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Abstract Herein, we report a facile solution process for
preparing multi-walled carbon nanotube (MWCNT) bucky
paper for solar-driven interfacial water evaporation. This
process involves vacuum filtrating a dispersion of
MWCNTs that was modified by polyvinyl alcohol (PVA)
under y-ray irradiation on a cellulose acetate microporous
membrane, followed by borate crosslinking. Fourier
transform infrared spectroscopy, Raman spectroscopy, and
thermogravimetry confirmed the success of PVA grafting
onto MWCNTs and borate crosslinking between modified
MWCNT nanoyarns. The as-prepared crosslinked
MWCNT bucky papers (BBP membranes) were used as a
solar absorber, by placing them on a paper-wrapped float-
ing platform, for interfacial water evaporation under
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simulated solar irradiation. The BBP membranes showed
good water tolerance and mechanical stability, with an
evaporation rate of 0.79 kg m~2> h™' and an evaporation
efficiency of 56% under 1 sun illumination in deionized
water. Additionally, the BBP membranes achieved an
evaporation rate of 0.76 kg m~2 h™" in both NaCl solution
(3.5 wt%) and sulfuric acid solution (1 mol L"), demon-
strating their impressive applicability for water reclamation
from brine and acidic conditions. An evaporation rate of
0.70 kg m~2 h™! (very close to that from deionized water)
was obtained from the solar evaporation of saturated NaCl
solution, and the BBP membrane exhibited unexpected
stability without the inference of salt accumulation on the
membrane surface during long-term continuous solar
evaporation.

Keywords vy-ray irradiation - Multi-walled carbon
nanotubes - Bucky paper - Solar-driven interfacial water
evaporation - Desalination

1 Introduction

The shortage of drinking water has become an increas-
ing global crisis and challenge, along with population
growth, industrialization, and environmental pollution. To
address this issue, many technologies have been developed
to effectively desalinate seawater or decontaminate
wastewater, including reverse osmosis, distillation, evap-
oration, and electrodialysis [1]. Solar-driven interfacial
water evaporation is an emerging technology that has
attracted great attention owing to its high efficiency, sus-
tainability, and low cost [2]. It simultaneously localizes
solar energy harvesting and steam generation at the water—
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air interface. However, its large-scale application is still
limited by the complex fabrication, leaching, and disposal
of synthetic photothermal conversion materials [3]. Several
kinds of synthetic photothermal conversion materials have
been utilized for solar-driven interfacial water evaporation
[4]. The first is plasmonic nanostructures, mainly including
Au, Ag, Pd, Cu, Ni, and other metallic nanoparticles [, 6],
where the light-driven surface plasmon resonance (SPR)
effect (also called surface plasmon polarization) is the
mechanism of light-to-heat conversion [4]. When the fre-
quency of incident light matches the resonance frequency
of the delocalized electrons on the surface of a metal,
collective excitation of electrons occurs and generates hot
electrons. The hot electrons coherently oscillate with the
incident electromagnetic field, resulting in heat energy by
the Joule mechanism [7, 8]. However, plasmonic nano-
materials for solar-to-heat conversion still suffer many
challenges, such as a narrow absorption spectrum band-
width and high dependence on the sharpness and size of
nanostructures [8], which particularly affects the material
cost for large-scale applications [5].

