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Abstract:

Locally enhanced electric field treatment (LEEFT) is introduced as a nanowire-enabled
physical water disinfection method with the advantages of low energy consumption, wide
spectrum effectivity, and the absence of disinfection by-product (DBP)-forming chemical
additives. The electrodes used for LEEFT are modified with nanowires, which enhance the electric
field near the nanowire tips significantly. Even with a very low external applied voltage (usually
<10 V), the local electric field strength is high enough to enable irreversible electroporation, thus
causing microbial inactivation. Here, the development of nanowire-modified LEEFT electrodes is
reviewed in terms of their reasoning of material selection, synthesis, characterization, and
disinfection performance. Subsequently, we summarize the desired properties of the LEEFT
electrodes (e.g., high conductivity, appropriate nanowire morphology, high durability, and low to
no toxicity to humans and the environment), point out the strategies of developing new electrodes
for the LEEFT, and propose a guideline on how to evaluate electrodes developed in the future. In
the end, the challenges and opportunities of LEEFT electrodes for practical application are also

discussed.
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1. Introduction

Disinfection has long been a crucial and significant process in water treatment. Regardless of
whether it is conducted as the final step in a water treatment plant or at a household level,
disinfection inactivates waterborne pathogens that have the potential to harm our communities.
Indeed, the implementation of chlorination has greatly assisted improvements in public health,
contributing to the reduction of almost half of the total mortality rate and 75% of the infant
mortality rates in major US cities.!> 2 The drawbacks of chlorination, however, have remained
difficult to remedy; these include its ineffectiveness against chlorine-resistant pathogens such as
Legionella and Cryptosporidium,>* undesirable odors or taste in post-treatment water, and perhaps
most importantly, the numerous disinfection by-products (DBPs) that form when free chlorine
contacts naturally-occurring organic matter.> ¢ Alternatives to chlorination such as chloramination,
ozonation, and UV irradiation have been explored, but these techniques either generate alternative
DBPs, suffer from microbial regrowth, and/or expend high energy (Table 1).7- Ideally, new water
purification methods should minimize the use of chemicals and impact on the environment, while
at the same time, consume lower energy. Thus, locally enhanced electric field treatment (LEEFT)
has been introduced as a viable physical disinfection technology (Figures 1a & b) that retains high

microbicidal performance even at low energy and economic cost.

LEEFT can be considered as a refined form of pulsed electric field treatment (PEFT), which
has been studied for decades in liquid food pasteurization, clinical therapy, and water
disinfection.'"!> During PEFT, microorganisms exposed to strong electric field pulses
(typically >10 kV/cm) with a short duration (typically <100 us) are inactivated by irreversible
electroporation.'® 17 Previously used mainly for biomedical studies, electroporation itself is a

sublethal phenomenon that is applied for the introduction of drugs or genetic materials into living
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cells.!8 12 Under an applied electric field, the water molecules within and without a cell begin to
polarize, and a transmembrane potential is built up across the cell membrane.?> 2! Once this
transmembrane potential has surpassed a certain value, the molecules of the lipid bilayer will
reorient to form pores, and materials across the cell barrier begin to exchange. The threshold
potential for pore formation varies for different microorganisms and is also affected by the applied
pulse parameters and the cell’s orientation in the electric field. Generation of the large electric
pulses necessary for permanent and lethal electroporation has unfortunately corresponded with
unfavorably high energy consumption and also operational safety hazards due to the potential
arcing of the circuit. Thus, the use of PEFT for practical purposes and treatments has remained

limited.!!- 12

LEEFT has aimed to address these issues by developing an electrode structure utilizing the
unique properties of nanomaterials. When a 1-dimensional nanostructure (i.e., nanowires)
experiences an external electric field, the lightning-rod effect causes the electric field strength to
become enhanced manifold at the tip of the nanostructure, as much as 5 orders of magnitude
(Figure 1¢).?> 23 Employing this phenomenon, researchers have found that nanowire-modified
electrodes can achieve irreversible electroporation even at low voltage conditions due to the
localized strengthening of the electric field. Thus, high performance can be achieved even at safer
operational conditions. As a refined form of PEFT, LEEFT should be considered as a physical
disinfection technique that does not rely on chemical toxicity to kill cells, and potentially neither
adds nor generates DBPs.!%- 24 Furthermore, it is expected to be effective against a broad spectrum

of human pathogens, including bacteria, protozoa, and viruses.!!-25-28

Till now, multiple nanowire-modified electrodes and reactors have been developed for LEEFT

disinfection (Figures 1d). High bacterial and viral inactivation efficiencies have been achieved,
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and despite limited studies on the underlying mechanism, the results indicate a successful
combination of low cost and high efficiency.?® 2 Indeed, LEEFT has demonstrated the potential
for outstanding disinfection performance (>6-log inactivation for bacteria) with as low as just 1 V
applied voltage. With achieving a >6-log inactivation as a prerequisite, the specific energy
consumption of current-generation LEEFT devices has dropped from 200 J/L to only 1.2 J/L in
lab-scale disinfections.?% 3! This value is significantly less than that of the conventional PEFT
(typically >100 kJ/L), as well as other contemporary methods, such as UV disinfection (20-60 J/L)
or membrane filtration (500-1000 J/L).% 32 Thus, LEEFT has shown great promise as a competitive

and even potentially advantageous technology in water disinfection.

In this perspective, existing nanowire-modified LEEFT electrodes are firstly summarized,
followed by the four major desired properties of the electrodes, including high conductivity,
appropriate nanowire morphology, high mechanical and electrochemical durability, and low
toxicity. Based on these desired properties, the strategies to develop future LEEFT electrodes are

discussed, followed by a guideline of the procedures to evaluate those electrodes.

2. Development of the LEEFT Electrodes

Electrode design is a core component of LEEFT disinfection since the sufficient enhancement
of the electric field near the nanowire tips is crucial for microbial inactivation. Two primary
requirements exist for LEEFT electrodes according to the theory of electroporation and the
lightning-rod effect: (1) Nanowires and their attached substrates should be conductive, and (2)
nanowire tips should be exposed to allow microorganisms to readily approach the regions with the

strong electric field. Nanowire-modified electrodes that meet the above criteria should be able to
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inactivate microorganisms even with a low applied voltage. In this section, existing LEEFT
electrodes are reviewed in terms of the reasoning behind their material selection, synthesis,
characterization, and disinfection performance. In particular, parameters of LEEFT disinfection
are summarized in Table 2 including the log inactivation efficiency and lifespan of the electrodes

as the two most important parameters at the current stage of LEEFT.

