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ABSTRACT: The metallic phase of 1T-MoS2 nanoflowers (NFs) and the semiconducting
phase of 2H-MoS2 NFs were prepared by a facile solvothermal and combustion method. The
antibacterial activities, reactive oxygen species (ROS) generation, and light-driven antibacterial
mechanism of metallic 1T-MoS2 NFs and semiconducting 2H-MoS2 NFs were demonstrated
with the bacterium Escherichia coli (E. coli) under light irradiation. Results of the bacterial
growth curve and ROS generation analyses revealed higher light-driven antibacterial activity of
metallic 1T-MoS2 NFs compared to semiconducting 2H-MoS2 NFs. Electron paramagnetic
resonance (EPR) spectroscopy demonstrated that the ROS of the superoxide anion radical
•O2

− was generated due to the incubation of 1T-MoS2 NFs and E. coli with light irradiation.
Furthermore, E. coli incubated with metallic 1T-MoS2 NFs exhibited significant damage to the
bacterial cell walls, complete bacterial destruction, and abnormal elongation after light
irradiation. The light-driven antibacterial mechanism of metallic 1T-MoS2 NFs was examined,
and we found that, under light irradiation, photoinduced electrons were generated by metallic
1T-MoS2 NFs, and then the photoinduced electrons reacted with oxygen to generate superoxide anion radical which induced
bacterial death. For semiconducting 2H-MoS2 NFs, photoinduced electrons and holes rapidly recombined resulting in a decrease in
ROS generation which diminished the light-driven antibacterial activity.

KEYWORDS: Metallic 1T-MoS2, Semiconducting 2H-MoS2, Photoactivity, Reactive oxygen species, Superoxide anion radical

■ INTRODUCTION

Antibiotic-resistant bacteria are on the rise globally, causing
extensive public health concerns.1−3 Growing microbial
defiance of antibiotics is one of the unanswered challenges of
this era. The growth rate of microbial resistance to antibiotics
is imprecise, but nearly 10 million deaths per annum are
forecast to occur before 2050 worldwide.4−6 To fight
antimicrobial-resistant bacteria, alternative approaches derived
from the use of photocatalysts such as carbon-based, metallic,
or semiconducting nanomaterials are being explored.7−14

Extensive work has been carried out in photocatalysts
including titanium dioxide (TiO2) based nanomaterials,
graphene-based nanostructures, and plasmonic metal nano-
crystals as light-activated antibacterial agents.15−19 For
example, light-activated TiO2 nanomaterials were developed
with dopants of nitrogen and bismuth, which kill the biofilms
of Streptococcus sanguinis and Actinomyces naeslundii when
irradiated with visible light.20 Reduced graphene oxide (GO)−
copper oxide nanostructures have been developed against
Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
utilizing the synergetic effect of continuous efflux of copper
ions and long-term reactive oxygen species (ROS) produced
under light irradiation.21 Plasmonic silica-coated Au−Ag
nanocages were fabricated as wide-ranging antimicrobial
media on S. aureus and E. coli via their photothermal properties

and steady and consistent efflux of Ag ions upon near-infrared
irradiation.22 Many previous reports proved that photocatalysts
exhibit promising potential as antibacterial agents based on
their photothermal effects and light-induced ROS production.
However, the development of light-activated antibacterial
nanomaterials with easy preparation, low cost, and high
photoactivity is still an urgent task to combat bacterial
infections.
Recently, multiphasic molybdenum disulfide (MoS2) nano-

materials with photoactivities were fabricated for applications
in energy production and storage.23−28 Moreover, function-
alized MoS2 nanomaterials were also utilized as light-driven
antibacterial materials. For example, exfoliated MoS2 displayed
a higher antimicrobial capacity compared to flamed exfoliated
MoS2 on planktonic cells, which was attributed to the higher
electron conductivity of exfoliated MoS2 leading to increased
ROS generation.29 Recently, pyramid-shaped MoS2@Ag and
MoS2@copper films have shown that water disinfection under
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light irradiation against E. coli exhibited high antibacterial
efficiency with concentration levels of 0.7 and 1.6 mg/L,
respectively.30,31 MoS2−ZnO-reduced GO nanocomposites
displayed high antibacterial activity under light irradiation
against S. aureus and E. coli because photoexcited electrons
from ZnO nanoparticles can be delivered to MoS2 through the
substrate of reduced GO to eliminate electron−hole pair
combinations.32 Bare Bi2WO6 and MoS2 have lower separation
efficiencies for photogeneration compared to MoS2 quantum
dot interspersed Bi2WO6 heterostructures and enhanced
visible-light-driven photocatalytic detoxification and disinfec-
tion of wastewater.33 Polyethylene glycol functionalized MoS2
nanoflowers (NFs) were used for the quick and effective
eradication of ampicillin-resistant E. coli and endospore-
forming Bacillus subtilis by a photothermal effect and
peroxidase catalytic activity.34 Great efforts have been made
to design and demonstrate outstanding light-induced anti-
bacterial activities of MoS2-related nanomaterials. However,
there have been rare efforts to study and compare the potential
antibacterial activities and mechanisms under light irradiation
with two directly synthesized phases 1T-MoS2 NFs and 2H-
MoS2 NFs.

