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Zeolitic imidazolate frameworks (ZIFs) are widely studied for selective
transport of small molecules with their designable channels and cage-
like pores. Herein, we design solar-thermal hybrid membrane ZCP-20
(ZIF-8/CNTs@PCMVIMBr-20), where ZIF-8 is used as a water transmis-
sion channel. ZIF-8 was integrated with self-crosslinking PCMVIMBr
(poly[1-cyanomethyl-3-vinylimidazolium bromide]), where its imida-
zole moiety coordinates with Zn ions to give a mechanically robust
membrane. The hydrophobic channels of ZIF-8 enable the formation
of discrete water clusters. Differential scanning calorimetry and dark
water evaporation rate evaluation indicate that the water evaporation
enthalpy in the ZCP-20 membrane is 1.00 kJ g—. Consequently, the
ZCP-20 membrane exhibits a high evaporation rate of 248 kgm =2 h~!
under one sun irradiation and displays stable evaporation rates for
20 h. Remarkably, the ZCP-20 membrane can tolerate various water
sources (e.g., dye-polluted water) or even strongly acidic (pH = 1) or
basic (pH = 13) solutions.
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With rapid population growth and extensive water pollution,
the demand for freshwater resources has increased sharply.'™
Solar-thermal steam generation is an energy-efficient water
purification technology potentially capable of alleviating the
fresh water shortages, which has been widely investigated for
producing freshwater from seawater or sewage.® ' In order to
enhance the water evaporation performance of functional
materials, enormous attempts have been devoted to controlling
their morphology by creating hierarchical architectures,"' ™
including carbon-based materials,"**® metals,’”""® metal oxi-
des/carbides,"®?® polymers,**>* and porous frameworks.>*™’
The structures of evaporators have been investigated to pro-
mote water evaporation by increasing the solar absorbance,
heat localization and water transportation.”®~>°

Metal-organic frameworks (MOFs) are porous organic-
inorganic hybrid materials, which could be designed and post-
synthetically modified to give desirable properties.*! Zeolitic imi-
dazolate frameworks (ZIFs) are a special class of MOFs**™> with
hierarchical ordered porous structures. Thus, ZIFs could be used as
templates to produce materials with high solar energy absorption
for the reduction of sunlight reflection. As a prototype ZIF, ZIF-8 is
an ideal candidate component for constructing hierarchical archi-
tectures with low thermal conductivity, enhanced solar harvesting
and water transportation.’*>° ZIF-8 possesses large cavities of
11.6 A diameter with a small aperture of 3.4 A, which is suitable
for hosting water clusters.*’ The pores are hydrophobic, and thus
the equilibrium of water adsorption-desorption could be estab-
lished quickly to promote water transmission. The water molecules
moving into the channels of ZIF-8 could form discrete water
molecules or clusters, which makes ZIF-8 an ideal candidate for
water channels in composite membranes. The CNTs enable effi-
cient solar absorption for water evaporation and further accelerate
the transportation of water due to their high surface area. A self-
crosslinkable polyelectrolyte PCMVIMBr (poly[1-cyanomethyl-3-
vinylimidazolium bromide]) was used for crosslinking carbon
nanotubes (CNTs, light absorber) and in situ formed ZIF-8 particles
to obtain composite membranes,**** in which the interfacial
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crosslinking of PCMVIMBr and ZIF-8 was achieved by the imidazole
motifs of these two components. Besides, the high hydrophilicity of
PCMVIMBr may improve the hydrophilic ability of the composite
membranes. As such, the water evaporation enthalpy in these
hybrid membranes for combination of these advantages was
reduced, leading to high evaporation rates and antifouling ability.

