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Interfacial solar-driven vapor generation is considered to be a promising technology to produce freshwater
from non-potable water. However, when the source water contains organic pollutants, the solar-driven
water evaporation process might worsen the pollution of the source water. Herein, we construct
a bifunctional interfacial solar-driven evaporator by facilely dip-coating MOF-derived N/Co-doped
carbon on cotton cloth, which can simultaneously realize freshwater production by solar-driven
evaporation and the degradation of organic pollutants. The derived carbon hybrid is composed of
wrinkled bamboo-like N-doped carbon tubes and embedded Co nanoparticles, which not only
contribute to efficient sunlight absorption and photothermal conversion but also provide abundant
catalytic sites for visible light-driven peroxymonosulfate (PMS) activation to produce diverse reactive
oxygen species (ROS). In another aspect, the cotton cloth consisting of interlaced cellulosic fibers offers
hydrophilic channels for fast water transport and decreases the water evaporation enthalpy to accelerate
evaporation. As a result, the bifunctional evaporator presents a notably high evaporation rate of 2.2 kg
m~2 h™! under 1 kW m~2 illumination, securing one of the best values among solar evaporators. More
importantly, it displays excellent performance in PMS activation under visible light irradiation to produce
plenty of ROS for the catalytic degradation of various toxic organic pollutants in source water (e.g., its
Congo red degradation efficiency was 96.6% within 90 min). The bifunctional solar evaporator provides
an ingenious way to handle the issues of global freshwater scarcity and water contamination via the
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environmental regulations.’®"* Hence, there is an urgent need
to develop a new freshwater production mode with high energy
efficiency and low environmental burden. Interfacial solar
vapor generation, which takes advantage of renewable solar

1. Introduction

Global freshwater shortage has become ever impeditive to
sustainable development due to the limited freshwater

resources and severe worldwide water pollution.'® Utilizing
non-potable water to produce clean water is deemed to be
a primary way to resolve the crisis of freshwater scarcity.”
Nowadays, various technologies of wastewater treatment are
being exploited, such as adsorption, filtration, reverse osmosis,
and membrane distillation.®*® However, conventional technol-
ogies usually involve high energy consumption or might lead to
secondary pollution, which are not compliant with long-term
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energy to accelerate vapor production by locating photothermal
materials at the air/water interface, is considered a promising
technology to obtain freshwater.">*' Compared with the tradi-
tional bottom or volumetric configuration, interfacial heating
that confines heat to the water surface can achieve lower heat
loss and higher conversion efficiency.”*>® Importantly, the
combination of interfacial solar evaporation with photocatalytic
degradation technology provides a hopeful strategy to simulta-
neously produce freshwater and remove organic pollutants in
the mother liquor.**** As a typical example, Hao et al. proposed
a bifunctional cotton fabric by the in situ polymerization of
pyrrole and the deposition of TiO, on cotton, exhibiting an
evaporation rate of 1.55 kg m > h™! and a methyl orange
degradation efficiency of 96% under one sun irradiation.** Yan
et al. reported a holey graphene/polypyrrole aerogel with a water
evaporation rate of 2.08 kg m > h™" and a phenol removal
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efficiency of 94.8%.%® Zhang et al. designed a hybrid membrane
composed of MXene nanosheets, poly(vinyl alcohol) and
porphyrin, achieving an evaporation rate of 1.82 kgem>h ™' and
a rhodamine B elimination efficiency of 90.5%."° Despite these
great achievements, the overall performance of interfacial solar-
driven evaporation and photocatalytic decontamination is
usually difficult to balance due to the complicated integration
process of the photothermal materials with the photocatalysts
and/or the inferior activity of the photocatalysts. Therefore,
designing synergetic photothermal and degradation systems
remains a grand challenge to effectively achieve freshwater
production and sewage purification.

Recently, an advanced oxidation process (AOP) based on the
reactive oxygen species (ROS) generated from perox-
ymonosulfate (PMS) has been considered an efficient and
economical pathway for organic pollutant degradation.*¢°
Typical ROS include the sulfate radical (SO, ), hydroxyl radical
("OH), superoxide radical (0, "), and singlet oxygen (*O,), which
are generally activated by heterogeneous catalysts (e.g., carbon
nanomaterials and transition metals), thermal energy, ultravi-
olet irradiation, and so on.**** Unfortunately, traditional PMS
activation methods by thermal or ultraviolet treatment usually
exhibit low energy utilization efficiency, while the powder
catalyst-derived PMS activation method necessitates time-
consuming post-treatments to reclaim the catalysts, hindering
their practical applications. Considering that interfacial solar
evaporators realize the localization of photothermal conversion
to the air/water interface, the construction of bifunctional
interfacial solar evaporators by introducing advanced carbon-
based AOP catalysts with high sunlight absorption kills two
birds with one stone. It not only provides a new facile strategy to
effectively activate PMS with the aid of thermal energy and
heterogeneous catalysts without complex post-treatments but
also realizes the efficient integration of photothermal conver-
sion and catalytic degradation. To our knowledge, such a study
has rarely been reported.