35

A simple solvothermal and combustion method was used to
prepare 1T and 2H phases of MoS2 NFs in this analysis.
Powder X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), Raman spectroscopy, scanning electron
microscopy (SEM), transmission electron microscopy
(TEM), energy-dispersive X-ray (EDX) spectroscopy, and
UV−visible spectroscopy were used to substantiate the skeletal
properties of 1T and 2H phases of MoS2 NFs. Furthermore,
we investigated and compared the antibacterial activities and
intercellular ROS generation of 1T and 2H phases of MoS2
NFs against E. coli under light irradiation. Detailed
mechanisms of the light-driven antibacterial effects by the
two phases 1T- and 2H-MoS2 NFs are also explored and
demonstrated.

■ MATERIALS AND METHODS
Chemicals. Molybdic acid and thiourea were purchased from

Acros Organics USA. Glycerol (Honeywell), Luria broth, ampicillin,
LB agar Miller (Bioshop), agar-A (Biobasic), 2′,7′-dichlorofluorescein
diacetate (DCFH-DA) (Sigma-Aldrich), and bisBenzimide H-33342
trihydrochloride trihydrate (Hoechst 33342) (Biotium) were
purchased and used without further purification.
Syntheses of the Two Phases of 1T-MoS2 NFs and 2H-MoS2

NFs. 1T-MoS2 NFs were synthesized using a solvothermal process.
Molybdic acid (0.005 M) and thiourea (0.0125 M) were used as
precursors. In a nutshell, both precursors were dissolved in 40 mL of
distilled water, stirred for 30 min to produce a homogeneous solution,
and then moved to a 100 mL autoclave reactor. Carbon fiber paper
(CeTech) with dimensions of 7 cm length and 2 cm width was
introduced into the autoclave reactor. Further, the oven (JOV-40)
was set to 180 °C, and the as-prepared autoclave reactor was put into
the oven for 24 h. Furthermore, the autoclave reactor was taken out
and left to cool until room temperature was attained. 1T-MoS2 NFs
adhered to the carbon fiber paper were cleaned with deionized water
and ethanol, left to dry overnight at 60 °C, and used for further
applications. For the synthesis of 2H-MoS2 NF, 1T-MoS2 NFs were
first prepared, and then 1T-MoS2 NFs were annealed in an incinerator
(Thermofisher Lindberg Blue M) above 300 °C for 1 h to get 2H-
MoS2 NFs. As-prepared 2H-MoS2 NFs were used for further
experiments.
Material Characterization. SEM and TEM were performed with

JEOL JSM-7800F and Hitachi HT-7700 instruments, respectively.
For TEM samples of the two phases 1T and 2H of MoS2 NFs were
sonicated in deionized water and then dropped onto a copper mesh,

dried, and used for imaging. A JEOL 2100F was used for high-
resolution transmission electron microscopic (HR-TEM) images.
Also, a Rigaku Miniflex 600 with Cu Kα radiation was used to study
structural details by X-ray diffraction. X-ray photoemission spectro-
scopic (XPS) analysis was performed at the National Synchrotron
Radiation Research Center (NSRRC) SPEM terminal (BL09A).36

The high-resolution XPS spectra were obtained at 320 eV photon
energy for the 1T and 2H phases of MoS2 NFs. An Olympus objective
(16 mW) was used to record Raman measurements. Raman spectra
were acquired by using Plan N and an Olympus objective at 16 mW.
The skeletal features of the 1T-MoS2 NFs and 2H-MoS2 NFs were
confirmed by SEM, TEM, XRD, and Raman spectroscopy. A JASCO-
V770 spectrophotometer was used in this study to evaluate and
validate the absorption properties of 1T-MoS2 NFs and 2H-MoS2
NFs.

