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pollutant mineralization and solar-driven
interfacial water regeneration†
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In the pursuit of synchronous contaminant purification and freshwater reclamation using multifunctional

nanomaterials, a broad prospect emerges. Through a tactic process involving the successive

modification of ZIF67 by mesoporous silica and cobalt-incorporating polydopamine coating, followed by

graphitization, the confinement of multivalent cobalt nanocrystal species within the interconnected

carbon-silica hybridized porous shell has been achieved, establishing it as a multifunctional nanoreactor

with abundant and well-dispersed catalytic sites. Additionally, the hybridization of the silica framework

with the carbon network, facilitated by the binding of N species, has generated polar sites enhancing the

capture of pollutant molecules, thereby extending the lifespan of reactive oxidative species by reducing

their migration. This catalyst presents an array of metallic redox pairs, significantly enhancing electron

transfer capacity and bolstering peroxymonosulfate activation. The optimized Co-SiCNO-6 catalyst

exhibits the capability to degrade norfloxacin within 5 min, showcasing a reaction rate constant of about

0.917 min−1, a remarkable 5.3-fold enhancement compared to that of its ZIF67 graphitization-derived

counterpart. Further studies encompassing reaction conditions, anion interference, and the catalyst's

flexibility in degrading contaminants were conducted to assess its practical potential. Concurrently,

exploration into the direct recovery of clean water through solar-driven interfacial water evaporation

utilizing the optimized catalyst yielded an evaporation rate of 1.50 kg m−2 h−1 and an impressive 93.1%

evaporation efficiency. Notably, distinctive outcomes emerged when dealing with polluted water

containing norfloxacin and carbamazepine. The norfloxacin solution achieved a near 1.88 kg m−2 h−1
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evaporation rate with 95% efficiency, outperforming the treatment of carbamazepine solution. The

obtained Co-SiCNO-6 was further anchored onto a tailored melamine sponge by the Ca ion-triggered

sodium alginate crosslinking tactic as an integrated monolith evaporator, which exhibits excellent

evaporation performance (2.0 kg m−2 h−1) and rational norfloxacin degradation efficiency (30 min). This

innovative hybrid hollow nanoreactor exhibits potent dual functionality in degrading contaminants and

facilitating solar-driven water regeneration from polluted wastewater.
1. Introduction

Swi urbanization and industrial growth have triggered
a signicant surge in the volume of wastewater, laden with
intricate chemical compositions.1 Industrial effluents stand as
the primary source of water contamination, with the organic
pollutants they carry posing a severe threat to human health.2

Of particular concern are antibiotics, which, even at low
concentrations, foster bacterial resistance within this environ-
ment, thereby promoting the selection of more virulent
bacteria.3 Noroxacin (NFX), oxytetracycline, and tetracycline,
among others, have undergone extensive scrutiny in this regard.
This pollution involving complicated contaminants has caused
serious threat to human health and sustainable development.

To address this, the advanced oxidation process (AOP) has
emerged, leveraging PMS activation to target organic molecules
within a multiphase catalyst, establishing itself as a potent
approach for treating organic wastewater.4,5 In the course of
AOP treatment, a substantial quantity of reactive oxygen species
(ROS) like sulphate radicals (SO4c

−), hydroxyl radicals (cOH),
superoxide ions (O2c

−), and singlet oxygen (1O2) is generated,
effectively eliminating recalcitrant pollutants.6,7 The focal point
of the AOP lies in the development of functional materials to
drive this process. Cobalt-based catalysts have gained wide-
spread recognition for their efficacy as heterogeneous catalysts
in activating PMS within AOP investigations.8–10 While cobalt
oxide (CoO) demonstrates the ability to activate permonosulfate
(PMS) for contaminant removal, its catalytic performance is
hampered by a limited number of active sites and the potential
risk of cobalt ion leaching, limiting its efficiency.11 Carbon-
based materials, owing to their abundance, non-toxicity,
biocompatibility, and excellent thermal and chemical
stability, have garnered signicant interest.12 Recent carbona-
ceous materials like graphene, carbon nanotubes, and activated
carbon bers have become preferred catalyst carriers due to
their substantial specic surface area, abundant surface func-
tional groups, and impressive mechanical properties.13 Ordi-
narily, pristine carbon exhibits low to moderate catalytic
activity. Enhancing it oen involves modifying it with transition
metals to introduce more favorable active sites. In homoge-
neous reactions, transition metal ions such as Co2+, Fe2+, Mn2+,
and Ni2+ activate PMS, with the best performance seen in Co2+/
PMS combinations.14 Incorporating cobalt into carbon carriers
effectively mitigates cobalt ion leaching.15 In turn, cobalt
nanoparticles further amplify the catalytic prowess of carbon
materials in PMS activation. Thus, combining carbon-based
materials with cobalt-based nanoparticles can synergistically
harness the strengths of both materials, signicantly boosting
the oxidation effect produced by activating PMS.16 Investigating
487–8501
the synergies generated through ultrane metal oxides within
carbon frameworks by precisely regulating the size of carbon is
a critical pursuit.17 Mesoporous silicon dioxide emerges as
a promising catalyst carrier owing to its exceptional chemical
stability. For instance, incorporating cobalt-iron spinel nano-
particles into porous silica carriers results in superior disper-
sion of metal particles, amplication of the specic surface
area, and optimization of catalyst utilization.18 The surface
properties of silica offer easy modication by diverse groups,
and specic nanostructured silica materials demonstrate
remarkable effectiveness in modulating the active state of metal
species.19 However, the combination of nanocarbon meso-
porous silica remains infrequent when addressing the activity
optimization of metal species. In particular, the incorporation
of carbonmaterials into mesoporous silica can cause additional
photothermal properties, which are capable of extending the
functionality of materials in the photothermal conversion
application.

In addition to breaking down pollutants, a fascinating
avenue involves regenerating freshwater directly from sewage.
Typical desalination technologies, such as reverse osmosis,
distillation, capacitive deionization, and battery desalination,
consume large amounts of electrical or thermal energy.20–22 As
an emerging desalination technology, solar-driven photo-
electrochemical desalination using sustainable solar energy to
remove salt ions without any external bias has gained much
attention.23 Emerging interfacial photo-thermal water evapora-
tion technologies possess the capability to conne photo-
thermal heat at the evaporating surface, prompting evaporation
of water molecules from the photothermal material to generate
fresh water.24 Solar-powered desalination technologies,
including solar steam generation and solar-powered membrane
distillation, provide a sustainable pathway for generating clean
water from wastewater.25,26 Nevertheless, the efficiency of con-
verting natural light into water vapor remains insufficient to
create a practical freshwater supply due to water's poor optical
absorption and signicant heat losses.27 Thus, developing
a photothermal material capable of absorbing a broad spectrum
of sunlight and exhibiting high photothermal conversion effi-
ciency becomes imperative. In addition, when addressing the
contaminant elimination and regeneration of freshwater by
multifunctional materials, the coupled technique for synchro-
nous pollutant mineralization and solar-driven interfacial water
regeneration is rarely mentioned. During interfacial solar
evaporation, sufficient light, high air–water interface tempera-
ture, and carbon-based and transition-metal photothermal
materials provide the necessary conditions for the activation of
PMS. Therefore, the introduction and activation of PMS in an
interfacial solar evaporation system should be able to achieve
This journal is © The Royal Society of Chemistry 2024
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both efficient solar evaporation and catalytic degradation of
volatile organic compounds.28 This makes the project attractive
for practical wastewater treatment when using complicated
wastewater systems containing organic pollutants.

