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ABSTRACT: Peroxides find broad applications for disinfecting environmental
pathogens particularly in the COVID-19 pandemic; however, the extensive use of
chemical disinfectants can threaten human health and ecosystems. To achieve
robust and sustainable disinfection with minimal adverse impacts, we developed Fe
single-atom and Fe−Fe double-atom catalysts for activating peroxymonosulfate
(PMS). The Fe−Fe double-atom catalyst supported on sulfur-doped graphitic
carbon nitride outperformed other catalysts for oxidation, and it activated PMS
likely through a nonradical route of catalyst-mediated electron transfer. This Fe−
Fe double-atom catalyst enhanced PMS disinfection kinetics for inactivating murine coronaviruses (i.e., murine hepatitis virus strain
A59 (MHV-A59)) by 2.17−4.60 times when compared to PMS treatment alone in diverse environmental media including simulated
saliva and freshwater. The molecular-level mechanism of MHV-A59 inactivation was also elucidated. Fe−Fe double-atom catalysis
promoted the damage of not only viral proteins and genomes but also internalization, a key step of virus lifecycle in host cells, for
enhancing the potency of PMS disinfection. For the first time, our study advances double-atom catalysis for environmental pathogen
control and provides fundamental insights of murine coronavirus disinfection. Our work paves a new avenue of leveraging advanced
materials for improving disinfection, sanitation, and hygiene practices and protecting public health.
KEYWORDS: double-atom catalyst, catalyst-mediated electron transfer, murine coronavirus, disinfection, peroxymonosulfate

■ INTRODUCTION
Devastating disease outbreaks, epidemics, and pandemics have
resulted from environmental transmission of enveloped viruses,
such as influenza A virus, Marburg virus, Ebola virus, severe
acute respiratory syndrome coronaviruses 1 and 2 (SARS-
CoV-1 and SARS-CoV-2), Middle East respiratory syndrome
coronavirus, and monkeypox virus.1−3 Enveloped viruses can
spread between humans via direct and indirect contacts
through respiratory droplets, aerosols, fomites, and so on.4,5

Although the waterborne transmission of enveloped viruses
between humans has not been validated,6 some enveloped
viruses such as avian influenza A virus and swine acute diarrhea
syndrome coronavirus primarily transmit via the fecal−oral
route between animals, and the feces of infected animals could
lead to the zoonotic spillover of these viruses to humans
through water and fomites.7−9 In addition, enveloped viruses
can survive in water and inanimate surfaces up to a few days at
room temperature.5,10 To minimize the environmental trans-
mission of enveloped viruses and prevent the spread of
infectious diseases, disinfection has been widely adopted.11 For
example, the U.S. Environmental Protection Agency recom-
mends more than 500 disinfectants that are effective against
SARS-CoV-2.11 However, the excessive use of disinfectants has

negative impacts on human health and ecosystems.11 There-
fore, there is an urgent need for advancing effective, robust,
and sustainable disinfection to inactivate enveloped viruses
while minimizing the deleterious effects of disinfectants.
Peroxides such as hydrogen peroxide, persulfate, and

peracetic acid have been extensively applied as water
disinfectants and/or surface sanitizers.11−13 However, some
peroxides (i.e., hydrogen peroxide and persulfate) are generally
less effective in inactivating pathogens when compared to
highly reactive disinfectants like free chlorine and ozone, and a
high concentration of peroxides and a long contact time are
often needed to achieve desired disinfection perform-
ance.12,14,15 Fortunately, peroxides can be activated through
catalysis to produce a broad spectrum of reactive species, and
their microbicidal potency is significantly enhanced. Hetero-
geneous single-atom catalysts, which integrate the advantages
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of typical homogeneous and heterogeneous catalysts such as
well-defined mononuclear metal-active sites, high stability, and
easy separation for different applications, have been found to
activate peroxides for degrading chemical contaminants
effectively by producing radicals (e.g., hydroxyl radical
(•OH)),16 singlet oxygen (1O2),

17 and high-valent metal−
oxo species,18 or facilitating electron transfer through the
catalyst in peroxide reduction.19 Notably, catalyst-mediated
electron transfer enables rapid and complete chemical
pollutant oxidation, minimized toxic byproduct formation,
and (near) stoichiometric oxidant consumption.20−22 Previous
discoveries of the unique catalyst-mediated electron-transfer
mechanism on single-atom catalysts have laid a solid
foundation for rapid, resilient, and environmentally and
human health benign virus inactivation. As a breakthrough
beyond single-atom catalysts, double-atom catalysts inherit the
advantages of single-atom catalysts originating from the
atomically dispersed nature, and their isolated, dual-metal-
atom pairs can further enhance the catalytic performance. By
introducing an additional neighboring metal atom to the metal
center of single-atom catalysts, the geometric and electronic
structure of the catalysts is modified, additional reactions sites
are offered, and the interactions of reactants and intermediates
with the catalysts are optimized.23

The goal of our study is to advance single-atom and double-
atom catalysis for disinfecting enveloped viruses and elucidate
the mechanism of virus inactivation. Inspired by the thiolate-
ligated heme-iron center in cytochrome P450, we developed
Fe single-atom and Fe−Fe double-atom catalysts supported on
pristine and sulfur (S)-doped graphitic carbon nitride because
simply doping with heteroatoms such as S in the catalyst
structure would influence the electronic structure of the center
single- and double-atom metals for boosting corresponding
catalytic activity.24 Using phenol as a probe compound, we
identified that Fe−Fe double-atom catalysts outperformed
their counterpart of Fe single-atom catalysts, and the Fe−Fe
double-atom catalyst supported on S-doped graphitic carbon
nitride had the best oxidation performance by activating PMS.
We then selected murine coronavirus (i.e., MHV-A59) as a
representative enveloped virus to investigate disinfection
performance of PMS-alone and Fe−Fe double-atom catalyst-
activated PMS treatments. Simulated saliva and freshwater
were used as typical environmental matrices to mimic contact
surface cleaning and water disinfection, respectively. PMS-
driven disinfection mechanisms were systematically evaluated
by both experimental and computational approaches, including
the molecular-level damage of viral genomes, proteins, and
lipids, as well as the murine coronavirus lifecycle in host cells.
When compared to PMS disinfection alone, Fe−Fe double-
atom catalysis likely promoted catalyst-mediated electron
transfer and induced damage to viral genomes, proteins, and
internalization into host cells for enhanced disinfection. In our
study, for the first time, double-atom catalysis was developed
and implemented for environmental pathogen control and the
mechanisms of murine coronavirus disinfection by PMS-driven
treatments were evaluated at the molecular level. Research
discoveries of our work can find broad engineering applications
for advancing catalysis in pollution control, enabling effective
and safe disinfection, controlling the environmental trans-
mission of pathogens, and ultimately protecting public health.

■ MATERIALS AND METHODS
Chemicals and Reagents. Details of all chemicals and

reagents are listed in Text S1. They were used as received
without any treatment.

