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HIGHLIGHTS

e Preparation of a novel freestanding perylene diimide-derived supramolecules (PDI) modified three-dimensional (3D) gradient hydrophobic GrS (PDI/GGrS).
o PDI allowed us to achieve perfect absorption of broad-band sunlight and GGrS facilitated water transport through channels of sponge structure.

o A high rate of sunlight absorption and photothermal conversion, due to the gradient structure of GGSM and PDI.

o This study can provide new possibilities for harvesting solar energy by producing clean water from seawater, wastewater, and even acidic/alkali solutions
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Generating steam using solar energy appears to be an effective approach to obtaining clean water, especially
from salty water and wastewater, since the sun is a natural and constant source. Compared to many methods,
studies in solar steam generation have accelerated due to being highly efficient, sustainable, and low-cost.
Graphene sponges (GrSs), possessing structural flexibility and effective photothermal activity, are widely used
for this purpose. However, the hydrophobic character of these materials limits their effectiveness in solar steam
generators. At this point, we prepared perylene diimide-derived supramolecules (PDI) modified three-
dimensional (3D) gradient hydrophobic GrS (PDI/GGrS) as the highly efficient solar thermal converter for the
generation of clean water. PDI allowed us to achieve perfect absorption of broad-band sunlight and GGrS
facilitated water transport through channels of sponge structure. As a result, PDI/GGrS has achieved a high water
evaporation rate of 3.5 kg h™! m~2 with a superior solar thermal conversion efficiency of up to 90 %. This study
can provide new possibilities for harvesting solar energy by producing clean water from seawater, wastewater,
and even acidic/alkali solutions.

1. Introduction materials that have high solar thermal conversion, evaporation rates,

and broadband light absorption for steam generation. An ideal solar

Due to the increasing population worldwide, scarcity of clean water
has become one of the most urgent problems in human life [1-6]. To find
a solution to this problem, great efforts have been made in the utilization
of solar irradiation as a renewable and sustainable energy source [7-10].
Solar steam generators, a potential technology to absorb solar energy
and generate heat at the water-air interface, have attracted great
attention in desalinating seawater and purifying heavy metals and dyes
from water [11-14]. Therefore, there is a significant need to develop
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steam generation system should not only have outstanding light ab-
sorption but also excellent photothermal conversion, and a high rate of
clean water production as well as stability in extreme conditions (in
strong acid and alkali solutions) [15-18]. Meanwhile, Janus structured
materials possessing two different parts, such as hydrophobic-
hydrophilic properties have been investigated for steam generation
[19].

As a part of the research on the conversion of sunlight into thermal
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energy, various studies have been conducted over the last few decades.
Examples of these materials include vertically aligned graphene sheet
membranes [18], double-sided reduced graphene oxide films [20],
polydopamine and silver nanoparticles deposited wood [21], poly-
(ethylene glycol) diacrylate and polyaniline hydrogel [22], MoS,-cotton
cloth [23], and Au — CuS gyroid-structured materials [24]. Janus
structures prepared by applying Aluminum phosphorus [25] and Ag-
polydopamine [21] composite on natural wood achieved evaporation
rates of 1.48 and 1.53 kg/m?h and 90 % and 88 % solar conversion ef-
ficiency, respectively. Similarly, Yin et al. reported that the photo-
thermal material prepared by modifying cellulose foam with
polyethyleneglycol-polyaniline composite has an evaporation rate of
1.40 kg/m?h and a thermal efficiency of 91 % [22]. Chen et al. prepared
photothermal material with polypyrrole on melamine foam which ach-
ieved an evaporation rate of 2 kg/m>h and a solar conversion efficiency
of 91 % [26]. The disadvantage of Janus materials is that the preparation
procedure for most of them is costly and time-consuming. Unlike Janus
structure materials, the utility of single materials, that both adsorb
sunlight and can transport high amounts of water, has been investigated
in the solar steam generator system. For example, only a three-
dimensional fiber aerogel was prepared by Tang et al., it achieved an
evaporation rate of 1.43 kg/m?h, and a thermal efficiency of 85 % when
this material was used directly in the solar steam generator system [27].
Similarly, Yang et al. studied solar steam generation with 3D graphene
[28], whereas Qu et al. with vertically aligned graphene sheets mem-
brane [18]. These studies have shown that single materials possess
relatively low efficiency of solar thermal conversion. Hereof, efforts to
develop new materials with high steam generation efficiency that can be
prepared practically continue unabated.