2.1 Silver nanowire (AgNW)-modified electrodes

Silver nanowires (AgN'Ws) were initially selected for LEEFT disinfection because of their high
conductivity and intrinsically microbicidal properties. The AgNW-modified electrode consisted of
three parts: a substrate “backbone” that provided a network of support, a carbon nanotube (CNT)-
coating on the substrate to make it conductive, and the AgNWs for electric field enhancement.?*
26 Cotton and polyurethane sponges were selected as the backbone due to their large porous
structure, low price, and chemical and mechanical durability. The pore size of the substrate was
large enough (tens to hundreds of micrometers compared with the typically less than a few
micrometers for microorganisms) to enable high water flux and prevent biofouling or physical

screening.

The coating of CNTs onto the substrate was achieved by submersion in an aqueous CNT ink
(Figure 2a). Notably, the coating provided a conformal conductive network (~100 Q-cm) with a
single dip. Then, AgNWs suspended in a methanol solution were pipetted onto the textile to form
a secondary mesh structure (Figures 2b & c¢). After drying and rinsing, the final material was
ready to use with a further decreased electrical resistance of ~1 Q-cm. At this stage, the orientation

of the AgNWs was not yet fully perpendicular, and the nanowires were also not very uniformly
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distributed. The disinfection performance was evaluated using log inactivation efficiency (7, #=-
log1o(Ce/ Cin), where Cegr and Cj, are the effluent and influent microbial concentration), and the
bacterial and viral concentrations were measured by a standard plating technique and plaque assay,
respectively (Figures 2d & e). The AgNW-modified electrodes achieved an efficient inactivation
of bacteria (>6 logs, for both gram-positive and negative bacteria) and virus (>2 logs) (Figures 2f-

h). The applied voltage was 10-20 V and the energy consumption was about 100 J/L.26

2.2 Copper oxide nanowire (CuONW)-modified electrodes

Copper oxide nanowires (CuONWSs) were chosen for LEEFT disinfection because of the low
cost of Cu and the easy fabrication process. The authors heated Cu substrates (meshes or foams,
Figures 3a & b) in the air at 400-500 °C, and CuO nanowires grew vertically to the electrode
surface, as shown in Figure 3¢.3° The Cu mesh served as both the supportive backbone and the
precursor for the CutONWSs. After the oxidation process, the mesh turned black due to the formation
of CuONWSs. The fabricated nanowires uniformly covered the electrode surface, and more tips

were exposed as compared to the AgNW-modified electrodes (Figure 3c¢).

A measurement of the nanowire size was performed with the assistance of scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) (Figures 3¢ & d), and the
nanowire diameters were found to be mostly <30 nm. A monoclinic structure was observed by the
electron diffraction pattern using high-resolution TEM (HR-TEM), which confirmed the nanowire
material to be CuO instead of Cu,O (Figure 3e). A high inactivation efficiency was achieved with
a much lower applied voltage (1 V for >6-log inactivation of E. coli) during the subsequent LEEFT

disinfection experiments. In addition to artificial water samples, secondary effluents from
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wastewater treatment plants were also used as the water matrix to test the proficiency of LEEFT
in real-world applications, and a promising >4-log inactivation was achieved (Figure 3f).
Nevertheless, a short lifespan of the CuONW-modified electrodes was observed: after only
~10 min operation, the nanowires were mostly washed out, which caused disinfection failure. A
resulting Cu concentration of ~500 pug/L in the effluent was detected, indicating the fragile nature
of the CuONWSs grown on the electrodes. Thus, developing more durable LEEFT electrodes

became a primary research objective for LEEFT disinfection.

2.3 Copper phosphide nanowire (Cu;PNW)-modified electrodes

To enhance the durability of the electrodes, more durable materials were chosen to form the
nanowires. A copper phosphide nanowire (CusPNW)-modified electrode was next developed on a
Cu substrate for LEEFT disinfection. The fabrication of CusPNW-modified electrodes followed
two steps. First, the Cu mesh was electrochemically anodized in a NaOH solution to grow copper
hydroxide nanowires (Cu(OH),NWs). Then, the Cu(OH),NW-modified electrode was heated in
Argon (Ar) downwind of sodium hypophosphite at 100 °C for 2 hours. The color of the electrode
also changed from reddish-brown to blue to black during these two steps (Figure 4a). During this
phosphidation process, the Cu(OH),NWs were gradually converted to CusPNWs of approximately

~10 pm length and ~500 nm diameter (Figure 4b).3!

The successful fabrication of CusPNWs was evaluated by several methods. Elemental analysis
by energy dispersive X-ray (EDX) and inductively coupled plasma - optical emission spectrometry
(ICP-OES) showed an atomic ratio of 3:1 for Cu and P, respectively, and well-resolved lattice

fringes with an interplanar distance of 0.200 nm corresponding to the (300) plane of the CusP
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phase were observed via HR-TEM imaging (Figure 4c¢). The electrochemical durability of both
the Cu(OH),NW- and Cu;PNW-modified electrodes was also characterized by cyclic voltammetry
(CV). A much lower current response was observed on Cu;PNW-modified electrodes, which
indicated an elevated electrochemical durability (Figure 4d). Uniform distribution of Cu and P on
the nanowires was confirmed by scanning TEM (STEM) and the corresponding EDX mapping
(Figure 4e).With such electrodes equipped in a LEEFT device, the inactivation efficiency
remained high (>6 logs) for 12 hours, and no bacteria were detected on the agar plates throughout
the prolonged operation time. The Cu release was reduced to <50 pg/L, but shortened nanowires

were still observed by SEM after 12 hours of continuous operation.