Antibacterial Activity Assay. Bacterial solutions were prepared
using 3 mL of LB broth medium, 300 μL of ampicillin, and 150 μL of
an E. coli solution. The bacteria were cultured in LB broth medium in
an incubator (YIHDER LM-80DR) with shaking at a speed of 160
rpm for 18 h at 37 °C. In addition, the bacterial solution was used to
evaluate the antibacterial properties of 1T-MoS2 NFs and 2H-MoS2
NFs (both 0.4 mg/L). Simulated solar AM1.5 light (xenon lamp,
Enlitech LH150) was applied as the light source. For the antibacterial
test, the absorbance of the E. coli in LB medium was adjusted to 0.1 at
600 nm. 1T-MoS2 NFs and 2H-MoS2 NFs coated onto the carbon
fiber paper were immersed in the LB medium containing E. coli and
then exposed to simulated light for 4 min. Thereafter, the LB medium
containing E. coli was cultured at 37 °C in a shaker at 160 rpm, and
the absorbance of the LB medium containing E. coli was obtained
every 30 min for 3 h.

ROS Generation Assay. ROS generation by 1T-MoS2 NFs and
2H-MoS2 NFs was obtained and confirmed using EPR spectroscopy
and a 2′,7-dichlorodihydrofluorescein diacetate (H2DCFDA) ROS
test. To explain in brief, in a 96 well plate, 10 μM DCFH-DA and 1
μg/mL Hoechst 33342 underwent addition individually to the LB
medium containing E. coli. Further, the medium was incubated and
shaken at 200 rpm for 20−30 min at 37 °C. The medium underwent
centrifugation at 104g for 2 min (Thermo Scientific Heraeus Multifuge
x1r), then cleaned once with double distilled water, and finally
suspended in deionized water. The dichlorodihydrofluorescein was
excited at a wavelength of 488 nm, and the fluorescence intensity was
measured at a wavelength of 525 nm. For Hoechst 33342, the
wavelengths of excitation and emission were respectively set at 350
and 461 nm. The fluorescence intensities were measured with a
microplate reader (Thermo Varioskan Flash). All statistical data were
managed and plotted by using Origin 8.5pro software.

■ RESULTS AND DISCUSSION

Characterization of 1T-MoS2 NFs and 2H-MoS2 NFs.
1T-MoS2 NFs and 2H-MoS2 NFs were obtained by a
solvothermal method and combustion process. The morphol-
ogies and compositions of 1T-MoS2 NFs and 2H-MoS2 NFs
were validated by SEM, TEM, HR-TEM, EDX analysis, and
EDX mapping. As displayed in SEM images of Figure 1a,d, the
morphologies of both 1T-MoS2 NFs and 2H-MoS2 NFs were
recognized as woven flowerlike structures composed by
multilayered MoS2 nanosheets. On the basis of SEM images,
the average sizes of the multilayered 1T-MoS2 NFs and 2H-
MoS2 NFs were calculated to be ca. 400−800 nm.
Furthermore, EDX spectra of 1T-MoS2 NFs and 2H-MoS2
NFs were measured as shown in Figures S1 and S2,
respectively. The weights and atom percentages of 1T-MoS2
NFs and 2H-MoS2 NFs were also calculated by EDX spectra as
demonstrated in Tables S1 and S2. EDX analysis showed that
1T-MoS2 NFs consisted of molybdenum (Mo, 64.26 wt %)
and sulfur (S, 35.74 wt %). In addition, 2H-MoS2 NFs
consisted of Mo (63.35 wt %) and S (36.65 wt %). EDX
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analyses showed that the compositions were not significantly
different between 1T-MoS2 NFs and 2H-MoS2 NFs. To
further investigate the elemental distributions, EDX mapping
was performed to characterize 1T-MoS2 NFs and 2H-MoS2
NFs. As shown in Figure S3a−c, the SEM images of 1T-MoS2
NFs and the corresponding EDX elemental distribution images
showed that the elements Mo and S were homogeneously
distributed in 1T-MoS2 NFs. In Figure S3d−f, the SEM images
and the EDX element distribution images also show the
homogeneous distribution of the elements of Mo and S in 2H-
MoS2 NFs. Moreover, in TEM images of Figure 1b,e, the
nanosheet structures of multilayered 1T-MoS2 NFs and 2H-
MoS2 NFs can be clearly seen.37−39 Furthermore, HR-TEM
images of 1T-MoS2 NFs and 2H-MoS2 NFs were also analyzed
to confirm the structural information. Figure 1c shows fringe