Inspired by these concepts, we modied the surface of
dodecahedral ZIF67 with silica.29 Under alkaline conditions,
ZIF67 dissolves and merges with SiO2, resulting in a spherical
shell. Applying a dopamine coating and employing heat treat-
ment help conne cobalt species within silica nanolayers,
forming hollow photothermal nanospheres. Metal nanospecies
tend to aggregate, prompting the addition of a carbon layer to
ensure the uniform dispersion of metal species. However, as
carbon inherently repels water, a more polar SiO2 shell acts as
a support within the material.30 This, combined with the carbon
layer, enhances affinity across the entire surface of the catalyst,
facilitating the creation of active sites for contaminants and
fostering porousness for contaminants to react within the
pores. Moreover, the SiO2 shell preserves the stability of the
carbon coating and ultrane metal oxide, resulting in localized
photothermal effects at the interface through interaction
between the carbon coating and metal. Simultaneously, the
unique structure and channel connement effect stabilize the
formed metal or metal oxide particles, rendering the material
highly active. Functional metal-constrained carbon layers serve
as exceptional photothermal materials for interfacial solar-
thermal water evaporation, showcasing excellent photo-
thermal conversion efficiency. This structural design ensures
both efficient degradation performance and commendable
photothermal properties for the catalysts. Various character-
ization tests were conducted to determine the physicochemical
properties of the catalysts. Their degradation performance on
NFX and other pollutants underwent systematic investigation.
Additionally, the impact of different conditions on degradation
performance was studied. The choice of a melamine sponge as
a support to immobilize the catalyst is justied by its open and
abundant network structure, which can effectively accommo-
date a greater quantity of catalysts. Additionally, the surface
hydrophilicity of the melamine sponge facilitates the easy
coating of alginate acid onto the skeleton, ensuring proper
incorporation of the catalyst. Therefore, simulated solar water
evaporation experiments for treating contaminant containing
wastewater by using the obtained functional materials and
integrated monolith evaporator by anchoring the nanoreactor
onto the melamine sponge were conducted to gain deeper
insights into the photothermal conversion performance of the
catalysts, water purication, and recycling abilities.

2. Experimental section
2.1 Chemicals and reagents

tert-Butanol (99.5%, TBA), L-histidine (99%, L-his), p-benzoqui-
none (98%, PBQ), ethylsilicate (AR, TEOS), dopamine hydro-
chloride (98%, C8H12ClNO2), cobalt nitrate hexahydrate (98%,
Co(NO3)2$6H2O), 2-methylimidazole (99.9%, C4H6N2), potas-
sium peroxymonosulfate complex salt (PMS), methanol (99.9%,
MeOH), p-benzoquinone (98%, p-BQ) and absolute ethanol were
obtained from Energy Chemicals Co., Ltd. Cobalt acetate
This journal is © The Royal Society of Chemistry 2024
tetrahydrate (99.5%, Co(CH3COO)2$4H2O), monosodium phos-
phate (99.5%, NaH2PO4) and hexadecyl trimethyl ammonium
bromide (99%, C19H42BrN) were acquired from Sinopharm
Chemical Reagent Co., Ltd. Oxytetracycline (98%, OTC), tetra-
cycline (CP, TC), carbamazepine (99%, CBZ) and noroxacin
(CP, NFX) were purchased from Shanghai Macklin Biochemical
Technology Co., Ltd. Ammonium hydroxide (AR, NH3 H2O) was
purchased from Chinasun Specialty Products Co., Ltd. Sodium
chloride (99.7%, NaCl), sodium carbonate (AR, Na2CO3),
sodium bicarbonate (99.5%, NaHCO3), sodium sulphate
(99.5%, Na2SO4), sodium hydroxide (AR, NaOH), and sodium
alginate (AR, (C6H7O6Na)n, SA) were obtained from Shanghai
Aladdin Industrial Co., LTD. All the chemicals were used
without further purication. Polyvinylidene uoride (PVDF)
ltration membranes were purchased from a lter specialist
shop.
2.2. Material synthesis

2.2.1 Synthesis of ZIF67. The zeolitic imidazolate frame-
work ZIF-67 was synthesized according to the following
method.31 Specically, 0.668 g of cobalt nitrate and 2.242 g of 2-
methylimidazole were combined in 100 mL of methanol and
stirred mechanically for 30 min. This mixture was le to stand
for 24 h. Aerward, the resulting purple suspension underwent
centrifugation and methanol washing. The sample obtained
was then dried at 70 °C in an oven and denoted as ZIF67.

2.2.2 Synthesis of the catalysts. The acquired ZIF67
underwent successive modications involving mesoporous
silica and a strategy incorporating metal-doped polydop-
amine. Specically, the process involved dissolving 1.44 g of
hexadecyl trimethyl ammonium bromide (CTAB) in 45 mL of
deionized water. This solution was slowly added to a mixture
consisting of 0.36 g of ZIF67, 90 mL of anhydrous ethanol, and
225 mL of deionized water. Subsequently, 1.26 mL of TEOS
and 3.6 mL of ammonia hydroxide were slowly added to the
mixture, followed by mechanical stirring for 6 h. Aerward,
0.071 g of cobalt acetate and 0.15 g of dopamine hydrochloride
were introduced and mechanically stirred for 12 h. The
resulting mixture underwent washing with ethanol and water.
The precipitate obtained post-centrifugation was dried at 70 °
C and then treated at different temperatures (500, 600, and 700
°C) in a tube furnace at a rate of 5 °C min−1, followed by a 2 h
calcination under a N2 atmosphere. The nal samples were
denoted as Co-SiCNO-x (where x represents the temperature:
500/600/700).