Graphene, a one-atom-thick and two-dimensional packed honey-
comb lattice, has distinguished itself among its peers owing to not only
its high photothermal efficiency and light absorption but also its
excellent electrical and thermal conductivity, and superior mechanical
strength [29]. Graphene oxide (GO), which is chemically exfoliated from
graphite, is frequently used for the fabrication of free-standing and well-
ordered hydrogel-based 3D materials [30,31]. However, one limiting
factor of graphene-hydrogel-based solar evaporators is the hydrophobic
character of this material. Graphene hydrogel (sponge) can convert
sunlight into heat energy at a high rate as a photothermal material in the
solar steam generator system [8,19]. Nevertheless, since it is quite hy-
drophobic, it cannot transport water adequately, resulting in low ther-
mal efficiency [10,32]. In our previous study [33], a graphene sponge
with a gradient structure was prepared, in which the hydrophobic
properties gradually decreased from one end to the other. This gradient
graphene material achieved higher thermal conversion and evaporation
performance, compared to pure graphene sponge [33].

Supramolecules are a collection of chemicals consisting of different
molecules that have been in the field of chemistry for many years,
although supramolecules stand out with their structural and functional
properties [34]. Compared to traditional organic substances, supra-
molecules provide light absorption at a wide wavelength due to their
flexible and numerous = conjugated systems.

The photophysical or photochemical process of a supramolecule is
initiated by the absorption of light, leading to an electronically excited
state. The excited state is unstable due to excess energy and prefers one
of the molecular processes either radiative emission (fluorescence or
phosphorescence relaxation), vibrational relaxation (heat), or inter-
system transfer. Among these processes, any non-radiative process leads
to the conversion of light energy into heat energy [34]. Since all these
processes are competitive, photothermal conversion efficiency increases
especially if fluorescence, intersystem transfer, and photochemical re-
actions are inhibited [35]. To increase the photothermal efficiency of
supramolecules, their fluorescence efficiency can be reduced by
adsorbing them on a solid support material. Thus, the supramolecules,
which exhibit high fluorescence activity in a solution and a free state,
this property decreases by 80 % when adsorbed to the surfaces of solid
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materials such as graphene oxide (GO) [36] and boron nitride (via n-n
interactions or electrostatic interactions) [37]. Since there is no electron
transfer after adsorption in this way, the absorbed energy is mostly re-
flected as photothermal energy. Perylene diimide derivatives (PDIs) are
the leading supramolecules whose photothermal properties are investi-
gated. PDIs form numerous absorption bands in both the near-IR and
UV-visible regions [37,38]. Photothermal transformations of these
molecules are examined in various fields such as catalysis, micromotors
and actuators, especially in biomedical applications. For instance, Zhang
et al. reported that a PDI-derived supramolecule absorbs light energy at
a high rate even in the near-IR region in the radical state, and converts it
into thermal energy [39].

In our previous study, we developed a gradient-structured 3D gra-
phene sponge, which has a 3D network of graphene sheets with a highly
porous structure, lightweight, and gradually hydrophobic character
[33]. Because of the excellent absorption of water with the gradient
hydrophilic-hydrophobic property of this material, we believe that such
a gradient-graphene sponge (GGrS) would be an ideal surface for the
modification of PDI molecules. Herein, we report GGrS modified with
PDI, which can absorb high amounts of sunlight in both UV-vis and IR
regions for steam generation. This gradient material was obtained by
immersing a part of 3D GrS in the PDI solution. PDI/GGrS is used as
photothermal material in solar steam generators. The wide wavelength
sunlight absorption and high photothermal conversion of graphene and
PDI, this material exhibited steam generation about 3 times performance
compared to GGrS.

2. Experimental section
2.1. Preparation of GGrS

GO dispersion was prepared from graphite powder using a modified
Hummers method, as reported previously [40]. First, the graphene
sponge (GrS) was fabricated using the freezing-air drying technique.
Briefly, 20 mL of GO aqueous dispersion containing ascorbic acid (AA,
400 mg) as a reductant was vigorously stirred after the addition of so-
dium dodecyl sulfate (SDS) (50 % by weight) for foaming. The resulting
foamy dispersion was treated at 75 °C for 1 h and the graphene hydrogel
sponge (GHS) was obtained. GHS was frozen at —18 °C for about 5 h and
then cooled naturally to room temperature. Subsequently, the as-
prepared GHS was dried at 90 °C, then washed several times with
ethanol and deionized water to remove excess AA. Finally, free-standing
GrS was fabricated by annealing GHS at 350 °C. Fig. S1 shows XRD
patterns of GHS and GrS. The XRD data of GHS exhibits both the peaks
corresponding to (001) plain of GO at 10.9° and (002) diffraction of rGO
at 22.4°. On the other hand, in the XRD pattern of GrS, the diffraction
peak of GO completely disappeared and the (002) crystal peak of rGO,
which is dominant in the chemical structure, was observed. These results
indicate that the reduction with AA is not sufficient, and annealing at
350 °C is necessary to obtain a more water-resistant material.

