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ZnO coated fabrics have attracted wide attentions due to their antibacterial and photocatalytic self-cleaning
properties. However, the photo-response of ZnO only in ultraviolet region limits its application. In this paper,
ZnO/BiOBr functionalized cotton fabrics were synthesized by a facile and time-saving ultrasonic-microwave
combined method. Compared with ZnO coated fabric, the photocatalytic activity of ZnO/BiOBr coated fabric
under visible light irradiation was remarkably improved at no sacriﬁce of its antibacterial activity.
Simultaneously, it also showed good resistance to bacterial adhesion and photocorrosion. The introduction of
two-dimensional BiOBr nanoﬂakes not only enhanced the visible light absorption, but also reduced the recombination rate of electron-hole pairs, thus signiﬁcantly improving the photocatalytic self-cleaning performance of the coated fabric under visible light irradiation. The ZnO/BiOBr coated cotton fabric with both antibacterial and self-cleaning functionalities may have broad application prospects in the ﬁelds of textile,
medicine and chemical industry.

1. Introduction
Recently, textiles with both antibacterial activity and photocatalytic
self-cleaning performance have attracted much attention for their great
potential applications (Giesz, Mackiewicz, Grobelny, Celichowski, &
Cieslak, 2017; Stan et al., 2016; Xu, Wen, & Wu, 2018). Such textiles are
usually prepared by coating inorganic metal oxide on the textiles.
Among diﬀerent metal oxides, TiO2 (Kiwi & Pulgarin, 2010; Montazer &
Seifollahzadeh, 2011) and ZnO (Hatamie et al., 2015; Li et al., 2013; Li,
Liu, Lu, Yang, & Chen, 2014; Lu et al., 2017; Wang et al., 2017) are the
most reported for their good antibacterial and photocatalytic activities.
Generally, the photocatalytic activity of TiO2 is higher than that of ZnO,
but its lower antibacterial activity hinders the development of TiO2
functionalized textiles (Khan, Al-Khedhairy, & Musarrat, 2015;
Yalcinkaya & Lubasova, 2017). Therefore, many eﬀorts have been devoted to ZnO coated textiles in the past ﬁve years (Aladpoosh &
Montazer, 2016; Ashraf et al., 2016; Behzadnia, Montazer, & Rad, 2015;
Manna, Goswami, Shilpa, Sahu, & Rana, 2015). It is well known that
ZnO with smaller size possess higher antibacterial activity (Jones, Ray,
Ranjit, & Manna, 2008), so it is reasonable to deposit ZnO nanoparticles
(NPs) on textiles to obtain high antibacterial activity. However, ZnO
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NPs may not have higher photocatalytic activity compared with other
topographies (Xie, Wang, Duan, & Zhang, 2011), and the photocatalysis
of ZnO only responds under ultraviolet light irradiation, which limits its
application in real life. So, it is still a big challenge to prepare ZnO
modiﬁed textiles with simultaneous high antibacterial activity and high
photocatalytic activity under visible light illumination.
There are many ways to promote visible light absorption of ZnO, in
which combination with other semiconductor photocatalysts is a simple
and eﬀective one. For instance, two-dimensional graphene oxide (Li,
Liu, Wang, & Wang, 2012), C3N4 (Sun et al., 2012), MoS2 (Tian, Li
et al., 2016), and bismuth oxyhalide (Jiang, Zhang, Sun, & Zhang,
2011) nanosheets have been successfully utilized to enhance visiblelight-driven photocatalytic performance of ZnO, because they could act
as electron collector and transporter and eﬃciently reduce the recombination of photoinduced electron-hole pairs. BiOBr is one of bismuth oxyhalide. It is a good visible-light-responsive semiconductor
with narrow band gap (∼2.7 eV) (Li, Qin et al., 2012). The intraelectric ﬁeld between [Bi2O2] layers and bromine atom layers could
accelerate the transfer of photo-induced carriers (Li, Yu, & Zhang,
2014). Therefore, the photocatalytic activity of ZnO could be enhanced
under visible light irradiation by coupling with BiOBr. Yi, Zhao, Yue,
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was dissolved in 4 mL deionized water, the two solutions were mixed
under ultrasound irradiation to obtain clear solution. The pH value of
the solution was adjusted to 8∼9 by adding ammonia drop-wise. Then
both the solution and the pretreated cotton fabrics were poured into an
ultrasonic-microwave reactor (XH-300 A, Beijing Xianghu Technology
Co., Ltd., China). The reaction was conducted under microwave
(2450 MHz, 500 W) and discontinuous ultrasonic irradiation (25 kHz,
800 W at 50% eﬃciency, 2 s insonation and 1 s interruption) at 85 °C.
Second, 1 mmol Zn(Ac)2·2H2O was dissolved in 10 mL ethanol and 1 mL
deionized water. The solution was treated under ultrasound irradiation
for complete dissolution, and its pH value was adjusted to 8∼9 by
adding ammonia. The solution was added into the above reactor after
the reaction lasted for 20 min, then the mixture continued to react for
another 15 min. After that, the cotton fabrics were taken out from the
reactor, washed with ethanol ﬁrst and then rinsed repeatedly with
deionized water until the cleaning solution was clear and transparent.
The ﬁnal products were obtained after drying in an oven at 60℃ for
12 h.
For comparison, BiOBr coated cotton fabrics were prepared under
the identic condition when only adding mixture of Bi(NO3)3·5H2O and
KBr solution into the reactor for 35 min, while ZnO coated cotton fabrics were prepared when only adding Zn(Ac)2·2H2O solution into the
reactor for 15 min.

