotitania � Textile � Tensile strength �
Tear strength

Introduction

Self-cleaning by photocatalysis is one of the most

explored areas of textile technology (Bozzi et al. 2005;

Karimi et al. 2014; Uddin et al. 2008; Wu et al. 2009;

Yuranova et al. 2006). A variety of materials have

been explored for their photocatalytic property for

imparting self-cleaning behavior to textiles. Titania

(TiO2), because of its low cost, non-toxic nature and

good chemical stability has been used extensively as

an efficient catalyst (Beyers et al. 2009; Hanprasop-

wattana et al. 1996; Yang et al. 2004). TiO2 nanopar-

ticles (NPs) (Abidi et al. 2009; Jafari-Kiyan et al.

2017; Jiang et al. 2011; Yu et al. 2013) exhibit

enhanced photocatalytic activity, however, their high

surface energy leads to their aggregation both in

dispersion at the application stage and on the substrate,

subsequent to the application, resulting in reduced

activity (Gupta and Tripathi 2011; Lee et al. 2008). In

order to control aggregation, SiO2–TiO2 core–shell

particles have been explored (Veronovski et al. 2010;

Wang et al. 2009), where SiO2 particles act as high

surface area supports for TiO2 (Guo et al. 2014; Hu

et al. 2013; Lim et al. 2008; Shen et al. 2011).

Additionally, TiO2 nanostructures (both NPs and
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core–shell), when applied in direct contact with an

organic substrate, such as textiles, tend to degrade the

substrate itself with their photocatalytic action (Miller

et al. 2011; Veronovski et al. 2010). Therefore, it has

been proposed to attach TiO2 using a suitable bridging

group.

In the present study, an attempt has been made to

address some of the above-mentioned challenges by

synthesizing and applying TiO2–SiO2 Janus particles

on cotton textile fabrics for imparting self-cleaning

behavior. TiO2–SiO2 Janus particles, where only half

of the surface of SiO2 particles is covered with TiO2

NPs and the rest half is available for attachment with

suitable substrates, is likely to provide surface support

for TiO2 NPs and create a separator between substrate

and the active TiO2 NPs. The performance of Janus

particles has been compared with widely used com-

mercial P25 TiO2 NPs.

Experimental section

Materials

Tetrabutylorthotitanate (TBOT, * 98%), hydrox-

yethyl cellulose (HEC, * 92%) and ethanol were

purchased from Merck (Darmstadt, Germany). Cyclo-

hexane (C 99%), sodium carbonate (Na2CO3) and

nitric acid (HNO3, * 70%) were purchased from

Merck (Mumbai, India). P25 TiO2 NPs were procured

from Evonik India Pvt. Ltd. (Mumbai, India). Direct

dye, namely Solophenyl green BLE, was purchased

fromHuntsman International India Pvt. Ltd. (Mumbai,

India). All the reagents were used without further

purification. Double de-ionized (DI) water was used in

all the synthesis processes. A plain weave ready for

dyeing cotton fabric having areal density of 114 g/m2

supplied by Surya Processors Private Limited (Ghazi-

abad, India) was used.

Synthesis

Amine-functionalized SiO2 particles of diameter

* 550 nm were used to prepare colloidosomes (i.e.

wax droplets stabilized by SiO2 particles) by method

reported in our previous studies (Panwar et al.

2015, 2017a). TiO2–SiO2 Janus particles were syn-

thesized by masking via Pickering emulsion method

using these colloidosomes, as reported in our previous

studies (Panwar et al. 2016, 2017b). In brief, the

colloidosomes were dispersed in ethanol, followed by

addition of 0.202 g water, 0.075 g HEC and 1.02 g

TBOT dissolved in 5 mL ethanol. The dispersion was

left for shaking in an incubator shaker at 200 rpm for

3 h at 40 �C. The suspension was centrifuged and

washed with ethanol. In order to obtain uniform

deposition, the above procedure was repeated again.

Wax was removed by dissolving in cyclohexane. The

TiO2–SiO2 Janus particles, thus obtained, were cal-

cined at 450 �C for 3 h (coded as TiJanus@450).

Treatment of cotton fabric with TiO2

nanostructures

The cotton fabric was scoured by washing with a

solution containing 1 g/L Na2CO3 and 3 g/L non-

ionic detergent (Lissapol-N) at 75 �C for 60 min. The

fabric was then washed several times with warm

water, followed by washing with cold water and dried.

