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Abstract

The utilization of solar energy for steam generation is a highly efficient and
sustainable technology for seawater desalination to solve the long-standing water crisis.
Carbon-based materials have shown promising thermal-heat conversion efficiency due to
their broadband solar absorption. Herein, carbon black (CB) was combined with
polydopamine (PDA) to develop a high-performance, low-cost, and scalable PDA/CB@PP
composite non-woven fabric was fabricated by dip-coating of CB and in situ
polymerization of PDA. The hierarchical structure constructed on the fiber surface and the
synergetic effects of CB and PDA contributed to the high light absorbance (>95%),
superhydrophilicity, and high energy conversion efficiency. The one-way fluidic
PDA/CB@PP photothermal based solar steam evaporator demonstrated a high evaporation
rate of 1.68 kg m h-! with a solar steam efficiency of 91.5%. Moreover, the PDA/CB@PP
fabric shows remarkable salt resistance when purifying seawater because of the water
channel preserved by the hydrophilic porous structure of the fabric which could provide
sustained water supply. Besides, the PDA/CB@PP fabric possesses excellent purification
capability to wastewaters contaminated by heavy-metal and chemical dyes. This study
provides insights into the design and development of low-cost, scalable, highly stable, and
efficient solar steam generators for seawater desalination and wastewater purification.
Keywords: solar steam generation, carbon black, polydopamine, salt resistance,

desalination



1. Introduction

The shortage of readily available clean water is becoming a critical challenge for the
development and maintenance of functioning societies, as the expanding of
industrialization and urbanization [1-5]. Traditional methods, such as distillation,
electrodialysis, and reverse osmosis, have been widely used to produce clean water [6-8].
However, serious environmental problems and energy consumption are common
consequences of these techniques [9]. Sunlight as an environmentally friendly and
sustainable natural energy has played an essential role in various fields from ancient times
right up to the present day [10]. As one important way of utilizing solar energy, solar steam
generation has emerged as a solar-thermal technology that can efficiently convert sunlight
into heat to generate clean water from seawater and even industrial wastewater via
photothermal materials [11-13]. Compared with traditional seawater purification
technologies that typically require large plants and great energy consumption, such as
reverse osmosis, solar steam generation evaporator potentially enables the design of home-
scale solar steam generation devices, which utilize solar energy, at a fairly low cost [14-
18].

An efficient photothermal material is the core of the solar steam generator. It serves
as a heat generation unit that converts solar energy into thermal energy. [19-21] It also acts
as an evaporation platform that utilizes thermal energy to generate steam. [22-25]
Moreover, it needs to have excellent dynamic water transportation capability to maintain a
continuous water supply on its surface and prevent crystallization of salt granules during

the evaporation process. [26] Great efforts have been made by researchers to fulfill all these



requirements and improve the thermal-heat conversion efficiency and evaporation
efficiency [27-31].

Various solar absorber materials, such as biomass-derived carbon materials, carbon-
based materials, natural materials, synthetic polymers, plasmonic nanomaterials, black
semiconductor materials, etc., have been employed to develop photothermal evaporators
[25,26, 32-37]. Biomass-derived carbon materials, as a low-cost, stable, green, abundant,
and sustainable alternative for solar steam generation, have attracted attention in the
scientific community lately [33,38]. Tan et al. [32] reported a sustainable way of
repurposing food waste that not only mitigates carbon emission but also turns food waste
into highly porous biomass-derived carbon-based photothermal materials for low-cost
solar desalination and thermoelectric generation with an energy conversion efficiency ~85%
and power output of 0.4 Wm™2. Carbon-based materials have been found to possess high
solar energy conversion efficiency in the range of 50-90% due to their broadband solar
absorption and also possess advantages of abundant resource and physicochemical stability.
Li et al. [26] fabricated a solar steam generator by coating reduced graphene oxide on the
surface of a blank hollow spacer fabric (BHSF) filled with chitosan, which reached an
evaporation efficiency of 86% under one sun solar illumination. Hu et al. [37] designed a
carbon nanotube (CNT)-coated cellulose nanofibrils (CNFs) aerogel solar steam generator
for efficient solar utilization with a solar-energy conversion efficiency of 76.3% and 1.11
kg m? h'! under one solar irradiation. Carbon black (CB) as a low-cost carbonaceous
nanomaterial has extraordinary chemical stability and broadband solar absorption, which
makes it ideal for the fabrication of a photothermal evaporator. However, the low

dispersion ability and adhesion strength of CB make it difficult to be applied to a substrate



material. The hydrophobicity of CB also limits the water transportation on its surface
[39,40].