Wang, and Lin, (2015) reported heterojunctions of p-type BiOBr and ntype ZnO constructed by loading amounts of BiOBr nanoﬂakes onto the
surface of ZnO nanoﬂowers. BiOBr/ZnO composite showed the best
photocatalytic activity compared to that of pristine BiOBr and ZnO
under the irradiation of simulated solar light (Yi et al., 2015). Xing, He,
and Que, (2016) synthesized ZnO NPs sensitized BiOBr plates by
combining hydrothermal, hydrolysis and post-thermal process. Compared with pure BiOBr, ZnO and P25, the ZnO/BiOBr exhibited the
highest photocatalytic activity under visible light irradiation (Xing
et al., 2016). As far as we know, the antibacterial properties of ZnO/
BiOBr composites have not been reported, and the composites were
only synthesized in consideration of photocatalysis, so they might have
some adverse eﬀects on antibacterial activity.
As discussed above, to maintain the high antibacterial activity, ZnO
should be fabricated as small nanoparticles. How to deposit ZnO NPs
onto BiOBr nanosheets via a facile and eﬃcient method is another issue.
The reported routes for synthesis of ZnO/BiOBr composites mainly include hydrothermal and solvothermal methods (Geng, Li, Ma, & Sun,
2017; Xing et al., 2016; Yi et al., 2015; Zhang & Zeng, 2017). However,
these methods are not suitable for textiles, because the high temperature might discolor the textiles, weaken the mechanic strengthen and
cause environmental pollution. Besides, hydrothermal and solvothermal methods could only be used in batch procedures, which
limits the scale-up production. In recent years, sonochemical synthesis
of ZnO coated textiles have aroused great interest in both academic and
practical aspects because of their high antibacterial activity and
adaptability for scale up production (Abramov et al., 2009; Hariﬁ &
Montazer, 2015; Perelshtein et al., 2015). However, the energy provided by ultrasound may be not large enough to synthesize BiOBr nanosheets.
Herein, in virtue of fast and uniform microwave dielectric heating
(Baghbanzadeh, Carbone, Cozzoli, & Kappe, 2011; Song, Yang, Su,
Jiang, & Lu, 2016; Zhang et al., 2013), ZnO/BiOBr coated cotton fabrics
were ﬁrst synthesized by one-pot procedure via ultrasonic -microwave
combined method. To verify the synergistic eﬀect of ZnO and BiOBr,
ZnO, BiOBr, and ZnO/BiOBr coated cotton fabrics were fabricated by
ultrasonic-microwave combined method respectively. Then they were
characterized by XRD, SEM and TEM. Their antibacterial activities and
photocatalytic activities under visible light irradiation were further
investigated. These results may open a new route for the industrial
production of antibacterial and visible-light-driven self-cleaning textiles.

