
Nature Water

nature water

https://doi.org/10.1038/s44221-024-00226-5Article

Walking-induced electrostatic charges 
enable in situ electroporated disinfection in 
portable water bottles

Young-Jun Kim    1,2,10, Zheng-Yang Huo    3,10  , Xiaoxiong Wang4,5,10, Haojie Dai3, 
Dong-Min Lee2,6, In-Yong Suh    1,2, Joon-Ha Hwang    1,7, Youngwook Chung1,7, 
Hyeon Yeong Lee1,2, Ye Du8, Wenbo Ding    9 & Sang-Woo Kim    2,6 

Direct in situ disinfection in portable water bottles could serve as the last 
line of defence for ensuring safe drinking water, especially in rural and 
disaster-stricken areas. However, limited disinfection technologies are 
available for this decentralized application due to the requirements of 
chemical inputs, a reliable energy supply and/or complicated modular 
constructions. Here we realized efficient in situ disinfection in a portable 
water bottle by directly harvesting the electrostatic charges induced by 
walking to stimulate electroporation. We fabricated a flexible non-metallic 
polypyrrole electrode with densely and uniformly distributed nanorods 
through nanopatterning and pasted it into a compact water bottle. 
Walking-induced electrostatic charges on the body surface can flow 
through a low-resistance path and accumulate on the nanorod tips to 
enhance local electric fields. These accumulated charges are sufficient to 
stimulate electroporation to realize the complete disinfection (>99.9999% 
inactivation) of a broad spectrum of microorganisms in a 500-ml water 
bottle within 10 minutes of walking.

Drinking water is a primary vector for the transmission of waterborne 
pathogens1,2. Ingesting pathogenic microorganisms in daily drinking 
water can lead to severe diseases3,4. Notably, waterborne pathogens 
can contaminate tap water even after centralized water treatment 
because microorganisms can regrow during subsequent storage and 
piped distribution5. In addition, rural, isolated or disaster-stricken areas 
that lack sanitation facilities urgently need to disinfect water before 
drinking6,7. Therefore, the direct in situ disinfection of water in portable 
containers is essential as a last line of defence to ensure water safety8.

Conventional water disinfection methods, such as chlorination, 
ultraviolet irradiation and membrane filtration, can be used for decen-
tralized microbial inactivation. However, their application in portable 
containers, such as water bottles, may be limited by additional chemical 
inputs (for example, chlorination tablets), the need for a stable power 
supply and decreased disinfection performance during long-term 
operation due to membrane fouling9–12. Emerging decentralized disin-
fection methods are primarily based on the generation of antimicrobial 
reactive oxidizing species (ROS) through electro- and photocatalytic 
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electrostatic charges flow through a low-resistance path and are col-
lected on aluminium foil that is in contact with the hand and taped to 
the outer surface of the handheld disinfection bottle. The electrostatic 
body charges collected on the aluminium foil are transferred to the 
nanorod-modified electrode inside the bottle through a wire (Fig. 1b, 
left). The charges accumulate around the nanorod tips because they 
tend to migrate to the area of the electrode surface with the smallest 
radius of curvature. The accumulated charges induce an enhanced local 
electric field in the area of the nanorod tips to stimulate efficient micro-
bial inactivation by electroporation when microorganisms (including 
bacteria and viruses) approach (Fig. 1b, right).

We prepared a metal-free, nanorod-modified PPy electrode to 
eliminate metal release into water using an easy-to-use nanopatterning 
fabrication method35,36. Nanopatterning is a commercial process for the 
scalable fabrication of carbon-based electrodes (up to several square 
metres). In brief, a poly(methyl methacrylate) (PMMA) film (200 µm) 
was first spin-coated onto a commercial nickel nanoimprint mould 
(20 cm × 20 cm) featuring a periodic nanorod structure to obtain a soft 
template with the negative image of the original nickel mould31. After 
sputtering indium tin oxide (ITO) onto the PMMA template surface, 
PPy was deposited onto the ITO/PMMA template via an electropo-
lymerization process and easily separated from the ITO surface as a 
result of the significant difference in the surface energies of PPy and 
ITO (Supplementary Fig. 1)35.

Thus, by using this scalable nanopatterning-assisted fabrica-
tion process, we fabricated a nanorod-modified PPy electrode with 
a large area of 225 cm2 (15 cm × 15 cm; Fig. 1c, left). This metal-free, 
scalable electrode is 4.5 times larger than the largest metallic 1D 
nanomaterial-modified electrode (Cu3P nanowire-modified copper 
mesh) currently used for electroporation disinfection25. The PPy 
nanorods accurately copy the periodic nanorod structure of the origi-
nal nanoimprint mould with uniform lengths (~400 nm) and diameters 
(~50 nm; Fig. 1c, right) oriented perpendicular to the surface of the elec-
trode (Fig. 1d,e). Owing to the strong covalent bonds, the polymerized 
PPy nanorods are more stable towards water treatment than metallic 
1D nanomaterials with metallic or electrovalent bonds, preventing 
the release of material. The PPy nanorods exhibited high conductiv-
ity (~105 S cm−1), confirming the feasibility of charge accumulation to 
provide enhanced local electric fields for electroporation (Supple-
mentary Fig. 2). The surface potential (which corresponds to the local 
charge density) of the nanorods was evaluated by Kelvin probe force 
microscopy (KPFM), which revealed that the nanorods accumulate 
free charges at the tips (Fig. 1e,f). The simulated charge distribution on 
the nanorod surface (>6 × 104 C m−3) and the corresponding enhanced 
local electric field (>107 V m−1) further confirmed the high local charge 
enhancement (Fig. 1g and Supplementary Fig. 3).

