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ABSTRACT: The design and engineering of high-performance
antimicrobial agents is critical for combating antibiotic resistance.
In the present study, a rapid and broad-spectrum bactericidal agent
is developed based on nanocomposites consisting of cobalt-doped
zinc oxide (CoZnO) nanoparticles and MoS2 nanosheets. The
CoZnO/MoS2 nanocomposites are prepared by a facile chemical
precipitation method at controlled CoZnO and MoS2 feeds.
Scanning and transmission electron microscopic measurements
show that CoZnO nanoparticles (ca. 10 nm in diameter) are
clustered on the MoS2 nanosheet surface, which facilitates the
charge separation of the photo-generated electron−hole pairs,
leading to enhanced photodynamic antimicrobial activity. Anti-
bacterial assays in the dark show that the CoZnO/MoS2
nanocomposite prepared at 30 μg of MoS2 feed (CoZnO/MoS2-30) exhibits the best performance among a series of samples,
with minimum inhibitory concentrations of 0.25, 0.8, and 1.8 mg mL−1 toward the Gram-negative bacterium Escherichia coli, Gram-
positive bacterium Staphylococcus aureus and fungus Aspergillus flavus, respectively. The antibacterial performance is markedly
enhanced under photoirradiation, where 94.0% inactivation of E. coli is achieved with 20 μg mL−1 CoZnO/MoS2-30 nanocomposite
under photoirradiation (15 W, 360 nm) for 5 min. The high antibacterial activity can be ascribed to peroxidase-like photocatalytic
activity that is conducive to the generation of reactive oxygen species, as evidenced in transmission electron microscopy, electron
spin resonance, and intracellular glutathione oxidation measurements. The results of the present study highlight the significance of
CoZnO/MoS2 nanocomposites as potent photodynamic antibacterial agents.
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1. INTRODUCTION

Bacterial infections are increasingly recognized as a major
threat to the well-being of humankind, and the indiscriminate
use of antibiotics has contributed to the emergence of
“superbugs”.1 Therefore, it is particularly important and urgent
to develop novel, high-performance antimicrobial agents that
can overcome antibiotic resistance. Among the numerous
strategies of antibacterial control, the use of reactive oxygen
species (ROS) to induce cell oxidative stress response leading
to cell death is one of the most advanced, effective bactericidal
processes. Metal oxide semiconductors are known as green
antibacterial agents because of their ability to produce ROS, in
particular, under photoirradiation at appropriate wave-
lengths.2,3 For instance, zinc oxide (ZnO) is a unique non-
toxic material with high photocatalytic activity and chemical
stability.4−7 However, the wide band gap (3.3 eV) and low
photoenergy conversion efficiency of ZnO greatly limit its
practical applications.8 This issue can be mitigated by
deliberate structural engineering.9−12 For instance, it has
been observed13 that cobalt doping into ZnO nanoparticles

(CoZnO) can effectively extend the absorption to the visible
range and enhance the separation efficiency of photo-generated
electron−hole pairs, the structural defects caused by Co
doping into ZnO can facilitate the production of ROS, and
Zn2+ ions released from the ZnO lattice can cause bacterial
membrane damage and result in improved bacterial
inactivation.
Molybdenum disulfide (MoS2), a typical p-type layered

semiconductor with a narrow band gap (1.9 eV), has also been
attracting significant attention, due to its strong absorption in
the visible range of the solar spectrum14 and intrinsic
peroxidase-like activity for the detection of H2O2 and
glucose.15 In addition, MoS2 nanosheets exhibit a large surface
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area and abundant edges that are conducive to adsorbate
surface binding16,17 and have been used extensively in
photocatalysis.18−20 However, MoS2 exhibits limited bacter-
icidal activity due to the rapid recombination of photo-
generated electron−hole pairs.21
In the present study, a deliberate integration of CoZnO

