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Heterogeneous high-valent cobalt-oxo [=Co(IV)=0] is a widely focused reactive species
in oxidant activation; however, the relationship between the catalyst interfacial defects
and =Co(IV)=0 formation remains poorly understood. Herein, photoexcited oxygen
vacancies (OVs) were introduced into Co;0, (OV-Co;0,) by a UV-induced modification
method to facilitate chlorite (ClO,") activation. Density functional theory calculations
indicate that OVs result in low-coordinated Co atom, which can directionally anchor
chlorite under the oxygen-atom trapping effect. Chlorite first undergoes homolytic
O-Cl cleavage and transfers the dissociated O atom to the low-coordinated Co atom
to form reactive =Co(IV)=0 with a higher spin state. The reactive =Co(IV)=0 rapidly
extracts one electron from ClO," to form chlorine dioxide (ClO,), accompanied by the
Co atom returning a lower spin state. As a result of the oxygen-atom trapping effect, the
OV-Co;0,/chlorite system achieved a 3.5 times higher efficiency of sulfamethoxazole
degradation (~0.1331 min") than the pristine Co;0,/chlorite system. Besides, the
refiled OVs can be easily restored by re-exposure to UV light, indicating the sustainability
of the oxygen atom trap. The OV-Co;0, was further fabricated on a polyacrylonitrile
membrane for back-end water purification, achieving continuous flow degradation of
pollutants with low cobalt leakage. This work presents an enhancement strategy for
constructing OV as an oxygen-atom trapping site in heterogeneous advanced oxidation
processes and provides insight into modulating the formation of =Co(IV)=0 via defect
engineering.

photoexcited oxygen vacancy | chlorite activation | oxygen atom trapping effect |
heterogeneous high-valent cobalt-oxo | ultraviolet modification

Heterogeneous advanced oxidation processes (AOPs) catalyzed by transition metal catalysts
have received growing attention in water purification owing to the high reactivity of
radicals (i.e., HO and SO, ") toward organic pollutants. However, the overlooked reactive
sites on the catalyst surface, such as surface high-valent metal species (1-4), metastable
oxidant-catalyst complexes (5), and interfacial electron donors (6), also contribute signif-
icantly to the oxidation of recalcitrant pollutants. High-valent metal species possess high
redox potential (>1.95 V), long half-lifetime (up to several seconds), and unique selectivity
[oxygen atom transfer (OAT) oxidation pathway] (7), showing an oxidative effect com-
parable to radicals. In addition, high-valent metal species are also important intermediates
in oxidative transformation processes, such as oxygen activation and chlorite (ClO,)
dismutation (8). For example, in the chlorite activation process, high-valent cobalt-oxo
[Co(IV)=0] not only dominates the selective degradation of pollutants but also triggers
chlorite activation to produce chlorine dioxide (ClO,) (9). Low-valent cobalt accepts
oxygen atoms from chlorite to form Co(IV)=0, which then efficiently activates chlorite
to ClO, via electron transfer (ET) (10). Benefiting from Co(IV) and ClO,, chlorite acti-
vation has been developed as a selective oxidation technique for targeted degradation of
pollutants (9). Thus, the presence of Co(IV)=O plays a crucial role in the activation of
chlorite and degradation of pollutants.

However, homogeneous Co(IV)=0O is unstable because of the strong electronic repulsion
between the d-electron of the cobalt center and the electron of oxygen (11), which restricts
the sustainable activation of chlorite. Recent studies have revealed that heterogeneous
high-valent metal species are more stable and longer-lived (up to several hours) (12). This
discovery is considered a breakthrough to improve the activation efficiency of chlorite.
Cobalt oxide (Co;0y) is a cost-effective and chemically stable catalyst (13) but suffers
from limited active site exposure, thereby restricting the formation of heterogeneous
Co(IV)=0 [=Co(IV)=0]. Defect engineering, especially anion defects, can create active
sites by modulating the coordination environment and electron density of metal sites (14),
thus generating reactive species more efficiently and selectively. For example, nitrogen
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Significance

The transition metal oxide-
activated chlorite process can
achieve selective oxidation of
organic pollutants by
synchronously generating
heterogeneous high-valent
metal-oxo species and chlorine
dioxide. However, heterogeneous
high-valent metal-oxo species
differ from homogeneous ones in
chemical speciation and evolution
mechanisms, which are commonly
conflated together. Here,
photoexcited oxygen vacancies
(OVs) were constructed in Co;0,
catalysts for promoted chlorite
activation. OVs act as “traps” by
modulating electronic structures,
thereby anchoring O atoms of
chlorite and inducing O-Cl
cleavage. The electrons near the
OV-adjacent Co atom were
reassigned after O atom transfer,
subsequently generating
heterogeneous high-valent
cobalt-oxo (=Co(IV)=0). The
revealed oxygen-atom trapping
effect will help us revisit the
evolution mechanism of surface
reactive species in heterogeneous
oxidation techniques.
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vacancies increased the electron density of the Co 3d orbital and
decreased the energy barrier for O—O cleavage in peroxymono-
sulfate (PMS) thus converting the major active species from sin-
glet oxygen ('O, to Co(IV)=0 (1). In addition, as an intrinsic
anion defect, oxygen vacancies (OVs) are rich in localized electrons,
thus realizing the exposure of the surface-active sites (15, 16). OVs
significantly drove the conversion of unsaturated Co(III)-Oj sites
to highly active Co(IV)-Oy centers by trapping O atoms from
water (17). Therefore, engineering abundant OVs to expose more
trapping sites is expected to facilitate the formation of =Co(IV)=0
for highly efficient chlorite activation. However, there is still insuf-
ficient research to elaborate on the evolution mechanism of
=Co(IV)=0 at OV sites.