2.4 Protective coating layer to enhance durability

Another method to enhance the durability of the electrodes was also explored: coating the
nanowire-modified electrodes with a protective layer. Poly-dopamine (PDA) was selected as the
coating material because of its high mechanical strength, good adhesive force, and facile
fabrication process. The fabrication of the CutONW/Cu;PNW-modified electrodes followed the
previous studies, after which the electrode was immersed in a dopamine solution at 40 °C for a
certain number of hours.’* Dopamine molecules then self-polymerized onto the surface of the
electrode, forming a uniform protective layer (Figure 5a).3% 34 After the coating, the substrate
remained porous, and the nanowire tips were still exposed, as indicated by SEM and TEM images
(Figures Sb-d). The thickness of the PDA layer was tunable and increased (from 25 to 100 nm)
with a longer coating time (from 4 to 24 hours) (Figure Se). Uniform, smooth coating layers and
clear nanowire-polymer interfaces were observed under TEM imaging (Figure 5f). The presence

of a successful coating also was confirmed with elemental mapping by EDX and element peak
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signals by X-ray photoelectron spectroscopy (XPS) (Figure 5g). In terms of the electrode
durability, the PDA-coated CuONW-modified electrode was continuously used for 16 hours at a
relatively low flux, and >6-log inactivation of E. coli was achieved during this operation time. The
lifespan of the PDA-coated electrode was thus almost 100 times longer than that of the bare
CuONW-modified electrode. Notably, for the PDA-coated Cu;PNW-modified electrodes, an
alternating current (AC) was applied instead of a direct current (DC) to power the disinfection. An
AC voltage with a sufficiently high frequency (usually >10* Hz) was theorized to effectively
reduce electrochemical reactions, which would greatly extend the lifespan of the electrode. With
only 1 V AC applied, the LEEFT cell was successfully operated for 15 days, again at a relatively
low flux and high bacterial inactivation efficiency (> 6 logs) (Figure 5h). This lifespan of 15 days
remains the best record thus far for LEEFT disinfection. The effluent Cu concentration also
remained at a very low level throughout the operation time (<10 pg/L) (Figure 5i), indicating a
minimum loss of electrode material, and thus elevated durability. Such a low Cu concentration

poses negligible toxicity to humans and is suitable for safe consumption.

2.5 Other nanowire-modified electrodes

The development of nanowire-modified electrodes for pathogen inactivation has already
attracted some global research interest. Some works studied the synergetic effects of LEEFT and
other disinfection methods (e.g., metal nanoparticles, reactive oxygen species (ROS), and joule
heating), while others aimed for the inactivation of airborne pathogens or antimicrobial surfaces
rather than water disinfection. Regardless, the presence of the nanowires on these electrodes
remains central to their good disinfection performance, giving insights into the potential

developments of future LEEFT electrodes for water disinfection.

10
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An electrode modified with branched CuONWSs and zinc oxide nanowires (ZnONWs) has
been demonstrated to give effective bacterial inactivation (>2 logs) in water.>> The CUuONWs
were first synthesized on a Cu foam via a wet chemical process, followed by a hydrothermal
method for ZnONW growth (Figure 6a). The CuONWSs were covered with ZnONW branches,
forming CuO—ZnONW hierarchical nanostructures (Figures 6b & c). This hybrid electrode
demonstrated a better inactivation efficiency than the ChtONW electrode alone for both gram-
positive and negative bacteria due to the larger number of active sites. Other hybrid electrodes
have been made by embedding silver nanoparticles (AgNPs) on either ZnONWs or CuONWs
(Figures 6d & e) using different loading methods, such as a wet chemical process,
electroplating, and a light irradiation method.3® For example, a cuprous oxide nanowire
(Cu,ONW)-modified electrode was synthesized by an in-situ chemical oxidation process,
followed by immersed in an AgNO; solution for AgNP loading. A high disinfection efficiency
for S. aureus and E. coli was achieved by the synergetic effects of Ag, electroporation, and

electrochemically generated ROS (Figure 6f).3

Using a synthesis method similar to the CuONW-modified electrodes, iron oxide nanowire
(IONW)-modified electrodes have been developed for the inactivation of airborne pathogens.
After heating, the strong mechanical strength of the iron substrate was retained, while the length
and diameter of the vertically grown nanowires were about 13 um and 120 nm, respectively
(Figures 6g & h). A high air-borne bacterial inactivation (~8 logs for S. epidermidis) was
achieved with 4.5 V applied voltage and 30 s contact time (Figure 6i).3® In another interesting
study, gold-coated tellurium nanowires (Au-TeNWs) were synthesized on carbon fiber fabrics to

enhance the antimicrobial effect of shoe soles (Figures 6j-1).3° Notably, the Au-TeNW-modified

11
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electrodes showed an elevated conductivity (~90 S/cm) over the bare TeNW-modified

electrodes, which made them more suitable for building up the strong electric field.

3. Discussion about the Desired Properties of the LEEFT Electrodes

Since an abundance of potential electrode materials exists, rational design should be applied to
the development of future LEEFT electrodes. According to the experience gained from previously
developed electrodes, we believe the desired LEEFT electrodes should possess the following four
properties: high conductivity, appropriate nanowire morphology, high durability, and low toxicity
to humans and the environment. In this section, these desired properties are discussed in terms of

the reasoning, theoretical explanation, and examples.

3.1 Conductivity

It is essential for the nanowire-modified electrode, including both the nanowires and the
substrate, to have a high electrical conductivity with no upper limit. Low conductivity, i.e., high
resistance, may result in significant voltage drops at the electrode, thus weakening the electric field
that can be built up near the tips of the nanowires. Highly conductive substrates made of metal or
graphite, such as those that have been commonly used in various electrochemical systems, are
preferred. Dielectric materials with desirable properties (e.g., porous polyurethane sponges) may
still be used as the substrate, but a coating of conductive materials (e.g., CNTs and/or graphene)
must be applied. For the nanowires, metallic materials (e.g., AgNW) with little electric resistance
will be preferred, while some semiconducting materials (e.g., CuO and CuzP) can also be sufficient

to enable effective disinfection. Theoretically, the conductivity of the nanowires (e.g., ~10%> S/cm

12
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for CuUONWs) should be significantly higher than that of the water matrix being treated (e.g., 5x10-

3 -2x1073 S/cm for natural fresh waters) in order to exhibit the lightning-rod effect discussed before.

