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% Check for updates Residue-free and highly efficient techniques for drinking water disinfection are

urgently needed. Herein, we report an electrochemical water disinfection sys-
tem equipped with atomically precise Ag,s nanoclusters (NCs) as electrode
materials. The deployment of these Ag,s NCs not only provides sufficient elec-
trosorption sites for intelligent microbe enrichment but also ensures high-
efficiency dual-mode microbial killing through the in situ electrocatalytic pro-
duction of residue-free reactive oxygen species (ROS) and the inherent anti-
microbial activity of Ag,g NCs. Moreover, the design of the system enables a
cyclical “alive microbe capture-killing-dead microbe desorption” process for
continuous water disinfection. On this basis, this water disinfection system is
efficient against broad-spectrum microbes (with >99.99% antimicrobial activity),
durable (with a performance reduction of only 0.75% over 40 cycles and 99.90%
antimicrobial efficiency for over 5 h of continuous operation), versatile (i.e.,
other NCs can be used), scalable (with water productivity of 213.33Lh™ m™),
energy efficient (with a low energy consumption of 4.91 Wh m; .04 Whm™
without the pumping cost) and applicable for various real water samples. This
study may open new avenues for global water disinfection techniques.

The significance of drinking water security for sustaining civilization
and maintaining human health cannot be overstated, given that 3.6
billion people worldwide currently face a shortage of safe drinking
water, with this likely expanding to 5.7 billion by 2050"2. Chlorination,
UV irradiation, and ozonation are common water disinfection techni-
ques used in industry®*. However, these techniques suffer from either
carcinogenic residues (e.g., toxic trihalomethanes, haloacetic acids,

and bromate from chlorination) or low processing efficiency (e.g., UV
and ozonation)®. Therefore, there is an urgent need to explore residue-
free and highly efficient techniques for industrial use in drinking water
disinfection.

Hydrogen peroxide (H,0,) and other reactive oxygen species
(ROS)® are commonly used as residue-free and broad-spectrum disin-
fectants due to their strong oxidative ability, which leads to green
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disinfection by the formation of oxygen and water’®. Although the
direct use of preformed H,0, is a straightforward approach for water
disinfection, it requires storage and transportation at the point of use
and the use of stabilizers to prevent H,0, degradation, with the side
effect being lowering the antimicrobial efficacy of H,0,”"°. Thus, this
method is inconvenient and inefficient. Alternatively, the catalytic in
situ production of ROS by electrochemical or photochemical systems
can overcome the drawbacks of preformed H,0,, with the electro-
catalytic route being more advantageous than the photocatalytic one
considering the poor penetration of light in water" and relatively slow
photocatalytic kinetics”. For instance, Kim’s group developed a series
of self-powered (i.e., supercoiling-mediated rotational triboelectric
nanogenerator) ROS-assisted electroporation disinfection systems
with both nanowire-enhanced localized electric field and oxidative
species to terminate the microbes and achieved high disinfection
performance without additional energy input or disinfection
byproducts™*. However, current ROS-directed water disinfection
techniques are limited by low disinfection efficiency, largely due to the
spread of generated ROS into the bulk water stream®. Moreover, the
requirements of such techniques in terms of the ultrahigh production
of ROS and the ultrafast diffusion of ROS into bulk water streams made
their practical application impossible’. This dilemma has raised two
questions: What are the criteria for an ideal water disinfection tech-
nique? How can an excellent disinfection technique be designed?
Deciphering the water disinfection process reveals six standards for an
ideal technique: safe operation, no health risks, high efficiency, low
cost, good durability, and adaptable decentralized application for
underdeveloped regions. Developing a technique that meets several of
these criteria is quite challenging, let alone fulfilling all of them
simultaneously.

Regarding the design of an optimal water disinfection system, our
hypothesis was that using an electrocatalytic ROS-directed water dis-
infection system with specific features would help us achieve this goal.
We identified three essential features that the electrode material must
possess: (i) efficient capture of microbes from the water stream using
electrostatic interactions or other driving forces” ', ensuring that ROS
and microbes encounter each other for efficient disinfection and
avoiding the low disinfection efficiency caused by ROS diffusion; (ii)
in situ production of ROS by the electrode material without damaging
its catalytic activity or inherent antimicrobial properties, leading to the
ultrahigh antimicrobial efficacy achieved by the high localized con-
centration of ROS and antimicrobial electrode materials; and (iii)
avoidance of high-cost metals such as Au and Pd to keep the system
affordable. Therefore, the key to realizing this optimal water disin-
fection method lies in the rational design of a multifunctional material
that can fulfil the abovementioned criteria. Progress in the
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development of ultrasmall metal nanoclusters (NCs, <2 nm) presents
an opportunity to design desirable electrode materials®®. Metal NCs are
novel functional nanomaterials with unique physicochemical proper-
ties, including atomically precise structures, tailorable surface chem-
istry, and molecule-like features such as strong luminescence, chirality,
and HOMO-LUMO transitions®?°. For instance, precise Ag NCs can be
used both as a model electrode material for the catalytic production of
ROS for microbial killing and as intrinsic antimicrobial agents®®*°.
Configuring Ag NC-based electrode materials into an electrosorption
device could ensure fast microbe capture for efficient water
disinfection.

