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Fully inactivating SARS-CoV-2, the virus causing coronavirus disease 2019, is of key importance for inter-
rupting virus transmission but is currently performed by using biologically or environmentally hazardous
disinfectants. Herein, we report an eco-friendly and efficient electrochemical strategy for inactivating the
SARS-CoV-2 using in-situ formed nickel oxide hydroxide as anode catalyst and sodium carbonate as elec-
trolyte. At a voltage of 5 V, the SARS-CoV-2 viruses can be rapidly inactivated with disinfection efficiency
reaching 95% in only 30 s and 99.99% in 5 min. Mass spectrometry analysis and theoretical calculations
indicate that the reactive oxygen species generated on the anode can oxidize the peptide chains and
induce cleavage of the peptide backbone of the receptor binding domain of the SARS-CoV-2 spike glyco-
protein, and thereby disables the virus. This strategy provides a sustainable and highly efficient approach
for the disinfection of the SARS-CoV-2 viruliferous aerosols and wastewater.

� 2020 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

The pandemic coronavirus disease 2019 (COVID-19), a pneumo-
nia caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), has killed millions of people worldwide since its
outbreak in late 2019 [1]. Effective vaccines or drugs are still under
development for the treatment of the SARS-CoV-2 infection as of
press time [2–5]. Governments implement strict measures such
as social isolation, wearing medical face mask, and timely disinfec-
tion to interrupt transmission of the infection and ensure public
health [6–8]. However, the extremely high infectivity of the
SARS-CoV-2 makes it a great challenge to prevent and control the
pandemic. With daily increase of over 200,000 new infections
worldwide recently, the COVID-19 patients in hospitals, communi-
ties, or public places produce enormous quantity of viruliferous
aerosols and effluents with high infectious risk [9–12]. More
importantly, the SARS-CoV-2 was found to be able to survive in
the wastewater for several days and thus the potential spread of
the virus via sewage must not be neglected [13–15]. Such situa-
tions exert great pressure in the disinfection of aerosols and
wastewater containing the SARS-CoV-2.

Several strategies, including numerous disinfectants [16] and
UV-C light [17], have been suggested for the disinfection against
the COVID-19, in which chlorination is the most popular disinfec-
tion technology [16,18]. As strong oxidants, chlorine-containing
disinfectants, e.g., liquid chlorine, chlorine dioxide and sodium
hypochlorite, can damage the cell wall of microbes or viruses
and intervene their metabolism, and consequently destroy them
by oxidation [9,19]. Despite its high effectiveness in disinfection,
chlorination is still disadvantaged in generating toxic and carcino-
genic by-products such as chloroform or haloacetic acids [18].
Under the increasingly serious situation of the pandemic, disinfec-
tion against the SARS-CoV-2 tends to be normalized in a long per-
iod of time. Relying on heavy use of chlorine-containing
disinfectants results in great environmental pressure. Thus, it is
of critical importance and urgent to develop green and sustainable
methods for efficiently disinfecting SARS-CoV-2 viruliferous aero-
sols and wastewater without forming environmentally hazardous
by-products.

Herein, we report an environmental-friendly and efficient elec-
trochemical disinfection method for inactivating the SARS-CoV-2

https://doi.org/10.1016/j.scib.2020.12.025
mailto:wangfj@dicp.ac.cn
mailto:ybhu@wh.iov.cn
mailto:dhdeng@dicp.ac.cn
https://doi.org/10.1016/j.scib.2020.12.025
http://www.sciencedirect.com/science/journal/20959273
http://www.elsevier.com/locate/scib


Y. Tu et al. Science Bulletin 66 (2021) 720–726
in chlorine-free aqueous solution, in which the virus is oxidized
and killed by the oxidative species generated on an ultra-stable
Ni foam anode. At a voltage of 5 V, a disinfection efficiency of
95% is reached in only 30 s and 99.99% in 5 min. Spectroscopic
and spectrometric analyses combined with density function theory
calculations demonstrate that the formed O* on the lattice oxygen
(OlatO*) of in-situ formed nickel oxide hydroxide (NiOOH) anode
surface, can oxidize the peptide chains and decompose the peptide
backbone of the receptor binding domain (RBD) of the SARS-CoV-2
spike glycoprotein, and thereby disables the virus.
2. Experimental

