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en photocatalytic bacterial
inactivation and the mechanism of zinc oxysulfide
under LED light irradiation†

Dan Wu,a Wei Wang,*ab Tsz Wai Ng,a Guocheng Huang,a Dehua Xia,a Ho Yin Yip,a

Hung Kay Lee,c Guiying Li,d Taicheng And and Po Keung Wong*a

Zinc oxysulfide (ZnO0.6S0.4) nanoparticles, prepared via a coprecipitation–calcinationmethod, were used as

an effective visible-light-driven (VLD) photocatalyst for the inactivation of a typical Gram-negative

bacterium, Escherichia coli K-12 for the first time. An energy-saving white light emitting diode (LED)

lamp was employed as the visible light (VL) source. Compared to the only UV-responsive pure ZnO and

ZnS, the light active region of ZnO0.6S0.4 was expanded as far as 550 nm in the VL region. Significantly,

the obtained ZnO0.6S0.4 nanoparticles showed considerable VLD photocatalytic bacterial inactivation

activity under white LED irradiation. The mechanism of inactivation was investigated in-depth.

Photogenerated holes (h+) and hydrogen peroxide (H2O2) were predominantly responsible for the

bacterial inactivation. Moreover, H2O2 was evidenced to be derived only from electrons in the

conduction band of ZnO0.6S0.4 in the present photocatalytic system. The integrated damage from the

direct oxidation effect of the h+ and continuous accumulation of H2O2 resulted in a high bacterial

inactivation efficiency of ZnO0.6S0.4 nanoparticles under visible white LED lamp irradiation. The

destruction process of bacterial cells by the ZnO0.6S0.4 photocatalyst was also monitored. This was

shown to begin with an attack of the cell membrane and then end in the release of intracellular

components.
Introduction

The emergence of pathogenic bacteria in surface water poses
serious threats to public health worldwide, and commonly
causes infectious waterborne diseases in humans.1 Thus, it is of
great importance to develop effective disinfection strategies for
an adequate inactivation of pathogenic microorganisms in
water bodies. In recent years, semiconductor photocatalysis has
attracted growing interest as a promising technique for the
removal of bacterial contaminations owing to the powerful
photocatalytic ability.2,3 As important II–VI semiconductors,
zinc oxide (ZnO) and zinc sulde (ZnS) have been intensively
studied due to their numerous advantages of low cost, earth-
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abundance, low toxicity and marked photocatalytic perfor-
mance.4–6 Unfortunately, both ZnO and ZnS possess a large
band gap (3.4 and 3.7 eV for ZnO and ZnS, respectively), and
thus can only respond to ultraviolet (UV) light, which severely
limits their practical applications in the cases of UV shortage.
Furthermore, UV light only contributes to about 4% of solar
energy and visible light (VL) accounts for about 43%,7 while
ordinary indoor lighting is also dominated by VL.8 Additionally,
long-term exposure to bio-hazardous UV light also has adverse
health impacts on humans. Therefore, the efficient utilization
of VL or sunlight energy is of signicance for implementing
photocatalysis in indoor and outdoor environments,
respectively.

As a consequence, it is highly desirable to engineer ZnO and
ZnS with improved VL responsiveness. In this respect, the
conventional technique is impurity doping.9 Nevertheless, in
the cases of ZnS and ZnO, this approach is limited by
a maximum doping ability10 and low mobility of photo-
generated electrons and holes.11 An interesting alternative is to
couple ZnO and ZnS into nanoarchitectures with multilayered
structures, core/shell heterostructures and solid solutions.12–15

For example, Bao et al. prepared ZnO/ZnS heterostructured
nanorod arrays with hydrogen (H2) production of 19.2 mmol
h�1 for 0.05 g catalyst under solar-simulated light irradiation.13

Rai et al. fabricated an efficient and highly sensitive UV/VL
This journal is © The Royal Society of Chemistry 2016
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photodetector based on ZnO/ZnS core/shell nanowires.14

