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Slow mass transfer processes between inert emerging
contaminants (ECs) and dissolved oxygen (DO) limit natural water =~ eeeeememcmmmmmaaas 3
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challenge. Here, we propose an innovative water self-purification v e O B Q’

expansion strategy by constructing asymmetric surfaces that could
modulate trace H,O, as trigger rather than oxidant to bridge a
channel between inert ECs and natural dissolved oxygen, achieved
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through a dual-reaction-center (DRC) catalyst consisting of Cu/Co eloctran delocalization
lattice-substituted ZnO nanorods in situ (CCZO-NRs). During water r
purification, the bond lengths of emerging contaminants (ECs) - e

adsorbed on the asymmetric surface were stretched, and this e

stretching was further enhanced by H,0, mediation, resulting in a

significant reduction of bond-breaking energy barriers. As a result, the

consumption rate of H,O, was reduced by two-thirds in the presence of ECs. In contrast, the removal of ECs was increased
approximately 95-fold mediated by trace H,O,. It exhibits the highest catalytic performance with the lowest dosage of H,0, among
numerous similarly reported systems. This discovery is significant for the development of water self-purification expansion
technologies.

water self-purification expansion, asymmetric surface, trace H,0, trigger, dissolved oxygen reduction,
ECs electron delocalization

the system under neutral conditions.”’ This limitation was
mainly attributable to two key factors: (1) Limited electron
transport leads to different rates of metal site cycling during the
reaction (Scheme 1a; eqs 1—3). (2) Self-quenching of H,O,
with radicals leads to excessive consumption of H,0, (eq 4).

The natural water environment is a community of diverse
substances coexisting. The realization of its self-purification
mainly relies on the natural interaction and mass transfer
processes among endogenous coexisting substances such as
dissolved oxygen (DO) and pollutants. However, the inertness
of endogenous substances and the disorderliness of interaction
lead to extremely long natural self-purification periods
(Scheme 1a), resulting in increased levels of ECs and pollution MeFD+ 4 H,0, - M"" + H* + HO; )
of ecosystems,' > which has impeded the United Nations’
Sustainable Development Goal of “clean water”. Therefore,
removing ECs by adding massive oxidants and energy has
become a reluctant but forced choice for industry. Heteroge-
neous advanced oxidation processes (AOPs) have been rapidly H,0, + "OH - H,0 + HO; (4)
developed in water treatment (Fenton-like reaction,”

persulfate activation,”” photocatalysis,”’ electrocatalysis,'*~"*

etc.) in recent years. Heterogeneous Fenton reaction that October 8, 2024
generates ®OH by adding H,0, (Scheme 1b) has been November 16, 2024
regarded as an effective water purification process through December 3, 2024
consuming external energy to enhance mass transfer.'*”"” December 23, 2024
However, the nonselective redox of H,O, by metal sites®” on

the catalyst surface limited the deep water purification ability of

M"* + H,0, - M"*D* 4 *OH + OH~ (1)

MDY 4 HO - M™ + HY + O, 3)
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Scheme 1. Schematic Description of the Reaction Mechanisms of Different ECs Removal Process”
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“(a) Slow water environment self-purification processes. (b) Enhance mass transfer with excess energy consumption in conventional heterogeneous
Fenton-like processes. (c) Enhance mass transfer with endogenous energy in DRC catalytic processes. (d) Asymmetric surface expansion of water
self-purification capacity triggered by trace H,0,.
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Figure 1. (a) Ilustration of the preparation of the CCZO-NRs. (b) Local details of the XRD patterns of CCZO-NRs and ZO-NRs. (c) HRTEM
images of CCZO-NRs. (d) Normalized Cu K-edge X-ray absorption near-edge structure (XANES) spectra of CCZO-NRs and reference samples.
(e) k*-weighted Fourier transform extended X-ray absorption fine structure (FT-EXAFS) spectra of CCZO-NRs and reference samples. (f) O 1s
XPS spectra of ZO-NRs and CCZO-NRs. (g) shows H,-TPR curves of the CCZO-NRs and ZO-NRs samples. (h) Illustration of the symmetric
surface and asymmetric surface.
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To break these limitations, researchers have tried to
construct characteristic functional groups, introduce defects/
vacancies, modulate the surface electron density on the catalyst
surface, etc.”””>* These methods reduce the reaction energy
barriers of inert species in part and accelerate interfacial
electron transfer. However, the existing reports seem to neglect
the water self-purification process, which is associated with the
interaction between natural DOs and ECs on the microsurface.
Therefore, expanding the water self-purification capacity by
enhancing endogenous substance interactions in water to
reduce the energy consumption for ECs removal should be
considered.