Natural biopolymers have been used in solar steam generation systems to enhance
water transportation from the bulk water to the evaporation surface [3,9,34]. Polydopamine
(PDA), a melanin-based biopolymer, has broadband solar absorption, noble photothermal
conversion efficiency, nontoxicity, biodegradability, and excellent hydrophilicity. PDA
has also been used in the preparation of photothermal evaporators [3]. For instance, Song
et al. [9] deposited PDA and silver nanoparticles (AgNPs) on natural wood to prepare a
solar interface evaporation device which displayed a high absorbance. Li et al. [41]
developed a PDA coated raw wood solar steam generator with a solar vapor generation
efficiency of ~77% under one sun illumination. However, sole PDA coating is difficult to
achieve high light absorbance, and it may take several days of treatment to reach high solar
energy conversion efficiency [41,42].

The rational combination of CB and PDA is expected to result in a high-performance
hybrid coating that integrates the high light absorbance advantage of CB and the superior
hydrophilicity of PDA. Based on this conception, a facile dip-coating and in situ
polymerization approach was proposed to fabricate a high-performance, low-cost, scalable
PDA/CB@polypropylene (PP) composite non-woven fabric for solar steam generation.
The CB nanoparticles constructed hierarchical structures on the PP fibers, and the PDA
coating not only fastened the adhesion among CB nanoparticles and between CB to the PP
fiber effectively but also transformed the hydrophobic fabric surface to superhydrophilic.
The hierarchical porous structure of the PDA/CB@PP fabric facilitates the light reflection

and scattering, and the synergetic effect of PDA and CB could promote light absorbance



effectively. The beneficial structural and material merits endowed the one-way fluidic
PDA/CB@PP photothermal based solar steam evaporator with excellent light absorption
(>95%) in a wide wavelength range (300-2500 nm), and a high evaporation rate of 1.68 kg
m~ h'! with an 91.5% solar steam efficiency under one sun irradiation. In addition, the
PDA/CB@PP-based solar steam evaporator showed extraordinary salt resistance and high
efficiency when purifying seawater due to the water channel preserved by the porous
structure and hydrophilicity of the fabric. It also demonstrated the ability to purify various

wastewater contaminated by heavy-metal and chemical dyes.
2. Experimental

2.1. Materials

CB nanoparticles were purchased from Degussa (Printex-U). Ethanol, dioxane,
dopamine hydrochloride, tris(hydroxymethyl)aminomethane, anhydrous ferric chloride,
zinc chloride, strontium chloride hexahydrate, copper nitrate hydrate, sodium chloride,
magnesium chloride, potassium chloride, calcium chloride, dichloromethane (DCM),
methylene blue (MB), and methyl orange (MO) were purchased from Aladdin. PP non-
woven fabric was bought from a local grocery shop. All the chemicals were used as
received without further purification.
2.2. Fabrication of CB@PP non-woven fabric

PP non-woven fabric was cut into 2 cm x 2 cm with long strips (6 cm x 1 cm) on both
sides, and washed in water by ultrasonication for 10 min, and then dried at 70 °C for 5 h
before use. CB nanoparticles were dispersed in dioxane by ultrasonication for 1 h to form

dispersion with a concentration of 5 mg/ml. Subsequently, PP non-woven was immersed



into the CB solution for 20 min at 40 °C followed by drying at 80 °C for 2 h, and the process
was repeated one to three times.
2.3. Fabrication of PDA@PP and PDA/CB@PP non-woven fabric

Dopamine hydrochloride (6 mg/mL) and tris(hydroxymethyl)aminomethane (3.6
mg/ml) were dissolved in deionized water. PP non-woven and CB@PP samples were
dipped in the solution followed by continuously stirring for 8 h at 800 rpm, during which
PDA was polymerized on the non-woven fabric. The resulting PDA@PP and
PDA/CB@PP non-woven fabrics were washed with deionized water at least five times and
dried at room temperature for 24 h.
2.4. Material characterization

The morphologies of different samples were characterized by a field emission
scanning electron microscope (SEM, Zeiss MERLIN Compact). The samples were
sputtered with a thin film of gold before observation. The wettability of the relevant
samples was investigated by water contact angle (WCA) measuring instrument (OCA-20,
Data-physics) and a high-speed video camera (Photron, FASTCAM Mini AX200) at
ambient temperature. The light absorption spectrum of the samples was measured using a
UV-Vis-NIR spectrophotometer (ranging from 300-2500 nm) equipped with an integrating
sphere (PerkinElmer, Lamda950). An infrared thermal imaging camera (E60, FLIR) was
employed to record the surface temperature change of different samples.
2.5. Preparation and purification of simulated wastewater

