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ABSTRACT: The polluted air is easy to breed harmful substances such as bacteria and viruses which exist in biological aerosols

and enter the human body through respiratory contact, seriously threatening people's health. Common disinfection methods include
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ultraviolet irradiation, heating, plasma treatment, bactericide, etc., which are difficult to be used on a large scale in real life
because of high cost and great side effects. Therefore, there is an urgent need for a safe, energy-saving and efficient way to
improve air quality. The work aims to propose an energy-saving and environmental-friendly air purification method, which uses
electroporation technology to realize efficient inactivation of bacteria in flowing air. Electroporation means that under the
stimulation of ultra-high voltage electric field, the permeability of cell membrane changes and the irreversible perforation
occurs, which leads to the death of bacteria. This method is energy-intensive and dangerous. Based on this, low-voltage
electroporation technology avoids the above shortcomings, and relies on the tip discharge effect of nanowires to realize local
high-voltage electric field at the tip of nanowires under low voltage input. This electric field amplification effect can usually
increase the electric field by several orders of magnitude. In this work, the surface of copper foam was treated by thermal
oxidation and chemical etching, and the in-situ growth differences and conditions of nanowires were explored. The results
showed that the size of nanowires grown by thermal oxidation was small and uneven, and nanowires with good morphology
were obtained at 400 ‘C. Copper oxide nanowires with uniform density and good stability were prepared by alkali etching. In
order to further improve the conductivity and mechanical stability of nanowires, polyaniline was deposited on the surface of
copper oxide nanowires, and a C-CuO/PANI nanowire bactericidal material was constructed. The P-P homogeneous junction
formed by the combination of CuO and PANI could greatly promote the generation of carriers and holes under the condition of
electric load and improve the electrocatalytic efficiency. It was proved by impedance test that the conductivity of C-CuO/PANI
nanowire sterilization material was improved. At the same time, the sterilization material was put into the electric field
sterilization device, and the sterilization rate of air was 99% at 12 V AC voltage and 1 m/s working flow rate. It had an efficient
bactericidal effect on Escherichia coli and Staphylococcus aureus. In order to explore the sterilization mechanism, it is necessary
to verify the sterilization mechanism other than electroporation effect. Reactive oxygen species staining and electron
paramagnetic resonance confirm the existence of intracellular reactive oxygen species and extracellular -OH. This shows that the
conduction band position of the formed P-P heterojunction is negative enough. Under the applied voltage, after the electron
transition at the conduction band, the energy carried by the holes can effectively oxidize H,O into -OH. The sterilization
mechanism of C-CuO/PANI nanowire sterilization material is caused by the electroporation effect caused by the local enhanced
electric field at the tip of the nanowires and the strong oxidation of bacteria by active oxygen. This work provides an
energy-saving and efficient way for air purification.
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Fig.5 Inactivation rate of electrodes for Escherichia coli and Staphylococcus aureus at different voltages and air flow rates



54 103 UL, 55 SRR LR T RO K 2 SR LA AT - 243 -
C-CuO/PANL
Kl 6 C-CuO M C-CuO/PANI & & A BHEA Al Ht [ LA [ 28 SR 4 R AT 3 A
B (5 4 BRI R AT AR T SE 3 S RO BB - M R R R
Fig.6 C-CuO and C-CuO/PANI, agar plate culture photos of composite materials after sterilization
experiments on Escherichia coli and Staphylococcus aureus at different voltages and air flow rates
c d _
TEMP '0, — 10V DMPO -0; — 10V
0V — 0V

= e
S S
2 2
= =

3330 3360 3390 3420 3300 3330 3360 3390 3420 3450

Magnetic field/G Magnetic field/G
¢ | DMPO -OH —10V | f 00l [ Total
— 0oV I ROS
- S 801
3 Ll cw
= A ‘ | e | = 601
2 [ A ey 3
= 3 -
A 20t —‘

K 7

Magnetic field/G

34503 46534803 4953 5103 5253 5403 555

E.coli

1 C-CuO/PANT HLAR AL B 1) K7 AF 1 1) ROS Y@ &1% (a~b ),

HHL 10 V5 A8 B AF R EPR 3K (c~e ). ROS ZRH 5 1L (f)
Fig.7 ROS staining images of Escherichia coli treated with C-CuO/PANI electrode (a-b),
EPR test with and without power on 10 V (c-e) and ROS sterilization ratio (f)

S.aureus

FUA R R SR S b e, T RUA RO H0 Ak
M-OH, EAbfih 2.8 V, 7E AR A A LRE 11X
WF F (3.05V), [EBHAE Oy i JF-0,, B

{7 °4-0.33 V., -OH F1-O, 1] LLA 500 YR 40 B % 1t e
FI LA S AR N DNA . 8 E S, SR st .
AT #E—EHE ROS FIARF ik, #4757 ROS



2025 4F- 5

TE I o A P TR BB 40 KO T B B 2R FL 5 ROS
AP RIRCR , PR At F 28 e H KR R ROS 8 2517
R 3 20 A T Hp AR A I B B A R R S 6 S
W5 10 mmol/L AL H IKIR A, PRk HFE L AR
R DR R SC 80, i s AT R R A R, A
A e T R A A S I ) A T R RS S A
JUR B 4 7 3% R 2 2% B ROS BT 2K WKl 7 s
PL C-CuO/PANI SRR HLRATEL, 7E 10 V Fl 1 m/s
23 ST X R I R TR RN 4 B0 3 A BR A AT R A
SEEy, ROS AW Ak 2] 25.4%F1 27.9%, X i
WS BN K TR AL R AR, BRI R R
2 L SEFL RS P RV E T R 45 2R