In fact, most of ECs have aromatic structures with
delocalized 7-bonds, which are more stable than localized 7-
bonds and require more energy absorption for bond
breakage.”*® This is the main reason for the high energy
consumption of the conventional process to remove ECs;
meanwhile, this is also the main reason for the difficulty of ECs
to be removed by water environment self-purification. It is
worth noting that the abundant electrons in the delocalized 7-
bonds are free among the p-orbitals of C atoms.”””" These
properties could make it possible for catalysts with an
asymmetric distribution of surface electrons to in situ
directionally modulate the electron distribution of EC-
delocalized s-bonds and change the bond lengths of ECs
during water purification, which would significantly reduce the
bond-breaking energy barrier to expand water self-purification.

Our previous studies™ " revealed that the modulation of
the electron polarization distribution on the nanocatalyst
surface could form electron-rich centers (ERC) and electron-
poor centers (EPC) (Scheme 1c), which is aimed at (1)
enhancing the activity of Fenton-like reactions by modulating
the structure of catalysts to directionally regulate the electron
transfer during reaction and (2) reducing H,0, consumption
during reaction by utilizing the endogenous substances (DO,
ECs, etc.) in wastewater.”” >° These findings provide the
possibility of expanding water self-purification by regulating
trace H,0, on microsurfaces to open the reaction channels
between ECs and DO.

Herein, a novel asymmetric microsurface DRC catalyst was
constructed to modulate H,O, as trigger rather than oxidant at
the molecular orbital level during reaction to expand water self-
purification capacity. The microsurface was consisted of Cu
and Co codoped hexagonal ZnO nanorods (CCZO-NRs),
which could in situ modulate the delocalized 7—electron
directional distribution of ECs to efficiently utilize the energy
of endogenous substances in water. Based on the results of
experimental characterizations and DFT calculations, the bond
lengths of ECs adsorbed on the asymmetric surface were
stretched, and this stretching was further enhanced by H,0O,
mediation, resulting in a significant reduction of bond-breaking
energy barriers. The established CCZO-NRs system could
efficiently remove different ECs in water with high-efficiency
and low-consumption and exhibits the highest catalytic
performance with the lowest dosage of H,O, among numerous
similar reported systems. Accordingly, it is proposed that the
asymmetric surface expansion of water self-purification
capacity is triggered by trace H,0, (Scheme 1d). Moreover,
the system has excellent performance in adapting to environ-
mental factors and cycling stability, and the biological toxicity
of decomposition products is significantly decreased.
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CuCo-ZnOnps (CCZO-NRs) with an asymmetric surface
were synthesized with the assistance of bimetallic metals via
ion exchange, in situ assembly, and polymerization steps
(Figure 1la). Additionally, Co-ZnOnps (CoZO-NRs), Cu-
ZnOnps (CuZO-NRs), and ZnOnps (ZO-NRs) were prepared
by controlling the type of metal. X-ray diffraction (XRD) and
high-resolution transmission electron microscopy (HRTEM)
were initially used to verify the phase structure. As shown in
Figure 1b, the XRD pattern of CCZO-NRs exhibited a
hexagonal structure of ZnO without the formation of new
metal species’ characteristic peaks. The 26 angle of the (101)
crystal planes shifted from 36.16 to 36.33° after the codoping
of Co and Cu species, which might be attributed to the
rearrangement of electrons on the catalyst surface caused by
the codoping, hence resulting in a lattice contraction. HRTEM
(Figure 1c) confirmed the (100) orientation of the CCZO-
NRs.

X-ray photoelectron spectroscopy (XPS) and X-ray
absorption near-edge structure (XANES) provide powerful
evidence of surface electron rearrangement. The Co and Cu 2p
XPS spectra showed the simultaneous presence of multiple
valence states (Figure Slab), and the Cu K absorption edge
energy of CCZO-NRs in XANES (Figures 1d,e) spectra is
located between those of Cu,O and CuO, indicating that the
Cu valence is between +1 and +2 caused by the rearrangement
of surface electrons due to the introducing metal species. The
O 1s XPS spectra (Figure 1f) shows that Oy, is shifted to low
binding energy after introducing metal species, responding to
the significantly altered electronic environment around O after
bonding of M (Cu and Co) with O, which provides the
possibility for the construction of asymmetric surfaces. Fourier
transform extended X-ray absorption fine structure (FT-
EXAFS) spectra of CCZO-NRs showed the bonding situation
of Cu. Figure S2a,b and Table S1 show the Cu K-edge EXAFS
and the curve fit for CCZO-NRs, which exhibit a high fit
degree. The first shell of Cu showed a coordination number of
about 2 (Cu—O) with a bond length of about 1.59 A, which is
much smaller than the Cu—O bond length of CuO (1.92 A),
confirming that the introduction of Cu species leads to an
electronic rearrangement on the lattice rather than forming
copper oxide clusters. The WT-EXAFS images (Figures S2 and
S3) further corroborate the existence of the main Cu—O and
Co—0 bonds in CCZO-NRs, which could also prove that Cu/
Co atoms have replaced Zn atoms in situ and provide the
prerequisites for constructing of asymmetric surfaces.