Dye contaminated wastewater was prepared using 40 mg/L MB and 40 mg/L MO.
The decoloration efficiency of organic dyes was measured by ultraviolet-visible-near

infrared (UV-vis-NIR) spectrometer (PerkinElmer lambda 750S). Heavy-metal



contaminated wastewater was prepared by dissolving ZnCl, (~148 mg), SrCl,-6H,0 (~93
mg), Cu(NOs),-3H,0 (~68 mg), and FeCl;-6H,0 (~125 mg) in 500 mL DI water followed
by sufficient ultrasonication. The ion concentrations of the wastewater and the
corresponding purified water were measured by PerkinElmer 8300 inductively coupled
plasma optical emission spectrometer (ICP-OES) and PerkinElmer NexION 300X
inductively coupled plasma mass spectrometer (ICP-MS).
2.6. Solar steam generation experiments

The solar steam generation tests were conducted via a lab-made online testing system
consisted of a solar simulator (Xenon arc lamp, PE300L-3A, Ceaulight) equipped with a
solar filter (AM 1.5, Ceaulight), an infrared camera (E60, FLIR), an electronic balance
(JA5003B, Shanghai Yue Ping Scientific Instruments Manufacturing Co., Ltd.), an optical
power meter (CEL-FZ-A, Ceaulight), and a wet and dry thermometer (ZG-8012, Chigo).
The room temperature was kept at ~20 °C, and the relative humidity was balanced about
50%. Polystyrene foam of ~4 cm thickness was used as a thermal insulator and support,
which was ditched with two slots about 0.5 cm width and 1 cm length, and the spatial
distance between the two slots was 2 cm. The two strips of the photothermal absorber were
threaded across the two slots and stretch into bulk water. Thus, the effective evaporation

area of the solar steam generation system was about 2 x 2 cm?.
3. Results and discussion

The schematic illustration of the whole preparation process is shown in Fig. 1la.
Besides the advantages of outstanding chemical resistance and low cost, the PP non-woven
exhibited excellent water transport property, which can draw water to the evaporation

surface in 240 s due to the capillary effect of the fibrous structure and hydrophilicity surface



(Fig. 1b and Fig. S1). The digital photograph and microstructure results indicated that the
pristine PP non-woven fabric is comprised of fibers with a diameter of ~20 um (Fig. S2).
The PP photothermal materials were prepared by sequential dip-coating in a CB solution
and in situ polymerization with PDA on the surface. The PP fabric could be easily
converted to a black non-woven fabric after dip-coating, and the CB coating could render
the fabric broadband solar absorption ability. The in situ polymerized PDA layer could
enhance to the stability of the coating and improve the surface hydrophilicity at the same
time. Besides, the developed process is easy to be scaled up to fabricate CB/PDA@PP
photothermal materials as large as 10 cm x 10 cm (Fig. 1¢), and all PDA/CB@PP samples
possess excellent flexibility, which could be distorted into various shapes without

disassociation of nanoparticles (Fig. S3).
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Fig. 1. (a) Schematic illustration of the preparation process of the PDA/CB@PP samples.
(b) The water (dyed with KMnQOy,) transport behavior of the PP non-woven fabric at
different time points. (c) Digital images of large-size PP non-woven, CB@PP, and
PDA/CB@PP samples.

The PP non-woven fabric was immersed into the CB solution followed by drying at
80 °C, and the process was repeated one to three times, and relative samples were named
as CB1@PP, CB2@PP, and CB3@PP, respectively. The CB in dioxane solution had a
super dark color and could remain a homogenous suspension after 48 h (Fig. S4),
suggesting high absorption capacity and stability. Fig. 2a;-c; show the photographs of the
CB1@PP, CB2@PP, and CB3@PP samples, respectively. It can be seen that the surface

of non-woven fabrics became black after the deposition of CB, and the color was

significantly darkened with the increase of dip-coating times. The SEM images revealed
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the surface morphology of the samples. There were few CB granules dispersed on the
surface of the CB1@PP sample (Fig. 2a,-a4), and the amount of CB significantly increased
on the surface of the CB2@PP sample (Fig. 2b,-bs). The CB3@PP sample (Fig. 2¢;-c4)
displayed large CB clusters aggregated on its surface. These results confirmed that the
concentration of CB on the surface of the PP non-woven fabric could be effectively

enhanced by increasing coating times.

Fig. 2. Digital photographs of (a;) CB1@PP, (b;) CB2@PP, and (c;) CB3@PP samples.
SEM images of (a,-a5) CB1@PP, (b,-bs) CB2@PP, (c,-c4) CB3@PP surfaces at different
magnifications.