Then GGrS was prepared with a simple acid impregnation, as in our
previous study [33]. To convert GrS to GGrS, GrS with about a height of
12 mm and a diameter of 10 mm was prepared and only 0-4 mm of it
was immersed in the 10 mL acid solution containing H,SO4/HNO3 = 1
for 5 min. GGrS was obtained after washing with pure water and drying
in the air. GGrS, which has a thickness of about 12 mm, was divided into
3 different parts depending on the different oxidations of the graphene
structures, as illustrated in Fig. 1.a. The part between 0 and 4 mm (P1)
directly treated with acid is the most oxidized, the part between 4 and 8
mm is partially oxidized (P2), and finally the part between 8 and 12 mm
possesses a hydrophobic structure (P3) [33].

2.2. Synthesis of PDI

PDIdS, Perylene diimide derivatives, were synthesized and this
molecule was analyzed with NMR and Maldi-TOF. The experimental
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Fig. 1. (a) Preparation procedure of PDI/GGrS. (b) UV-visible absorption and fluorescence spectrum of PDI. Inset: TEM image of PDI. UV-visible absorption (c) and
fluorescence spectra (d) of the solution obtained by adding different volumes of rGO dispersion to PDI. (e) FTIR spectra of PDI, PDI /GGrS, and GGrS.
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steps, NMR (Fig. S2), Maldi-Tof mass (Fig. S3) spectra, and chemical
structure of the resulting product (Fig. S4) were presented in detail in
Supporting Information. Briefly, Perylene diimide tetracarboxylic dia-
nhydride (PTCDA) (2.1 g, 5.35 mmol), 1,8-Diazabicyclo[5.4.0]undec-7-
ene (DBU) (3.1 g, 20 mmol) and tri ethylene glycol mono methyl ether
(6.7 g, 40 mmol) were dissolved in 10 mL DMF. After adding teg-tosyl
(13 g, 40 mmol) dissolved in 10 mL DMF to the mixture, the reaction
was carried out at 60 °C.

After the reaction, red solid perylene tetra carboxylic tetraester
(PTTE) was obtained. PTTE (4.6 g, 4.6 mmol) and p-toluene sulfonic
acid monohydrate (900 mg, 4.6 mmol) were mixed in 10 mL of toluene
at 95 °C for 5 h. Then the temperature was reduced to 75 °C and 15 mL of
THF was added to the solution. After stirring at 75 °C for 1 h, 200 mL of
methanol was added to the mixture which was cooled to room tem-
perature. A red PTTE-anhydride product was obtained after the filtration
process. PTTE-anhydride (500 mg, 0.71 mmol), p-phenylene diamine
(38 mg, 0.35 mmol) and 40 mg Zn(OAc).H,0 in 10 mL DMF were mixed
at 120 °C for 2 days to obtain dark red solid perylene monoanhydride
diester (PMADE).

2.3. Preparation of PDI/GGrS

For the modification of PDI to GGrS, a 0.5 mg/mL solution of PDI in
dichloromethane (DCM) was prepared, and the GrS was immersed from
P3 side in this solution (2 mm in height in the container). Thus, the 5 mg
PDI was adsorbed to GGrS. Parameters such as the concentration of PDI
and the immobilization time of GGrS were optimized. Cylindrical
sponges with a height of 12 mm and a diameter of 10 mm were used in
the optimization studies for obtaining GGrS from GrS and for PDI
immobilization on GGrS. Disk-like sponges with a height of 12 mm and a
diameter of 50 mm were employed in solar steam generator applica-
tions. The experimental procedure for preparing PDI/GGrS and the
video of the drying of PDIdS after adsorption to GGrS are presented in
Fig. 1.a and Video S1, respectively.

2.4. Characterization

Fourier transform infrared (FTIR) spectroscopy was performed for
the structural analysis of the samples using a PerkinElmer spectrometer.
The morphology and structure of PDI/GGrS were investigated by field
emission scanning electron microscopy (FESEM, ZEISS SIGMA 300)
equipped with an energy-dispersive X-ray spectroscopy (EDX). Optical
characterizations of PDI was analyzed by using a UV-vis-NIR spectro-
photometer (Shimadzu 3101PC). The microstructure of PDI was inves-
tigated by transmission electron microscope (TEM, Hitachi HT7700).
The crystal structure of the samples was analyzed by X-ray powder
diffraction (XRD) using a Rigaku Mini Flex X-ray diffractometer with Cu
Ko radiation (A = 1.5406 Z\). Agilent Cary Eclipse Brand Fluorescence
was used to examine the fluorescence properties of PDI. Raman spectra
of the samples were attained from a Raman microscope (WITech alpha
300R) at an excitation laser wavelength of 532 nm. The atomic ratios of
elements in PDI/GGrS were characterized using the X-ray photoelectron
spectroscopy (XPS, Spect-Flex spectrometer), equipped with a mono-
chromatic Al Ka X-ray source.