3 Hig

ARSCIETF 2 Gy P A AN L B AT B A i B
X —SHE R, BT — RS TR R LB AR B A
AT, SEEL T I BN A AR e AR A R KT o
BARZSBIT .

1) 38 35 IR AE RN b 2% 2 ok AN () 2 T Ak 38 B
PRIT T WO TR AR e A R 2R A K 22 5%, TE A 22 2 il
s AR LB HIYS), ER R

2) K RIRREUIARAE A AL [, WIS T Y580
i) C-CuO/PANI KR FE ML, —H B A 58T
B P-P [ 0 7 3, R AL SE T L 17 2R 550 T 200
THZB g, 5 T EAERCE,

3) C-CuO/PANI REAMEIE 10 V A, 1 m/s
[ 23 S N X KM AT B LA B 4 B 00 3 2 BR 1 0 1)
iKE] 99.32%F1 99.45% M) A WRCE, BT C-CuO
YR A KL

4) C-CuO/PANI &G AR AR R AL AT LA
R —HE GO EE R AE SN FL /R F R () Jm 1 98 v 35
FNE PR IS 2 FRAIL ] A FE G R0

S 3k

(1 HE, S, IR, . BRI 5 1 T (A

ST T EUBR A R WS T TS )], REEOR,
2024, 53(4): 68-76.
TIAN Y, PU Y N, SUN T X, et al. Microbiologically
Influenced Corrosion of Nickel Caused by Sulfate-
Reducing Bacteria under Different Levels of Headspace
Volume[J]. Surface Technology, 2024, 53(4): 68-76.

2] 5%, IR K. UVC-LED AREEHARLEZSIE 15
FMRBETHZE AT, A, 2022(S1): 646-649.
LU J H, WEN B, ZHANG X. Analysis of Design Factors
for the Application of UVC-LED Sterilization Technology
in Air Conditioning[J]. Journal of Appliance Science &
Technology, 2022(S1): 646-649.

3] KEA, BRKWI, DI5x. dhdess i RGN AT

(5]

(8]

(9]

(10]

(11]

[12]

I H[I]. BEZgiginlui, 2004, 25(14): 8.

ZHANG C J, CHEN C M, MA Q Y. Application of
Ultraviolet Germicidal Lamp in Central Air Conditioning
System[J]. Journal of Medical Forum, 2004, 25(14): 8.
CADO G, ASLAM R, SEON L, et al. Self-Defensive
Biomaterial Coating Against Bacteria and Yeasts: Pol-
ysaccharide Multilayer Film with Embedded Antimicrobial
Peptide[J]. Advanced Functional Materials, 2013, 23(38):
4801-4809.

XU, i, ZEEE, 55 R H AR 2 JH B (L
REHAR[1]. FHEHE, 2022(S1): 637-641.

LIU Y, GAO X, LIANG Y C, et al. Discussion on Health
Function Technology of Japanese Household Air
Conditioner[J]. Journal of Appliance Science & Technology,
2022(S1): 637-641.

AR, EARE, BRSENI, A BB ST TR L
AE AR 28 K BEIE IR S S PERELT]. RIEIHIAR, 2023,
52(5): 268-277.

LI S M, LI X L M, CHEN S G, et al. Preparation and
Properties of Anti-Fatigue and Antibacterial Double-
Network Hydrogel[J]. Surface Technology, 2023, 52(5):
268-277.

ORI, WRSFNIL R BE X PR S8 PR B R k30 J5L T i
HERA SR ImAT N s []. REEAR, 2022, 51(3):
95-102.

SONG Y, CHEN S G. Effect of Temperature on Corrosion
Behavior of Copper-Nickel Alloys by Sulphate-Reducing
Bacteria in Anaerobic Environment[J]. Surface Technology,
2022, 51(3): 95-102.

TIAN J J, FENG H Q, YAN L, et al. A Self-Powered
Sterilization System with both Instant and Sustainable
Anti-Bacterial Ability[J]. Nano Energy, 2017, 36: 241-249.
B, VTR, ZRARAE, S AR R R R
RN A B RBCR B AL RS2 R BEFE (7] B il 2 4 i A
M2, 2024, 15(6): 204-210.

HU M M, BAI X Y, LUAN D L, et al. Study on the
Influence of Electric Field Strength on the Inactivation
Effect and Mechanism of Non-Thermal Effect of
Microwave Field[J]. Journal of Food Safety & Quality,
2024, 15(6): 204-210.

Pk, AR, SEREN]. IRSREE BT X R 2 X
IR R PSR B R T 2 e [T £ Tl B
2024, 45(23): 331-340.