Furthermore, H,-TPR technology was used to evaluate the
interaction between oxide species and matrix species. Two
typical peaks were present in ZO-NRs (Figure 1g), including at
520 °C (reduction of oxygen species) and 903 °C (reduction
of zinc oxide species). The peak at 217 °C in the H,-TPR
curves of CCZO-NRs was due to the removal of the adsorbed
oxygen species.””’ Compared with ZO-NRs, an extremely
obvious strong peak located at 440 °C appeared in CCZO-
NRs, which was attributed to the reduction of Cu—O—Zn.>**’
The intensity of the peak located at 723 °C was attributed to
the reduction of Co,0; to CoO.*>*' The lattice substitution of
Zn by polymetallics (Cu and Co) in CCZO-NRs also leads to
an increased difficulty in the reduction of zinc oxide species,
suggesting the strong interactions between Cu/Co and ZnO.

https://doi.org/10.1021/jacsau.4c00950
JACS Au 2025, 5, 271-280


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00950/suppl_file/au4c00950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00950/suppl_file/au4c00950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00950/suppl_file/au4c00950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00950/suppl_file/au4c00950_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

| 1
—0—CIP
a 10} oor b 100] | i
$) ‘X‘ Aromatic Compounds 2.CP — ! !
o 08 \, PHT X 80t | I
P | SMX ;’ ! !
206 ; 5 1 1
e = 60r : |
= ©
S > 1 1
g 04 S 40t | |
5 g | |
S 02 ; % 20| | |
00 To—a | I
0 20 40 60 80 100 120 0 4 4
[y 1, (e} A £, o) £, 2, (e} (e} G, G
Reaction Time (min) R R 's"‘q‘%’s"‘%:"‘%&“&)‘;% %, %, %,
[ CIP=0 ppm
Raw wastewater q\7 1. pyritelAC (g rer) e1 00 I C1P=10 ppm
E 6 £ 80
:5 7. CCZO-NRS (116 work) §
b 4 *7-This work 2 60
N3 65 Ref.9 2.siRefs| L 40
© 3-SI Ref 6 ~
£2 o
£ 5-S1 Ref.8 4-I Ref.7 ~
21 T 20
0 @ -SIRef4
10 15 20 25 30 35 40 0 5 10 30 60 90 120

H,0, dosage (mM)

Reaction time (min)

9 hi, I—
— 2
S 0.8 2
s c S p
% - g=2.004 v < S 0.6 st o KZoots
= = o Z 20 40 60 80 100 120
g N S 0.4 eaction Time (min)
CCZO-NRs .
:ggig::;:(used) --:CCZO—NR5+HZOZ 0.2 Iﬁ” attrrrr:osp:erre
CCZO-NRs+H,0,(used) CCZO-NRs+CIP+H,0, 0.0 23‘05P ere _
2.03 202 201 200 1.99 1.98 0.0 50k 10.0k 15.0k 20.0k 0 20 40 60 80 100 120
g Value Z'lohm Reaction time(min)

Figure 2. (a) Decomposition curves of different ECs in CCZO-NRs suspensions with H,0,. (b) Effect of CIP degradation with different
concentrations of H,0,, different anions, different pH of initial solution, and the cyclic stability of CCZO-NRs system (detailed experimental steps
are shown in Methods). (c) 3D-EEM fluorescence spectra of raw wastewater and the water after 120 min of treatment by the CCZO-NRs system.
(d) Comparison of normalized k for CIP removal with those of other reported catalysts. (e) Rate of decomposition of H,0, in different
suspensions. (f) EPR spectra of CCZO-NRs before and after reaction in different suspensions. (g) Electrochemical impedance spectroscopy (EIS)
Nyquist plots of the CCZO-NR electrode. (h) Degradation rate of CIP by the CCZO-NRs system in different gas atmospheres. The inset shows
the pseudo-first-order kinetic rate plots of reaction rate. Reaction conditions: natural pH ~ 7, initial [pollutant] = 10 mg L™, initial [H,0,] = 10

mM, [catalyst] = 0.2 g L™}, pH adjustment with HCI and NaOH.