Experimental section

Materials

2-Methylimidazole (2-MIM, 99%), Zn(NO3),-6H,0 (Zinc, 98%),
Zn-(CH;3CO0),-2H,0 (98%), ZnCl, (98%), and dimethylforma-
mide (DMF, 99.5%) were purchased from Sigma-Aldrich.
PCMVIMBr was synthesized according to the previous work
(Note S1, ESIT). Dimethylformamide (DMF), NH; solution (14 wt%),
HCI solution (36.5 wt%), NaOH, Rhodamine B (RhB), and methyl
blue (MB) were purchased from Sinopharm Chemical Reagent Co.
Ltd (China). All the chemicals were at least analytical grade and
used without further purification. Multi-walled carbon nanotubes
(CNTs) with a diameter of 35-60 nm and length of ca. 30 um were
purchased from Chengdu Institute of Organic Chemistry (China).
CNTs were ball-milled at 400 rpm for 6 h before being used and
the length was reduced to 0.3-1 um. Poly(vinylidene fluoride)
(PVDF, diameter = 50 mm, pore size = 0.22 pm) filter membranes
were bought from Shanghai Zuofei Experimental Equipment Co.
Ltd (China). Wastewater was collected from Huxi river (Wuhan).
Seawater was collected from the South China Sea (near to Hainan).
An oiliwater emulsion (dimethylpolysiloxane concentration =
10000 ppm) was prepared as simulated wastewater.

Synthesis of 1-cyanomethyl-3-vinyl-imidazolium bromide**

1-Vinylimidazole (10 g) and bromoacetonitrile (15 g) were dis-
solved in 125 mL of THF. After heating in an oil bath at 60 °C for
10 h, the precipitate, ie., 1-cyanomethyl-3-vinyl-imidazolium
bromide, was vacuum-filtered, washed with THF three times,
and vacuum-dried at 50 °C for 12 h.

Synthesis of poly[1-cyanomethyl-3-vinyl-imidazolium bromide]
(PCMVIMBr)

PCMVIMBr was synthesized according to the reported
procedures.”** 1-Cyanomethyl-3-vinyl-imidazolium bromide
(10 g) and AIBN (0.08 g) were dissolved in 100 mL of DMSO,
and heated at 60 °C for 12 h under a nitrogen atmosphere.
Afterwards, the solution was dropped into excess THF (500 mL)
and the precipitate (PCMVIMBr) was washed with THF three
times and dried under vacuum at 50 °C for 16 h.

Preparation of ZIF-8 hybrid membranes

Zinc precursor and PCMVIMBr were first dissolved in H,O
(solution A), which is poured into solution B made by dissolving
HMIM into H,0.** The mixtures were then stirred for 6 hours for
the crystallization of ZIF-8. Then the suspensions were ultra-
sonicated for 1 h and filtrated using PVDF filter membranes.
Finally, after being treated in an NH; atmosphere (0.2 bar) at ca.
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25 °C for 14 h, ZCP-x membranes were obtained, where x refers
to the proportion of CNTs, ie., 5, 10, 15 20, 25 and 30 wt%.

Interfacial solar steam generation®’

A solar light simulator (CEL-S500L) was employed to conduct
the interfacial steam generation experiment. Typically, the as-
synthesized ZCP-x membranes with a diameter of ca. 40 mm
were put on the surface of 2 cm-thick polystyrene foam, which
was used as the thermal insulating layer and wrapped up by
using hydrophilic silk to facilitate the diffusion of water to the
membrane. The surface temperature of the membrane was
constantly monitored by using an infrared thermal imaging
camera (Dongmei, DM-1220). The water mass change was mea-
sured by using an electronic balance (Soptop, JA2003). The mass
change of water was recorded in real time. The evaporation rate
(kg m~? h™') and solar-to-vapor conversion efficiency (%) were
calculated using eqn (S1) and (S2), respectively:

Evaporation rate = Am/(S x t) (S1)

Solar-to-vapor conversion efficiency = m’ x hy,/P;, (S2)

where Am is the mass change of water in 1 h (kg), S is the area
of the membrane (m?), ¢ is the time of solar irradiation (1 h), m'
is the evaporation rate after subtracting the evaporation rate in
the dark (kg m~> h™"), Ay, is the latent heat of water vaporiza-
tion (k] g 1), and Py, is the incident light power on the absorber
(kW m ™). The temperature and relative humidity were ca. 30 °C
and 50%, respectively.