Material Synthesis and Characterization. Fe single-
atom and Fe−Fe double-atom catalysts supported on pristine
graphitic carbon nitride (CN) and S-doped graphitic carbon
nitride (SCN) were prepared by thermal polycondensation,
i.e., an Fe single-atom catalyst supported on CN (Fe/CN), an
Fe single-atom catalyst supported on SCN (Fe/SCN), an Fe−
Fe double-atom catalyst supported on CN (Fe−Fe/CN), and
an Fe−Fe double-atom catalyst supported on SCN (Fe−Fe/
SCN). Briefly, iron (III) nitrate nonahydrate (Fe(NO3)3·
9H2O) or an Fe2 dimer precursor (cyclopentadienyliron
dicarbonyl dimer, Fe2(CO)4(C5H5)2) was loaded on the
supramolecules of cyanuric acid−melamine or trithiocyanuric
acid−melamine and subjected to pyrolysis at 500 °C for 4 h
under a flow of nitrogen. SCN was also prepared from
trithiocyanuric acid-melamine as a control. Details of material
synthesis and characterization are shown in Texts S2 and S3.

MHV-A59 Inactivation by PMS-Alone and Fe−Fe
Double-Atom Catalysis. MHV-A59 stock was prepared
according to our previous publications (Text S4), and the viral
concentration was ca. 1010 gene copies mL−1. MHV-A59
inactivation by PMS-alone and Fe−Fe/SCN-activated PMS
(Fe−Fe/SCN + PMS) treatment was evaluated in three
different matrices, including a model phosphate buffer (pH 7,
10 mM), simulated saliva, and freshwater collected from the
Potomac River (provided by a local drinking water treatment
facility). The preparation of simulated saliva with mucin was
based on the ASTM E2720 standard,25 and saliva components
are included in Table S1. Freshwater quality parameters are
provided in Table S2. For Fe−Fe/SCN-activated PMS
disinfection, MHV-A59 stock was spiked in different matrices
to reach a viral concentration of ca. 108 gene copies mL−1,
mixed with the catalyst for 20 min at room temperature to
reach the adsorption equilibrium, and amended with PMS to
initiate MHV-A59 inactivation. Samples were withdrawn at
different time intervals, immediately quenched by the same
volume of Na2S2O3 (10 mM), and centrifuged at 2000 × g for
30 s to spin down the catalyst. The supernatant was collected
and stored at 4 °C for the viral infectivity assay. For MHV-A59
inactivation by PMS alone, a similar protocol was used but the
amendment and separation of the catalyst were not needed.
The PMS concentration was determined using the colorimetric
method with 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS) using a UV−vis spectropho-
tometer (GENESYS 150) (Text S5).

Viral Infectivity Assay. The integrated cell culture−
reverse transcription−quantitative polymerase chain reaction
(ICC-RT-qPCR) assay which combines cell culture with
targeted viral genome detection by qPCR was employed to
determine the loss of MHV-A59 infectivity during disinfection
in a timely and specific manner (Text S6).26 Synthetic cDNA
oligos (Integrated DNA Technologies, Inc.) were prepared in a
series of 10-fold dilutions (103−1012 gene copies mL−1) to
generate the standard curve of absolute gene copy numbers
versus cycle threshold values. In our RT-qPCR protocol, 5 μL
of the RNA template was added to 5 μL of TaqMan fast virus
one-step master mix (Fisher Scientific, Applied Biosystems
4444434), 2 μL of forward primer (10 μM), 2 μL of reverse
primer (10 μM), 1.25 μL of probe (10 μM), and 4.75 μL of
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nuclease-free water, following cycling conditions of 52 °C for
10 min (reverse transcription), 95 °C for 20 s (reverse
transcription inactivation and denaturation initiation), and 45
cycles of 95 °C for 15 s and 60 °C for 1 min. Detailed
sequence information is provided in Table S3. Quantitative
polymerase chain reaction efficiency for MHV-A59 in this
study was 87.1−104.7%, and its coefficient of determination
was 0.994−0.999. Serial dilutions of extracted RNA from
MHV-A59 stock did not indicate any inhibition for RT-qPCR
(Table S4). All RT-qPCR data are reported following MIQE
guidelines.27 A linear relationship was observed between
MHV-A59 infectivity determined by ICC-RT-qPCR and the
viral load before infection quantified by RT-qPCR (Figure S1),
indicating the validity of the ICC-RT-qPCR assay for
quantifying the viral infectivity. Notably MHV-A59 infectivity
only above ∼108 gene copies well−1 was quantifiable (Figure
S1) in our study. MHV-A59 infectivity in disinfection followed
pseudo-first-order decay

= = × ×
i
k
jjjjj

y
{
zzzzz

N
N

k tlog inactivation log 0.434
t

10 10
0

infectivity

where Nt and N0 are the genome copy number per well of
disinfected MHV-A59 at time t (min) and untreated MHV-
A59 at time zero as measured by ICC-RT-qPCR, respectively,
and kinfectivity is the pseudo-first-order inactivation rate constant
of MHV-A59. At least triplicates were conducted for each
experiment, and the mean and standard deviation are reported.
The CT values (mg min L−1) for 1-log10, 2-log10, and 3-log10
inactivation of MHV-A59 were calculated by the following
equation

= C dtCT
t

0

where C (mg L−1) is the concentration of PMS, t (min) is the
contact time, and the integral represents the area under the
PMS consumption curve up to a certain time point when 1-
log10, 2-log10, and 3-log10 inactivation of MHV-A59 were
achieved, respectively.
Damage of Biomolecules and Lifecycle of MHV-A59

during Virus Inactivation. The damage of MHV-A59
genomes, proteins, and lipids and MHV-A59 lifecycle in host
cells, including binding and internalization, after disinfection
was characterized quantitatively. Following the same protocol
of MHV-A59 disinfection in the phosphate buffer (pH 7, 10
mM), disinfected viral samples were collected at different time
intervals, and the reaction was quenched by Na2S2O3.
For the genome damage analysis, viral RNA was extracted

from samples using the Quick-RNA viral kit (Zymo research,
R1035) and then proceeded to RT-qPCR. The pseudo-first-
order reaction rate constant for viral genome damage
(kgenome damage) was obtained from the negative slope of the
linear regression of the natural logarithm of genome copy
numbers versus time. At least triplicates were conducted for
each experiment, and the mean and standard deviation are
reported. For protein and lipid damage analysis, MHV-A59
stock was first purified through ultracentrifugation prior to
disinfection to remove the impurities like free amino acids and
small cell debris in the virus stock and eliminate their
interference in protein and lipid oxidation assays (Text S7).
Next, purified MHV-A59 was disinfected, and the protein
concentration of disinfected viruses was determined using the
Pierce BCA protein assay kit (Thermo Fisher, 23227, the