2.5. Steam generation experiments

Solar steam generation experiments were acquired in a system
shown in Fig. 4.a. The floated PDI/GGrS on the water surface was used
as a direct photothermal material. Both surface temperatures and the
weight loss over the entire process were recorded using an IR camera
and electronic mass balance, respectively. The samples were irradiated
by a solar simulator from 1 (1 kW m’z) to 10 sunlight (10 kW m’z). 10
sunlight was used in the desalination and purification studies with PDI/
GGrS. All experiments were carried out at room temperature. The sur-
face temperature of GGrS and PDI/GGrS were determined during
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desalination experiments. PDI/GGrS employed in solar steam genera-
tion costs about €0.3.

2.6. Antibacterial test

E. coli cells were grown in Luria Broth (LB) medium for 12 h at 37 °C.
Before the antibacterial test, E. coli cells were harvested at the expo-
nential growth phase by centrifugation at 6000 rpm for 3 min. PDI/GGrS
was first soaked in 75 % alcohol for 30 min and then washed with
phosphate buffer solution. After adding 5 mL of E. coli suspension (10°
CFU/mL) onto PDI/GGrS in a sterilized Petri dish, the whole sample was
placed in an incubator shaker. The colony counting assay method was
applied at regular intervals for 24 h to determine the amount of E. coli
bacteria changes.

3. Result and discussion
3.1. Photochemical and Morphological Properties of PDI

The absorption properties of the synthesized PDI were characterized
using UV-visible absorption spectroscopy. PDI contain high-intensity
absorption bands at the visible and UV regions between 680 and 220
nm, as shown in Fig. 1.b. The peaks between 520 and 370 nm correspond
to the quantum vibration properties of v =0 — v’ =0, 1, 2, 3 excitation
states. Here, v and v’ are the quantum vibration numbers of the ground
and excited states, respectively. In this context, the peaks that occurred
at 510 and 479 nm correspond to 0 — 0 and 0 — 1, and the shoulder peak
at 445 nm corresponds to 0 — 2 quantum vibrational peaks [41]. Such
different quantum vibrational states arise from n-n* electronic transi-
tions with different electronic properties found in the PDI-derived
supramolecule [42]. The emission peaks at 568, 567, and 621 nm in
the fluorescence spectrum of PDI are mirror images of the quantum vi-
bration peaks occurring in the UV-visible absorption spectrum (Fig. 1.b)
[42]. The peaks at 510, 479 and 44 nm in the UV-visible absorption
spectrum were red-shifted to 18, 88, and 177 nm in the fluorescence
spectrum, respectively, due to the Stokes shift. As expected, the fluo-
rescence of supramolecules is quite high and is compatible with their
absorption properties. Increasing volumes of rGO dispersion were added
to the PDI solution and UV-visible and fluorescence spectra of the pre-
pared mixtures were recorded in Fig. 1.c and d, respectively. Due to the
adsorption of PDI to the surface of graphene layers through n-m in-
teractions, there was a decrease in the absorption and fluorescence in-
tensity of 25 % and 92 %, respectively. The lower decrease in absorption
is attributed to the fact that PDI can relax with thermal transformation,
instead of fluorescence [39]. The morphological structure of PDI was
investigated using TEM. The TEM image in the inset of Fig. 1.b showed
that PDI has a regular and uniform rectangular prism-like crystal
structure with a size of 180 nm.

3.2. Optimum parameters for preparation of PDI/GGrS

The structural properties of GGrS were investigated and presented in
detail in our previous study [33]. FTIR spectroscopy was used to test
whether PDI was immobilized onto the GGrS surface. The broad peak in
the spectrum of GGrS in the 3000-3600 cm ™! range in Fig. 1.e corre-
sponds to the O—H vibration. The peaks in the spectrum belong to the
C—H vibration of the aromatic structure CO (at 2967 cm™'), COOH (at
1733 cm’l), and C—O—C (at 1624 cm™!) vibrations of functional groups
[43]. In the FTIR spectrum of PDI, peaks corresponding to aromatic
C—H at 3124 cm™}, aliphatic C—H at 2927 and 2874 cm ™}, and C=0
stretching occurred at 1703 cm ™! and 1660 cm™!. Additionally, peaks
corresponding to conjugated C=C, C—N, and CH»-O stretching are
observed at 1593, 1363, and 1173 cm™!, respectively, and peaks for
C—H bending are formed at 810 and 743 em ! [44]. The presence of
peaks of both PDI and GGrS in the FTIR spectrum of PDI/GGrS confirms
that GGrS has been successfully modified with PDI. PDI was adsorbed to
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the GGrS surface by n-n interactions due to the © conjugated systems in
the structure of GGrS and supramolecules [36]. In addition, the peaks at
2855 and 2920 cm ™! in the FTIR spectrum of both GGrS and PDI/GGrS
correspond to the symmetric and asymmetric vibrations of the C—H
bond in the structure of rGO [45]. FTIR was used to optimize the solu-
tion concentration and immobilization time for the gradient modifica-
tion of the GGrS with PDI (Fig. S5.a-d). When the concentration of PDI
solution was lower than 0.5 mg/mL, vibration peaks of PDI were not
observed for P3 in the FTIR spectrum of PDI/GGrS (Fig. S5.a). Addi-
tionally, when the immobilization time was less than 2 min, vibration
peaks of PDI occurred only in P3, while no peak was detected in P2
(Fig. S5.b). After 2 min of immobilization (Fig. S5.d), intensive peaks
were formed in P3 and partially in P2, indicating that PDI was gradually
immobilized to GGrS (Fig. S5). The studies demonstrated that the opti-
mum concentration and time were 0.5 mg/mL and 2 min, respectively.