Electrical output and disinfection performance
The walking-induced electrostatic charges were measured using a 
low-resistance handheld electrode connected to electrometer 1 (Fig. 2a, 
Extended Data Fig. 1a and Supplementary Video 1). The electrostatic 
body charges transferred to the handheld electrode achieved a high 
electrical output with an open-circuit peak-to-peak voltage of 304 V and 
a short-circuit peak-to-peak current of 17 μA at a fixed step rate of 0.5 Hz 
(Extended Data Fig. 1b). Increasing the step rate further enhanced the 
electrical output. Peak-to-peak voltages of 341, 405 and 493 V were gen-
erated at step rates of 1, 1.5 and 2 Hz, respectively (Fig. 2b and Extended 
Data Fig. 1c). The electrical output generally improved as the tribo-
electric charge density of the shoe material increased33. Leather, with 
a relatively low triboelectric charge density (53 μC m−2), exhibited a 
limited output voltage (96 V), while polycarbonate (PC), rubber and 
poly(vinyl chloride) (PVC), with triboelectric charge densities greater 
than 105 μC m−2, generated output voltages of >250 V (Fig. 2c)37. Simi-
larly, materials with higher triboelectric charge densities generated 
higher output currents during walking (Fig. 2c).

methods13–15. However, these methods are strongly dependent on a 
stable supply of solar and/or electrical energy. In particular, the energy 
consumption of the electrocatalytic and photocatalytic methods 
range from 10−4 to 100 kWh m−3 and 10−3 to 106 kWh m−3, respectively, 
for decentralized disinfection16. Recent studies have focused on gen-
erating ROS by harvesting ambient energy through tribo-, piezo-, 
thermo- and pyrocatalytic methods to overcome the restriction of 
a stable power supply17–19. Although these methods are feasible for 
some specific scenarios (for example, air conditioning with periodic 
temperature changes), their broader application is still hindered by 
fluctuating weather conditions and high thresholds of external stimuli. 
In addition, ROS can also oxidize the ubiquitous chloride ions in water 
to form active chlorine species, leading to the formation of harmful 
chlorinated disinfection by-products20.

The development of a reaction-free physics-based disinfection 
technology that requires a tiny energy input could be a feasible alter-
native to realize in situ disinfection in portable water containers. 
Electroporation is an emerging physics-based method that relies on 
a strong electric field to compromise the outer structures of microor-
ganisms (that is, bacterial membranes and viral capsids) for microbial 
inactivation19,20. The external voltage can be significantly reduced 
by using one-dimensional (1D) nanowires and nanorods with high 
aspect ratios to accumulate free charges and form highly localized 
electric fields at their tips21–24. Therefore, 1D nanomaterial-assisted 
electroporation can achieve complete microbial inactivation with an 
extremely low energy consumption ranging from 10−6 to 10−2 kWh m−3 
(refs. 16,23–25). However, 1D nanomaterials, such as Ag, ZnO and Cu3P, 
generally contain metallic material, which may raise concerns about the 
release of harmful metal ions into the drinking water26–29. In addition, it 
is difficult to realize electroporation with non-metallic carbon-based 
nanomaterials due to the weak adhesion of 1D nanostructures to the 
electrode21.

Contact electrification is a common phenomenon that occurs 
whenever two materials with different dielectric properties come into 
contact30–32. In particular, electrostatic charges are easily generated on 
the body surface through contact electrification during daily human 
activities, such as walking, but their power density is relatively low33. 
Very recently, Kang et al. harvested walking-induced electrostatic 
charges for the first time to repulse negatively charged airborne parti-
cles34. This work demonstrated the potential of collecting body charges 
to drive a physics-based, energy-efficient process. Thus, although 
the energy density of the electrostatic charges on the body surface is 
relatively low, it might be sufficient to stimulate in situ electropora-
tion disinfection in water bottles, which requires a tiny energy input.

Here we present a walking-electrification-induced electroporated 
disinfection (WEED) method for the in situ inactivation of bacteria and 
viruses in a portable water bottle. We incorporated a nanorod-modified 
polypyrrole (PPy) electrode fabricated by nanopatterning into a water 
bottle to accumulate charges at the nanorod tips to enhance the local 
electric field. The electrostatic charges harvested directly from the 
body surface have sufficient power density to induce physics-based 
electroporation to disinfect water. Over 99.9999% (6.0 log) of bacteria 
and viruses were inactivated in the water bottle (500 ml) in less than 
10 min of walking. The WEED bottle exhibited high disinfection stability 
(80 cycle operation) with negligible material release, thereby ensuring 
a stable supply of safe drinking water.