OVs can be introduced to the catalyst surface by chemical
reduction, plasma etching, heteroatom doping, etc. However, OVs
are easy to fill by external oxygen atoms (18), leading to the cov-
erage of active sites. Conventional methods for recovering OVs,
such as chemical treatments or high-temperature/pressure tech-
niques, are energy-intensive, so how to generate sustainable OVs
is essential to the efficient formation of =Co(IV)=0. The recent
discovery of photoexcited OVs as genuine active sites provides a
mild and cost-effective approach to constructing OVs on catalyst
surfaces (19, 20). Surface oxygen atoms are highly responsive to
the formation of light-induced OVs, which can be restored by
re-exposure to light (18). In addition, ultraviolet (UV) irradiation
can induce the self-recovery of photoexcited OVs, which can serve
as regenerated active sites for subsequent oxygen activation (20).
Hence, the photoexcited OVs present an ideal candidate for stud-
ying the underlying mechanism of chlorite activation by OVs and
also provide an effective engineering strategy to construct sustain-
able OV sites.

Herein, we constructed OVs into Co;0, via a UV-induced
method and fabricated an OV-rich Co;0, (OV-Co;0,) catalyst
to sustainably produce =Co(IV)=0 to promote the activation
efficiency of chlorite. OV-Co;0, exhibits enhanced activity for
the degradation of sulfonamide (SA) antibiotics with a rate con-
stant that is 3.5 times higher than that of pristine Co;04
(p-Co30,). Probe experiments, electron spin resonance (ESR),
and UV-Vis absorption spectroscopy confirmed that =Co(IV)=0
and ClO, dominate the oxidative degradation of organics. We
identify that OVs can modulate the electronic structure of Co;O04
and decrease the O-coordination of the OV-adjacent Co atom,
thereby creating an oxygen-atom trapping site for promoted chlo-
rite activation. Density functional theory (DFT) calculations
revealed that the formation of =Co(IV)=0 at OVs is thermody-
namically favorable. The stability and sustainability of OV-Co,0;
catalysts as well as the oxidative preference of reactive species were
evaluated. This work advances the mechanistic understanding of
heterogeneous reactive species in AOPs and also presents a feasible
strategy for modulating the formation of =Co(IV)=0 via defect
engineering.

Results and Discussion

Characterization of Photoexcited OVs. The preparation process
of OV-abundant Co;O, was achieved through a UV-induced
method (Fig. 1A4). The p-Co;0, was obtained by dehydration
of the mixture of Co,(NO;)(OH); and Co(OH), (S Appendix,
Fig. S1). X-ray diffraction (XRD) patterns (Fig. 1B) indicate that
the diffraction peaks correspond to the (111), (220), (311), (222),
(400), (422), (511), and (440) planes of the cubic Co;O, (JCPDS
42-1467) (21). Field emission-scanning electron microscope (FE-
SEM) (81 Appendix, Fig. S2) and transmission electron microscope
(TEM) (Fig. 1C) showed that the OV-Co;0; displayed a cubic
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crystal with an average size of about 200 nm. High-angle annular
dark-field scanning transmission electron microscopy (HAADEF-
STEM) was further carried out to characterize fine structures. As
displayed in Fig. 1D and SI Appendix, Fig. S3, the interplanar
spacings of 2.64 A and 2.87 A correspond to the (311) and (220)
crystalline planes of cubic Co;0, (JCPDS 42-1467) (22). The
HAADEF-STEM image of intact Co;Oy crystal (SI Appendix,
Fig. S4) shows regular periodic alignment of lattice Co atoms.
After exposure to UV irradiation, the alignment periodicity of
lattice Co atoms is disrupted and lattice distortion occurs as
marked in Fig. 1E. A slight displacement of Co atom was also
observed, causing the shortened Co-Co distance (from 5.05 A
to 4.98 A) compared to the intact Co;Oy crystal (ST Appendix,
Fig. S4). This lattice distortion was ascribed to the existence of
vacancies and the formation of unsaturated coordinated metal
atoms (23).

The room-temperature ESR of p-Co;0, and OV-Co;0, exhib-
ited a symmetric signal of a Lorentzian shape (g-factor = 2.003)
(Fig. 1F), which originates from the single electrons left at OVs
(19). The contents of single electrons were calculated by the double
integral of the ESR lines (S7 Appendix, Table S2). As compared
with p-Co;0, (0.03045), the electron contents in OV-Co;0,
(0.6196) doubled after 2 h UV irradiation, arising from the pro-
moted generation of photoexcited OVs. However, following
another 2-h exposure to UV radiation, no significant rise in elec-
tron content was observed due to that the surface OV sites were
almost saturated. XPS was further conducted to investigate the
valance states of Co and O atoms. In Co 2p XPS spectra (Fig. 1G),
the two main peaks located at approximately 780.5 and 790.0 ¢V
were attributed to Co 2ps, and Co 2p,, respectlvely (24). After
deconvolution and integration, the increased Co*"/Co" ratio
(from 0.49:1 to 0.89:1) indicated that OVs decreased the valence
of cobalt (21, 25). The O 1s XPS spectra (Fig. 1H) were decon-
voluted into three peaks at 529.8, 531.8, and 532.7 eV, corre-
sponding to the lattice oxygen (O,,,), surface adsorbed oxygen
(0,4, and oxygen in adsorbed water (O,,), respectlvely (25, 26).
The peak of Oy, at 531.8 eV originated from O, or O species,
which derived from the dissociated molecular oxygen adsorbed at
OVs. As compared with that in p-Co;0, (13.88%), the percentage
of O,y in OV-Co;0 increased to 28.18%, demonstrating an
increase in OV contents.

X-ray absorption fine structure (XAFS) measurements were
further conducted to discern the atomic arrangements. As shown
Fig. 1/, the normalized K-edge X-ray absorption near edge struc-
ture (XANES) spectrum of OV-Co;0, at the Co K-edge nega-
tively shifted by 0.4 eV compared with p-Co;0,, demonstrating
higher electron density around Co in OV-Co,0, than p-Co;0
(16, 27). This is consistent with the deceased valence of Co (from
+3 to +2) in XPS spectra. The /eS-weighted Fourier transform (FT)
spectra of the Co K-edge extended EXAFS (FT-EXAFS) (Fig. 1))
provided information on the coordination environments for Co
atoms. The FT curves exhibited three prominent peaks at 1.48 A,
2.44 A, and 2.99 A, which were attributed to the Co-O coordi-
nation, Co-Co (octahedral: Oh) and Co-Co (tetrahedral: Td)
coordination, respectively (28). The optimized parameters are
summarized in S/ Appendix, Table S3, which were obtained by
nonlinear fitting of the Co K-edge EXAFS spectra with
least-squares refinement (Fig. 1K). The coordination number
(CN) in the Co-O coordination shell of OV-Co;0, was reduced
to 2.6 compared with that in p-Co;0; (3.0). Interestingly, the
Co-O bond length in OV-Co;0, (1.91 A) was not altered while
the CN of Co decreased after UV irradiation. Thus, the coordi-
nation environment of Co remained unchanged and the decreased
CN was attributed to the escape of surficial oxygen atoms. We