2.1. Chemicals, cell lines, and virus

Ni foam (5 mm thick) was purchased from Kunshan Yinghuix-
iong Electronic Technology Co., Ltd. Sodium carbonate (Na2CO3)
was purchased from Sinopharm Chemical Reagent Co., Ltd. The
American green monkey kidney (Vero-E6) cells were obtained
from China Center for Type Culture Collection (CCTCC, No.
GDC146). Vero-E6 cells were cultured in Dulbecco’s modified min-
imal essential medium (DMEM, Gibco), supplemented with 10%
fetal bovine serum (FBS, Gibco), 100 lg/mL Streptomycin and
100 IU/mL Penicillin (Beyotime). SARS-CoV-2 (IVCAS 6.7512) was
isolated from a COVID-19 patient in December of 2019 in Wuhan,
China [3,20] and propagated and titrated using Vero E6 cells.

2.2. Electrochemical inactivation

The inactivation efficacy was measured by 50% tissue culture
infective dose (TCID50) values. Briefly, 0.1 mL of SARS-CoV-2 stocks
(around 2.5 � 107 TCID50/mL) was mixed with 4.9 mL of 2 mol/L
Na2CO3 solution. The mixture was then exposed to a two-
electrode configuration with nickel foam as both the anode and
cathode electrodes. After that, virus mixtures were treated with
different voltages for different time. The temperature and current
values were also recorded at a constant voltage for each time point.
Together with the control group without any treatment, viruses
were serially diluted by DMEM containing 2% FBS and inoculated
onto Vero E6 cells, which were cultured overnight in 96-well plates
to a density of 1.5 � 104 cells/well before use. The sample at each
dilution was tested in four wells. After incubation for 72 h, the
TCID50/mL values were determined by observing cytopathic effects
(CPE) and calculated by the method of Reed and Muench [21].

2.3. Mass spectrometry characterization

The RBDs of Spike protein (Asn331-Val524 with 6 � his tag in
its C-termini) were purchased from Novoprotein (Shanghai, China).
At first, 250 lg RBD was resuspended in 5 mL 2 mol/L Na2CO3

aqueous solution and then added to the electrochemical cell. A
constant voltage of 5 V was applied to the electrodes and 400 lL
of the electrolyte solution was collected after 15 s, 30 s, 1 min,
2 min, and 5 min, of electrolysis. Then, the buffer of RBD samples
was exchanged to 10 mmol/L NH4HCO3 by ultrafiltration. After
reduction and alkylation with tris(2-carboxyethyl)phosphine
(TCEP) and iodoacetamide (IAA), the RBD samples were digested
by trypsin overnight. The digests of RBD samples were analyzed
by Vanquish Flex HPLC system coupled with Thermo Fusion Lumos
orbitrap mass spectrometry (Thermo Fisher Scientific, Waltham,
USA). 0.5 lg digests were first loaded onto a C18 trap column
(3 cm � 150 lm, 5 lm C18 (SunChrom, Friedrichsdorf, Germany))
and separated by a C18 capillary column (15 cm � 150 lm, 1.9 lm
C18 (Dr. Maisch, Ammerbuch, Germany)). The mass spectrometry
(MS) was operated in positive mode with a data-dependent man-
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ner. The MS1 spectra were collected with orbitrap with a resolu-
tion of 120,000. The MS2 spectra were collected in a ‘‘top-speed”
manner (3 s) with a resolution of 15,000 by orbitrap. The precursor
ions with a charge state of 2 to 5 were isolated with anm/zwindow
of 1.4 m/z and subjected to HCD with a normalized energy of 28%.
The dynamic exclusion was enabled with an exclusion time of 60 s.

All the MS data were processed by Maxquant (version 1.6.7).
The data were searched against a customized database including
S1 RBD and trypsin (bovine). The digestion rule was set as semi-
specific trypsin. The carbamidomethylation of cysteine was set as
fix modification and the oxidation of all the amino acid residues
expect cysteine was set as variable modification. The false detec-
tion rate (FDR) was set below 1%. The identified peptides with a
score below 20 were excluded. The semi-peptides and peptides
with oxidation only identified in sample with electrolytic treat-
ment were used for oxidation sequence region and cleavage site
analysis. Only the C-termini or N-termini of newly generated
semi-peptides were considered as oxidation cleavage sites. The
crystal structure of RBD from PDB file 6m0j was utilized for the
structure analysis of the oxidation region and cleavage sites.