Low-cost and low-toxicity inorganic semiconductors
have emerged as photothermal conversion materials for
solar evaporation, such as defect-rich metal oxide semi-
conductors and intrinsic semiconductors with narrow band
gaps. Defect-rich semiconductors, such as reduced tungsten
oxide, iron oxides, molybdenum oxides, and titanium
dioxides, strongly absorb light with an energy similar to
their bandgap and convert it into heat through the nonra-
diative recombination of electron-hole pairs [6]. Con-
versely, intrinsic semiconductors can absorb photons with
energies higher than their band gaps, where the electrons
excite from the valence band to the conduction band and
return to the edge of the conduction band releasing heat
energy due to a relaxation effect [9]. Although many
efforts have been made to broaden the absorption spectra of
semiconductor materials [10], they are still much narrower
than the emission spectrum of sunlight. Conjugated poly-
mers, such as polyaniline and polypyrrole, have also
attracted much interest in solar heat applications owing to
their unique optical activity, low cost, light weight, and
facile chemical synthesis. Owing to the substantial 7-
electron delocalization in their structures, conjugated
polymers easily absorb light in the visible and near-infrared
regions, which cause lattice vibrations by charge transfer
that generate heat in the materials. Additionally, melanin-
based natural organic materials (e.g., indolic polymers and
polydopamine [11]) are also capable of converting light to
heat energy owing to their high degree of molecular con-
jugation. However, these organic photothermal materials
also suffer from either a narrow light absorption range,
poor photostability, or limited practical applications [9].
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Unlike conjugated polymers, all-carbon materials are
electrical conductors with zero band gap. Thus, they can
strongly absorb light across the entire solar spectrum like a
black body, and convert it to heat through lattice vibrations
[9]. Carbon nanodots, carbon nanotubes (CNTs), graphene,
and its derivatives, graphite, carbon black, porous carbon,
and biomass-derived amorphous carbon have been widely
used as low-cost, lightweight, scalable, and effective pho-
tothermal materials for solar interfacial evaporation [12].
Many two-dimensional and three-dimensional composite
photothermal materials based around the carbon system,
such as metal-organic framework carbon materials [13]
and graphene aerogel [14], have been extensively resear-
ched and used in steam-power generation [15], sewage
adsorption treatment [16], sterilization, and other fields
[17]. Compared with the aforementioned photothermal
conversion materials, all-carbon materials have advan-
tages, such as cost efficiency, ready availability, broad
absorption spectra, high photothermal conversion effi-
ciency, outstanding chemical stability, and environmental
friendliness. These properties demonstrate that all-carbon
materials are the most promising photothermal material
candidates for large-scale practical applications. Never-
theless, the high stability of carbon-based materials
restricts the construction of desirable macroscopic shapes
for solar thermal applications with porous structures. As a
representative all-carbon material, CNTs are capable of
forming vertically aligned carbon nanotube (VACNT)
forests, exhibiting extremely low reflectance and broad
absorption spectra [9]. These VACNT forests can only be
prepared by chemical vapor deposition (CVD), which
makes them difficult to use for solar interfacial evaporation
on a large scale. CNT-based bucky paper, a paper-like
entangled CNT assembly, has a hierarchically intercon-
nected porous architecture. This structure provides more
water channels and improves water permeability [18, 19].
This promotes water stream effusion from the water—air
interface, thereby enhancing the solar evaporation [20].
CNT-based bucky paper has a random arrangement of
CNTs and can be conveniently prepared through conven-
tional solution processes. However, bucky paper is often
fragile owing to the weak connections between CNT yarns
[21]. In addition, individual CNT yarns broken from the
bucky paper are released into the environment, possibly
triggering biological consequences of animal overexposure
to CNTs [22, 23], such as oxidative stress [24], interference
with cell signaling pathways [25], and membrane disrup-
tion [26]. Therefore, the connections between CNT yarns
should be reinforced to ensure the safety and durability of
the bucky paper for practical applications. Intercalating
various polymer materials into the bucky paper is a simple
and effective way to enhance its mechanical properties
[27]. For example, the Young’s modulus, tensile strength,
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toughness, and strain-to-break values of bucky paper can
be increased by introducing poly(vinylpyrrolidone)
[27, 28], poly(vinyl alcohol) (PVA) [29], poly(norbornene)
[30], epoxy resin [31], or biopolymers [32] through coating
or immersion. However, in most cases, the polymers in the
bucky paper interact with the CNT yarns in a non-covalent
manner, which results in the easy loss of polymers by
solvent erosion. Therefore, boosting the interactions
between polymer chains and CNTSs is a major challenge in
the construction of a functional bucky paper or other types
of CNT-based membranes. Clearly, covalently linking the
nanotubes with polymer chains is a feasible way to
investigate the loss of polymers and boost the durability of
the bucky paper [33, 34]. Unfortunately, CNTs are well-
known to be inert to most chemical reactions by conven-
tional methods unless they are treated via sophisticated
processes under harsh conditions, which is unfavorable for
large-scale production.

Radiation technology is a powerful and scalable tech-
nical means for material production and modification. It
has been widely used in industrial processes (i.e., heat-
shrink tubing, battery membranes, and vulcanizing rubber)
and waste degradation [35], and academic research, such as
radiation syntheses of inorganic nanoparticles [36], func-
tional polymers [37], and covalent organic frameworks
(COF) [38], radiation degradation of organic pollutants
[39], and radiation functionalization of polymeric com-
posites [40]. These methods utilize the strong ionizing
effects of high-energy radiation, mainly involving y-rays
from Co-60 or Cs-137 sources and electron beams from
electron accelerators. This radiation directly or indirectly
creates reactive radicals, further initiating various chemical
reactions with no catalysis or extreme operating conditions.
Owing to this crude but effective process, radiation tech-
nology has been utilized to functionalize various nanocar-
bon materials, such as CNTs [41], nanodiamonds, fullerene
[42], carbon nanofibers [43], and graphene and its deriva-
tives [44], through grafting polymerization [41],
crosslinking [45] and etching reactions [46]. Recently, our
group developed a radiation-induced “grafting to” method
for the modification of polyvinylidene fluoride [47], gra-
phene oxide [48], and multi-walled carbon nanotubes
(MWCNTSs) [49], which was simply implemented by
immersing substrates in polyvinyl alcohol (PVA) solution
prior to irradiating with y-rays. This route can easily dec-
orate substrates with polymeric chains on a large scale,
endowing nanocarbons with good dispersibility in solution.
Based on a previous study, we designed a facile solution
process to prepare robust MWCNT bucky paper by com-
bining radiation modification and borate crosslinking of the
PVA chains on MWCNTSs. Fourier transform infrared (FT-
IR) spectroscopy, Raman spectroscopy, and thermo-
gravimetry (TG) were utilized to confirm the success of