In addition to these experiments, several controlled
comparative samples were prepared. In one instance, ZIF67 was
directly carbonized at 600 °C in a tube furnace at a rate of 5 °C
min−1 and then calcined for 2 h under a N2 atmosphere, labeled
as Co-NO-6. ZIF67 coated with mesoporous silica for further
treatment by the above procedure was labeled as Co-SiCNO-6.
Another sample involved coating ZIF67 with cobalt-
incorporating polydopamine as per a similar procedure, fol-
lowed by carbonization at 600 °C in a tube furnace at a rate of 5 °
C min−1 and calcination for 2 h under a N2 atmosphere, named
Co-CNO-6.
J. Mater. Chem. A, 2024, 12, 8487–8501 | 8489
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2.3 Characterization

Themorphology and structure of the sample were examined using
eld emission scanning electron microscopy (SEM, Zeiss, Ger-
many) and high-resolution transmission electronmicroscopy (HR-
TEM, JEOL, 2100 F, Japan). The chemical states of the surface
elements were identied using X-ray photoelectron spectroscopy
(XPS, ULVAC-PHI, Kanagawa, Japan). Various catalyst structures
were analyzed using a Ka-ray diffractometer (XRD-6000X, Shi-
madzu Corporation, Tokyo, Japan) (l = 1.54178A). Raman spectra
were obtained at room temperature with a Spex 1877 D triple
companion spectrometer. The catalyst surface area and pore
volume were calculated using the Brunauer–Emmett–Teller (BET)
method, and the pore size was determined using the Barrett–Joy-
ner–Halenda (BJH) model. Excitation-emission-matrix spectros-
copy (EEM) was performed using an F-4700 FL spectrophotometer
to assess the degree of change in contaminants during degrada-
tion. Linear scanning voltammetry (LSV) and electrochemical
impedance spectroscopy (EIS) were carried out on a CHI760E
electrochemical workstation using a standard three-electrode
method, where a platinum electrode and Ag/AgCl were used as
the counter electrode and reference electrode, respectively. Pho-
tothermal testing was conducted using a solar simulator system
(Solar-500T, Beijing NBeT, China) and an optical power meter
(FZ400, Beijing NBeT, China). The determination of metal content
in catalysts was performed using inductively coupled plasma
atomic emission spectroscopy (ICP-AES).
2.4 Catalytic performance assessment

To systematically evaluate the efficacy of various catalysts in
degrading contaminants, experiments were conducted to cata-
lytically degrade NFX (initial concentration of 20 mg L−1) using
PMS as an oxidizing agent. Real-time measurements of NFX
concentration during the reaction were performed using a UV
spectrophotometer (MAPADA P1800). The procedure involved
adding a specic amount of PMS to the NFX solution (0.2 g L−1)
and stirring. Subsequently, a certain quantity of catalyst was
introduced to achieve a concentration of 0.2 g L−1. Samples were
extracted at regular intervals from the reaction solution, and the
NFX concentration was analyzed using a spectrophotometer aer
immediate ltration to remove the catalyst. Additionally,
a control test using only the catalyst was carried out. Experi-
mental parameters such as catalyst amount, PMS quantity, and
initial NFX concentration were simultaneously optimized. To
comprehend the activation mechanism of PMS by the catalyst in
NFX degradation, free radical quenching experiments were con-
ducted using various agents known for quenching free radicals.
Based on parameter optimization experiments, quenchers like
methanol and tert-butanol were utilized to inhibit the catalytic
reaction. The concentration of NFX was analyzed using a UV
spectrophotometer, and variations in reaction rates were moni-
tored through degradation progress curves.
2.5 Photothermal water evaporation test

A photothermal test was initiated by subjecting 28.8 mg of the
Co-SiCNO-6 catalyst to sonication alongside deionized water.
8490 | J. Mater. Chem. A, 2024, 12, 8487–8501
The resultant mixture was ltered using a polyvinylidene
diuoride (PVDF) lter membrane to create a photothermal test
lm. This lm, placed alongside a beaker containing 50 mL of
deionized water, was exposed to solar light irradiation. Surface
temperature measurements of the sample were taken every 60 s
using an infrared camera, while the mass change of the evap-
orated water was monitored every 100 s using an electronic
balance.32 Data processing provided the photothermal conver-
sion efficiency of the catalyst and the rate of water evaporation.
Additionally, photothermal and water evaporation tests were
conducted on two different aqueous solutions: a 20 mg L−1

noroxacin solution and a 20mg L−1 carbamazepine solution. A
photothermal membrane was applied to these contaminant
solutions under solar irradiation, and the mass change of the
solutions was recorded. By comparing the water evaporation
rate of the contaminants with that of deionized water, insights
into the photothermal performance and water regeneration
capacity of the catalysts in contaminant solutions were
obtained.
2.6 Coupled catalytic degradation and photothermal water
evaporation

To evaluate the practical relevance of the catalyst in the regen-
eration of fresh water and contaminant purication, an inte-
grated oatable device for synchronous catalytic contaminant
removal and water evaporation was fabricated by integration of
the above obtained optimized catalyst. Typically, 30 mg of the
catalyst was dispersed in an SA solution; aerwards, a tailored
cylindrical sponge with 3 cm diameter was soaked in the above
mixed solution and then transferred into CaCl2 solution to
trigger cross-linking and anchor these introduced catalysts.
This process resulted in the efficient integration of the catalyst
onto the tailored circular sponge which leads to an integrated
oatable evaporator for synchronous pollutant degradation and
water evaporation tests. Under the established photothermal
experimental conditions, the performance of the device for
evaporation of water at a specic rate under sunlight was
further measured. Furthermore, the device was oated in
a solution containing the contaminant, and its degradation
efficiency was assessed using UV spectrophotometry for the
degradation of a 20 mg L−1 noroxacin solution. The device was
designed to be recyclable, signifying its considerable practical
signicance.
3. Results and discussion