As typical crystalline materials composed of metal ions/
clusters and organic ligands, metal-organic frameworks
(MOFs) are widely applied in a variety of fields such as
adsorption, sensing, catalysis, energy storage and conversion
due to their controllable porosity, designable structure and
composition.*** Recently, MOF pyrolysis has become a signifi-
cant way to fabricate metal/nitrogen co-doped carbon materials
with distinctive structures, which have been proved as powerful
photothermal materials or AOP catalysts.*** In this report, we
have fabricated a new bifunctional solar evaporator by dip-
coating cotton cloth with N/Co-doped carbon obtained from
the controllable carbonization of Co-MOF. The typical N/Co-
doped carbon presents wrinkled bamboo-like carbon tubes
wrapping around Co nanoparticles, contributing to a large
specific surface area and a hierarchically porous structure.
Besides, the N dopant and encapsulated Co nanoparticles
adjust the redox property of the surrounding carbon layer,
generating abundant active sites for PMS activation to produce
ROS.*® Thereby, the bifunctional solar evaporator shows
advantages of broadband light absorption, exposed catalytic
sites, fast water/ROS transport, and reduced water evaporation
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enthalpy. The above-mentioned merits endow the MOF-derived
bifunctional solar evaporator with remarkable performance in
interfacial solar evaporation to produce freshwater as well as the
photocatalytic degradation of harmful organic contaminants in
water.

2. Experimental section
2.1. Materials and chemicals

Pyrazine, Co(NOj),-6H,0, tert-butanol, and phenol were
supplied by Sinopharm Chemical Reagent Company. Sodium
dicyanamide, PMS (KHSOs-0.5KHSO,-0.5K,S0,), Congo red
(CR), amino black 10B, direct red 80, eosin Y, and 2,2,6,6-tet-
ramethylpiperidine (TEMP) were obtained from Aladdin. 5,5-
Dimethyl-1-pyrroline N-oxide (DMPO) and 1,4-benzoquinone
were supplied by Innochem. Acid yellow 79, r-histidine and
poly(vinyl alcohol) (PVA) were acquired from Macklin, REGAL
and Kuraray, respectively. The non-woven cotton cloth was
purchased from EAXAY.

2.2. Preparation of the NC-x solar evaporator

As Fig. 1 shows, Co-MOF (i.e., Co(dca),pyz, dca = N(CN), ", pyz
= C4H,N,, the crystal texture is depicted in Fig. S11) was facilely
synthesized according to the literature.®* In brief, 1.2 mmol
Co(NOj3),-6H,0 was added to water (10 mL, ca. 60 °C) to acquire
solution A, while 1.2 mmol pyrazine and 2.4 mmol sodium
dicyanamide were added to water (20 mL, ca. 60 °C) to obtain
solution B. Then, solution A was added dropwise to solution B
under stirring and kept for 0.5 h. The product was washed with
pure water twice and ethanol once, and then dried at 80 °C.
Subsequently, the obtained Co-MOF powder was pyrolyzed in
a tube furnace at a heating rate of 5 °C min~' and a holding
time of 2 h in a nitrogen atmosphere. The carbon derived from
500, 600, 700 or 800 °C was named NC-x, where NC represents
“nitrogen/cobalt-doped carbon”, and x stands for the calcina-
tion temperature. It should be noted that the calcination
temperature was optimized to tailor the morphology of NC-x
according to our preliminary results (Fig. S21). Beforehand,
50 mg PVA was added to 10 mL hot water (ca. 80 °C) to form
a sticky PVA solution. Finally, the NC-x powder in an optimal
amount (30 mg) was added to 1 mL PVA solution and uniformly
dispersed via vigorous stirring. The mixture was uniformly
coated on a piece of cotton cloth (diameter = 4.8 cm), which was
supported by a polystyrene (PS) foam (diameter = 3.8 cm and
thickness = 0.5 cm), and then dried naturally to obtain the NC-x
evaporator. Due to the PS foam, the NC-x evaporator can float on
the surface of water.

2.3. Characterization

Scanning electron microscopy (SEM, SU8010) and transmission
electron microscopy (TEM, Tecnai G2 F30) were utilized to
reveal the morphology and microstructure. A surface area
analyzer (Micromeritics ASAP 2460) was used to study the pore
structure. The crystal structure was disclosed by X-ray diffrac-
tion (XRD) using a SmartLab-SE diffractometer, and the degree
of graphitization was studied using a laser confocal Raman
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Fig.1 Scheme of the fabrication of the bifunctional NC-x evaporator for interfacial solar-driven evaporation and the photocatalytic degradation
of organic dyes (note: x stands for the calcination temperature, e.g., 700 °C; after coating, the PS foam plate was covered by the black NC-x

evaporator).

microscope (LabRAM HR800). X-ray photoelectron spectroscopy
(XPS) was used to study the surface chemical composition and
state using a spectrometer (VG ESCALAB MK II). A micro optical
contact angle measurer (Dataphysics OCA15EC) was employed
to record the water contact angle. A UV-Vis-NIR spectropho-
tometer (Lambda 750 S) was utilized to acquire the absorption
spectrum. A thermal conductivity analyzer (Hot Disk, TPS 2500)
was employed to measure the thermal conductivity. A UV-6100
spectrometer (METASH) was used to obtain the UV-Vis
absorption spectrum. Electron paramagnetic resonance (EPR)
was conducted using an EMXmicro-6/1 spectrometer. The
degradation products were analyzed by high-performance
liquid chromatography-mass spectroscopy (HPLC-MS, 1290-
6530-Qtof). Inductively coupled plasma optical emission spec-
troscopy (ICP-OES) was utilized to analyze the elemental
content using an Agilent ICPOES730 spectrometer.

2.4. Interfacial solar-driven vapor generation

The evaporation system consists of a solar light simulator (CEL-
S500L) as the light source and an electronic balance to record
the real-time water mass change (Fig. S37). In addition, an
infrared camera (DMI220) was used to monitor the surface
temperature of the evaporator. The water evaporation rate (m,

13380 | J Mater. Chem. A, 2022, 10, 13378-13392

kg m 2 h™*) and light-to-vapor conversion efficiency (1, %) were
calculated using the following equations:

m = Aml(S x 1) (1)
n=m x hiy/(3600 x Pyy) (2)

where Am refers to the water mass loss in 1 h (kg), S stands for
the illuminated area of the evaporator (1.134 x 10~° m?), ¢
refers to the time (1 h), m’ represents the evaporation rate minus
the dark evaporation rate, Ay represents the evaporation
enthalpy (k] kg™ "), and Py, refers to the irradiation intensity (kW
m~?).