3.3. Morphological and structural characterization of PDI/GGrS

In Fig. 2.a-c, the morphological structure of PDI/GGrS prepared
under optimum conditions was examined using the FESEM. The pres-
ence of PDI with a rectangular prism-like crystal structure especially on
the P3 part within the porous GGrS structure was observed in Fig. 2.a.
PDIs, which are quite dense in the P3 part of PDI/GGrS, are partially
observed in the P2 (Fig. 2.b) and are not seen at all in the P1 (Fig. 2.c),
confirming the gradient structure of PDI/GGrS. In Fig. 2.d, the EDX
spectrum of the P3 part of PDI/GGrS showed the presence of C, O, and N
atoms in the structure in which C and O atoms originate from both the
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Fig. 2. FESEM images at low and high (in the inset of Figures) magnifications
for (a) P3, (b) P2, and (c) P1 part of PDI/GGrS. (d) EDX spectrum of the P3 of
PDI/GGtS. Inset: % atomic ratios of P3, P2, and P1 of PDI/GGrS. XRD (e) and
Raman (f) spectra and water angle measurements (g) of P1, P2, and P3 of
PDI/GGrS.
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GrS structure and the supramolecule, the N atom is from PDI. The atomic
ratio of three different parts of PDI/GGrS displayed that compared to P3,
the presence of N decreased in P2 and became zero in P1 (inset of Fig. 2.
d.

The XRD spectrum of PDI/GGrS in Fig. 2.e exhibited the character-
istic graphene (002) and (100) diffraction peaks at 24.6° and 42.5°,
respectively. The diffraction peaks at about 10.2° in P1 and P2 origi-
nated from the gradient hydrophilic structure of GGrS. These peaks
correspond to the (002) diffraction of GO formed during oxidation with
acid treatment in GGrS preparation [33]. On the other hand, the
diffraction peaks of graphene shifted to lower 20 values due to the
oxidation effect which shows that adsorption of PDI preferentially oc-
curs between rGO layers [46].

Fig. 2.f displays the Raman analysis of different parts of PDI/GGrS.
Raman spectrum shows two typical peaks, centered at about 1360 and
1597 cm ™}, corresponding to the D-band (representing the defects due
to the reduction of graphene sheets) and the G-band (corresponding to
the vibrations of sp? C = C atoms in a 2-D hexagonal lattice), respec-
tively. For P3 and P2, in addition to these bands, various peaks were
formed due to the structure of PDIsS, corresponding to the C—C
stretching for the plane of Ay mode (at 1292 em ™) and the C-C-H
bending of B 3; symmetry (at 1450 cm ) [47-49]. The absence of these
additional peaks for P1 reveals that PDI has been gradually adsorbed to
the GGrS. Ip/Ig ratios of P3, P2, and P1 of PDI/GGrS were determined as
1.07, 1.1, and 1.24, respectively. Thus, it was revealed that the gradient
oxidative structure resulting from GGrS was preserved after PDI
modification.

The water contact angle measurements of three parts (P3, P2, P1) of
PDI/GGrS were presented in Fig. 2.g. A water contact angle of 124° was
measured in the P3, indicating hydrophobic character of this part. It is
also seen in Fig. 2.g contact angle decreases gradually for P2 and P1,
confirming that gradient oxidation has been successfully performed on
GrS. From these results, it was predicted that PDI/GGrS as a photo-
thermal material in SSG application would be very effective in trans-
porting water to the upper parts, especially with its gradient structure.

Fig. 3.a shows the XPS spectra of three parts of PDI/GGrS. While only
C and O atoms originating from the GGrS structure was observed for P1,
an N peak occurred due to PDI in addition to C and O atoms for P2 and
P3. This is confirmed by the atomic ratios of three different parts of PDI/
GGrS in Table S1. As the hydrophilic character in the structure increased
(from P3 to P1), the atomic ratio of O increased, C decreased, and to-
wards the hydrophobic part (from P1 to P3), the atomic ratio of N
increased (Table S1).