3.2 Morphology of nanowires

The aspect ratio (length to diameter ratio) and density of the nanowires are two critical
morphological parameters for LEEFT electrodes. The lightning-rod effect, which causes a strong
electric field enhancement at the tip of a nanowire, is essential for inactivating microorganisms
with a lower voltage. The aspect ratio of the nanowires directly affects the electric field
enhancement factor (K), and the enhancement factor of a single, straight nanowire can be estimated

by Equation (1):

K=Fo=a5 (1)

where E and E| are the electric field at the nanowire tip and in the background, respectively, o is
a constant, and L and D are the length and diameter of the nanowire, respectively.?? Thus,
nanowires with higher aspect ratios should have a higher enhancement factor, which can reduce
the necessary applied voltage. Nevertheless, previous results indicate that a minimum applied
voltage exists for LEEFT disinfection, since the threshold of transmembrane potential (usually
around 1 V) should be met no matter how significant the enhancement factor is.!¢ Therefore, it is
probably not necessary to have nanowires with extremely high aspect ratios (e.g., more than a few
thousand). Nanowires with very high aspect ratios (e.g., CNTs and TiO,) are also typically more
flexible, making it difficult to stand them up straight on the electrode surface and expose the tips
(Figures 7a & b).*%-4! Furthermore, an extremely high aspect ratio may make the nanowires fragile

and reduce their durability in the water, which will be discussed further in Section 3.3.
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Besides the aspect ratio, the density of the nanowires grown on the electrode surface also
affects the LEEFT disinfection performance and should be limited to an appropriate range. A
significant number of nanowires with exposed tips on the electrode surface are required to ensure
the treatment capacity. However, if the nanowires are too densely packed, the distribution of the
electric field strength will be affected and the enhancement factor (K) at the tips will be reduced.
An extreme example is the vertically grown carbon nanotube (CNT) forest synthesized by alcohol
chemical vapor deposition (CVD) (Figures 7¢ & d).*> Thus, even though CNTs possess the
advantages of high aspect ratio and high conductivity, the tips of this particular nanomaterial are

not exposed individually to allow for the full electric field enhancement effect.

3.3 Durability

The durability of a LEEFT electrode can be measured by the time it effectively operates or the
volume of water it can treat while maintaining a high inactivation efficiency. Needless to say, the
electrode is preferred to be as durable as possible to reduce the overall cost of the LEEFT. For the
nanowire-modified electrodes, it is necessary for not only the nanowires and the substrate
themselves to be durable, but also the junction between them. The overall durability is mostly
determined by the electrode material and also affected by experimental conditions such as the
applied voltage and flux. As the most durable electrodes for LEEFT to date, the PDA-coated
Cu;PNW-modified electrodes can operate for as long as 15 days at a flux of 2 m3/(h-m?), a voltage
of 1 V, and an effective inactivation of E. coli (>6 logs), resulting in a total water treatment capacity

of more than 25 L for electrodes with an area of just 1 cm? each.

14
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The durability of the LEEFT electrode is affected by both its mechanical and electrochemical
properties. Flow-through or flow-by devices are typically used for LEEFT disinfection, so the
nanowires are subjected to the sheer force of the traveling water. Loss of nanowires due to their
detachment from the substrate and the resulting debris in the effluent have been observed in
previous studies.?? 33 Nanowires with a high aspect ratio will suffer from such mechanical erosion
and be ruptured rapidly. On the other hand, undesirable electrochemical reactions may occur when
a voltage is applied between the two electrodes. Surface acidification on the positive electrode can
cause the dissolution of metal ions (e.g., Cu ions from CuONW), weakening the nanowire. For
those LEEFT electrodes with metal components, direct electrochemical oxidation introduces these
ions into the effluent (e.g., Ag ions from AgNW or Cu ions from Cu substrates). Poor durability
in the water can thus lead to secondary contamination of the effluent with excess metal

concentration as well as electrode failure.

3.4 Toxicity

As the current LEEFT is targeted towards water disinfection, the materials used should be non-
toxic and pose as little threat as a possible to humans and the environment. Ideal electrodes would
have minimum solubility in water, regardless of the applied electric potential. If molecules or ions
do dissolve from the electrode, then they should be at levels which do not jeopardize people’s
health. For example, silicon nanowires (SiINWs) may be a good candidate for LEEFT electrode
modification due to their very low solubility.** Some electrodes may release molecules or ions to
the water at higher levels, either with or without an electrical potential, but the toxicity of the
released substances is manageable, and they are thus considered acceptable for water treatment,

e.g., previously developed AgNW- and CuNW-modified electrodes release Ag and Cu ions which

15
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can be toxic to humans above certain levels.26: 30 4 For these LEEFT electrodes, careful
examination of the potential hazardous substances in the effluent should be conducted to make
sure the concentrations are in the range below the recommended levels. For example, the maximum
contaminant level goal (MCLG) of Cu and Ag are 1300 and 100 ug/L, respectively, as regulated
by U.S. Environmental Protection Agency (EPA).#+4 Lastly, highly toxic materials should not be
used for LEEFT electrodes, even though they can be synthesized to nanowires that meet the other
criteria. For example, the MCLG of lead (Pb) is zero, which means Pb should never be used to

fabricate LEEFT electrodes for water disinfection.**

4. Strategies and Future Directions for Developing New LEEFT electrodes

To date, the nanowire-modified electrodes for LEEFT have been prepared by two different
strategies. In one strategy, the nanowires (e.g., AgNWs) are first prepared through solution-based
methods (e.g., catalyzed solution-liquid-solid (SLS) growth), made into a well-dispersed
suspension, and then applied to a conducting matrix by dip-coating or drop-casting.*6-*¥ The
advantage of this strategy is that high quality nanowires with high crystallinity and conductivity
can be prepared by a variety of existing methods.*>->3 Many studies for controlling the morphology
(e.g., length and diameter) of the nanowires have been reported and can readily be adapted to
realize the desired aspect ratios of the nanowires for LEEFT electrodes. However, preparing a
well-dispersed suspension of the nanowires as well as maintaining the suspension during storage
can be challenging. Another challenge specific to this strategy also exists; when modifying the
electrodes with these pre-synthesized nanowires, it is difficult to orient the nanowires vertically
rather than letting them lie down on the electrode surface. After assembly, only the tips of the

standing nanowires can be utilized most effectively for the LEEFT. The previous CNT-coated

