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Solar-driven efficient heterogeneous 
subminute water disinfection nanosystem 
assembled with fingerprint MoS2

Tong Wu1,4, Bofei Liu1,4, Chong Liu    1, Jiayu Wan1, Ankun Yang    1, Kai Liu1, 
Feifei Shi    1, Jie Zhao1, Zhiyi Lu1, Guangxu Chen    1, Allen Pei1, Harold Y. Hwang2 
& Yi Cui    1,3 

Although heterogeneous water disinfection can avoid secondary pollution 
and other shortcomings in homogeneous systems, its low disinfection 
efficiency seriously hinders its development. Here we successfully address 
the aforementioned issues of heterogeneous disinfection by developing 
discrete nanoflakes of (Al2O3@v-MoS2)/Cu/Fe3O4. Three exciting features 
are integrated into such a novel structure: bifacial vertically aligned 
nanofingerprint MoS2 grown on both sides of the light-transparent Al2O3 
nanoflakes that can largely absorb sunlight, where both sides can operate 
simultaneously; a Cu-MoS2 junction that enhances charge separation for 
the efficient generation of reactive oxygen species; and magnetic Fe3O4 
nanoparticles that have magnetic separation capability and conveniently 
regenerate after disinfection. The (Al2O3@v-MoS2)/Cu/Fe3O4 nanostructures 
reported herein exhibit outstanding water disinfection with thorough 
inactivation of over 5.7 log10 colony-forming units ml−1 Escherichia coli 
within 1 min in real sunlight (the system thermal effect has little impact on 
disinfection performances) as well as facile separation and stable long cycle 
reuse, demonstrating broad application prospects.

Approximately 30% of the world’s population remains without access 
to safe drinking water, and 60% does not have access to safely managed 
sanitation services1,2. Waterborne diseases are responsible for 2 mil-
lion deaths annually, and the majority of waterborne diseases occur 
in children under the age of 5 years3–6. Therefore, disinfection is very 
important and indispensable for domestic water safety. At present, 
the main disinfection technologies can be divided into three major 
categories: biological (for example, phage)7, physical (for example, 
filtration, microwave, high temperature, plasma, ultraviolet (UV)-light 
irradiation and electroporation technologies)8–11 and chemical (for 
example, potassium permanganate, halogenide agents, ozone, silver 
nanoparticles and titanium oxide) strategies12–16. Physical/biological 

methods other than UV-based technology are not widely used for large-
scale water treatment because of their high energy consumption or long 
period needed for disinfection. UV and chemical methods have been 
the mainstream methods in this regard. Chemical disinfection can be 
divided into homogeneous and heterogeneous systems. Homogeneous 
systems mainly use effective collision at the molecular/ion scale as an 
advantage to achieve high-speed disinfection. However, they inevitably 
have secondary pollution risks of producing toxic residues and disinfec-
tion byproducts. Heterogeneous systems are relatively easy to separate 
and avoid the risk of toxicity. Their efficiencies are typically orders of 
magnitude lower than those of homogeneous systems because their 
number of contact active sites is small and the concentration of active 
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In summary, so far, heterogeneous disinfection is still far from 
achieving an efficiency comparable to that of homogeneous disin-
fection, let alone the integration of technology from disinfection to 
removal and recycling. To thoroughly solve the above problems, the fol-
lowing three points must be satisfied simultaneously in the design and 
preparation of this water disinfection system: (1) efficient visible-light 
catalytic conversion of high concentrations of ROS (chemical require-
ments), (2) large area for visible light absorption and large amount of 
close contact with bacteria (physical requirements) and (3) outstanding 
capability for removal and recycling (technological requirements).

In this Article, a visible-light ultrafast water-disinfection integrated 
system was synthesized by bifacial fingerprint multilevel assembly, 
which simultaneously realized ultraefficient transformation, diffusion 
and biological destruction triggered by photogenerating electrons/
holes and ROS at the active sites, as well as rapid collection and recy-
cling of the disinfection systems. We used Al2O3 nanoflakes as sub-
strates to enable good dispersion and lighting effects due to their size 
and light transmission, respectively. Vertically aligned molybdenum 
sulfide (v-MoS2), which has broad visible light absorption, was grown 
on the surface of the Al2O3 nanoflakes as the catalyst for photocatalytic 
disinfection23–31. Copper particles were used to form the Schottky junc-
tion with v-MoS2 to accelerate electron–hole separation. Magnetic iron 
oxide particles were coated on the catalyst surface by electrostatic 
adsorption so that the catalyst could be collected by a magnet after 
usage. Our multifeature structural design exhibited a high inactivation 
efficiency for 5.7 log colony-forming units (CFU) cm−1 Escherichia coli 
within a very short time of 1 min under natural sunlight irradiation, 
which will facilitate revolutionary changes in water disinfection.