2.4. Materials characterization

Scan electron microscopy (SEM) was carried out on a Quanta
200F operated at an accelerating voltage of 20 kV. X-ray diffraction
(XRD) measurements were measured on a SmartLab diffractometer
with Cu Ka radiation. Spherical aberration corrected Transmission
ElectronMicroscope (ACTEM)was conducted on an ARM300micro-
scope operated at an accelerating voltage of 300 kV. X-ray absorp-
tion spectroscopy (XAS) measurement was carried out at BL14W1
beamline of the Shanghai Synchrotron Radiation Facility (SSRF)
operated at 3.5 GeV under ‘‘top-up” mode with a constant current
of 160 mA. Energy calibration was recorded with a standard Ni foil
using transmission mode, while all the in-situ XAS data about Ni
foam were collected in fluorescence mode using a custom-
designed cell. The in-situ cell was carried out on a two-electrode
configuration with nickel foam as both the anode and cathode elec-
trodes in 2 mol/L Na2CO3 solution, which was performed under the
condition as the electrochemical disinfection test except for the
addition of SARS-CoV-2 virus. To probe the valence state and coordi-
nation structure of Ni foam at anode under the operating electrocat-
alytic condition, the Ni foam anode was pressed to a slice and put it
onto the Kapton film (polyimide film) contacting with electrolyte.
In-situ XAS measurements were firstly recorded under open-
circuit voltage, and then operated at a constant voltage of 5 V.

2.5. Electrochemical measurement

Calibration of the anodic electrode potential to reversible
hydrogen electrode (RHE) was conducted on a three-electrode con-
figuration in 2 mol/L Na2CO3 solution. At the applied voltage of 5 V
between the anode and cathode in 2 mol/L Na2CO3 solution, the
anodic potential was measured as 3.12 V vs. Hg/HgO. The potential
of the Hg/HgO electrode in 2 mol/L Na2CO3 solution was deter-
mined to be 0.69 V vs. RHE. Therefore, the anodic potential was
obtained as 3.81 V vs. RHE (3.12 + 0.69 = 3.81). The double layer
charging curves were measured using cyclic voltammograms in
the potential range of 0.3–0.4 V vs. Hg/HgO with the different scan
rate from 20 to 200 mV/s. The current density difference at 0.35 V
vs. Hg/HgO was plotted against the scan rate and the slope is the
double layer capacitance (Cdl) of the commercial Ni foam.

2.6. Density functional theory (DFT) calculations

DFT calculations were performed using the Vienna Ab-initio
Simulation Package (VASP) [22–25]. The projector augmented-
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wave pseudopotential method with Perdew-Burke-Ernzerhof (PBE)
exchange–correlation functional and a plane-wave cutoff energy of
400 eV was adopted [26–28]. The standard version of PAW pseu-
dopotentials without using semi-core states were used for all ele-
ments. Van der Waals correction was calculated using the Zero-
damping DFT-D3 method of Grimme [29,30]. A two-
dimensionally periodic model of the NiOOH was built in a 4 � 4
supercell to simulate the basal plane. A nanoribbon model of the
NiOOH with 4 repeated units along the belt direction was built
to simulate the edge. The vacuum thicknesses were set larger than
15 Å between the layers or the ribbons. A Monkhorst-Pack k-point
sampling of 3 � 3 � 1 was selected for the two-dimensional mod-
els and 1 � 3 � 1 for the nanoribbon models [31]. In structural
optimizations, the residual forces between atoms were converged
below 0.03 eV/Å. Dipole correction was applied to decouple the
interactions between the slabs or nanoribbons.