enhanced protocol was used following manufacturer’s manual).
The protein carbonyl content of disinfected viruses was
measured using the OxiSelect protein carbonyl enzyme-linked
immunosorbent assay (ELISA) kit (Cell Biolabs, STA-310),
and the content of malondialdehyde (MDA), a lipid oxidation
byproduct, was quantified using the OxiSelect MDA adduct
competitive ELISA kit (Cell Biolabs, STA-832). Particularly,
prior to the protein carbonyl ELISA, viruses after disinfection
were first lysed by ultrasonication in a mixture of 10 mM
phenylmethylsulfonyl fluoride (PMSF) and 0.05 wt %
butylated hydroxytoluene (BHT),28 and then, the lysed viruses
were diluted to 10 μg of protein mL−1 as determined by the
Pierce BCA protein assay. Prior to the MDA adduct ELISA
assay, disinfected MHV-A59 was also ultrasonicated in PMSF-
BHT for lysis. The linear relationship between the protein
concentration of the serially diluted, purified MHV-A59 stock
and the dilution factor demonstrated the validity of the Pierce
BCA protein assay (Table S5). The pseudo-first-order reaction
rate constant for viral protein damage was obtained from the
negative slope of the linear regression of the natural logarithm
of protein concentrations measured by the BCA protein assay
versus time. At least duplicates were conducted for each
experiment, and the mean and standard deviation are reported.
For MHV-A59 binding to and internalization into host cells,

disinfected MHV-A59 was incubated with L-929 cells at two
different temperatures (i.e., 4 and 37 °C) for subsequent RT-
qPCR quantification (Text S8). Incubating MHV-A59 with
host cells at 4 °C only allows virus binding, but a subsequent
increase of the incubation temperature to 37 °C permits virus
internalization.29 The pseudo-first-order reaction rate con-
stants for the viral genome loss measured in virus binding and
internalization assays (kobserved binding and kobserved internalization),
respectively, were obtained from the negative slope of the
linear regression of the natural logarithm of genome copy
numbers versus time. The true damage to virus binding and
internalization rate constants were corrected as kbinding =
kobserved binding − kgenome damage and kinternalization = kobserved internalization
− kobserved binding to exclude the PCR signal decrease due to the
damage of viral genomes and virus binding (observed) in the
same treatment, respectively.30 At least triplicates were
conducted for each experiment, and the mean and standard
deviation are reported.

Computational Simulation Methods. Aiming to provide
fundamental understanding of Fe−Fe double-atom catalysis for
oxidizing MHV-A59 proteins and genomes and impairing virus
lifecycle, we also applied computational simulations to study
the interaction of Fe−Fe/SCN with PMS and with
representative amino acids and a representative nucleobase.
Simulations were performed by the open-source CP2K
software31 with the HSE06 exchange−correlation functional,32

the Goedecker−Teter−Hutter (GTH) pseudopotential,33 the
polarized valence double-zeta (pVDZ) basis set,34 and an
implicit aqueous solvation model.35 In addition, the con-
strained density functional theory (CDFT)36 was employed to
model the oxidation reactions’ initial and final diabatic states
and their electronic coupling strength according to the block-
diagonalization formula.37 More specifically, a position-
dependent Hartree potential was added to the system’s
Hamiltonian to enforce a total density-derived atomic partial
charge (DDAPC)38 of zero on the amino acid or nucleobase at
its initial diabatic state, while a total DDAPC charge of +1 was
imposed by the same approach at its final diabatic state upon
oxidation. More specifically, the Broyden−Fletcher−Gold-
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farb−Shanno (BFGS) algorithm39 was applied to optimize the
geometries of the initial and final diabatic states until the four
following convergence criteria were simultaneously met: the
maximum force component was less than 4.5 × 10−4 Hartree
Bohr−1; the root-mean-square force component was less than
3.0 × 10−4 Hartree Bohr−1; the maximum geometry change
was less than 3.0 × 10−3 Bohr; the root-mean-square geometry
change was less than 1.5 × 10−3 Bohr. Once an optimized
geometry had been ascertained, its energy was iteratively
evaluated by the directive inversion in the iterative subspace
(DIIS) approach40 in conjunction with the orbital trans-
formation (OT) method41 until the electron density change
was less than 1.0 × 10−8 per Bohr.3 The same protocol of
geometry optimization and energy evaluation was adopted
when we calculated the adsorption energy of our model
systems, each of which consisted of a 6 × 6 heptazine-based
substrate and an adsorbent (Figure S2).

Statistical Analysis. Student’s t-test and the analysis of
covariance were applied for the statistical comparison of MHV-
A59 infectivity and disinfection kinetics and the damage rate
constant of viral biomolecules and lifecycle under different
treatments, which returned to a p value. All p values smaller
than 0.05 were considered statistically significant.

■ RESULTS AND DISCUSSION
Characterization of Fe Single-Atom and Fe−Fe

Double-Atom Catalysts. X-ray diffraction (XRD) patterns
of all as-synthesized catalysts (i.e., Fe/CN, Fe−Fe/CN, Fe/
SCN, and Fe−Fe/SCN) displayed in Figure S3 showed two
main diffraction peaks at around 13 and 27°, attributing to the
(100) and (002) planes of graphitic carbon nitride.42−44

Particularly, no characteristic peaks of Fe were observed in
XRD patterns, suggesting the absence of crystalline Fe-bearing
particles in the catalysts.24,43 The transmission electron
microscopy (TEM) images of the representative Fe−Fe/