nanoparticles and MoS2 nanosheets is found to lead to the
development of functional nanocomposites that can be used as
a rapid and broad-spectrum bactericidal agent, due largely to
the combined contributions of peroxidase-like activity from
MoS2 and oxidative stress from photo-generated ROS by
CoZnO. Remarkably, the CoZnO/MoS2 nanocomposites
show not only evident antibacterial activity toward both
Gram-negative and Gram-positive bacteria but also strong
inhibition of the growth of fungi. Thus, such functional
nanocomposites may find applications in fruit preservation
films, antibacterial packages, antibacterial fabrics, and so on.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Zinc acetate dihydrate (Zn(CH3COO)2·2H2O),

sodium carbonate (Na2CO3), and sodium bicarbonate (NaHCO3)
were all obtained from Tianjing Chemical Regents Co., Ltd. Cobalt
acetate tetrahydrate (Co(CH3COO)2·4H2O), L-cysteine, glutathione
(GSH), and Tris−HCl buffer (C4H11NO3) were obtained from
Macklin Biochemicals Co., Ltd. Lithium hydroxide (LiOH) and
sodium molybdate (Na2MoO4·2H2O) were purchased from Tianjing
Hong Yan Chemical Regents Co., Ltd. 5,5′-Dithiobis-(2-nitrobenzoic
acid) (DTNB) was purchased from Hefei BASF Biotechnology Co.,
Ltd. All chemicals were of analytic reagent grade and used directly
without further treatment.
2.2. Preparation of CoZnO/MoS2 Nanocomposites. MoS2

nanosheets were prepared by a modified literature procedure.22 In
brief, 0.3 g of sodium molybdate and 0.6 g of L-cysteine were
dispersed in 50 mL of deionized water under magnetic stirring for 30
min and then transferred into a Teflon-lined autoclave for
hydrothermal treatment at 180 °C for 30 h. The precipitates were
collected by centrifugation and rinsed with copious amounts of water,
affording purified MoS2 nanosheets.
To prepare CoZnO/MoS2 nanocomposites, 1.1 g of zinc acetate

(Zn(CH3COO)2·2H2O) and a calculated amount of cobalt acetate
(Co(CH3COO)2·4H2O, Co/Zn mole ratio = 0.7%) were dispersed in
100 mL of ethanol under magnetic stirring, into which was added a
calculated amount of MoS2 nanosheets prepared above (x = 5, 10, 15,
20, 25, and 30 mg). The mixed solution was heated at 80 °C for 2 h

before the addition of 0.3 g of LiOH in ethanol. Finally, deionized
water was added dropwise into the solution until a milky white
suspension was produced. The precipitates were collected by
centrifugation and rinsed with absolute ethanol and deionized water
three times, and the purified sample was denoted CoZnO/MoS2-x.
Pure CoZnO nanoparticles were also prepared in the same manner
without the addition of MoS2 nanosheets.

2.3. Characterization. The sample morphologies were examined
with a Tecnai G2 F20 S-TWIN transmission electron microscope at
the accelerating voltage of 200 kV and an S4800 field-emission
scanning electron microscope. X-ray diffraction (XRD) patterns were
acquired with a Rigaku D/MAX-2200 diffractometer with Co Kα

radiation (λ = 0.179 nm). X-ray photoelectron spectroscopy (XPS)
analysis was performed with an AXIS SUPRA spectrometer. Electron
spin resonance (ESR) measurements were carried out with a JEOL
JES-FA200 instrument at room temperature using 5-dimethyl
pyrroline-1-oxide (DMPO) as the spin trap. Zeta potential (ζ) was
measured with a Malvern Nano-ZS powder particle size analyzer.

2.4. Minimum Inhibitory Concentration Experiments. The
Gram-negative bacterium Escherichia coli, Gram-positive bacterium
Staphylococcus Aureus, and fungus Aspergillus flavus were cultured for
24 h in a nutrient agar medium. Three viable colonies were
transferred to 1 mL of a phosphate-buffered saline (PBS) solution,
and the bacterial turbidity was adjusted to an optical density of 0.01
(OD = 0.01). To determine the nanocomposite minimum inhibitory
concentration (MIC) against bacteria or fungi, a series of solutions
were prepared in PBS at concentrations ranging from 0.05 to 5.0 mg
mL−1 with a final volume of 100 μL in each 96-well plate. 5 μL of the
test solutions (OD = 0.01) and 5 μL of an agar medium containing
the nanocomposites at various concentrations were inoculated into
each well, and the optical density was recorded at 37 °C every 10 min
for 24 h using the Molecular Devices SpectraMax Plus Microplate
reader. The lowest concentration of the nanocomposites that
inhibited the growth of the bacteria or fungi was determined as the
corresponding MIC.