Fig. 1a illustrates the detailed synthesis process of the targeted
nanocomposite, utilizing polyhedral ZIF67 as the initial
template. This was followed by coating with mesoporous silica
and the successive in situ polymerization of dopamine incor-
porated cobalt metal cations. The resulting composite under-
went further thermal treatment in an inert N2 atmosphere to
yield the Co–Si/C hybrid hollow nanoreactor. Fig. 1b displays
a representative SEM image of Co-SiCNO-6, showcasing an
irregular nanosphere morphology characterized by a hollow
conguration composed of numerous ne nanoparticles. In
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Schematic representation of the synthesis of Co-SiCNO-x. Representative SEM image (b), TEM image (c and d), HRTEM image (e),
inverse FFT pattern of selected regions (f), HAADF-STEM image (g) and corresponding elemental mapping images of Co-SiCNO-6.
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Fig. 1c and d, representative TEM images of Co-SiCNO-6 reveal
a hollow nanospherical shape with a size distribution primarily
ranging from 100 to 170 nm, with most particles clustered at
around 130 nm. Additionally, the shell of the hollow nano-
reactor is observed to be composed of abundant mesoporous
channels without noticeable aggregated metal species, signi-
fying high dispersity and ne size of the metal species within
the mesochannel. This structure facilitates efficient diffusion
and contact of molecules during the reaction process. For
This journal is © The Royal Society of Chemistry 2024
further characterization of the microscale structure of the
nanoreactor and existing state of metal species, high-resolution
transmission electron microscopy (HRTEM) was employed. As
depicted in Fig. 1e and f, the lattice spacing of the observed
nanocrystals measured in the selected region correspond to the
(111) and (200) crystal planes of the typical CoO phase and the
(111) crystal plane of metallic Co, indicating the co-existence of
multiphase Co species conned in the silica-carbon compos-
ites. To determine the compositional conguration, elemental
J. Mater. Chem. A, 2024, 12, 8487–8501 | 8491
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mapping analysis of several hollow nanospheres was conducted
(Fig. 1g).33 The analysis revealed a uniform distribution of
elements including C, Co, N, O, and Si within the hollow shell
conguration. Notably, densely distributed cobalt species are
evenly dispersed in the mesoporous shell without signicant
aggregation, conrming the homogeneous hybrid state of metal
species, silica, and carbon.

Fig. S1† shows the N2 adsorption/desorption isotherms and
the corresponding pore size distributions of different catalysts.
The adsorption/desorption isotherms of Co-SiCNO-6, Co-SiNO-
6, Co-CNO-6, and Co-NO-6 catalysts conform to type I and
type IV hysteresis curves (Fig. S1a†), indicating the presence of
combinedmicropores andmesopores in the catalysts. Table S1†
summarizes microstructural properties such as specic surface
area calculated by the Brunauer–Emmett–Teller (BET) method
and pore size distribution. As shown in Fig. S1b, c and Table
S1,† the BET specic surface areas of Co-SiCNO-6, Co-SiNO-6,
Co-CNO-6 and Co-NO-6 were 392.4 m2 g−1, 546.0 m2 g−1,
218.3 m2 g−1 and 201.4 m2 g−1, respectively. The specic surface
area of Co-SiCNO-6 was obviously higher than that of Co-CNO-6
and Co-NO-6, indicating that the introduction of mesoporous
silica increases the nanochannels of the material and improves
the exposure and accessibility of active species for contami-
nants. However, the specic surface of Co-SiCNO-6 is lower than
that of Co-SiNO-6 possibly because of the introduction of cobalt-
containing dopamine on mesoporous silica affecting the
structural properties of the material.

Fig. 2a depicts the wide-angle XRD patterns for the optimal
sample Co-SiCNO-6, alongside comparison samples Co-CNO-6,
Co-SiNO-6, and Co-NO-6. All samples exhibit robust diffraction
peaks at 36.6° and 42.6°, corresponding to the (111) and (200)
crystal planes of cubic CoO, aligning with the standard card
(JCPDS: 01-1227). Additional peaks at 44.2° and 51.5° indicate
metallic Co species (JCPDS: 15-0806), possibly resulting from
the reduction of CoO to metallic Co at higher temperatures in
an N2 atmosphere. Notably, Co-NO-6, derived directly from
ZIF67, primarily comprises metallic Co(0). In contrast, Co-CNO-
Fig. 2 (a) Wide-angle XRD patterns and (b) Raman spectra of Co-SiCNO
multiple Co species in the catalyst.

8492 | J. Mater. Chem. A, 2024, 12, 8487–8501
6, derived from PDA-modied ZIF67, exhibits multiple cobalt
species diffractions, implying that more carbon deposition on
ZIF67 reduces oxidative metal species to a metallic state.
Increasing cobalt incorporation onto the PDA layer yields
various cobalt species in the nal nanoreactor. Fig. S2† shows
XRD spectral results of comparative catalysts at 500 and 700 °C
calcination temperatures. At 500 °C, Co-SiCNO-5 displays
insignicant diffraction peaks due to low crystallinity and high
dispersity of the introduced metal species on the carbon-SiO2

hybrid shell. Conversely, Co-SiCNO-7 exhibits diffraction peaks
related to Co3O4 and Co2SiO4 at 700 °C, indicating that high
temperatures lead to cobalt species reacting with silica, forming
Co2SiO4. Fig. 2b illustrates the Raman spectral outcomes of
comparison samples (Co-SiCNO-6, Co-CNO-6, Co-SiNO-6, and
Co-NO-6). Raman peaks at around 1360 cm−1 and 1600 cm−1

correspond to the D and G bands of the carbon network,
respectively. Generally, D peaks signify lattice defects in carbon
atoms, while G peaks represent in-plane stretching vibrations of
sp2 hybridized C atoms. The relative intensity ratios of the D
and G bands (ID/IG) elucidate atomic crystal defects or the
degree of graphitization in carbon materials.34 The lower ID/IG
in Co-SiCNO-6 and Co-SiNO-6 compared to the other catalysts
likely stem from increased graphitized carbon layers due to SiO2

introduction, enhancing carbon graphitization. To gain deeper
insights into the surface elemental composition and states,
Fig. S3† presents comprehensive XPS survey results for
comparison samples: Co-SiCNO-6, Co-CNO-6, Co-SiNO-6, and
Co-NO-6, outlining the predominant elemental compositions of
C, O, N, and Co. In Fig. 3a, the C 1s core level spectra across
different samples reveal distinct peaks corresponding to three
types of carbon assignments: C]C (287.8 eV), C–O/N (285.4 eV),
and C–C (284.6 eV), indicating the presence of heteroatoms in
the carbon framework. Fig. 3b shows N 1s core level peaks at
398.4 eV and 400.3 eV, representing pyridine N and pyrrole N,
respectively, conrming the successful nitrogen species doping
within the carbon network. Interestingly, the SiO2-doped cata-
lyst predominantly exhibits pyrrole N species, while the direct
-6, Co-CNO-6, Co-SiNO-6 and Co-NO-6; (c) crystal cell structure of