Lahiri et al. found that surface functionalization of ZnO
photocatalysts with monolayer ZnS resulted in an effective
surface band gap narrowing to 2.8 eV.15 In particular,
a composition controlled ternary zinc nanostructure, named
zinc oxysulde (ZnOS), has recently been explored due to
feasible band gap engineering in a wide range.16,17 Because of
the staggered type-II band alignment18 and the hybrid
orbitals of oxygen (O) and sulfur (S) caused by the formation
of an oxysulde,19,20 the band gap of ZnOS could be much
smaller than those of either of the individual components.
Thus, Pandey et al. synthesized a series of ZnOS semi-
conductors with various O/S molar ratios and found that
ZnO0.6S0.4 had the narrowest band gap of 2.7 eV.17,21 Owing to
a large difference of atomic radii and electronegativities
between the O and S atoms, the formation of ZnOS would
consequently bring dramatic changes in the electrical and
optical properties of the materials,20 leading to an extended
photo-response and the narrowing of photoexcitation
threshold energy. Accordingly, ZnOS photocatalysts would
exhibit improved photocatalytic activity under VL irradia-
tion.11,19,20,22 However, all the previous studies of the photo-
catalytic performance of ZnOS only focused on hydrogen
production20,22 and dye degradation.11,19 To the best of our
knowledge, VLD photocatalytic bacterial inactivation by
ZnOS nanostructures has never been explored. Moreover, the
underlying bacterial inactivation mechanism of ZnOS pho-
tocatalysts under pure VL irradiation has never been inves-
tigated in detail.

Additionally, conventional indoor VL sources including
uorescent and incandescent lights are widely used. However,
they suffer from the disadvantages of containing mercury,
high cost and high energy consumption.8 In contrast, as a kind
of energy efficient VL source, white light emitting diode (LED)
lamps serve as a promising alternative in an indoor environ-
ment. Compared with traditional light sources, LED lamps
offer various advantages of a longer life time, a higher elec-
tricity-to-light yield with little heating and a lower energy
consumption, suitable operation in a pulsed regime at high
frequencies, and being a green mercury-free radiation source
with the ability to be almost completely recycled.8,23 Besides,
using a LED lamp provides not only pure VL, but also the
opportunity to develop miniaturized systems and congura-
tion exible equipment.24

In this work, zinc oxysulde (ZnO0.6S0.4) nanoparticles as
VLD photocatalysts were achieved via a simple coprecipitation–
calcination method. The crystal structure, optical property, and
electronic structure of the as-prepared ZnO0.6S0.4 nanoparticles
were systemically investigated. For the rst time, the photo-
catalytic activities of obtained ZnO0.6S0.4 nanoparticles were
evaluated by the inactivation of a Gram-negative bacterium,
Escherichia coli K-12, under visible white LED lamp irradiation.
Moreover, the VLD photocatalytic bacterial inactivation mech-
anism was systemically explored. The major reactive species
involved in the bacterial inactivation process were also
identied.
This journal is © The Royal Society of Chemistry 2016
Experimental
Preparation of zinc oxysulde

Zinc oxysulde (ZnOS) was prepared through a coprecipitation–
calcination method. In brief, 2.98 g of Zn(NO3)2$6H2O and 0.1 g
of Na3C6H5O7$5.5H2O were dissolved in 50 mL of distilled
water. An aqueous solution containing 0.48 g of NaOH and 0.96
g of Na2S$9H2O was added dropwise into the above zinc ion
solution under stirring. Aer continuous stirring for another 2 h
at room temperature (ca. 25 �C), the precipitate was washed
with distilled water and ethanol several times, respectively. Aer
being dried at 50 �C for 12 h, the precipitate was calcined at 400
�C for 2 h in argon (Ar) ow to obtain ZnOS nanoparticles. For
comparison, pure ZnO and ZnS samples were also prepared
using a similar procedure as that mentioned above, except
using only NaOH (0.8 g) or Na2S$9H2O (2.4 g) as the precipita-
tion agents, respectively. All the chemicals used in the experi-
ments were of reagent grade and used as received without
further purication.