PVA grafting onto MWCNTSs and borate crosslinking. In
addition, MWCNT bucky paper was prepared by vacuum
filtration of the grafted MWCNT dispersion on cellulose
acetate (CA) microporous membranes, and their micro-
morphology and surface properties were characterized.
Additionally, the obtained MWCNT bucky paper was
further studied for water reclamation through solar-driven
interfacial water evaporation under high salt and acidic
conditions, to demonstrate its durability under harsh
conditions.

2 Experimental section
2.1 Materials and chemicals

MWCNTs (L-MWNT-4060, 95%, 40-60 nm outer
diameter, and 5-15 pm length) were purchased from
Shenzhen Nanotech Port Co., Ltd. (Shenzhen, China). PVA
(1788) granules, concentrated sulfuric acid (95%-98%),
phosphoric acid (AR, > 85%), nitric acid (65%—68%),
hydrochloric acid (36%-38%), boric acid, sodium chloride,
and ethanol were obtained from Sinopharm Chemical
Reagent Co., Ltd. (China). Commercial CA membranes
(0.45 pm) were purchased from Shanghai Xingya Purifi-
cation Material Factory (China). All materials and reagents
were used as received without further purification unless
mentioned otherwise, and the water used in this study was
deionized.

2.2 Fabrication of MWCNTs-g-PVA powder

Pristine MWCNTSs were purified by heating under reflux
in a mixed HNO3/H,SO, solution (v/v = 3/1), as reported
previously [49] and the product was labeled as oxidized
MWCNTs. Thereafter, 0.255 g of oxidized MWCNTs and
25.5 g of PVA solution (10 wt%) were added to an ethanol/
water solution (v/v = 1/1) to obtain a mixed solution of
250 g in mass. The mixed solution was sealed without
degassing and placed in a cobalt 60 source chamber at
room temperature for an absorbed dose of 34 kGy at a dose
rate of 2 kGy h~!. After irradiation treatment, the solution
was centrifuged at 8000 rpm (SF-TGL-20A, Shanghai
Feigiaer Analytical Instrument Co., Ltd., China) for
15 min, and the resulting supernatant was centrifuged at
10,000 rpm prior to collecting the precipitate. After three
repeated purifications by washing and centrifugation, the
precipitate was dried at 60 °C in a vacuum drying oven.
The resulting MWCNTs-g-PVA powder was analyzed
using a TG instrument to determine its degree of grafting
(DG) as 17.2% according to a previously reported calcu-
lation method [50].
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2.3 Preparation of modified MWCNT bucky paper

After repeating the above steps of powder oxidation and
radiation modification, the black supernatant was collected
by centrifugation of the irradiated mixed solution at
8000 rpm. The supernatant was then vacuum filtered to
deposit MWCNTs-g-PVA onto a CA microporous mem-
brane with a diameter of 0.45 um. After washing with a
large volume of hot water, the obtained MWCNT bucky
paper was dried at room temperature and named as the BP
membrane. Three BP membranes with different thick-
nesses of functional layers were prepared by controlling the
mass of MWCNTs-g-PVA deposited on CA membranes to
evaluate the influence of the powder mass on the mem-
brane properties. The three membranes were labeled as BP-
1, BP-2, and BP-3, corresponding to MWCNTs-g-PVA
powders of 0.55gm™% 083 gm 2 and 231 gm 2
respectively. These three membranes were immersed sep-
arately in a boric acid solution (4 wt%) for 12 h to form
borate-based linkages between PVA chains from different
yarns. After the crosslinking treatment, the membranes
were washed with a large amount of deionized water, air-
dried, and named as BBP-1, BBP-2, and BBP-3, for the
crosslinked equivalents of the BP-1, BP-2, and BP-3
membranes, respectively.