2.5. Photocatalytic performance test

The degradation of CR was carried out in a glass beaker con-
taining the CR solution (75 mL, 100 ppm) and the solar evap-
orator with 30 mg NC-x. After static adsorption in darkness for
30 min, PMS (0.15 g L") was injected into the solution to
initiate the reaction under 1 kW m 2 (1 sun) illumination. At
intervals of 15 min, 0.7 mL solution was withdrawn and
analyzed using a UV-Vis spectrophotometer. The degradation
efficiency of CR was calculated using the absorbance ratio of the
reaction solution to initial solution at the maximum absorption

This journal is © The Royal Society of Chemistry 2022
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wavelength (ca. 495 nm for the CR solution). The other dye
solutions applied in this work were direct red 80 (DR 80, 20
ppm), eosin Y (ES Y, 40 ppm), acid yellow 79 (AY 79, 100 ppm),
amino black 10B (AB 10B, 40 ppm), and a mixture of the five
studied dyes (60 ppm). In addition, the degradation of phenol
was conducted using a phenol solution (30 ppm) and analyzed
by high-performance liquid chromatography (HPLC, WUFENG

View Article Online
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LC-P100) at a UV wavelength of 280 nm with a mobile phase of

methanol/water (60/40, v/v) at 1 mL min~ .

3. Results and discussion
3.1. Analysis of morphology and microstructure

The NC-x evaporators were facilely prepared by coating NC-x on
cotton cloth, which was supported by PS foam (Fig. 1).

Fig.2 Schemes (15 column) and SEM images (2" and 3™ columns) of (al-a3) Co-MOF, (b1-b3) NC-500, (c1-c3) NC-600, (d1-d3) NC-700, and

(e1-e3) NC-800.

This journal is © The Royal Society of Chemistry 2022
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Macroscopically, Co-MOF is a pink powder and NC-x powders are
black. The NC-700/800 powders appear to be much looser than
NC-500/600 (Fig. S4at). The morphologies of Co-MOF and NC-x
were characterized by SEM. As expected, Co-MOF presents
a grooved microrod morphology with a mean diameter of ca. 7.6
pm (Fig. 2a, S4b and S57). Besides, the carbon materials obtained
from the different temperatures show distinct morphologies. NC-
500 pyrolyzed at 500 °C inherits the microrod morphology with
a rough surface (Fig. 2b and S4ct). When the temperature rea-
ches 600 °C, there are more fine cracks grown from the microrods
(Fig. 2c and S4dt). Interestingly, NC-700 derived at 700 °C is
completely converted into wrinkled bamboo-like carbon tubes,
which correspond to a hierarchical pore structure (Fig. 2d and
S4et). The formation of carbon tubes results from the pyrolysis of
nitrogenous ligands catalyzed by metal particles. Additionally,
NC-800 exhibits a similar morphology to that of NC-700, although
it undergoes harsher calcination (Fig. 2e and S4ff). The mean
diameter of the carbon rods/tubes declines from ca. 8.2 pm (NC-
500) to 6.1 um (NC-600), 0.72 pm (NC-700), and 0.62 um (NC-800)
(Fig. S6t). The reduced diameter of NC-600 relative to NC-500 (or
NC-800 relative to NC-700) may result from the collapse of carbon
at a higher temperature. Thereby, the morphology of the MOF-
derived carbon is controlled by altering the calcination temper-
ature from 500 °C to 800 °C.

Moreover, energy-dispersive X-ray spectroscopy (EDS) was
conducted to study the distribution of the elements. As shown
in Fig. S7,7 C, N and O as well as Co nanoparticles are uniformly
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dispersed in NC-700, which contributes to abundant active
sites. Besides, the non-woven cotton cloth is composed of
randomly interlaced cellulosic fibers with an average diameter
of ca. 15 pm, leading to plentiful hydrophilic channels (Fig. S8a-
ct). For the NC-700 evaporator, carbon tubes are found to well
combine with cotton fibers, concurrently available for light
absorption and water transport (Fig. S8d-it).

TEM was employed to explore the microstructure of NC-700.
Fig. S9a-ct show that NC-700 is composed of wrinkled bamboo-
like carbon tubes and wrapped metal particles. The particles are
embedded in the top of the carbon tubes, indicating the tip-
growth mechanism of the carbon tubes. The carbon layer is
distinctly observed at the bamboo joint with a spacing of ca.
0.38 nm (Fig. S9df) or at the shell of metal particles with
a spacing of ca. 0.36 nm (Fig. S9et). The actual spacing is a little
bigger than that of the carbon layer (ca. 0.34 nm), probably due
to the doping of N atoms in the carbon layer structure. Besides,
the interplanar spacing of ca. 0.20 nm indicates the (111) lattice
plane of cubic cobalt (Fig. S9ft). Doped nitrogen and embedded
Co particles can modulate the electronic structure of the nearby
carbon layer,* improving the catalytic activity of NC-700.