2.3. Characterization
The crystal structures of the synthesized inorganic nanomaterials
and ZnO/BiOBr coated cotton fabric were determined using powder Xray diﬀraction (XRD, Bruker AXS D8 Discover, USA). The surface
morphology of the coated cotton fabrics was characterized by scanning
electron microscope (SEM, Hitachi S4800, Japan). ZnO, BiOBr and
ZnO/BiOBr composites were further observed by transmission electron
microscopy (TEM, JEOL JEM-2100, Japan). The chemical state of the
elements on the cotton fabric was recorded by X-ray photoelectron
spectroscopy (XPS, VG Multilab 2000 spectrometer, USA) using Al Kα
radiation as the source. The antimicrobial eﬀects of the coated fabrics
on bacterial cells were investigated via atomic force microscopy (AFM,
Veeco Nanoscope IIIa, USA). The optical properties of the diﬀerent
coated cotton fabrics were evaluated by UV–vis diﬀuse reﬂectance
spectroscopy (DRS, HITACHI UH4150 with 150 mm integrating sphere,
Japan) and photoluminescence spectroscopy (PL, Hitachi F4600,
Japan).

2. Experiment

2.4. Antibacterial activity assay

2.1. Materials

Antibacterial activities of ZnO, BiOBr, and ZnO/BiOBr coated cotton
fabrics were examined against both Gram-positive bacterium S. aureus
and Gram-negative bacterium P. aeruginosa using colony counting
method. To prepare S. aureus and P. aeruginosa suspensions, a single
colony from the corresponding bacterial stains was used. The bacterial
strain was then cultured overnight in Luria-Bertani (LB) medium with
required aeration at 37 °C, then it was diluted into a sterile physiological saline solution until 0.12 optical density (OD) at 600 nm was attained, which corresponded to about 1 × 108 colony forming unit
(CFU)/mL. Thereafter, the coated cotton fabrics and the uncoated
fabric, which served as a control, were respectively placed into a conical ﬂask containing 9.99 mL of LB liquid medium, then 10 μL of above
bacteria suspension was added into the conical ﬂask, respectively, so
the initial bacterial concentration in the conical ﬂask was approximately 1 × 105 CFU/mL. The suspensions were then incubated at 37 °C
with agitation at 180 rpm. An aliquot (10 μL) was taken at diﬀerent
time intervals (1, 3 h) and transferred onto LB agar plates, which were
allowed to grow overnight at 37 °C. The viable bacteria were monitored
by counting the number of CFU on LB agar plates. The inhibition rates
of the samples can be calculated by the following formula:

Bi(NO3)3·5H2O, Rhodamin B were purchased from Aladdin
(Shanghai, China). Zn(Ac)2·2H2O, KBr, ammonia and absolute ethanol
were bought from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). All the chemicals were of analytical grade and used directly
without further treatment. Staphylococcus aureus (S. aureus, CCTCC
AB91093) and Pseudomonas aeruginosa (P. aeruginosa, CCTCC AB93066)
were obtained from China Center for Type Culture Collection (CCTCC).
Cotton fabrics were purchased from a local store.
2.2. Preparation of ZnO/BiOBr coated cotton fabrics
Cotton fabrics were cut into pieces (5 cm × 5 cm). They were ﬁrst
washed in ultrasound water bath to remove impurities. Then they were
immersed in absolute ethanol to remove residual organic matter and
textile dye. Finally, the cotton fabrics were washed by a large amount of
deionized water and dried in an oven at 60 °C. The pretreated cotton
fabrics were stored in a sealed glass vessel for further use.
ZnO/BiOBr coated cotton fabrics were obtained as follow. First,
1 mmol Bi(NO3)3·5H2O was dissolved in 40 mL ethanol, 1 mmol KBr
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Inhibition rates (%) = (N0 − N) / N0 × 100