Characterization

X-ray diffraction (XRD) patterns were recorded on a Bruker D8
advance diffractometer operating at 40 mA and 40 kV using Cu
Ka as radiation source. Transmission electron microscopy
(TEM) analysis was conducted using a Tecnai G2 Spirit trans-
mission electron microscope at 200 kV. The morphology and
elemental composition of the products were analyzed by
a scanning electron microscope (SEM, FEI/Nova NanoSEM 450)
equipped with an energy-dispersive X-ray (EDX) analyzer
(Oxford/X-Max 50). UV-vis diffuse reectance spectra (UV-vis
DRS) were measured with a Varian Cary 500 UV-vis spectro-
photometer equipped with a labsphere diffuse reectance
accessory and BaSO4 was used as a reectance standard. X-ray
photoelectron spectroscopy (XPS) measurements were con-
ducted on an AXIS-ULTRA DLD-600W X-ray photoelectron
spectrometer using Al-Ka radiation as excitation source. Fourier
transform infrared (FTIR) spectra were measured using a Nico-
let 670 FTIR spectrometer (Thomas Nicolet, Waltham, USA).
Electron paramagnetic resonance (EPR) spectra were recorded
on an EMX EPR spectrometer (Bruker, Karlsruhe, Germany).

Photocatalytic inactivation activity

The photocatalytic inactivation activity of the samples was
evaluated by the inactivation of Escherichia coli K-12 (E. coli).
The white light-emitting-diode (LED) lamps (10 W, Philips) with
a light intensity of 15 mW cm�2 were used as the light source.
The light spectrum of the LED lamps is shown in Fig. S1.† The
cells of E. coli K-12 were inoculated into 50 mL of nutrient broth
(Lab M, Lancashire, UK) and incubated at 37 �C for 15 h in
a shaking incubator. The bacterial cells were harvested by
centrifugation for 1 min and then washed twice with sterilized
saline (0.9% NaCl). Finally the cell pellet was re-suspended in
sterilized saline. The nal cell density was adjusted to about 1�
107 colony forming unit (CFU) mL�1. Before irradiation, the
suspension (50 mL) containing the bacterial cells and the
photocatalyst (20 mg) was under continuous stirring for 0.5 h in
J. Mater. Chem. A, 2016, 4, 1052–1059 | 1053
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the dark to reach the adsorption equilibrium. At different time
intervals, an aliquot of the reaction mixture was collected,
serially diluted with sterilized saline solution and plated on
Nutrient Agar. The number of colonies was counted aer
incubating at 37 �C for 24 h. All of the above experiments were
conducted in triplicate. The data shown are the average of these
triplicates and error bars represent the standard deviation.

The bacterial cells were stained with a LIVE/DEAD BacLight
Bacterial Viability Kit (L7012, Molecular Probes, Inc., Eugene,
USA) following the procedure recommended by the manufac-
turer. The samples were examined under an ECLIPSE 80i uo-
rescence microscope (Nikon, Tokyo, Japan) equipped with
a lter block NUV-2A consisting of an excitation lter Ex 400-680
(Nikon, Tokyo, Japan) and a Spot-K slider CCD camera (Diag-
nostic Instruments Inc., Sterling Heights, USA).
Results and discussion
Characterization of the synthesized photocatalyst

Fig. 1a illustrates comparative XRD patterns of the ZnO, ZnS,
and ZnOS samples. All the diffraction peaks of the as-prepared
ZnO and ZnS samples can be well indexed to a hexagonal
wurtzite structured ZnO (JCPDS 01-070-2551) and a cubic
blende structured ZnS (JCPDS 96-500-0089), respectively. Two
sets of diffraction peaks are clearly observed in the ZnOS
samples, where the peaks at 2q ¼ 31.5�, 33.8�, 35.7�, 61.7� and
67.1� corresponded to the (100), (002), (101), (103) and (200)
planes of ZnO, respectively, while the peaks at 28.9�, 47.9 and
56.1� corresponded to the (111), (022) and (113) planes of ZnS,
respectively. However, only partial diffraction peaks can be
found and there was some angle shiing in ZnOS samples
compared to pure ZnO and ZnS. Besides, only two bumps
appeared in the XRD pattern of the ZnOS precursor before
calcination (Fig. S2†), which suggested that the product before
Fig. 1 (a) XRD patterns of as-prepared samples and a (b) TEM image,
(c) SEM image, and (d) EDX spectrum of ZnOS.