3.2. Investigation of porosity, crystal structure, and
composition

The pore structures of Co-MOF and NC-x were analyzed by
nitrogen adsorption/desorption at 77 K. Obviously, NC-x
exhibits larger nitrogen adsorption volumes than that of Co-
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Fig. 3 (a) Nitrogen adsorption/desorption isotherms and (b) DFT pore size distribution curves of Co-MOF and NC-x. (c) XRD and (d) Raman

spectra of NC-x.
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MOF (Fig. 3a), implying the more developed pores and larger
specific surface areas of NC-x. Typically, NC-x displays type-IV
adsorption curves with obvious hysteresis loops, indicating
abundant micro/mesopores. Accordingly, the BET surface areas
of Co-MOF and NC-500, 600, 700 and 800 are 4.4, 29.3, 26.3,
119.3 and 110.3 m? g™, respectively. In addition, the pore size
distribution curves show that the micro/mesopores in NC-x are
situated at 1.0, 3.2 and 17.2 nm (Fig. 3b). Notably, NC-700/800
possess a wider aperture distribution than those of NC-500/
600, ascribed to the wrinkled carbon tubes converted from
microrods. Generally, NC-700/800 possess large specific surface
areas and hierarchical pore structures, which favor light trap-
ping and water supply.

XRD was utilized to reveal the crystalline structure. Firstly,
Co-MOF displays a correct crystal structure (Fig. S107), accord-
ing to the literature.*"** As shown in Fig. 3¢, NC-500/600 exhibit
an amorphous structure since no diffraction peaks are
observed, while NC-700/800 possess a crystalline structure due
to the emergence of peaks. Therein, the small peak situated at
ca. 26.6° (Fig. S11t) results from the (002) lattice plane of
graphite (PDF# 75-1621), and the two intense peaks centered on
44.3° and 51.6° are assigned to the (111) and (200) lattice planes
of cubic cobalt (PDF# 89-4307), respectively. As is well known,
cobalt particles act as catalysts in the formation of carbon
nanotubes.>* Moreover, the graphitization degree of NC-x was
investigated by Raman spectroscopy (Fig. 3d). The typical peaks
located around 1354 and 1587 cm ™" are assigned to the D band
and G band, respectively, while the emerging A band centered at
1480 cm ' is due to the vibration of the edge atom.*® The
proportion of G to D (Ig/Ip) grows from 0.27 to 1.06 as the
temperature rises (500-800 °C), implying that the graphitization
degree is enhanced by improving the temperature.

View Article Online
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XPS was employed to reveal the surface chemical composi-
tion and state. Co-MOF and derived NC-x are composed of C, N,
O and Co (Fig. 4a). The detailed elemental content is shown in
Table S1.1 In general, NC-x exhibits an increased C content and
reduced N, O and Co contents as the temperature rises. Therein,
NC-700 contains 95.26% C, 2.52% N, 1.97% O and 0.25% Co. As
Fig. 4b shows, the high-resolution C 1s spectra are divided into
C-0, C-N and C-C regions, ascribed to the peaks situated at
285.6, 283.9 and 283.5 eV, respectively.”**” The O 1s spectra
imply the presence of carbon-oxygen species in NC-x (Fig. 4c),
probably due to the partial oxidation by minor oxygen during
pyrolysis. The N 1s spectra are split into graphitic N (403.2 eV),
pyrrolic N (400.1 eV), and pyridinic N (397.5 eV) for NC-700/800
(Fig. 4e)*® due to the pyrolysis of the ligands, i.e., pyrazine and
dicyanamide. The nitrogen species, especially graphitic N,
suggest the easier adsorption of PMS on adjacent carbon,
thereby producing more active species for pollutant degrada-
tion.” As for NC-500/600 and Co-MOF, the N 1s spectra are
divided into N-Co and N-C owing to incomplete or no pyrolysis.
Additionally, Fig. 4d depicts the different N species within the
carbon matrix, which enhance the hydrophilicity of the material
and serve as catalytic sites for PMS activation.®® Moreover,
Fig. 4f illustrates that Co>" is reduced to Co° as the temperature
increases, as the binding energy moves to lower values. The
contents of different chemical states of C, N, O and Co are
supplied in Table S2.7 It is asserted that NC-700 shares similar
chemical composition and state with NC-800.

3.3. Wettability, optical absorption, and solar-to-thermal
conversion property

The wettability of an evaporator is significant in terms of water

supply®* and is characterized by contact angle measurement.
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Initially, the contact angle of cotton cloth rapidly turns to
0° within 0.08 s (Fig. S12a, Video S1%), implying the good
wettability of cotton cloth, ascribed to hydrophilic cellulose in
the loose fabric. In comparison, the NC-700 evaporator (coating
NC-700 on cotton cloth) gets totally wetted in 0.12 s (Fig. S12b,
Video S2t1), indicating the good wettability of the NC-700 evap-
orator due to the N/O dopants and porous structure of NC-700.
Clearly, the nice wetting ability of the NC-700 evaporator means
that it is available for water permeation and ROS diffusion
during the solar evaporation and catalytic degradation
processes.

As is well known, ideal photothermal materials are supposed
to achieve efficient optical absorption as well as photo-to-
thermal conversion.® First, the optical absorption property of
the NC-700 evaporator was investigated (Fig. 5a). The NC-700
evaporator exhibits broad light absorption from UV to NIR
(300-2500 nm) with a high absorptivity of ca. 98%, obviously
surpassing that of Co-MOF (ca. 62-70%) or cotton cloth (ca. 37-
51%). As presented in Fig. 5b, the surface temperature of the
NC-700 evaporator increases from 40.2 °C to 112.2 °C in 2 min
under 1 sun irradiation, quicker than that of cotton (from
39.5 °C to 51.5 °C). At 10 min, the surface temperature of the
NC-700 evaporator stabilizes at 112.5 °C, remarkably higher
than that of cotton (54.4 °C). The results above illustrate the
superior solar-to-thermal conversion capacity of the NC-700
evaporator. Supportably, Fig. 5¢c and d show the infrared
images of cotton and the NC-700 evaporator, respectively.
Similarly, the stable surface temperature of the NC-700 evapo-
rator in the wet state (ca. 56.0 °C, Fig. S137) is higher than that
of cotton (ca. 41.0 °C).