Design of the heterogeneous disinfection system
Figure 1a shows the schematic synthesis process of the (Al2O3@v-MoS2)/
Cu/Fe3O4 multifeature particles. A fingerprint-like MoS2 film with a 
vertically aligned layered structure was grown on the surface of Al2O3 
nanoflakes based on the high-temperature sulfuration of MoOx. The 
thickness of MoS2 was determined by the MoOx thickness, which was 
controllable by the concentration of molybdate precursor (Supple-
mentary Fig. 1). Afterward, the metal copper was uniformly coated 
on top of the MoS2 layer via a disproportionation reaction. Magnetic 
nanoparticles were assembled on the surface of MoS2. Figure 1b illus-
trates the ROS generation process under sunlight. As a sunlight photon 
harvester, the vertical-MoS2 (v-MoS2) material has electrons that can be 
easily excited. The electron–hole pairs are separated and transported 
along the vertical MoS2 to their edges to participate in ROS generation 
with water and dissolved oxygen. ROS radicals, such as superoxide, 
hydrogen peroxide and singlet oxygen, are produced and released 
from the MoS2 nanoflakes into water to inactivate bacteria. Due to the 
short lifetime of ROS radicals, the ROS mainly concentrate at regions 
adjacent to the nanoflakes (the shortest ROS diffusion distance was 
calculated within 4 nm, as shown in Supplementary Table 1). Figure 1c  
shows all the details of our process. The (Al2O3@v-MoS2)/Cu/Fe3O4 
particles were dispersed in bacteria-contaminated water, and ROS 
radicals were produced around the nanoflakes (yellow halo in Fig. 1c) 
when the particles were exposed to sunlight. After the disinfection 
process was finished, the nanoflakes in the water were fully extracted 
with a magnetic separation approach and employed for the next cycle. 
It is noteworthy that because the nanoflakes were suspended and well 
dispersed in the solution, this design increased the collision possibility 
of the (Al2O3@v-MoS2)/Cu/Fe3O4 particles with bacteria.

Preparation and characterization of  
(Al2O3@v-MoS2)/Cu
Compared with the traditional synthesis of 2D materials on a large 
silicon wafer or glassy carbon, it is challenging to achieve a uniform 
metal coating on a powder substrate with conventional metal coating 
methods, such as evaporation and sputtering. Here we applied the 

products (for example, ROS) is not high enough. Attaining a high effi-
ciency comparable to that of a homogeneous disinfector at a low cost 
and with no secondary pollution is a great challenge.