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 XPS spectra of (a) C 1s, (b) N 1s, (c) O 1s and (d) Co 2p core levels of Co-SiCNO-6, Co-CNO-6, Co-SiNO-6, and Co-NO-6.
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calcination of ZIF67 results in an increased presence of
pyridine N, suggesting that PDA modication facilitates the
formation of pyrrole N species, potentially contributing to more
adsorptive sites for polar contaminant molecules. Moving to
Fig. 3c, the O 1s spectra exhibit three peaks corresponding to
lattice oxygen OL (529.5 eV), oxygen vacancy OV (531.1 eV), and
adsorbed oxygen OA (532.8 eV). Specically, Co-SiCNO-6 and Co-
SiNO-6 show Si–O and adsorbed oxygen, while Co-CNO-6 and
Co-NO-6 exhibit CoOx-related lattice oxygen and oxygen vacancy
species, indicating the increased presence of Co species within
the mesoporous silica shell due to silica introduction. Fig. 3d
displays Co 2p core level XPS spectra for different catalysts,
revealing Co(II) and Co(III) in the Co 2p1/2 and Co 2p3/2 core
energy levels, consistent with typical crystalline species.
Notably, characteristic peaks of zero-valent cobalt appear,
This journal is © The Royal Society of Chemistry 2024
alongside two satellite peaks of Co 2p, indicating the presence
of multivalent cobalt oxide species. Co-SiCNO-6 notably shows
a signicantly higher Co(II) content (77.09%) compared to Co-
CNO-6 (32.75%), Co-SiNO-6 (49.33%), and Co-NO-6 (27.92%).
This higher Co(II) content makes Co-SiCNO-6 advantageous for
PMS activation, as Co(II) oen serves as the primary active
center, potentially initiating more ROS for efficient NFX
degradation.35 In Fig. 3c, three distinct peaks in the O 1s spectra
correspond to lattice oxygen OL (529.5 eV), oxygen vacancy OV

(531.1 eV), and adsorbed oxygen OA (532.8 eV).36 Notably, the O
1s spectra of Co-SiCNO-6 and Co-SiNO-6 reveal adsorbed oxygen
and Si–O assignments at 533.0 eV and 532.4 eV, respectively.
Conversely, Co-CNO-6 and Co-NO-6 showcase lattice oxygen and
oxygen vacancy species related to CoOx, suggesting that the
introduction of silica leads to an increased presence of Co
J. Mater. Chem. A, 2024, 12, 8487–8501 | 8493
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species within the internal structure of the mesoporous silica
shell. Moving to Fig. 3d, the XPS spectra of the Co 2p core level
for different catalysts indicate the presence of Co(II) and Co(III)
in the Co 2p1/2 and Co 2p3/2 core energy levels, consistent with
the elemental composition of typical crystalline species.
Specically, the deconvoluted binding energy at 780.4 eV and
795.5 eV corresponds to the Co 2p3/2 and Co 2p1/2 of Co(II),
respectively, while the energy level peaks at 782.1 eV and
798.2 eV align with the Co 2p3/2 and Co 2p1/2 of Co(III). Notably,
two distinct peaks of zero-valent cobalt emerge at 778.8 eV and
793.8 eV, along with two satellite peaks of Co 2p, indicating the
presence of multivalent cobalt oxide species. Signicantly, the
calculated relative Co(II) content of Co-SiCNO-6 (77.09%)
surpasses that of other catalysts-Co-CNO-6 (32.75%), Co-SiNO-6
(49.33%), and Co-NO-6 (27.92%). This higher Co(II) content
makes Co-SiCNO-6 uniquely advantageous for PMS activation,
as Co(II) oen serves as the primary active center, potentially
initiating more ROS for efficient degradation of NFX. In addi-
tion, the cobalt contents of Co-SiCNO-6, Co-SiNO-6, Co-CNO-6
and Co-NO-6 were determined by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) to be 5.69%, 9.73%,
67.45% and 21.74%, respectively (Table S2†). Table S2† also
Fig. 4 Reaction time dependent NFX degradation course curves (a) an
catalysts; reaction conditions: [NFX]= 20mg L−1, [PMS]= 0.1 g L−1, [catal
valence-determined element composition state of Co 2p (c) and N 1s (d

8494 | J. Mater. Chem. A, 2024, 12, 8487–8501
reveals that the cobalt leaching of Co-SiCNO-6, Co-SiNO-6, Co-
CNO-6 and Co-NO-6 reaches 5.5%, 5.64%, 17.97% and
14.65%, respectively. This result indicates that the introduction
of a silica framework in the carbon network could efficiently
reduce the leaching of Co during the reaction, which further
highlights the advantage of silica for stabilizing the metal
species conned in carbon.

The efficiency of various samples in catalyzing PMS to
degrade NFX was assessed. In Fig. S4,† the degradation curves
of NFX over time for catalysts derived at different calcination
temperatures are displayed. Notably, Co-SiCNO-6 exhibits
superior catalytic degradation performance, showing the high-
est rst-order kinetic constant (Kabs = 0.426 min−1), establish-
ing it as the most effective catalyst for NFX degradation. Fig. 4a
highlights the disparity in NFX degradation among comparison
samples obtained at the optimal calcination temperature. Even
when compared to the samples lacking modication with
metal-incorporating PDA, Co-SiCNO-6 demonstrates signi-
cantly enhanced reaction activity. Furthermore, based on the
rst-order kinetic tting analysis (Fig. 4b), the sequence of
reaction kinetic constants for the four catalysts stands as
follows: Co-SiCNO-6 (0.917 min−1) > Co-CNO-6 (0.314 min−1),
d ln(C0/C) versus reaction time of NFX degradation (b) over various
yst]= 0.3 g L−1; the relationship between the reaction rate constant and
) of various catalysts.

This journal is © The Royal Society of Chemistry 2024
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Co-NO-6 (0.205 min−1) > Co-SiNO-6 (0.172 min−1). This under-
scores that the metal-incorporating carbon layer on the SiO2

shell over ZIF67 effectively connes and stabilizes active metal
species, thereby enhancing the efficiency of PMS activation. To
elucidate the activity origin of the optimized catalyst, Fig. 4c
illustrates the correlation between different cobalt valences and
reaction rate constants. Remarkably, the optimal catalyst Co-
SiCNO-6, possessing the highest Co(II) fraction, exhibits the
highest reaction rate, emphasizing the pivotal role of Co(II) in
catalytic PMS activation. The correlation is clear: a higher
valence metal fraction, especially higher Co(II) content, leads to
a faster reaction rate. Interestingly, while the primary reaction
kinetics of Co-SiNO-6 are slower than those of Co-CNO-6 and
Co-NO-6, the degradation efficiency and degree of degradation
of Co-SiNO-6 surpass those of Co-CNO-6 and Co-NO-6 at
seventeen minutes. This discrepancy might stem from the
absence of cobalt-incorporating polydopamine coating in Co-
SiNO-6, where the introduced SiO2 reduces the exposure and
reactivity of active cobalt species to some extent. Fig. 4d further
illustrates the relationship between nitrogen species types and
content versus the reaction rate. Notably, the primary kinetics of
Fig. 5 The catalyst dosage effect on the degradation process (a) and ln(C
= 20 mg L−1, [PMS] = 0.1 g L−1. The PMS usage effect on the degrada
catalyst; reaction conditions: [NFX]= 20mg L−1, [catalyst]= 0.3 g L−1. The
C) versus reaction time (f) on the Co-SiCNO-6 catalyst; reaction conditi