1054 | J. Mater. Chem. A, 2016, 4, 1052–1059
calcination had amorphous phases25–27 and the subsequent
thermal treatment resulted in the ZnOS products of crystalline
phases. Consequently, the results demonstrated that ZnOS
samples are not a simple mixture of ZnO and ZnS. Notably, the
broader diffraction peaks of ZnOS are observed, which was
ascribed to the mismatch between O and S in the ZnOS lattice.28

Fig. 1b presents the TEM image of a ZnOS sample. It can be
clearly observed that the size of the ZnOS nanoparticles is about
5–20 nm. The SEM image (Fig. 1c) further conrmed the
nanostructure of ZnOS with many tightly aggregated small
nanoparticles. A typical EDX spectrum (Fig. 1d) exhibits the
presence of Zn, O, and S elements, indicating that the obtained
ZnOS nanoparticles were of high purity. Moreover, uniform
distributions of these respective elements in the compositional
architecture of ZnOS nanoparticles is further shown in corre-
sponding EDX mappings (Fig. S3†). Thus, we reasonably spec-
ulated that Zn should have chemical bonding to both S and O
elements in the lattice of ZnOS nanoparticles.

The purity and element composition of the ZnOS nano-
particles were further analyzed by XPS. Apart from the C
element, all of the peaks on the scan survey spectrum (Fig. 2a)
can be ascribed to Zn, O and S elements, further validating the
high purity of ZnOS nanoparticles. As shown in Fig. 2b, the
symmetric peaks located at the binding energies (BE) of 1044.64
and 1021.69 eV corresponded to Zn 2p1/2 and Zn 2p3/2, respec-
tively, which indicates that Zn exists in the form of a Zn2+

chemical state in ZnOS. Fig. 2c shows the asymmetric O 1s peak
for ZnOS, which can be deconvoluted into two peaks. The lower
peak centered at a BE of 530.58 eV can be ascribed to the lattice
O atoms coordinated with Zn atoms, while the peak located at
the higher BE of 531.99 eV is due to the adsorbed oxygen species
on the ZnOS surface.29 Considering that the photocatalysis
takes place on the surfaces of semiconductors, the absorbed
oxygen species are easily captured by photogenerated electrons
Fig. 2 (a) Survey scan, (b) Zn 2p, (c) O 1s and (d) S 2p XPS spectra for
ZnO0.6S0.4 nanoparticles.

This journal is © The Royal Society of Chemistry 2016
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to form reactive species, contributing to the enhanced photo-
catalytic properties.30 The XPS spectra of S 2p in Fig. 2d can be
tted into two peaks located at the BE of 161.65 and 162.82 eV,
which were attributed to S 2p3/2 and S 2p1/2, respectively, veri-
fying the existence of a S2� chemical state in the ZnOS nano-
particles. It is worth noting that the absence of a peak related to
sulfate species at a BE of about 168 eV (ref. 31 and 32) suggested
that Zn atoms was chemically bonded to both S and O atoms in
the ZnOS lattice. In addition, the atomic molar ratio of O to S
determined by XPS was 1.52, which was highly consistent with
the theoretical value (0.6 : 0.4 ¼ 1.5). As mentioned earlier, S
and O were evidenced to be mismatched in the lattice and Zn is
chemically bonded with both S and O in the nal product. In
conjunction with the molar ratio determined by XPS, the ob-
tained ZnOS product was named ZnO0.6S0.4. All the results
demonstrated that ZnO0.6S0.4 nanoparticles, rather than
a simple mixture of pure ZnO and ZnS, were successfully
prepared with high purity.