Concept of the WEED method
The aim of this work was to use walking-induced electrostatic charges to 
drive electroporation disinfection in a portable water bottle (Fig. 1). The 
WEED method developed here involves a three-step process (Fig. 1a). 
Step 1: triboelectric charges are generated on shoes through contact 
electrification during walking. Step 2: the triboelectric charges accu-
mulated on the shoes induce opposite electrostatic charges on the 
body surface through electrostatic induction. Step 3: the induced 
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The triboelectric charges generated at the shoe–ground interface 
were measured using electrometer 2 and compared with those trans-
ferred to the hand, measured by electrometer 1 (Fig. 2a), to evaluate the 
efficiency of the electrostatic charge transfer during walking (Fig. 2d). 
Higher triboelectric charge densities resulted in increased transfer 
efficiencies. Over 70% of the triboelectric charges generated at the 
shoe–ground interface were transferred to the handheld electrode 
when wearing shoes made of PC, rubber or PVC. In comparison, only 
32% of the charges were transferred to the hand when wearing leather 
shoes (Fig. 2d). The difference in the transfer efficiency of the elec-
trostatic body charges for the different footwear materials indicates 
that a large proportion of the triboelectric charges generated at the 
shoe–ground interface can overcome body resistance (Fig. 2d)38. In 
addition, when wearing PVC shoes for walking at a fixed step rate of 
1 Hz, a maximum power density of 70 mW m−2 was achieved (Extended 
Data Fig. 1d). Increasing the step rate to 2 Hz further improved the 
power output (Extended Data Fig. 1e). Therefore, the walking-induced 
electrostatic charges are readily available for power generation when 
a person walks on the ground.

We confirmed the feasibility of the WEED method for water  
disinfection using a laboratory-scale disinfection demonstrator  
(5 cm long with a cross-sectional area of 2.5 cm2; Fig. 2e). Sys-
tematic evaluation and optimization of the WEED method in the 
laboratory-scale disinfection demonstrator could ensure that the 
proposed method is ready for incorporation into portable bottles. 

Two model bacteria species (Gram-negative Escherichia coli and 
Gram-positive Bacillus subtilis (B. subtilis)) and a model virus species 
(MS2, an E. coli bacteriophage), as an indicator for human enteric 
viruses, were used in the disinfection demonstrator to evaluate its 
performance. High concentrations of bacteria (106 colony-forming 
units per ml (CFU ml−1)) or viruses (106 plaque-forming units per ml 
(PFU ml−1)) were added to 10 mM phosphate-buffered saline (PBS) solu-
tion to simulate tap or surface water with the necessary conductivity 
and pH-buffering capacity. We used log removal efficiency (−log(C/C0)) 
to quantify the disinfection performance, considering the high demand 
for realizing near-complete disinfection of water containing high 
concentrations of bacteria39–41. Water samples containing microorgan-
isms flowed through the system at a targeted flow rate (1−10 ml min−1) 
to simulate the specific residence time (that is, operating time) in the 
water bottle. The nanorod-modified PPy electrode was taped to the 
inner surface of the demonstrator, which was connected to a handheld 
electrode to collect the electrostatic body charges generated during 
walking for water disinfection (Fig. 2e).

The WEED demonstrator achieved complete disinfection of  
E. coli (6.0 log removal, that is, >99.9999% inactivation) with a fixed step 
rate of 1 Hz at flow rates of 1, 3 and 5 ml min−1, corresponding to resi-
dence times in the water bottle of 5, 1.6 and 1 min, respectively (Fig. 2f). 
Increasing the flow rate to 10 ml min−1 resulted in a shortened residence 
time of 30 s, which slightly affected the disinfection efficiency (5.2 log 
E. coli removal, corresponding to >99.999% inactivation). Similarly, the 
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Fig. 1 | Concept of the WEED method. a, Working principle of the WEED 
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electrostatic induction. Step 3: The induced electrostatic charges transfer 
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mechanism. c, Photograph (left) and high-resolution SEM images (middle and 
right) of the nanorod-modified PPy electrode. Inset: photograph of the folded 
electrode (scale bar, 5 mm). d, AFM image showing the surface morphology of 
the nanorod-modified PPy electrode. e, High-resolution AFM image showing 
the surface morphology of the PPy nanorods. f, KPFM image showing the 
corresponding surface charge of the PPy nanorods. g, Simulated electron 
density (colour map) and electric field close to the PPy nanorod, illustrating the 
accumulated charges and corresponding enhanced local electric field.
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WEED method enabled the complete disinfection of B. subtilis and MS2 
at flow rates of 1–5 ml min−1 with reduced efficiency (<5.0 log removal) 
at the higher flow rate of 10 ml min−1 (Fig. 2g).