composites, which were collected from the remained precipitates in the
reaction solution respectively. The diﬀraction peaks of the as-prepared
ZnO could be indexed to hexagonal wurtzite structure of ZnO (JCPDS
36–1451), while the diﬀraction peaks of the as-prepared BiOBr agreed
well with the tetragonal structure of BiOBr (JCPDS 9–393). The sharp
and narrow diﬀraction peaks demonstrated that the samples were well
crystallized. As for ZnO/BiOBr composites, all the diﬀraction peaks
were found in hexagonal ZnO and tetragonal BiOBr, and no diﬀraction
peaks of impurities could be found, indicating that high pure ZnO/
BiOBr composites were successfully synthesized by ultrasonic-microwave combined method. The peak broadening shown in ZnO/BiOBr can
be ascribed to the small size eﬀect of nanomaterials (Zak, Majid,
Abrishami, & Youseﬁ, 2011). The XRD patterns of pure cotton fabric
and ZnO/BiOBr coated cotton fabric are also depicted in Fig. 1. Both of
them had the strong diﬀraction peaks at 14.86°, 16.68° and 22.92°,
which could be attributed to the cotton substrate. The peaks at 31.58°,
34.23° and 36.06° could be ascribed to ZnO (100), (002) and (101)
facets respectively, while peaks at 32.39°, 46.50° and 57.37° could be
indexed to BiOBr (110), (200) and (212) facets respectively. This
ﬁnding further conﬁrmed that nanocrystalline ZnO/BiOBr was formed
on cotton fabric. Besides, the ATR-FTIR spectra of the pure cotton fabric
and ZnO/BiOBr coated cotton fabric were displayed in Fig. S1. Compared with the pure cotton fabric, there was no obvious change after
coating of the inorganic nanocrystalline ZnO/BiOBr composites, which
demonstrated that there wasn’t residual organic matter on the as-prepared samples.
The surface morphologies of ZnO, BiOBr, and ZnO/BiOBr coated
cotton fabrics were shown in Fig. 2. ZnO coated cotton fabric showed
spherical particles with an average size of 478 nm attached to the
cotton ﬁbers (Fig. 2a, b). BiOBr coated cotton fabric displayed uniform
and dense quadrilateral nanoplates dispersed on the cotton ﬁbers. The
average side length of the nanoplates was 189 nm (Fig. 2c, d). As refer
to ZnO/BiOBr coated cotton fabric, the morphology had some variation
when compared with BiOBr coated fabric (Fig. 2e, f). The cotton ﬁbers
were covered by ﬂower-like nanostructures which were composed of
about 326 nm nanoﬂakes. Meanwhile, the spherical ZnO particles could
be hardly observed in the composites.
To prove the existence of ZnO, diﬀerent nanomaterials were further
characterized by TEM. As shown in Fig. 3(a), ZnO particles as solid
spheres were about 471 nm, which was very similar to the SEM result.
BiOBr nanoplates were thinner, they were stacked layer by layer, but no
black spots could be observed (Fig. 3b). As for ZnO/BiOBr composites,
many tiny nanoparticles deposited on the nanoﬂakes (Fig. 3c). The
average diameter of the nanoparticles was only 12.1 nm, which was
much smaller than that of ZnO coated cotton fabric. This is because the
growth of ZnO crystals was inhibited by doping BiOBr (Meng, Jiang,
Wang, & Zhang, 2015). Fig. 3d displayed distinct lattice patterns indicating that both ZnO and BiOBr had good crystallinity. The spacing of
the adjacent lattice planes with distances of 0.82 nm, 0.277 nm and
0.164 nm could be ascribed to the lattice spacing of the (001), (110)
planes of BiOBr (Peng, Xu, Liu, & Mao, 2017) and the (110) plane of
ZnO, respectively. Besides, there was no obvious border between BiOBr
and ZnO, which conﬁrms the formation of ZnO/BiOBr heterojunctions.
All the results above demonstrated that BiOBr nanoﬂakes with ZnO NPs
were successfully coated on cotton fabrics by ultrasonic-microwave
combined method.
The surface compositions and chemical states of ZnO/BiOBr coated
cotton fabrics were examined by XPS spectra, which is shown in Fig. 4.
It can be observed from the survey spectrum that Zn, Bi, Br, O, and C coexisted on the surface of the sample. Their atomic percentage were
1.63%, 2.82%, 2.94%, 22.1% and 70.51%, respectively. As for highresolution Bi 4f spectrum, the peak was ﬁtted with four diﬀerent peaks.
The main peaks at 164.7 and 159.4 eV were assigned to 4f5/2 and 4f7/2
of Bi3+ respectively in BiOBr crystal (Ding et al., 2017). The other
minor peaks at 162.9 and 157.7 eV could be ascribed to the low chemical state of bismuth (Bi(3−x)+) induced by the decrease of