Fig. 3 presents the UV-vis DRS spectra of the prepared ZnO,
ZnS and ZnO0.6S0.4 samples. A sharp basal absorption edge for
ZnO is located at 393 nm, while the main absorption edge of the
pure ZnS is further at about 428 nm. Comparatively, the
absorption cutoff wavelength of ZnO0.6S0.4 nanoparticles
determined by the steep absorption occurred at about 550 nm,
suggesting that the ZnO0.6S0.4 photocatalyst was responsive to
the VL region. Particularly, the band edge of ZnO0.6S0.4 was
signicantly blurred, indicating that the electronic structure of
the ZnO0.6S0.4 semiconductor was totally different to those of
ZnO and ZnS.16 The band gap energy (Eg) of the semiconductors
can be estimated based on the Kubelka–Munk function33 by
tting the absorption band edge of the spectra as ahn ¼ A(hn �
Eg)

n/2 where a, h, n, A are the absorption coefficient, Plank
constant, the incident light frequency and a constant, respec-
tively. Accordingly, the band gap values were calculated to be
3.16, 2.90 and 2.25 eV corresponding to ZnO, ZnS and
ZnO0.6S0.4, respectively. The narrowing band gap of ZnO0.6S0.4
can be assigned to the atomic orbital coupling of S with O in the
valence band of the ZnO0.6S0.4 semiconductors.20 Thus, the
above results revealed that due to the large differences between
the electronegativities and sizes of the S and O atoms, the
ZnO0.6S0.4 nanoparticles have a greatly reduced band gap and
Fig. 3 UV-vis diffuse reflectance spectra (DRS) of ZnO, ZnS and
ZnO0.6S0.4 nanoparticles.

This journal is © The Royal Society of Chemistry 2016
a broadened light absorption into the VL region. Therefore, the
ZnO0.6S0.4 nanoparticles were expected to exhibit enhanced
photocatalytic activities under VL irradiation compared to those
of pure ZnO and ZnS.
VLD photocatalytic bacterial inactivation activity

The photocatalytic performance of the ZnO0.6S0.4 nanoparticles
was evaluated by inactivation of a representative microor-
ganism, E. coli K-12, using a white LED lamp as the VL source. In
dark and light control experiments, the bacterial population
remained almost unchanged even aer 3 h, indicating no toxic
effects of ZnO0.6S0.4 nanoparticles to E. coli K-12 cells and also
no photolysis of bacterial cells under white LED lamp irradia-
tion alone (Fig. 4). Upon visible LED irradiation, no reduction
and only slight decrease (about 1-log) of bacterial cells for ZnS
and ZnO were observed, respectively. In contrast, the ZnO0.6S0.4
nanoparticles showed remarkable enhanced photocatalytic
activity for inactivating E. coli K-12, with the complete inacti-
vation of cell densities of 7-log aer 3 h of irradiation. On one
hand, the white LED lamps used in the present system possess
a broad light spectrum only in the VL region ranging from 400
to 800 nm (Fig. S1†). On the other hand, in principle, the pho-
tocatalysts can only be driven by light of energy higher than the
band gap energy of the semiconductor. Based on the optical
properties (Fig. 3), ZnO0.6S0.4, ZnO and ZnS can only use the
light of wavelengths less than 550, 428 and 393 nm, respectively.
Accordingly, the different photocatalytic behaviors of these
samples were observed. Furthermore, recycle tests of photo-
catalytic bacterial inactivation were performed to study the
stability of the ZnO0.6S0.4 photocatalyst. As shown in Fig. S4,†
a slight decrease of the inactivation efficiency was observed,
mainly due to the accumulation of released substances of
bacteria upon inactivation. Additionally, there was no obvious
change in the morphology of ZnO0.6S0.4 aer each run in the
recycling test (Fig. S5†), indicating that the photocatalyst is
quite stable. Hence, a reasonable conclusion can be drawn that
the ZnO0.6S0.4 nanoparticles are a true kind of VLD photo-
catalyst, which can present excellent photocatalytic bacterial
inactivation activity.

In order to conrm the bactericidal effect of the ZnO0.6S0.4
nanoparticles under white LED lamp irradiation, the BacLight
Fig. 4 Photocatalytic bacterial inactivation of E. coli K-12 in the
presence of ZnO, ZnS and ZnO0.6S0.4 under visible LED irradiation.