The enthalpy values are calculated by the formula of Ecq, =
Ey, X (Rw/Ry,) according to the dark evaporation rate, where Eqy
is the evaporation enthalpy of water in the ZCP-20 membrane,
E,, is the enthalpy of bulk water, R, is the water evaporation
rate of ZCP-20 in the dark, and Ry, is the dark evaporation rate
of bulk water. Based on this formula, the enthalpy value of
water in ZCP-20 is 0.99 kJ g~ '. The enthalpy values were
calculated by integration of endothermic peaks of bulk water
and the water in ZCP-20 based on the DSC results, and the
enthalpy values were 2.339 kJ g " and 1.01 kJ g~ ' respectively.

Results and discussion
Characterization of hybrid membranes

Fig. 1a shows the preparation scheme of the hybrid membranes.
The CNTs were dispersed in PCMVIMBr and 2-methylimidazole
aqueous solution, which was mixed with zinc ion solution. The
mixed solution was stirred for 1 hour at 25 °C. In this process,
ZIF-8 particles were synthesized in situ. The mixed solution was
vacuum filtrated onto poly(vinylidene fluoride) (PVDF) mem-
branes (5 cm diameter), dried at room temperature for 2 hours,
and then the hybrid membranes were treated in an NH; atmo-
sphere (0.2 bar) at 25 °C for 14 hours. The as-prepared hybrid
membranes were named ZCP-x, abbreviated as ZCP-x where x
denotes the mass content of CNTs in these hybrid membranes.
The diameter of these membranes is 4 cm due to the limitation
of the filters (Fig. S3, ESIT). In addition, the mass ratio of ZIF-8 to
PCMVIMBr in all hybrid membranes is maintained at 10:3.4
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Fig. 1 (a) Scheme of ZCP-x membranes and (b—d) their XRD, N, isotherm curves and Pore width of ZIF-8 and ZCP-20.

(Table S1, ESIf). After NH; treatment, the cyano groups of shells, which would bind CNTs and ZIF-8 particles together. In
PCMVIMBr were crosslinked into triazine rings to form polymer this synthetic process, the imidazole ring in PCMVIMBr may

= >Zcpi20
| - TN .

Fig. 2 The SEM images of ZCP-x (x represents 0, 5, 20, and 25, which refers to the CNT percentage in the membranes).
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partly replace the 2-methylimidazole linkers to coordinate Zn
ions to give high affinity to ZIF-8 particles. The membranes were
used for water evaporation to give a steam evaporation rate of up
to2.48 kgm >h™'

The intrinsic porosity of ZIF-8 was characterized by the N,
adsorption isotherm and pore size distribution. The BET sur-
face area is about 1000 m? g~ and the cavities are about 8-14 A
in diameter, consistent with the literature values (Fig. 1c and d).
As shown in Fig. 1b, the PXRD (powder X-ray diffraction)
pattern of ZCP-20 confirms that the crystallinity of ZIF-8 is
retained. Infrared spectroscopy shows peaks around 1400 and
1300 cm ™~ " for ZIF-8, which are assigned to stretching vibration
of the imidazolate ring. These bands are also observed for the
ZCP membranes, consistent with the preservation of ZIF-8 after
the crosslinking of PCMVIMBr (Fig. S4, ESIT). Meanwhile, the
representative adsorption bands around 1692 and 1623 cm ™ in
the crosslinked PCMVIMBr are assigned to stretching vibration
and symmetrical stretching vibration of the triazine ring
N-C—=N motif."!