where N0 and N stand for the average number of CFU of the uncoated
and coated fabrics, respectively. The antibacterial assays were repeated
at least three times for each bacterium.
2.5. Bacterial adhesion evaluation
The adhesion of S. aureus and P. aeruginosa to the coated cotton
fabrics were analyzed by SEM. Bare cotton fabric and the coated cotton
fabrics were immersed in 10 mL of bacterial suspension, respectively
(about 1.0 × 108 CFU / mL). After 20 min, they were removed from the
suspension and rinsed with PBS buﬀer to wash non-attached bacteria
away. Then, they were ﬁxed in glutaraldehyde solution (3%) for 4 h,
washed with PBS buﬀer and dehydrated with diﬀerent concentrations
of ethanol aqueous solution (25% 50%, 75%, 100%). Finally, the
samples were dried in air and characterized by SEM to observe the
adherent bacteria on the cotton fabrics.
2.6. Photocatalytic self-cleaning test
The photocatalytic self-cleaning properties were analyzed by photodegradation of cotton fabrics stained with Rhodamine B (RhB). Bare
cotton fabric, ZnO, BiOBr and ZnO/BiOBr coated cotton fabrics were
immersed in RhB solution (1 × 10−4 mol/L) for 12 h in the dark, then
they were taken out and dried in an oven at 30 °C. The initial optical
absorbance of the cotton fabric was measured by DRS as C0. After irradiated under a 500 W Xe lamp with a 400 nm cutoﬀ ﬁlter at diﬀerent
time intervals, the corresponding optical absorbance was recorded as C.
Hence, the degradation rates of diﬀerent samples could be calculated by
C / C0. To prove the stable photocatalytic activity, the irradiated ZnO/
BiOBr coated cotton fabric was treated with alternative RhB adsorption
and visible light illumination. The photodegradation rate of the coated
cotton fabric was determined after each adsorption- illumination cycle.
3. Results and discussion
3.1. Characterizations (XRD, SEM, TEM, XPS)
Fig. 1 shows XRD patterns of ZnO, BiOBr and ZnO/BiOBr

Fig. 1. XRD spectra of the as-prepared ZnO, BiOBr, ZnO/BiOBr composite, pure
cotton and ZnO/BiOBr coated cotton fabric.
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Fig. 2. SEM images of ZnO (a, b), BiOBr (c, d) and ZnO/BiOBr (e, f) coated cotton fabrics.