Scoured cotton fabric was treated with commer-

cially available P25 TiO2 NPs by paddingmethod. P25

TiO2 NPs (0.5 wt%) were dispersed in 25 mL water

by ultrasonication for 30 min before padding. Since

TiO2 NPs have been reported to be stable in acidic pH

(Goyal et al. 2013; Pettibone et al. 2008), so the pH of

the dispersion was adjusted to 2, using 1 M nitric acid

solution. Cotton fabric was treated with the dispersion

using 2 dip, 2 nip method at a pressure of 2.9 bar and

fabric speed of 1.5 m/min to give an expression of

* 78%. The treated fabric (coded as P25 TiO2-C) was

dried at 80 �C for 5 min and cured at 150 �C for

3 min.

In order to study the effect of pH on the photocat-

alytic activity, neutralized P25 TiO2 NPs treated

cotton fabric was also prepared. P25 TiO2 NPs

dispersion in water at pH 2 was applied on cotton

fabric by above-mentioned method and then the

treated fabric was neutralized by dipping the fabric

in 1 M NaOH solution, followed by washing with

water, drying and curing. The neutralized P25 TiO2

NPs treated cotton fabric was coded as P25 TiO2-C-N.

TiJanus@450 were attached on scoured cotton

fabric by exhaustion method. In brief, 2 wt% TiJa-

nus@450 were dispersed in 25 mL ethanol by ultra-

sonication for 30 min. The cotton fabric of dimensions

10 9 10 cm2 was dipped in TiJanus@450 dispersion

at 40 �C for 1 h with continuous shaking. The fabric

was dried at 80 �C for 5 min and cured at 150 �C for
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3 min. The treated fabric was rinsed in ethanol in order

to remove the unattached TiJanus@450 from the

surface of cotton fabric. The treatment procedure was

repeated twice in order to obtain uniform deposition of

TiJanus@450 on the surface of the cotton fabric.

TiJanus@450 treated cotton fabric was coded as

TiJanus@450-C.

Durability test

The durability of attachment of NPs to the cotton

fabrics was tested by AATCC 61-IA method, where

one cycle is equivalent to five hand wash cycles. In this

method, the treated cotton fabric was washed with

0.37% non-ionic detergent (Lissapol-N) using 10 steel

balls of 5 mm diameter at 40 �C for 45 min in Mathis

Labomat launderometer (Oberhasli, Switzerland). The

samples were then washed with water and dried.

Various samples including control cotton fabric and

treated cotton fabrics were coded as shown in Table 1.

Surface morphology

Surface morphologies of control and treated cotton

fabrics were observed under field emission-scanning

electron microscope (FE-SEM), Quanta 200 F, FEI

(Eindhoven, The Netherlands). Elemental analysis

was carried out using energy dispersive X-ray (EDX)

model X-max 80 mm2 with INCA energy software,

Oxford Instruments (Oxford, UK).

Assessment of photocatalytic activity

The treated cotton fabrics of dimensions 4 9 3 cm2

were stained with 0.03 wt% Solophenyl green dye

solution in water, followed by drying in air. The

stained samples were placed under 7 nos. of UVA

lights (Actinic BL TL 8 W, Philips) with wavelength

of 365 nm and the reflectance % of the stained portion

was measured using UV–visible spectrophotometer,

before and after UV exposure. The exposure duration

was varied from 2 to 12 h. Five readings were taken

for each sample and their average value is reported. K/

S was calculated from the reflectance % (R) corre-

sponding to wavelength of 609 nm, characteristic of

Solophenyl green dye, using following equation.

K

S
¼ 1� 0:01Rð Þ2

2 0:01Rð Þ

The % decrease in K/S values was calculated using

the formula:

% Decrease in K=S ¼
ðK=SÞunexposed � ðK=SÞexposed
ðK=SÞunexposed � ðK=SÞunstained
� 100

Assessment of mechanical strength

The tensile and tear strengths of untreated and treated

cotton samples were tested using a tensile testing

machine model 5848, Instron (Singapore). The tear

strengths of treated cotton fabrics were tested by single

rip tear test. The fabrics of dimension 3.81 9 10 cm2

were used for testing and a cut of 4.45 cm along the

length of the fabric was made through the middle of its

width. The two ends of the trouser shaped fabric were

clamped on the instrument and pulled apart by an

extension rate of 100 mm/min, using a load cell of

2 kN. For each sample, 3 fabrics were tested in warp

direction and 3 in weft direction and the mean of 5

peak values was calculated for each resultant graph of

load versus extension. All the samples were condi-

tioned at 65 ± 2% relative humidity and temperature

of 25 ± 2 �C for 24 h before tear testing.