The SEM images of the ZCP-x membranes (Fig. 2a-d) reveal
the structures of compactly assembled ZIF-8 particles and
CNTs. As displayed in Fig. 2a, ZIF-8 particles in ZCP-0 show
uniform size of about 200 nm. With the content of CNTs
increased to 25 wt%, CNTs are still uniformly dispersed in
the hybrid membranes. Furthermore, ZCP-x membranes show
a homogeneous distribution of CNTs on the surface roughened

a |CNT Ci1s

200 289 288 287 286 285 284 283
Band energy (eV)
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by the ZIF-8 particles (Fig. 2b-d). These SEM images confirmed
the crosslinking effect of PCMVIMBr with ZIF-8 surfaces. The
XPS characterizations found the relative contents of sp*> C,
C-0-C, -C=N and N-C—N in ZCP-20 to be 79%, 5%, 1%
and 3%, respectively, which originate from those of ZIF-8 or
crosslinked PCMVIMBr (Fig. 3b, ¢ and Fig. S5, ESIt). Similarly,
the relative content of C—O/C-N is calculated, which can be
attributed to CNTs, ZIF-8 and PCMVIMBr (Fig. 3a and b).*®
Thus, the XPS characterization also confirms the integrity of
ZIF-8, PCMVIBr and CNTs in the hybrid membrane.

Variation of surface temperature

The sunlight absorbability of the ZCP-20 membrane in the
visible and infrared regions was measured by UV-vis-NIR spectro-
scopy (Fig. 4a). The ZCP-20 membrane shows a broadband
absorption of solar irradiation of up to 99%, much higher than
the absorption of ZIF-8 and ZCP-0 membranes. The higher
optical absorption of ZCP-20 is due to the presence of well-
distributed CNTs. Upon visible and infrared light irradiation,
CNTs are excited to perform an electronic transition from the
highest occupied molecular orbital*® to the lowest unoccupied
molecular orbital.”” Owing to this transition, an electron-pho-
non coupling induces the transfer of energy from the excited
electrons to the atomic lattice vibration, resulting in a heating
effect. The uniform distribution of CNTs in the ZCP-20
membrane extends the residence time of incident light

b [PcmvivBr C1s

sp?C
(80%)

204 292 290 288 286 284 282 280
Band energy (eV)

d [zcP-20 C1s I

(79%)

295 293 291 289 287 285 283 281
Band energy (eV)

Fig. 3 The high-resolution Cls XPS spectra of (a) CNTs, (b) PCMVIMBY, (c) ZIF-8 and (d) ZCP-20.
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(a) The Vis-NIR absorption spectra of ZIF-8, ZCP-0 and ZCP-20 membranes. (b) Contact angle images of ZIF-8, ZCP-5, ZCP-10 and ZCP-20

membranes. (c and d) Surface temperatures over different times of the ZCP-0 membrane and ZCP-20 membrane.

and thereby improves the visible light absorption via light
scattering.

Besides, the excellent sunlight absorbability and low ther-
mal conductivity (0.1237 W m~' K™ ') of the ZCP-20 membrane
could effectively reduce the conductive heat loss. As a proof of
concept, under 1 kW m™? irradiation, the surface temperature
of the ZCP-20 membrane in the wet state increases rapidly to

47 °C within 1 min, then gradually goes up to 53 °C, and maintains
the temperature steadily upon extending the irradiation time
(Fig. 4c, red line and Fig. 5a). However, the ZCP-0 membrane
shows a relatively low surface temperature increase to 40 °C (Fig. 4c,
black line). While in the dry state, the temperature of ZCP-20
increases to 104 °C in 3 min (Fig. 4d, red line and Fig. 5b) and when
the light source is blocked, the temperature immediately returns to

Fig. 5

1632 | Mater. Adv, 2023, 4,1628-1636

25°C

Infrared images of ZCP-20 in the wet state (a) and in the dry state (b) over different times.
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40 °C. In contrast, the temperature of the ZCP-0 membrane
could only reach 42 °C in the dry state (Fig. 4d, black line). The
above experimental results demonstrate the good performance
of the ZCP-20 membrane in transforming the harvested solar
energy to thermal energy. As shown in Fig. 4b, the contact angle
of ZCP-20 is 46°, which is lower than those of ZCP-0 (91°), ZCP-
10 (55°) and ZCP-5 (62°). These results suggest that the ZCP-20
membrane shows providential hydrophilicity in comparison
with control membranes, which is likely due to the combi-
nation of hydrophilic PCMVIMBr with the nanostructures of
ZIF-8 and CNTs.