JIA H X, WANG J G, QI X M. Effect of Low-intensity
DC Electric Field on Sterilization Effect and Storage
Quality of Penaeus Vannamei[J]. Food Industry Science
and Technology: 2024, 45(23): 331-340.

JR4ta, ARF, £, 55 m R EEORPEST
[J1. WZEA5E, 2023, 37(9): 52-59.

KUANG J Y, LIN Y, WANG L, et al. Research Progress
in High-Voltage Electric Field Sterilization Technology[J].
Meat Research, 2023, 37(9): 52-59.

FHEY, SESChm, Mg, 4. AR R] IR ik i 3 A 2
AR [I]. mHERR, 2024, 50(4): 1760-



54 103

s SRR R 2R T T RE I b L 3 A SR BT ALER AT 5 - 245 -

[13]

[17]

(18]

[19]

(20]

1768.

TIAN Y, FAN W S, LU W J, et al. Effect of Electrode
Gap on the Sterilization Effect of Pulsed Electric Field
Processor[J]. High Voltage Engineering, 2024, 50(4):
1760-1768.

HUO Z Y, KIM Y J, SUH 1Y, et al. Triboelectrification
Induced Self-Powered Microbial Disinfection Using
Nanowire-Enhanced Localized Electric Field[J]. Nature
Communications, 2021, 12(1): 3693.

WANG D W, ZHU B, HE X, et al. Iron Oxide Nanowire-
Based Filter for Inactivation of Airborne Bacteria[J].
Environmental Science Nano, 2018, 5: 1096-1106.
HWANG G B, PARK H S, BAE G N, et al. Effects of
Electric Field Strength on an Antimicrobial Air Filter[J].
Aerosol and Air Quality Research, 2014, 14(3): 1028-1037.
SHI J G, Al Z H, ZHANG L Z. Fe@Fe,0; Core-Shell
Nanowires Enhanced Fenton Oxidation by Accelerating
the Fe(IlT)/Fe(Il) Cycles[J]. Water Research, 2014, 59:
145-153.

PAVLUKHINA S V, KAPLAN J B, XU L, et al
Noneluting Enzymatic Antibiofilm Coatings[J]. ACS
Applied Materials & Interfaces, 2012, 4(9): 4708-4716.
BRATSKAYA S, MARININ D, SIMON F, et al. Adhesion
and Viability of Two Enterococcal Strains on Covalently
Grafted Chitosan and Chitosan/Kappa-Carrageenan
Multilayers[J]. Biomacromolecules, 2007, 8(9): 2960-2968.
SHI Z, NEOH K G, ZHONG S P, et al. In Vitro
Antibacterial and Cytotoxicity Assay of Multilayered
Polyelectrolyte-Functionalized Stainless Steel[J]. Journal
of Biomedical Materials Research Part A, 2006, 76A(4):
826-834.

AR A, XIBE, SRR, 45 AP IEIREE T TiO,
ARG REINIZ 5 MoS, RDLRL L ATERERTTE[T]. R

[21]

(22]

(23]

[26]

AR, 2024, 53(22): 210-219.

HU J Y, LIU Q, LAI L J, et al. Photoelectrochemical
Properties of TiO, Nanotube Array Composite MoS,
Prepared by 2-Step Anodization Method[J].
Technology, 2024, 53(22): 210-219.

CUI S G, CHEN S G, WANG H Y, et al. N-Doped
Carbon-Coated Cu;S; Nanowires on Cu Foam Supports
for Water Disinfection[J]. ACS Applied Nano Materials,
2021, 4(6): 6124-6134.

DONG L T, CUI S G, SUN X, et al. Copper Sulfides
(Cu7S4) Nanowires with Ag Anchored in N-Doped
Carbon Layers Optimize Interfacial Charge Transfer for
Rapid Water Sterilization[J]. Journal of Colloid and
Interface Science, 2024, 654: 1209-1219.

DING F, LIU S, PENG S, et al. A Near-Infrared-Activated
Heterostructure Endowed Nerve Scaffold with Electrical

Surface

Stimulation and Antibacterial Performance[J]. Materials
Today Sustainability, 2023, 24: 100579.

KAUR S, LYTE P, GARAY M, et al. Galvanic Zinc-
Copper Microparticles Produce Electrical Stimulation that
Reduces the Inflammatory and Immune Responses in
Skin[J]. Archives of Dermatological Research, 2011,
303(8): 551-562.

WANG C F, LEI J, MAO C Y, et al. Defective
S-TiO,—X/CeO, Heterojunction for Mutual Reinforcing
Chemodynamic/Sonocatalytic Antibacterial Therapy and
Sonoelectric/lon-Activated Bone Regeneration[J]. Advanced
Functional Materials, 2023, 33(41): 2306493.

WANG S T, WANG W, YUE L F, et al. Hierarchical Cu,O
Nanowires Covered by Silver Nanoparticles-Doped
Carbon Layer Supported on Cu Foam for Rapid and
Efficient Water Disinfection with Lower Voltage[J].
Chemical Engineering Journal, 2020, 382: 122855.