3.4. Interfacial solar-driven vapor generation

Solar-driven evaporation was monitored using a lab-made
device chiefly consisting of a solar light simulator and an elec-
tronic balance (Fig. S31). Cotton covers the upper surface and
side of the PS foam to ensure efficient water permeation and
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Fig. 5 (a) UV-Vis-NIR absorption spectra of cotton, Co-MOF and the
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irradiation.
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mass transfer for interfacial solar evaporation and dye degra-
dation (Fig. S141). The mass change of the CR solution linearly
depends on the illumination time (Fig. 6a). Accordingly, the
evaporation rates of NC-700 without and with PMS are 2.23 and
2.20 kg m~> h™", respectively, significantly surpassing that of
the CR solution without evaporators (blank, 0.83 kg m >h™ ") or
with cotton and PMS (PMS, 0.99 kg m > h™ ") (Fig. 6b). Indeed,
the pyrolysis temperature of NC-x makes an obvious difference
to the evaporation property. The as-prepared carbon evaporator
displays evaporation rates of 1.79, 1.93, 2.20 and 2.17 kg m™>
h™! corresponding to the calcination temperatures from 500 to
800 °C (Fig. 6¢). Therein, 700 °C is considered the preferred
temperature because the NC-700 evaporator displays a higher
evaporation rate than those of the NC-500/600 evaporators, and
exhibits parallel performance to the NC-800 evaporator. Under
700 °C, wrinkled carbon tubes grow from microrods, resulting
in a hierarchical pore structure, which promotes optical
absorption and water transport. Moreover, the content of cobalt
in NC-700 was measured to be 22.3 wt% using ICP-OES. The NC-
700 evaporator after acid pickling (NC-700 immersed in 1 M HCI
for 1 day) to remove the Co nanoparticles exhibits slightly
inferior performance (2.03 kg m~> h™", Fig. S151) compared
with the pristine NC-700 evaporator. These results indicate the
active role of Co nanoparticles in solar steam generation, likely
related to the plasma local heating of cobalt nanoparticles
under light illumination.®® In addition, the water mass losses of
the CR solution in darkness within 1 h are recorded to be
243 mg (blank), 312 mg (PMS, ie., cotton + PMS), 354 mg (NC-
700) and 351 mg (NC-700 + PMS) (Fig. 6d), implying that cotton
and NC-700 accelerate the water evaporation. According to the
result in darkness, the evaporation enthalpy of NC-700 + PMS
turns out to be 1.68 kJ g ' (Note S17), which decreases by 31%
compared with that of blank (2.43 kJ g ') or 11% compared to
that of PMS (cotton + PMS, 1.89 kJ g~ ). The reduced evapora-
tion enthalpy of the NC-700 + PMS system or cotton + PMS
system is likely related to the formation of intermediate
water.®**” As can be seen, the hydrophilic cellulose of cotton
fibers and hydrophilic groups of N,0-doped porous carbon are
advantageous to the formation of hydrogen bond interactions
between water molecules and the evaporator, yielding bonded
water. Intermediate water is further formed through hydrogen
bond interactions with bonded water.

More importantly, the NC-700 evaporator exhibits remark-
able performance compared to some previous works (Fig. 6e
and Table $37), including TiO,/nickel foam (1.25 kg m > h™"),%®
carbonized mushrooms (1.48 kg m~> h™'),* 3D graphene
networks (1.64 kg m~> h™),”° and Ag@polydopamine wooden
flower (2.08 kg m~> h™").”* The conversion efficiency of the NC-
700 evaporator is calculated to be 88.2% (eqn (2) in the Exper-
imental section). Additionally, the NC-700 evaporator exhibits
a low thermal conductivity (0.08 W m~" K™'), contributing to
a low heat loss calculated to be 19.9% (Note S27). Supportably,
an apparent spray is observed under illumination (Video S37).
The condensed water collected from 100 ppm of the CR solution
becomes colourless, and the removal efficiency of CR is more
than 99.9% on the basis of the UV-Vis curves (Fig. 6f).

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2ta02767d

Published on 28 Mee 2022. Downloaded on 09.06.26 12:05:40.

Paper

a 0.0
&

€ -0.51

()]

~

o -1.01

()]

=

(]

5 -1.51

» -8 Blank

2] PMS

8204

= 4Vl -e- NC-700

-8— NC-700+PMS
-2.54 T T T T T T
0 10 20 30 40 50 60
Time (min)

C 2.5w

— 2.20 217
<20 1.93

o 24 1.79

£

-
o

o
o

Evaporation rate (kg
o
(6]

NC-500 NC-600 NC-700 NC-800

€ 25

= 9 ¢ o

o~

= 2.0 This work

2

© 15 ot :

© Q€ ‘

5 «

:-"‘{ 1.04 ‘ ©

5 0 ¢

&

>05 , . r "

w 60 70 80 90 100
Efficiency (%)

View Article Online

Journal of Materials Chemistry A

o~ 2.23 2.20

0.99
01 o83

Evaporation rate (kg m™? h
© o o= = N
< D : g2
%
@

d 400 28 _
g300- -24§
s 2
w =
2 2004 1205
8 R 5
G g
= 100+ 1'% s
©

>

{124

plank PMS e OQN | 00+PN\S

-
-
o

1 — cR solution 1
---- Condensed water 2 2 =

’; 0.84
8
c 0.6
il
=
o 0.44
17}
<

0.24

0.0

300 400 500 600 700
Wavelength (nm)

Fig. 6 (a) Water mass change and (b) evaporation rate under diverse conditions: blank (100 ppm of the CR solution under 1 kW m~2 irradiation),
PMS (adding cotton and 0.15 g L™ PMS), NC-700 (adding the NC-700 evaporator), and NC-700 + PMS (adding the NC-700 evaporator and
0.15 g L=t PMS). (c) Evaporation rate using the NC-x evaporator under 1 sun irradiation. (d) Water loss of the CR solution in darkness and the

evaporation enthalpy. (e) Comparison of the performance of the NC-

solution and condensed water.