Deconvoluted C 1s spectrumof P3 displayed the peaks corresponding
to C-C/C=C (at 283.5 eV), C-OH (at 285.5 eV), and C—N (at 286.7 €V)
bindings (Fig. 3.b). O 1s region has also exhibited C—O (at 531.3 eV), C-
OH (at 533.1 eV), and C-O-C (at 535.4 eV) binding peaks (Fig. 3.c). For N
1s, peaks corresponding to N—C, N—C and N-C=O binding were
observed at 397.5, 401.8, and 406.1 eV, respectively, attributed to that
PDI is densely doped into the GGrS structure (Fig. 3.d) [50].

3.4. The water absorption of PDIdS/GGrS

One of the main parameters affecting the high performance of solar
steam generators is the fast and effective absorption of water through
the material. To test these parameters, PDI/GGrS (2 cm in height and
0.6 cm in diameter) were immersed in aqueous 4.0 mM Rhodamine B
(Rh B) solution from the P1. The Rh B solution monitored by the camera
reached the end point of PDI/GGrS in 45 s (Video S2). The slower water
transport of PDI/GGrS than GGrS (10 s) [33] is attributed to the hy-
drophobic character of the supramolecules adsorbed to the structure.
The weight (nw,%) and volume (ny,%) swelling ratio of PDI/GGrS
measured at different temperatures were determined by Eq. S1 and Eq.
S2, respectively, and the obtained results were presented in Table S2
[22]. As a result of the experiments, the water absorption rate of PDI/
GGdS was calculated as 46.12 kg m~> s~!. The fact that the water
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transport and water absorption ratio of PDI/GGrS is lower than that of
GGrS (61.72 kg m~3 s71) is attributed to the hydrophobic character of
PDI in the material structure. The water absorption capacity of PDI/
GGrS is higher than the steam production rate under 1 sunlight. Rapid
water absorption is of great importance for the continuity of the process,
as it prevents drying during steam production.

PDI/GGrS, which has a high water absorption property, can float on
the water surface for a long time and even remain floating without any
structural deformation at the end of the 7th day (Fig. S6).

3.5. Thermal conductivity of PDI/GGrS

The thermal conductivity of PDI/GGrS was determined with Eq. S3,
as explained in detail in the Supporting Information. Since thermal
insulation plays an important role in trapping heat on the evaporation
surface during photothermal conversion, the thermal conductivity of
both wet and dry PDI/GGrS was investigated in Fig. 3.e and f, and the
results were presented in Table S3. [9,51]. PDI/GGrS exhibited a ther-
mal conductivity much lower than that of water (0.61 W m! K’l),
which can be attributed to that this photothermal material acts as an
effective thermal barrier to retain heat on the evaporating surface for
solar steam generation.

3.6. Photothermal performance of PDI/GGrS

PDI/GGrS was investigated as photothermal material in solar steam
generator applications at the experimental setup shown in Fig. 4.a. The
digital photograph of PDI/GGrS and its image under UV light in the inset
of Fig. 4.a demonstrated the gradient adsorption and surface modifica-
tion of PDI, respectively. The evaporation rate of PDI/GGrS after 1 h is
calculated as 3.50 kg/m? h, which is much higher than GGrS (1.79 kg/
m? h) (Fig. 4.b) [33]. Such about 2-fold increase in evaporation rate is
due to the high light absorption of supramolecules and their ability to
convert the absorbed energy into thermal energy. In addition, the high
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photothermal efficiency of PDI can be attributed to the easy delocal-
ization of electrons due to the regular conjugated system in its structure
[38,52].

Fig. 4.c displays the surface temperature of water in the presence and
absence of PDI/GGrS during 100 s irradiation time. The surface tem-
perature of water increased from 20 °C to 23 °C, on the other hand, that
of PDI/GGrS exceeded 70 °C. In Fig. 4.c, the photograph of the PDI/
GGrS at the 40th second under sunlight and the vapor intensity can be
seen generated by the material (Video S3). In Fig. 4.d, the time to reach
the maximum temperature (72 °C) is only 50 s for PDI/GGrS, which
indicates the high photothermal efficiency of PDI. Thermal camera im-
ages of PDI/GGrS and the surface temperature change depending on the
time are shown in Video S4.

Eq. S5 is used to determine the evaporation enthalpy for PDI/GGrS
and the solar vapor conversion efficiency was calculated (by Eq. S4) as
96 %. The evaporation efficiency of the material is higher than GGrS (57
%) [33], which can be attributed to the ability of the supramolecule to
absorb sunlight and convert it into thermal energy efficiently. It can also
be concluded that PDI increases steam efficiency by acting as a barrier
preventing heat loss at the surface.

3.7. Heat losses for the designed solar steam generation system

In the solar steam generation system, heat is lost in four different
ways. These are evaporation, radiation, convection, and conduction
[32]. The equations to calculate the heat loss are in the Supporting In-
formation, and the results for PDI/GGrS are presented in Table S4. Ra-
diation, convection, and conduction losses are low and dominant heat
loss has been calculated 90 % for evaporation in PDI/GGrS, attributed to
the fact that the supramolecule wraps the GGrS surface like a protective
cover, minimizing thermal losses and converting solar into thermal en-
ergy with high efficiency [53]. Furthermore, PDI is also gradually
immobilized on GGrS in addition to the gradient structure of GGrS, it is
suggested that the gradient structure of these materials contributes to
the prevention of thermal losses.