Figure 1. Characterization of Fe single-atom and Fe−Fe double-atom catalysts. (a−d) Scanning transmission electron microscopy (STEM)
elemental distribution of C, N, S, and Fe elements in Fe−Fe/SCN. AC-HAADF-STEM images of (e) Fe/CN, (f) Fe/SCN, (g) Fe−Fe/CN, and
(h) Fe−Fe/SCN. The normalized XANES spectra and the FT k3-weighted EXAFS spectra at Fe K-edge of (i, j) Fe−Fe/CN, (l, m) Fe−Fe/SCN,
and reference materials (i.e., FeO, FePc, and Fe2 dimer of cyclopentadienyliron dicarbonyl dimer). EXAFS experimental data and R-space fitting of
(k) Fe−Fe/CN and (n) Fe−Fe/SCN. The insets are fitted structures.
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SCN in Figure S4 first revealed that no particles or clusters
were observed on the entire graphitic carbon nitride matrix,
suggesting that all Fe species might atomically exist in the
catalyst structure. The elemental mappings in Figures 1a−d
and S5 revealed the homogeneous distribution of C, N, O, S,
and Fe across the entire catalyst. The Fe loading of Fe/CN,
Fe−Fe/CN, Fe/SCN, and Fe−Fe/SCN was 0.65, 0.49, 0.43,
and 0.45 wt %, respectively, as determined by inductively
coupled plasma−optical emission spectroscopy (ICP-OES)
(Table S6). To confirm the singly dispersed Fe atoms on Fe/
CN and Fe/SCN and the double-atomic feature of Fe species
on Fe−Fe/CN and Fe−Fe/SCN, aberration-corrected high-
angle annular dark-field scanning transmission electron
microscopy (AC-HAADF-STEM) was used to characterize
the catalyst samples. The AC-HAADF-STEM images of Fe/
CN and Fe/SCN in Figure 1e,f showed a large number of
bright dots spreading in the graphitic carbon nitride support,
which corresponded to the atomically dispersed single Fe
atoms.24 For Fe−Fe/CN and Fe−Fe/SCN samples, many
paired dots were observed in the AC-HAADF-STEM images
(Figure 1g,h), which were consistent with the feature of two
adjacent Fe atoms. Since the AC-HAADF-STEM imaging only
represents a two-dimensional projection of the three-dimen-
sional Fe−Fe/CN and Fe−Fe/SCN samples along the incident
beam direction, the appearances of the paired dots were
different depending on the orientation of the Fe−Fe bond;
additionally, the isolated bright dots were also observed in the
AC-HAADF-STEM images of Fe−Fe/CN and Fe−Fe/SCN
samples (Figure 1g,h), and we attributed them to the
overlapping of two Fe atoms in the incident beam direction
or/and the incomplete imaging of the double-atom Fe
species.43,45 The statistical analysis of 75 paired dots exhibited
in the AC-HAADF-STEM images of Fe−Fe/CN and Fe−Fe/
SCN samples showed that the projected Fe−Fe distance was
about 2.3 ± 0.4 and 2.3 ± 0.7 Å, respectively (Table S7).
The attenuated total reflectance−Fourier transform infrared

(ATR-FTIR) spectra (Figure S6) showed the typical structure
of graphitic carbon nitride in all catalysts with absorption
bands near 3177, 1650−1200, and 806 cm−1, corresponding to
the stretching vibration of N−H bonds, C−NH−C and N−
(C)3 bonds, and the tri-s-triazine units, respectively.44 X-ray
photoelectron spectroscopy (XPS) was used to evaluate the
bonding environment and oxidation state of surface elements
(ca. 10 nm) in the catalysts. The C(1s) region of Fe−Fe/SCN
(Figure S7c) deconvoluted into three peaks at 284.5, 287.5,
and 293.1 eV, corresponding to C−H/C−S, N−C�N, and
π−π stacking, respectively; these three peaks were also
observed in the C(1s) region of Fe−Fe/CN (Figure S7b);
however, for Fe−Fe/CN, the peak at 284.5 eV was only
assigned to C−H bonds.42 The N(1s), O(1s), and Fe(2p)
regions for Fe−Fe/CN and Fe−Fe/SCN were also quite
similar (Figure S7b,c). The N(1s) region deconvoluted into
three peaks at 398.0, 399.4, and 404.2 eV and were assigned to
C−N�C, N−(C)3, and π−π stacking, respectively.42 The
single broad peak in the O(1s) region centered at 531.9 eV was
most likely due to a mixture of organic oxides (C−O, etc.) on
the edges of the catalyst structure and/or some metal oxide
species. Although the Fe concentration was quite low, a weak
doublet (Fe(2p1/2/2p3/2)) could be discerned in the Fe(2p)
region of Fe−Fe/SCN (Figure S7c); the Fe(2p3/2) peak at
709.6 eV suggested that the Fe species existed only in an
oxidized form. Interestingly, no differences were observed in
the S(2p) spectra of SCN and Fe−Fe/SCN (Figure S7a,c); the

presence of a S(2p3/2/2p1/2) doublet with the 2p1/2 centered at
163.4 eV was assigned to the sulfide species (C−S−C) within
the graphitic carbon nitride substrate.24 These data suggested
that Fe was less likely to coordinate with S in the catalyst. To
clearly demonstrate the local coordination environment and
the oxidation state of Fe at the atomic level, X-ray absorption
spectroscopy (XAS) was performed. The X-ray absorption
near-edge structure (XANES) spectra of catalysts and
reference samples (i.e., Fe foil, iron (II) oxide (FeO), and
iron(II) phthalocyanine (FePc)) at K-edge (Figures 1i,l, and
S8) revealed that the absorption edge of Fe/CN, Fe−Fe/CN,
Fe/SCN, and Fe−Fe/SCN was located at the position
coincided with FeO and FePc, indicating that the valence
state of Fe species in all catalysts was close to 2+, which was in
agreement with the XPS data. The Fourier transform (FT) k3-
weighted extended X-ray absorption fine structure (EXAFS)
spectrum of the Fe2 dimer precursor shown in Figure 1j
displayed a peak at 2.27 Å, corresponding to the Fe−Fe
coordination path.43 Figures 1j,m and S9 showed the FT k3-
weighted EXAFS spectrum of Fe/CN, Fe−Fe/CN, Fe/SCN,
and Fe−Fe/SCN with a broad peak centered at 1.60, 1.50,
1.69, and 1.56 Å, respectively, attributable to Fe−N/O
coordination in the catalyst structure (Fe−N path at 1.50 Å
from FePc and Fe−O path at 1.63 Å from FeO, Figure 1j).
Additionally, no characteristic peak of Fe−Fe (at 2.27 Å) was
observed in Fe/CN and Fe/SCN (Figure S9), demonstrating
that Fe atoms were single-atomically dispersed on the catalyst
support. For Fe/SCN and Fe−Fe/SCN that were prepared on
the SCN support, no characteristic peak of Fe−S (at 1.80 Å)
was observed in their EXAFS spectra (Figures 1m and S9b),24

indicating that Fe atoms did not coordinate with S in the
graphitic carbon nitride matrix. The EXAFS spectra of Fe−Fe/
CN and Fe−Fe/SCN, which were prepared from the Fe2
dimer precursor exhibited a secondary peak located at 2.24 and
2.30 Å (Figure 1j,m), respectively. This revealed that the Fe−
Fe path contributed to the surrounding coordination environ-
ment of Fe centers in Fe−Fe/CN and Fe−Fe/SCN. According
to the quantitative EXAFS fitting results for Fe−Fe/CN and
Fe−Fe/SCN demonstrated in Tables S8 and S9 and Figures
1k,n, and S10, the average coordination number of the Fe−Fe
path was 1.2 and 0.9, respectively, suggesting that a center site
of dual Fe atoms (Fe−Fe) dominated in the catalyst structure
of Fe−Fe/CN (inset in Figure 1k) and Fe−Fe/SCN (inset in
Figure 1n).