Herein, we present a capacitive-charging induced electrochemical
water disinfection (CEWD) system that uses atomically precise
Ag»s(GSH),0 NCs as electrode materials (GSH denotes glutathione).
These NCs are locked within the metal-organic framework (MOF) ZIF-
67. This configuration not only improves the stability of Ag,s(GSH),o
NCs but also provides sufficient electrosorption sites, which ensures
high-efficiency dual-mode microbial killing through the in situ elec-
trocatalytic production of ROS and the inherent antimicrobial activity
of Ag,s(GSH),o NCs. In addition, the system design enables efficient
capture of microbes in the bulk water stream onto the surface of the
anode material, creating highly localized concentrations of ROS and
microbes, as well as additional contact with antimicrobial electrodes
for microbe killing. The system is broadly effective (>99.99% anti-
microbial rate), ultrastable (an efficiency reduction of only 0.75% over
40 cycles), durable (99.90% bacterial killing efficiency for over 5 h of
continuous operation), versatile (i.e., other NCs can be used), scalable
(productivity of 213.33 L h m™), energy efficient (energy consumption
of 1.04 Wh m™), and practicable. This work may provide a paradigm for
the design of ROS-directed water disinfection systems featuring the
electrocatalytic in situ formation of residue-free ROS with concurrent
microbe capture through capacitive charging, which may promote the
translation of this water disinfection technique in the water industry.

Results
Material characterizations
In this study, ultrasmall Ag,s(GSH),o NCs were selected as the elec-
trocatalyst model and were further locked inside the framework of ZIF-
67 for enhanced catalytic durability (denoted Ag NCs@ZIF-67). After-
wards, Ag NCs@ZIF-67 was assembled as the CEWD anode for highly
efficient water disinfection based on the combined actions of the
in situ production of residue-free ROS and concurrent microbe cap-
ture (Fig. 1).

Ag NCs@ZIF-67 synthesized via a two-step procedure (Fig. 2a).
Specifically, Ag,s(GSH),9 NCs were first prepared by a conventional
NaBH, reduction method® and subsequently immobilized inside ZIF-
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Fig. 1| Schematic illustrations of CEWD. Schematic illustration of the application scenario and the working principle of CEWD for bacterial killing.
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Fig. 2 | Structural characterizations of the Ag,s(GSH)o NCs and Ag NCs@ZIF-
67. a Schematic illustration of the synthesis of Ag NCs@ZIF-67, b UV-vis absorption
spectrum, ¢ ESI-MS results, and d TEM image of Ag,s(GSH),o NCs; e-fHAADF-STEM
images and g elemental maps (i.e. C, Ag, S, and O) of Ag NCs@ZIF-67. The insets in

b, d, and fare digital photographs of Ag,s(GSH),o NC solutions under visible light,
the particle size distribution of Ag,s(GSH),o NCs, and the particle size distribution
of Ag,s(GSH),0 NCs within ZIF-67, respectively.

67 via “coordination-assisted self-assembly”®. As the active compo-
nent of Ag NCs@ZIF-67, Ag,s(GSH),o NCs were first characterized by
UV-visible absorption spectrometry (UV-vis), electrospray ionization
mass spectrometry (ESI-MS), and transmission electron microscopy
(TEM). The UV-vis spectrum shows a dominant peak at 485nm
(Fig. 2b), indicating the formation of ultrasmall Ag NCs with molecule-
like optical absorption. ESI-MS demonstrates peaks at m/z=1305, 1527,
1834, and 2292, which correspond to the 7, 6, 5, and 4 charges of
Ag,s(GSH),»0 NCs, respectively (Fig. 2c and Supplementary Fig. 1). The
TEM image confirms the presence of ultrasmall Ag NCs with a core size
of ~1.1 nm without the presence of large Ag nanoparticles (Fig. 2d).
Agrs(GSH),0 NCs were accommodated inside ZIF-67 to create Ag
NCs@ZIF-67 (Fig. 2e). To highlight the advantages of the Ag NCs@ZIF-
67 configuration, ZIF-67@Ag NCs was also prepared as a reference by
in situ formation of Ag NCs on the surface of preformed ZIF-67 (Sup-
plementary Fig. 2a). The size, morphology, and elemental distributions
of both hybrids were examined using high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and TEM
(Fig. 2e-g and Supplementary Fig. 2b-d). Figure 2e, f shows that in Ag
NCs@ZIF-67, Ag>3(GSH),o NCs are uniformly embedded inside the ZIF-
67 matrix without any change in size (inset of Fig. 2f), which was fur-
ther supported by the X-ray diffraction (XRD) results (see Supple-
mentary Fig. 3 and Supplementary Note I). This structure exhibits the

catalytic activity of the Ag,s(GSH),o NCs, as ZIF-67 prevents aggrega-
tion and reinforces the structure with space confinement. In compar-
ison, the morphology and size of the ZIF-67@Ag NCs (Supplementary
Fig. 2b, c) are similar to those of the Ag NCs@ZIF-67.