Furthermore, the influences of PMS and CR concentrations
on evaporation performance were investigated. The evaporation
rate using the NC-700 evaporator stabilizes at ca. 2.2 kgm > h™"
when the PMS concentration changes from 0 to 0.30 g L™"
(Fig. 7a) or the CR concentration varies from 50 to 200 ppm
(Fig. 7b), showing the negligible impacts of PMS and CR
concentration on the evaporation performance. Moreover, the
NC-700 evaporator exhibits stable evaporation rates for water
polluted with various dyes, namely direct red 80 (DR 80), eosin Y
(ES Y), acid yellow 79 (AY 79), amino black 10B (AB 10B), and
a mixture of the five studied dyes (Fig. 7c). The condensed
freshwater from dye-polluted water appears to be colorless, and

This journal is © The Royal Society of Chemistry 2022

700 evaporator with some previous works. (f) UV-Vis curves of the CR

the dye removal efficiency exceeds 99.9% according to the UV-
Vis spectra (Fig. 7d), implying the universality of the NC-700
evaporator for the treatment of various dye-polluted water
sources.

3.5. Photocatalytic degradation performance

The photocatalytic performance of NC-700 for PMS activation was
assessed by CR degradation (Fig. 8a). Therein, the NC-700 evap-
orator exhibits an insignificant adsorption of CR, since the
concentration of CR only reduces by ca. 5% in darkness. Besides,
CR hardly degrades under 1 sun irradiation (blank), and the NC-
700 evaporator could not efficiently degrade CR since merely ca.
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12.5% of CR is removed in 90 min (NC-700). By contrast, PMS
plays a noticeable role in CR degradation under visible light
irradiation, as ca. 60% of CR is eliminated in 90 min (PMS),
where PMS quickly decomposes to form ROS activated by thermal
energy and visible light. Notably, when concurrently adding the
NC-700 evaporator and PMS (NC-700 + PMS), the degradation
efficiency of CR reaches ca. 82.2% in 15 min and ca. 96.6% in
90 min, implying the powerful catalytic capability of NC-700 for
PMS activation. Additionally, the first-order kinetic rate constant
was calculated according to the formula [In(C/C,,) = —kt], where C
and C, represent the real-time and initial concentrations of CR,
respectively, ¢ refers to the irradiation time, and k& stands for the
rate constant. Consequently, the rate constant of NC-700 + PMS
(0.078 min~") clearly outstrips that of PMS (0.015 min "),
showing that the NC-700 evaporator markedly accelerates the
reaction rate (Fig. 8b and S167). Supportably, the color of the CR
solution barely changes in the blank condition (Fig. S177) or only
on adding the NC-700 evaporator (Fig. 8c), while it becomes
darker after adding PMS (Fig. 8d). In contrast, the solution turns
almost colorless after concurrently adding the NC-700 evaporator
and PMS (Fig. 8e). As a matter of fact, the NC-700 evaporator
exhibits comparable performance with many advanced carbon-/

13386 | J. Mater. Chem. A, 2022, 10, 13378-13392

metal-based catalysts (Table S4t). Hence, water evaporation and
dye degradation are simultaneously and efficiently fulfilled in the
NC-700 + PMS system. Furthermore, HPLC-MS was employed to
infer the degradation intermediates and pathway of CR
(Fig. S18%). Initially, the sulfonate group and amidogen are
cleaved to generate the intermediate (m/z value of 555). Second,
the azo bond (-N=N-) or the -C-C- bond is broken to form the
intermediate products (m/z = 417 and 313). Afterwards, the
intermediates are decomposed and oxidized into smaller mole-
cules (m/z = 237, 207, 159, 180, 145 and 117), and finally
mineralized to CO,, H,O and inorganic oxidized N.

The influences of catalyst dosage and PMS and CR concen-
tration on the degradation property were studied (Fig. S197).
When the NC-700 dosage increases from 20 to 50 mg, the
degradation efficiency of CR improves from 94.1% to 98.1%,
and the rate constant rises from 0.056 to 0.081 min~" (Fig. S19a
and bf). Besides, the degradation efficiency of CR is boosted by
raising the PMS concentration from 0.075 to 0.15 g L™, but the
removal is not further enhanced when the PMS concentration
reaches 0.3 g L™ (Fig. S19c and df), indicating that excessive
PMS is unnecessary or even detrimental to ROS generation.
Additionally, as the CR concentration rises from 50 to 200 ppm,

This journal is © The Royal Society of Chemistry 2022
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the removal efficiency of CR gradually reduces from 98.7% to
63.3%, and the rate constant decreases from 0.093 to
0.015 min~" (Fig. S19¢ and ft). Supportably, the fitting curves of
the rate constant are depicted in Fig. S20.F

The effect of catalyst species on the degradation property was
studied. As shown in Fig. 9a and b, NC-x derived from different
temperatures exhibit a similar CR degradation efficiency at
90 min; however, NC-700/800 display higher rate constants
(0.078 and 0.068 min~ ", respectively) than those of NC-500/600
(0.051 and 0.052 min~", respectively), ascribed to the larger
specific surface area and higher graphitization degree of NC-
700/800. Besides, NC-700 after acid pickling shows a lower
degradation efficiency for CR and a lower rate constant (85.2%
and 0.028 min~', respectively) than those of pristine NC-700
(Fig. 9c and d), indicating the positive effect of Co nano-
particles on PMS activation. After 5 cycles, the CR degradation
efficiency remains above 95%, and the rate constant slightly
reduces from 0.078 min~" to ca. 0.060 min~" (Fig. S21). Over-
all, the NC-700 evaporator exhibits favorable stability for CR
degradation, possibly ascribed to the nearly neutral CR + PMS
solution (pH = ca. 7) and the carbon layer that protects the Co
nanoparticles from leaching in acidic conditions.