tests. Fig. 5 shows the antibacterial activities of ZnO, BiOBr and ZnO/
BiOBr coated cotton fabrics against both S. aureus and P. aeruginosa,
respectively. The inhibition rates of ZnO and ZnO/BiOBr coated cotton
fabrics were much higher than that of BiOBr coated fabric irrespective
of the type of bacteria strains and treatment time, because ZnO exhibited superior antibacterial activity than BiOBr. Compared with ZnO
coated cotton fabric, the inhibition rate of ZnO/BiOBr coated fabric
only had a small reduction. This might be attributed to the lower load
but smaller size of ZnO NPs on the cotton fabric. The highest inhibition
rates of ZnO/BiOBr coated cotton fabric against S. aureus and P. aeruginosa were 96% and 76%, respectively, which indicated that the antibacterial activity against Gram-positive bacterium was higher than
that of Gram-negative bacterium.
The inactivation eﬀect of BiOBr, ZnO and ZnO/BiOBr coated fabrics
on S. aureus and P. aeruginosa were revealed by AFM images. As depicted in Fig. 6, the cells of S. aureus displayed full and smooth spherical
topography after treated with bare cotton, which suggested that the
bare cotton had no obvious eﬀect on the bacteria. After treated with
BiOBr coated fabric, the bacteria began to shrink and collapse. As for
ZnO coated fabric, large cracks appeared on almost all the bacterial
cells. Besides, some bacterial fragments emerged, which suggested that
ZnO could destroy the cell walls of bacteria and make them dead (Qin
et al., 2014; Wei, Tian, Lu, Yang, & Chen, 2016). However, when the
bacteria treated with ZnO/BiOBr coated fabric, some bacterial cells

coordinated O atoms, indicative of the presence of oxygen vacancies in
BiOBr (Tian, Zhao et al., 2016). The Br 3d peaks can be resolved into
two peaks located at 69.4 and 68.4 eV, which were associated with 3d3/
2 and 3d5/2 of Br- respectively in BiOBr (Du et al., 2018). For Zn 2p XPS
spectrum, the ﬁtted peaks at 1044.5 and 1021.3 eV were attributed to
2p1/2 and 2p3/2 of Zn2+ respectively in ZnO. The O 1 s spectrum could
be resolved into three individual peaks, which indicated three diﬀerent
kinds of O species in the sample. The main peak at 531.8 eV was assigned to O2 ions that are in oxygen-deﬁcient regions. The peak at
530.9 eV was related to crystal lattice O atom in BiOBr. while the peak
at 528.7 eV could be attributed to the O atom in ZnO (Yi et al., 2015).
The XPS analysis proves the existence of ZnO/BiOBr composite on the
cotton fabric.
3.2. Antibacterial activities of ZnO/BiOBr/cotton
To obtain the best antibacterial activity of ZnO/BiOBr coated cotton
fabric, the eﬀect of Zn2+ to Bi3+ ratio on the antibacterial activity of
the coated fabric was investigated. As illustrated in Fig. S3, with the
increase of the amount of zinc acetate, the antibacterial activity of ZnO/
BiOBr coated fabrics against S. aureus increased until Zn2+ to Bi3+ ratio
reached 1:1, then the antibacterial activity had a slight decrease.
Therefore, ZnO/BiOBr coated cotton fabric with Zn2+ to Bi3+ ratio of
1:1 had the highest antibacterial activity, which was used in the future
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Fig. 3. TEM images of ZnO (a), BiOBr (b) and ZnO/BiOBr composites (c). The inset of (c) is the high magniﬁcation image of the square. (d) is the HRTEM image of the
ZnO/BiOBr composites.