Furthermore, the elemental maps of both Ag NCs@ZIF-67 and
ZIF-67@Ag NCs confirm the uniform distribution of Ag and S
throughout ZIF-67 (Fig. 2g and Supplementary Fig. 2d). Both hybrids
have comparable loading amounts of Ag NCs, 2.90wt% for Ag
NCs@ZIF-67 and 2.87 wt% for ZIF-67@Ag NCs, as determined by
inductively coupled plasma-mass spectrometry (ICP-MS). In addition,
the oxidation states of Ag species in the Ag NCs and the Co species in
the Ag NCs@ZIF-67 were also investigated by X-ray photoelectron
spectroscopy (XPS, see Supplementary Figs. 4-6 and Supplemen-
tary Note I).

Disinfection evaluations

To assess the water disinfection efficiency, Ag NCs@ZIF-67 was
assembled into a CEWD system as the anode (Fig. 3a) with surface-
loaded ZIF-67@Ag NCs (right item on the right side of Fig. 3a) for
comparison purposes. The CEWD system had an asymmetrical cell
architecture and utilized activated carbon (AC) as the cathode. The
configuration and parameters for the CEWD system are shown in
Supplementary Fig. 7 and Supplementary Table 1. Before commencing
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Fig. 3 | Disinfection evaluations of the Ag NCs@ZIF-67 and ZIF-67@Ag NCs-
based CEWD systems. a Schematic illustration of the anode interface of the CEWD
system for the electrocatalytic production of ROS for microbe killing and its key
electrode components (Ag NCs@ZIF-67 and ZIF-67@Ag NCs); kill percentage
against b E. coli, ¢ B. subtilis, and d C. albicans achieved with Ag NCs@ZIF-67 and

0 5 10 5 20 25 30 35 40
Cycle number
ZIF-67@Ag NCs-based CEWD during the first 60 min; e durability test performed on
the AC, ZIF-67, and Ag NCs@ZIF-67-based CEWD systems against E. coli for 5 h;
f long-term cyclic stability evaluation performed on the Ag NCs@ZIF-67 and ZIF-
67@Ag NCs-based CEWD systems. Note: The feeding concentrations of E. coli, B.
subtilis, and C. albicans were set to 10° CFU mL™."Error bars=s.d. (n=3).

the water disinfection experiments, we optimized the loading amount
of Agys(GSH),o NCs inside Ag NCs@ZIF-67 to 2.90 wt% and the oper-
ating voltage of the CEWD system to 1.4V for experimentation, as
shown in Supplementary Figs. 8-15. The model solution consisting of
three typical microbes found in natural water sources, namely, gram-
negative E. coli (abbreviated as Escherichia coli), gram-positive B. sub-
tilis (abbreviated as Bacillus subtilis), and the fungus C. albicans
(abbreviated as Candida albicans), was pumped into the CEWD system
through single-pass mode. As shown in Fig. 3b-d, Supplementary
Fig. 11, and Supplementary Figs. 16-20, the Ag NCs@ZIF-67-based
CEWD system displayed ultrahigh antimicrobial activity against all
three microbes, with kill percentages of 99.99-99.9999% against E.
coli, 99.90-99.999% against B. subtilis, and 99.90-99.999% against C.
albicans, respectively. These antimicrobial activities were 1.86-2.2
orders of magnitude (based on log reduction) increment than that of
the ZIF-67@Ag NCs-based CEWD system (i.e., 99.80-99.96% against E.
coli, 99.60-99.80% against B. subtilis, and 99.50-99.80% against C.
albicans), highlighting the unique ability of Ag,s(GSH),o NCs within
ZIF-67 to enhance antimicrobial efficiency.