patterns with 1T-MoS2 NFs with a d-spacing of 0.95 nm
corresponding to the (002) plane of the 1T-phase of MoS2. In
Figure 1f, the d-spacing of 2H-MoS2 NFs was 0.62 nm
corresponding to the distance between the layers of the (002)
plane for the 2H phasing.35,40 Figure S4a,b shows the electron
diffraction (ED) patterns of 1T-MoS2 NFs and 2H-MoS2.
Furthermore, structural characterizations such as SEM, EDX,
TEM, HR-TEM, and EDX mapping verified the efficient
hydrothermal and annealing process syntheses of 1T-MoS2
NFs and 2H-MoS2 NFs with homogeneous Mo and S element
distributions.

XRD and XPS Studies of 1T-MoS2 NFs and 2H-MoS2
NFs. To characterize the gem structure, XRD was utilized to
look at 1T-MoS2 NFs and 2H-MoS2 NFs. As shown in Figure
2a, for 1T-MoS2 NFs noteworthy peaks appear at 9.20 and
18.00° separately compared to the (002) and (004) planes of
1T-MoS2. As shown in Figure 2b, 2H-MoS2 NFs were proven
by the arrangement of a peak at 14.40° ordered to the (002)
plane. XRD peaks of 1T-MoS2 NFs and 2H-MoS2 NFs were
insinuated by JCPDF No. 37-1492. XRD illustrated that 1T-
MoS2 NFs were effectively synthesized by means of the
aqueous strategy, and after that the as-synthesized 1T-MoS2
NFs were advance strengthened to get 2H-MoS2 NFs. Past
reports demonstrated that 1T-MoS2 NFs showed metastability,
an octahedral frame, and metallic properties. On the other
hand, 2H-MoS2 NFs appeared to show improved thermody-
namic steadiness, a hexagonal frame, and semiconductor
properties.41−43

Parts c and d of Figure 2 show X-ray photoelectron
spectrocopic studies of 1T-MoS2 NFs and 2H-MoS2 NFs with
respect to Mo 3d and S 2p spectra, respectively. In Figure 2c,
1T-MoS2 NFs and 2H-MoS2 NFs were validated by two
distinct peaks of Mo 3d5/2 and Mo 3d3/2, respectively. The

Figure 1. (a) SEM, (b) TEM, and (c) HR-TEM images of 1T-MoS2
-NFs. (d) SEM, (e) TEM, and (f) HR-TEM images of 2H-MoS2-NFs.

Figure 2. XRD patterns of (a) 1T-MoS2 NFs and (b) 2H-MoS2 NFs. XPS spectra of 1T-MoS2 NFs and 2H-MoS2 NFs with respect to (c) Mo 3d
and (d) S 2p.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.1c01868
ACS Sustainable Chem. Eng. 2021, 9, 7904−7912

7906

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c01868/suppl_file/sc1c01868_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c01868/suppl_file/sc1c01868_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.1c01868/suppl_file/sc1c01868_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01868?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01868?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01868?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01868?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01868?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01868?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01868?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c01868?fig=fig2&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c01868?rel=cite-as&ref=PDF&jav=VoR


peaks of Mo 3d5/2 and Mo 3d3/2 for 1T-MoS2 NFs showed
lower binding energies than those of 2H-MoS2 NFs. As shown
in Figure 2d, the XPS spectra showed two characteristic peaks
of S 2p1/2 and S 2p3/2 for 1T-MoS2 NFs and 2H-MoS2 NFs,
respectively. S 2p1/2 and S 2p3/2 of 1T-MoS2 NFs also showed
the decrease of binding energies compared to those of 2H-
MoS2 NFs. The decrease in the binding energies of Mo and S
in 1T-MoS2 NFs compared to those of 2H-MoS2 NFs could be
due to an increase in the electron densities of Mo and S atoms,
respectively. Figure S5a−d shows deconvoluted and fitted
spectra for Mo and S atoms in 1T-MoS2 NFs and 2H-MoS2
NFs individually and supported by reported literature.44−48

These important properties of 1T-MoS2 NFs and 2H-MoS2
NFs were utilized for light-driven antibacterial applications.
Raman Spectroscopy of 1T-MoS2 NFs and 2H-MoS2