This journal is © The Royal Society of Chemistry 2024
the four catalysts increase as the pyrrolic N content increases.
The optimal catalyst containing solely pyrrolic N species
exhibits the fastest reaction rate, indicating a positive correla-
tion between pyrrolic N and primary reaction kinetics. More
surface pyrrolic N species are recognized as polar sites that
enrich polar contaminants around the reaction sites, short-
ening the migration distance of generated ROS towards
contaminants and thereby enhancing their activity lifespan. A
sequence of experiments was conducted to establish the
optimal parameters for the catalytic elimination of NFX
utilizing Co-SiCNO-6. These experiments were methodically
designed to optimize catalyst dosage, PMS dosage, and NFX
concentration. The outcomes, as depicted in Fig. 5a and d,
elucidate the inuence of varying catalyst dosages exclusively on
the catalytic degradation of NFX while maintaining controlled
variables.37 Notably, an increase in catalyst dosage from
0.2 g L−1 to 0.3 g L−1 resulted in an 88% degradation of NFX
within a nine-minute timeframe. However, a further increase to
0.4 g L−1 did not enhance the reaction rate, indicating that
excessive catalyst amounts render reactive sites unavailable for
efficient NFX elimination. Furthermore, optimal PMS
0/C) versus reaction time (d) of Co-SiCNO-6; reaction conditions: [NFX]
tion process (b) versus ln(C0/C) and reaction time (e) of Co-SiCNO-6
NFX concentration effect on degradation process curves (c) and ln(C0/
ons: [PMS] = 0.1 g L−1, [catalyst] = 0.3 g L−1.

J. Mater. Chem. A, 2024, 12, 8487–8501 | 8495
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quantities were determined by solely varying PMS additions
while keeping other variables constant, as illustrated in Fig. 5b
and e.38 The catalyst without PMS exhibited the slowest NFX
removal, attributed predominantly to adsorption effects rather
than inherent catalytic function. Conversely, both 0.1 g L−1 and
0.2 g L−1 PMS contributed effectively to NFX degradation, to
similar extents, although the initial-stage reaction kinetic
constant for 0.1 g L−1 PMS was higher. This suggests that
insufficient PMS underutilizes active sites, while excessive
amounts might inhibit the reaction due to competitive
processes. Interestingly, even in the absence of PMS, the catalyst
eliminated 80% of NFX within 9 min, potentially due to the
presence of abundant pyrrole nitrogen species enhancing ROS
generation. This augmentation facilitated the attack on pollut-
ants around the catalyst surface, thereby improving catalytic
efficiency by reducing ROS diffusion distances. Fig. 5c and f
indicate a gradual reduction in the catalytic activity of Co-
SiCNO-6 as NFX concentration increased from 10 mg L−1 to
30 mg L−1. Maintaining a lower NFX concentration appeared
more favorable for the catalyst, with a pronounced reduction in
the reaction rate observed at 30 mg L−1. Moreover, qualitative
analysis conducted as shown in Fig. S5† via 3D uorescence
assay conrmed the decreased NFX content during the degra-
dation reaction, corroborating results from UV-absorption
spectroscopy assays. Subsequent experiments at various
temperatures established the low reaction activation energy (Ea)
of Co-SiCNO-6 to be 1.420 kJ mol−1 (Fig. S6†), showing its
distinctive advantage in NFX degradation. Table S3† shows the
total organic carbon (TOC) content before and aer the degra-
dation of NFX by different catalysts, reecting the degree of
mineralization of organic pollutants. Specically, Co-SiCNO-6
shows the highest TOC removal of 50.96%, which was higher
than that of Co-SiNO-6 (33.36%), Co-CNO-6 (37.48%) and Co-
NO-6 (31.84%). This basically agrees with the degradation
activity trend of the above several comparative catalysts. In
Fig. 6 and Table S4,† a comparative assessment of Co-SiCNO-6
Fig. 6 Comprehensive performance comparison of NFX degradation
based on optimal Co-SiCNO-6 and several reported comparative
catalysts.

8496 | J. Mater. Chem. A, 2024, 12, 8487–8501
and previously reported catalysts underscores its exceptional
performance, demonstrating superiority in NFX degradation
with respect to concentration, reaction rate, time, PMS, and
catalyst dosage. Co-SiCNO-6 emerges as a catalyst showcasing
superior comprehensive degradation performance for NFX
across all evaluated parameters.39–44

To explore the impact of anions on the degradation of NFX
catalyzed by the catalyst, control experiments were conducted
by introducing various inorganic salts like NaOH and Na2CO3

under optimized conditions (Fig. S7†). Observations reveal that
Cl− exerts a noticeable inhibitory effect on the NFX degradation
process. This inhibition could be attributed to the oxidation of
Cl− by SO4

−c and cOH, generating less reactive Clc and HOCl−c
(eqn (1)–(3)).45 Conversely, SO4

2− shows minimal inuence on
the degradation of NFX by Co-SiCNO-6, while OH− signicantly
diminishes the efficiency of the catalyst in degrading NFX,
indicating that an excessively alkaline environment severely
impedes PMS activation. Phosphates are known for their role as
complex ions, engaging in chelation reactions by binding to –

OH and Me–O groups on the surface. Additionally, they func-
tion as quenchers for cOH (eqn (4)).46 The introduction of
H2PO4

− somewhat curtails the activity of the reacting species,
resulting in decreased catalytic performance. Moreover, the
presence of HCO3

− and CO3
2− inhibits NFX degradation due to

their competition with reactive SO4
−c or cOH, ultimately

diminishing the population of reactive radicals (eqn (5)–(8)).47

Cl− + cOH / HOCl−c (1)

HOCl−c + H+ / Clc + H2O (2)

Cl− + SO4
−c / SO4

2− + Clc (3)

cOH + H2PO4
− / OH− + H2PO4

−c (4)

cOH + HCO3
− / CO3

−c + OH− (5)

cOH + CO3
2− / CO3

−c + OH− (6)

SO4
−c + HCO3

− / CO3
−c + HSO4

− (7)

SO4
−c + CO3

2− / CO3
−c + SO4

2− (8)

To gain deeper insights into the roles and reaction mecha-
nisms of the primary active substances in NFX degradation
through catalyst-activated PMS, free radical quenching experi-
ments were performed. Methanol (MeOH), tert-butanol (TBA), L-
histidine (L-his), and p-benzoquinone (p-BQ) were employed to
quench specic free radicals. Broadly, MeOH effectively reacts
with cOH (hydroxyl radical) and cSO4