Therefore, the bimetallic in situ replacement of Zn atoms in
the ZnO substrate results in an asymmetric surface with
electron polarization distribution due to the electronegativity
difference. Compared to symmetric surfaces with uniform
distribution of electrons, asymmetric surfaces contain multiple
active sites, which could interact with both electron-rich and
electron-poor groups simultaneously (Figure 1h), enhancing
microscopic interfacial processes. Strong microinterfacial
processes are a prerequisite for expanding the water self-
cleaning power.

The water self-purification expansion performance of CCZO-
NRs was evaluated by the degradation of various ECs under
natural conditions. As shown in Figure 2a, all selected ECs
could be greatly removed within a short amount of time. The
oxidative degradation of CIP was selected as the reaction
model for subsequent experiments, including ciprofloxacin
(CIP), bisphenol A (BPA), 2-chlorophenol (2-CP), phenytoin
(PHT), and sulfamethoxazole (SMX). The catalytic perform-
ance under various environmental factors and the cycling
stability of the catalysts were evaluated with a catalyst dose of
0.2 g L™, a concentration of CIP of 10 mg L™, and a
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concentration of H,0, of 10 mmol L™ as controls. Figure S5
shows the degradation activity of the relevant comparative
catalysts, respectively. Obviously, ZnO-NRs lacked the ability
in activating H,O,. The removal rate of CIP in the suspension
of CoZnO-NRs was only about 65% after 120 min. Although
CuZnO-NRs had the degradation ability to CIP, the
degradation rate was still significantly lower than that of
CCZO-NRs. This comparison suggests that polymetallic
codoping could further change the structure characteristics of
the catalyst surface than single metal doping and greatly
enhances the triggering role of H,0, in the pollutant removal
process, which was confirmed by DFT calculations of the effect
of metal species doping on surface electron density (Figure
S6). CCZO-NRs showed excellent catalytic performance at
different H,0, concentrations (Figure 2b), even though the
concentration of H,0O, in the system was only 1 mM, it could
still achieve more than 90% removal of CIP. The catalytic
performance was not limited by various anions (CO5>7, Cl,
PO,*", SO,*, and NO;") and a very wide pH range (3.8—
9.73). Detailed experimental data corresponding to Figure 2b
is shown in Figures S7—S9. Furthermore, the change in pH of
suspension during the reaction process tended to convert to
neutral (Figure S9b) over a wide initial pH range, exhibiting
environmentally friendly performance of the catalyst. CIP can
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Figure 3. In situ Raman spectra in different suspensions. (a) Process of H,0, adsorption by CCZO-NRs and (b) process of CIP degradation
reaction with the CCZO-NRs system. (c) FTIR spectra of CCZO-NRs before and after the reaction in different suspensions. The optimized
adsorption configurations of (d) H,0, molecules, (e) phenol molecules, and (f) H,0,/phenol molecules on the surface of CCZO-NRs.

still be completely removed within 90 min after five cycles,
which could also demonstrate the excellent stability and
durability of CCZO-NRs.

The purification effect on actual wastewater is an important
index for evaluating catalytic performance. Figure 2¢ shows the
degradation of CCZO-NRs on pharmaceutical wastewater
(biologically treated wastewater); two main peaks located at
220—230/330—370 nm (peak A) and 275—300/330—370 nm
(peak B) were associated with aromatic proteins (such as
tyrosine and tryptophan).”” The intensity of peak A was
obviously weakened, and peak B basically disappeared after
treatment by the CCZO-NRs system, indicating the potential
of CCZO-NRs to be used for industrial wastewater
remediation.

In addition, the normalized k-values (corresponding
equations are shown in Table S2) were calculated for CIP
degradation in different catalytic systems (Figure 2d). Notably,
the CCZO-NRs exhibited the highest catalytic performance,
even with the lowest dosage of H,0,. Unexpectedly, H,O,
decomposition experiments showed (Figure 2e) that the
decomposition efficiency of H,0, was only about 20% during
the efficient removal of CIP. On the contrary, the
decomposition efficiency of H,0, exceeded 50% in the
absence of CIP, which indicated that CCZO-NRs could
activate H,O, efficiently, but the efficient removal of CIP
seems to be not necessary associated with the activation of
H,0,, and the presence of CIP inhibited the decomposition of
H,0,.