NFs. Raman spectroscopy was used to validate and verify the
structural properties of 1T-MoS2 NFs and 2H-MoS2 NFs. In
Figure 3a, a low-energy Raman peak of 1T-MoS2 NFs located
at 156 cm−1 was identified as a J1 phonon mode, indicating
Mo−Mo atoms arranging in and extending out of a lattice site.
The peaks of 1T-MoS2 NFs at 203, 220, and 243 cm−1 were
attributed to a J2 phonon mode, which indicates Mo−S atoms
stretching in and out of the layers. The peak of the Eg mode at
289 cm−1 also corresponded to the stretching of Mo−S atoms
and their arrangement in the lattice. The peak of the J3 mode at
344 cm−1 was attributed to the perpendicular motion of Mo−
Mo atoms in the lattice site. The two phonon modes of E2g and
A1g (383 cm−1) corresponded to vibrations of Mo−Mo atoms,
S−Mo−S atoms, and Mo−S atoms at comparatively higher
energies in the lattice sites of 1T-MoS2 NFs. The two modes of
E2g and A1g peaks coincided with each other, which can be

attributed to manipulations of the layers in 1T-MoS2 NFs by
weak physical forces. In the Raman spectrum of 2H-MoS2 NFs
(Figure 3b), the two phonon modes of E2g (375 cm

−1) and A1g
(401 cm−1) corresponded to the vibrations of Mo−Mo atoms,
S−Mo−S atoms, and Mo−S atoms at analogously larger
energies in the lattice sites. Compared to 1T-MoS2 NFs, the
disappearance of lower energy Raman peaks in 2H-MoS2 NFs
was attributed to the superior structural symmetry of 2H-MoS2
NFs.49−57 To sum up, the results of Raman spectra confirmed
the successful preparation of 1T-MoS2 NFs and 2H-MoS2 NFs.

UV−Vis Spectra of 1T-MoS2 NFs and 2H-MoS2 NFs. To
investigate the optical properties, the absorption spectra of 1T-
MoS2 NFs and 2H-MoS2 NFs were examined by UV−vis
spectroscopy. As shown in Figure 4a, the UV−vis spectrum of
1T-MoS2 NFs showed two prominent narrow peaks at
wavelengths of 588 and 438 nm corresponding to the excitonic
absorption.58 As shown in Figure 4b, the UV−vis spectrum of
2H-MoS2 NFs displayed four characteristic absorption bands
including excitons (680 and 635 nm) and direct transitions
from the valence band to the conduction band (540 and 423
nm) due to the semiconducting 2H-phase of 2H-MoS2 NFs.

59

Compared with 2H-MoS2 NFs, the absorption peaks at 680
and 635 nm of 1T-MoS2 NFs can be attributed to the excitonic
absorptions of 2H-MoS2 NFs. Thus, 1T-MoS2 NFs were
assumed to mix with some 2H-MoS2 NFs. Moreover, the
metastable 1T-MoS2 NFs were reported to be metallic and to
have high conductive and photocatalytic properties.60−62

Therefore, metallic 1T-MoS2 NFs and semiconducting 2H-
MoS2 NFs were further used as light-activated antibacterial
agents in this work. Overall, based on the results of UV−vis
spectra, metallic 1T-MoS2 NFs and semiconducting 2H-MoS2

Figure 3. Raman spectra of (a) 1T-MoS2 NFs and (b) 2H-MoS2 NFs.

Figure 4. Absorption spectra of (a) 1T-MoS2 NFs and (b) 2H-MoS2 NFs.
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NFs each with broad absorption in the visible region were
synthesized for the following antibacterial assay.
Light-Driven Antibacterial Activity of 1T-MoS2 NFs

and 2H-MoS2 NFs. To evaluate their light-driven antibacterial
activities, 1T-MoS2 NFs and 2H-MoS2 NFs were incubated
individually with E. coli under solar light irradiation. As shown
in Figure 5, an E. coli solution, 1T-MoS2 NFs incubated with E.

coli, and 2H-MoS2 NFs incubated with E. coli were examined
with and without light illumination. The growth curves of E.
coli indicated no significant difference between the light-
irradiated and nonirradiated conditions. However, without
light irradiation, 2H-MoS2 NFs exhibited minor antibacterial
effect against E. coli. Most importantly, increased antibacterial
efficiencies of 1T-MoS2 NFs and 2H-MoS2 NFs were obtained
with light irradiation. Therefore, 1T-MoS2 NFs were able to
inhibit bacterial growth better than 2H-MoS2 NFs under light
irradiation. To further investigate the light-driven antibacterial
efficiencies, ROS generated by 1T-MoS2 NFs and 2H-MoS2

NFs were separately measured with and without visible light
irradiation.