We further investigated the contribution of walking-induced 
electrostatic charges to microbial disinfection. Disinfection effi-
ciency improved as the electrostatic body charges increased. At a 
step rate of 0.5 Hz, the WEED method harvested 14 nC of charge on 
the electrode and enabled >4.2 log microbial removal (>99.99% inac-
tivation) at a fixed flow rate of 5 ml min−1. Increasing the step rate to 
1 and 2 Hz induced an increasing amount of electrostatic charge on 

the electrode (>42 nC), resulting in an improved disinfection effi-
ciency (complete inactivation, >6.0 log removal) for all of the tested 
microorganisms (Fig. 2h). In addition, walking in shoes made with 
PC, rubber or PVC, which have high triboelectric charge densities 
(>105 μC m−2), generated large amounts of electrostatic charge 
(>45 nC) and achieved complete water disinfection (>6.0 log removal;  
Supplementary Fig. 4)37. In contrast, shoes made of leather, with a lower 
triboelectric charge density (34 μC m−2), generated limited electro-
static charge (27 nC) and attained a reduced disinfection efficiency  
(<3.0 log removal)37.
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the peak-to-peak voltage (Vp-p; top) and current (Ip-p; bottom). d, Effect of 
footwear material on charge generation (bottom) and the corresponding 
charge transfer efficiency (top) from foot to hand. e, Schematic illustrating 
the set-up for evaluating disinfection performance using a laboratory-scale 
WEED demonstrator. The nanorod-modified PPy electrodes are taped to the 
inner surface of the demonstrator, which is connected to a handheld electrode 
to collect the electrostatic charges generated during walking. f, Effect of flow 
rate (1−10 ml min−1) and the corresponding residence time on the disinfection 

efficiency (−log(C/C0)) for E. coli (Gram-negative bacterium). g, Disinfection 
efficiency for different model microbes: B. subtilis (Gram-positive bacterium) 
and MS2 (bacteriophage virus). h, Effect of step rate on the charge generation 
efficiency (top) and disinfection performance (bottom). i, Walking-induced 
charge generation efficiency (top) and disinfection performance (bottom) 
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f–h indicate that all of the microorganisms were inactivated (that is, no live 
microorganisms were detected). Error bars represent the standard deviation  
(s.d.; n = 3) and the data are presented as mean values ± s.d. in d and f–i.
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We also performed a continuous disinfection test and observed 
that microbial inactivation was strongly dependent on the amount 
of walking-induced electrostatic charge (Fig. 2i). The WEED method 
achieved complete disinfection for all of the tested microorganisms 
within 2 min of walking (1 Hz). Stopping walking resulted in negligible 
electrostatic charge generation, which immediately reduced the dis-
infection efficiency. When walking resumed, complete disinfection 
was restored within 2 min. In addition, the WEED method achieved 
complete disinfection over a wide range of bacterial (102–108 CFU ml−1) 
and viral (102–106 PFU ml−1) concentrations (Fig. 2i and Supplementary 
Fig. 5). These results indicate not only the high disinfection capacity of 
the WEED method but also the feasibility of its application to treat water 
with microbial concentrations common in real situations.

Disinfection mechanisms of the WEED method
The electroporation disinfection mechanism was evaluated by ana-
lysing the microbial morphology using scanning electron micros-
copy (SEM; for bacteria) and transmission electron microscopy 
(TEM; for viruses). The bacteria (E. coli and B. subtilis) showed small 
pores (<100 nm) on the membrane surface without obvious collapse 
after WEED treatment, indicating that electroporation primarily 
contributes to the inactivation of bacteria (Fig. 3a and Supplemen-
tary Fig. 6). Negative stain-incorporated TEM is used to assess the 
integrity of viral capsids25. Viruses with damaged capsids can be 

stained with phosphotungstic acid, visualized as a dark contrast in 
TEM images. Indeed, the WEED-treated virus (MS2) exhibited such 
dark contrasts, indicating the perforation of the viral capsids by 
electroporation (Fig. 3b).

We further confirmed the disinfection of bacteria by electropora-
tion in WEED treatment by investigating the structure of the bacterial 
membrane at the molecular level using molecular dynamics (MD) meth-
ods (Supplementary Fig. 7). The carbon chains of the phospholipid 
bilayer in the bacterial membranes exhibited a twisted structure in an 
electric field of 107 V m−1, resulting in a small channel of water (that is, 
an electroporation pore) that penetrates the entire membrane within 
5 ns (Fig. 3c)42. The electroporation-induced perforation of the mem-
brane during WEED operation was further confirmed experimentally 
using Raman spectroscopy (Fig. 3d). The treated E. coli and B. subtilis 
exhibited higher intensities at 1,300 and 1,442 cm−1, corresponding to 
enhanced twisting and scissoring, respectively, of the carbon chain 
(-CH2) in the phospholipid bilayer of the membrane (Fig. 3e)43. The 
increased permeability of the membrane after WEED treatment was 
also evidenced by a staining test with propidium iodide (PI), a bacte-
rial stain that can penetrate cells with damaged membranes, which is 
also indicative of the disinfection mechanism of electroporation22.  
Few cells showed compromised membrane structures before WEED 
treatment. In contrast, over 95% of the cells were stained (that is, showed 
red fluorescence) after treatment, indicating increased membrane 
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inactivated (that is, no live microorganisms were detected). Error bars represent 
the s.d. (n = 3) and data are presented as mean values ± s.d. in e, g and h. One-way 
analysis of variance was performed using Tukey’s post hoc test to analyse the 
significant differences (P < 0.05) between the groups in e.
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permeability due to electroporation (Fig. 3f and Extended Data Fig. 2a). 
Furthermore, the live/dead staining test also showed compromised 
bacterial membranes after WEED treatment (Supplementary Fig. 8).