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2319427121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319427121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319427121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319427121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319427121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319427121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319427121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319427121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319427121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2319427121#supplementary-materials

A 4

° p-Co;0, 20 OCo 0V-Co,0,
°,_{ @ o]
Y ultraviolet light
NaOH } -
Co(NO,), —~ ~
v
I l hydrothermal calcination
bl > >
a 180°C, 5 h air, 500°C
o Co,(NO;)(OH);
and Co(OH),
B D
— l 0V-Co,0,
3 . ] ) [
© = oS =~ ~9 o
g bt PN ~Ng ©
2| & §E8S 58Sl
S : - Vacancy region
E ‘ JCPDS 42-1467
[ N R AN g=286A
10 20 30 40 50 60 70 80 (220)
2 theta (degree) Distarce A2
F P00, G Co2p H 01s Olatt
Co 2py),
44 — 0V-Co,0,-1 (59.21%)
— — ads
3 0V-C0,0,-2 5 =
© 21 ——ov-co,0,3 o <
a ——0V-Co0,-4 = > 0V-Co,0,
< 0 Tt ETEERF R ‘2 g2
£ \ g 3
T ) £ £
£ 9=2.003
-4
1995  2.000  2.005  2.010 800 795 785 780 534 532 530 528 526
g factor Binding energy (eV) Binding energy (eV)
I J K
1.5 Co K edge o Experimental data
Co foil —Fit
()
§ 1.0
el
[0}
N
©
é 0.51 7716 7718 7,720 N —0V-Co30,
§ —— commercial Co,0,
—— commericial CoO
0.0 —— Co foil
7,650 7,605 7,740 7,785 7,830 o 1 2 2 5 6
Energy (eV) Radial distance (A) Radial distance (A)

Fig. 1. (A) Schematic of the preparation of cubic Co;0, with photoexcited OVs. (B) XRD patterns, (C) TEM, (D) HAADF-STEM, and (E) atom-resolution HAADF-STEM
images and corresponding structure model of OV-Co;0,. (F) Time-dependent room-temperature ESR, XPS spectra of (G) Co 2p and (H) O 1s of p-Co;0, and
OV-Co30,. (/) Normalized Co K-edge XANES spectra and (/) Co K-edge FT-EXAFS of different Co materials. (K) Co K-edge EXAFS (point) and fit (line) for p-Co;0,

and OV-Co;0,, shown in k* weighted R-space.

also constructed photoexcited OVs in other metal oxides (labeled
as OV-M,0O,) by the UV-induced method. As expected, the deg-
radation efficiencies of SMX in the OV-M,O,/chlorite systems
were significantly enhanced as compared to that in the M, O,/
chlorite systems (SI Appendix, Fig. S5), suggesting that UV irra-
diation is a feasible strategy to construct photoexcited OVs for
efficient chlorite activation.

Catalytic Activity of OV-Co30, for Pollutant Oxidation. The
catalytic activities of OV-Co;0, catalysts were evaluated by
degrading sulfamethoxazole (SMX) and the obvious degradation

PNAS 2024 Vol.121 No.11 2319427121

rate constants (k) were obtained by the well-fitted pseudo-first-
order kinetic model (SI Appendix, Fig. S6A). Fig. 2A presents
that the enhanced activity of OV-Co;0, was closely related to
the photoexcited OVs. As compared with the p-Co;0,/chlorite
process (0.0338 min™'), the values of 4, in the OV-Co,0,/
chlorite process gradually rose but reached a threshold (~0.1331
min!) (57 Appendix, Fig. S6B) due to the almost unchanged OV
content after 2 h UV irradiation (SI Appendix, Table S2). The
ko, values were positively correlated to the dosages of chlorite
(R = 0.9990), while the adsorption of SMX onto OV-Co,0,
or the oxidative ability of chlorite was negligible (S/ Appendix,
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Fig. 2. (A) The removal efficiency of SMX in different Co;0,/chlorite processes. (B) Effects of scavengers on the removal efficiency of SMX. (C) ESR spectra of
ClO,, (D) time-dependent UV-Vis absorption spectra of ClO,, and (E) PMSO consumption, PMSO, production, and ClO, yield in different Co;0,/chlorite processes.
(F) Comparison of removal efficiency of SMX by PO-OV-Co50, and Co®*/chlorite process.

Fig. S7). Therefore, chlorite was successfully activated to oxidative
species for SMX degradation and the activation efficiency greatly
depended on the photoexcited OVs.

To identify the reactive oxygen species (ROS), batch quenching
tests were carried out using zert-butyl alcohol (TBA for HO),

-benzoquinone (p-BQ for O,7), and furfuryl alcohol (FFA for
0,) as quenchers. The addition of TBA nor p-BQ exhibited a
slight inhibition effect on SMX degradation (Fig. 2B and
SI Appendix, Figs. S8 and S9), indicating the negligible contribu-
tion of HO and O,-. FFA exerted an obvious inhibition on SMX
degradation (SI Appendix, Fig. S10), but it was ascribed to the
consumption of CIO, (k = 2.45 x 10° M™" 5", details shown in
SI Appendix, Fig. S11) rather than just 'O,. On the other hand,
despite the longer lifetime of 'O, in D,O (22 to 70 ps) than that
in H,O (2.9 to 4.6 ps) (29), the exchange of solvent from H,O
to D,0O cannot accelerate SMX degradation (Fig. 2B), indicating
the minor role of 'O,. In addition, the sulfones [i.c., phenyl
methyl sulfoxide (PMSO) and dimethyl sulfoxide (DMSO)]
exerted an obvious inhibition on SMX degradation (Fig. 2B and
SI Appendix, Figs. S12 and S13), which was ascribed to the unique
OAT process between sulfones and Co(IV)=0 (30). As a probe
of Co(IV)=0, PMSO was converted into its sulfone products
PMSO, and the transformation ratio was approximately 100%
(SI Appendix, Fig. S14), indicating the presence of Co(IV)=0
rather than ROS.