To determine the boric crosslinking extent, the grafted
MWCNT powder was dispersed in boric acid (4 wt%)
aqueous solution for 12 h at room temperature and then
purified by water washing and centrifugation at 10,000 rpm
for 10 min for a minimum of three times. After drying in a
vacuum oven at 60 °C overnight, a boric-crosslinked
MWNTs-g-PVA powder was obtained and subsequently
characterized by chemical analyses.

2.4 Solar-driven interfacial water evaporation

The solar water evaporation device used in our study
consists of three parts: a simulated solar light source, a
water evaporation container, and an analytical balance. The
light source was a xenon lamp (CME-SL500, Zhongke
Microenergy Tech. Co., Ltd., China). The main body of the
water evaporation device was a 500-ml beaker wrapped
with black foam to reduce heat loss. A floating platform
made of filter paper-covered polystyrene (PS) foam was cut
into a shape with @ =4 cm x 0.5 cm. Owing to its low
density and thermal conductivity
(0.035 — 0.052 W m~ ! K1), the PS foam floated on the
water in the beaker as a thermal isolator. A crossed slit was
made in the center of the foam into which a filter paper
strip was inserted, which acted as the water channel to
continuously transport water to the filter paper on the top of
the foam. A BP or BBP membrane was placed on the filter
paper and evenly wetted by water. The material cost of the
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entire evaporator was approximately 300 RMB m™>. The
evaporation container was placed on an analytical balance
during the test to measure the water mass loss over the
illumination time. During the test, a thermal infrared
imager (Xtherm T2S, Ray Tech. Co., Ltd., China) was used
to record the temperature change of the sample surface, and
an optical power meter (TES-132, TES Electrical Elec-
tronic Corp., China) was used to monitor the radiation
intensity of the simulated light source. The ambient tem-
perature during the tests was approximately 20 °C, and the
relative humidity was approximately 65%. After a single
test, the filter paper was replaced and the solar water
evaporation device was allowed to return to the ambient
temperature before a new test was started.

The water evaporation rate (7, kg m~>h™") and solar
evaporation efficiency (n, %) were calculated as follows:

i = AM (S % Ab), (1)
n=(m(Lv+Q))/(CxP), (2)
Q0 = cAM(T, — Ty), 3)

where AM is the change in water mass; S is the effective
evaporation area of the evaporator; At is the evaporation
duration time; Lv denotes the evaporation enthalpy of the
water body (generally 2260 kJ kg™ '); Q is the sensible heat
of the water (the energy required for temperature rising
from the initial to the evaporation); C is the surface optical
intensity of the optical absorber; P is the incident light
intensity (kJ m 2 h™Y); ¢ refers to the specific heat of water
42Kkl kg7l Kil); T; and T are the temperatures of the
evaporation surface and the initial water temperature,
respectively [4].

2.5 Instruments and characterization

FT-IR spectra of the powders were recorded using the
potassium bromide pellet method on a Bruker Optics
TENSOR 27 FT-IR spectrometer and scanning in the
wavenumber region 4000-650 cm™" at a spectral resolu-
tion of 4 cm™'. Raman analyses of the powder samples
were performed on a Raman spectrometer (Xplora INV,
France) with an excitation wavelength of 633 nm. All
samples were dried in a vacuum oven overnight before
testing. The micromorphological observation of the bucky
papers was performed using a field-emission scanning
electron microscope (Merlin compact, Zeiss, Germany) at
an operating voltage of 10 kV. The cross section was
observed by breaking the samples in liquid nitrogen and
sputtering with gold before imaging. TG curves were
obtained from a TG 209 F3 Tarsus Thermo Microbalance
(NETZSCH Instruments Co., Germany) using an alu-
minum oxide crucible under nitrogen purging
(50 mL min~!) at a heating rate of 10 °C min~'. UV-vis-
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NIR absorption spectra were recorded by Shimadzu UV-
3600 at 300-2000 nm. Micromorphological observation
was performed on a scanning electron microscope (SEM)
(S-4800, Hitachi Co., Japan).

3 Results and discussion

Scheme 1 presents the preparation process of the
MWCNT bucky paper by y-ray irradiation and borate
crosslinking. First, MWCNTs-g-PVA was prepared by a
radiation-induced “grafting to” method, and its bucky
paper was obtained via vacuum filtration. The bucky paper
was then immersed in a boric acid solution to form a
borate-based linkage between the PVA chains grafted on
different MWCNT yarns. Finally, the crosslinked bucky
paper was placed on a floating platform as the solar
absorber to trigger interfacial water evaporation.