2.5. Antibacterial Assay. The nanocomposites prepared above
were assayed for growth inhibition against various bacterial strains.
Briefly, 1 mL of a bacterial suspension (OD = 0.01) was diluted 100
times and added to a plastic centrifuge tube, into which was added 1
mL of the CoZnO/MoS2 nanocomposite (2.0 mg mL−1) solution in a
dropwise fashion. The mixture was then placed in a shaking incubator
for 18 h at 37 °C. 25 μL of the resulting suspension was spread onto
the nutrient agar medium and incubated at 37 °C for 18 h, while the
bacterial inactivation percentage was recorded.

2.6. Photodynamic Antibacterial Performance. 0.5 mL of a
bacterial suspension (OD = 0.01, diluted 100 times) was mixed with
0.5 mL of 20 μg mL−1 CoZnO/MoS2 nanocomposites in a 2 mL

Figure 1. (a) XRD patterns of MoS2 and CoZnO/MoS2-30 nanocomposite. TEM images of (b) CoZnO nanoparticles, (c) MoS2 nanosheets, and
(d) CoZnO/MoS2-30 nanocomposite. (e,f) SEM images of the CoZnO/MoS2-30 nanocomposite in different magnifications.
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Figure 2. Growth curves in the dark of (a−c) E. coli, (d−f) S. aureus, and (g−i) A. flavus in nutritional broth containing (a,d,g) CoZnO, (b,e,h)
MoS2, and (c,f,i) CoZnO/MoS2-30 nanocomposites. (j) Photographs of the growth of E. coli, S. aureus, and A. flavus after treatment for 18 h with
CoZnO, MoS2 and CoZnO/MoS2-30 nanocomposite in the dark.
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plastic centrifuge tube. After photoirradiation (at 360 nm and 808 nm,
15 W, Shenzhen ChengYu Photoelectric Co., Ltd.) for a selected
period of time, 25 μL of the bacterial suspension was evenly coated
onto an agar culture medium and incubated at 37 °C for 18 h,
allowing for the calculation of cell survival.
2.7. TEM Characterization of Bacterial Cells. 1 mL of the

CoZnO/MoS2 nanocomposites (1.0 mg mL−1) was mixed with 10
mL of E. coli (OD = 0.1) in a centrifuge tube, and the mixture was
placed in a shaking incubator at 500 rpm for 18 h at 37 °C. The
precipitates were collected by centrifugation, re-dispersed in water,
and dropcast onto a TEM grid for imaging.23

2.8. Intracellular Glutathione Activity. The Ellman method
based on GSH oxidation was used to evaluate ROS-independent
oxidative stress. 24 225 μL of CoZnO/MoS2 nanocomposites (160 μg
mL−1) and 225 μL of glutathione (1 mM) were dispersed in a
bicarbonate buffer (50 mM, pH = 8.7) and oscillated at the speed of
150 rpm for 0.5, 1, 1.5, and 2 h in a shaking incubator at 37 °C, into
which 785 μL of Tris−HCl buffer (0.05 M, pH = 8.8) and 15 μL of
DTNB (100 mM) were added. The supernatant was collected by
centrifugation, and 200 μL of the supernatant was added into the 96-
well enzyme marker board, which was placed into the Molecular
Devices SpectraMax Plus reader. The wavelength of the enzyme
marker was set to 410 nm to assess GSH loss.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization. Figure 1a shows the

XRD patterns of MoS2 and CoZnO/MoS2-30 nanocomposites.