Water evaporation

The water evaporation performance under 1 kW m™2 solar

irradiation of ZCP-20 was investigated by using a lab-made,
real-time measurement system (Fig. S6, ESIT). The mass change
of water due to the steam generation was measured by using an
electronic analytical balance. The water mass of all samples
decreases relatively linearly (Fig. 6a). After 60 min, the mass
loss of the ZCP-20 membrane reaches 2.48 k¢ m~> h™', much
higher than those of the PVDF membrane (0.49 kg m~> h™%),
CP-20 (CNTs@PCMVIMBr-20) membrane (1.68 kg m~> h™'),
and ZCP-0 membrane (0.69 kg m~> h™'). In addition, as the
CNT content increases from 5 to 20 wt%, the evaporation rate
goes up from 1.08 to 2.48 kg m > h™" (Fig. 6b). This is because
the presence of more CNTs improves the light absorption.
However, the evaporation rate slightly decreases down to
1.74 kg m~> h™" after further increasing the content of CNTs
to 30 wt%, likely attributed to the retardancy of water trans-
portation. The solar-to-vapor conversion efficiencies show
similar trends (Fig. 6b). The solar-to-vapor conversion efficiency

View Article Online
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of ZCP-20 is 67.1%, which is the highest among those of ZCP-x
membranes (x represents 0, 5%, 10%, 15%, 25%, and 30%).
As shown in Fig. 6¢, the water evaporation enthalpies calculated
from the dark evaporation rates are 2.32 kJ g ' for water,
0.99 kJ g~ ! for the ZCP-20 membrane, 1.18 kJ g~ for the ZCP-0
membrane, and 1.24 kJ g~ for the CP-20 (CNTs@PCMVIMBr-20)
membrane. Equivalent enthalpies of ZCP-20 and ZCP-0 were
reduced by 56% and 50%, respectively, compared with that
of pure water. The reduction of the equivalent enthalpy of the
CP-20 membrane compared to that of bulk water is echoed in
the conjectural water transmission mechanism. Additionally,
the enthalpy change of ZCP-20 measured by DSC (Fig. 6d) is
calculated to be 1.01 kJ g™, which is consistent with the value
calculated by experiments (0.99 kJ g ). This excellent perfor-
mance of ZCP-20 can be attributed to the through channels and
the cage-like pores of ZIF-8, which prompt bulk water to form
discrete molecules or clusters (Fig. 6e). Coupled with suitable
hydrophobic pores, the water enthalpy was reduced effectively.
Meanwhile, the three-dimensional structure of CNTs with a
high specific surface area can facilitate the transportation of
water, resulting in the further reduction of the evaporation
enthalpy. After water evaporation, the structure of ZIF-8 in the
ZCP-20 membrane remained almost unchanged (Fig. S8, ESIT).

The interfacial solar steam generation using ZCP-x mem-
branes is illustrated in Fig. 7a. The solar-thermal steaming
performance of the ZCP-20 membrane is superior compared to
those of the state-of-the art materials in terms of evaporation rate
(Fig. 7b and Table S2, ESIf). Besides, the ZCP-20 membrane
shows stable performance (ca. 2.29-2.48 kg m~>h™", Fig. 7¢) and
the membrane’s structure in 20 h continuous solar-thermal
evaporation. The high recyclability could be sustained to
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of the ZCP-20 membrane using water of different pH. (e) lonic concentrations of seawater and condensed water. (f) Evaporation rates using other water

sources.