16
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sponge could achieve a functioning attachment for the LEEFT fairly well because the CNT coating
provided an electrode surface with many microscale pores that the Ag NWs could be inserted

into.2¢

In the other strategy, the nanowires (e.g., CuO, Cu(OH),, and IONWs) are directly grown from
a conductive substrate using an oxidation method (e.g., thermal or hydrothermal).3% 31. 3% Some
post-synthesis treatments (e.g., annealing or CVD) can be applied to further tune the composition
of the nanowires for better performance (e.g., phosphidation of the Cu(OH),NWs to more stable
Cu3PNWs).31 55 In addition to being relatively simple and scalable, the major advantage of this
strategy is that the nanowires are naturally rooted on the electrode surface in a perpendicular
direction, and are thus favorable for the LEEFT. However, there are also several limitations. First,
this strategy is typically not applicable to metal nanowires that can achieve a higher conductivity.
Second, the types of nanowires that can be synthesized and the synthesis methods that can be used
are heavily restricted by the properties of the available substrates. And last but not least, the
methods to control the morphology (e.g., length, diameter, and density) of these nanowires on the

electrode surface are still not fully understood.>!-33

Notably, for both strategies, it is vital to keep the nanowires attached to the electrode “backbone”
with a sturdy junction that is also electrically conducting. Adding a protective coating layer (e.g.,
PDA) may serve to protect this junction as well as the nanowire body, reducing the undesirable
release of constituents (e.g., Cu) and extending the electrode lifespan.’? 3¢ However, the
application of such a protective coating may affect the conductivity and performance of the LEEFT
electrode for microbial inactivation and potentially introduce secondary contaminants as
well. More studies are needed to explore different coating materials and the application procedures

to achieve both significant enhancement of the electrode durability and minimum impact on the
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LEEFT efficiency. We believe that the future development of LEEFT electrodes will still primarily
rely on these two preparation strategies, but variations on the specific synthesis, assembly, and/or

coating methods are to be expected.

In addition to the Ag- and Cu-modified NWs demonstrated in previous LEEFT electrodes,
future developments may adopt other materials. For small scale applications, employing NWs
made of noble metals (e.g., Pt and Au) may be affordable and even preferable as they are expected
to be more durable and not readily ionized with a positive potential, i.e., under oxidation
conditions.>” Such nanowires could be fabricated by a template-based anodic aluminum oxide
(AAO) method.**>8 Silicon (Si) NWs are chemically inert with controllable morphology, and can
be much cheaper and promising for large scale applications.’® One major concern, however, is
their lower conductivity compared with metal NWs to build up the electric filed. Such a problem
may be alleviated by various doping methods.®* ¢! Carbon-based and conductive polymer NWs
are also alternatives for LEEFT electrodes.®? 93 Nevertheless, as mentioned in Section 3.2, the
fabrication of the desired morphology using these two categories of materials is a major obstacle.
Many opportunities and challenges for creative fabrication of nanowires exist, and other than
nanowires, 2D materials with available sharp edges may also be employed for LEEFT disinfection,

including nanorods, nanostraws, nanocones, nanoflakes, and nanoblades.®*7!

5. A General Guideline to Evaluate LEEFT Electrodes

More LEEFT electrodes are being developed, but a standard protocol to evaluate these
electrodes is still lacking, making it difficult for researchers to compare electrodes on an equivalent

basis. In this section, a general guideline to evaluate LEEFT electrodes is proposed and divided
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into three aspects: the electrode characterization, electrode durability, and disinfection
performance. Notably, the evaluation methods for LEEFT electrodes are not limited to the methods

stated here.

5.1 Electrode characterization

The morphology and structure of the electrodes can be studied using common material
characterization tools including SEM, TEM, and XRD. Typical results are shown in Figures Sbh-
g. Using high resolution SEM or TEM images, the diameters and lengths of the nanowires can be
measured and their aspect ratios calculated.’®-3! EDX can be performed in conjunction with these
high magnification techniques to analyze the elemental composition of the electrode (Figure 4e),
and XPS can be applied to study the surface composition (Figure 5g). With some maneuvering,
the mechanical properties of nanowires can also be measured. Specifically, an atomic force
microscope (AFM) can be used to determine the elasticity, strength, and toughness of individual
nanowires by pinning them at one end and measuring the bending force needed for nanowire

displacement and fracture (Figure 8a).7>

The conductivity of nanowires is usually measured by isolating single nanowires and
connecting each end to structures that can be probed for electrical resistance (i.e. conducting silver
paint or vapor deposited metal contacts). Liu et al applied a two-probe method to measure the
conductivity of a single CuONW that was removed from a LEEFT electrode (Figure 8b).?° This
standard two-probe method is useful for nanowires with greater resistivity or restricted geometry,
while a four-probe method that separates the current and voltage probes can be used to obtain more

sensitive readings.>* 73 The resistivity of very thin nanowires may be affected by their size because
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of quantum confinement; the conductivities of Bi, GaN and Si nanowires measured via the two-
probe method were found to transition from metallic to semiconducting at specific diameters.5% 74
75 More recently, Akin et al developed a less restrictive, contactless method to determine the
conductivity of individual nanowires by suspending them in solution and then measuring the

change in their orientation under fluctuating AC electric fields (Figure 8¢).”¢

The conductivity of the whole electrode can be measured via electrochemical characterization.
For this method, a potentiostat equipped with an electrochemical impedance spectroscopy (EIS)
board is required. A three-electrode setup should be applied with the developed LEEFT electrode
as the working electrode (WE), a counter electrode (CE, e.g., Pt or Ti), and a reference electrode
(RE, e.g., Ag/AgCl). The results of EIS measurements can be reported as Nyquist plots, from
which the resistance or conductivity of the whole electrode can be determined (Figure 8d).37- 77
Cyclic voltammetry (CV) sweeps can also be performed using this setup to illustrate the
electrochemical reactions taking place within a certain potential window (e.g., Figure 4d), giving

insights into the electrochemical stability of the electrode.?!