We next evaluated the membrane potential of bacteria during 
WEED treatment because the compromised membrane structure 
may lead to unwanted and uncontrollable ion exchange across the 
cell membrane (that is, membrane depolarization), resulting in a 
fluctuation of the transmembrane voltage. The fluorescent probe 
3,3′-dipropylthiadicarbocyanine iodide (DiSC3(5)) can be used to 
probe the structure of the test bacteria because it can accumulate in 
cell membranes while maintaining a fluorescence quenching state44. 
When the membrane potential disappears, DiSC3(5) is released into 
the surrounding substrate and subsequently generates fluorescence. 
During WEED treatment, DiSC3(5) fluorescence increased rapidly with 
generated electrostatic charges in a dose-dependent manner (that 
is, with step rate), indicating a significant change in the membrane 
potential. In contrast, when walking stopped, limited electrostatic 
charges were generated, as indicated by the negligible fluorescence 
intensity (Fig. 3g). We confirmed the negligible contribution of oxi-
dative species (·OH and O2

·−) to disinfection by the addition of radical 
scavengers, which can quench any generated oxidative species to 
eliminate oxidation. In contrast to the previous experiment, which 
suggested that the disrupted membrane potential may be due to the 
generation of oxidative species during WEED treatment, the added 
radical scavengers (isopropanol for ·OH and benzoquinone for O2

·−) had 
no effect on the microbial disinfection, indicating negligible chemical 
oxidation (Extended Data Fig. 2b)25.

We compared the disinfection efficacy of the nanorod-modified 
PPy electrode with that of a flat PPy film electrode to demonstrate the 
successful accumulation of walking-induced electrostatic charges at 
the tips, which provide enhanced electric fields for electroporation. 
The nanorod-modified electrode achieved complete microbial disin-
fection (>6.0 log), whereas the flat PPy film was ineffective (<0.2 log 
removal) under the same operating conditions (Fig. 3h). We have also 
demonstrated the negligible effects of intracellular oxidative stress 
(Extended Data Fig. 2c) and temperature fluctuation (Extended Data 
Fig. 2d) on WEED disinfection.

Water disinfection using a handheld WEED bottle
We designed a prototype WEED bottle based on the demonstrator. The 
WEED bottle consists of a poly(ethylene terephthalate) (PET) bottle, a 
piece of aluminium foil (2 cm × 2 cm), four parallel nanorod-modified 
PPy electrodes (each with an area of 4 cm × 15 cm) and a copper wire 
(Fig. 4a and Extended Data Fig. 3). When disinfection is required, a 
person can conveniently fill the PET bottle (~500 ml) with water and 
then hold it so that his or her hand is in contact with the aluminium 
foil. After walking for a short time (for example, several minutes), the 
microorganisms in the water are effectively inactivated for on-demand 
water disinfection.

The disinfection efficacy of the walking-induced disinfection 
bottle was evaluated by treating 500 ml of 10 mM PBS buffer solution 
dosed with high concentrations of bacteria or viruses (106 CFU ml−1 or 
106 PFU ml−1, respectively; Supplementary Video 2). All of the bacteria 
and viruses tested were completely inactivated with negligible live 
microorganisms detected in water after 10 min of walking at a fixed 
step rate of 1 Hz (Fig. 4b and Supplementary Fig. 9). Increasing the 
step rate improved the disinfection performance. A faster step rate of 
2 Hz reduced the time required for complete disinfection from 12 min 
(step rate of 0.5 Hz) to 7 min (Supplementary Fig. 10). The treatment 
time was further reduced when running (~3 Hz; Supplementary Fig. 10). 
The operation time for complete disinfection increased to 13 min when 
treating a larger volume of water (1,000 ml) at a step rate of 2 Hz (Sup-
plementary Fig. 11). Notably, the walking-induced disinfection bottle 
achieved complete disinfection (>6.0 log) for all of the tested microor-
ganisms (E. coli, B. subtilis and MS2) dosed in tap, river and lake water 

when a person walked for 10 min at a step rate of 1 Hz while holding the 
500-ml disinfection bottle (Fig. 4c) in a wide range of humidities from 
20% to 90% (Supplementary Fig. 12). In addition, reducing the electrode 
spacing effectively improved the disinfection performance due to the 
increased electric field between the electrodes (Supplementary Fig. 13).