3.8. Solar thermal conversion efficiency of PDI/GGrS at different water
contents

The evaporation rate and solar thermal conversion efficiency of PDI/
GGrS in different water contents (pure water, acidic (pH: 2), and basic
(pH: 12) solutions, the solutions containing separately 3.5 % NacCl, 100
mg/mL Cu?*, and 1.0 g/L MO) were investigated, and the results were
depicted in Fig. 5.a and Table S5. For PDI/GGrS, the % standard de-
viations of the evaporation rate and solar thermal conversion efficiency
were calculated as 5.49 and 0.79, respectively. These values revealed
that PDI/GGrS could work well in salty and wastewater, besides
concentrated acid and alkaline solutions, promising for the application
in the photothermal regeneration of clean water.

3.9. Desalination with PDI/GGrS

Two separate solutions containing 3.5 % NaCl and 0.1 % Na™, K,
Mg?*, and Ca®" ions were prepared for the desalination experiments to
perform with PDI/GGrS. The ion contents before and after distillation
with PDI/GGrS were determined by the ICP-MS, and the results were
shown in Fig. 5.b and Table S6. Initially, 1275 ppm Na™ was detected in
the saltwater and 100 ppm Na' ions were detected after purification
with PDI/GGrS. Table S6 demonstrates the ion content of the solution
containing 0.1 % Na ™, K™, Mg2*, and Ca?" ions before and after distil-
lation. Desalination performance for PDI/GGrS was determined as 92 %.
The high desalination activity of this material can be attributed to the
easy electrostatic attraction between positively charged ions in saltwater
and the negatively charged regions (functional groups such as hydroxyl,
epoxy, carbonyl) in the porous sponge structure.

Furthermore, desalination experiments were carried out with Black
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Sea and Mediterranean marine water. The results are presented as the
solution conductivity in Table S7. The conductivity values of Mediter-
ranean and Black Sea sea water, initially measured as 149 and 76 mS/
cm, decreased to 36pS and 33puS after distillation with PDI/GGrS,
respectively. Thus, PDI/GGrS achieved a desalination of about 99.6 %
for real seawater, demonstrating a promising solar steam generator.

3.10. Purification of wastewater containing heavy metal with PDI/GGrS

Heavy metal ions in drinking water cause chronic poisoning by
inactivating proteins and enzymes in the human body. For this reason,
the removal of heavy metals in drinking water is of great importance.
Solar thermal purification experiments of solutions containing 225 mg/
mL Pb?*, 100 mg/mL Cu?*, 90 mg/mL Ni?*, 75 ppm Cr>*, and 150 mg/
mlL Zn®** were carried out with PDI/GGrS (Fig. 5.c). From the results of
the experiment (Table S8), the heavy metal removal performance for
PDI/GGrS was determined as 97 %, thus, the purification of wastewater
containing heavy metal ions is successfully achieved with PDI/GGrS.

3.11. Purification of acidic and alkaline solutions with PDI/GGrS

To test PDI/GGrS in the purification of concentrated acid and base
solutions, solar thermal purification was carried out with acidic (pH: 2)
and alkaline (pH: 12) solutions. The acidic and alkaline solutions
reached neutral pH after solar thermal purification with PDI/GGrS
(Fig. 5.d). Removal in the acidic solution is supposed to occur with the
electrostatic attraction between H3O" ions and the negatively charged
functional groups of graphene-based materials. The purification in the
alkaline solution can be assigned to the adsorption of OH™ ions to the
pores in the sponge structure. The results revealed that PDI/GGrS is an
effective photothermal material for the purification of the acidic/basic
solutions.

3.12. Purification of wastewater containing dye with PDI/GGrS

The solar purification performance of PDI/GGrS was investigated in
dye solutions containing 1.0 g/L MO and methylene blue (MB). These
dyes have a charged and a regular © conjugated system (Fig. S7a and b).
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The distillate of the solutions after under 10 sun irradiation for 2 h was
examined by UV-visible absorption spectroscopy (Fig. 5.e). After solar
purification with PDI/GGrS, the UV-visible absorption spectrum of the
distillates was very similar to that of pure water. In addition, photo-
graphs of both dye solutions before and after distillation displayed clear
purification of dyes. The dye purification was acquired by adsorption to
sponge surfaces through both =n-n interactions and electrostatic in-
teractions between dyes and graphene [54]. Further, photographs of the
PDI/GGrS after distillation (Fig. 5.f and g) show that salt and MO dye
accumulated on the material surface. Distillation of MO solution with
PDI/GGTS is presented in the Video S5, which indicates that PDI/GGrS is
a promising material for solar steam generation in the purification of
dye-containing wastewater.