5.2 Durability test of the electrodes under different conditions

Previous studies have observed the loss and degradation of the nanowires on LEEFT electrodes
followed by the failure of microbial inactivation, which suggests that the insufficient durability of
the electrodes is a critical challenge.’!- 33 Nevertheless, a systematic durability test for LEEFT
electrodes has not been done. Such a test should aim to evaluate both the chemical durability of
the electrode under different electrochemical conditions and the mechanical durability under

different hydraulic conditions. Specifically, electrodes can be tested as the working electrode in a
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three-electrode setup in an electrochemical cell. Different electrochemical conditions controlled
by a potentiostat can be applied. The electrodes should be tested in different electrolytes, such as
phosphate buffer solutions with various concentrations and various pH values, to study the effect
of'ion strength and pH on the electrode durability. The electrolyte can also contain different organic
matters at various concentrations to investigate the impact of naturally-occurring organic matter.
There should be no mixing during these tests to avoid the loss of nanowires caused by hydraulic
scouring. To test the mechanical durability of the new electrodes under different hydraulic
conditions, water can be continuously circulated through the electrodes at different flow velocities.
In order to simulate real environmental water with suspended solids, the tested water samples can

be dosed with different sizes of particles (e.g., silicon dioxide) at different concentrations.

The morphological and structural changes in the electrodes after being applied for disinfection
treatment can be characterized using SEM and TEM at different times (Figures 3¢, 8¢). The weight
of the electrodes before and after the operation can be measured using a precision microbalance.
The release of the electrode materials into the effluent should be quantified. The released metals
(e.g., Cuor Ag) can be measured by atomic absorption spectrometry (AAS) or inductively coupled
plasma mass spectrometry (ICP-MS), while organic release can be determined by total organic
carbon (TOC) analysis. To differentiate the two types of release, i.e., dissolved or detached, the
samples can be pretreated by acid digestion, filtration, and/or centrifugation (Figure 5i).3!-33 With
all these results obtained, the major mechanisms (e.g., electrochemical corrosion and mechanical
erosion) that cause the degradation of the electrodes can be investigated, and the findings can then

suggest how to further improve the durability of the electrodes.

5.3 Disinfection performance
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The evaluation of the water disinfection performance of a LEEFT device equipped with the
nanowire-modified electrodes is essential if the electrodes are to be improved. It is acceptable to
test the disinfection efficiency with model bacteria (preferably including both gram-negative and
gram-positive strains) in a controlled matrix (e.g., synthetic water samples) to demonstrate the
proof-of-concept of high inactivation efficiency at the initial stage of electrode development. The
impact of the operation conditions (e.g., applied voltage and flux) on the disinfection performance
should be evaluated to find out the minimum applied voltage and/or maximum flux that allows for
a certain high level (e.g., 4, 5, or 6-log) of microbial inactivation. Long-term disinfection tests are
suggested to determine the maximum lifespan of the electrode. Notably, the scale and design of
the LEEFT reactor can significantly affect the disinfection performance. The majority of previous
electrodes were evaluated in a flow-through parallel reactor, and it may be better to establish such
a device as a standardized LEEFT reactor that can be applied for general evaluation and facile

electrode comparisons in the future.3% 31,33

6. Challenges and Opportunities

Previously, most of the disinfection experiments for LEEFT were carried out in a controlled
environment with known model bacteria.3% 3! Although a lifespan of 15 days has been achieved with
a total volume of 25 L of treated water, there is still a long way to go before the current laboratory
outcomes can be translated to real-world results. This is in part because of the limited options for
synthesis methods that are feasible for the required unique morphology (i.e., vertically-grown
nanowires on a substrate) of LEEFT electrodes. Previously used dip-coating methods suffered from
the difficulty of solution storage and unregulated nanowire orientation, while the oxidation methods

highly rely on and are thus constrained by the properties of available substrates. The selection of
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electrode materials is also constrained by the requirement of less or non-toxic substances for the
substrate and nanowires, as the application of LEEFT in water treatment should have minimal impacts
on human health. This excludes a broad range of metallic or metal oxide nanowires (e.g., Pb
nanowires) because of their easy dissolution in water under an applied electrical potential. Therefore,
developing effective LEEFT electrodes with new materials or through novel fabrication approaches
is particularly intriguing and opens a great opportunity for material scientists. On the basis of the
existing LEEFT electrodes, future research is expected to further improve their properties (e.g., the
aspect ratio of the nanowire and durability). For small scale applications, another direction is to
develop low-cost sacrificing LEEFT electrodes, which can be rationally designed to dissolve during

the LEEFT to enhance the treatment performance.

Significant improvements of the treatment capacity still need to be made before bench-scale
LEEFT devices can be scaled up for large applications (e.g., centralized water treatment plants). The
increase of treatment capacity (i.e., flux) can be achieved by either increasing the applied voltage,
reducing the pore size of the substrate, or improving the engineering design. Meanwhile, the
electrodes should be durable enough to minimize the maintenance. An increased voltage can indeed
enhance the disinfection performance and volume, but it inevitably introduces more electrochemical
reactions. Thus, the LEEFT electrodes would be more potential to become corroded, and theoretically
require an even higher electrochemical durability to withstand erosion. A porous substrate (e.g., a
foam) is currently used for nanowire growth; reducing the pore size of the substrate can decrease the
time needed for the pathogens to travel to the regions of high-electric field, and thus increase the
inactivation efficiency. Of course, an overly small pore size could lead to clogging and biofiltration
rather than successful LEEFT disinfection. Lastly, the process of LEEFT disinfection can be

optimized from an engineering perspective. For example, baffles can be added into the reactor to
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adjust the flow pattern and enhance mixing. This may be beneficial to facilitate microorganism
transport to the vicinity of the electrode surface. In general, when a higher flux is enabled, regardless
of the method, more attention should be placed on the mechanical durability of the electrodes, since

each individual electrode will need to endure higher flux (i.e., higher sheer force).

Another critical issue for LEEFT is the unpredictable disinfection performance and electrode
durability in complex water matrixes. The bulk of previous studies tested the inactivation efficiency
using synthetic (DI water or saline solution) or filtered natural water samples.?% ¢ In reality, however,
the existence of natural organic matters, ions, and suspended particulates may greatly lower the
disinfection efficiency. Previous studies have tried to tackle this problem by investigating the
influence of pH, ionic strength, ion type, and organic matters.”® Nevertheless, a systematic and
detailed understanding of the effects of water quality parameters on the electrode durability and the
mechanisms behind is still required. For example, it is worth investigating the fouling of the LEEFT
electrodes when natural organic matters (of different concentrations, molecular weight, functional
groups, and solubility) exist in the water. The influence of the water conductivity on the rate of
electrode erosion should also be studied, since a higher conductivity leads to more electrochemical
reactions with a constant voltage operation, and thus higher potential of the dissolution of metal/metal
oxide electrodes. Long-term monitoring of the water quality during LEEFT disinfection is also
suggested to be included in the future research. On the other hand, more studies using natural water
samples are needed to evaluate the true disinfection performance and electrode durability of LEEFT
technology. Investigations of the disinfection process in different water matrixes will surely promote

the development of real-world applications of LEEFT.