Light absorption is a critical feature impacting solar steam generation. To quantify the
light absorption properties of the CB@PP samples, light transmittance, reflection, and
absorption spectrum characterizations were conducted using an UV-vis-NIR
spectrophotometer equipped with an integrating sphere. The CB1@PP, CB2@PP, and
CB3@PP all exhibited relatively low transmittances throughout the entirety solar spectrum

(Fig. 3a), and the incident light irradiated on the CB2@PP and CB3@PP samples exhibited

significantly lower reflection than the CB1@PP sample (Fig. 3b). The average absorption
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from 300 nm to 2500 nm wavelength in the solar spectrum for the CB1@PP, CB2@PP,
and CB3@PP samples were 76.8%, 91.2%, and 94.2%, respectively (Fig. 3c). The solar-
thermal properties of the CB@PP photothermal materials were systematically examined.
As shown in Fig. 3d, the surface temperature variations of CB1@PP, CB2@PP, and
CB3@PP samples in a dry state under one sun illumination were recorded using an infrared
thermal imaging camera. The light to heat performance can be quantified by the surface
equilibrium temperature (7,) of the samples. [4,43] It was observed that the surface
temperatures of CB1@PP, CB2@PP, and CB3@PP all exhibited a rapid increase upon
light irradiation, attributing to the good photothermal performance of the CB granules. A
stable 7. of 74.3 °C was achieved within 360 s for the CB3@PP sample, whereas the
corresponding 7, of CB1@PP and CB2@PP samples were 65.0 °C and 71.9 °C,
respectively (Fig. 3d). The corresponding IR-thermal images at the initial state and the
equilibrium state of different CB@PP samples were shown in Fig. 3e-g, indicating uniform
heating of the photothermal materials under solar illumination. However, the WCA
measurement results (Fig. 3h) indicated that all the CB@PP samples possess a WCA above
100°, which would make them hard to be fully wetted by the water, thus hindering the

transportation of water molecules during solar steam generation.
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Fig. 3. (a) Reflectance (b) transmission, and (c) absorption spectra of CB1@PP, CB2@PP,
and CB3@PP samples. (d) The temperature change of CB1@PP, CB2@PP, and CB3@PP
samples under one sun solar illumination. Infrared images of (e;, e;) CB1@PP (fi, f3)
CB2@PP, and (g;, g») CB3@PP surfaces at the initial sate and the equilibrium state.
Surface wettability of (h;) CB1@PP, (h,) CB2@PP, and (h;) CB3@PP samples.

To transform the wettability of CB@PP samples and study the synergistic effect of
CB and PDA, the PP non-woven fabric, CB1@PP, CB2@PP, and CB3@PP samples, were
coated with PDA via in situ dopamine polymerization process. The resulted samples were
denoted as PDA@PP, PDA/CB1@PP, PDA/CB2@PP, and PDA/CB3@PP, respectively.
Corresponding photographs were shown as Fig. 4a;-d;, and the change of surface
morphology was investigated via SEM and energy dispersive spectroscopy (EDS) mapping.
It was found that the PDA coating layer formed thin films covering the PP fiber. The EDS
mapping analysis of PDA@PP samples are displayed in Fig. S5a;-a;, and the table in
Figure S5a; shows the proportion of C and N elements, which were 70% and 30%,
respectively. The N element was ascribed to the PDA and it was distributed

homogeneously on the surface of the fiber, which proved even distribution of PDA on the

fiber. However, cracking of the PDA coating layer was observed on the PDA@PP (Fig.
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4ay-a4) and PDA/CB1@PP (Fig. 4b,-bs) samples, which may be caused by the internal
stress in the continuous PDA film during the drying process. The thickness of the PDA
layer depends on the self-polymerization time, and it was ~20 nm on the surface of
nanoparticles when in situ polymerization on fabric for 8 h. [36]. The cracking phenomena
were absent for the PDA/CB2@PP (Fig. 4c,-c4) and PDA/CB3@PP (Fig. 4d,-d4) samples,
which suggested that the internal stress of PDA coating was dissipated by the CB
nanoparticles. As shown in the table of Fig. S5b;-d,, the proportion of C and N changed as
the increase of CB. The amount of C was increased from 74% to 82%, and the N was
decreased from 26% to 18%, due to the increased CB deposition. In addition, the N element
was uniformly distributed along the fibers (Fig. S5b-d), indicating that the CB particles are
homogeneously covered with PDA layer. In addition, the PDA coating obviously enhanced
the bonding among the CB nanoparticles and tightly packed the coating materials on the

PP fibers, which should be favorable for improving the stability of the coating layer.