J. Mater. Chem. A, 2016, 4, 1052–1059 | 1055
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Fig. 6 FTIR spectra of photocatalytically treated bacterial cells at
different irradiation times. (a) Bands in the spectral region ranging from
3100 to 2700 cm�1 and (b) bands in the spectral region ranging from
1800 to 1000 cm�1.
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kit uorescent microscopic method was carried out.34 When the
cells are stained with the dye mixtures of membrane-permeable
SYTO 9 and membrane-impermeable propidium iodide (PI),
dead bacterial cells with damaged cell membranes are stained
uorescent red, whereas live bacterial cells with intact cell
membranes are rather stained uorescent green. As shown in
Fig. 5a, the viable cells expectedly exhibited intense green
uorescence. It is also worth noting that the living bacteria
aggregated in a green bulk, which was mainly attributed to the
adsorption between abundant small-sized ZnO0.6S0.4 nano-
particles and bacterial cells. Aer being irradiated under a white
LED lamp for 1 h, some cells were stained uorescent red by PI
(Fig. 5b), indicating a partial amount of the bacteria were
damaged under photocatalytic treatment. With prolonged
irradiation time, fewer and no living bacteria were further
observed aer 2 and 3 h, respectively (Fig. 5c and d). More
information can also be found in Fig. S6.† As a solid method of
tracing the changes in cell membrane integrity, the uores-
cence microscopic results suggested that the cell membrane
had undergone progressive damage during the photocatalytic
process, resulting release of intracellular components and
subsequent cell death.

The changes in cell structure and functionality induced by
photocatalytic treatment were further evidenced by a FTIR
method. As shown in Fig. 6a, the peak at around 3060 cm�1 was
attributed to amide B, while the characteristic peaks between
3100 and 2800 cm�1 were assigned to the C–H stretching
vibrations of –CH2 and –CH3 groups which were mainly from
fatty acid.35 Because the cell membrane is predominantly
composed of these bonds, the peaks in this region can be
employed to track the changes in cell membrane integrity. With
prolonged reaction time, the integral absorbance of the initial
E. coli K-12 spectral prole and its corresponding intensity
quickly decayed, suggesting photocatalytic damage to the cell
membrane. Furthermore, signicant decay and disappearance
of oligosaccharide bands at around 1080 cm�1 can also be
Fig. 5 Fluorescence microscopy images of E. coli K-12 photo-
catalytically treated by ZnO0.6S0.4 nanoparticles under visible LED
irradiation for (a) 0, (b) 1, (c) 2, and (d) 3 h.

1056 | J. Mater. Chem. A, 2016, 4, 1052–1059
observed in Fig. 6b, implying the breakdown of polysaccharides
with the photocatalytic treatment. As polysaccharides are the
dominant surface features of the outer membrane of Gram-
negative bacteria, their changes further conrmed the
progressive damage to cell membrane. In parallel, longer
treatment times also led to signicant changes in the prole of
PO2

� near 1243 cm�1, which was indicative of the photocatalytic
destruction of phospholipids.35,36 Concomitantly, two new
peaks at 1390 and 1350 cm�1 were detected aer 6 h and 12 h
and then disappeared aer 24 h, resulting from the formation
of the intermediates during the breakdown of the initial
biomolecules and the appearance of C–O stretching bonds
during the formation of smaller carboxylic groups in photo-
catalysis.37 The region from 1700 to 1500 cm�1 is related to the
typical bands of proteins, where the peak at 1650 cm�1 was
attributed to the C–O stretching vibrations of the amide I band
and the peak at 1550 cm�1 is specic to N–H bending vibrations
of the amide II band.37 The decrease of these peaks indicated
the peroxidation of the proteins during the photocatalytic
process. Although there were some disturbance peaks of the
ZnO0.6S0.4 nanoparticles (Fig. S7†), the results reasonably
demonstrated that the bacteria were inactivated from the initial
decomposition of the cell membrane and then release and
breakdown of intracellular substances in the photocatalytic
oxidation process, nally resulting in cell death.
Photocatalytic inactivation mechanism