To reveal this anomaly, a series of micro-interfacial
characterization analyses were performed. Electron para-
magnetic resonance (EPR) spectroscopy (Figure 2f) was
used to detect unpaired-electron signals on the surface of
CCZO-NRs before and after being used. The unpaired
electrons of CCZO-NRs increased significantly after adsorbing
CIP, suggesting that the electrons of CIP were transferred to
the asymmetric surface of the catalyst. The unpaired electrons
on the CCZO-NRs surface increased further after co-
interacting with H,O, and CIP, suggesting that the presence
of H,0, strengthened the electron-donating effect of CIP.
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Similarly, the charge-transfer resistance on the catalyst surface
was measured via electrochemical impedance spectroscopy
(EIS) (Figure 2g). The electrode of the system with addition
of H,0, and CIP showed a significantly smaller arc radius,
which indicated that the involvement of CIP and H,O,
resulted in a faster electron transfer rate and a more efficient
electron mobility in the system. These findings suggested that
the process of EC degradation was accompanied by a high rate
of electron transfer between interfaces. Figure 2h shows the
degradation rate of CIP by the CCZO-NRs system in different
gas atmospheres. There was still 20% of CIP residue after 120
min of reaction in a N, atmosphere, and the reaction rate was
only 16% of that in an air atmosphere (inset of Figure 2h),
which revealed the critical contribution of DO to interface
electron transfer and implied the successful expansion of water
self-purification.

In situ Raman technology was used to reveal the interfacial
reaction process between H,0, and ECs in the CCZO-NRs
system. After the addition of H,0, (Figure 3a), a band
appeared at 873.95 cm™' attributed to the O—O stretching
vibration of H,0, adsorbed on the surface of CCZO-NRs. The
peak position shifted significantly to 870.58 cm™" (shift 3.37
cm™') as the reaction proceeded, indicating a strong
interaction of H,0, with CCZO-NRs, which could cause
excessive consumption of H,0,. The situation changed while
adding both CIP and H,O, (Figure 3b), and the peak position
changed little as the reaction proceeded (shift is 1.68 cm™),
suggesting that the presence of CIP attenuated the interaction
of CCZO-NRs with H,0,, allowing H,0, to play the
triggering role during CIP degradation. To further elucidate
the surface reaction process, CCZO-NRs samples with after
different treatments were filtered and dried for FTIR
measurement. Previous research has proposed®>*’ that the
shift of the v(OH) groups on the catalyst surface to lower
wavenumbers after adsorption of ECs indicates that ECs are
deprotonated by electron-directed delocalized via metal
complexation on the catalyst surface. v(OH) groups on
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triggered by H,0O, at the asymmetric CCZO-NRs surface.

CCZO-NRs (Figure 3c) exhibit a significant wavenumber shift
after adsorption of CIP, suggesting that the contaminants
complexed with CCZO-NRs by metal species on the surface.
Similarly, new bands appeared (Figure 3c) at 1488.8 and
1037.5 cm™" after adsorption of CIP, which were assigned to
C=C stretching vibrations and C—O—C stretching vibra-
tions,** respectively. The intensities of the C=0 stretching
vibration and C—O-C stretching vibration peaks were
significantly weakened after the addition of H,0,, which
proved that CIP was adsorbed on the surface of CCZO-NRs,
and then led to the chain reaction of CIP degradation by the
trigger of trace H,0,. To understand the mechanism of
interfacial interaction between CIP and asymmetric surface,
DFT calculations were performed. Since all ECs contain
aromatic structures, the hydroxylated products are inevitably
generated during the degradation process; hence, phenol was
chosen as the target structure. The best adsorption model
(Figures S10 and 3d—f) was obtained through various
modeling and calculations (Figure S11). The adsorption
energy of H,O, at the Cu site was —0.41 eV (Figure 3d),
and that of phenol at the Zn site was —5.86 eV (Figure 3e),
indicating that CCZO-NRs have excellent chemisorption
activity. Notably, the corresponding adsorption energies of
H,0, and phenol increased to —4.32 and —9.78 eV,
respectively (Figure 3f), as they were simultaneously adsorbed
on CCZO-NRs, indicating that simultaneous action on the
catalyst surface could produce stronger interfacial interactions.
Projected density of states (PDOS) demonstrates the
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interaction mechanism of CCZO-NRs with H,O, and phenol
at the atomic level. As shown in Figure S12, the Cu 3d peak
strongly overlaps with the O 2p peak, indicating that the Cu of
CCZO-NRs strongly hybridizes with the O of H,0,. Similarly,
Zn of CCZO-NRs is strongly hybridized with C of the phenol.
These reveal the electron transfer pathway: ECs donate
electrons to the Zn sites on the asymmetric surfaces through
cation—r interactions, and then to the Cu sites through Zn—
O—Cu bond bridges, and finally to H,0, or DO through Cu—
O bond bridges.