The feasibility of the walking-induced disinfection bottle was 
further confirmed by conducting a long-term test and evaluating 
the disinfection performance over a significant number of operating 
cycles. In each cycle, river water (500 ml) containing microorgan-
isms (bacteria or viruses) was treated in the walking-induced disinfec-
tion bottle for 10 min at a fixed step rate of 1 Hz. The walking-induced 
disinfection bottle achieved complete disinfection (>6.0 log) for 80 
continuous cycles with no live microorganisms detected in the water 
(Fig. 4d). Furthermore, the nanorod-modified PPy electrodes with a 
robust structure and inert chemical properties remained stable. Only 
slight morphological and compositional changes were observed in the 
electrodes with negligible release of pyrrole (not detected) and copper 
ions (<4 μg l−1) into the water after 80 cycles of operation (Fig. 4d,e,  
Supplementary Fig. 14 and Supplementary Table 1). In addition, neg-
ligible organic fouling of the electrode surface was observed after 
long-term operation (Supplementary Fig. 14). These results dem-
onstrate the feasibility of using the WEED bottle to treat river water 
with a relatively low concentration of organics (total organic carbon 
concentration <5 mg l−1). Our proposed WEED bottle also enables the 
inactivation of both Gram-positive (B. subtilis) and Gram-negative 
bacteria (E. coli) as well as viruses (MS2) to meet real-world scenarios 
for in situ water disinfection (Fig. 4f–h and Supplementary Fig. 15).

Discussion
We have realized direct in situ disinfection of bacteria and viruses in 
a portable water bottle using walking-induced electrostatic charges 
to drive 1D nanomaterial-assisted electroporation. Walking-induced 
electrostatic charges can flow through a low-resistance path and accu-
mulate on the tips of a nanorod-modified PPy electrode to enhance local 
electric fields. The flexible non-metallic PPy electrode with periodic 
nanorods can be easily pasted into the water bottle for in situ disinfec-
tion before drinking. Bacteria and viruses were completely inactivated 
(>99.9999% inactivation) in the 500-ml water bottle in a few minutes 
(<10 min) of walking. The WEED bottle also demonstrated high stability 
over 80 cycles (equivalent to 800 min of continuous operation) with 
negligible release of material during operation, ensuring a reliable sup-
ply of safe drinking water. The disinfection performance may be further 
improved by replacing the plate electrodes with porous flow-through 
electrodes to enhance the transfer of microbial cells. Increasing the 
surface area of the PPy electrode may also help to increase the disin-
fection efficiency.

Centralized water treatment is primarily used for municipal water 
disinfection. However, current technologies are unsuitable for direct 
disinfection in water bottles before drinking due to their reliance on 
multiple facilities with a stable power supply (Fig. 4i, top). In addition, 
waterborne pathogens can regrow during storage and piped distri-
bution after centralized water treatment, threatening the safety of 
drinking water. In contrast, our proposed WEED treatment process, 
driven by walking-induced electrostatic charges, can achieve highly 
efficient disinfection in water bottles without relying on external power 
supplies (Fig. 4i, bottom). Furthermore, the use of the WEED method 
for direct disinfection in a water bottle can minimize the impact of 
microorganism regrowth, ideally serving as the last line of defence for 
safe drinking water. Moreover, the WEED bottle can easily realize in situ 
water disinfection to meet the urgent need for safe drinking in rural, 
isolated or disaster-stricken areas that lack sanitation facilities and a 
stable electricity supply at a low fabrication cost (<US$2 for a 500-ml 
WEED bottle; Supplementary Table 2). In summary, this study provides 
a viable approach to highly efficient, in situ water disinfection in port-
able containers (for example, bottles and cups) without the constraints 
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of a stable power supply and complicated modular constructions, 
ensuring the last line of defence of water safety.

Methods
Materials preparation
Methyl methacrylate (MMA) was dissolved in toluene with a target ratio 
of 8.3 MMA/toluene and spin-coated (500 r.p.m. for 30 s) onto the sur-
face of a commercial nickel nanoimprint mould with high-performance 
antireflective nanorod structures (20 cm × 20 cm; HT-AR-02C, Temi-
con)35. After drying under vacuum at 60 °C, a 200-µm-thick PMMA film 
was fabricated with the negative image of the original nickel mould. 
After separating the PMMA film and nickel mould in water, the PMMA 
template was cut to a desired size (15 cm × 15 cm) and sputter-coated 
with ITO using a magnetron sputtering system (ATC Orion 5, AJA 
International). PPy was deposited onto the ITO/PMMA template by 

immersing the template in an electrolyte solution containing pyrrole 
(0.1 mol l−1) and p-toluenesulfonic acid (0.2 mol l−1)35 in an electropoly-
merization process. The prepared ITO/PMMA template and a carbon 
paper electrode were selected as the working and counter electrodes, 
respectively. A target current density of 0.1 mA cm−2 was applied using 
a potentiostat (Interface 1010E, Gamry). A flat PPy film electrode was 
prepared by a similar method using a flat ITO electrode as template. 
The morphologies of the prepared electrodes were characterized by 
SEM ( JSM-6701F, JEOL) and atomic force microscopy (AFM) (XE-100, 
Park Systems).