72 hours according to the evaporation performance interval of
12 hours (Fig. S9, ESIt). Also, the ZCP-20 membrane was slightly
activated in the continuous evaporation process and the evapora-
tion rate shows a slight increase to 2.48 kg m™> h™" as the
evaporation time is increased. The ZCP-20 is tolerant to acidic and
basic water, as the evaporation rates of the ZCP-20 membrane are
maintained around 2.36-2.46 kg m~> h™" for solar-steaming pH =
1 and 13 solutions (Fig. 7d). More importantly, with the merits of
acid/base stabilities and being metal-free, the ZCP-20 membrane
matches the state-of-the-art photothermal materials, including
ZrB,@ASCF (ZrB,@aluminium silicate ceramic fibreboard,
2.07 kg m~2 h™"),” nanoporous black Au film (1.51 kg m~2 h™"),*8
PI/MXene hybrid aerogel (polyimide/MXene hybrid aerogel
1.24 kg m > h™"),* TPC@CB (thermoplastic polyurethane-
carbon nanotubes@carbon black, 1.80 kg m™> h!)>°
CNT—-GO®@BC (bacterial cellulose, 1.85 kg m > h™*),>* and
polydimethylsiloxane/carbon nanotubes/poly(vinylidene fluor-
ide) membrane (PDMS/CNT/PVDF, 1.43 kg m~> h™").*!
Interfacial solar-driven vapor generation experiments of ZCP-20
membrane using seawater, river water, oil/water emulsion, lake
water, and organic dye-containing water (including RhB and
MB) were also investigated under 1 kW m™? irradiation. The
membrane’s excellent performance is maintained in solar
thermal desalination of real seawater and clean water produc-
tion from the other sources (Fig. 7e and f). The evaporation rate
of seawater is up to 2.16 kg m~> h ™" and the ZCP-20 membrane
shows a good self-cleaning ability (Fig. S7, ESIT). After desalina-
tion, the ionic concentration of the condensed water decreases

1634 | Mater. Adv., 2023, 4,1628-1636

from 12742.9 ppm to 1.9 ppm for Na', from 546.3 ppm to 0.7
ppm for K*, from 1065 ppm to 0.6 ppm for Mg>*, and from
348.2 ppm to 0.06 ppm for Ca®" (Fig. 7e). Importantly, the
collected fresh water satisfies the standard of healthy drinkable
water as defined by the World Health Organization (i.e., Na* <
1000 ppm).°" The condensed water from the organic dye-
containing water is colorless and shows a negligible absorption
(Fig. 8a). When the oil/water emulsion is tested, oil droplets are
hardly found in the condensed water (Fig. 8b-d). Overall, the
removal efficiency of metallic ions, oil and organic dyes in
water is over 99.9%; meanwhile, the evaporation rate of ZCP-20
remains as 2.16-2.40 kg m~* h™' (Fig. 7d), suggesting the high
performance of ZCP-20 in seawater desalination and lake water
treatment.

Conclusions

ZCP membranes were prepared by filtering in situ formed ZIF-8
nanoparticles with CNTs and PCMVIMBr on PVDF, followed by
self-crosslinking of PCMVIMBr under mild conditions. This
facile strategy is conducive to wrapping neighbouring ZIF-8
particles and CNTs by PCMVIMBr without blemishing their
structure. The formation of scattered water molecules or clus-
ters in the nanochannels and cage nanopores of ZIF-8 promotes
the reduction of the water evaporation enthalpy of the ZCP-20
membrane by 56%, compared to that of bulk water. Thanks to
the broadband and good sunlight absorption, high conversion
efficiency, low thermal conductivity and reduced water

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) The UV-vis spectra and the colours comparison (inset) of RhB or

MB-polluted water and freshwater. (b) Tyndall effect of oil/water emulsion.
Optical images of (c) the oil/water emulsion and (d) freshwater collected
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evaporation enthalpy, the ZCP-20 membrane exhibits an out-
standing evaporation rate of 2.48 kg m~> h™' with excellent
long-term durability under 1 kW m™? irradiation. The resultant
ZCP-20 hybrid membrane displays an excellent stability in
strong acidic or basic solutions and maintains high perfor-
mance in lake water treatment. We believe that this work
provides a facile strategy to prepare flexible, robust, hybrid
photothermal membranes with high solar-thermal evaporation
rates and efficiencies, which could be excellent candidates for
solar steam generation and seawater desalination.
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