The development of existing LEEFT electrodes has taken the technology into an exciting and

competitive sphere, and despite challenges in the synthesis and selection of electrode materials,
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nanowire-enabled LEEFT has shown great potential as an alternative disinfection technique to
traditional chlorine-based water treatment. An immature understanding of the underlying mechanisms
and impacts of real-world conditions must be overcome; however, the success of LEEFT remains
impressive. After all, only 1 V of applied voltage is necessary for the complete (>6-log) inactivation
of bacteria that can be accomplished within seconds. The continued growth and advancement of this
technology are to be expected, and future efforts for the development of new electrodes will likely
lead to an even more polished electrode durability and disinfection performance. Currently, LEEFT
technology has mainly been applied for water disinfection. As the COVID-19 pandemic is currently
posing enormous threats to public health and the global economy, it would be intriguing to extend the
applications of LEEFT to the disinfection of bioaerosols and contaminated surfaces. Overall, LEEFT
technology promises great returns in the form of extraordinarily fast, low cost, easily operated,
environmentally-friendly, and chemical-free drinking water disinfection that is effective against a

broad spectrum of human pathogens.
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Figure 1. Introduction to locally enhanced electric field treatment (LEEFT). (a) Schematic of
water carrying bacteria through porous electrodes for LEEFT inactivation. (b-¢) Schematic (b)
and COMSOL simulation (¢), respectively, of lightning-rod effect at the nanowire tip, which
enhances the external electric field. (d) Optical image of a LEEFT device equipped with the

nanowire-modified electrodes.>°
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Figure 2. Highlights of the AgNW-modified electrodes. (a) Synthesis method of AgNW-
modified electrodes showing the substrate before coating, after CNTs coating, & after AgNWs
coating. (b & ¢) SEM images of post-synthesis AgNW electrodes (b for polyeurathane sponge and
¢ for cotton textile), with inset in (b) of high-magnification SEM image showing individual
AgNWs. The sponge substrate provides a more continuous framework, increasing the uniformity
of the AgNWs coating as compared to the cotton substrate. (d & e) Schematic of disinfection
experiment procedures for bacteria (d) and viruses (e), respectively. (f-h) Log inactivation

efficiency of LEEFT for Escherichia coli, Bacillus subtilis, & bacteriophage MS2, respectively, at
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different voltages. The error bars in h represent the standard deviations of each triplicate

measurement.?3: 26
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Figure 3. Highlights of the CuUONW-modified electrodes. (a & b) CuUONW grown on mesh (a)
or foam (b) substrates via heating in air. (¢) SEM image of CuUONWs grown vertically to the
electrode surface. (d) TEM image providing accurate diameter measurement. (e) Crystal structure
verification (CuO not Cu,0O) by HR-TEM. (f) Log removal efficiencies of LEEFT for Bacillus

subtilis, Enterococcus faecalis, and total bacteria analyzed by heterotrophic plate count (HPC) in
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secondary effluents from wastewater treatment plants (WWTPs). Dashed lines indicate all bacteria

were inactivated and no live bacteria could be detected.?%: 3°
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Figure 4. Highlights of the Cu3PNW-modified electrodes. (a) Optical images of the Cu
(substrate), Cu(OH),NW-modified Cu (intermediate), and Cu;PNW-modified Cu (product)
meshes. (b) SEM images showing Cu;PNWs have a diameter of ~500 nm and length of 10 pum,

standing vertical to electrode surface. (¢) High resolution TEM of the CusPNW crystal structure.
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(d) Better electrochemical stability of CusPNW than Cu(OH),NW indicated by CV test with a
sweeping rate of 10 mV/s. (e) STEM images with EDX elemental mapping of a single CusPNW

nanowire.3!
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Figure 5. Highlights of the PDA-coated electrodes. (a) PDA synthesis method and schematic
with PDA-coated CuONW as an example. (b-d) SEM images of the PDA-coated CuONW-
modified electrode showing that the PDA coating does not affect the substrate microstructure or
cover the tip of nanowires. (¢) TEM images showing that the thickness of the coating layer is well
controlled by the coating times, from 4, 12, 16, to 24 h (I, I1, III, and IV, respectively). (f) HR-
TEM image showing a clear interface between CuO and PDA. (g) Element confirmation of the
PDA-coatd CuONW-modified electrode by XPS. (h) Disinfection performance of LEEFT with an
AC voltage (1 V). The lifetime of 15 days is the best record for LEEFT electrodes so far. (i)
Effluent Cu concentration during the disinfection experiment in h. The concentrations for the
PDA-coated CusPNW-modified electrode are under 5 pg/L indicating high electrode durability

and trivial toxicity to humans.3334
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Figure 6. Highlights of other nanowire-modified electrodes. (a) Synthesis schematic for CuO-
Zn hybrid nanowires. (b & ¢) SEM images of the CuO-ZnO hybrid nanowires & hierarchical
nanostructures. (d) SEM image of the AgNP-doped Cu,0O nanowires and (e¢) TEM image of the
AgNP-embedded CuO electrodes. (f) Schematic of electroporation working in synergy with ROS
and AgNPs for water disinfection. (g & h) Optical and SEM image of IONWs. (i) Disinfection

performance of IONWs for airborne Staphylococcus epidermidis. (j) Schematic diagram of a
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wearable fiber-based electroporation device. (k & 1) SEM images showing the TeNWs and Au-

TeNWs coated on carbon fiber fabrics.35-37-39:54.79

Figure 7. Unfavorable nanowire morphology for LEEFT electrodes. (a & b) SEM images of
pure TiO; (a) and Ag/TiO, (b) nanofibers. (¢ & d) SEM images showing vertically well-aligned

CNTs over a large area (¢), and in an enlarged and perpendicular view (d).4!- 42
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Figure 8. Selected nanowire characterization methods. (a) Nanowires pinned down at one end

with a deposited SiO; pad (schematic in I, optical image in II, AFM image in III) can be bent by

an AFM tip to measure the mechanical strength as a function of displacement (schematic in IV).