One can see that the MoS2 nanosheets exhibited three major
diffraction peaks at 2θ = 14.4, 32.9, and 58.0°, which can be
assigned to the (002), (101), and (110) facets of hexagonal
phase molybdenum disulfide (JCPDS 37-1492), respectively.
The strong (002) diffraction is consistent with a well-defined
layered structure.11 The formation of the CoZnO/MoS2-30
nanocomposite resulted in additional diffraction peaks at 2θ =
31.71, 34.40, 36.19, 47.45, 56.51, 62.78, and 67.86°,
corresponding to the (100), (002), (101), (102), (110),
(103) and (112) facets of hexagonal wurtzite ZnO (JCPDS 36-
1451). These results indicate successful integration of the two
structural components in the composites, which is further
confirmed by XPS measurements (Figure S1 and Table S1).
Note that no diffraction patterns of metallic cobalt or cobalt
oxides can be resolved in the sample.

The material structures were further characterized by TEM
measurements. From Figure 1b, CoZnO nanoparticles can be
seen to display a spherical shape with a diameter of about 10
nm, while MoS2 exhibited a flaky morphology indicating a
nanosheet structure, as shown in Figure 1c. In HRTEM
measurements (Figure S2a), the MoS2 nanosheets can be seen
to display well-defined lattice fringes with an interplanar
distance of about 0.61 nm, consistent with the (002) crystal
planes of MoS2.

25 For the CoZnO/MoS2-30 nanocomposite
(Figure 1d), the CoZnO nanoparticles can be seen to cluster
on the MoS2 surface, with agglomeration intensified at a
decreasing CoZnO/MoS2 feed ratio (Figure S2b−f). This can
be accounted for by the high specific surface area and abundant
functional groups on the MoS2 nanosheets that facilitated the
interactions with Zn2+.26−28 Consistent results were obtained
in SEM measurements (Figure 1e,f), where the CoZnO/MoS2-
30 nanocomposite is composed of MoS2 nanosheets and
agglomerated CoZnO nanoparticles.28 In Raman spectroscopic
measurements (Figure S3), the CoZnO/MoS2-30 hybrid can
be seen to consist of mixed 1T- and 2H-phases of MoS2, where
the in-plane (E2g

1 ) and out-of-plane (A1g) vibrations of MoS2
can be identified at 376 and 402 cm−1 (Figure S3 inset), and
the separation of 26 cm−1 suggests the formation of multiple
layers of MoS2. Taken together, these results confirm the
successful preparation of CoZnO/MoS2 nanocomposites.

3.2. Antibacterial Activity. Figure 2a−c shows the growth
curves of E. coli cultured for 24 h in the dark in a nutrient broth
containing (a) CoZnO, (b) MoS2, and (c) CoZnO/MoS2-30
nanocomposites. One can see from Figure 2c that at CoZnO/
MoS2-30 concentrations above 0.20 mg mL−1, the growth of
the E. coli cells was significantly inhibited, suggesting that the
MIC of CoZnO/MoS2-30 toward E. coli was below 0.20 mg
mL−1. For other CoZnO/MoS2 nanocomposites prepared at
different MoS2 feeds (Figure S4), the MICs were estimated to
be 0.70 mg mL−1 for CoZnO/MoS2-5, 0.60 mg mL−1 for
CoZnO/MoS2-10, 0.45 mg mL−1 for CoZnO/MoS2-15, 0.35
mg mL−1 for CoZnO/MoS2-20, and 0.30 mg mL−1 for
CoZnO/MoS2-25, indicative of the increasing inhibition of
bacterial growth with increasing MoS2 feed. For comparison,
the MIC was 0.20 mg mL−1 for MoS2 alone (Figure 2b) and
markedly higher for CoZnO (2.4 mg mL−1, Figure 2a). These

Figure 3. Loss of GSH after treatment with MoS2 and the CoZnO/
MoS2-30 nanocomposite for different periods of time at 37 °C. The
concentrations of CoZnO, MoS2, and CoZnO/MoS2-30 are all 0.1 mg
mL−1.