The free energy of (H+ + e�) was calculated as that of 1/2 H2. The
free energy of gas molecules was calculated as Etotal + ZPE – TS,
where Etotal is DFT-calculated total energy, ZPE is the zero-point
energy, T is temperature, and S is the entropy. The experimental
values of the ZPE – TS parts from the NIST database were used
for molecules. The free energies of adsorbed species were calcu-
lated as Etotal + ZPE � TSvib, where the Svib are the entropy parts
from non-imaginary vibrations based on harmonic oscillation
approximation. At the applied voltage of 5 V for the electrolysis,
the anodic potential corresponds to 3.81 V vs. the relative hydro-
gen electrode (RHE), at which the basal plane of NiOOH can be fully
dehydrogenated and oxidized to NiO2 (Fig. S8 online). Thus, NiO2 is
used as the final surface for studying the reactions in the basal
plane.
Fig. 1. (Color online) Electrochemical inactivation of the SARS-CoV-2 virus in water elec
foam as the anode in Na2CO3 aqueous solution. (a) Schematic diagram of the electrochem
for both electrodes. (d) Inactivation ratio of the virus as a function of applied voltage in th
Inactivation ratio as a function of time at open circuit (0 V) and constant voltages of 2,
electrodes with sizes of 1 cm � 1 cm � 0.5 cm as the anode and cathode in 2 mol/L Na
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3. Results and discussion

3.1. Electrochemical inactivation of SARS-CoV-2

We set up an electrochemical system to inactivate the SARS-
CoV-2 in a two-electrode electrolytic cell by using porous nickel
foam as the cathode and in-situ formed NiOOH over the nickel
foam as the anode in 2 mol/L Na2CO3 aqueous solution (Fig. 1a, b
and Fig. S1 online). The skeleton of the original nickel foam is in
metallic state (Fig. S1 online), which ensures high conductivity of
the electrodes. The pore size of the nickel foam electrode is of a
few hundred micrometers (Fig. 1c and Fig. S2 online), which is ben-
eficial for increasing the number of active sites and promoting the
diffusion of the SARS-CoV-2 virus during the electrochemical oxi-
dation process. The double layer capacitance Cdl of the nickel foam
is 5.4 mF/cm2, which was measured by cyclic voltammograms in
the potential range of 0.3–0.4 V vs. Hg/HgO with different scan
rates (Fig. S3 online). In open circuit case, the SARS-CoV-2 virus
can hardly be inactivated in the 2 mol/L Na2CO3 aqueous solution
for 5 or 10 min (Fig. 1d, e), as the 50% TCID50 values for group incu-
bation were similar to that of the SARS-CoV-2 stock without any
treatment. In contrast, the virus titer was significantly reduced
along with the increase of applied voltage in the electrolysis.
Within 5 min, more than 99% of the viruses can be inactivated at
applied voltages up to 4 V and further increasing the applied volt-
age obviously enhances the inactivation efficiency (Fig. 1d). At 5 V,
the inactivation ratio reaches 95% in only 30 s and 99% in 2 min and
the virus titer reduces to below the detection limit (>99.99%) after
electrolytic treatment for 5 min, exhibiting prominently higher
inactivation rate than that at 4 V (Fig. 1e). Parallel experiments
trolysis using nickel foam as the cathode and in-situ formed NiOOH over the nickel
ical inactivation process. (b) Photograph and (c) SEM image of the pristine Ni foam
e electrolysis. The inactivation process was conducted for 5 min at each voltage. (e)
4 and 5 V. All inactivation experiments were conducted using porous nickel foam
2CO3 aqueous electrolyte solution.
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were conducted at applied voltages of 2, 4, and 5 V for 5 min
(Fig. 1b), respectively, which shows that the inactivation ratios
above 90% are all very close and thereby demonstrates the well
replicability of the electrochemical inactivation efficiency. The
temperature of the electrolyte solution was kept below 37 �C at
5 V for 2 min or at 4 V for 10 min (Fig. S4 online), indicating that
the virucidal activity is not caused by the heat. Together, these
results suggest that the SARS-CoV-2 virus can be effectively and
efficiently inactivated in the water electrolysis process. For appli-
cation of the process, the viruliferous aerosols can be ventilated
into the system and then be disinfected via flowing through the
microporous and air-permeable Ni-foam electrode. Viruliferous
wastewater can be directly disinfected combined with a water cir-
culation system through the Ni-foam electrode to ensure full inac-
tivation of the virus in the solution. Long-term stability test shows
that the electrolytic system can run stably for more than 1000 h at
the working voltage of 4 or 5 V (Fig. S5 online), exhibiting signifi-
cant potential in continuous inactivation of the SARS-CoV-2.
Fig. 2. (Color online) MS analysis of the decomposition of the RBDs in the water electroly
RBD samples treated with different electrolysis times in 2 mol/L Na2CO3. (c) The oxidati
6m0j). The other electrochemical inactivation conditions are the same as those in Fig. 1
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3.2. Characterization of RBD decomposition