Fe−Fe Double-Atom Catalysis for MHV-A59 Disinfec-
tion in Diverse Environmental Matrices. To achieve
promising disinfection from Fe single-atom and Fe−Fe double-
atom catalysis, we first used phenol as a probe compound to
investigate the catalytic performance of four different catalysts
(i.e., Fe/CN, Fe/SCN, Fe−Fe/CN, and Fe−Fe/SCN) upon
PMS activation (Text S9). As shown in Figure S11b,c,
regardless of whether catalysts were prepared on the support
of CN or SCN, Fe−Fe double-atom catalysts were 3.32−3.50
times more reactive than their counterpart of Fe single-atom
catalysts for phenol oxidation by activating PMS. In addition,
Fe−Fe/SCN and Fe/SCN degraded phenol 10.4 and 11.0
times faster than Fe−Fe/CN and Fe/CN, respectively (Figure
S11c). Notably, all catalysts had a similar Fe loading (0.51 ±
0.09 wt %, Table S6). These results highlighted the excellent
performance of catalytic oxidation by introducing the Fe−Fe
dimer and the S-dopant into the catalyst, and Fe−Fe/SCN was
therefore selected for the following MHV-A59 disinfection
tests.
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We then selected a phosphate buffer as a model system and
simulated saliva and freshwater as representative environ-
mental matrices, which provided insights into fomite and
waterborne transmission of environmental pathogens, to
understand the potency of double-atom catalysis for murine
coronavirus disinfection. MHV-A59 survived in all three
matrices with a negligible infectivity loss with the presence
of Fe−Fe/SCN alone but the absence of PMS (Figure S12).
The amendment of a PMS dosage of 0.1 mM to Fe−Fe/SCN
resulted in rapid inactivation of MHV-A59 in phosphate buffer,
with a pseudo-first-order reaction rate constant of 0.267 ±

0.024 min−1, which was 2.26 times higher than that in PMS-
alone disinfection with the same PMS dosage (0.118 ± 0.007
min−1, Figure 2a). PMS consumption was also increased in
Fe−Fe/SCN-mediated disinfection when compared to PMS-
alone disinfection ((3.82 ± 0.36) × 10−2 versus (8.75 ± 0.75)
× 10−3 min−1, Figure S13). CT values were also calculated
(Table S10). Interestingly, no apparent MHV-A59 inactivation
was observed in Fe−Fe/SCN-activated PMS and PMS-alone
treatments in simulated saliva with a PMS concentration of 0.1
mM (Figure S14). Simulated saliva contained proteins (Table
S1) that also competed for PMS (Figure S15), lowering the

Figure 2. Performance of MHV-A59 disinfection by PMS-alone treatment and Fe−Fe double-atom catalysis. MHV-A59 disinfection by PMS-alone
and Fe−Fe/SCN-activated PMS in (a) a phosphate buffer (pH 7, 10 mM), (b) simulated saliva, and (c) freshwater (Potomac River water).
Experimental conditions: initial MHV-A59 load before disinfection of ca. 107 gene copies well−1 in the inoculum, initial MHV-A59 infectivity
before disinfection of ca. 1010 gene copies well−1 as determined by ICC-RT-qPCR, initial PMS concentration of 0.1 mM (for the phosphate buffer
and freshwater) and 0.2 mM (for simulated saliva), and catalyst loading of 1.0 g L−1. The inactivation rate constants of MHV-A59 following PMS-
alone and Fe−Fe/SCN-activated PMS disinfection in each environmental matrix were statistically different (p <0.05); 95% confidence bands were
shown in transparent navy and orange. n = 3−4.

Figure 3.Mechanism of MHV-A59 disinfection and PMS activation by Fe−Fe double-atom catalysis. (a) Damage of MHV-A59 proteins, genomes,
binding, internalization, and infectivity by PMS-alone and Fe−Fe/SCN-activated PMS treatments. Total viral protein concentrations during
disinfection were quantified by the BCA assay, and protein damage rate constants are calculated from Figure S16. The true damage rate constants
of virus binding and internalization are shown. Damage of the viral genome and virus binding to host cells was not detected (N.D.) in PMS-alone
disinfection (Figure S27). The observed damage rate constant of virus binding to host cells was not statistically different from the damage rate
constant of the viral genome in Fe−Fe/SCN-activated PMS disinfection (Figure S27); therefore, the true damage rate constant of virus binding by
Fe−Fe/SCN-activated PMS was assigned to zero. Experimental conditions for virus disinfection and genome, binding, and internalization damage
assays: initial MHV-A59 load of ca. 107 gene copies well−1 in the inoculum, initial MHV-A59 infectivity of ca. 1010 gene copies well−1 as determined
by ICC-RT-qPCR, initial PMS concentration of 0.1 mM, catalyst loading of 1.0 g L−1, and phosphate buffer (pH 7, 10 mM). n = 3. Experimental
conditions for the protein damage assay: initial protein concentration of ca. 100 μg of protein mL−1, initial PMS concentration of 0.1 mM, catalyst
loading of 1.0 g L−1, and phosphate buffer (pH 7, 10 mM). n = 2. * p < 0.05. (b) EPR spectra of DMPO spin adducts in ① a phosphate buffer and
in ② 10% (v/v) ethanol and ③ EPR spectra of TEMP spin adducts in the phosphate buffer for the Fe−Fe/SCN-activated PMS system.
Experimental conditions: initial PMS concentration of 1 mM, initial DMPO or TEMP concentration of 60 mM, catalyst loading of 0.2 g L−1,
phosphate buffer (pH 7, 10 mM) or 10% (v/v) ethanol, and reaction time of 1 min. (c) Chronoamperometric curves of electron-transfer tests
between phenol and PMS on SCN, Fe/SCN, and Fe−Fe/SCN. Arrows illustrate the time when PMS and phenol were injected into the
electrochemical cell, respectively.
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effectiveness of PMS in disinfection. We increased the PMS
dosage to 0.2 mM; hence, Fe−Fe/SCN-activated PMS
achieved 2.17 times better performance for MHV-A59
disinfection than PMS-alone treatment (1.41 ± 0.14 versus
0.649 ± 0.046 min−1, Figure 2b). Efficient disinfection of
MHV-A59 in freshwater was also realized in the Fe−Fe/SCN-
activated PMS system, and 4.60 times faster reaction kinetics
was observed when compared to that of the PMS-alone system
at 0.1 mM of PMS (1.85 ± 0.20 versus 0.403 ± 0.035 min−1,
Figure 2c). Rapid disinfection of MHV-A59 was achieved in all
model and environmental matrices with the aid of the Fe−Fe
double-atom catalyst, which demonstrates the broad applic-
ability of double-atom catalysts for engineering interventions
for environmental pathogen control. Special attention should
be paid to the different matrices with diverse compositions and
varying concentrations of salts and organics, which could result
in potential interactions between metal atoms and anions, virus
aggregation, and oxidant consumption and consequently
impact the effectiveness of disinfection.
Evaluation of MHV-A59 Protein, Lipid, and Genome