Table 1 Sample codes for

untreated and treated cotton

fabrics

Sample identity Sample code

Control cotton CC

P25 TiO2 nanoparticles treated cotton-unwashed P25 TiO2-C-UW

P25 TiO2 nanoparticles treated cotton-washed P25 TiO2-C-1AW

P25 TiO2 nanoparticles treated cotton-pH neutralized-unwashed P25 TiO2-C-N-UW

P25 TiO2 nanoparticles treated cotton-pH neutralized-washed P25 TiO2-C-N-1AW

TiO2–SiO2 Janus particles treated cotton-unwashed TiJanus@450-C-UW

TiO2–SiO2 Janus particles treated cotton-washed TiJanus@450-C-1AW
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The tensile strengths and breaking extensions were

evaluated using treated cotton yarns. For this, cotton

yarns from the fabric were removed and treated using

the method as discussed above. The testing was

performed by fixing the yarns on rectangular templates

with windows of length 25 mm. The samples were

tested at an elongation speed of 200 mm/min, using a

load cell of 10 N. An average of 15 readings was taken

for each sample. All the samples were conditioned at

65 ± 2% relative humidity and temperature of

25 ± 2 �C for 24 h before tensile testing.

Results and discussion

TiO2–SiO2 Janus particles were successfully prepared

by Pickering emulsion method, as reported in detail in

our previous study (Panwar et al. 2016). The structure

and morphology of TiJanus@450 was studied using

FE-SEM and HR-TEM, as shown in Figures S1 and S2

(see supporting information). SEM analysis (Fig-

ure S1) confirmed the biphasic Janus nature of

TiJanus@450, with two types of morphologies-

smooth indicative of SiO2 surface and rough indicative

of TiO2 surface. HR-TEM analysis (Figure S2)

revealed the diameter of TiO2 NPs deposited on

TiJanus@450 as * 9 nm. EDX mappings of four

Janus particles are shown in Figure S3, in which

particle with TiO2 surface facing upwards shows

strong titanium (Ti) signal, while the others with SiO2

surface upwards show a strong silicon (Si) signal. This

further supports the formation of Janus particles.

The self-cleaning activity of these particles was

investigated by applying them on cotton fabric. In

addition, P25 TiO2, which is a commercially available

nanomaterial with high photocatalytic activity, was

selected for comparison. Since TiJanus@450 particles

were found to have good dispersion at the neutral pH

and also good affinity towards cellulose, these were

applied on cotton fabric by exhaustion method at the

neutral pH. On the other hand, P25 TiO2 NPs are

reported to form stable dispersion in highly acidic or

basic medium and show high activity in acidic

medium (Sakthivel et al. 2003; Wang and Ku

2007; Goyal et al. 2013; Pettibone et al. 2008),

therefore, their dispersion was prepared at a pH of 2,

followed by their application on cotton fabric. In order

to avoid the detrimental effect of acidic pH on the

properties of cotton fabric, another set of samples were

prepared by applying dispersion of P25 TiO2 NPs at

low pH followed by the neutralization of the treated

cotton fabric.

The attachment of TiO2 nanostructures on cotton

fabric was confirmed by SEM analysis, as shown in

Fig. 1. For both types of P25 TiO2 NPs treated cotton

fabrics i.e. without (Fig. 1b, c) and with (Fig. 1d, e)

neutralization step, the SEM micrographs indicated a

slight reduction in the amount of NPs attached on

cotton fabric after washing. Interestingly, TiJa-

nus@450 were observed to be uniformly present over

the surface of cotton fabric (Fig. 1f, g) and there was

negligible loss of Janus particles on washing, indicat-

ing their good wash durability.

The magnified SEM micrographs of TiJanus@450

attached on cotton fabric are shown in Fig. 2. The

images clearly show the rough surface of the Janus

particles facing upwards indicating that the Janus

particles are attached on cotton fabric through their

smooth SiO2 surface.

Figure 3 shows the EDX mapping of the three

samples. In all the samples, carbon and oxygen are

present all over the sample surface. Similarly, Ti is

also present in high concentration. On the other hand,

Si is present only in Janus treated cotton sample. Since

TiO2 is present as a thin layer on top of SiO2 particles

as shown in Scheme 1a, both Si and Ti signals are seen

in the EDX mapping. Had the particles been oriented

with TiO2 surface facing the fabric (Scheme 1b), the

Ti signal would not have been as prominent because

the SiO2 particles have large diameter of * 500 nm.

These observations further support the orientation of

Janus particles with their coated TiO2 face upwards.