Electrical characterization
The electrostatic body charges generated by walking were harnessed 
using an electrode. The electrode was attached to either the hands 
or shoes of a person (Extended Data Fig. 1a). The output voltage was 
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Fig. 4 | Disinfection performance of the handheld WEED bottle.  
a, Photographs of the handheld WEED bottle. b, Disinfection efficiency of 
the WEED bottle for treating 500 ml water containing 106 CFU ml−1 E. coli. c, 
Disinfection efficiency of the WEED bottle for treating different types of infected 
water. d, Long-term stability of the WEED bottle in disinfection tests. River water 
containing microorganisms was treated for 10 min in each cycle and a total of 
80 cycles were performed. Insets: SEM images showing the morphology of the 
PPy nanorods before and after operation. e, Evaluation of electrode stability 
during long-term disinfection. Concentration of organic carbon in the tap 
and river water before and after continuous operation for 800 min without 

microorganism dosing. f–h, Plating photographs showing the concentration 
of E. coli (f), B. subtilis (g) and MS2 (h) before and after disinfection using the 
WEED bottle. i, Schematic illustrating the advantages of the decentralized WEED 
bottle over centralized water treatment. Conventional centralized treatment 
requires multiple facilities with continuous energy input on a large scale, while 
the portable WEED bottle can achieve in situ water disinfection before drinking 
without external power supplies. The dashed lines in b–d indicate that all of 
the microorganisms were inactivated (that is, no live microorganisms were 
detected). Error bars represent the s.d. (n = 3) and data are presented as mean 
values ± s.d. in e.
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measured using an oscilloscope (DPO3052, Tektronix), and a low-noise 
current amplifier (DLPCA-200, FEMTO) was used to measure the out-
put current25. The electrical output of the electrostatic charges was 
measured while wearing shoes made of different materials (leather, 
PC, rubber or PVC) and at step rates ranging from 0.5 to 2 Hz (Extended 
Data Fig. 3a). Typically, the experiments were conducted at a relative 
humidity of 65.0% and temperature of 20 °C.

Evaluation of the disinfection
E. coli (ATCC, 15597) and B. subtilis (ATCC, 23857) were cultured in  
trypticase soy broth at 37 °C for 12 h and then washed with deionized 
water by centrifugation (2,000g). Bacteriophage MS2 (ATCC, 15597-B1) 
was cultured by growing with E. coli at 37 °C for 2 h. A feed solution 
(10 mM PBS) containing bacteria (106 CFU ml−1) or virus (106 PFU ml−1) 
was used to evaluate the log disinfection efficiency (E) as follows:

E = − log ( C
C0

) (1)

where C0 and C are the concentrations of live microorganisms before 
and after the operation, respectively. The number of live bacteria and 
viruses was measured by the standard spread plating and double agar 
layer methods, respectively25.

Device construction
A laboratory-scale disinfection demonstrator with a length of 5 cm 
and a cross-sectional area of 2.5 cm2 was fabricated to investigate the  
disinfection performance. Four nanorod-modified PPy electrodes, 
each with a target area of 1.6 cm × 5 cm, were taped to the inner surface 
of the demonstrator and connected to the handheld electrode by a con-
ductive wire. During the disinfection test, a person holding the device 
walked continuously at a fixed step rate of 0.5−2 Hz. A metronome was 
used to produce a precisely controlled sound to remind the operator 
to step at the desired frequency. A 10 mM PBS solution containing 
bacteria (E. coli or B. subtilis; 106 CFU ml−1) or virus (MS2; 106 PFU ml−1) 
was passed through the disinfection demonstrator at a targeted flow 
rate of 1−10 ml min−1, controlled by a syringe pump.

A handheld walking-stimulated disinfection bottle was developed 
consisting of a 500-ml PET bottle, a piece of conductive aluminium foil 
(2 cm × 2 cm) on the outer surface of the bottle, two parallel acrylic 
supports (with an area of 4 cm × 15 cm and a gap of 2 cm between each 
support), and four nanorod-modified PPy electrodes (4 cm × 15 cm) 
attached to each acrylic support and connected to the aluminium 
foil by a conductive wire. Bacteria (E. coli and B. subtilis) and a virus 
(MS2) were dosed into 10 mM PBS solution, tap water, river water 
and lake water (detailed water quality parameters are presented in 
Supplementary Table 3) at the target concentrations of 106 CFU ml−1 
and 106 PFU ml−1, respectively. During disinfection, a person held the 
disinfection bottle containing 500 ml of the water sample dosed with 
microorganisms and ensured that his or her hand was in contact with 
the aluminium foil while he or she walked for a controlled time; the 
concentration of the microorganisms in the bottle before and after 
the operation was evaluated. The concentration of organic carbon in 
the effluents before and after the treatment of tap and river water for 
80 cycles without dosing microorganisms was also measured using a 
trace total organic carbon analyser (TOC-L, Shimadzu).