Damage following Fe−Fe Double-Atom Catalysis. The
survivability of viruses during disinfection treatments is
dependent on the susceptibility of essential biomolecules of
viral particles, including lipids (for enveloped viruses),
proteins, and nucleic acids (genomes).30,46 Conventional
disinfection methods such as chlorination, ozonation, and
ultraviolet (UV254) radiation target differently on enveloped
viruses, for example, UV254 radiation mainly attacks viral
genomes, ozone can oxidize viral lipids, and viral proteins are
more vulnerable under both free chlorine and ozone
treatment.46,47 Accordingly, to better understand why MHV-
A59 gradually lost infectivity during PMS-driven (i.e., PMS-
alone and Fe−Fe/SCN-activated PMS) treatments, we
measured reactions in proteins, lipids, and genomes of
MHV-A59 during inactivation. Murine coronavirus has four
major structural proteins: the spike (S) protein, nucleocapsid
(N) protein, membrane (M) protein, and the envelope (E)
protein; each protein plays a role in retaining virus integrity,
and damage to structural proteins could interfere with murine
coronavirus lifecycle, resulting in the loss of virus infectivity
eventually.2,48,49 Here, we first monitored the dynamic changes
in total viral proteins during PMS-alone and Fe−Fe/SCN-
activated PMS treatments. As shown in Figures 3a and S16,
total viral protein concentration of MHV-A59 was reduced
upon PMS-driven oxidation, and the reduction was more
significant for the treatment by Fe−Fe/SCN-activated PMS
than PMS alone (kprotein damage of (4.69 ± 0.23) × 10−3 versus
(6.61 ± 1.16) × 10−4 min−1). To further demonstrate how
Fe−Fe double-atom catalysis induced more decay on viral
proteins, we measured protein carbonyl, a widely used
biomarker to reflect the oxidative damage on proteins,50 in
MHV-A59 after disinfection. As shown in Figure S17, although
protein carbonyl was determined after both PMS-alone and
Fe−Fe/SCN-activated PMS treatments, the oxidation by Fe−
Fe/SCN-activated PMS did not contribute to protein carbonyl
formation compared to PMS-alone treatment because a similar
protein carbonyl content of MHV-A59 was generated after 90
min of reactions (0.922 ± 0.142 versus 0.986 ± 0.139 nmol of
carbonyls per mg of protein, Figure S17). These observations
indicated that Fe−Fe/SCN-activated PMS stimulated more
oxidative damage on viral proteins compared to PMS-alone
treatment, but the consequence of oxidation did not contribute
to protein carbonylation. Since the involvement of multiple

forms of reactive oxygen species (ROS) (i.e., •OH, superoxide
anion radical (O2

•−), and 1O2) in protein oxidation can result
in the addition of carbonyl groups of proteins,28,51−53 we
speculated that ROS might not participate in Fe−Fe/SCN-
activated PMS treatment. To clearly demonstrate the reactive
species presented in Fe−Fe double-atom catalysis, electron
paramagnetic resonance (EPR) spectroscopy in conjunction
with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and 2,2,6,6-
tetramethyl-4-piperidinol (TEMP) as trapping agents was first
used to illustrate the presence of radicals (•OH, sulfate anion
radical (SO4

•−), and O2
•−) and 1O2, respectively (Text S10).

As shown in Figures 3b, S18, and S19, EPR spectroscopy did
not detect the signal of DMPO-•OH, DMPO-SO4

•−, or
DMPO-O2

•− adducts in the Fe−Fe/SCN-activated PMS
system; only the signal of 5,5-dimethylpyrrolidone-(2)-oxyl-
(1) (DMPOX) (intensity ratio of 1:2:1:2:1:2:1) was detected,
which was originated from the direct oxidation of DMPO.42

Moreover, EPR spectroscopy revealed the signal of the
TEMP-1O2 adduct (2,2,6,6-tetramethyl-4-piperidinol-N-oxyl
(TEMPO)) in both PMS-alone and Fe−Fe/SCN-activated
PMS systems (Figures 3b and S20).42 The presence of the
TEMPO signal could illustrate the existence of 1O2; however,
it did not prove that 1O2 was the dominant reactive species
participated in organics transformation. Thus, we then
measured the oxidation of furfuryl alcohol (FFA), a probe
compound for 1O2, in the Fe−Fe/SCN-activated PMS
system.54 As shown in Figure S21a, FFA decay was clearly
observed in PMS treatment alone, which was driven by direct
oxidation instead of 1O2 attack,

54 whereas FFA oxidation was
significantly inhibited in the Fe−Fe/SCN-activated PMS
system. Since the depletion of PMS would suppress FFA
oxidation,54 we further analyzed PMS consumption in PMS−
FFA reactions with and without the presence of Fe−Fe/SCN.
As shown in Figure S21b, the PMS level maintained well on
Fe−Fe/SCN alone, and more PMS was consumed in PMS−
FFA mixtures in the absence of Fe−Fe/SCN than that in the
presence of the catalyst. Therefore, Fe−Fe double-atom
catalysis indeed did not facilitate FFA oxidation. To evaluate
the role of 1O2, we carried out phenol−FFA competitive
reactions and compared the rate constants of FFA trans-
formation and phenol oxidation by assuming that 1O2 was the
key reactive species involved in the Fe−Fe/SCN-activated
PMS system (Text S11 and Figure S22). In contrast to FFA,
phenol was not directly oxidized by PMS (Figure S11a) under
our experimental conditions; therefore, a steady-state concen-
tration of 1O2 of 4.19 × 10−10 M would have been achieved in
the Fe−Fe/SCN-activated PMS system based on phenol
oxidation kinetics if 1O2 was the key player. However, under
such situation, the kinetics of FFA transformation would have
been 320 times faster than the measured kinetics. Therefore,
based on the above characterizations, 1O2 was excluded from
reactive species in the Fe−Fe/SCN-activated PMS system
under our experimental conditions.
In addition to ROS, oxidation by high-valent Fe−oxo species

and catalyst-mediated electron transfer19,21,22,42 are two other
possible pathways in the Fe−Fe/SCN-activated PMS system.
To evaluate the presence of high-valent Fe−oxo species based
on their unique oxygen-atom-transfer reaction,17,42 we
introduced phenyl methyl sulfoxide (PMSO) into PMS-alone
and Fe−Fe/SCN-activated PMS systems. Phenyl methyl
sulfone (PMSO2) was the only oxidation product of PMSO
in both treatments (Figure S23a,b), but PMSO oxidation
kinetics was not enhanced with the presence of the Fe−Fe
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double-atom catalyst (Figure S23c). Therefore, high-valent
Fe−oxo species might not play a dominant role in the Fe−Fe/
SCN-activated PMS system. We then used the electrochemical
analysis to investigate the mechanism of catalyst-mediated
electron transfer in the Fe−Fe/SCN-activated PMS system
(Text S12). Chronoamperometry was applied to monitor
electron transfer from phenol (an electron−donor probe) to
PMS22 with the presence of Fe−Fe/SCN, Fe/SCN, and a
reference sample (i.e., SCN), and a negative current flow was
detected on electrodes loaded with SCN, Fe/SCN, and Fe−
Fe/SCN when PMS was amended (Figure 3c). It is reasonable
to speculate that introducing PMS into an unbuffered
electrolyte influenced the electrode surface charge or PMS
interacted with SCN-based materials. Subsequently, upon the
injection of the electron−donor probe, the current immedi-
ately increased on Fe/SCN and Fe−Fe/SCN electrodes but
not the SCN electrode (Figure 3c). A more significant current
increase was observed on the Fe−Fe/SCN electrode than that
on the Fe/SCN electrode. The result demonstrated that both
Fe single-atom and Fe−Fe double-atom catalysts boosted
electrons transferring to PMS, and Fe−Fe/SCN was more
reactive. Electrochemical impedance spectroscopy was also
used to evaluate the electrochemical properties of catalysts,22