There remains one more anomaly: The chemisorption
becomes stronger, while the consumption of H,0, becomes
lower. To reveal this mechanism, radical quenching experi-
ments, EPR measurements, and further DFT were performed.
As shown in Figure 4a, after adding TBA (*OH quenching
agent), PBQ (0,°” quenching agent), and FFA ('O,
quenching agent), the degradation rates of pollutants
decreased by ~60, ~10, and ~90%, respectively. Unexpectedly,
the addition of the 'O, quencher greatly inhibited the
degradation activity of the catalyst, although there was no
significant 'O, signal detected in the system (Figure S13). This
suggests that the efficient removal of ECs in the CCZO-NRs
system does not mainly originate from the decomposition of
H,0,.

On this basis, the activation path of H,0,, DO, and H,O on
the catalyst surface during water self-purification was studied
by the EPR spin-trap technique with BMPO and TEMP, and
the electron transfer processes between the active reaction
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centers of CCZO-NRs and solution composition factor were
observed simultaneously. In the absence of CIP and H,O,, the
BMPO-*OH (Figure 4b), BMPO-O,*~ (Figure 4c) and
TEMP-'0, signals (Figure S7) were barely detected in
CCZO-NRs system, indicating that there was not enough
energy to activate O,. The situation changed with the addition
of CIP to the system, with a quadruple increase in intensity of
the BMPO-O,°" signal (Figure 4c), indicating that enough
energy/electron was obtained on CCZO-NRs surface to
activate O,, and this energy could only originate from the
CIP without external energy assistance. In the presence of
H,0,, significant BMPO-*OH signal and BMPO-O,"” signal
were detected and the intensities were six times stronger than
that in the absence of H,0O, (Figure 4b,c), which indicates the
excellent activation ability for H,O, over CCZO-NRs. As
shown in Figure 4b,c, the BMPO-°OH and BMPO-O,*”
signals were evidently weakened in the CCZO-NRs system
after adding CIP. Meanwhile, the consumption of H,0, was
one-third of that in the absence of CIP (Figure 2e). These
further indicated that the efficient removal of ECs did not
originate from the decomposition of H,0, but from the mass
transfer process between ECs and DO. In this process, CCZO-
NRs act as the bridge and H,0, act as the trigger.
Furthermore, the Gibbs free energy of the reaction was
calculated to discuss the decomposition of H,0, (one H,0,
decomposes into two *OH in different systems. Figure 4d
illustrates the intermediate structure and corresponding energy
distribution. The intermediate state energy barrier for the
decomposition of H,0, in the CCZO-NRs/phenol system is
significantly higher than that in the CCZO-NRs system,
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suggesting that H,0O, is difficult to decompose in the presence
of phenol. On the contrary, calculations of phenol bond
lengths show that the O—C bonds of phenol adsorbed on
asymmetric surfaces are significantly longer than those of free-
state phenol, and the bond lengths are further stretched after
introducing H,O,, which indicates that the s-electrons in the
aromatic structure are delocalized (Figure 4e). These results
reveal that (a) CCZO-NRs could directionally shift the
electrons of ECs and stretch the bond lengths; (b) trace
H,0, could enhance this stretching effect; and (c) the
presence of ECs inhibits the decomposition of H,O,. These
are the key to expanding the water self-purification capacity
triggered by trace H,0, for high-efficiency and low-
consumption removal of ECs (Figure 4f).

LC-MS technology combined with DFT calculation were
used to analyze the decomposition products of CIP for
verifying the above interface reaction mechanism (Figure
Sab). Additional fragments were detected as the reaction
proceeded (Figure S9), which included the hydroxylation
product and the surface cleavage product of CIP (Figure Sb,
surface electron density and HOMO orbitals of CIP
demonstrate the potential electron-donating reaction sites).
These were the results of ROS (e.g, *OH, 0,°7, and '0,)
attacking on CIP and electron/energy-donating of CIP,
respectively. Combined, the above results indicate that the
electron-donating effect of ECs is achieved through the
interfacial interaction surface cleavage.