The RBD of the SARS-CoV-2 spike (S1) glycoprotein directly
interacts with the human cellular receptor ACE2, which is essential
for virus entry in causing the pneumonia [20,32,33]. Thus, we spec-
ulate that the structures of the RBD may be broken during the elec-
trochemical inactivation process, which thereby blocks infection.
MS-based proteomic analysis was carried out to explore the
decomposition of RBDs in the dynamic electrolysis process. The
RBDs were resuspended in 2 mol/L Na2CO3 in the electrochemical
system at a constant voltage of 5 V. Significant reduction in the
quantity of the RBDs during the electrolysis process was observed
as time increases (Fig. 2a). After electrolysis for 5 min, the relative
abundance of the RBDs was reduced to about 6.5% (Fig. 2b). Reac-
tive oxygen species (ROS) are recognized as efficient reagents for
degradation of organic water contaminants and also proteins
[34,35]. Several cleavage sites were identified after electrochemical
decomposition of the RBDs, which confirmed the degradation of
sis. (a) The LC-MS/MS base peak chromatograms and (b) relative abundances of the
on sequence regions and electrochemical oxidative cleavage sites in the RBD (PDB:
.
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the RBDs during the electrolysis (Fig. 2c). Interestingly, 13 of 27
identified electrochemical cleavage sites are aromatic amino acids
including tyrosine, phenylalanine and tryptophan, which all have
high reactivity towards the ROS [36]. Moreover, these cleavage
sites are all closely located in the structure of the RBD (Fig. 2c).
The high percentage of aromatic amino acids (15 tyrosines, 2 tryp-
tophans, and 14 phenylalanines) in the RBD sequence makes it
easy to be attacked by the ROS and subsequently decomposed.

In order to further gain a detailed picture of the oxidation and
degradation process of the RBDs, we further analyzed the RBDs oxi-
dation statuses at different electrolysis time. Several peptides with
different oxidation levels were characterized, most of which can be
identified in the RBDs processed with 15 s of electrolysis (Table S2
online). As the treatment time increases, the oxidized proteins
were further degraded and cleaved into small peptides or amino
acid fragments. These results suggest that the electrochemical
inactivation of the SARS-CoV-2 is at least partially due to the oxida-
tive cleavage and decomposition of the RBDs.
Fig. 3. (Color online) The oxidation and cleavage mechanism of a peptide bond on the an
the water electrolysis. (b) The in-situ XAS data of the Ni K-edge of the anode at differen
because the main part of the anode is still metallic Ni foam with only surface oxidized. (c
SARS-CoV-2 virus at a constant voltage of 5 V. (d) DFT calculated oxygen evolution re
dehydrogenated NiOOH (NiO2) at electrode potentials of 0 and 1.99 V vs. RHE. The insets
DFT calculated oxidation mechanism of propionyl ethylamine by the OlatO* species. (f)
oxygen vacancy (Ov) site. (g) Reaction cycle for the cleavage of the peptide bond under
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3.3. Understanding the inactivation mechanism