were dispersed, and some cells were aggregated to form clusters
(Fig. 7a), which suggested that S. aureus were prone to attach to the
bare cotton fabric. As for ZnO and BiOBr coated fabrics, the aggregation
of S. aureus was signiﬁcantly reduced. These dispersed bacteria were
not easy to form bioﬁlms, which is beneﬁcial to the inhibition of the
bacteria. It is worth noting that there were a few S. aureus cells on the
ZnO/BiOBr coated fabric (Fig. 7g), which indicated that it had antiadhesion property toward S. aureus. The right column of Fig. 7(b, d, h,
f) shows the adhesion of P. aeruginosa on bare cotton and cotton fabrics
coated with ZnO, BiOBr and ZnO/BiOBr, respectively. Unlike the aggregation of S. aureus, P. aeruginosa on the bare cotton was scattered. As
for ZnO, BiOBr and ZnO/BiOBr coated cotton fabrics, only one or two P.
aeruginosa cells could be observed at the margin of the ﬁbers. This indicates that P. aeruginosa was not easy to adhere to the cotton fabrics. It
has been reported that hydrophilicity is related to the adhesion of
bacteria. For example, superhydrophilic surface would reject bacteria
cells because of the tight bonded water layer, which weakens the interaction between cells and material surface reducing on such way cell
adhesion, while moderate hydrophilic and hydrophobic surfaces had
more attached bacteria (Dou, Zhang, Feng, & Jiang, 2015). In this work,
the water contact angle of the ZnO, BiOBr, ZnO/BiOBr coated cotton
were measured, and the results were 135.3°, 53.0° and 10.1°, respectively (Fig. S4). ZnO/BiOBr coated fabric displayed superhydrophilic
property, because the ﬂower-like hierarchical structure could enhance
the wettability, which was proven by other works(S. Song et al., 2017;
Yang et al., 2018; Yang, Hu, Su, Liu, & Chen, 2017).

remain intact as compared with that of ZnO coated fabric. The curves in
the height images are the results of the cross-section analysis, which are
indicative of the variation of height of the bacteria. The results showed
that the height of the bacteria treated with bare cotton, BiOBr, ZnO and
ZnO/BiOBr coated fabrics were 216.9 nm, 120.1 nm, 53.4 nm and
83.5 nm, respectively. The decrease in height of bacteria were probably
due to the leakage of cellular content which were caused by the antibacterial fabrics.
Similarly, the cells of P. aeruginosa treated with bare cotton were
rod-shaped, which had relatively rough surface, and some mild concaves appeared on the bacterial cells in the longitudinal direction. After
contacted with BiOBr coated fabric, the bacteria exhibited obvious
concaves on most of the cells. The cross-sectional analysis of the bacterium showed that the surface of the bacterium was undulating and
inhomogeneous. When P. aeruginosa treated with ZnO coated fabric, the
cells merged together and lost their original shape. The largest height of
the cells was only 40.8 nm. Moreover, after contacted with ZnO/BiOBr
coated fabric, the boundary of the cells was blurred, and the concaves
became wider and deeper. All these phenomena demonstrated that ZnO
and ZnO/BiOBr coated cotton fabrics had the comparable antibacterial
activities.
It is reported that bacterial adhesion has important inﬂuence on
both bioﬁlm formation and antibacterial activity (Erdural, Bolukbasi, &
Karakas, 2014; Song, Koo, & Ren, 2015). Therefore, it is necessary to
study the bacterial adhesion property of the coated cotton fabrics. As
shown in Fig. 7, the left column (Fig.7a, c, e, g) indicates the adhesion
of S. aureus on bare cotton, cotton fabrics coated with ZnO, BiOBr and
ZnO/BiOBr, respectively. On the bare cotton fabric, many S. aureus cells
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Fig. 4. XPS survey spectrum and high-resolution XPS spectra of O 1 s, Zn 2p, Bi 4f and Br 3d regions for ZnO/BiOBr coated cotton fabric.

Fig. 5. Antibacterial activities of the BiOBr, ZnO and ZnO/BiOBr coated cotton fabrics against S. aureus (a) and P. aeruginosa (b).
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Fig. 6. AFM images of S. aureus and P. aeruginosa treated with bare cotton, BiOBr, ZnO and ZnO/BiOBr coated cotton fabrics for 1 h.

represented that it had the lowest electron-hole recombination rate. The
lower recombination rate usually reveals higher separation eﬃciency of
photoinduced electron-hole pairs, which could increase the utilization
eﬃciency of photo-generated carriers and ﬁnally improve the photocatalytic activity(Zhong et al., 2015).