Apart from ROS, it is also necessary to differentiate selective
reactive chlorine species (RCS) because the transformation prod-
ucts (TPs) of organic pollutants are closely associated with RCS.
For example, ClO, generally oxidizes the pollutant through an
ET process while free chlorine dominates the chlorination reac-
tion, which would generate undesirable chlorinated by-products.
Thus, ESR and quenching tests were conducted to identify the
possible RCS during chlorite activation. In Fig. 2C, the four-line
spectrum with intensities of 1:1:1:1 was assigned to the CIO,

https://doi.org/10.1073/pnas.2319427121

radical with the hyperfine splitting constant of oy = 17 G (g =
2.0106 - 2.0108) (31). Besides, the absorbance of ClO, at 359
nm (g559 = 1,250 M™' s7') appeared with decreasing absorbance
of ClO, at 254 nm (10), indicating the generation of ClO,
(Fig. 2D). Glycine was further selected as the scavenger for free
chlorine (HCIO/CIO") because glycine can react ralpidly with free
chlorine to form chloro-glycine (£ =1 x 10° M s7Y) (32) but
react with ClO, slowly (k=1 x 10° M s7") (33). The obvious
inhibition of glycine on SMX degradation implied the generation
of free chlorine (Fig. 2B and SI Appendix, Fig. S15). However, the
negligible effect on the DPD results indicated the absence of free
chlorine (87 Appendix, Fig. S16) because glycine would cause a
lower result of the DPD quantitative method supposing free chlo-
rine existed. Indeed, the inhibition effect of glycine on SMX deg-
radation derived from the formation of the cobalt—glycine complex
(34), suppressing the formation Co(IV)=0 (S/ Appendix, Fig. S17).
Another piece of evidence was that no absorbance of free chlorine
at 292 nm (g,9, = 350 M s!) (35) was detected based on the
standard absorption spectrum of free chlorine (S7Appendix,
Fig. S18), which indicated the negligible generation of free chlo-
rine. Moreover, the sluggish degradation of benzoic acid (BA, the
probe for Cl, k = 5.9 x 10’ M™' s7'") and dimethoxybenzene
(DMOB, the probe for CIO’, k = 7.0 x 10° M s7") showed the
negligible generation of Cl and ClO’ (S1 Appendix, Figs. S19 and
§20). Thus, Co(IV)=0 and ClO, were the dominant reactive spe-
cies in this OV-Co;0, -activated chlorite system, which were
quantified by PMSO probe experiments and the DPD quantitative
method, respectively. As the OV content saturated (Fig. 1F), the
amounts of Co(IV)=0 and ClO, were not significantly increased
regardless of prolonged UV irradiation (Fig. 2E). The OV-Co,;0,-2
(hereinafter referred to as OV-Co;0,) was selected as the optimal
catalyst for further investigation.

During the oxidation of SMX, a trace amount of cobalt leaching

(Co™) in the OV-Co;0,/chlorite process was detected (7.943 pg
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L', ~0.003 wt.%). However, such a low amount of Co** cannot
activate chlorite for efficient removal of SMX (Fig. 2F), indicating
that heterogeneous reactive species were responsible for pollutant
degradation. To clarify the heterogeneous oxidative species, we
pre-oxidized OV-Co;0; with chlorite to form Co(IV)=0O and
then separated the homogeneous oxidative species (i.e., ClO, and
chlorite) from the pre-oxidized OV-Co;0, (PO-OV-Co;0,)
(SI Appendix, Text S2). In Fig. 2F, PO-OV-Co;0, alone can
remove 15.64% of SMX in 180 min without the addition of
chlorite, implying the presence of heterogeneous reactive species.
XPS spectra (SI Appendix, Fig. S21) ruled out the possible
surface-bound chlorite complex, so the oxidative species was
inclined to heterogeneous Co(IV)=0 species (=Co(IV)=0). The
generation of =Co(IV)=0 was also investigated by CV measure-
ments. As shown in S Appendix, Fig. S22, the oxidation peaks of
Co®*/Co** were observed at 1.397 V and 1.371 V (vs. RHE) for
p-Co;0,4 and OV-Co;0y, which coincides with the =Co(IV)=0
in the cobalt-catalyzed processes (36, 37). OV-Co;0, exhibited
a lower potential for the Co®/Co™* oxidation than p-Co,0,,
showing that OVs facilitated the formation of =Co(IV)=0. For
catalytic degradation of pollutants, =Co(IV)=0 exhibited lon-
gevity whereby the PO-OV-Co;0; stored for 48 h can still remove
about 10% of SMX (81 Appendix, Fig. S23). However, when the
amount of Co** (~0.3115 mM) was the same cobalt equivalent
as OV-Co;0,4 (0.25 g L, only 5.351% of SMX was removed
in the Co™*/chlorite process (S Appendix, Fig. S24) because the
unstable homogeneous Co(IV)=0 species suffer from strong elec-
tronic repulsion between the d-electron of the cobalt center and
the electron of oxygen (38). Comparatively, =Co(IV)=0 species
exhibit better stability and higher activity, which allows heteroge-
neous chlorite activation to accommodate a wider pH range and
to resist anion interferences (see Discussions in SI Appendix,

Figs. $25-528).