− (sulfate radical), while
TBA exclusively interacts with cOH but not with cSO4

−.
Conversely, p-BQ and L-his exhibit evident scavenging effects on
cO2

− (superoxide radical) and 1O2 (singlet oxygen), respectively.
The results presented in Fig. 7a and b indicate a reduction in
the reaction rate constants of the optimal catalyst to
0.344 min−1, 0.783 min−1, 0.324 min−1, and 0.466 min−1 upon
the addition of MeOH, TBA, L-his, and p-BQ to NFX, respec-
tively. Remarkably, TBA displays the weakest effect aer
This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Quenching experimental results of NFX degradation of Co-SiCNO-6 using various quenching agents; reaction conditions: [NFX] = 20
mg L−1, [PMS]= 0.1 g L−1, [catalyst]= 0.3 g L−1; (b) reaction rate constant and relationship of catalytic systems of Co-SiCNO-6 involving addition
of various quenching agents; linear sweep voltammetry (LSV) (c), and electrochemical impedance spectroscopy (EIS) (d) of the comparative
catalysts.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
6 

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
02

5/
5/

27
 2

0:
37

:3
7.

 
View Article Online
consuming cOH, while MeOH and L-his exhibit the most
prominent impact, suggesting that cSO4

− and 1O2 predomi-
nantly drive NFX removal. In a bid to assess the electron transfer
capabilities of various catalyst composites, linear sweep vol-
tammetry (LSV) (Fig. 7c) and electrochemical impedance spec-
troscopy (EIS) (Fig. 7d) data were collected. Fig. 7c illustrates
heightened electron transport in Co-SiCNO-6, resulting in an
accelerated oxidation reaction and exceptional electron trans-
port capacity. Additionally, Fig. 7d portrays a steeper slope for
Co-SiCNO-6 in the low-frequency region, indicating lower
charge transfer resistance and swier interfacial charge trans-
fer, potentially contributing to the activity advantage of Co-
SiCNO-6 from this perspective. Furthermore, to investigate the
role of Co-SiCNO-6 in authentic water sources, NFX degradation
experiments were conducted in tap water and Lake Haiyun
water from Zhenjiang. These were compared with degradation
experiments in deionized water (Fig. S8a†). Degradation rates in
tap water and lake water were slightly lower than those in
deionized water. This decline can be attributed to Cl− in tap
water, which diminishes active radicals, consequently reducing
This journal is © The Royal Society of Chemistry 2024
the reaction rate. In lake water, various anions impact the
catalyst, while other substances compete for active sites, further
diminishing the reaction rate. However, Co-SiCNO-6 exhibited
high catalytic performance for different water qualities, stably
degrading over 80% of NFX within 19 min. The recyclability of
Co-SiCNO-6 was assessed (Fig. S8b†), demonstrating the cata-
lyst's capability to degrade almost 80% of NFX even aer three
cycles, affirming its stability and reproducibility. Moreover, to
explore the versatility of Co-SiCNO-6 in degrading other
pollutants, control degradation experiments (Fig. S8c†) were
conducted with this catalyst for p-nitrophenol (PNP), bisphenol
A (BPA), carbamazepine (CBZ), tetracycline (TC), and oxytetra-
cycline (OTC). These experiments, conducted using optimal
reaction parameters for NFX, displayed compelling results: PNP
was completely degraded in eleven minutes, and CBZ, TC, and
NFX were degraded to nearly 90% within the same timeframe,
while BPA and OTC were degraded by 70%. This underscores
the versatility of Co-SiCNO-6 in the degradation of various
common organic pollutants.
J. Mater. Chem. A, 2024, 12, 8487–8501 | 8497
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Besides effectively mineralizing contaminants, the potential
for reclaiming clean water from wastewater is alluring. The
presence of carbon and plasmonic metallic Co amplies the
photothermal attributes, a facet of particular interest. Speci-
cally, the photothermal conversion of specialized materials is
gaining traction in solar-driven interfacial water evaporation,
harnessing sunlight to generate heat on photothermal materials.
The amalgamation of carbon layers and metal species within the
nanoreactor notably aids in surface heating. Additionally, the
nanoreactor's mesoporous channels and hollow conguration
expedite water vapor diffusion towards air, enhancing water
evaporation.48 Fig. 8a shows digital photos of the photothermal
membrane prepared for water evaporation. Evaluating the Co-
SiCNO-6 nanoreactor's photothermal properties involved
measuring the integrated catalyst membrane's surface tempera-
ture using an infrared thermal imager. Infrared photothermal
images depicted in Fig. S9a† reveal an increase in the nano-
reactor's surface temperature from 26.6 °C to 71.2 °C within
30 min of irradiation. Fig. S9b† illustrates photothermal images
of the wet sample, where Co-SiCNO-6 reaches 39.6 °C aer
10 min, remaining at around 40 °C for the next 50 min.
Fig. 8 (a) Digital combined photos of the prepared evaporation membra
variation of different systems including blank control, a wet Co-SiCNO-
NFX/CBZ solution over a prolonged time. (c) Time-dependent mass var
course. (d) The comparison of the evaporation rate versus evaporatio
simulated irradiation. Infrared thermal images of (e) initial and (f) 60 min p
± 5 °C, relative humidity: 60 ± 10%.

8498 | J. Mater. Chem. A, 2024, 12, 8487–8501
Moreover, the photothermal membrane's surface temperature
signicantly increases under sunlight exposure when soaked in
NFX and CBZ solutions, ultimately reaching 42.3 °C and 39.5 °C,
respectively. These results underscore Co-SiCNO-6's commend-
able photothermal conversion performance, likely stemming
from Co metal's incorporation into the carbon layer, fostering
exceptional photothermal conversion efficiency. In addition, the
UV-vis absorption spectrum of Co-SiCNO-6 further validates the
excellent sunlight absorption of the constructed materials
compared to the natural light spectrum (Fig. S10†). Fig. 8b shows
the temperature variation during the water evaporation process
for different pollutants and deionized water. Its inset highlights
Co-SiCNO-6's temperature variation in deionized water under
light irradiation within 10 minutes, swily increasing from room
temperature to 39.6 °C and stabilizing under the catalyst's
inuence. As depicted in Fig. 8c, the blank group data indicate
water evaporation occurring directly under natural conditions,
registering an evaporation rate of 0.17 kgm−2 h−1. In the absence
of light, Co-SiCNO-6 exhibits a lower water evaporation rate of
0.15 kg m−2 h−1 compared to the blank group due to the nano-
reactor's membrane aggregation impeding water molecule
ne of Co-SiCNO-6 and the sunlight solar simulator. (b) Temperatures
6 membrane in the dark or under light conditions soaked in water or,
iation of water during the photothermal interfacial water evaporation
n efficiency of Co-SiCNO-6 and reported materials under one sun
ost-irradiation 2D membranes. Operation conditions: temperature: 20