This journal is © The Royal Society of Chemistry 2022

More importantly, as a photothermal material, NC-700
effectively converts light into thermal energy, which elevates
the water temperature (Fig. S221), which is supposed to be the
key factor to synergistically promote PMS activation. To confirm
this speculation, we conducted a model catalytic degradation
experiment of CR in the presence of PMS and NC-700 powder at
25 °C and 50 °C (Fig. 9e and f). As expected, the rate constant of
CR at 50 °C is up to ca. 0.13 min ', enhanced by 225%
compared to that at 25 °C (ca. 0.04 min ). Notably, as shown in
Fig. S23,f the rate constant of CR using the NC-700 + PMS
system under visible light irradiation (0.078 min~") is obviously
higher than that in the dark (0.033 min "), which can be
ascribed to the higher temperature caused by the photothermal
material NC-700. That is to say, further thermal energy con-
verted from sunlight improves PMS activation and facilitates
mass transfer to accelerate the catalytic degradation of pollut-
ants. Similar phenomena were observed in a previous work.”

The NC-700 evaporator was applied to water polluted with
various dyes to confirm its catalytic universality. As shown in
Fig. 10a, the dye-containing solutions exhibit significant
absorption in the range of 300-700 nm at first, but they exhibit
little absorption of visible light after the reaction. As a result, the

J. Mater. Chem. A, 2022, 10, 13378-13392 | 13387


https://doi.org/10.1039/d2ta02767d

Published on 28 Mee 2022. Downloaded on 09.06.26 12:05:40.

Journal of Materials Chemistry A

a., o NC-500 9100 0.10
- NC-600 *
081 | dark -e- NC-700 3 80 0.08
e~ NC-800 5 ~
go,s g w0 006 g
O 04 - c =
4 In visible light § 40 0.04 =<
o
02
|- 002
00 g
€ o0 0.00
30 15 0 15 30 45 60 75 90 O  NC500 NC-600 NC-700 NC-800
Time (min)
Cc
10 o~ NC-700 HCI 9100 0.10
~e~ NC-700 2
081 In dark 3 & b
206 In visible light 2 60 006 c
o $ E
S o4 : <
S 40 0.04 <
02 2
%, 20 0.02
00 3
© 0 0.00
30 15 0 15 30 45 60 75 9 O NC-700 HCI NC-700
Time (min)
e
10 - 25°C fA 100 020
-e-50°C E3
08 80
g 015 _
$06 60 e
8 In visible light $ 010 E
04 -§ 40 =
S
- § - 005
o
o % 0 0.00

-30 <15 0 15 30 45 60 75 90
Time (min)

Fig. 9 The influences of (a and b) pyrolysis temperature, (c and d) acid
pickling, and (e and f) reaction temperature on the degradation effi-
ciency of CR and the rate constant.

degradation efficiency of DR 80, ES Y, AY 79, AB 10B and the
mixture of the five dyes is over 90%, and the rate constants
exceed 0.05 min~' (Fig. 10b). Supportably, the dye solutions
after degradation become nearly colorless, proving the wide
applicability of the NC-700 solar evaporator in the degradation
of various dyes (Fig. 10c). It should be noted that the NC-700
evaporator + PMS system also works well in the photocatalytic
degradation of phenol, a typical volatile organic compound
(VOQ), as shown in Fig. S24.1

a
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Fig. 10 (a) UV-Vis spectra, (b) dye degradation efficiency and rate
constant, and (c) photographs of water polluted with different dyes
before and after degradation.
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3.6. Investigation of reactive oxygen species and possible
generation pathways

To identify the ROS in the NC-700 + PMS system, a classical
radical quenching experiment was conducted (Fig. 11a). Radicals
(SO,"~, "OH, O, ") and non-radicals (*0,) are regarded as usual
ROS in PMS activation.” Typically, we utilized ethanol as an
efficient scavenger of both SO, and ‘OH, and employed tert-
butanol as a quencher of "OH. After adding excess tert-butanol
(0.5 M), the CR removal efficiency slightly declines to 94.5%,
indicating that "OH plays an insignificant role in PMS activation.
Besides, the CR degradation efficiency decreases to 84.2% after
adding ethanol, suggesting the existence of SO, . Furthermore,
the degradation efficiency of CR is dramatically reduced to 27.2%
after using benzoquinone to quench O, ", implying the leading
role of O,"~ in the degradation of CR. As we know, 10, serves as
a non-radical species, which could be generated by N-doped
carbon,” and r-histidine can be applied to examine 'O,. The
removal efficiency of CR in the presence of t-histidine declines to
58.2%, stating that 'O, is also an important species in the system.