3.3. Photocatalytic self-cleaning performance
The photocatalytic activity of ZnO, BiOBr, and ZnO/BiOBr coated
cotton fabrics under visible light irradiation were studied. As illustrated
in Fig. 8a, when irradiated for 0.5 h, the bare cotton fabric, served as
the control sample, had 19% degradation rate for the adsorbed RhB,
which might be caused by the photosensitization of RhB itself. As
comparison, the degradation rate of ZnO/BiOBr coated fabric could
reach 81.9% under the same condition. When irradiated for 4 h, the
degradation rates of ZnO, BiOBr and ZnO/BiOBr coated fabrics were
80.4%, 90.4% and 96.4%, respectively. This demonstrated that ZnO/
BiOBr coated fabric had the best photocatalytic activity than the others.
Furthermore, the photocorrosion of ZnO is still a basic and signiﬁcant
problem that limits its applications (Han, Yang, Weng, & Xu, 2014).
Hence, it is essential to determine the photocatalytic activity of ZnO/
BiOBr coated fabric after repeated RhB adsorption-illumination cycles.
As depicted in Fig. 8b, the degradation rate of ZnO/BiOBr coated cotton
fabric was still as high as 87.1% after the ﬁve cycles, which proved
ZnO/BiOBr coated fabric had good anti- photocorrosion property.
Why did ZnO/BiOBr coated cotton fabric show the best photocatalytic activity under visible light irradiation? The reason could be
resolved by the optical properties. Fig. 9a shows the UV–vis diﬀuse
reﬂectance spectra of ZnO, BiOBr and ZnO/BiOBr coated cotton fabrics.
It can be observed that the absorption edge of ZnO/BiOBr coated fabric
shifted from 383 nm to 412 nm compared with that of ZnO coated
fabric, which indicated that ZnO/BiOBr coated fabric had a signiﬁcant
increase in visible light absorption, and thus leaded to the higher
photocatalytic activity than that of ZnO coated fabric. On the other
hand, photoluminescence (PL) spectra of ZnO, BiOBr and ZnO/BiOBr
composite were recorded in Fig. 9b. Compared with PL intensities of
ZnO and BiOBr, the value of ZnO/BiOBr was the smallest, which

4. Conclusion
In summary, ZnO/BiOBr coated cotton fabrics were successfully
synthesized via ultrasonic-microwave combined method. SEM and TEM
results demonstrated that ZnO NPs with 12.1 nm were deposited on the
BiOBr nanoﬂakes. Such composite gave rise to many advantages on
both antibacterial activity and photocatalytic self-cleaning performance. For antibacterial activity, the lower load but smaller size of ZnO
NPs made ZnO/BiOBr coated fabric have the comparable antibacterial
activity with that of ZnO coated fabric. Besides, the incorporation of
hydrophilic BiOBr and forming of hierarchical structure resulted in
superhydrophilic surface with good resistance to bacterial adhesion.
For photocatalytic self-cleaning performance, the adding of BiOBr nanoﬂakes to ZnO enhanced the visible light absorption and increased the
separation eﬃciency of photoinduced electron-hole pairs, which guaranteed the high and stable photocatalytic activity of ZnO/BiOBr coated
fabric under visible light irradiation. This work provides versatile fabrics with high antibacterial activity and photocatalytic activity, which
may have promising industrial applications in the future.
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Fig. 7. SEM images of S. aureus (a, c, e, g) and P. aeruginosa (b, d, f, h) attached to bare cotton fabrics, ZnO, BiOBr and ZnO/BiOBr coated cotton fabrics, respectively.
The scale bar is 5 μm.

Fig. 8. (a) Photodegradation rates of bare cotton fabric, ZnO, BiOBr, and ZnO/BiOBr coated cotton fabrics under visible light irradiation; (b) photocatalytic activities
of the ZnO/BiOBr coated cotton fabric upon repeated RhB adsorption-illumination cycles.
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Fig. 9. (a) UV–vis diﬀuse reﬂectance spectra of ZnO, BiOBr and ZnO/BiOBr coated cotton fabrics; (b) photoluminescence spectra of ZnO, BiOBr and ZnO/BiOBr
composite.
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