DFT calculations were further performed to simulate the oxida-
tion cleavage of the virus proteins such as RBD during the electro-
chemical inactivation of the SARS-CoV-2 virus on the anode
catalyst surface, where the oxidation of water takes place and
the ROS species are generated. A single-layer NiOOH was adopted
to represent the anode catalyst, since the anodic nickel foam was
in-situ oxidized to NiOOH as indicated in the XRD pattern and
SEM of the used anode after the electrolysis, which show newly
formed composition of NiOOH except for the metallic nickel skele-
ton (Figs. S1 and S6 online). This is also confirmed by in-situ XAS
data of Ni K-edge of the anode, showing that the absorption edge
shifts to higher energy levels during the water electrolysis
(Fig. 3a, b). High-angle annular dark field-scanning transmission
electron microscopy (HAADF-STEM) characterizations also show
that the anode catalyst is in a layered morphology with d-
ode. (a) In-situ electrolytic cell for the XAS characterization of the anodic Ni foam in
t electrolysis time. The subtle change of the spectra in the initial stage is probably
) HAADF-STEM image of the anodic Ni foam after electrochemical inactivation of the
ction (OER) mechanism at the lattice oxygen (Olat) site in the basal plane of the
show the model of NiO2 and the atomic structures of the reaction intermediates. (e)
DFT calculated cleavage mechanism of the adsorbed propionyl ethylamine at the
the electro-coupled OH� attack.
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spacing of 2.4 Å in the crystal lattice corresponding to the (002)
plane of NiOOH (Fig. 3c and Fig. S7 online).

The oxygen evolution reaction (OER) at the lattice oxygen (Olat)
site in the basal plane requires an equilibrium potential of only
1.99 V vs. RHE (Fig. 3d, see more details in the Supplementary
materials online). Thus, at the applied voltage of 5 V for the elec-
trolysis, which corresponds to anodic potential of 3.81 V vs. the
RHE (see more details in the Supplementary materials), the abun-
dant Olat sites in the basal plane can serve as active sites for the
OER. To simplify the oxidation and cleavage mechanism of the
virus protein, we adopted a propionyl ethylamine molecule con-
taining a peptide bond and two a-carbon atoms to represent a typ-
ical unit of protein. The reaction intermediate OlatO* as the most
oxidative surface species can facilely abstract a hydrogen atom
from both a-carbon sites, generating a-carbon free radicles and
OlatOH* species (Fig. 3e). The OH part of the OlatOH* may transfer
to the free radicle sites to form a-carbon alcohols with significant
free energy gains of around 2.7 eV. The formation of a-carbon radi-
cles can also induce the cleavage of the peptide backbone with the
help of O2 [36]. The propionyl ethylamine can also be adsorbed on
the oxygen vacancy (Ov) site generated from desorption of the Olat-
O* in the OER process (Fig. 3f). After four steps of electron-coupled
OH� attack on the adsorbed peptide bond, the propionyl ethy-
lamine can be favorably decomposed to acetyl hydroxylamine
and propionic acid even at the equilibrium potential of 1.99 V for
the OER at the basal plane Olat sites (Fig. 3f). Similar scenarios
are also obtained at the edge of the NiOOH catalyst, where the pro-
pionyl ethylamine can be oxidized by the O* species and the
adsorbed peptide bond can be easily decomposed at the Ni site
(Fig. S9 online). Oxidation of another peptide molecule, i.e., glycyl-
glycine, by the OlatO* in the basal plane and O* at the edge were
also calculated which presents similar free energy pathways com-
pared with those of the propionyl ethylamine molecule (Fig. S10
online). These results point out a feasible way of deactivating the
virus via oxidizing and decomposing the virus protein by the ROS
with the help of active sites on the anodic catalyst surface.
4. Conclusion

In summary, we present an eco-friendly and efficient electro-
chemical disinfection approach to treat with the COVID-19 via
inactivating the SARS-CoV-2 virus in a water electrolysis process.
It employs Ni-foam electrodes and Na2CO3 aqueous solution and
is free of hazardous products. High inactivation efficiency can be
achieved at an applied voltage of 5 V, where the inactivation ratio
reaches 95% in only 30 s, up to 99% in 2 min and 99.99% in 5 min.
The electrolytic system can run stably for more than 1000 h at the
working voltage. Experimental and theoretical studies of the inac-
tivation mechanism indicate that the RBDs of the SARS-CoV-2 virus
could be oxidized and degraded on the in-situ formed NiOOH sur-
face at the anode during the electrolysis, which disables the virus
and blocks the infection. This strategy provides an
environmental-friendly route for highly efficient disinfection of
the SARS-CoV-2 viruliferous effluents and could offer significant
help for preventing the pandemic COVID-19.
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