Heterogeneous catalytic disinfection mainly includes photocataly-
sis, electrocatalysis and thermal catalysis. The core mechanism of hetero-
geneous disinfection is to produce highly active oxidized substances to 
attack and destroy bacterial cell walls, cell membranes and DNA, leading 
to inactivation. Considering energy, efficiency, secondary pollution 
and other factors, photocatalytic disinfection has broader application 
prospects. There are two key factors that affect photocatalytic disin-
fection. First is about the reactive oxygen species (ROS) produced by 
photocatalyst. As early as 1985, scientists began to utilize the mechanism 
of TiO2 photocatalysis to produce ROS for disinfection17. This work 
initially opened a new world of heterogeneous disinfection. However, 
there are many problems with this kind of research. For example, the 
utilization ratio of solar energy is low because the absorption spectrum 
of TiO2 is mainly in the UV range. Therefore, visible-light-based catalytic 
disinfection has gradually become the focus18. Several types of visible 
light catalyst, such as nitrogen-doped TiO2, graphite-phase carbon 
nitride, bismuth-based semiconductors and transition metal sulfide 
semiconductors, have been studied, and the catalytic efficiency of 
these visible-light catalysts has been improved by various synthesis and 
modification techniques. Some research relied on the heterojunction 
structures of AgInS2-grown TiO2 to expand the absorption wavelength 
to 700 nm, which made the disinfection efficiency over 103 times higher 
than TiO2 but still cost 180 min (ref. 19). Graphitic carbon nitride (g-C3N4) 
is a novel metal-free polymeric photocatalyst with narrow bandgap 
energy of 2.7 eV. However, the photocatalytic efficiency of pure g-C3N4 
is limited due to its fast recombination of photogenerated electron–
hole pairs leading to low production of ROS. In some research, metallic 
Ag was used to promote the electron–hole pair separation of g-C3N4, 
which enhances the disinfection efficiency by 107 times taking 90 min  
(ref. 20). There has also been an effort to investigate the effect of g-C3N4 
with different structures. As a result, the disinfection performance of 
g-C3N4 in two-dimensional (2D) structure is over 104 times better than 
that of g-C3N4 in bulk structure; even so, g-C3N4 in 2D structure still took 
120 min to kill all E. coli21. However, their respective disadvantages are 
also very clear. The problem with type II heterojunctions is that the 
interfacial transfer of photogenerated electrons/holes sacrifices part 
of the oxidation capacity of the catalyst, and the interfacial transfer of 
photogenerated electrons/holes is inhibited by electrostatic action. 
The Schottky junction structure cannot adjust the bandgap or the posi-
tion of the redox potential for producing more species of ROS and 2D 
semiconductor macroscopic materials greatly limit their lighting area 
and, more importantly, lead to the issue of poor contact probability 
with bacteria, which directly leads to a large waste of ROS due to the 
extremely short lifetimes and diffusion distance. In addition, the catalyst 
systems of p–n junctions and Schottky junctions are mostly discrete 
nanoparticles, and the issue of their efficient removal and recycling after 
disinfection has also been neglected. The current collection methods of 
heterogeneous sterilization are membrane separation and precipitation 
separation, but it is complicated, time consuming and difficult to reuse 
the catalysts, which results in high cost. Second is about the interaction 
between ROS and bacteria. It mainly involves the dispersion and collision 
of the catalytic disinfection system and the persistence of ROS attack on 
bacteria. Bacteria have high environmental adaptability and take vari-
ous oxidative stress measures to cope with oxidative pressure, such as 
activating regulators to upregulate the synthesis of antioxidant enzymes 
and removing damaged biomacromolecules. In addition, bacteria have 
different ways of repairing DNA, lipid and protein damage. Therefore, 
only when increasing the bacterial contact rate with the catalyst and the 
ROS concentration to provide sustained ROS attack will the bacteria lose 
their regulatory ability and die. Recent research reported S vacancies 
in MoS2 sheets. They can physically absorb and extract the lipids like a 
sharp knife, which helps the ·OH directly attack the DNA until death22.
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surface wetting method with molybdate to overcome this challenge32. 
After wetting and dehydration, the surface of the Al2O3 nanoflakes was 
coated with a thin molybdate film. The Al2O3 nanoflake powder was 
heated to over 550 °C with sulfur gases and then cooled quickly to room 
temperature. This process produced a multilayer vertically aligned 
MoS2 film on the surface of Al2O3 (refs. 33,34). Cu nanoparticles were 
deposited by first immersing the Al2O3@v-MoS2 into cuprous saline 
solution, followed by heating to cause a disproportionation reaction35.

We carried out scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) characterizations of the materials 
to study their unique material structure. As illustrated in Fig. 2a and 
Supplementary Fig. 3, the individual construction was biscuit-like with 
a diameter of 5–10 μm and a thickness of 100–150 nm. TEM images 
of the edge (iii) and centre (iv) suggest that our fabricated MoS2 film 
had a compact multilayer structure that showed a vertically aligned 