In addition, the biological toxicity of the decomposition
products is critical for safe and effective water treatment
technologies. Predicted based on the quantitative structure—

https://doi.org/10.1021/jacsau.4c00950
JACS Au 2025, 5, 271-280


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00950/suppl_file/au4c00950_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00950/suppl_file/au4c00950_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00950?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00950?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00950?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00950?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00950?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00950?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00950?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00950?fig=fig6&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00950?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

activity relationship by the Estimation Programs Interface
(EPI) Suite. To ensure the accuracy of the predictions, acute
toxicity predictions for Daphnia and bioconcentration factor
predictions for fish were performed simultaneously. As shown
in Figure Sc,d, compared with CIP, the toxicity of the
decomposition products was all decreased; especially the
bioconcentration factor was significantly decreased. This
indicated that CCZO-NRs could expand water self-purification
capacity, besides significantly reducing the toxicity of ECs and
eliminating the potential risk of secondary pollution.

To evaluate the cost-effectiveness of CCZO-NRs during
practical applications, an in-depth analysis of the long-term
operating costs of the CCZO-NRs system and the conven-
tional Fenton process was performed. As shown in Tables S3
and S4, and Figure 6a—e, the CCZO-NRs system reduces
chemical and electricity consumption resulting in a significant
reduction of external energy inputs compared with the
conventional Fenton process. The whole treatment (Figure
6e) cost (0.05 $/m?®) was only about 1/7 of that of the
conventional Fenton (0.34 $/m®) process for a limited
estimated lifetime (90 days). In detail, H,0, consumption of
the CCZO-NRs system was reduced to about 1/5 (Figure 6a)
and other chemical consumption costs were reduced to about
1/20 (Figure 6b) of that of the conventional Fenton process.
Moreover, the lifetime of solid catalysts in long-term operation
(Figure 6d) also demonstrated significant advantages (detailed
calculations and parameters are shown in Table S4).

To break through the bottleneck of excessive energy
consumption for ECs removal, we propose a mechanism of
ECs donating electrons driven by asymmetric surface CCZO-
NRs, during which H,0, acts as trigger rather than oxidant to
expand the water self-purification effect. Various experiments
and DFT calculations confirm that the strong hybridization
between 2p orbitals of aromatic C in ECs and 3d orbitals of Zn
in CCZO-NRs, combined with the strong polarity of
asymmetric surfaces, results in the stretching of the bond
lengths of ECs. This stretching was further enhanced by H,0,
mediation, resulting in a significant reduction in bond-breaking
energy barriers. Notably, the consumption rate of H,0, was
reduced by 2/3 in the presence of ECs. In contrast, the
removal of ECs was increased approximately 95-fold mediated
by trace H,O,. It exhibits the highest catalytic performance
with the lowest dosage of H,0, among numerous similar
reported systems. Long-term operating costs are only about 1/
7 of those of conventional Fenton processes. This system also
has excellent performance in adapting to environmental factors
and cyclic stability, and the biological toxicity of the
decomposition products is significantly decreased, which is
essential for developing new high-efficiency, low-consumption
environmental remediation, and water self-purification ex-
pansion technologies.

CCZO-NRs with asymmetric surface was synthesized by a hydro-
thermal process, and the solution consists of three parts. First,
solution of Zn(CH;COO), in 150 mL of isopropanol was heated at
80 °C for 20 min until dissolved to form solution A. Then, a certain
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amount of Zn(NO,),-6H,0, Cu(NO,),-3H,0, and Co(NO,),-6H,0
was dissolved in solution A. Next, p-phenylenediamine and
polyethylenimine was dissolved into the mixed solution. Last, the
suspension solution was transferred into a Teflon-lined autoclave. The
autoclave was placed in a drying oven and kept for 10 h at 220 °C.

Generally, 0.01 g of catalyst and 50 mL of CIP solution (10.0 mg L™")
were mixed in a glass beaker and mechanically stirred for 15 min until
the adsorption—desorption equilibrium had achieved. Then, the
Fenton-like reaction was started with the addition of 50 uL of H,0,
(30% w/w) under continuous stirring throughout the experiment (set
the temperature at 35 °C). At given time intervals, 1 mL suspensions
were collected and filtered by a hydrophobic membrane (pore size
0.22 pm) immediately for detection. Two-time parallel experiments
were conducted to calculate error bars.