Fig. 4. Digital photographs of (a;) PDA@PP, (b;) PDA/CB1@PP, (¢;) PDA/CB2@PP, and
(d;) PDA/CB3@PP samples. SEM images of (a,-a;) PDA@PP, (b,-bs;) PDA/CB1@PP,

14



(co-c4) PDA/CB2@PP, and (d,-d;) PDA/CB3@PP samples at different magnifications.
Surface wettability of (as) PDA@PP, (bs) PDA/CB1@PP, (cs) PDA/CB2@PP, and (ds)
PDA/CB3@PP samples.

The WCA measurement results indicated that all samples had been effectively
transformed to superhydrophilic after PDA coating, as shown in Fig. 4as-ds. The water
transportation and absorption performance of the PDA-coated samples were investigated
in detail. It was found that the water could be efficiently drawn and spread across the entire
surface of PDA@PP, PDA/CB1@PP, PDA/CB2@PP, and PDA/CB3@PP samples in 40
s, 60 s, 95 s, and 110 s, respectively, as indicated by the change of surface temperature
recorded using an IR camera (Fig. 5a). The water absorption performance was evaluated
by recording the absorption process of a water droplet on the sample surface (Fig. 5b). The
trend of water absorption was the same as the water transportation tests, and the water
droplet could be rapidly absorbed by the photothermal materials within 63.5 ms. The faster
water absorption and transportation rate of PDA@PP than the PDA/CB@PP was because
of the hierarchical nanostructure presented on the surface of PDA/CB@PP sample, which
prevented the infiltration of water into the voids among fibers. The hydrophilic surface of
PDA/CB@PP is favorable for water transportation, and the relatively slow transportation

rate could facilitate the evaporation surface to maintain high temperature and evaporation

efficiency.
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Fig. S. (a) Water transportation behavior of the PDA@PP, PDA/CB1@PP, PDA/CB2@PP,
and PDA/CB3@PP samples indicated by the spreading of the wetted area over time
recorded by an infrared camera. (b) The absorption process of a water droplet placed on
the surfaces of PDA@PP, PDA/CB1@PP, PDA/CB2@PP, and PDA/CB3@PP recorded
using a high-speed video camera.

The light absorption properties of PDA-coated samples were characterized as well. It
was found that the transmittances of all samples were about zero in the entire solar
spectrum (Fig. 6a). The reflectance (Fig. 6b) and absorption (Fig. 6¢) spectra showed that
the introduction of a PDA coating layer could further enhance the average absorption of
PDA/CB1@PP, PDA/CB2@PP, and PDA/CB3@PP samples to 89.8%, 93.4%, and 95.2%,
respectively. However, the PDA@PP sample had a relatively low average absorption rate
of 62.5%, which suggested the synergetic effect of CB and PDA in improving the solar
absorbance. The solar irradiation experiments (Fig. 6d) showed that the equilibrium 7, of
PDA@ PP, PDA/CB1@PP, PDA/CB2@PP, and PDA/CB3@PP samples were 67.6 °C,
70.6 °C, 73.4 °C, and 75.5 °C, respectively, which is in agreement with the results obtained
in the light absorption experiments. The 7. of PDA coated samples were generally higher
than the corresponding CB@PP samples. According to the literature [44], the absorptivity
value of PDA/CB3@PP is 0.81, and theoretical analyses and calculation of the absorptivity

value is provided in the Supporting Information. In addition, the surfaces of the
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PDA/CB@PP samples were uniformly heated under solar illumination (Fig. 6e-h),

demonstrating outstanding photothermal property.
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Fig. 6. (a) Reflectance (b) transmission, and (c) absorption spectra of PDA@PP,
PDA/CB1@PP, PDA/CB2@PP, and PDA/CB3@PP samples. (d) The temperature change
of PDA@PP, PDA/CB1@PP, PDA/CB2@PP, and PDA/CB3@PP samples under one sun
solar illumination. Infrared images of (e;, e;) PDA@PP (f}, f,) PDA/CB1@PP, (g;, g»)
PDA/CB2@PP, and (h;, h,) PDA/CB3@PP surfaces at the initial sate and the equilibrium
state.