morphology with a layer spacing of 0.72–0.75 nm and 12–18 stacked 
layers. The vertically grown molybdenum sulfide obtained by this new 
synthesis method had more continuous molybdenum sulfide stacked 
layers34,35. This change in the layers further increased the active edges 
of molybdenum sulfide, which is more conducive to ROS generation 
and diffusion. It should be noted that this vertically aligned structure 
can expose electrochemically active edge sites, minimize the transport 
length (vertical thickness of film) of carriers at the reaction sites and 
thus enhance the ROS yield. X-ray photoelectron spectroscopy (XPS) 
was used to confirm the components of the MoS2 material. As shown 
in Fig. 2b, the signals of Mo4+, S2− and Al3+ clearly appeared at 413.3, 
395.3, 232.3, 229.4, 164.4, 163.2 and 120.2, and 75.3 eV, respectively. 
After plating Cu°, a small peak appeared at 933.8 eV, and the valence 
state was further indicated by Auger electron spectroscope (AES) 
(Supplementary Figs. 4 and 5). Cu metal can form a Schottky junction 
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Fig. 1 | The synthesis and disinfection operation schematic of (Al2O3@v-MoS2)/ 
Cu/Fe3O4. a, Step-by-step synthesis of (Al2O3@v-MoS2)/Cu/Fe3O4. The 
preparation methods include surface adsorption, chemical vapour deposition, 
planting and charge neutralization. b, Scheme of photocatalytic ROS with 
sunlight. The yellow halo represents valid ROS coverage. Under sunlight, the 
upper edges of MoS2 can release electrons to obtain superoxide, hydroxyl radical 

and hydrogen peroxide. The photogenerated holes can spread to the edges near 
the bottom of MoS2. By recombination with the produced superoxide radical, 
electron transfer occurs and the superoxide radical is oxidized to singlet oxygen. 
All these ROS can destroy the cell membranes of bacteria and kill them rapidly.  
c, Schematic representation of cyclic utilization for water disinfection  
(1, dispersion; 2, irradiation; 3, collection).
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with the MoS2 film to separate electron–hole carriers for efficient ROS 
production. The absorption wavelength is one of the most important 
parameters. To prove that our as-prepared material has visible light 
absorption, its ultraviolet–visible (UV–Vis) absorption spectrum was 
measured. The bandgap was characterized by measuring the UV–Vis 
absorption spectrum of Al2O3@v-MoS2 (Fig. 2c and Supplementary  
Fig. 6). The bandgap value (Eg) of this indirect bandgap semiconductor 
was extracted from the relation between the absorption coefficient 
and photon energy. The Tauc plot ((αhν)1/2 versus hν) derived from this 
absorption spectrum is shown in Supplementary Fig. 7. The bandgap 
energy gives 1.56 eV for Al2O3@v-MoS2 which allows it to absorb light 
up to 750 nm wavelength. This suggests that Al2O3@v-MoS2 is fully 
capable of absorbing all wavelengths of visible light (400–700 nm). The 
valence band position (Ev) of Al2O3@v-MoS2 was confirmed as 5.56 eV 
using UV photoelectron spectroscopy, and the results are shown in 
Supplementary Fig. 8. Therefore, the band position of Al2O3@v-MoS2 
gives a conduction band minimum (4.00 eV, −0.44 eV versus normal 
hydrogen electrode (NHE)) and valance band maximum (5.56 eV, 1.12 eV 
versus NHE), which fully overlap with the oxygen reduction potentials 
O2/·O2

− (4.11 eV, −0.33 eV versus NHE) and O2/H2O2 (4.72 eV, 0.28 eV 

versus NHE) and water oxidation potentials H2O/1O2 (5.26 eV, 0.82 eV 
versus NHE). It is clear that Al2O3@v-MoS2 is the most suitable for ROS 
generation for photocatalytic water disinfection. The Raman spectrum 
in Fig. 2d was further characterized to confirm this vertically aligned 
structure. Two strong peaks at 408 and 383 cm−1 and one weak peak 
at 285 cm−1 were detected, contributing to the E1

2g, A1
g and E1g peaks, 

respectively. Bulk MoS2, however, had no peak at 285 cm−1 because the 
E1g mode is forbidden in the backscattering experiment on the basal 
plane (Supplementary Fig. 10). This result suggested the vertically 
aligned structure of MoS2 in Al2O3@v-MoS2 (ref. 36).