To investigate the photocatalytic inactivation mechanism,
a scavenger study, which uses different reagents to individually
remove specic reactive species, was conducted to systemati-
cally explore the roles of various reactive species responsible for
the photocatalytic inactivation of the bacteria. The employed
concentrations of each scavenger were pre-optimized to achieve
their maximum quenching effect but not cause toxicity to
bacterial cells. As shown in Fig. 7a, the addition of isopropanol
as a scavenger of the hydroxyl radical (cOH) had no observable
difference in the inactivation efficiency compared to that
without scavenger addition, indicating that cOH played a negli-
gible part in the bacterial inactivation. Meanwhile, with the
addition of Cr(VI) and TEMPOL as scavengers of electrons (e�)
and superoxide (cO2

�), respectively, no signicant changes in
This journal is © The Royal Society of Chemistry 2016
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Fig. 7 (a) The photocatalytic inactivation of E. coli K-12 using
ZnO0.6S0.4 nanoparticles as photocatalysts under visible LED irradia-
tion in the presence of different scavengers (no scavenger, 5 mM
isopropanol, 2 mM TEMPOL, 0.5 mM sodium oxalate, 0.05 mM Cr(VI),
0.1 mM Fe(II)-EDTA and) in (a) aerobic and (b) anaerobic (Ar purging)
conditions.

Fig. 8 (a) Valence band XPS spectra and (b) band positions and
proposed photocatalytic mechanism of ZnO0.6S0.4 nanoparticles.
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the inactivation efficiency were observed, implying that both e�

and cO2
� were not the major reactive species accounting for the

inactivation of E. coli. It was found that the addition of sodium
oxalate as a scavenger of holes (h+) can considerably suppress
the bacterial inactivation, which suggested the importance of
photogenerated h+ in the photocatalytic inactivation. Signi-
cantly, the major role of hydrogen peroxide (H2O2) was also
conrmed by a great decrease in the inactivation efficiency aer
adding Fe(II)-EDTA as a scavenger of H2O2. With argon (Ar)
purging to remove oxygen, the inactivation efficiency decreased
greatly (Fig. 7b). This was attributed to the elimination of
a H2O2 generation pathway from e� in the conduction band
(CB), thus only leaving the function of h+ in the valence band
(VB). Comparatively, the inactivation only displayed a slight
change on adding sodium oxalate in the case of Ar aeration. The
result suggested that the major contribution of H2O2 was
probably from the CB. Additionally, the bacterial inactivation
kinetics were found to be well tted with a “shoulder + log-
linear” model (Fig. S8†) with the parameters of shoulder length
(SL) and inactivation rate (kmax). A shoulder length can be
considered as the cumulative damage period induced by the
photocatalytic reactions before the proliferation of a single cell
is inhibited.38 In the case of Ar aeration, the calculated kmax

(6.25 � 0.17 h�1) was smaller than that without Ar (7.34 � 0.31
h�1), suggesting that H2O2 derived from the CB made an
important contribution to the bacterial inactivation. Mean-
while, the calculated SL (1.84 � 0.03) for inactivation with Ar
purging was double that without Ar (0.90 � 0.08), which meant
that the time taken to produce a minimum number of radicals
inhibiting the bacterial cell proliferation was much longer than
the case without Ar. This was ascribed to a rather limited
contact of h+ with the bacterial cells, which remain only on the
surface of the photocatalysts and cannot diffuse into the reac-
tion solution. Based on the above results, both H2O2 and h+

were suggested as the dominant effective reactive species
responsible for the photocatalytic inactivation of the ZnO0.6S0.4
nanoparticles.