Solar steam generation experiments were carried out using a lab-made, real-time
measurement system (Fig. 7a), which is equipped with a solar simulator, computer, infrared
camera, and electronic balance. A polystyrene (PS) foam was placed between the
photothermal material and the water to prevent heat loss. Fig. 7b and ¢ show the infrared
photographs of the surface temperature change for the PDA coated PP fabric and CB@PP
fabrics when illuminated with one sun under wet condition and their corresponding
temperature profiles. The maximum temperature of the PDA@PP was 39.5 °C within 15
min, while the surface temperature of PDA/CB1@PP, PDA/CB2@PP, and PDA/CB3@PP

reached 40.6 °C, 41.3 °C, and 42.0 °C within 15 min under one sun illumination. The

evaporation efficiency of solar generators is indicated by the mass change of bulk water
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under the solar illumination of one sun. It was found that the mass change of all samples
had a linear function over time (Fig. 7d), and their corresponding water evaporation rates
were calculated from the slope of the linear curves. The evaporation rate for PDA@PP was
only 1.21 kg m2 h'!, while it was 1.29 kg m? h!, 1.36 kg m'! h'!, and 1.41 kg m h! for
the PDA/CB1@PP, PDA/CB2@PP, and PDA/CB3@PP samples, respectively (Fig. 7e),
indicating dramatic improvement when the CB was combined with PDA in the coating
layer. Theoretical analyses of heat loss [45] and the calculation of energy conversion
efficiency of the PDA/CB3@PP evaporator are provided in the Supporting Information.
The evaporation efficiency of PDA coated PP fabric and CB@PP fabrics were calculated
to 64.8%, 70.4%, 75.3%, and 78.8%, respectively, under one sun irradiation (detailed
calculation shown in Supporting Information) [46-48]. Therefore, the evaporation
efficiency of the optimum solar steam generator, PDA/CB3@PP, was 14 % higher than the
PDA@PP sample without CB. The excellent solar evaporation performance of the
PDA/CB3@PP was attributed to the light scattering and the synergistic effect between the
CB nanoparticles and the PDA coating layer [49]. As illustrated in Fig. 7f, the hierarchical
structures constructed on the fiber surface of PDA/CB3@PP are highly favorable for light
scattering, and the porous structure of the fabric could result in the light reflection inside
the material and facilitate light absorbance at the same time [50,51]. Besides, the synergetic
effect of PDA and CB could promote the light absorbance greatly [52], and the thermal
heat generated could be effectively transferred throughout the evaporation surface by the
hybridized CB nanoparticles due to their high intrinsic thermal conductivity [53], which
lead to the localized heating of the PDA/CB3@PP surface and a high maximum surface

temperature. Moreover, the PS foam located beneath the PDA/CB3@PP provided
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excellent thermal insulation property, which effectively reduced the heat loss of the solar

evaporation system.
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Fig. 7. (a) Schematic illustration of the solar steam generation device equipped with a solar
simulator, electrical balance, and an infrared thermal imaging camera. (b) Infrared images
of PDA@PP, PDA/CB1@PP, PDA/CB2@PP, and PDA/CB3@PP drawing water at
different time intervals under one sun irradiation. (c¢) The temperature change of PDA@PP,
PDA/CB1@PP, PDA/CB2@PP, and PDA/CB3@PP sample under one sun illumination
when drawing water. (d, e) Mass change and evaporation rate of PDA@PP, PDA/CB1@PP,
PDA/CB2@PP, and PDA/CB3@PP in pure water under one sun irradiation. (f) Schematic
of solar steam generation mechanism for the solar evaporator based on the PDA/CB3@PP.

Salt crystallization and accumulation on the surface of solar steam generators is a
critical issue that limits their long-term performance [54,55]. The desalination performance

of the developed PDA/CB3@PP evaporator was investigated using real seawater collected
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from the Yellow Sea of China. The experiment was conducted in a simulated natural
environment under one sun irradiation for 10 h illumination. As shown in Fig. 8a, the
corresponding evaporation rate remained about 1.4 kg m™2 h™! during the continuous
evaporation process, and no salt crystals were observed as indicated by the inset
photographs. To further investigate the salt resistance behavior of the PDA/CB3@PP
evaporator, solid NaCl granules were placed on top of it during the continuous evaporation
process of seawater (Figure 8b), the corresponding evaporation rate was shown in Figure
S7. It was found that the added salt granules could be gradually dissolved and eventually
disappeared on the surface of the PDA/CB3@PP in ~3.5 h. As the dissolving of salt
particles, the evaporation rate was gradually increased. These results demonstrated the
outstanding salt-rejection ability of the PDA/CB3@PP, which was mainly attributed to the
following two reasons. First, the salt concentration difference created by the evaporation
process triggered the diffusion and convection of salt ions and water molecules in the strips
connecting to the bulk water due to the 3.7 times water content of the PDA/CB3@PP
evaporator, which facilitated the transportation of salt ions to the bulk water (Fig. 8¢) [56].
Second, the loosely porous structure and interconnected water channels of the hydrophilic
PDA/CB3@PP make it able to rapidly pump and replenish the surface vaporized seawater
(Fig. 8d) [19]. Hence, the developed PDA/CB3@PP evaporator could not only prevent salt
crystallization, but also re-dissolve salt granules on its surface.