FT-IR spectra of the powders of oxidized MWCNTs and
MWCNTs-g-PVA before and after borate crosslinking are
shown in Fig. la. A strong absorption band located at
1400-1600 cm ™" was assigned to the tensile vibration of
the graphitic skeleton. The O—H tensile vibration peak at
3366 cm™' and C-O vibration peak at 1285 cm™'
appeared in the spectrum of the grafted MWCNT powder,
indicating the successful grafting of PVA chains onto
MWCNTs after y-ray irradiation. After borate crosslinking,
the intensity of the O—H absorption peak decreased and
new absorption peaks appeared. The broad peak around
1430 cm™"' was assigned to the stretching vibration of
B—O bonds, and the peaks at 1200 cm~! and 1120 cm™!
were assigned to the characteristic stretching vibrations of
B—O-—C bonds [51]. This result proves the formation of
polyvinyl borate by the reaction between PVA and boric

Scheme 1 (Color online)
Tllustration of the fabrication of
crosslinked MWCNT bucky
paper for solar-driven interfacial
water evaporation
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acid. Figure 1b shows that the oxidized MWCNT powder
has a negligible mass loss in the pyrolysis process from
100 °C to 650 °C, while the MWCNTs-g-PVA powder
shows two sharp mass loss stages located around 280 °C
and 420 °C. This is in accordance with the decomposition
behavior of PVA [52], which follows a two-stage mecha-
nism involving the dehydration of PVA (250 to 350 °C)
and main chain scission above 380 °C. As for the borate
crosslinked MWCNTs-g-PVA, the maximum weight loss
temperature of the first stage increased to 338 °C, indi-
cating a better thermal resistance of polyvinyl borate than
PVA [51]. The residual weight of the crosslinked
MWCNTs-g-PVA after pyrolysis was notably higher than
that of the original MWCNTs-g-PVA, demonstrating a
high degree of borate crosslinking. The Ip/Ig values from
Raman spectra of the oxidized MWCNTSs powders and
MWCNTs-g-PVA  powders before and after borate
crosslinking were 1.16, 1.18, and 1.15, respectively
(Fig. 1c). This indicates that PVA was grafted onto the
walls of the MWCNTSs under y-ray irradiation and some of
the grafted PVA chains were regularized by boric acid
treatment due to borate formation. Owing to the radiation-
induced reduction effect [53], some defects on the graphitic
wall of oxidized MWCNTSs could be restored by reductive
radiolysis species, resulting in a similar density ratio
between the D-peak and G-peak. Furthermore, the red-
shifted G-band of MWCNTs-g-PVA powders after
crosslinking implies that the hydroxyl groups of oxidized
MWCNTs are also involved in borate crosslinking,
resulting in G-band softening [45]. These results strongly
support the success of radiation-induced PVA modification
and borate crosslinking of PVA on oxidized MWCNTs.
Figure 2a shows that the bare CA membrane has an
absorption in the UV region ascribed to the acetate
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temperature changes of different BP and BBP membranes before
and after 1 sun illumination; d solar evaporation rates of different BP
and BBP membranes; e efficiencies of the BP and BBP membranes
over time of 1 sun illumination in deionized water

region reached more than 85%, and considerably increased
with the increase in MWCNTs-g-PVA loading. The
absorbance difference between the BP and BBP
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membranes is very small, indicating the insignificant effect
of borate crosslinking of PVA on the solar light absorption.
The thermal infrared images of BP-1 and BBP-1 mem-
branes both exhibited an almost identical temperature rise
after 1 h illumination of 1 sun, proving that the pho-
tothermal conversion of all BP and BBP membranes is not
affected by boric acid crosslinking. The temperature of BP-
1 membrane increased from 20.5 °C to 49.4 °C, while that
of BBP-1 membrane increased from 20.2 °C to 48 °C
(Fig. 2b). The BP and BBP membranes were placed on a
floating platform and illuminated with 1 sun. The average
surface temperature increase and water loss rate (i.e.,
evaporation rate) were recorded and are shown in Figs. 2c,
d. The temperature rise was inversely proportional to the
thickness, with a temperature rise of 27.5 °C for BP-1 and
24.8 °C for BP-3. The same trend was also observed for the
BBP membranes, but the temperature rise of the BBP
membranes was lower than those of the corresponding BP
membranes (Fig. 2c). However, all the BP and BBP
membranes in deionized water under 1 sun illumination
demonstrated an evaporation rate of approximately
0.8 kg m~> h™! with no obvious dependence on either the
loading of MWCNTs-g-PVA or the borate crosslinking
(Fig. 2d). The solar evaporation efficiencies were calcu-
lated according to the evaporation rates and the pho-
tothermal induced surface temperature changes, which are
shown in Fig. 2e. The BBP-1 membrane achieved the
maximum evaporation rate at a low temperature; conse-
quently, its conversion efficiency was the best. In addition,
the data demonstrate that increasing the mass of
MWCNTs-g-PVA on membranes can increase the light
absorption but cannot improve the water evaporation rate
or efficiency directly. This is because the light-to-heat
conversion ability is determined by the intrinsic optical
performance and texture structure of the photothermal
materials. Although the overloading of MWCNTs-g-PVA
yarns can improve the light absorption capacity of the
membrane, it also leads to a decrease in the surface
porosity of the membranes [49]. This in turn increases the
light reflectance, reduces the light energy utilization, and
restricts the water transport owing to the decreasing cap-
illary action [55], eventually resulting in a low evaporation
efficiency.