(b) Conductivity measurement for a single CuONW using two-probe method. (¢) Schematic of the

contactless measurement of nanowire conductivity using solution-based electro-orientation

spectroscopy. (d) Example Nyquist plots for the C/Cu,O-AgNPs electrodes. (¢) SEM images

comparing PDA-coated CusPNWs and their tips before and after LEEFT treatment as negative

electrode.2%-37. 72,76, 77
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Table 1. Summary of water disinfection methods with the associated mechanism, advantages, and disadvantages.

Methods Examples Mechanism Advantages Disadvantages Ref
- dati : 80-82
. . Oxidation of pathogemg Easy to operate, cost- DBP formation, chemical
Chlorine, Chloramines, = components (e.g., proteins, effective, fast and effective )
. . o L NTET . ; storage and transportation,
Chemical Chlorine Dioxide, nucleic acids, lipids, and disinfection (strong
i . : . unfavorable taste and odor,
disinfectants ozone, and Peracetic enzymes) through the oxidants), residual T
. . . - . poor inactivation of protozoa
acid (PAA) application of chemical antimicrobial power (weak o
. . and endospores (chlorination)
_ oxidants oxidants)
< T— 83, 84
= Electro chlorl.nan.on,. Electrochemical production Easy to operate, low-to Expensive electrodes (BDD),
= silver-copper ionization . S . medium cost, broad . .
2 Electro- of disinfectants in-situ, either . introduction of secondary
5 . (SCI), and boron doped . . spectrum pathogenic )
chemical . oxidants or toxic heavy . . . contaminants (heavy metal
diamond (BDD) inactivation, medium .
metals . . ions)
electrodes maintenance required
Oxidation through reactive No DBP formation, no need Low overall efficiency, 85,86
Photo- Example catalysts: TiO,, oxygen species (ROS) for complex equipment and  further decreased efficiency in
catalysis WO;3, WS,, and CdS generated by catalysts chemicals, economically high turbidity water, low
exposed to irradiation friendly and nontoxic (TiO,) throughput
: 81, 82,
Mercury vapor-filled . . No DBP formation, rapid Pathogen self-repair and 87
. Disruption of DNA and . regrowth after treatment, poor
Ultraviolet ~ UV lamps, UV-LED, . . process and high S .
. . destruction of culturability by . inactivation of certain viruses,
(UV) and solar disinfection L throughput, diverse . Lo
shortwave irradiation decreased efficiency in high
(SODIS) wavelengths (UV-LED) e
turbidity water
— . . 81, 82
= .82,
2 . Physical screening of No D.BP formation, h1gh Pathogens are not inactivated, ss
2 Ultrafiltration (UF), . efficiency, modular design, . . .
2 Membrane . pathogens with controlled high cost, high maintenance,
~ . nanofiltration (NF), and . . can remove other
filtration ) pore size driven by pressure, . flux decrease due to
reverse osmosis (RO) . contaminants .
or temperature difference . membrane fouling
simultaneously
o Heat-induced irreversible . . 82,89
Thermal Boiling, photothermal, denaturation and breakdown Easy to operate, sustainable, Long treatment time, labor

SODIS

of proteins and genomes

cost-effective (SODIS)

intensive, low throughput
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Electric-field-induced . 10,27,
. . . . No DBP formation, broad- . . 90
Electric . irreversible electroporation ; Electrode erosion, high
Pulsed electric field . spectrum pathogenic .
field damages the bacterial cell ) L . energy consumption,
treatment (PEFT) . inactivation, no chemical .
treatment membrane by a high external . operational safety hazards
requirement
voltage
Nanowire-modified 31,56,

electrodes enhance the

Local!y enhanced electric field locally to
electric field treatment achieve irreversible
(LEEFT)

electroporation, which thus
reduces the external voltage

No DBP formation, broad-
spectrum pathogenic
inactivation, no chemical
requirement, low energy
consumption, safe operation

Electrode erosion, decreased
efficiency in complex water
matrixes, potential complex
fabrication, and potential for
health risks from exposure to
nanomaterials
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Table 2. Summary of key parameters of previous LEEFT electrodes.

Material Morphological parameters LEEFT disinfection parameters
Length Diameter Aspec Minimum Capacity™ Energy Effluent metal — Durability Model pathogens™* Ref
(um) (nm) tratio® voltage (m3/(hm?)  consumption”  concentration
AgNW- 5-20 <100™**  50- 10vDC 15 100 ~70 ng/L Ag N.R.™™ E. coli (-), Salmonella 26
modified * 200 enterica (-), Bacillus
electrodes subtilis (+), Enterococcus
faecalis (+), and MS2
CuONW-  >10 <30 ~333  1VDC 2,57 25 ~800 pg/L Cu 10 min E. coli (-), Salmonella 29,30
modified enterica (-), Bacillus
electrodes subtilis (+), Enterococcus
faecalis (+), and MS2
Cu;PNW- ~10 ~500 ~20 1VDC 2 1.2 <30pg/LCu 12h E. coli (-), Enterobacter 31
modified hormaechei (-),
electrodes Enterococcus durans (+),
and Bacillus subtilis (+)
PDA- ~5 30-130 38- 1V DC 1.8 4 ~25 pg/L Cu 16 h E. coli (-), Enterobacter 33,56
CuONW- 167 hormaechei (-), Bacillus
modified subtilis (+), and
electrodes staphylococcus epidermidis
)
PDA- ~10 520-590 ~20 1 VAC 2 N.R. <5 ng/L Cu 15 days E. coli (-), Enterobacter 34
Cu;PNW- hormaechei (-),
modified Enterococcus durans (+),
electrodes Bacillus subtilis (+), and

MS2

* The aspect ratio is calculated from dividing the average length by the average diameter of the nanowires.

** The capacity, energy consumption, and effluent metal concentration summarized in this table are the conditions where 6-log of E.
coli was achieved by the minimum applied voltage.
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EE TS

The gram-negative and gram-positive bacteria are denoted as “(-)” and “(+)”, respectively. No denotation indicates a model virus
(MS2).

kskokok

N.R. stands for “not reported” in the origin literature.

ksfeokokok

The value was not reported in the origin literature, but measured/ calculated in this work.
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