Figure 4. Survival rate of E. coli treated with CoZnO, MoS2, and
CoZnO/MoS2-30 nanocomposite under photoirradiation for up to 5
min at (a) 808 and (b) 360 nm.
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observations suggest that MoS2 played a dominant role in
dictating the antimicrobial activity of the CoZnO/MoS2
nanocomposites in the dark, likely due to MoS2’s peroxidase-
like activity to induce oxidative stress and GSH oxidation that
resulted in rapid bacterial death (vide infra).24

Similar behaviors were observed toward Staphylococcus
aureus (Figure 2d−f), where the MIC decreased in the similar
order of CoZnO (2.5 mg mL−1) > CoZnO/MoS2-30 (0.5 mg
mL−1) > MoS2 (0.27 mg mL−1). Notably, the samples also
exhibit an apparent inhibitory activity toward the fungus A.
flavus (Figure 2g−i), with the corresponding MIC of 3.6 mg
mL−1 for CoZnO, 0.45 mg mL−1 for MoS2 and 1.8 mg mL−1

for CoZnO/MoS2-30 nanocomposites.
Furthermore, the rate constant (k) of bacterial and fungus

growth, which was quantified by exponential fitting of the
rising part of the growth curves (Figure 2 and S4),29

diminished drastically upon the addition of CoZnO, MoS2,
and CoZnO/MoS2 nanocomposites, and was the lowest in the
presence of CoZnO/MoS2-30 nanocomposite (Figure S5).
These results clearly demonstrate the high activity of

CoZnO/MoS2-30 in the inhibition of bacterial and fungus
growth, in particular, in comparison to ZnO-based nano-
composites reported recently in the literature.30,31 Indeed, after
18 h of treatment, one can see that in comparison to the
control, the number of bacterial and fungus colonies decreased
markedly in the presence of CoZnO, and almost none
remained with MoS2 and CoZnO/MoS2-30 (Figure 2j).
The different inhibition activity observed above can be

correlated to results of GSH oxidation assays. GSH plays an
important role in the antioxidant defense system of bacterial
cells, which can prevent oxidative stress from damaging cell
components. Figure 3 depicts the loss of GSH in the presence

Figure 5. ESR spectra of blank water (control) and dispersions containing different samples under photoirradiation at 808 or 360 nm: (a,b)
CoZnO, (c,d) MoS2, and (e,f) CoZnO/MoS2-30.
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of MoS2 and CoZnO/MoS2-30 nanocomposites. Upon
incubation with MoS2 or CoZnO/MoS2-30 nanocomposites,
the concentration of GSH was found to gradually diminish
with increasing incubation time. Interestingly, bare MoS2 was
more effective in inducing GSH oxidation than the CoZnO/
MoS2-30 nanocomposites, likely because GSH oxidation was

directly related to the reaction between MoS2 and the
sulfhydryl groups in GSH.32,33

The antimicrobial activity was more pronouncedly differ-
entiated under photoirradiation. Based on the above MIC test
results, the concentration of the samples was set below the
respective MIC in the following photodynamic experiments.
Figure 4 shows the survival rate of E. coli in the presence of
CoZnO (black), MoS2 (red), and CoZnO/MoS2-30 nano-
composite (blue). Under red-light photoirradiation (808 nm,
Figure 4a), the number of E. coli colonies exhibited an
apparent decrease in the presence of CoZnO, MoS2, and
CoZnO/MoS2-30; and the bactericidal activity increased in the
order of CoZnO < MoS2 < CoZnO/MoS2-30. For instance,
after 5 min of photoirradiation, ca. 51% of bacterial cells
survived in the presence of CoZnO, while only 9.6% for MoS2
and 8% for CoZnO/MoS2-30. A similar trend was observed
under photoirradiation of a UV/blue light (360 nm, Figure 4b)
but at a much faster rate, suggesting that the CoZnO/MoS2-30
composites stood out as the most active antimicrobial agent
among the series of samples, and more importantly, may serve
as a rapid, broad-spectrum bactericidal material.