As BP-1 and BBP-1 samples showed better perfor-
mances in the solar-driven interfacial evaporation test, they
were used as the main samples for subsequent tests. Fig-
ure 3a shows the evaporation rate of the BBP-1 membrane
under different light intensities. Evaporation rates of 0.44,
0.79, 1.26, and 2.17 kg m~2 h~! were obtained from the
illumination of 0.5, 1, 1.5, and 2 sun, respectively. The
surface properties of the membranes were studied by water
contact angle analysis. As shown in Fig. 3b, the BP-1
membrane showed good hydrophilicity (~ 30°) due to the

grafting of hydrophilic PVA chains. The water contact
angle increased after borate crosslinking (BBP-1 mem-
brane), indicating that the hydrophilicity decreased because
the hydroxyl groups of PVA were consumed to form borate
crosslinks. The hydrophilicity of the BBP-1 membrane
increased after solar illumination, which could be attrib-
uted to the rearrangement of the surface groups during the
photothermal process.

Figure 4a, b shows that the color of the BP membranes
faded after 1 h of interfacial evaporation in water under 1
sun illumination, especially for the BP-1 membrane. The
MWCNTs-g-PVA layer (bucky paper) on the BP mem-
branes was completely swollen after solar-driven evapo-
ration and easily abrased (see the inset in Fig. 4b),
indicating their poor water resistance and mechanical
durability after solar irradiation. PVA is prone to dissolving
in water at high temperatures. Figure 2b shows that the
surface temperature of BP membranes is up to 49.4 °C
under 1 sun illumination, which causes significant hydra-
tion of the PVA chains grafted on oxidized MWCNT yarns
and the extreme swelling of the bucky paper. It also
demonstrates that the linkage between grafted MWCNT
yarns is not sufficient to resist water swelling under sim-
ulated sunlight illumination. In contrast, the BBP mem-
branes showed almost no color change (Fig. 4c, d) and
were not easily abrased after solar-driven evaporation (see
the inset in Fig. 4d). This is because the covalent B —
O — C bond formed in the borate-PVA crosslinking net-
work structure has a stronger heat resistance than the
hydrogen bonding between the hydroxyl group of PVA and
oxidized MWCNTs. Therefore, the BBP membranes have
stronger water resistances at high temperatures than the BP
membranes. For further confirmation, we placed the BP-1
and BBP-1 membranes in hot water (70 °C) for 30 min and
then scratched the membranes with steel sharp-nosed
tweezers (Fig. S1). The CNT layer on the BP-1 membrane
was easily damaged, while that on the BBP-1 membrane
exhibited a mechanical resistance, indicating that borate
crosslinking improved the water resistance of the BBP
membrane.

To further confirm this, micromorphological changes of
the BP-1 and BBP-1 membranes before and after solar-
driven interfacial water evaporation were investigated by
SEM of the surfaces and cross sections (Figs. 5, 6). The
MWCNTs-g-PVA  yarns  were uniformly deposited
(Fig. 5a), and a new porous skin layer was formed on the
surface of the CA substrate (Fig. 6a). Figure 5b shows that
many bulges and aggregates appear on the surface of the
BP-1 membrane, and the surface pores of the CA substrate
are revealed after solar-driven interfacial water evaporation
owing to water swelling and yarn loss. The BBP-1 mem-
brane exhibited no obvious surface changes in the micro-
morphology before and after solar-driven interfacial
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Fig. 4 Digital images of BP and
BBP membranes before (a,

¢) and after (b, d) interfacial
evaporation in water under 1
sun illumination. Inserts in

b and d are the digital images of
mechanical scratch testing of
BP-3 and BBP-3 membranes
after interfacial evaporation
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evaporation (Fig. 5¢c, d). SEM images of the cross section
confirm that the MWCNTs-g-PVA layer on the BP-1
membrane was damaged by interfacial water evaporation
(Fig. 6a, b) and that of the BBP-1 membrane retained the
same porous and intact structure that it had before solar
illumination (Fig. 6¢, d). Therefore, SEM observations of
the surface and cross section of the membranes demon-
strate that the borate crosslinking treatment effectively
enhanced the mechanical durability of the MWCNT bucky
paper membranes and endowed them with good tolerance
to the solar-driven interfacial water evaporation process.
BBP-1 and BBP-2 bucky paper samples were very thin

@ Springer

owing to the low loading capacity, and some MWCNTs-g-
PVA yarns were embedded into the CA membrane, as
shown in the SEM image (Fig. 6). Therefore, the thickness
of the surface layer was not easy to distinguish. However,
the BBP-3 sample could be easily tested and possessed a
thickness of approximately 1.5 pm (Fig. S2), implying an
increase in the membrane thickness with an increase in the
loading capacity of MWCNTs-g-PVA.