Photocatalytic disinfection performance
All disinfection tests were performed with suspensions of the Gram-
negative bacterium E. coli. The original bacterial concentration was 
approximately 105–106 CFU ml−1. We first investigated whether MoS2 
nanoflakes can effectively work as photocatalysts under visible 
light. Figure 3a compares the inactivation efficiency of bacteria with  
Al2O3@v-MoS2 in the dark and under illumination, together with 
the blank water in light. Sunlight was generated by a solar simulator 
equipped with a 400 nm cut-off UV filter (Supplementary Fig. 11) to 
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Fig. 2 | Characterizations of Al2O3@v-MoS2 and (Al2O3@v-MoS2)/Cu. a, SEM 
(i and ii) and TEM (iii and iv) images showing the morphologies and secondary 
structure of (Al2O3@v-MoS2)/Cu. The red boxes indicate the enlarged individual 
area (ii) or regions (iii, iv). The as-grown MoS2 film is composed of vertically 
aligned layers of MoS2 with domain sizes of approximately 12–18 layers.  
The spacing between two vertical layers is approximately 0.72–0.75 nm.  

b, Full XPS spectra of (Al2O3@v-MoS2)/Cu. c, UV–Vis absorption spectra of 
Al2O3@v-MoS2. The cut-off wavelength of Al2O3@v-MoS2 is approximately 
750 nm, whereas Al2O3 has no absorption (P = 1.5 × 10−3 mg l−1). d, Raman spectra 
of horizontal MoS2 and Al2O3@v-MoS2. The E1

2g peak of v-MoS2 is approximately 
one-third of the A1

g peak.
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suppress the UV disinfection effect. Under filtered light irradiation, 
compared with the weak disinfection effect in the blank sample, the 
disinfection effect of Al2O3@v-MoS2 was strong, with all of E. coli suc-
cessfully inactivated within 2 h by Al2O3@v-MoS2, after which live bac-
teria could not be detected (Supplementary Fig. 12). This control test 
confirmed that the disinfection effect of our Al2O3@v-MoS2 did not 
originate from the natural death of bacteria under light. The 2 h dis-
infection time of ‘naked’ MoS2 nanoflakes is still too long for practical 
applications. To speed up this process, we introduced copper metal 
particles on the MoS2 film to form the (Al2O3@v-MoS2)/Cu composite. 
After coating the copper nanoparticles, a 40-times-shorter disinfec-
tion time was achieved. As demonstrated in Fig. 3b, an inactivation of  
5.73 log10 CFU ml−1 E. coli was acquired after the 3 min disinfection pro-
cess of (Al2O3@v-MoS2)/Cu in comparison with that acquired after the 
2 h disinfection process of Al2O3@v-MoS2 (Fig. 3a). To the best of our 
knowledge, no reported photocatalysts have achieved such a remark-
able inactivation speed. We also compared the performance of our 
catalyst with that of simply adding Cu2+ ions to exclude the effect of Cu2+ 
ion release. To this end, CuCl2 (10 p.p.m.) was added for comparison. It 
can be clearly seen that no disinfection effect was found for the sample 
with only Cu2+ ions, suggesting that our observed disinfection effect 
for (Al2O3@v-MoS2)/Cu was not caused by the released Cu2+ ions. We 
carried out inductively coupled plasma‒mass spectrometry (ICP‒MS) 
measurements to measure the Cu release. The inset of Fig. 3b shows 
that less than 20 p.p.b. Cu2+ was released into the water from Cu0 dur-
ing the visible photocatalysis process, which is much lower than the 

safe drinking level of 1.3 p.p.m. A comparison of the (Al2O3@v-MoS2)/
Cu nanoflakes with well-studied TiO2 nanoparticles and bulk MoS2 was 
further performed under similar experimental conditions (Fig. 3c). 
TiO2 nanoparticles under UV-filtered light showed an extremely weak 
disinfection performance (5.60 log10 CFU ml−1 E. coli remaining alive 
after 2 h) because of their limited capacity to absorb photons in the 
visible spectrum. Bulk-type MoS2 also displayed a lower disinfection 
effect (5.37 log10 CFU ml−1 E. coli remaining alive after 2 h) in comparison 
with its nanoflake counterpart. This clearly verified the notable role 
of the 2D MoS2 material structure design in the disinfection process.