Interestingly, we observed a significantly greater killing effi-
ciency against E. coli than against B. subtilis and C. albicans, which
should be due to the thinner cell membrane (see Supplementary
Table 2), as well as the enhanced driving force for E. coli capture in
the electric field due to its having a more negative {-potential than
did its counterparts (E. coli: —=55.9 mV; B. subtilis: -39.4 mV; and C.
albicans: -35.6mV, 10° CFUmL™; Supplementary Table 3). The
detailed antimicrobial mechanisms are discussed later. Never-
theless, only a trace amount of Ag ions was detected in the effluent
(3.350 pg L, Supplementary Table 4), an amount that is much lower
than the guideline value (100 pg L™) for drinking water reported by
the World Health Organization (WHO). In contrast, a higher con-
centration of released Ag ions (20.650 pgL™, Supplementary
Table 4) was detected in the effluent of the CEWD system equipped
with surface-loaded ZIF-67@Ag NCs than in that of the Ag NCs@ZIF-
67. These results demonstrate that our strategy of embedding
Ag,s(GSH),0 NCs inside ZIF-67 can effectively protect Ag,s(GSH)»o
NCs from decomposition and prevent secondary water pollution
without releasing Ag species into water.
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Durability, cycling stability, and water safety are among the most
important factors affecting the practical application of any water dis-
infection technique. Therefore, long-term (over 5 h) and multicycle (40
cycles) disinfection experiments were conducted (Fig. 3e-f and Sup-
plementary Figs. 21-26). As shown in Fig. 3e, killing efficiency against
E. coli of over 99.90% remains even after 5 h of continuous operation
without any regeneration for our CEWD system, while the disinfection
efficiency of the AC- and ZIF-67-based systems rapidly decreased to
below 90% within 60 min. These results show the superior durability of
the Ag NCs@ZIF-67-based CEWD system and its potential for con-
tinuous water disinfection in practical applications. Moreover, this
outcome contradicts the “adsorption and termination” mechanism of
conventional capacitive disinfection since the electrosorption equili-
brium state should have long been reached (as seen in the AC-based
system in Fig. 3e) and indicates that other dynamic processes must
occur to trigger this ultradurable disinfection process, which is dis-
cussed in detail in the following section. Regarding cycling stability,
only a 0.75% reduction (still greater than 99.90%) is found in the
antimicrobial ratio for the Ag NCs@ZIF-67-based CEWD system after
40 disinfection/regeneration cycles (Fig. 3f and Supplementary
Figs. 25-26), revealing its excellent cycling stability; however, the dis-
infection efficiency against E. coli with the ZIF-67@Ag NCs electrode
rapidly decreases to below 99% within the first 5 cycles. This result was
further supported by post-disinfection characterization using STEM,
and ICP-MS. As shown, the structure of Ag NCs@ZIF-67 was well
maintained after 40 disinfection/regeneration cycles (Supplementary
Fig. 27), and the Ag content in Ag NCs@ZIF-67 barely changed
according to the ICP-MS results (Supplementary Table 5), demon-
strating the excellent structural stability of Ag NCs@ZIF-67. Moreover,
the Ag content in the ZIF-67@Ag NCs decreased from 2.87% to 1.61%
(Supplementary Table 5), and few Ag NCs were observed in the HAADF-
STEM images of the ZIF-67@Ag NCs after cycling (Supplementary
Fig. 28). These distinct differences demonstrate the effectiveness of
encapsulating Ag,s(GSH),o NCs within ZIF-67 in improving their
structural stability and ensuring their durability and cycling stability.
Furthermore, the Ag NCs@ZIF-67-based CEWD system was confirmed
to have excellent biocompatibility through the LIVE/DEAD viability
assay and cell proliferation kit (MTT) test (Supplementary
Figs. 29 and 30 and Supplementary Note II). This validation highlights
the exceptional ability of these systems to ensure water safety.

Antimicrobial mechanism

The excellent water disinfection performance of the Ag NCs@ZIF-67-
based CEWD system calls for further investigation of its antimicrobial
mechanism. As depicted in Fig. 4a, the antimicrobial mechanism can
be elaborated upon in three aspects. First, the Ag,s(GSH),9 NCs in the
electrode of the CEWD system first electrocatalytically generate
abundant ROS in situ (see illustration in the upper right part of
Fig. 3a)*, forming a ROS layer for microbial killing (upper left part of
Fig. 4a). These ROS are highly toxic to microbes, such as bacteria and
fungi, triggering their effective elimination. The experimental findings
demonstrated that these ROS were mainly produced at the anode of
the CEWD system (Fig. 4b, Supplementary Figs. 31-34, and Supple-
mentary Note IlI), with the majority being H,0, (244.83 pM) and a
minority being hydroxyl radicals (*OH, 3.39 uM). Although less *OH was
produced than H,0,, *OH is known to possess 108 times greater anti-
microbial activity than H,0, and plays a crucial role in killing bacteria
and fungi®*’. Consequently, the CEWD system, with its «OH produc-
tion, exhibits superior antimicrobial capabilities compared to con-
ventional catalytic H,0, production-based systems.

Second, the CEWD system, as shown in Fig. 4a (lower left part),
employs Agys(GSH),o NCs with inherent antimicrobial activity to
enhance its antimicrobial activity on the anode surface. However,
relying solely on in situ-generated ROS and the inherent antimicrobial
property of Ags(GSH),o NCs is not sufficient for efficient water

disinfection. This is because ROS are not easily accessible to microbes
in the bulk stream, and the encapsulated Ag,s(GSH),o NCs cannot
reach microbes in the bulk stream. Consequently, the diffusion of ROS
from the electrode surface into the bulk stream for microbial killing is
hampered by the sharp decrease in the ROS concentration gradient
and the susceptibility of ROS to decomposition during the diffusion
process. Fortunately, the CEWD system overcomes these challenges by
utilizing electrostatic attraction to capture negatively charged
microbes from the bulk stream onto the anode surface (right part of
Fig. 4a). This strategy creates high local concentrations of both ROS
and microbes near the anode surface, maximizing the antimicrobial
efficiency of the in situ-produced ROS and Ag,s(GSH),o NCs on the
anode surface of the CEWD system.