To assess the durability of the BBP membranes, the
BBP-1 membrane was used to treat salt solutions with
different salinities as well as strongly acidic solutions via a
solar-driven interfacial evaporation process (Fig. 7a). As
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Fig. 5 (Color online) Surface micromorphologies of BP-1 membrane
a before and b after solar-driven interfacial water evaporation in
water and those of BBP-1 membrane ¢ before and d after solar-driven
interfacial water evaporation in water

Fig. 6 (Color online) Cross-section micromorphologies of BP-1
membrane a before and b after solar-driven interfacial water
evaporation in water and those of BBP-1 membrane ¢ before and
d after solar-driven interfacial water evaporation in water

expected, the temperature increases exceeded those in
deionized water at 3—6 °C (Fig. 7b). A water evaporation
rate of 0.76 kg m 2 h™! was achieved in both 3.5 wt%
NaCl solution and sulfuric acid solution (Fig. 7c). This
value is very close to that in deionized water
(0.79 kg m~* h™"), indicating that the evaporation capac-
ity of BBP membranes is very stable even in the treatment
of seawater and acidic solutions. Additionally, the evapo-
ration efficiencies of the BBP-1 membrane in the 3.5 wt%
NaCl solution and sulfuric acid solution were 54% and

51.6%, respectively (Fig. 7d), which were also comparable
to efficiencies of BBP-1 membrane in deionized water
(56%). In the NaCl solution, owing to the abundant and
strong electrostatic attraction between water molecules and
ions (Nat and Cl7), the freedom of motion of water
molecules inevitably decreases with the increasing NaCl
concentration in solution. Therefore, the boiling point of
salt water is always higher than that of pure water. As a
consequence, the evaporation rate and efficiency of salt
water decrease with the increase in the brine concentration.
Similarly, the evaporation efficiency of the sulfuric acid
solution was lower than that of pure water. Unexpectedly,
the evaporation rate in saturated brine was still relatively
high at 0.70 kg m~> h™" (Fig. 7c), just 10% lower than
that in deionized water (0.79 kg m~>h™"). This finding
indicates that the BBP membranes have good applicability
for the desalination of salt water by solar-driven interfacial
evaporation, even for the treatment of saturated salt solu-
tions, which has not been reported so far in the literature.

Solar-driven interfacial water evaporation has been
greatly valued in water desalination in recent years because
of its high efficiency and environmental friendliness, with
many efforts made to improve the evaporation rate and
energy efficiency [56, 57]. However, the salt accumulation
on the surface of the solar absorber, resulting from the
water evaporation at the air—water interface and the slow
diffusion of water back through the transport channels, is
still a key challenge for its practical application. The salt
accumulation on the solar absorber not only reduces its
light absorption but also blocks water transport [58]. This
results in a significant decrease in the evaporation effi-
ciency over time and lowers the long-term stability of solar
evaporation systems [59], especially in high-salinity envi-
ronments [60]. Unfortunately, most of the reported solar
evaporators have focused on seawater (3.5% salinity),
while solar evaporators for high-salinity brine (> 10%)
have not received sufficient attention [60]. The high-saline
solutions could be present in industrial production envi-
ronments and wastewater treatments. To confirm the
evaporation durability of the BBP membranes in a satu-
rated NaCl solution, a long-term continuous solar evapo-
ration test was performed under 1 sun illumination.
Figure 8a shows that the mass loss of the saturated NaCl
solution linearly increases with the illumination time,
which reflects an almost constant evaporation rate in sat-
urated NaCl solution during the continuous 5 h of test time
(Fig. 8b). Figure 8c shows an increasing number of white
salt crystals precipitating on the BBP-1 membrane surface
with the increasing evaporation time, which is evidence of
water evaporation from the saturated NaCl solution.
Although salt readily accumulated on the BBP-1 mem-
brane surface, the solar evaporation performance in satu-
rated NaCl solution remained at a stable level over a long