EDX analysis was carried out to estimate the

amount of Ti on various TiO2 nanostructures treated

cotton fabrics. P25 TiO2-C-UW showed the presence

of 13.8 wt% Ti, which got reduced drastically to

3.9 wt% after washing indicating their poor wash

durability. P25 TiO2-C-N-UW, on the other hand,

showed lower concentration of Ti i.e. 9.3 wt%, which

further got reduced to 4.8 wt% after washing. The

lesser concentration of Ti could mainly be because of

the loss of TiO2 NPs during the neutralization step.

TiJanus@450-C-UW showed the presence of 5.9 wt%

of Ti and 7.3 wt% of Si, which got reduced only

marginally to 4.9 and 6.0 wt%, respectively, after

washing. The lower reduction in concentrations of Ti

and Si is attributed to good wash durability of

TiJanus@450 on cotton fabric.
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Fig. 1 SEM micrographs of control cotton and TiO2 NPs treated cotton fabrics, before (UW) and after washings (1AW)

Fig. 2 SEM micrographs of TiJanus@450-C-UW (unwashed) at high magnification
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Fig. 3 EDX mapping of TiO2 nanostructures treated unwashed cotton fabrics
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The treated cotton fabrics were tested for their

photocatalytic behavior. The TiO2 nanostructures

treated samples showed increase in decoloration with

increase in time of UV exposure. However, in case of

control cotton, decoloration was not observed, indi-

cating the non-photocatalytic behavior of control

cotton fabric and good stability of Solophenyl green

dye (which was used for staining of the fabrics) to UV

exposure.

The K/S values and subsequent % decrease in K/S

values were calculated for untreated and treated cotton

fabrics and % decrease in K/S was plotted against

duration of UV exposure, as shown in Fig. 4. The K/S

value for the control cotton fabric was observed to be

independent of UV exposure. However, for treated

cotton fabrics K/S values decreased with increase in

duration of UV exposure.

P25 TiO2-C-UW showed the percent reduction of

76% in K/S after UV exposure for 12 h. However, it

got reduced to 58% after washing by AATCC-61 IA

method. This confirmed that significant amount of P25

TiO2 NPs were lost during washing of the P25 TiO2

NPs treated cotton fabric, indicating their poor wash

durability. P25 TiO2-C-N-UW, on the other hand,

showed percent reduction of only 37%, which further

reduced to 24% after washing. It has already been

Scheme 1 Schematic representation of possible orientations of TiJanus@450 on cotton fabric. a SiO2 surface towards fabric, b TiO2

surface towards fabric

Fig. 4 Plot of % decrease

in K/S versus duration of

UV exposure for untreated

and treated cotton fabrics
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reported in the literature (Goyal et al. 2013) that P25

TiO2 NPs show the best photocatalytic activity only at

acidic pH (pH * 2) and it decreases significantly at

neutral pH. Thus, the neutralization of P25 TiO2 NPs

treated cotton fabric in the case of P25 TiO2-C-N-UW

could be the reason for showing lower photocatalytic

activity of P25 TiO2-C-N-UW.

However, TiJanus@450-C-UW, despite having

less than half the TiO2 content that of P25 TiO2-C-

UW, i.e. 5.9 wt% Ti, showed a high percent reduction

of 78% in K/S after UV exposure for 12 h. This

percent reduction in K/S was only a little lower at 64%

for the washed sample, indicating their better wash

durability.

The percent reductions in K/S for various TiO2

nanostructures treated cotton fabrics are summarized

in Table 2.

TiJanus@450-C-UW, in spite of having only half

the amount of TiO2 as present in P25 TiO2-C-UW,

showed similar photocatalytic activity. As reported in

our previous study (Panwar et al. 2016), this could

mainly be attributed to different electronic structure of

TiJanus@450 due to the presence of SiO2 along with

TiO2. It has been reported in the literature (Nur 2006;

Pabón et al. 2004) that TiO2 on attachment with SiO2

changes from its octahedral state to tetrahedral state,

which is considered to exhibit higher photocatalytic

activity. The presence of tetrahedral structures at the

interface with Ti–O–Si linkage modifies the band gap

at the interface to * 4 eV (Green et al. 2013). The

presence of higher band gap interface next to TiO2

could lead to migration of holes in the valence band of

TiO2 to the valence band of Ti–O–Si at the interface,

and thus, facilitating electron–hole pair separation,

leading to higher carrier lifetime and photocatalytic

activity observed in TiJanus@450. Due to these

characteristic properties, TiJanus@450 treated cotton

fabric, even at low concentration, showedmuch higher

photocatalytic activity than that of P25 TiO2-C-UW.