and SCN, Fe/SCN, and Fe−Fe/SCN all showed similar
resistance, illustrating that introducing Fe atoms to the SCN
support did not affect the electrochemical impedance of
materials (Figure S24). Based on the characterization of
reactive species involved in the Fe−Fe/SCN-activated PMS
system as abovementioned, Fe−Fe double-atom catalysis was
believed to promote catalyst-mediated electron transfer rather
than to facilitate the generation of •OH, SO4

•−, O2
•−, 1O2, and

high-valent Fe−oxo species in comparison with PMS-alone
treatment.
Lipids are also important to determine the stability of the

coronavirus envelope, structural integrity, and infectivity.
However, MDA adduct formation was not observed upon
oxidation by both Fe−Fe/SCN-activated PMS and PMS alone,
highlighting that lipids are much less reactive in PMS-driven
oxidation (Figure S25). Notably, like protein carbonyls, MDA
adducts could also be found under ROS attack.51,55,56

Moreover, negligible lipid peroxidation also excluded the
likelihood of the reaction of amino acid residues (i.e., cysteine,
histidine, and lysine) with reactive aldehydes (byproducts of
lipid peroxidation), which could contribute to protein carbonyl
formation.50 Last but not least, we quantified viral genome
damage because it is another determinant of viral infectivity
loss in disinfection since it impedes virus replication. No
obvious MHV-A59 genome damage was observed in PMS-
alone oxidation, but the presence of Fe−Fe/SCN promoted
the genome damage kinetics significantly ((7.06 ± 0.67) ×
10−3 min−1, Figure 3a).
Evaluation of MHV-A59 Binding to and Internal-

ization into Host Cells Following Fe−Fe Double-Atom
Catalysis. Coronaviruses need to successfully bind to the
receptors expressed on host cells (① in Figure 4a) and
subsequently internalize into the host cells (② in Figure 4a)
before replication and producing viral progeny (③ in Figure
4a).2,57 Any damage to virus lifecycle could compromise the
infectivity of viruses.30,48,58 Our results demonstrated that
MHV-A59 binding to host cells remained intact after
disinfection by PMS-alone and Fe−Fe/SCN-activated PMS,
whereas internalization into the host cells was compromised in
both treatments, and it was more significantly damaged by Fe−

Fe double-atom catalysis (kinternalization of (7.64 ± 0.73) × 10−3

versus (2.19 ± 0.25) × 10−3 min−1, Figure 3a). The S protein
of MHV-A59 is a type I fusion protein that is responsible for
mediating both virus binding and internalization.59 The S
protein of MHV-A59 is posttranslationally cleaved into an S1
receptor binding unit and an S2 membrane fusion unit with
distinct functions (Table S11).60 The N-terminal domain
(NTD) within the S1 unit recognizes the cell receptor of
murine carcinoembryonic antigen-related cell adhesion mole-
cule 1a (mCEACAM1a),61 and this interaction is critical to
determine viral infectivity.61,62 Particularly, several amino acid
residues in NTD of MHV-A59 (highlighted in red in Table
S11) are important because they are responsible for the direct
contact between the virus and its cell receptor. Interestingly,
the reactivity between these amino acids and PMS is low
because PMS only reacts with sulfur-containing cysteine and
methionine (Met) rapidly, and the reaction rate constant of
Met−PMS is 3−6 orders of magnitude higher than those of
other amino acids (Table S12).63,64 In addition, Fe−Fe/SCN-
activated PMS likely promoted catalyst-mediated electron
transfer in which PMS directly abstracted electrons from
organics mediated on Fe−Fe/SCN.21,22 Therefore, it is
reasonable not to see the apparent damage of virus binding
after the oxidation by PMS-alone and Fe−Fe/SCN-activated
PMS. After binding to the receptor, the putative fusion peptide
(FP) and two heptad repeat regions (HR1 and HR2) in the S2
unit play a key role in coronavirus−cell membrane fusion.65,66

Figure 4. Molecular simulation of MHV-A59 integrity and
functionality compromised by Fe−Fe double-atom catalysis. (a)
MHV-A59 lifecycle in host cells. Details of membrane fusion between
the cellular membrane and the viral membrane are highlighted on the
right. Fusion peptide (FP) and the interaction of two heptad repeat
regions (HR1 and HR2) are important for membrane fusion.
Optimized structure of (b) Fe−Fe/SCN−PMS, (c) Fe−Fe/SCN−
Met, and (d) Fe−Fe/SCN−Ade adducts. The carbon, nitrogen,
sulfur, oxygen, and iron atoms were depicted in teal, navy, yellow, red,
and rose, respectively.
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In membrane fusion, FP is first inserted into the cell
membrane, HR2 then binds to HR1 in an antiparallel manner
to form a stable six-helix bundle, and the trimer-of-hairpins
conformation brings both viral and cell membranes into close
proximity (Figure 4a).66 Several critical amino acid residues in
HR1 and HR2 (highlighted in green and magenta in Table
S11) contribute to this important HR1/HR2 interaction that
facilitates the juxtaposition of viral and cell membranes.65 Met
is one critical hydrophobic residue in HR2, and it is also
observed in FP (Table S11); the rapid oxidation of Met by
PMS regardless of the presence of the catalyst could explain
the significant damage to MHV-A59 internalization found in
our study.
Computational Simulations for Understanding MHV-

A59 Disinfection by Fe−Fe Double-Atom Catalysis.
Experimental results have demonstrated that Fe−Fe double-
atom catalysis prompted oxidative damage of viral proteins and
genomes and consequently impaired virus lifecycle. To
elucidate the mechanism, we used computational simulations
to investigate PMS activation on Fe−Fe/SCN and the
oxidation of representative amino acids and a representative
nucleobase, including Met, tyrosine (Tyr), lysine (Lys), and
adenine (Ade). Met is a critical amino acid responsible for
MHV-A59 internalization and the most vulnerable amino acid
under PMS oxidation; Tyr and Lys are also ubiquitous amino
acids in coronavirus proteins and important for viral functions,
but they are less susceptible toward PMS oxidation (Tables
S11 and S12); Ade was chosen as a typical nucleobase to
underscore virus genome damage. First, our simulation results
showed that PMS only had a weak physical adsorption onto
SCN (i.e., catalyst support without Fe doping) with a small
adsorption energy of −4.2 kcal mol−1 (Figure S26a), while Fe
atoms intercalated in SCN significantly facilitated PMS
decomposition through the electron transfer from FeII to
PMS (Figure S26b,c). The direct dissociation of PMS into
nonradical species on Fe/SCN featured a large energy drop of
−45.6 kcal mol−1 (Figure S26b), and Fe−Fe double-atom sites
on Fe−Fe/SCN further enlarged it to −157.6 kcal mol−1