@ Springer
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Fig. 7 (Color online) a Thermal
infrared images, b temperature
changes, ¢ solar evaporation
rates, and d evaporation
efficiencies of BBP-1
membrane under 1 sun
illumination in 3.5 wt% NaCl
solution, 10 wt% NaCl solution,
saturated NaCl solution, and
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test time. This indicates the long-term stability of the BBP-
1 membrane for the evaporation treatment of high-salinity
brine. In other words, the salt that accumulated on the
surface of the BBP-1 membrane did not significantly hin-
der the absorption of incident light or the supply of water.
This could be attributed to the excellent hydrophilic, por-
ous, and hierarchical surface structure, high solar absorp-
tion of the BBP membranes, and unique water molecule
transport behavior of the CNT yarns. Water molecules can
be transported through the interior channel of CNTs in
contact with a reservoir of aqueous solution [61], but dis-
solved ions in solution are blocked by size constraints and
cation—= interactions [62]. The PVA/CNT hybrid was also
confirmed to possess fast water transport because of the
efficient interior infiltration and PVA decoration of the
cellular structures of CNTs [63]. Furthermore, the grafted
PVA chains on oxidized MWCNTSs can greatly facilitate
water evaporation owing to the reduced water evaporation
enthalpy in the hydrogel network [64]. In other words,
water can be transported to the BBP-1 membrane surface
without the interference of the salt scale. Therefore, the
evaporation rate of the BBP membranes is quite
stable during the continuous long-term solar evaporation of
high-salinity water. To further illustrate the possibility of
BBP-1 membrane treating seawater for a long time, 7-day
continuous solar evaporation tests in 3.5% NaCl solution
were carried out under outdoor sunlight conditions.

@ Springer

Figure 8d shows that the evaporation rate of the membrane
did not decrease significantly over the duration. There was
no obvious precipitation of salt on the membrane surface
(Fig. 8e), indicating that the membrane has long-term sta-
bility in seawater treatment. Additionally, the salt accu-
mulated on the membrane surface can be ablated rapidly in
water (Video S1). The washed membrane also shows an
evaporation rate (~ 0.7 kg m™> h™") similar to the initial
membrane, further indicating the stability of BBP mem-
branes. The BBP-1 membrane also exhibited no damage
and a stable evaporation rate and efficiency after solar
evaporation in 1 mol L' H,SO, solution with irradiation
of 1 sun (Fig. 7c—d). This result substantiates the good
chemical resistances of these membranes to high salt and
strong acidic conditions. Finally, we compared the evapo-
ration performance of BBP membranes with other recently
reported photothermal materials for solar-driven interfacial
evaporation [65-68]. As a comparison, although the
evaporation rate of the BBP membrane is lower than those
reported in the literature, the evaporation stability during
continuous long-term processes in high-salinity water is
still undoubtedly exciting.
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Fig. 8 (Color online) Long-term continuous solar evaporation test of
BBP-1 membrane under 1 sun illumination in saturated NaCl
solution: a Mass change of saturated NaCl solution; b average solar
evaporation rates; ¢ salt accumulation on BBP-1 membrane surface

4 Conclusion

In summary, a durable MWCNT bucky paper was built
by radiation-induced grafting of PVA to oxidized MWCNT
yarns with subsequent crosslinking with boric acid. The
micromorphological investigation via SEM demonstrated
that the obtained BBP membranes could withstand hot
water swelling and maintain their porous and continuous
architecture after solar-driven interfacial water evapora-
tion. The BPP membranes exhibited an evaporation rate of
0.79 kg m~> h™' and an evaporation efficiency of 56.8%.
Furthermore, the BBP membranes that were used to treat
saline and acidic solutions had comparable solar evapora-
tion rates. The good chemical resistances to high salt and
strong acidic conditions and the excellent salt-blocking
properties of the BPP membranes originate from the
ultrafast water transport and the unique ion-blocking
effects in the interior channel of the CNTs. These results
indicate the impressive suitability of the BBP membranes
for the solar evaporation of saline and strong acidic solu-
tions. The most important finding is that the evaporation
rate and efficiency of the BBP-1 membrane exhibited no
significant reduction during the continuous long-term

over test time. Seven-day continuous solar evaporation test of the
BBP-1 membrane under natural light in 3.5% NaCl solution: d Mass
change of 3.5% NaCl solution; e surface morphological change of
BBP-1 membrane over time

evaporation of the saturated NaCl solution, even with
severe salt accumulation on the BBP-1 membrane surface.
This demonstrates the excellent durability and long-term
stability of these membranes for the high-salinity water
treatment. In summary, this study demonstrates a facile
solution process to construct durable MWCNT bucky paper
for water treatment via solar-induced interfacial water
evaporation, which would inspire other studies on func-
tional nanocarbon materials.
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