3.3. Photodynamic Antibacterial Mechanism. To
unravel the photodynamic antibacterial mechanism of the
CoZnO/MoS2 nanocomposites, ESR measurements were
carried out using DMPO as a spin trap. As can be seen from
Figure 5a,b, similar to the control (black curves), no obvious
ESR signal was generated with CoZnO under photoirradiation

Figure 6. Survival rates of E. coli treated by CoZnO, MoS2, and
CoZnO/MoS2-30 in the absence (black bars) and presence (red bars)
of H2O2 for 30 min. The concentrations of CoZnO, MoS2, and
CoZnO/MoS2-30 are all 0.1 mg mL−1.

Figure 7. TEM images of (a) untreated E. coli cells and (b) E. coli cells after the treatment of CoZnO/MoS2-30 composites. Inset to panel (b) is a
TEM image at a high magnification. (c) Zeta potentials of E. coli (pink), MoS2 (red), CoZnO (black) and CoZnO/MoS2-30 nanocomposite
(blue).
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at 808 nm (red curves), whereas apparent hyperfine features
were observed under photoirradiation at 360 nm (blue curves),
consistent with the generation of superoxide radicals (•O2

−, g =
2.00427) and hydroxyl radicals (•OH, g = 2.00449). Such a
discrepancy may be ascribed to the wide band gap of ZnO such
that excitation of valence electrons to the conduction band
occurs only when the photon energy is sufficiently high.34

By sharp contrast, obvious ESR signals, with g = 2.00427 for
•O2

−, were produced with MoS2 and CoZnO/MoS2-30 even
under 808 nm photo illumination (Figures 5c−f, red curves),
and became markedly intensified under photoirradiation at 360
nm. This can be ascribed to the low band gap of MoS2,

24 and
the fact that the signals were significantly more intense with
CoZnO/MoS2-30 than with MoS2 alone suggests enhanced
charge separation in the nanocomposites.35

Furthermore, from Figure 5, one can see that •OH was
produced at a higher rate than •O2

−. Note that •OH is known
to induce oxidative damage of bacterial cell walls and cell
membranes, leading to cell death.12,24 Therefore, the
bactericidal activity of CoZnO, MoS2, and CoZnO/MoS2-30
against E. coli was also examined and compared with the
addition of low-concentration H2O2. From Figure 6, one can
see apparent inhibition of the bacterial growth by H2O2 alone,
and the inhibition was significantly enhanced in the presence
of CoZnO, MoS2, and CoZnO/MoS2-30 nanocomposites.
Specifically, the combination of CoZnO/MoS2-30 nano-
composite and H2O2 led to a 91.4% inhibition rate of the
growth of E. coli, a performance better than those of MoS2
nanosheets (89.0%), CoZnO (81.0%), and H2O2 (34%) alone.
This suggests that the peroxidase-like activity for H2O2
decomposition to hydroxyl radicals increases in the order of

CoZnO < MoS2 < CoZnO/MoS2-30.
24 This was also

manifested in the photocatalytic degradation of methyl orange,
where CoZnO/MoS2-30 nanocomposites exhibited markedly
enhanced activity, as compared to CoZnO and MoS2, under
photoirradiation at 360 or 808 nm (Figures S6 and S7), likely
due to the formation of heterojunctions that facilitated the
separation of photogenerated electron−hole pairs and the
subsequent formation of ROS. Note that H2O2 can be
produced in vivo by cell metabolism and then decomposed
by the CoZnO/MoS2 composites due to their bactericidal
activity.36,37

Indeed, substantial changes in the E. coli cell morphologies
can be seen before and after treatment with the CoZnO/MoS2-
30 nanocomposite for 18 h. In contrast to untreated E. coli that
displayed a rod-like shape, smooth cell wall, cell membrane,
and cytoplasm (Figure 7a), the addition of CoZnO/MoS2-30
nanocomposite led to apparent damage to the bacterial cells
with a clear loss of the structural integrity of the cell walls and
cell membranes (Figure 7b), and the shape of the E. coli cells
became irregular and wrinkled, with apparent leakage of
contents within the cytoplasm due to cell wall rupture.38 This
is likely aided by the adsorption of the nanocomposites onto
the E. coli surface and cellular internalization by the bacteria
(inset to Figure 7b), as Mo and S are essential trace elements
for various enzymes in the cells.39