Photocatalytic antibacterial mechanism of 
(Al2O3@v-MoS2)/Cu
After low-speed centrifugation, samples of supernatant were further 
observed by SEM. The E. coli cells detected before and after disinfection 
(3 min) with (Al2O3@v-MoS2)/Cu were obviously different in terms of 
the edge integrity (Fig. 3d). The wall of Gram-negative bacteria (such 
as E. coli) contains a thin peptidoglycan layer for self-protection. We 
found many irregularly shaped damage areas all around the cells (Sup-
plementary Fig. 13). As shown in Fig. 3d, the original cells had a smooth 
appearance, whereas their appearance was badly destroyed everywhere 
after disinfection, and most of the fimbriae fell off. This is because the 
high concentrations of ROS produced by photocatalysis reacted with 
the double bonds of the peptidoglycan layer and penetrated into the 
bacteria, changing the membrane permeability and leading to bacte-
rial death.
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a, Disinfection performance comparison of Al2O3@v-MoS2 in a dark/light field 
and blank E. coli in a light field showing that the disinfection of Al2O3@v-MoS2-
based nanoscavengers is a light-driven catalytic reaction process. b, Comparison 
of the disinfection performances of (Al2O3@v-MoS2)/Cu in the dark/light showing 
the great promotion after Cu plating and that of Cu2+ in the light field to prove the 
lower antibacterial effect. Inset shows Cu2+ release during disinfection by ICP–
MS. c, Comparison of the disinfection performance of TiO2 nanoparticles, bulk 

MoS2 and (Al2O3@v-MoS2)/Cu. In a–c, the data are presented as mean ± s.d (n = 3).  
d, SEM images of solution samples (E. coli) separated at low speed before and 
after disinfection. After disinfection, the cell membrane was seriously damaged, 
as shown in red circles. e, Schematic representation of photocatalysis with the 
bifacially structured (Al2O3@v-MoS2)/Cu; CB indicates conduction band and VB 
indicates valence band. The point at 0 CFU ml−1 indicates that all the E. coli cells 
are dead. Experimental conditions: T = 25 °C, [pH]0 6.5 and initial concentrations 
of E. coli of 106.04 CFU ml−1 (a) and 105.73 CFU ml−1 (b and c).
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The inactivation mechanism of (Al2O3@v-MoS2)/Cu is illustrated in 
Fig. 3e. Cu metal adhering on Al2O3@v-MoS2 formed a metal/semicon-
ductor junction with the interfacial band bent down. Once the photons 
were harvested by Al2O3@v-MoS2 materials, electrons and holes were 
excited, separated, and transported to both sides of Al2O3 for ROS gen-
eration. Then, for the existing Schottky junction from the Cu/v-MoS2 
composite, the bent conduction band facilitated electron transport 
easily to the active sites on the vertical edges of MoS2 for ROS produc-
tion. This is also the origin of the disinfection speed difference between 
the Al2O3@v-MoS2 and (Al2O3@v-MoS2)/Cu materials. The separated 
electrons on Cu reduced O2 into O2

•− and H2O2. On the MoS2 side, O2 
transformed into its excited 1O2 state with the help of holes. The gen-
eration of ROS was further confirmed by a scavenger quenching test. 
Masking agents, including TEPO, l-histidine, catalase and isopropanol, 
were selected to quench the generated ROS species, as demonstrated 
in Supplementary Fig. 14. When a masking agent is used to react with 
one of the active oxygen species, if the disinfection effect is greatly 
reduced, it indicates that the active oxygen species should be the 
main disinfection contributor with a high concentration produced by 
photocatalysis. The experimental results showed that singlet oxygen, 
hydroxyl radicals, superoxide radicals and hydrogen peroxide obvi-
ously reduced the bactericidal effect after quenching. This proved that 
all four ROSs were expressed in the (Al2O3@v-MoS2)/Cu system. Their 
strong signals were all detected by electron paramagnetic resonance, 
which proved this conclusion (Supplementary Fig. 17). As shown in 
Supplementary Fig. 14, with the addition of TEMPO or catalase, around  
3 log10 or 4 log10 CFU ml−1 of E. coli could be killed, respectively. However, 
only around 2 log10 CFU ml−1 of E. coli could be killed with the addition 
of isopropanol and l-histidine. The scavenging effect from high to low 

in the (Al2O3@v-MoS2)/Cu system according to the reaction rate was in 
the order of isopropanol (for ·OH), l-histidine (for 1O2), TEMPO (for ·O2

−)  
and catalase (for H2O2). These results indicated that the ·OH and 1O2 
are major ROSs for our photocatalytic disinfection system because of 
having a much higher redox potential (·OH: 2.80 V, 1O2: 1.88 V).