Mechanistic investigation
The surface potential of the electrode was measured by KPFM (XE-100, 
Park Systems) with Cr/Au-coated silicon tips. The charge density and 
electric field strength were investigated using COMSOL Multiphysics 
software. A model comprising two electrodes (2 cm × 4 cm) with a 
gap of 0.5 mm between them was built. An array (6 × 6) of nanorods 
(length 400 nm and diameter 50 nm) was oriented perpendicu-
lar to the electrode surface. Charges of 60 µC were applied to the 

electrodes (see Supplementary Fig. 3 and Supplementary Table 4  
for details).

The bacterial morphology was examined by SEM ( JSM-6701F, 
JEOL). E. coli cells were collected by centrifugation (2,000g) and stored 
in 2% glutaraldehyde solution overnight at 4 °C. After dehydration with 
ethanol, the E. coli samples were freeze-dried25. The viral morphology 
was examined by TEM ( JEM-2100F, JEOL). A sample of MS2 (~500 µl) 
was dropped onto a TEM copper grid and then stained with 1% phos-
photungstic acid solution for TEM characterization25.

Bacterial membranes in electric fields (107 V m−1) were  
evaluated at the atomic level through MD simulations (see Supplemen-
tary Fig. 7 and Supplementary Table 5 for details of the procedure and 
parameters). The structure of the bacteria (E. coli and B. subtilis) was  
studied experimentally by single-cell Raman spectroscopy (Alpha300 
Ri, WITec), with at least ten cells measured for each sample follow-
ing excitation at 514 nm (ref. 43). Bacterial membrane permeabil-
ity was assessed by fluorescence microscopy (ECLIPSE Ts2, Nikon).  
Bacterial samples were stained with 2 mM PI and observed by 
bright-field microscopy (whole bacteria) and fluorescence micro
scopy (535 nm, membrane-compromised bacteria)28. The bacterial 
membrane potential was evaluated using the DiSC3(5) staining assay, 
in which 0.5 μM DiSC3(5) was added to a feed solution containing  
E. coli (106 CFU ml−1). After passing through the disinfection demonstra-
tor, the stained cells were collected and measured using a microplate 
photometer (Multiskan FC, Thermo Scientific) with excitation and 
emission wavelengths of 622 and 670 nm, respectively44.

Statistical analysis
Statistical analyses were performed using the Prism 9 software (9.5.0, 
GraphPad). One-way analysis of variance was performed using Tukey’s 
post hoc test to analyse significant differences (P < 0.05).

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

Data availability
The data supporting the findings of this study are available within this 
paper and the Supplementary Information. Other relevant data are 
available from the corresponding authors upon reasonable request. 
Source data are provided with this paper.
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Extended Data Fig. 1 | Electrical characterization of applying the WEED 
method. a Schematic illustrating the method for measuring electrostatic 
charges induced by walking. b Electrical output (current and voltage) of the 
handheld electrode at a fixed step rate (0.5 Hz). c Electrical output (current and 

voltage) of the handheld electrode at different step rates of 1, 1.5, and 2 Hz. d-e 
Current and power density at a fixed step rate of (d) 1 and (e) 2 Hz as a function of 
electrical impedance (105 – 109 Ω).
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Extended Data Fig. 2 | Investigation of the disinfection mechanism of 
the WEED method. a Membrane permeability of bacteria before and after 
electroporation. b Effect of chemical oxidation on the disinfection performance. 
Scavengers of isopropanol (IPA) and benzoquinone (BQ) were used to evaluate 
the effects of ·OH and ·O2

−. c Change in intracellular oxidative stress of bacteria 
caused by the potential physiological change transfer. H2O2 (0.1 mM) was added 
to the bacteria sample as the positive control group. d Effect of temperature on 

disinfection. Experiments were conducted in the disinfection demonstrator  
with a 10 mM PBS buffer at pH 7.0. Flow rate and step rate were fixed at  
5 mL/min and 1 Hz, respectively. Dashed lines indicate that all microorganisms 
were inactivated (that is, live microorganisms were not detected). In a, c, and d, 
error bars represent the standard deviation (SD, n = 3) and data are presented as 
mean values + /- SD.
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Extended Data Fig. 3 | Photographs related to the handheld WEED bottle. 
a Photographs of the experimental setup for measuring the walking-induced 
electrostatic charges. b Photographs of the WEED bottle containing 500 mL of 
water. The proposed device consists of an aluminum foil (2 cm × 2 cm) on the 

outer surface of the bottle and four parallel nanorod-modified PPy electrodes 
(4 cm × 15 cm each) attached to stable acrylic supports and connected to the 
aluminum foil by copper wire.
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