To confirm the microbial capture ability of the CEWD electrode
materials, we tested the T-potentials of bacteria and fungi. Both bac-
teria and fungi had negative charges, with values of —55.9 mV for E. coli,
-39.4mV for B. subtilis, and -35.6 mV for C. albicans (Fig. 4c and
Supplementary Table 3). The negative charge of the microbes facil-
itates the use of charge attraction in the CEWD system for microbial
enrichment. Moreover, when microbes are effectively killed on the
surface of the anode, their {-potentials change accordingly. In parti-
cular, the negative charges of dead microbes are significantly reduced
(-42.0 mV for E. coli, -27.9 mV for B. subtilis, and —25.1 mV for C. albi-
cans), which facilitates their detachment from the anode surface. A
detailed discussion of the cyclic “alive microbe capture-killing-dead
microbe desorption” mechanism on the electrode is presented in
Supplementary Note IV (Supplementary Figs. 35-37). Furthermore, we
examined the electrosorption behaviour of microbes on the electrode
surface. As depicted in Fig. 4d, the Ag NCs@ZIF-67-based CEWD sys-
tem demonstrated a high bacterial adsorption rate, reaching as high as
1x10° CFUmin™ (the detailed calculation method can be found in
Supplementary Fig. 38 and Supplementary Note V). The absorption
rate remained steady at 9.91x10° CFU min™ even after 300 min of
continuous operation, confirming our initial assumption that microbes
can be continuously trapped on the anode surface of the Ag NCs@ZIF-
67-based CEWD system. Notably, this result is in stark contrast to that
of AC electrode- or pure ZIF-67-based CEWD systems, which exhibit a
rapid decrease in microbial adsorption rate after 1 h despite having a
much larger surface area for electrosorption (Fig. 4d). Such a drastic
contrast contradicts the law of electrosorption equilibrium, further
strengthening the evidence for a cyclical “alive microbe
capture-killing-dead microbe desorption” process that sustains con-
tinuous water disinfection. This process ensures that the CEWD system
has efficient yet long-term antimicrobial activity. Moreover, the real-
time removal of pathogens was assessed by a LIVE/DEAD assay through
inverted fluorescence microscopy to determine how quickly the
pathogens were terminated. Specifically, the disinfection experiment
was carried out for different durations (1 min, 2 min, 3 min, and 4 min),
followed by short-circuiting of the device to flush out both live and
dead bacteria. As shown in Supplementary Fig. 39a-f, 91.18%, 96.58%,
97.64%, and 98.15% of the bacteria were terminated at 1 min, 2 min,
3 min, and 4 min, respectively. Remarkably, the antimicrobial efficacy
reached 91.18% in just 1 min, indicating the rapid disinfection capability
of our CEWD system. The disinfection efficacy could be much greater
(as shown in Supplementary Fig. 39g through the plate counting
method) under real operational conditions (not short-circuited) since
the bacteria could be trapped on the surface of the electrode through
electrosorption and could subsequently enable a much longer time for
termination. Taken together, the CEWD system achieves efficient
microbial enrichment and subsequent water disinfection through the
electrostatic capture of microbes, as well as in situ-produced ROS and
the intrinsic antimicrobial activities of the Ag,s(GSH),o NCs**,
respectively.

Two interesting issues may arise: (1) Does the intrinsic anti-
microbial activity of Ag,s(GSH),o NCs contribute to microbial killing
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CEWD system. a Schematic illustration of the water disinfection mechanism of the
Ag NCs@ZIF-67-based CEWD system: (I) in situ production of ROS for microbial
killing, (1) microbial killing by the Ag,s(GSH),o NCs with inherent antimicrobial
activity, and (Ill) smart alive microbe capture-killing-dead microbe desorption
circulation; b comparison of ROS (H,0, and *OH) generation at the cathode and
anode of the Ag NCs@ZIF-67-based CEWD system; ¢ {-potentials of live and dead
E. coli, B. subtilis, and C. albicans; d time-course bacteria adsorption rate of the Ag

NCs@ZIF-67, ZIF-67, and AC-based CEWD systems; e disinfection efficiency and
fROS (H,0, and +OH) production of Ag NCs@ZIF-67, Au NCs@ZIF-67, and Pt
NCs@ZIF-67-based CEWD systems with a feeding E. coli concentration of

10° CFU min%; g contribution analysis of the intrinsic disinfection of Ag NCs and
ROS disinfection of the Ag NCs@ZIF-67-based CEWD system. Error bars =s.d.
(n=3). The insets in Fig. 4d are the SEM images of live (left, scale bar: 100 nm) and
dead (right, scale bar: 100 nm) E. coli.

via physical contact? (2) Can other metal NCs or other materials be
used as CEWD electrodes for antimicrobial application? To validate
these issues, two similar electrode materials (i.e., Au NCs@ZIF-67 and
Pt NCs@ZIF-67 fabricated by encapsulating Au NCs and Pt NCs in ZIF-
67), and one electrode equipped with non-metallic covalent organic
framework (COF) were employed for water disinfection test (Supple-
mentary Figs. 40-42). While the loading amounts of Au NCs and Pt NCs
in the ZIF-67 were adjusted to be similar to that of Ag NCs inside the
ZIF-67 (Supplementary Table 6), the loading amount of COF in the
model COF electrode was optimized to make its ROS production level
comparable to the Ag NCs@ZIF-67 one. As shown in Fig. 4e-f and
Supplementary Fig. 43, the local ROS concentration of Ag NCs@ZIF-
67-based CEWD was relatively lower than that of the Au NCs@ZIF-67-
and Pt NCs@ZIF-67-based CEWD systems, and exactly comparable to