Mechanism of the Oxygen-Atom Trapping Effect. DFT
calculation is performed to reveal the mechanism of enhanced
catalytic activity after the construction of photoexcited OVs.
First, the energy of ClO, ™ adsorption at the OV-free site and the
OV-adjacent Co site (S8 Appendix, Fig. S29) are compared to
determine the configurations of the adsorbed chlorite. Specifically,
the activation of chlorite on the surface of OV-Co;0, includes
a two-step ClO,™ adsorption process. For the first adsorption of
ClO,", the O-ClI bond in ClO, is stretched to cleavage (3.00
A) due to the abundant localized electrons of OV, thus the
dissociated O atom (labeled as O*) transfers to coordinate with
the surrounding Co atom (Fig. 34). We define the OV-mediated
OAT as an “oxygen-atom trapping effect.” Comparatively, ClO, is
stably adsorbed at the OV-free site with a slightly elongated O—Cl
bond (1.96 A) rather than transferring the O atom to the surface
Co atom (87 Appendix, Fig. $30). The adsorption of ClO,™ at the
OV-adjacent Co site exhibits more negative adsorption energy
(-2.80 eV) than that at the OV-free site (-0.05 eV), suggesting
that ClO,™ prefers to be adsorbed and dissociated at surface OV
site, which is more conducive to the formation of =Co(IV)=0.
In Fig. 3B, the formation of OV gives rise to an increased Bader
charge of Co from 7.77 e to 7.89 e (from Co;0, to OV-Co;0,),
indicating the transition of Co(III) to Co(II) occurs, which is in
good accordance with the results of Co 2p XPS spectra (Fig. 1G)
and Co K-edge XANES spectra (Fig. 1/). The first adsorption of
ClO, ™ at OV sites leads to decreased Bader charge of Co to 7.69
e (from i to ii in Fig. 3B), which are lower than Bader charge of
other Co atoms (not OV-adjacent) on the surface, resulting in the
formation of =Co(IV)=0O intermediate. The crystal orbital
Hamilton populations (COHP) were calculated to investigate
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bonding characteristics and ET pathways during the formation
of =Co(IV)=0. Results of integrals of projected COHP up to the
Fermi level revealed that the Co d,» — Clbond showed the highest
-IpCOHP value (0.891) compared to other Co 3d orbitals
(SI Appendix, Fig. S31), which indicated the strongest bond
strengths of Cl — Co d,2 bond after the first adsorption of CIO, ™.
The -IpCOHP value for Co d,» — Cl p, bond (0.695) was higher
than those for Co d, — Clp, (0.182) and Co d,, — Clp, (0.136)
(Fig. 3C), verifying that Co d,» — CI p, bond was the dominant
channel for d orbital electron transportation. Fig. 3D depicts the
diagram of bonding and anti-bonding orbitals between the
OV-adjacent Co atom and the Cl atom of adsorbed—ClO. To
elucidate the oxidation states of the Co site, the projected density
of states (PDOS) of the OV-adjacent Co before and after
O*-coordination are compared (S/ Appendix, Fig. $32). The sym-
metry between spin-up (a-spin) electrons and spin-down (B-spin)
electrons decreases, implying the increase of spin electrons (39—
41). The amount of spin electrons is further semi-quantitated
using the absolute values of the integral difference (JA(a-f)|)
between a-spin electron and B-spin electron, thereinto, a larger
difference represents an increase in spin electrons. After
O*-coordination, by comparing the splitting Co-3d orbital
PDOS, an obvious increase in spin electrons mostly arises from
the electron on the Co-3d,, orbital is extracted by the adsorbed
Cl atom, resulting in the higher oxidation state of cobalt.

From the thermodynamic perspective on energy change profiles
(Fig. 3E), the reaction path of =Co(IV)=0 is easier to form in the
presence of OVs. The highly reactive =Co(IV)=0, allows it to
accept one electron from the other adsorbed CIO, (O*-ClO, ™)
to generate ClO,. As shown in Fig. 3F, =Co(IV)=0 can serve as
an electron acceptor due to spin single electron and partially unoc-
cupied orbitals of the low energy Co-3d,, and Co — 3d,2 orbitals.
For the second adsorption of ClO,", the empty Co —3d,2_
orbital can accept lone pair electrons of ClO,™ to adsorb CIO,,
the Bader charge of Co atom increases from 7.69 e to 7.76 e (from
ii to iv in Fig. 3C), implying the increase of electrons for Co-3d
orbitals. Among possible Co d—Cl bonds, the -IpCOHP of
Co d,» — Cl bond was determined to be the highest (0.575) for
=Co(IV)=0 after the second adsorption of ClO, (S Appendix,
Fig. $33). The higher value of -IpCOHP indicated that more
electrons filled into the bonding orbitals, which was a sign of the
formation of a stronger Co-Cl bond. Among Co—Cl bonds,
Co d,2 — Cl p, bond has the highest -[pCOHP value (0.481)
(SI Appendix, Fig. S34), which serves as the dominant channel for
ET. The bonding and anti-bonding orbitals between =Co(IV)=0
atom and the Cl atom of the second adsorbed ClO,” were depicted
in ST Appendix, Fig. S35. Furthermore, the symmetry between the
a-spin electron and the B-spin electron increases (SI Appendix,
Fig. $36). Compared to those of other Co-3d orbitals, the value
of |A(a-B)| of Co-3d,, orbital remarkably decreases from 0.287
to 0.077, indicating the decrease in spin electrons for Co-3d,,.
Thus, the Co-3d,, orbital of =Co(IV)=0 site undertakes the elec-
tron from ClO, to return to a lower oxidation state. The electron
loss in ClO,™ converted the CI-O sp” hybrid into a sp” hybrid and
left a delocalized electron on the 3p, orbital (Fig. 3 G and H).
Furthermore, a delocalized pi bond (IT") is formed between the
3p, electron and the O-2p lone pair electrons, resulting in the
shortened O—Cl bond length (1.47 A) and the relaxed 2OCIO
angle (117.6°) (SI Appendix, Fig. S37), which well matches the
theoretical configuration of ClO,.