The tear strengths of control and treated cotton

fabrics were tested in both warp and weft directions

and are summarized in Table 3. P25 TiO2-C exhibited

very low tear strength in both warp and weft

directions, which could be attributed to the degrada-

tion of the fabric during the curing process in the

acidic conditions. On the other hand, P25 TiO2-C-N,

which was neutralized before the curing process and

TiJanus@450-C, which was treated at the neutral pH,

showed only a slight reduction in tear strengths

compared to that of CC. The slight drop of the tear

strength is usually observed in treated or coated fabrics

due to the reduced mobility of the yarns.

The effect of attachment of different TiO2 nanos-

tructures and exposure to UV light on the mechanical

properties of cotton fabric was investigated in a

controlled manner. For this, the tenacity and breaking

strain of untreated and treated cotton yarns were

evaluated and are summarized in Table 4.

As treated yarns with P25 TiO2 exhibited very low

tensile strength which again may be explained due to

the degradation of the cotton yarn during the curing

process in acidic conditions. The tensile strength of

this yarn was observed to reduce further by 20% on

Table 2 Percent reduction in K/S for untreated and treated cotton fabrics

Samples Unwashed (UW) Washed (1AW)

Ti content (wt%) Reduction in K/S (%) Ti content (wt%) Reduction in K/S (%)

P25 TiO2-C 13.8 76 3.9 58

P25 TiO2-C-N 9.3 37 4.8 24

TiJanus@450-C 5.9 78 4.9 64

Table 3 Tear strengths of control and treated cotton fabrics in

warp and weft directions

Samples Fabric direction Load (N) Std. error

CC Warp 9.89 0.10

Weft 9.04 0.27

P25 TiO2-C Warp 0.88 0.01

Weft 0.59 0.03

P25 TiO2-C-N Warp 8.61 0.29

Weft 7.78 0.07

TiJanus@450-C Warp 9.13 0.08

Weft 7.34 0.27
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UV exposure of 50 h. This loss of tensile strength is

possibly due to further degradation of the yarn in the

presence of TiO2 NPs, which are in direct contact with

the substrate (Veronovski et al. 2010). Interestingly,

the yarns treated with P25 TiO2 and neutralized (i.e.

P25 TiO2-N) and TiJanus@450 showed an increase in

tensile strength compared to that of CC. This could

probably be due to the improved load bearing capacity

of the textile yarns as a result of incorporation of NPs

in their structure. Similar observations have been

reported by Healy (1959) and Patel et al. (2014). On

UV exposure, the tensile strengths of these samples

deteriorated by a lower extent compared to those

treated with P25 TiO2. In P25 TiO2-N, the lower

degradation of cotton may be attributed to the reduced

photocatalytic activity of P25 TiO2 in neutral condi-

tions. It may be noted that the drop in tensile strength

was lowest at 8.5% for yarns treated with TiJa-

nus@450. This could be due to the presence of SiO2

between the substrate and TiO2 layer, which may

prevent direct contact of TiO2 NPs with the textile. It

may be further noted that the tensile strength of these

two samples were comparatively higher than that of

CC even after the UV exposure.

From the above results, it may be noted that P25

TiO2-C, due to the acidic pH showed good photocat-

alytic activity but poor mechanical properties. P25

TiO2-C-N, on the other hand, showed good retention

of mechanical properties but poor photocatalytic

activity. Therefore, it is difficult to produce a cotton

fabric treated with P25 TiO2 NPs that can show good

photocatalytic activity while retaining the mechanical

properties. Whereas TiJanus@450-C could achieve

both high photocatalytic properties (even at half the

concentration of TiO2 and at neutral pH) while

retaining mechanical properties. This was possible

only because of unique morphology of Janus particles.

Conclusions

TiO2–SiO2 Janus particles (TiJanus@450) were syn-

thesized and applied on cotton fabric. The photocat-

alytic performance along with effect on mechanical

properties were investigated in comparison to com-

mercially available P25 TiO2 NPs. TiJanus@450

particles could be applied at neutral pH and were

found to attach to cotton through SiO2 surface with

TiO2 surface facing upwards resulting in separation of

photoactive TiO2 layer from the cotton surface. Unlike

P25 TiO2 NPs treated fabrics, the Janus treated cotton

showed higher wash durability, higher activity at

lower concentration and at the neutral pH, and could

retain its mechanical properties even after long UV

exposure. Enhanced properties of TiJanus@450 could

be attributed to its characteristic morphology of SiO2–

TiO2 interface, which has unique electronic structure

and prevents direct contact of the TiO2 layer with the

textile surface.
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