The adsorption of CoZnO/MoS2-30 nanocomposite onto
the bacterial cells is likely driven by the electrostatic interaction
between the positively charged CoZnO and negatively charged
E. coli cells. Figure 7c shows the zeta potentials (ζ) of E. coli,
MoS2, CoZnO, and CoZnO/MoS2-30 nanocomposite. One
can see that MoS2 nanosheets exhibited a negative ζ of −19.3

Figure 8. Schematic illustration of the antibacterial process of CoZnO/MoS2 composites.
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mV due to a large number of negatively charged S atoms and
functional groups such as −OH and −COOH;40 and CoZnO
was positively charged (ζ = +3.17 mV) because ZnO has a
high isoelectric point (pI = 9.5), which makes it easy to
combine with low pI materials such as biological macro-
molecules via electrostatic interactions.41,42 With the loading of
CoZnO onto MoS2 nanosheets, the resulting CoZnO/MoS2
nanocomposites exhibited a less negative charge (ζ = −4.82
mV). This suggests that the interactions between the CoZnO/
MoS2 nanocomposites and bacterial cells were most likely
facilitated by the CoZnO nanoparticles, which brought the
active MoS2 close to the bacterial cell surface and led to
effective bactericidal action (inset to Figure 7b).
Based on the above results, the high antibacterial activity of

CoZnO/MoS2 nanocomposites can be attributed to the
combined contributions of high efficiency in ROS production
and enhanced electrostatic interactions with the bacterial cell
surface. The antibacterial mechanism of the CoZnO/MoS2
nanocomposite is schematically illustrated in Figure 8. First,
the intimate interactions between MoS2 nanosheets and
CoZnO nanoparticles significantly improved the separation
efficiency of photo-generated electron−hole pairs and the
subsequent production of ROS.43 Second, the strong electro-
static attraction between CoZnO and bacterial cells boosted
the adsorption of the composite onto the cell surface.44 In
addition, the accumulation of CoZnO/MoS2 nanocomposites
on the cell surface hindered the physical mobility of the cell
membrane, resulting in membrane damage and cytoplasmic
leakage.45 Furthermore, the photochemical reaction of the
CoZnO/MoS2 nanocomposites resulted in the production of a
large number of ROS, where hydroxyl radicals might be
produced both in the interior of the bacterial cell and outside
of the cell. This leads to a significant GSH loss, which
compromised the antioxidant defense system and led to
bacterial cell death.46

4. CONCLUSIONS

In this study, CoZnO/MoS2 nanocomposites were prepared by
a facile wet-chemistry method and exhibited markedly
enhanced antimicrobial activity toward Gram-negative and
Gram-positive bacteria and a fungus, as compared to CoZnO
nanoparticles and MoS2 nanosheets alone, under photo-
irradiation at 360 and 808 nm. This was accounted for by
the combined contributions of (i) the peroxidase-like activity
of MoS2 that facilitated the production of hydroxyl radicals and
(ii) the enhanced separation efficiency of photogenerated
electron−hole pairs that most likely originated from the
formation of CoZnO/MoS2 heterojunctions, leading to
enhanced formation of ROS. The produced ROS remarkably
accelerated the breakdown of bacterial cell membranes and
intracellular glutathione oxidation, destroying the antioxidant
defense system of bacteria, thus resulting in broad-spectrum
antimicrobial efficiency. Such bactericidal actions were likely
aided by the electrostatic interaction between CoZnO/MoS2
nanocomposites and the bacterial cell surface that enriched the
nanocomposites in the proximity of the cells. The results of
this work offer new fundamental insights into the rational
design and engineering of CoZnO/MoS2-based nanocompo-
sites as low-cost, high-efficiency, and broad-spectrum anti-
bacterial agents.
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