Overall, the heterogeneous chlorite activation undergoes two
steps, namely, step (1): OAT and step (2): ET (S/ Appendix,
Fig. $38). First, ClO,™ is trapped by OV site in OV-Co;04 to
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Fig. 3. (A) Schematic diagram of Co-3d orbital before and after O*-coordination. (B) Bader charge analysis of the formation of =Co(IV)=0 (cyan stands for holes
and yellow for electrons). (C) Projected crystal orbital Hamilton populations (pCOHP) and integral -pCOHP (-lpCOHP) of Co d,, - Cl p,, Co d, - Cl p,, and
Co d,» - Cl p,bonds in OV-Co50, after first adsorption of ClO,". (D) Schematic illustration of bonding and anti-bonding orbitals between OV-adjacent Co atom
and the Cl atom of adsorbed -CIO. (E) Energy profiles of generation of =Co(IV)=0 and CIO, on OV-free (001) plane and OV-rich (001) plane. Schematic illustrations
for the (F) ET process from CIO,™ to =Co(IV)=0 and the molecular orbitals of (G) CIO,™ and (H) ClO,.

form a metastable =Co---O-Cl-O-.-Co= intermediate (Eq. 1).
Second, the abundant localized electrons at OVs induced the O-
Cl cleavage, thus generating reactive =Co''—~O*~Co= species (Eq.
2). Then, another ClO," is adsorbed onto the O*~Co;0,, fol-
lowed by a fast ET from ClO, to =Co''—O*-Co= species, thus
inducing the generation of CIO, (Eq. 3). Finally, =Co(IV)=0
and ClO, are jointly responsible for the oxidation of organic pol-
lutants (Eq. 4). After chlorite activation, OVs would be refilled
by picking up O* atom from chlorite, leading to deteriorated
performance during recycling (S Appendix, Fig. S39A). After the
reaction, the filled OVs can be restored by re-exposure to UV light
[step (3)], accounting for the revitalized performance of the
OV-Co;0,/chlorite process (S Appendix, Fig. S39B). This phe-
nomenon suggests that the photoexcited OVs can act as sustain-
able active trapping sites for chlorite activation.

=Co--OV--Co= +ClO; - =Co--O-Cl-0--Co=,
(1]
=Co-+-0O=Cl=0 -+ Co= - =Co --- O* --- Co= + ClO*,
(2]

https://doi.org/10.1073/pnas.2319427121

=Co!Y ... O* ... Co= +ClO; - =Co—-0-Co= + ClO,,
(3]

=Co'V .- O* .- Co= + ClO, +organics — oxidation products.
(4]

Selective Degradation of Organic Pollutants. Due to their
nucleophile properties, both =Co(IV)=0 and ClO, are prone
to selectively attack the electron-rich moieties of SAs. SAs are
a class of emerging organic pollutants with aniline moiety
(-Ph-NH,), SA bridge (-SO,~NH-), and different heterocyclic
substituents (SI Appendix, Fig. S40) (42). Six SAs were tested
as target contaminants, including SA, sulfathiazole (STZ), sul-
famethoxazole (SMX), sulfadiazine (SDZ), sulfamerazine
(SMZ), and sulfamethazine (SMT). As depicted in Fig. 44, the
electron cloud of all the SAs was mainly distributed on the
aniline moieties. In the OV-Co,;0O/chlorite system, the removal
efficiencies of the heterocyclic substituents (model compounds)
were much lower than that of aniline (87 Appendix, Fig. S41),
suggesting that aniline is more active than heterocyclic
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substituents. Besides, the heterocyclic substituents increased the
reactivity of SAs (SI Appendix, Fig. S42), which was reflected
by the narrowed energy gap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) (AE = |EHOMO - ELUMOl)' It is worth
noting that the above degradation tests were conducted at pH
4.0 to ensure the SAs zwitterionic (S/ Appendix, Fig. S26)
because the dissociation forms of SAs greatly affected their elec-
trophilic attack activity. Vertical ionization potential (IP), which
refers to the required energy to lose one electron, was further
selected as the descriptor to evaluate the reactivities of zwitter-
ionic SAs. Generally, the lower vertical IP value represents the
higher reactivity of SAs toward electrophilic attack (43). As
shown in Fig. 4B, the £, value showed a negative correlation
to the IP value, suggesting that the heterocyclic substituents

PNAS 2024 Vol.121 No.11 2319427121

0.1 mM, [pollutant], = 25 uM, pH, = 4.0 £ 0.3.

improved the reactivity of SAs toward electrophilic attack.
Additionally, the heterocyclic substituents also affected the con-
tribution of reactive species to pollutant degradation
(ST Appendix, Text S6 and Figs. S43-545). In Fig. 4C, the con-
tribution of ClO, to the degradation of SAs with heterocyclic
substituents (44 to 57%) was higher than that of SA (33%)
because the heterocyclic substituents increased the active sites
for ClO, oxidation on SA molecules, which will be discussed
below.

Condensed Fukui function index (f7) was further applied to
figure out the accurate electrophilic reactive sites on SA molecules.
For SA, the aniline-N atom (N11) with the highest /" value (f =
0.1485) has the highest nucleophilicity (S Appendix, Table S4),
which is vulnerable to electrophilic attacks by ClO, and
=Co(IV)=0. Other SAs with substituents also followed the rule
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that the aniline-N atom is the primary reactive site (S/ Appendix,
Tables S5-89). However, the heterocyclic substituents alter the
SA-N atom as the second reactive site, which is reflected by the
increased f* values of SA-N. For example, the f value of the SA-N
atom of SDZ (N13) (f = 0.0528) is higher than that of SA (N14)
(f = 0.0459), suggesting that the electrons on 5-methylisoxazole
moieties are transferred to SA moieties. Therefore, the chlorite
activation technique exhibits high selectivity by identifying elec-
trophilic active sites, which are vulnerable to =Co(IV)=0 and
ClO,.

Furthermore, the transformation products (TPs) of SAs were
identified using UPLC-Q-TOF MS (ESI+ mode). For SA, the
aniline moiety with the highest f value (f = 0.1485) was first
attacked to form hydroxylamine (TP1, m/z = 189.0329) and
nitroso compounds (TP2, m/z = 187.0392) (SI Appendix,
Fig. S46). In detail, aniline easily accepted one electron from
ClO, to form aminyl radical (44), which further reacted with
oxygen to form a peroxyl radical (Fig. 4D). Then, two peroxyl
radicals formed a tetroxide and further decayed to hydroxy-
lamine and nitroso compounds via the Russel mechanism (45).
In addition, =Co(IV)=0 also initiated an OAT of the aniline
to generate nitroso compounds, which were oxidized to nitro
products (TP3, m/z = 203.1242) (30). For heterocyclic substi-
tuted SAs (i.e., SMX and SMT), CIO, oxidized SMX and SMT
through N-S bond cleavage to produce heterocyclic fragments
and sulfonic acid products (TP3, m/z = 174.1380) (SI Appendix,
Figs. S47 and S48). Then, the sulfonic acid products underwent
a similar pathway as SA to eventually form nitro-sulfonic acid
(TP6, m/z = 203.8823) (dashed box in Fig. 4E). Overall, both
=Co(IV)=0 and CIO, lead to the oxidation of -Ph—-NH, and
ClO, induced the cleavage of —-SO,—~NH-. Thus, the contribu-
tion of ClO, to SAs with heterocyclic substituents was higher
compared to that to SA due to the reactive SA bridge. The
eco-toxicity of TPs, taking acute and chronic toxicity as indi-
cators, was predicted using the ECOSAR program. In general,
most TPs showed lower ecotoxicity than their parent com-
pounds (S/ Appendix, Tables S10-S12). Thereinto, as compared
with that of SA, the toxicity of TPs of SMX and SMT was
eliminated more thoroughly because sulfonic acid is more biof-
riendly than SA.