All of the pollutants were analyzed using a 1200 series HPLC
(Agilent, US.A)) equipped with a UV detector and a ZORBAX
Eclipse XDB-C,g column (4.6 X 150 mm, S gm). The mobile phase
consisted of a 70/30 v/v mixture of methanol/water or 60/40 v/v

mixture of acetonitrile/water at a flow rate of 1 mL min~.

High-performance liquid chromatography—mass spectrometry
(HPLC-MS) analysis was conducted in auto full-scan mode (MS).
A mixture of (A) water (0.25% formic acid) /(B) methanol was used
as the mobile phase. The column temperature was set at 40 °C. The
mobile phase procedure followed a gradient elution: 20% B was kept
for the first 1 min and then increased to 98% B in 10 min. The flow
rate was set at 0.3 mL min~', and 10 yL of the sample was injected.
Mass spectral analysis was conducted in positive mode over a mass
range of 50—500 m/z. The cone voltage was 20 V, and the
desolvation temperature was 350 °C.

In general, 0.01 g of the catalyst powder was first mixed with 50 mL of
actual wastewater (35 °C) in an appropriate volume glass beaker. The
suspension was stirred for approximately 15 min, and then H,0, (10
mM) was added, triggering reaction. At certain intervals, 3 mL of
reaction suspension was collected with a syringe and filtered with a
filter (0.4S pum) for follow-up analysis. Three-dimensional excitation
emission matrix (3D-EEM) fluorescence spectra of various samples
were obtained on an F-7000 spectrometer (HITACHI) with a xenon
excitation source, and the slits were set to 5 nm for both excitation
and emission. The excitation wavelengths were incremented from 200
to 450 nm in 5 nm steps; for each excitation wavelength, the emission
was detected from 300 to 550 nm in S nm steps.

Electrochemical impedance was measured on an electrochemical
workstation (Shanghai Chenhua Instrument Co., Ltd.) equipped with
three standard electrodes. The working electrode was prepared from
the sample material coated on conductive glass, the reference
electrode was extremely saturated calomel, a platinum electrode was
used as the pair electrode, and the electrolyte was 0.1 mol/L Na,SO,
solution or 10 mg/L CIP prepared with 0.1 mol/L Na,SO,.

In situ Raman spectra for various catalysts were tested with an HR
Evolution Raman spectrophotometer (HORIBA Scientific Inc.). The
catalyst was placed directly into the reaction cell and scanned from
200 to 2000 cm™" at a resolution of 1 cm™ for 60 s with 40 mW 532
nm laser light irradiation. For the EPR spectral measurement, BMPO/
TEMP-trapped EPR signals were detected in different air-saturated
methanol/aqueous dispersions of the corresponding samples using a
Bruker A300-10/12 EPR spectrometer at room temperature (25—
30°). To detect *OH, 0.01 g of the prepared powder sample was
added to 500 uL of water. Then, 100 uL of the above suspension, 20
uL of BMPO (250 mM), and 50 uL of H,0, (30%, w/w) were mixed
thoroughly and then left to stand for 1 min before being drawn into a
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capillary for detection. To detect HO,®/O,*”, the steps were the same
as those above except that water was replaced with methanol. To
detect 'O,, the steps were the same as that of detecting *OH except
that BMPO was replaced with TEMP.

CO,™, CI7, PO,*", SO,>7, and NO;~ correspond to Na,COs, NaCl,
NaH,PO,, Na,SO,, and NaNOj, respectively. 1 mmol L' of the
anion was first dissolved in 50 mL of CIP solution (10 mg L") and
mechanically stirred until completely dissolved. The subsequent steps
are consistent with Catalytic Performance Evaluation.

The pH of the initial CIP solution was adjusted using HCI and
NaOH. The subsequent steps are consistent with Catalytic Perform-
ance Evaluation.

After each catalytic performance evaluation, the catalyst was filtered
out and dried for the next catalytic performance evaluation, without
ever adding a new catalyst (consistently maintaining catalyst the
concentration and CIP concentration of 0.2 g L™ and 10 mg L™/,
respectively).

Radical quenching experiment was conducted during the CIP
degradation experiment. TBA, PBQ, and FFA were used to quench
*OH, HO,*/0,", and 'O,, respectively. 0.01 g of catalyst and 50 mL
of CIP solution (10.0 mg L™') containing 1 mM quenching agent
(TBA, PBQ, and FFA) were mixed in a glass beaker and mechanically
stirred for 15 min until the adsorption—desorption equilibrium was
achieved. The subsequent steps are consistent with Catalytic
Performance Evaluation.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00950.
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