(Figures 4b and S26c). Our calculations also found that PMS
decomposition energy changed from 9.9 to −27.3 kcal mol−1

after Fe−Fe double-atom sites were anchored on the SCN
substrate, suggesting that Fe−Fe double-atom sites turned
PMS decomposition from an endothermic process into an
exothermic one, greatly facilitating PMS activation.
For any chemical reaction catalyzed by a substrate, its

binding energy (ΔEb) to the reactant is an important property
that governs the formation propensity of a substrate/reactant
adduct, which is defined as ΔEb = Esubstrate/reactant − Esubstrate −
Ereactant, where Esubstrate/reactant, Esubstrate, and Ereactant represent
energy of the substrate−reactant complex, substrate, and
reactant, respectively. As shown in Table S13, ΔEb of SCN
with Met was low at −2.5 kcal mol−1 because both SCN and
Met are hydrophobic, making their coupling primarily driven
by the weak van der Waals interaction, while ΔEb of Fe−Fe/
SCN with Met surged to −113.4 kcal mol−1 due to the
polarization of SCN through Fe−Fe double-atom site addition.
As a result, the coupling between Fe−Fe/SCN and Met was
predominantly promoted by the pronounced electrostatic
attraction (Figure 4c). Similarly, a large increase of ΔEb from
−3.4 to −125.6 kcal mol−1 was also observed on the
hydrophobic Ade when SCN was replaced by Fe−Fe/SCN
(Table S13 and Figure 4d). For the hydrophilic Tyr and Lys,
only moderate increases in ΔEb were found owing to the

already strong electrostatic attraction with the SCN substrate.
According to Fermi’s golden rule,67 the electron transfer rate is
proportional to the square of the electronic coupling strength.
A strong binding generally leads to a strong electronic coupling
as the former partially arises from the latter. This prominent
correlation between ΔEb and the electronic coupling strength
was evident in Table S13. For instance, the electronic coupling
strength of the loosely bound SCN with Met was 1.0 kcal
mol−1, which was an order of magnitude smaller than that of
the tightly bound Fe−Fe/SCN with Met. On the other hand, a
small increase of ΔEb from −63.8 to −88.4 kcal mol−1 for Tyr
resulted in a trivial boost of the electronic coupling strength
from 3.7 to 4.6 kcal mol−1. Nevertheless, the introduction of
Fe−Fe double-atom sites generally strengthened the substrate
and reactant binding and intensified their electronic coupling,
presumably resulting in faster oxidation of amino acids and the
nucleobase. A more direct indicator of this enhanced oxidation
was the shift of a reactant’s oxidation energy (ΔΔEox) in water
upon the presence of Fe−Fe/SCN, which is depicted as ΔΔEox

= Esubstrate + Ereactant − Esubstrate/reactant − Ee−, where Ee− of −35.5
kcal mol−1 is the electron’s absolute solvation energy in water
at 298 K.68 As shown in Table S14, all of our reactants of
interest exhibited notably negative values of ΔΔEox, which
ranged from −3.6 to −7.1 kcal mol−1, again illustrating the
advanced oxidation via chemically active Fe−Fe double-atom
sites intercalated in the SCN backbone. All of these
computational results provide first insights that Fe−Fe/SCN
facilitates PMS activation and the oxidation of MHV-A59
proteins and genomes, which could in turn compromise virus
infectivity.

■ ENVIRONMENTAL IMPLICATIONS
Disinfection, sanitation, and hygiene practices are important
engineering interventions to prevent the spread of infectious
diseases. To improve disinfection potency, we developed Fe−
Fe double-atom catalysts from earth-abundant elements to
activate PMS via proposed catalyst-mediated electron-transfer
mechanism, which enabled rapid murine coronavirus inactiva-
tion. We applied both wet-lab techniques and computational
simulations to investigate how Fe−Fe double-atom sites
facilitated PMS activation and advanced virus inactivation.
However, special attention should be paid to some potential
caveats. First, the RT-qPCR approach used in this study
determining the damage to virus genomes, binding, and
internalization only quantified limited bases in the viral
genome, and a genome-wide approach should be considered
in future studies since longer amplicons can improve the
sensitivity of RT-qPCR.30 Next, our simulations focused on the
oxidation of amino acids and a nucleobase instead of proteins/
peptides and genomes, and future studies can integrate mass
spectrometry with simulations directly targeting polypeptide
and polynucleotide chains to specifically highlight oxidative
damage, though simulation costs should be considered for
running larger molecules. In addition, our study also revealed
that the damage of virus binding and internalization did not
fully capture the loss of viral infectivity after disinfection
(Table S15). Therefore, it is necessary to identify the
vulnerability of each step in the virus lifecycle toward
disinfection treatments in the future, and the pathogen-
oriented delivery of disinfectants targeting the susceptible
biofunctions of pathogens will render benefits to advance
disinfection.
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Our study, as a proof of concept, demonstrates for the first
time that double-atom catalysis holds promise for environ-
mental pathogen control. When applying heterogeneous
catalysts for practical engineering applications, incidental
release of the catalysts may pose negative impacts on aquatic
lives and human health. Therefore, in water treatment,
continuous flow reactors with microfiltration membranes
employed to separate the catalysts or with packed columns
that immobilize catalysts within the reactor will largely reduce
catalyst leaching and minimize secondary pollution. Another
challenge in implementing this catalyst in practice is the low
metal loading and the consequent high catalyst dosage for
reactions, for example, a high catalyst loading of 1.0 g L−1 was
applied in our study for achieving desired disinfection
performance because of the low Fe loading (0.45 wt %) on
Fe−Fe/SCN. Based on the CT value for virus disinfection,
Fe−Fe/SCN-activated PMS treatment outperformed chlor-
amination, but it was inferior to the treatment by chlorine,
chlorine dioxide, and ozone (Table S10). Fortunately, recent
advancements have shown that up to about 20 wt % of
transition metals were atomically dispersed and loaded onto
catalysts without aggregation,69 therefore, future studies should
focus on developing double-atom catalysts with an increased
metal loading, which in turn reduces the cost and material and
energy footprint for catalyst fabrication and advances the
disinfection potency to achieve eco-friendly and robust
disinfection for protecting the public health.
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