On the other hand, as shown in Supplementary Table 1, the life-
times of singlet oxygen and hydroxyl radicals were much lower than 
those of superoxide radicals and hydrogen peroxide, and the diffusion 
distances were also extremely short. Therefore, the advantage of our 
disinfection system lies in that, on the basis of achieving a high ROS 
output through a 2D structure, good dispersion can also be achieved to 
facilitate full contact with E. coli, thus realizing the full use of hydroxyl 
radicals and singlet oxygen. Therefore, they are two of the most impor-
tant disinfection ROSs in the scavenger quenching test. In the discrete 
2D system of this work, four ROSs are not only maximized by the verti-
cally grown 2D structure of molybdenum sulfide but also provide the 
necessary bacterial contact probability due to the dispersion of the 
substrate.

Magnetic functionalization and subminute 
disinfection
The separation/collection of photocatalysts is a general issue for hetero-
geneous water treatment processes. Here we overcame this problem by 
applying magnetic modification to (Al2O3@v-MoS2)/Cu materials37. As 
demonstrated in Fig. 1c, anionic surfactant-wrapped Fe3O4 nanoparti-
cles of 10–15 nm were easily attached to Al2O3 nanoflakes with positive 
surface charges, as shown in Supplementary Fig. 15. Figure 4a shows the 
concentration versus time curves with magnetic and gravity separation 
approaches. We observed that our magnetic separation approach was 
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very effective and required only 5 min to completely remove our cata-
lyst from the solution, which is eight times faster than natural settling.

The illuminated disinfection performance of (Al2O3@v-MoS2)/
Cu and (Al2O3@v-MoS2)/Cu/Fe3O4 under UV-filtered light is further 
compared in Fig. 4b. It can be clearly seen that, even with the magnetic 
particles on (Al2O3@v-MoS2)/Cu, the disinfection curves were still 
comparable for the (Al2O3@v-MoS2)/Cu (3 min for 5.7 log inactivation 
efficiency) and (Al2O3@v-MoS2)/Cu/Fe3O4 (5 min for 5.7 log inactiva-
tion efficiency) samples, demonstrating that the coating of magnetic 
particles had no significant detrimental effect on the disinfection 
efficiency. The minimal difference between (Al2O3@v-MoS2)/Cu and 
(Al2O3@v-MoS2)/Cu/Fe3O4 originated from the Fe3O4 particles shading 
the incident light. Note that these magnetic particles were 10 nm in size, 
and the 2% mass loading was extremely low.

We further carried out the disinfection test in real sunlight (14:00 
local time, 5 July 2018, Stanford, CA, USA; Supplementary Fig. 16) to 
prove the material’s adaptivity and potential in real applications, and the 
disinfection performance of (Al2O3@v-MoS2)/Cu/Fe3O4 under simulated 
and real sunlight are compared in Fig. 4b. A 5.7 log inactivation efficiency 
was achieved in real sunlight, and no live bacteria were detected within 
60 s. Such high-speed disinfection under sunlight is probably the best 
among that of all heterogeneous disinfection materials. The improve-
ment under sunlight compared with UV-filtered light was due to the 
participation of additional UV light absorption and direct disinfection 
processes. The stability of the materials was proven over 30 times, 
and the full disinfection steps of every cycle process are schematically 
demonstrated in Fig. 4c, including the CFUs of live E. coli cells for the 
1st, 2nd, 3rd, 5th, 10th, 15th and 30th cycles counted after incubation. As 
shown in Fig. 4d, over 5.7 log10 CFU ml−1 E. coli inactivation was achieved 
within 60 s even for the 30th cycle. This observation indicated that  
(Al2O3@v-MoS2)/Cu/Fe3O4 is very stable against possible damage by ROS.

The disinfection efficiency comparison of our nanoscavenger 
(Al2O3@v-MoS2)/Cu/Fe3O4 with other top photocatalytic materials was 
performed on the basis of a review of the literature in terms of the speed 
and log inactivation concentration of bacteria19–21,29–31,38–43. For an over 
2 log inactivation, we found no other photocatalytic material that pro-
vides a disinfection efficiency as high as this work within 60 s (Fig. 4e). 
Not only is this the best efficiency, but the mass loading (−18 mg l−1) is 
also much lower than that in previous reports.