that of the model COF-based CEWD system. However, Ag NCs@ZIF-67
displayed greater antimicrobial efficiency against E. coli than its three
counterparts (Fig. 4e-f and Supplementary Figs. 44-46), indicating
that physical contact between Ag,s(GSH),o NCs and microbes (intrin-
sic disinfection of Ag NCs) also plays an important role in enhancing
the antimicrobial activity of the CEWD system. To confirm the physical
contact between Ag NCs@ZIF-67 and the bacteria, scanning electron
microscopy-energy dispersion spectrometry (SEM-EDS) was con-
ducted to construct surface element maps of the Ag NCs@ZIF-67. The
results, as depicted in Supplementary Fig. 47, revealed the presence of
Ag on the surface of ZIF-67, suggesting that effective contact could be
established between Ag NCs and the bacteria and confirming our
hypothesis of a dual-mode disinfection mechanism. To analyse the
contributions of ROS and the intrinsic disinfection of Ag NCs to the
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total antimicrobial efficacy, the antimicrobial efficacy of the model
COF electrode-based and Ag NCs@ZIF-67-based CEWD systems was
specifically compared (Supplementary Fig. 48). The model COF elec-
trode demonstrated the ability to eliminate ~90% of bacteria, which
means that the ROS contributed ~90% antimicrobial efficacy in the Ag
NCs@ZIF-67-based CEWD system because of the same amount and
types of ROS production by the Ag NCs@ZIF-67. Accordingly, the
intrinsic antimicrobial activity of Ag NCs was found to enhance the
overall antimicrobial efficiency by an additional -10% in the Ag
NCs@ZIF-67-based CEWD system (Fig. 4g), since COF has negligible
intrinsic disinfection properties in this scenario. Consequently, the
predominant factor influencing the antimicrobial efficacy of CEWD is
ROS, with the intrinsic disinfection of Ag NCs further enhancing the
antimicrobial efficacy. The preliminary success of applying different
metal NCs (e.g., Ag, Au, and Pt) and other nanomaterials (e.g., COF) as
the core materials for CEWD has proven the versatility of this strategy.
This could establish a universal platform for various oxidation-based
applications (e.g., bacterial killing, selective microreactors, advanced
oxidation).

Theoretical exploration

Why could Ag NCs@ZIF-67-based CEWD produce substantial amounts
of ROS? This should be correlated with the molecular structure of the
Ag,s(GSH),o NCs*. Therefore, we first optimized the structure of
Ag»s(GSH),0 NCs based on first-principles calculations via structural
optimization, a static self-consistent field (SCF), density of state cal-
culations, and charge calculations using VASP-6.1.0 via density func-
tional theory (DFT). The cross-section of Ag,s(GSH),o NCs is shown in
Fig. 5a. Specifically, Ag,s(GSH),0 NCs contain an Ag,o core (Td sym-
metry with a geometric symmetry of D2h (Fig. 5a), capped by two
AgsS; motifs (i.e., type i), two Ag;S; motifs (i.e., type ii), and twelve S
terminals (i.e., two S terminals of type iii and ten S terminals of type iv).
Upon acquiring the structure and the wavefunction of the Ag,s(GSH),o
NCs (Supplementary Fig. 49 and Supplementary Note VI), we searched
for the GSH ligands on the Ag,s(GSH)» NCs to identify potential active
absorption sites for water molecules to facilitate ROS production,
considering the lowest free energy on the potential energy surface.
Through this analysis, we identified a total of eight adsorption sites for
water molecules (Fig. 5b). Additionally, we provided the atomic coor-
dinate parameters of the water molecules adsorbed by Ag,s(GSH)»o
NCs in the Supplementary File, while the adsorption-free energies of
each site are presented in Supplementary Table 7. Notably, sites #2, #4,
and #8 have the lowest free energy among all the active sites, implying
that they are the most likely active sites for adsorbing water molecules
for water oxidation.

To explore the detailed water oxidation pathway for ROS pro-
duction, we constructed energy maps of different water oxidation
pathways at these three active sites (#2, #4, and #8), including one-
electron (to generate *OH, H,0 > *OH +H" + ¢, Fig. 5¢), two-electron
(to generate H,0,, 2H,0 > H,0, + 2H" + 2¢7, Fig. 5d), and four-electron
(to generate O,, 2H,0 > 0, +4H"+4e", Fig. 5e)*°* routes. Among
them, OH* can desorb from the active site to generate free *OH via the
one-electron route (Fig. 5¢)*, yet the desorption of OH* requires
excess energy to overcome the energy barrier of -0.5-1.1eV”. In
addition, the two-electron oxidation of water to form H,0, is ther-
modynamically favourable (Supplementary Fig. 50 and Supplementary
Note VII) based on the following facts: (1) the active site first adsorbs a
water molecule to generate OH*, and the decrease in free energy is
approximately 1.1-1.5eV; (2) OH* recombines with another water
molecule to form H,0,, and the free energy further decreases in this
step (Fig. 5d). For the four-electron oxygen evolution reaction (OER,
Fig. Se), the elementary OER steps include the formation of OH* by
dissociative adsorption of H,O molecules, the formation of O* by
deprotonation of OH*, O* oxidation to OOH*, and O, formation and
release. Obviously, the rate-determining step in the OER is O* oxidation

to OOH*, which requires excess energy to overcome the energy barrier
of ~0.62-0.94 eV. Therefore, the water molecules adsorbed on the
active site preferentially undergo two-electron oxidation to generate
H,0, instead of one- or four-electron oxidation. To further verify that
H,0, is generated from H,0 through two-electron water oxidation, we
repeated the ROS generation experiment in D,O and conducted a 2H
nuclear magnetic resonance (NMR 2H) test to determine whether D,0,
could be generated. As shown in Supplementary Fig. 51, while D,O
shows a single peak at ~4.8 ppm in its NMR 2H spectrum, two obvious
peaks at ~4.8 ppm and ~3.8 ppm were found in the NMR 2H spectrum
of the reacted D,0 solution after electrocatalytic treatment. This result
indicates that D,O, was generated from the oxidation of D,O mole-
cules, confirming that the water molecules underwent a two-electron
oxidation process to generate H,0,.