Light-Driven ROS Production by 1T-MoS2 NFs and
2H-MoS2 NFs. ROS measurements were carried out with an
H2DCFDA assay. ROS measurements of the blank (E. coli),
1T-MoS2 NFs incubated with E. coli, and 2H-MoS2 NFs
incubated with E. coli were evaluated under light irradiation
and no-light conditions. Figure 6a shows that there were no
substantial changes in ROS output for E. coli with and without
light irradiation, corresponding to E. coli bacterial growth
curves. In comparison to the control, the relative ROS levels of
1T-MoS2 NFs and 2H-MoS2 NFs were 3.34-fold and 1.68-fold,
respectively, without light irradiation (E. coli without light
irradiation). In comparison to 2H-MoS2 NFs, 1T-MoS2 NFs
have more active sites, according to a previous report.63

Therefore, with more active sites, 1T-MoS2 NFs produced
higher ROS than 2H-MoS2 NFs without light irradiation. With
light irradiation, 1T-MoS2 NFs and 2H-MoS2 NFs showed
respective 5.89-fold and 3.85-fold increases in ROS produc-
tion. Results of ROS measurements indicated that 1T-MoS2
NFs generated higher ROS compared to 2H-MoS2 NFs under
light irradiation. According to the results of their bacterial
growth curves, 1T-MoS2 NFs had better light-induced
antibacterial activity than 2H-MoS2 NFs with higher ROS
output. Previous studies demonstrated that the production of
ROS, such as •O2

2−, •OH, and •O2
−, causes consequent

deterioration of microbial cell walls.64−66 Electron para-
magnetic resonance (EPR) spectroscopy was used to detect
and identify free radicals and other species with unpaired
electrons generated by 1T-MoS2 NFs incubated with E. coli
after light irradiation to further investigate ROS development.
The EPR spectrum of 1T-MoS2 NFs incubated with E. coli
after light illumination revealed the formation of the
superoxide anion radical •O2

−, as shown in Figure 6b.67 The
EPR spectrum of 2H-MoS2 NFs incubated with E. coli after
light irradiation revealed no significant production of the
superoxide anion radical •O2

− (Figure S6). Overall, results of
ROS measurements indicated that 1T-MoS2 NFs showed
advanced ROS generation and bacteriostasis under light
irradiation compared to 1T-MoS2 NFs without light irradiation
and 2H-MoS2 NFs under light and no-light irradiation.

Figure 5. Growth curves of E. coli, 1T-MoS2 nanoflowers (NFs), and
2H-MoS2 NFs (both 0.4 mg/L) with and without light irradiation for
4 min. All data is provided as mean standard deviations, with n = 3 per
category.

Figure 6. (a) Without light irradiation, the amount of reactive oxygen species in E. coli was set to the normal value (1.0). E. coli relative ROS levels
were determined under light irradiation and no-light irradiation after incubation with 1T-MoS2 NFs and 2H-MoS2 NFs. (b) After light irradiation,
EPR range of the superoxide radical adduct of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 1T-MoS2 NFs incubated with E. coli.
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Furthermore, SEM images of E. coli incubated with 1T-MoS2
NFs were examined with and without light irradiation to help
ROS generation by 1T-MoS2 NFs. The SEM picture of E. coli
incubated with 1T-MoS2 NFs without light irradiation in
Figure 7a shows no significant harm. Figure 7b shows

substantial bacterial cell wall damage (yellow arrows),
complete bacterial destruction (red arrows), and irregular E.
coli elongation (blue arrows). The HR-SEM image of E. coli
incubated with 1T-MoS2 NFs with light irradiation was
provided as Figure S7. Apparently, under light irradiation,
the increased ROS production by 1T-MoS2 NFs caused
inactivation of cell division Z-ring and penicillin-binding
proteins, indicating short-term survival of E. coli.68 The results
indicated that, under light irradiation, 1T-MoS2 NFs enhanced
ROS production and revealed efficient antibacterial activity.
Light-Driven Antibacterial Activities of 1T-MoS2 NFs