EPR measurement was further conducted to prove the exis-
tence of ROS. Herein, DMPO serves as a spin-trapping agent of
both SO, and 'OH in an aqueous medium, and also acts as
a trapping agent of O, in ethanol. Besides, TEMP is used to trap
'0, in ethanol. As illustrated in Fig. 11b, a four-line signal with an
intensity ratio of ca. 1 : 2 : 2 : 1 indicates the existence of "OH, and
the surrounding six-line signal confirms the presence of SO, . As
shown in Fig. 11c, the intense six-line signal for DMPO-O, ™
implies the generation of O, . Moreover, the triplet signal with
the intensity ratio of 1:1: 1 demonstrates the existence of 'O,
(Fig. 11d). Based on the above results, the possible pathways of
radical and non-radical production are proposed (eqn (3)-(10)).”>”

Co — Co™ +2e” (3)

Co** + HSO5~ — Co** + SO, ™ + OH~ (4
Co** + HSO5~ — Co*" + 8Os~ + H' (5)
SO, + H,0 — SO,> + "OH + H* (6)
C-m + HSOs~ — C-" + SO, + OH™ ()
C-=w*+HSOs~ —» C-m +SO5~ + H* (8)
HSOs™ + 'OH — HSO,  + O,"~ + H* 9)
C—TchHso;—»C—n*+so4*+%‘oz+H+ (10)

3.7. Mechanism of the integrated interfacial solar-driven
evaporation and the advanced oxidation process

The mechanism of the interfacial solar-driven evaporation and
photocatalytic degradation of organic dyes by NC-700 is proposed
(Fig. 12). NC-700 presents as wrinkled bamboo-like carbon tubes
wrapping Co nanoparticles, leading to a hierarchical pore struc-
ture and high specific surface area, which not only favour light

This journal is © The Royal Society of Chemistry 2022
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absorption and water transport for solar evaporation but also
expose abundant catalytic sites for PMS activation. For the
interfacial solar evaporation, the NC-700 evaporator supported by
PS foam displays efficient photothermal conversion, fast water
permeation and low heat loss, so as to facilely acquire freshwater
from non-potable water. For the photocatalytic degradation of
dyes, the Co nanoparticles embedded in the carbon tubes are
conducive to preventing metal corrosion and can donate elec-
trons to the carbon lattice via the intimately interacting metal-
carbon interface, increasing the electron density and elevating
the Fermi level of the external carbon layer for enhanced catalytic
behaviour.” Meanwhile, the N species, especially pyridinic-N and
graphitic-N, play an active role in PMS activation by modulating
the electronic structure of adjacent carbon atoms for better PMS
adsorption.”” That is, PMS molecules are efficiently activated by
NC-700 and produce SO," ", "OH, and O," " radicals and 10, non-
radicals. Afterwards, dye molecules (e.g., CR) are attacked by ROS
and decompose into their intermediates, CO, and H,O, realizing
the purification of the mother liquor. Innovatively, the heat
converted from light by the photothermal material simulta-
neously accelerates the PMS activation, implying the effective
synergy of the interfacial solar evaporation and dye degradation
by the AOP method.

3.8. Outdoor interfacial solar evaporation and catalytic
degradation

An outdoor installation was designed to verify the performance of
NC-700 for realistic evaporation and dye degradation (Fig. 13a).

This journal is © The Royal Society of Chemistry 2022

The NC-700 evaporator floats on a CR solution in a container,
which is put on a supporting plate within an evaporation chamber
and covered by a vapor condenser (Fig. S257). A large-scale NC-700
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Fig. 12 Scheme for the mechanism of the interfacial solar-driven
evaporation and the advanced oxidation process by the bifunctional
NC-700 evaporator under visible light irradiation.
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evaporator (diameter = 16 cm) is prepared by the dip coating of
NC-700 on cotton cloth, which is supported by PS foam (Fig. 13b
and S267). The condensed water slides down and is collected by
a bottom pipe, while the degraded solution is gathered by an
upper pipe to regularly monitor the degradation efficiency of CR.
In practice, the device was placed in our campus from 8:00 to
20:00 (July, 2021). It is obvious that the CR solution becomes
almost colorless after degradation, and the condensed water is
distinctly observed with increasing irradiation time (Fig. 13c-g
and S277). The maximal irradiation intensity and temperature in
the day are 0.58 kW m~2 and 37.5 °C, respectively (Fig. 13h). The
system shows a maximum freshwater production rate of 0.74 kg
m > h™" at 14:00, and achieves a cumulative water production of
5.1 kg m~ 2 over 12 h irradiation (Fig. 13i). Thus, water generated
by a 1 m? device (5.1 kg) satisfies the basic water demand of two
adults in one day (5 kg). The degradation efficiency of CR reaches
79.2% after 1 h and 96.4% after 12 h (Fig. 13j and S287), stating
the great catalytic performance of NC-700. Besides, the cost of the
NC-700 evaporator was calculated to be ¥ 7.5 (Table S5t), signi-
fying the feasible large-scale production of the NC-700 evaporator.
The above results prove the practical application potential of NC-
700 in solar-driven evaporation and wastewater remediation.

4. Conclusion

To sum up, we have fabricated a bifunctional evaporator using
nitrogen/cobalt-doped porous carbon as a solar absorber and
cotton cloth as a substrate. The porous carbon derived from Co-
MOF exhibits wrinkled bamboo-like carbon tubes wrapped

13390 | J Mater. Chem. A, 2022, 10, 13378-13392

around Co nanoparticles, which is different from the microrod
morphology of its precursor. The large specific surface area
(119.3 m* g ') and abundant N,Co,0-dopants are conducive to
the efficient light absorption, great wettability, and plentiful
active sites of NC-700. Besides, the cotton cloth composed of
hydrophilic cellulosic fibers provides sufficient interspace to
ensure fast water permeation and mass transfer. As a result, the
NC-700 evaporator not only shows remarkable evaporation
performance (2.2 kg m™> h™") but also exhibits notable dye
degradation properties through PMS activation. This work
provides an ingenious approach to synergistically realize
freshwater production and sewage purification. Additionally,
introducing more hydrophilic groups into carbon materials to
improve the water evaporation rate via the reduction of water
evaporation enthalpy will be conducted in a future work.
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