This journal is © The Royal Society of Chemistry 2024
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diffusion to some extent.49 However, under light conditions, the
Co-SiCNO-6 membranes achieve a water evaporation rate of 1.50
kg m−2 h−1, boasting a photothermal evaporation efficiency of
93.14%. In a comparison of evaporation rates or efficiency with
those in prior studies (Fig. 8d and Table S5†), Co-SiCNO-6
emerges as the top performer in photothermal capabilities
during the evaporation process.50–57 Fig. 8e and f show the
infrared-thermal images of the membrane initially and aer
irradiation for 60min under one sun irradiation. In addition, the
water evaporation rate of Co-SiCNO-6 reached 1.88 kg m−2 h−1

for NFX and 1.47 kg m−2 h−1 for CBZ when NFX and CBZ solu-
tions were used as the evaporating substances, respectively. This
variance may be attributed to the inuence of contaminant-
bearing interfacial water's thermal conductivity on the photo-
thermal materials due to the addition of macromolecular
contaminants. The cyclic evaporation experiments further
demonstrate the excellent efficiency of the Co-SiCNO-6 photo-
thermal material (Fig. S11†).

Due to the limitation of a separated 2D membrane for
treating complex wastewater containing contaminants, in
Fig. 9 (A) Fabrication of the integrated evaporator for contaminant purifi
Co-SiCNO-6 anchored on sponges under light conditions in the presen
evaporation of NFX at the photothermal interface. (c) The cycling experim
activation of PMS for NFX degradation and blank control group using only
= 0.1 g L−1. Operation conditions: temperature: 20 ± 5 °C, relative hum

This journal is © The Royal Society of Chemistry 2024
particular, the residual organic pollutants cannot be removed
during the evaporation process. For practical applications
utilizing photothermal materials, 30 mg of Co-SiCNO-6 catalyst
was anchored onto a circular melamine sponge of 3 cm diam-
eter to evaluate its performance in degrading pollutants and
regenerating water. The combination of plasmonic metals and
carbon materials enables efficient photothermal conversion in
the composite. We anchored the photothermal catalyst onto the
sponge evaporator through Ca ion-triggered crosslinking of SA.
This integrated sponge evaporator offers a well-developed
network, facilitating easy water diffusion and evaporation.
Interfacial solar-assisted evaporation, achieved by constructing
the evaporator from photothermal materials, is considered
a feasible and promising method. The preparation is depicted
in Fig. 9A; specically, the obtained samples were dispersed in
the SA solution, and the tailored sponge was soaked in the
above mixture to adsorb them and further crosslink by Ca ion
interaction. As a result, the integrated monolith evaporator
composed of the functional materials and sponge can be placed
in polluted wastewater as a oatable device, which can achieve
cation and water evaporation, (a) temperature variation versus time of
ce of NFX. (b) Variation of water mass with time during three cycles of
ent results of the Co-SiCNO-6 integrated monolith evaporator for the
a catalyst-free sponge. Reaction conditions: [NFX] = 20 mg L−1, [PMS]
idity: 60 ± 10%.

J. Mater. Chem. A, 2024, 12, 8487–8501 | 8499
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solar-driven water evaporation and synchronous contaminant
degradation on adding PMS as an oxidant. Impressively, this
integrated device not only degrades pollutants but also achieves
water evaporation at a high rate exceeding 2.0 kg m−2 h−1.
Fig. 9a illustrates the photothermal performance of the inte-
grated photothermal evaporator. The surface temperature
increases from 20.2 °C to 30.2 °C within 3 min under one-sun
irradiation, reaching 37 °C within 10 min, with a gradual
increase and eventual stabilization. Additionally, under these
conditions, Fig. 9b shows that the device exhibits water evapo-
ration rates of 2.00 kgm−2 h−1, 2.04 kgm−2 h−1 and 1.96 kgm−2

h−1 in one hour during the three cycles, indicating the good
stability and reusability of the integrated evaporator. The energy
loss of the integrated sponge evaporator and separated 2D
membrane involved in water evaporation was assessed (Table
S6†). The calculated result reveals that the integrated sponge
evaporator affords a high radiation loss and convection loss
compared to the separated 2D membrane; in contrast, the
integrated sponge evaporator contributes to an obviously lower
conduction loss than that of the separated 2D membrane.
Taken together, the total energy loss of the integrated sponge
evaporator is higher than that of the separated 2D membrane.
The catalytic degradation measurement, shown in Fig. 9c,
conrms that the integrated monolith evaporator can degrade
NFX by about 95% in one hour under sunlight and still degrades
NFX by nearly 90% aer three cycles, validating the reusability
of the integrated evaporator in multiple contaminant degrada-
tion. The control group reveals that the NFX removal by virtue of
the device without the addition of Co-SiCNO-6 and crosslinked
with sodium alginate only reaches nearly 30%, indicating that
Co-SiCNO-6 plays a crucial role in this real NFX degradation.
Given the catalyst's integration with the sponge and its excellent
recyclability, it aligns with practical requirements for water
evaporation and contaminant removal.

4. Conclusions

In essence, employing ZIF67 as a template, followed by modi-
fying mesoporous silica and applying a metal-incorporating
PDA coating, yields a hollow nanoreactor with dispersed
multivalent Co species and a carbon-silica hybrid mesoporous
shell. This conguration distributes and connes metal species
within the mesoporous shell, enriched with abundant N species
modications, offering ample catalytic and polar adsorptive
sites. Moreover, the silica network contributes to the stability of
the carbon framework and active metal species, ensuring
structural integrity and reducing the leaching of metal during
catalytic reactions. The notable presence of Co(II) species in the
nanoreactor accelerates PMS activation, while the incorporation
of pyrrole nitrogen into the carbon framework efficiently
concentrates contaminants around the active sites, reducing
ROS migration and enhancing utilization efficiency. Through
interactions involving silica, a carbon thin layer, and cobalt
species, this design achieves not only the removal of organic
pollutants like noroxacin but also the evaporation of interfa-
cial water. The integrated photothermal monolith evaporator,
employing Co-SiCNO-6, demonstrates impressive water
8500 | J. Mater. Chem. A, 2024, 12, 8487–8501
purication and evaporation rates of 2.0 kg m−2 h−1 and
a photothermal conversion efficiency of 93.14%, respectively.
This catalyst holds practical signicance, creating a unied
system that adeptly combines water pollutant degradation and
clean water evaporation. This research introduces a novel
approach using photothermal materials for both pollutant
degradation and water evaporation, offering unique insights for
environmental remediation.
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