Water is transported from the bulk water to the photothermal layer in the solar steam
generation system and evaporated on it. As shown in Figure 8e, the specific weight of
developed evaporators in the dry and wet states was tested. It is evident that the evaporation

rate and efficiency of the conventional CB3/PDA@PP are higher than the other three
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conventional evaporators, and the water content of the conventional PDA/CB3@PP
evaporator was 3.7 g g'!. The excess water content on the conventional PDA/CB3@PP
evaporator would waste the solar heat and limit the contact area between the water and the
air, which would result in a limited evaporation rate [57,58]. To further enhance the
evaporation rate and efficiency of the CB3/PDA@PP absorber, a one-way fluidic
photothermal system was assembled (Fig. 8f and Fig. S8), which is composed of a water-
wicking single-layer microfiber non-woven fabric (MNF) inlet with a width of 2 cm, a
PDA/CB3@PP absorber, and a wicking double-layer MNF outlet with a width of 3 cm.
During the solar evaporation process, bulk water was wicked from a saline reservoir to the
PDA/CB3@PP absorber via the inlet, and the evaporated fluid is discharged through the
outlet (Fig. 8g and Fig. S9) [28,59,60]. Single-layer and double-layer MNF were employed
for water transportation to reduce the water content of the one-way PDA/CB3@PP
absorber (Fig. 8f). When the one-way fluidic photothermal system was used, the water
evaporation rate of the PDA/CB3@PP was 1.68 kg m h-! with a solar steam efficiency of
91.5% under one sun solar radiation (Fig. 8h), which is 12.7% higher than the conventional
PDA/CB3@PP evaporator. The one-way PDA/CB3@PP evaporator had the lowest real-
time water content (Fig. 8e), which leads to minimal heat exchange between the solar
absorber and the water [59]. Therefore, the evaporation rate of the fluidic photothermal
system is the highest. Moreover, the evaporation rate of one-way PDA/CB3@PP was
maintained around 1.68 kg m™? h™! (Fig. 8i) during 5 h under one sun solar radiation,
indicating high evaporation stability of the fluidic photothermal system. A continuous fresh
water generation setup was assembled to collect pure ware using the PDA/CB@PP

photothermal evaporator (Fig. S10). Over 3.15 g of water was collected within 5 h
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illumination using one-way fluidic PDA/CB@PP photothermal evaporator (about 7.8 cm-

2 in projected area).
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Fig. 8. (a) Evaporation rate of the conventional PDA/CB3@PP when drawing seawater for
10 h under one sun illumination; Inset photographs show the surface of conventional
PDA/CB3@PP before and after 10 h continuous operation drawing seawater. (b) Digital
pictures of a salt rejection progression of the PDA/CB3@PP under solar illumination of
one sun. (c) Schematics of the transport path of water and salt ions on the evaporation
surface of PDA/CB3@PP. (d) Illustration of the salt dissolution process of PDA/CB3@PP
evaporator during solar desalination. (¢) The specific weight of the developed evaporator
in wet and dry states. (f) Digital photographs and water transportation mechanism of the
one-way PDA/CB3@PP fluidic photothermal system. (g) Schematic of the experimental
setup for quantitative solar evaporation evaluation. The numbers represent (1) solar
absorber, (2) PS foam, (3) inlet, (4) outlet, (5) reflective cover, (6) discharge, and (7)
seawater reservoir. (h) Mass change of one-way PDA/CB3@PP evaporator under one sun

irradiation. (i) Evaporation rate of the one-way fluidic PDA/CB3@PP evaporator for 5 h
under one sun illumination.
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To analyze the desalination performance of the PDA/CB3@PP based evaporator, the
steam generated was gathered using a transparent polypropylene film (Fig. S11), and the
concentration of ions was evaluated using an ICP-OES. The concentrations of four primary
ions (Ca?", K*, Mg?', and Na") in the seawater before and after desalination were shown in
Fig. 9a, from which it is clear that the concentration of all ions was decreased by two to
three orders of magnitude, and was significantly lower than the safe salinity levels defined
by standards set by the World Health Organization (WHO) and the US Environmental
Protection Agency (EPA). In addition, the electrical resistance measurement results
indicated that the resistance of seawater was enhanced from 17.7 kQ to 0.41 MQ when
purified via the PDA/CB3@PP based evaporator (Fig. S12). The resistance of the purified
water was even higher than that of domestic water (0.31 MQ), suggesting successful
desalination of seawater into high-quality freshwater.