Practical application

Scalability, energy efficiency, and adaptability are three crucial
factors that impact the practical application of water disinfection
devices. Therefore, we conducted initial tests to assess the scal-
ability and applicability of the Ag NCs@ZIF-67-based CEWD sys-
tem (Fig. 6a-b). First, we investigated the flow rate tolerance of
the CEWD modaules by increasing the electrode size and examin-
ing the disinfection rate at various flow rates (1-100 mL min%;
Fig. 6¢). The results show that the disinfection rate decreases with
increasing flow rate for all electrode sizes, but the largest module
(with an electrode size of 281.25 cm?) maintains a high disinfec-
tion rate of 99.90%, even at 100 mL min™. Additionally, the water
productivity increased exponentially with increasing module size,
reaching 213.33Lh™" m™ for the 281.25 cm? module (Fig. 6d). We
also analysed the relationship between water productivity and
energy consumption at various module sizes and found that
energy consumption decreases exponentially with increasing
productivity (Fig. 6e). The energy consumption of the module
with size x 5 was 4.91 Wh m (1.04 Wh m~® without pumping cost),
with corresponding water productivity of 213.33Lh7'm™,
demonstrating its excellent energy efficiency. The high energy
efficiency of our system could be attributed to the precise tar-
geting of microbes and the continuous operation mode. Specifi-
cally, unlike conventional ROS antimicrobial techniques that need
to generate a large amount of ROS to release into the microbe
stream (the current to generate such an amount of ROS would be
high), our CEWD system could trap microbes on the surface of
the anode, while only a high local ROS concentration is needed to
kill bacteria. Therefore, the current for ROS generation could be
largely reduced (the current transients are shown in Supple-
mentary Fig. 52). Moreover, the operational energy cost (e.g.,
pumping cost) could be reduced since our CEWD system operates
in continuous mode and no additional energy is required for its
regeneration.

Building on this promising energy efficiency, we evaluated the
disinfection performance of the CEWD system for various real water
samples, including those from rivers, lakes, seas, and reservoirs
(Fig. 6b). Notably, the real water samples analysed in this study con-
tained a mixture of ions and organic pollutants, posing potential
challenges to the disinfection performance of the CEWD system. Total
organic carbon (TOC) levels in these samples were assessed before and
after disinfection treatment (refer to Supplementary Table 8), indi-
cating the effectiveness of the CEWD system in removing TOC. The
reduction in TOC can be attributed to the oxidation facilitated by the
ROS generated during the disinfection process. Impressively, our
CEWD system demonstrated exceptional efficacy in eliminating
pathogens, achieving a greater than 99.90% killing rate across all water
samples containing TOC (Fig. 6f). In addition, no detectable disinfec-
tion byproducts (DBPs), such as carcinogenic residues, were found in
the treated water samples, as indicated in Supplementary Table 9,
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underscoring the broad application scope, safety, and tolerance of the
CEWD system to various salinity levels and organic pollutants (see
Supplementary Figs. 53-54, Supplementary Table 10, Supplementary
Movies 1-4, and Supplementary Note VIII). These results demonstrate
that the CEWD system can adapt well to decentralized areas where
water disinfection remains a great threat to public health but where
large-scale water plants cannot be built, which is highly important for
ensuring water security. Furthermore, we compared our CEWD system
with other disinfection techniques from the literature, such as ex situ

disinfection, UV, photocatalytic, and oxidation-assisted electropora-
tion, in terms of energy utilization, safety, durability, disinfection
efficiency, operability, and water flux (Fig. 6g and Supplementary
Table 11). Our CEWD system exhibited outstanding disinfection per-
formance without apparent limitations, demonstrating its potential for
practical applications.

In summary, we designed a CEWD system equipped with an
atomically precise Ag,s(GSH),o NC electrode for water disinfection. By
integrating the in situ ROS production and the inherent antimicrobial
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Fig. 6 | Scalability, energy efficiency, and adaptability evaluations of the CEWD
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d relationship between the maximum water productivity of the CEWD system and
the electrode area; e energy consumption of the CEWD system as a function of
water productivity; f antimicrobial performance of the CEWD system for four water
samples; and g radar charts of the CEWD system in comparison with other water
disinfection techniques in the literature”**’. Error bars=s.d. (n=3).

activity of Ag,s(GSH),o NCs with smart microbe capture on the elec-
trode surface, this water disinfection system was efficient against
broad-spectrum microbes (with a >99.99% antimicrobial rate), ultra-
stable (with only a 0.75% efficiency reduction over 40 cycles), durable
(with 99.90% antimicrobial efficiency for over 5h of continuous
operation), versatile (i.e., other NCs can be used), scalable (with water
productivity of 213.33Lhm™), energy efficient (with a low energy
consumption of 4.91 Wh m; 1.04 Wh m™ without the pumping cost),
and practically applicable for various real water samples. The brilliance
of this study is the concurrent in situ formation of a high local ROS
concentration via electrocatalysis and the inherent antimicrobial
activity of Ag species with intelligent microbe enrichment on the
electrode surface; ultimately, a continuous, highly efficient, and safe
water disinfection strategy was established, which could provide new
possibilities for global water hygiene.