To elaborate on the selectivity of the chlorite activation pro-
cess, the underlying relationship between degradation efficien-
cies and electrophilic properties of 16 representative pollutants
was further studied. Pollutants with a lower vertical IP value
(higher electrophilic activity) corresponded to a higher degra-
dation rate (Fig. 4F and SI Appendix, Fig. S42). This indicated
that the chlorite activation process was dominated by electro-
philic reactions. Moreover, the electrophilic activities of pollut-
ants were closely related to the substituents, which was reflected
by the negative linear relationship between £, and IP value of
phenolic and benzene compounds ({nset of Fig. 4F). Phenolic
compounds with electron-donating moieties (such as ~-OCH,
and —~CH,;) were more inclined to be degraded than those with
electron-withdrawing moieties (such as —Cl and -NO,).
Nitrobenzene (NB), merely containing electron-withdrawing
-NO,, showed the lowest degradation efficiency among the
selected pollutants (0.0026 min~'). Thus, the chlorite activation
process exhibits higher electrophilic selectivity than other AOPs
based on peroxides, including hydrogen peroxide (H,0,), per-
oxydisulfate (PDS), and peracetic acid (PAA). To illustrate this
superiority, we selected six targeted pollutants, which were cat-
egorized as low IP (IP < 8), moderate IP (8 < IP < 9), and high

https://doi.org/10.1073/pnas.2319427121

IP (IP > 9) pollutants (87 Appendix, Fig. S49). For high IP pol-
lutants (4-nitrophenol (4-NP) and NB), chlorite activation
exhibited comparable oxidation capacity to other peroxide acti-
vation processes (Fig. 4G). However, the degradation efficiencies
of moderate and low IP pollutants were higher in chlorite acti-
vation systems compared to those in peroxide activation sys-
tems. Bisphenol A (BPA) with the lowest IP value (7.15) showed
the highest degradation rate in chlorite activation (0.161 min),
which was about 4.14, 5.53, and 28.8 times higher than those
in H,0,, PDS, and PAA activation processes, respectively. The
superior selectivity arises from the electrophilic reactivity of
both =Co(IV)=0 and ClO,, which allows chlorite activation

as a selective oxidation technique for water decontamination.

Continuous Flow Degradation Tests. In the heterogeneous AOPs,
the recovery of catalysts is still a great challenge. For practical
application consideration, an OV-Co;0,/polyacrylonitrile
(PAN) membrane was constructed via electrospinning and the
cropped circular membrane (¢ = 40 mm, OV-Co;0, loading
weight = 17.41 wt.%) was used as the tested membrane
(ST Appendix, Text S7 and Fig. §50). The SEM image showed
that the OV-Co;0,/PAN membrane was composed of evenly
intertwined fiber composites with a diameter of 400 nm
(Fig. 5A4) and Co elements were uniformly distributed on the
fiber (Fig. 5B). Compared to the bare PAN membrane, the OV-
Co;0,/PAN membrane has a larger surface area (232.07 m*/g)
and a denser pore size (92.60 nm) (SI Appendix, Table S13).
Besides, the hydrophilic OV-Co;0,/PAN membrane surface
has good wettability with the water contact angle decreased
from 59.20° to 13.93° within 30 s (Fig. 5C), allowing a good
permeation of polluted water.

Furthermore, the continuous flow degradation tests were
carried out by sealing the membrane in an Amicon stirred cell
model (Fig. 5D). The hydraulic retention time (HRT) was
determined to be about 6.04 min (87 Appendix, Text S8). In
ultrapure (UP) water, the SMX removal ratio increased with
prolonged membrane-contaminant contact time and reached
above 97.5% (Fig. 5E). The OV-Co;0,/PAN membrane dis-
played an unremarkable adsorption capacity with a removal
ratio of 7.74%, but it exhibited excellent permeability with an
average permeance of 565.6 L m h™". Bed volume (BV) tests
(SI Appendix, Fig. S51) showed that the cartalytic reactor
retained a high SMX removal efliciency (94.60%) after 240 BV
but the permeance dropped to 90% after 120 BV due to the
membrane fouling over the limited area. Furthermore, contin-
uous flow degradation tests were performed in actual tap water
(TW) and surface water (SW). As shown in SI Appendix,
Fig. $52, the continuous flow device was able to remove 74.09%
of SMX in TW but the removal efficiency fell into a decline
(~18.03%) in SW, arising from possible membrane fouling. In
SW, the average permeance of the membrane declined to 348.32
Lm™>h™", which reflected the clogged membrane channels and
the covered active sites. Thus, the as-described membrane sys-
tem is suitable for eliminating micropollutants in back-end
water treatment cases, such as landscape water and point-of-entry
(POE) water purifiers. The Co-leaching was less than 3 pg L
(Fig. 5F), which was far below the reclaimed water limit (50 pg
LY set by the US Environmental Protection Agency (US EPA).
The OV-Co;0,/PAN membrane also featured excellent stability
with a stable crystalline property (Fig. 5G), which guides the
design of the catalytic membrane to be integrated into the
back-end water purification device.
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Fig. 5. (A) Schematic diagram of electrospinning and SEM image, (B) EDS elemental mapping, and (C) water contact angle of OV-Co;0,/PAN membrane.
(D) Photograph of the continuous flow degradation experiment with a schematic diagram. SMX removal efficiency and permeance of OV-Co;0,/PAN membrane
in (E) UP water, (F) TW, SW, and the cobalt leaking amount. (G) XRD patterns of OV-Co;0,/PAN membrane before and after use.