and 2H-MoS2 NFs Mechanisms. Under visible light (ca.
400−700 nm) irradiation, 1T-MoS2 NFs and 2H-MoS2 NFs
were found to be photoactive.69 Under light irradiation,
metallic 1T-MoS2 NFs were shown to produce more ROS than
semiconducting 2H-MoS2 NFs in this study. The superior
light-driven antibacterial activity of 1T-MoS2 NFs compared to
2H-MoS2 NFs may be due to phase differences between the
metallic and semiconducting phases. Previous reports demon-
strated that metallic 1T-MoS2 NFs produce photoelectrons
under light irradiation by a photoelectronic effect.70−72 The
mechanism of the light-driven antibacterial activity of 1T-MoS2
NFs appears to be that, with light irradiation, photoelectrons
generated by metallic 1T-MoS2 NFs further reacted with
oxygen to generate superoxide (•O2

−), as shown in Figure 8.
Under light irradiation, the semiconducting 2H-MoS2 NFs
formed photoinduced electron−hole pairs. Recombination of
photoinduced electron−hole pairs decreased the efficiency of
the formation of ROS in semiconducting 2H-MoS2 NFs,
resulting in a decrease in light-driven antibacterial operation.
As a result, metallic 1T-MoS2 NFs have been shown to have
higher light-driven antibacterial activity than semiconducting
2H-2 NFs. With superior photoactivity and ease of
preparation, metallic 1T-MoS2 NFs could be a promising
light-driven antibacterial for applications in food security, water
sanitation, and medical sterilization.

■ CONCLUSIONS
A solvothermal process and annealing system were used to
successfully synthesize metallic 1T-MoS2 NFs and semi-

conducting 2H-MoS2 NFs. SEM, TEM, HR-TEM, EDX,
EDX mapping, XRD, XPS, Raman, and UV−vis spectroscopy
were used to demonstrate the structural and optical properties
of metallic 1T-MoS2 NFs and semiconducting 2H-MoS2 NFs.
Furthermore, the antibacterial activities and ROS generation of
metallic 1T-MoS2 NFs and semiconducting 2H-MoS2 NFs
were evaluated and validated under no-light and light
irradiation. Under light irradiation, metallic 1T-MoS2 NFs
were found to have higher antibacterial activity than semi-
conducting 2H-MoS2 NFs based on the results of the bacterial
growth curve and ROS generation. For ROS generation,
metallic 1T-MoS2 NFs activated by light irradiation were
measured to have enhanced ROS production by a 5.89-fold
increase compared to that of semiconducting 2H-MoS2 NFs
(3.85-fold increase) under light irradiation. With incubation of
metallic 1T-MoS2 NFs, E. coli exhibited significant damage to
the cell walls, complete bacterial destruction, and abnormal
elongation after light irradiation. The mechanism of the highly
light-driven antibacterial activity of metallic 1T-MoS2 NFs is
that, under light irradiation, metallic 1T-MoS2 NFs generate
photoelectrons and then the photoelectrons further react with
oxygen to generate superoxide to induce bacterial death. The
semiconducting 2H-MoS2 NFs formed photoinduced elec-
tron−hole pairs when exposed to light, and the recombination
of the photoinduced electrons and holes decreased the output
of ROS, reducing light-driven antibacterial activity. Our
findings show that metallic 1T-MoS2 NFs with excellent
light-driven antibacterial activity could be a useful antibacterial
agent in the near future.
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The Supporting Information is available free of charge at
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EDX spectra of 1T-MoS2 and 2H-MoS2 NFs; SEM
images of 1T-MoS2 and 2H-MoS2 NFs and EDX
mapping of Mo and S; ED patterns of 1T-MoS2 and
2H-MoS2 NFs; deconvoluted and fitted XPS spectra of
1T-MoS2 and 2H-MoS2 NFs with respect to Mo 3d and
S 2p; EPR spectrum of DMPO during 2H-MoS2 NFs
incubated with E. coli after light irradiation; E. coli

Figure 7. (a) E. coli incubated with 1T-MoS2 NFs (no light
irradiation) and (b) E. coli incubated with 1T-MoS2 NFs with light
irradiation (SEM images). Yellow arrows indicate bacterial cell
membrane rupture, red arrows indicate destruction of bacteria, and
blue arrows indicate abnormal elongation of bacteria without division.

Figure 8. Schematic illustration of superoxide (•O2
−) generation from

1T-MoS2 NFs under light irradiation.
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