To further understand the underlying intrinsic mechanism,
it is also of signicance to locate the positions of the conduc-
tion-band minimum (CBM) and the valence-band maximum
This journal is © The Royal Society of Chemistry 2016
(VBM) of the ZnO0.6S0.4 nanoparticles. The band edges of the
ZnO0.6S0.4 nanoparticles were measured by valence-band XPS
spectra, as shown in Fig. 8a. The ZnO0.6S0.4 nanoparticles pre-
sented a VBM energy potential (EVB) at about 1.85 eV. The CBM
energy potential (ECB) can be determined by ECB ¼ EVB � Eg,
where Eg is the band gap energy. According to the optical
adsorption spectrum in Fig. 3, the ECB was calculated to be
about�0.40 eV. Therefore, the electronic potentials of CBM and
VBM for ZnO0.6S0.4 nanoparticles can be determined as dis-
played in Fig. 8b. The standard redox potentials for cOH/OH�

and cOH/H2O were reported to be located at +1.99 and +2.73 eV,
respectively.33,34 As a result of a more negative EVB (1.85 eV), the
photoexcited h+ in the VB of ZnO0.6S0.4 cannot oxidize ambient
OH� or H2O to form cOH, which correlates with the negligible
role of cOH as observed in the scavenger study. Moreover, the
absence of cOH was also evidenced through a terephthalic acid
uorescence probe method. It is well known that cOH can react
with terephthalic acid in alkaline conditions to produce highly
a uorescent product, 2-hydroxyterephthalic acid (TAOH) at
room temperature, which gives an emission at 425 nm with
excitation at 315 nm. As shown in Fig. S9,† large amounts of
cOH were detected in the usual TiO2-UV photocatalytic system.
Comparatively, no detectable uorescence signals associated
with TAOH were found upon visible LED irradiation in both
aerobic and anaerobic conditions, further conrming that the
generation of cOH was thermodynamically prohibited in the
present system. It was noted that although the energy of h+ in
the VB of ZnO0.6S0.4 was not high enough to produce cOH, the
powerful h+ can directly attack bacteria cells in the photo-
catalytic oxidation process,33,39 which was also validated by the
scavenger study.

On the other hand, the standard redox potential for O2/cO2
�

was about �0.33 eV. Thus, in the CB, the photo-generated e�

can be trapped by ambient oxygen to produce reactive cO2
�.

Taking account of the production inability of cOH from h+ in the
VB, H2O2 was inevitably derived from cO2

� in the CB of
ZnO0.6S0.4. In fact, the amount of H2O2 increased almost line-
arly with irradiation time and reached as high as 23 mmol aer 3
h irradiation (Fig. 9a). The existence of cO2

� was further veried
by EPR measurements using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as a spin-trap agent. As shown in Fig. 9b, no resonance
signals were observed in the dark. Under white LED lamp irra-
diation, the ZnO0.6S0.4 nanoparticles displayed a measurable
J. Mater. Chem. A, 2016, 4, 1052–1059 | 1057
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Fig. 9 (a) H2O2 produced and (b) EPR spectra of DMPO–OOH
generated by ZnO0.6S0.4 nanoparticles before and after visible LED
irradiation.
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characteristic signal for a DMPO–OOH spin adduct,40,41 vali-
dating the generation of cO2

� in the photocatalytic process. In
addition, no DMPO–cOH signal was detected, which excluded
the presence of cOH in the system, in agreement with the above
results.
Conclusions

In summary, zinc oxysulde (ZnO0.6S0.4) nanoparticles with
enhanced VLD photocatalytic activity were prepared via
a coprecipitation–calcination method. Compared to the only
UV-responsive pure ZnO and ZnS, the light active region of
ZnO0.6S0.4 was expanded to 550 nm. Signicantly, the ob-
tained ZnO0.6S0.4 nanoparticles showed considerable effi-
ciency in photocatalytically inactivating a Gram-negative
bacterium, Escherichia coli K-12 under visible white LED
lamp irradiation, because of a wide VL absorption and suit-
able band structure. The inactivation kinetics can be well
tted with a typical “shoulder + log-linear” model. The
destruction process of the bacterial cell by the ZnO0.6S0.4
photocatalyst was also monitored from the attack of the cell
membrane to the release of intracellular components. The
results of a mechanism study indicated that H2O2 and pho-
togenerated h+ were predominantly responsible for the
bacterial inactivation. H2O2 was suggested to arise from the
derivation of e� in the CB of ZnO0.6S0.4 in the present pho-
tocatalytic system.
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