Conclusions

In summary, we proposed a strategy to construct photoexcited
OVs into Co;04 catalysts (OV-Co;0,) via an UV-induced
method to promote chlorite activation. X-ray absorption spec-
troscopy (XAS) and DFT calculations demonstrate that photoex-
cited OVs modulate the electronic structure of Co;0, and create
coordinately unsaturated Co atoms, thereby creating an oxygen-
atom trapping site for chlorite adsorption. OV energetically favors
the homolytic cleavage of O-Cl bond and the dissociated O* atom
is trapped by the OV-adjacent Co atom. The trapped O* atom
coordinates with the surrounding Co atom, thereby forminga Co
catalytic center in a higher spintronic state (=Co''—~O*~Co=, i.e.,
=Co(IV)=0). Bader charge analysis also revealed the formation
of the Co catalytic center in a higher oxidation state after trapping
the dissociated O* atom. Due to the low-energy 3d orbitals with
unpaired spin electrons, =Co(IV)=0 extracts one electron from
chlorite to form ClO,. Based on the oxygen-atom trapping effect,
OV-Co;0, showed enhanced activity toward chlorite activation
and achieved higher eficiency in pollutant degradation than pris-
tine Co;0;. Quenching experiments, EPR tests, and spectroscopic
techniques show that =Co(IV)=0 and ClO, are jointly respon-
sible for the degradation of pollutants. In addition, due to their
electron-deficient properties, =Co(IV)=0O and ClO, are more
inclined to attack electron-rich organics, endowing the chlorite
technique with high selectivity in water purification. Our work
elaborates that OVs facilitate the formation of =Co(IV)=0
through the oxygen-atom trapping effect, providing a feasible
strategy to enhance heterogeneous AOPs by defect engineering.

PNAS 2024 Vol.121 No.11 2319427121

Materials and Methods

Catalyst Preparation. The pristine Co;0, (p-Co,0,) was prepared by a typical
hydrothermal method (46) (S Appendix). The p-Co,;0, was modified via a UV-
induced method to obtain the OV-abundant Co;0,, named OV-Co,0,. Briefly, 0.5
g of p-Co;0, was evenly tiled on an aluminum foil (@ = 50 mm) and exposed to a
UV lamp (200 nm < & < 420 nm, 100 mW cm™?). A series of OV-Co;0, catalysts
were prepared and labeled as OV-Co;0,-x [x represents the UV irradiation time
()] More details about characterization methods are provided in S/ Appendix.

Chlorite Activation and Catalyst Activity Evaluation. The chlorite activa-
tion activity of OV-Co;0, was studied by degrading SAs in a 100 mL beaker.
Specifically, 50 mg of catalyst was first added into 100 mL of SAs solution
(25 pM) with vigorous stirring for 30 min to achieve the adsorption-desorption
equilibrium.Then, a certainamount of sodium chlorite (NaClO,, 99%) stock solution
(10 mM) was added to the solution to reach the initial concentration of chlorite
(0.1t 1.0 mM). Samples (0.5 mL) were withdrawn at specific time intervals and
were added 0.5 mLof Na,S,05 (1.0 mM) solution to quench the reactive species.
All experiments were performed in duplicate to ensure reproducibility. The con-
centrations of SAs were measured by high-performance liquid chromatography
(HPLC, ThermoFisher, U3000) with detailed conditions listed in S/ Appendix,
Table S1.The degradation intermediates of SAs (ESI+ mode) were identified by
ultrahigh performance liquid chromatography-quadrupole time-of-flight pre-
mier mass spectrometer (UPLC-Q-TOF MS, ThermoFisher). More details about
analytic methods are provided in the S/ Appendix.

DFT Calculation Details. First-principle calculations were performed by the DFT
(47) calculations using the Vienna Ab initio Simulation Package (VASP) with the
projector augmented wave (PAW) method. The electronic exchange and corre-
lation effects were treated using the generalized gradient approximation (GGA)
with Perdew-Burke-Ernzerhof (PBE). The dispersion energy was corrected by a
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Grimme D3 method. The energy cutoff for the plane wave basis expansion was set
to 450 eV. The self-consistent calculations apply a convergence energy threshold
of 10 eV, and the force convergency was set to 0.02 eV A~ for the structure
optimization. Avacuum thickness of 15 Awas added to eliminate the interactions
between the established slabs. The lattice constants of Co;0, were optimized to
bea=b=c=8.0821A4, in good agreement with the experimental constants.
An interstitial OV was introduced to the Co;0, unit cell to build OV-Co,0,.The (3
x 3 x 1) Co;0,(110) and (3 x 3 x 1) OV-Co;0, (110) slab with seven atomic
layers and a vacuum of 15 A was built. Atoms in the bottom four atomic layers
were fixed to their bulk positions, while the rest were allowed to fully relax. A
gamma-centered 3 x 3 x 1 k-point grid was set in the Brillouin zone, while the
k-point grid was setto 5 x 5 x 2 for DOS calculation. The Gibbs free energy for
the reaction process according to the thermodynamic reaction process, involving
two and four elementary reaction steps for Co,0, and OV-Co,0, respectively, was
used to evaluate the activity of the Co,0, and OV-Co;0, catalysts. The adsorption
energies (E,g,) of ClO, for the Co;0, or OV-Co;0, model are calculated using the
following equation:

Eads = Etota\ - Esurface - ECIOZ" [5]

where E, Eqytaer and Egio are the energy of adsorption configuration, (110)

surface of the Co;0, or OV-Co;0, model, and CIO,, respectively. The free energies
of the species are calculated as:

AG=AE+ AZPE-TAS, [6]

where A£isthe reaction energy of the reactantand product molecules; the zero-
point energy (AZPE) and entropy (TAS) were obtained from the calculation of
vibration frequencies for the adsorbed species.

To quantify the reactivity of pollutants, the Fukui function (f) based on DFT
was performed to predict the reactive sites for electrophilic attacks using Gaussian
09w (48).The geometries and single-point energy of pollutant molecules were
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