Conclusion
In this work, Al2O3@v-MoS2-based magnetically photoresponsive 
nanoscavengers, which can fully harvest UV and visible light under real 
sunlight, are prepared and deployed for water cyclic disinfection. Using 
a 2D vertically aligned MoS2 film can shrink the bandgap and extend its 
absorption cut-off to 800 nm so that it can make full use of solar energy 
during photocatalytic disinfection. Four kinds of ROS, which can strongly 
destroy the peptidoglycan layer outside bacterial cells, can be detected 
in this process. Plating Cu particles lowers the energy barrier of elec-
tron escape to accelerate electron transport. After 3 min of irradiation, 
(Al2O3@v-MoS2)/Cu shows a 5.7 log inactivation of bacterial concentra-
tion. Using a charge-attract reaction, the magnetic particles can be easily 
modified on the (Al2O3@v-MoS2)/Cu surface, which makes it possible to 
collect the catalysts by magnet. This final material (Al2O3@v-MoS2)/Cu/
Fe3O4 not only achieves a thorough inactivation of over 5.7 log10 CFU ml−1 
E. coli within 60 s under real sunlight irradiation but also demonstrates 
exceptional stability after repeated usage. We believe that our catalyst 
design represents state-of-the-art photodisinfection and will inspire 
more innovations in this exciting interdisciplinary field.

Methods
Preparation of (Al2O3@v-MoS2)/Cu/Fe3O4

The Al2O3 nanoflakes were stirred in a solution of 2 g ammonium molyb-
date with 15 g water. After ultrasonication, the suspended Al2O3 was 
collected by filtration and washed three times with distilled water. 

After drying at 80 °C, the sulfuration of the powder was quickly per-
formed by chemical vapor deposition (CVD), as shown in Supplemen-
tary Fig. 2b. The sulfur was placed in an alumina boat upstream. The 
temperature of the furnace was first ramped up to 550 °C in 15 min, 
then this temperature was maintained for another 10 min for growth. 
The sulfur temperature was approximately 200 °C. Then, the colour 
of the powder turned from white to grey. The grey powder (300 mg) 
was suspended in an acetone solution (100 ml) of tetrakis(acetonitrile)
copper(I)hexafluorophosphate (50 mg). The reaction took place at 
50 °C for 30 min. After the reaction, the substrate was further rinsed 
in hot acetone and then dried in air to obtain (Al2O3@v-MoS2)/Cu  
(ref. 35). Magnetization was performed by dropping diluted ferrofluid 
solution into suspended water with (Al2O3@v-MoS2)/Cu, stirring over-
night and then filtrating, washing and drying to obtain (Al2O3@v-MoS2)/
Cu/Fe3O4 as ash black powder.

Disinfection performance characterization
E. coli ( JM109, Promega) bacteria were cultured to log phase (109 
CFU ml−1 after 4–6 h), collected via centrifugation ((Al2O3@v-MoS2)/Cu/
Fe3O4 collected via magnetic field), washed three times with phosphate-
buffered saline (Thermo Fisher Scientific) solution and dispersed in 
200 ml de-ionized water to an initial bacteria concentration of −106 
CFU ml−1. A solar simulator (Newport, Class AAA) with a simulated air 
mass 1.5 (AM 1.5, 100 mW cm−2) output was adopted as the light source 
in the solar water disinfection experiments. The AM 1.5 light power  
(1 sun) was calibrated to 100 mW cm−2 using a certified monocrystal-
line silicon solar cell before real characterizations. UV (Clarex) light 
was adopted to modulate the 1-sun light spectrum according to the 
experimental requirements. The disinfection materials were dispersed 
in 25 ml of E. coli simulated water and sampled under irradiation with a 
UV-filtered light source at different intervals. The bacterial concentra-
tions of samples under illumination and baseline (without disinfection) 
conditions were measured using standard spread plating techniques. 
The magnetically separated sampled water samples were serially 
diluted, and each dilution was plated in triplicate onto trypticase soy 
agar (Bacto) and incubated at 37 °C for 16–18 h. Water disinfection 
experiments in the dark were also carried out with the same process in 
a dark environment. Disinfected and baseline samples were compared 
to determine the disinfection performance of the disinfection devices.

Data availability
All data of this study are presented in the article and its supplementary 
information. Source data are provided with this paper. The source 
data and relevant data that support the findings can also be accessed 
through the figshare repository and are freely available for download 
(https://doi.org/10.6084/m9.figshare.22094465).
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