Methods

Synthesis of Ag,s(GSH),o NCs

Reduced L-glutathione (GSH, 375pulL, 20 mM) and AgNO; (125pL,
20 mM) were added to deionized (DI) water (4.4 mL) with vigorous
stirring at room temperature to form an Ag(I)-GSH complex solution.
Then, freshly prepared NaBH, (50 pL, -112 mM) was added dropwise to
the Ag(I)-GSH complex solution to form a deep-red clear solution, and
the solution was then incubated at room temperature for -3 h until the
solution became colourless. Next, NaBH, (50 pL, ~112 mM) was added

to the solution with stirring for 30 min and then aged at room tem-
perature for 7h. Finally, monodisperse Ag,s(GSH),o NCs were
obtained by purifying the as-synthesized solution with a PD-10
desalting column, and the concentration of the Ag,s(GSH),o NCs was
adjusted to 5 mM through rotary evaporation.

Synthesis of ZIF-67

The 2-methylimidazole (2-MelM) was added to a (CH;C00),Co+4H,0
solution with a Co* to 2-MelM molar ratio of 1:40 under vigorous
stirring at room temperature for 6 h. Then, the solution was aged at
room temperature for 12 h. The resulting material was centrifuged
(8000 rpm), washed repeatedly with DI water, and dried under
vacuum at 80 °C for 48 h.

Synthesis of Ag NCs@ZIF-67

2-MelM and (CH5C00),Co+4H,0 (molar ratio: 37:1) were added to the
as-synthesized Ag,s(GSH),0 NC solution with a Co* to Ag" molar ratio
of 8:1 under vigorous stirring at room temperature for 6 h. Then, the
solution was aged at room temperature for 12 h. The resultant pre-
cipitate was centrifuged (8000 rpm), washed with DI water, and dried
under vacuum at 30 °C for 72 h.

Synthesis of ZIF-67@Ag NCs
GSH (375 pL, 20 mM), AgNO; (125 pL, 20 mM), and the as-synthesized
ZIF-67 (5 mg) were added to 4.4 mL of DI water with vigorous stirring at
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room temperature. Then, freshly prepared NaBH, (50 pL, -112 mM)
was added dropwise to the above solution for 5 min and aged at room
temperature for 3 h. Afterwards, additional NaBH4 (50 pL, ~-112 mM)
was added to the solution with stirring for 30 min, and the mixture was
then aged at room temperature for 8 h. Finally, the ZIF-67@Ag NCs
were obtained by centrifuging (8000 rpm), washing repeatedly with DI
water, and drying under vacuum at 30 °C for 72 h.

Synthesis of Au,5(GSH);gs NCs

HAuCl, (500 pL, 20 mM) and GSH (400 pL, 50 mM) were added to a
mixed DI water (2.3 mL) and ethanol (6 mL) solvent with vigorous
stirring at room temperature to form a GSH-Au(I) complex solution.
Then, NaOH (200pL, 1M) and freshly prepared NaBH, (100 pL,
~112 mM) were added to the mixture with stirring for 3 h. Finally, the
solution was centrifuged (8000 rpm) and redispersed in DI water to
form a 5 mM Au,s(GSH);s NC solution.

Synthesis of GSH-protected Pt NCs

H,PtClg (200 pL, 100 mM) and GSH (400 pL, 50 mM) were added to DI
water (9.5 mL) with vigorous stirring at room temperature to form the
Pt(I)-GSH complex solution, and the pH of the solution was adjusted
to 12.0 by adding NaOH (~150 pL, 1 M). Then, the Pt(I)-GSH complexes
were reduced by bubbling CO into the solution for 5 min and sealing
airtight with stirring for 24 h at room temperature. Finally, the con-
centration of the GSH-protected Pt NCs was adjusted to 5 mM through
rotary evaporation.

Synthesis of COF
The 1,3,5-triformylphloroglucinol at a concentration of 0.30 mM and
benzidine at 0.45 mM were each dissolved in 20 mL of ethanol. The
resulting solutions were subsequently combined in a 100 mL flask and
stirred at room temperature. After a stirring duration of 30 min, the
resulting light brown suspension was subjected to centrifugation at
10,000 rpm for 5 min, followed by a thorough washing with ethanol.
The resultant COF was refluxed with dimethylformamide (DMF) for 4 h
to eliminate any unreacted residual, followed by a 2 h exchange with
ethanol to replace the DMF. Ultimately, the synthesized COF was dried
in a vacuum at room temperature overnight**,

Detailed material characterizations, and antimicrobial evaluations
are provided in the Supplementary Information.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Relevant data supporting the key findings of this study are available
within the article and the Supplementary Information. All raw data
generated during the current study are available from the corre-
sponding authors upon request Source data are provided with
this paper.
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