The purification performance of the PDA/CB3@PP based evaporator to various
wastewaters was further investigated to demonstrate their practical applicability. The
purification performance to heavy-metal contaminated wastewater containing Cu®*, Fe3*
Sr?*, and Zn?>" was evaluated by measuring the ion concentration using an ICP-MS. As
shown in Fig. 9b, the ion concentrations of the condensate water were significantly
decreased with ion rejection rate beyond 99.9%. The electrical resistances of the
wastewater and purified water were 2.39 kQ and 0.35 MQ respectively (Fig. S12),
suggesting high purification efficiency. The UV-vis spectrum of heavy-metal contaminated
wastewater was measured before and after purification, which showed that the absorption

peak was disappeared completely after purification (Fig. 9c¢).
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Moreover, the PDA/CB3@PP based evaporator was also used to purify wastewaters
containing methylene blue (MB) and methyl orange (MO), respectively. As shown in Fig.
9d, the MB contaminated water changed from blue to transparent, and all absorption peaks
in the UV-vis spectrum were disappeared after purification, indicating that the MB has
been effectively eliminated from the water. Similarly, the PDA/CB3@PP based evaporator
also exhibit excellent performance in purifying MO contaminated water as indicated by the
UV-vis spectrum (Fig. 9¢). Therefore, the PDA/CB3@PP holds prominent potential for
heavy metal ions removal and wastewater purification processes.

In addition, the cost-effectiveness (&) should be concerned for practical clean water
production. The cost of the developed one-way fluidic photothermal PDA/CB3@PP
evaporator was estimated to be ~33.37 $ m= (Table S1), which is much lower than the
evaporators based on graphene and MXene [61-63]. The cost-effectiveness can be
calculated by equation (1) [64]

e=r/c (D)

Where r refers to evaporation rate (kg m2 h'!) and c is the materials cost ($ m™2). It was
found that the PDA/CB3@PP had high cost-effectiveness of 50.3 g h™! $°!, which
outperformed majority of recently reported solar evaporators (Fig. 9f) [65-70]. Therefore,
the PDA/CB3@PP evaporator developed in this study is highly cost-effective and
possesses excellent evaporation efficiency, self-desalting capacity, and wastewater
purification properties, making it an ideal candidate material for practical desalination or

freshwater production.
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Fig. 9. (a) Salinity values of the metal ions before and after purification. (b) Concentrations
of the heavy metal ions in the wastewater before and after purification. UV-vis absorption
spectra of (c) wastewater, (d) MB, and (e¢) MO solutions before evaporation and
corresponding purified waters after evaporation; Insert photographs show the color change

after purification. (f) Comparison of cost-effectiveness between this work and relevant
literature.

4. Conclusions

In this study, an efficient solar steam evaporator was prepared by depositing CB and
PDA on PP non-woven fabric. The coating of CB nanoparticles resulted in a high
equilibrium surface temperature of 74.3 °C under one sun illumination. The introduction
of PDA coating further enhanced the surface temperature to 75.5 °C and rendered the fabric
with superhydrophilicity. The optimum one-way fluidic PDA/CB@PP photothermal
evaporator achieved a high evaporation rate of 1.68 kg m h'! under one sun and a
corresponding evaporation efficiency of approximately 91.5%, attributing to the
hierarchical structures constructed by the CB nanoparticles and PDA coating, and the
synergetic effects of the CB and PDA. The PDA/CB3@PP evaporator possesses excellent
salt resistance over 10 h of continuous operation in seawater desalination and the ion

concentration of the purified seawater was reduced by 2 to 3 order of magnitudes. The
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porous structure and hydrophilic nature of the PDA/CB3@PP facilitated rapid water
pumping, which replenishes the water on the evaporating surface and prevents salt
accumulation. Moreover, the PDA/CB3@PP evaporator demonstrated superior
performance in the purification of wastewater contaminated by heavy-metal and chemical
dyes. Finally, the finding of this study may provide new inspiration for the design and
development of highly stable, high efficiency, low-cost, and scalable solar steam
generators for seawater desalination and wastewater purification.
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Highlights

. PDA/CB composite non-woven PP fabric was prepared for solar energy
harvesting.

. Hierarchical structure and synergetic effects of CB/PDA contributed to high light
absorbance.

The evaporation rate of 1.68 kg m h'! with a solar steam efficiency of 91.5% was
achieved.

The solar evaporator demonstrated superior salt resistance and ability to purify

seawater and various wastewaters with high efficiency.
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