3.13. Antibacterial properties of PDI/GGrS

The antibacterial properties of PDI/GGrS was tested using Gram-
negative species of E. coli. The results of bacterial counts performed
for 24 h are presented in the Fig. S8. Since no material existed in the
control group, bacteria continued to multiply. On the other hand, in the
presence of PDI/GGrS, the amount of bacteria decreased by 25 %, which
is attributed to the partially antimicrobial effect of PDI.

3.14. Photothermal properties and stability of PDI/GGrS under daylight

Fig. 6.a depicts the evaporation rate for PDI/GGrS depending on the
solar energy intensity under daylight. The evaporation rate of the ma-
terial increase proportionally as the solar energy intensity increases,
indicating that PDI/GGTS is sensitive to the solar energy intensity. PDI/
GGrS was used as photothermal material in the open-air system shown
in Fig. S9. The amount of water collected against the solar flux during
one day was recorded in Fig. 6.a. Experiments were carried out in
Erzurum-Tiirkiye (average temperature: 25 °C; humidity: 58 %, sunrise
04:50, sunset 19:20) in July. The solar flux and the amount of distilled
water increased with sunrise and decreased near sunset (Fig. 6.a). The
results under daylight were close to the evaporation amounts obtained
under 1.0 kW cm ™2 sunlight under laboratory conditions, indicating that
our photothermal material can also be used in solar steam generation
applications under daylight.

3.15. Long-term stability of PDI/GGrS

To test the long-term stability of PDI/GGrS, the solar evaporation
was repeated for 25 cycles using the same material. In each cycle, the
water-wetted and swollen material was taken out of the system, and the
adsorbed water was removed by mass pressure. The materials were
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dried at 60 °C for 20 min and reused in the next cycle (Fig. S10). Ion
contents in the water at the end of each cycle were detected by the ICP-
MS, and dye content by UV-visible absorption spectroscopy. Compared
to the solution containing 900 ppm Na™ at the beginning, it was deter-
mined as 95 and 100 ppm Na™ after the 1st and 25th cycle of PDI/GGrS
in the solar steam generator system, respectively, which acquired an 88
% removal performance after 25 cycle (Fig. 6.b). In a similar study, it
was observed that initially containing 225 ppm Pb" of a solution was
reduced to 0.18 and 1.70 ppm Pb?* concentration, respectively, after the
1st and 25th cycle distillations with PDI/GGrS, demonstrating a 98 %
purification efficiency of the material (Fig. 6.b). After the 25th cycle, the
removal performance of the material decreased by more than 30 %
compared to the first cycle, which is due to structural deformations of
graphene structures as a result of wetting and drying.
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Another study was carried out by using PDI/GGrS with high photo-
thermal activity for 25 consecutive cycles in the distillation of a solution
containing MB dye at a concentration of 1.0 g/L. Fig. 6.c demonstrates
that the UV-visible absorption spectra of the distillates obtained after
the 1st and 25th cycles are almost the same. These results indicate that
the material exhibits high dye removal performance even with consec-
utive usage.

In Fig. 6.d, as the number of cycles increased, there was no signifi-
cant change in evaporation efficiency until the 25th cycle. Even after the
30th cycle, the vapor generation efficiency was reduced by only 11 %.
The photographs in Fig. 7.a show that the material is structurally stable.
SEM images (Fig. 7.b) and EDX spectrum (Fig. S11) of PDI/GGrS were
recorded to investigate why the photothermal performance decreased
after the 25th cycle. No significant change in the morphological

©

Fig. 7. Photographs (a,b) and SEM images (b,c,d) of PDI/GGrS before and after the 25th cycle used as a photothermal material.
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structure of the material was observed after the 15th cycle. However,
after the 25th cycle, the graphene layers underwent deformation due to
successive wetting, pressing, and drying processes (Fig. S10). This
deformation caused the pores to shrink and, accordingly, the amount of
water transported per unit time and the vapor generation performance
to decrease. EDX spectra of PDI/GGrS showed no obvious change in
elemental atomic ratios with the increasing number of cycles (Fig. S11).
The decrease (11 %) in photothermal efficiency after the 30th cycle was
not due to the structural change of PDI/GGrS but to the physical collapse
of the 3D graphene sponge structure.

3.16. The reproducibility of PDI/GGrS

Four PDI/GGrSs were prepared at different times using the same
method, and each of them was used as the photothermal material for
solar steam generation. PDI/GGrSs showed evaporation rates with RSD
of % 1.9. (Fig. S1), demonstrating that materials with the same struc-
tural and chemical properties can be obtained by using the proposed
preparation procedure.

Compared to other graphene-based materials, such as Janus VA-MXA
(1.46 kg/mzh, 87 %) [55], 3DG (1.2 kg/mzh, 80 %) [32], GGSM (1.79
kg/m>h, 57 %) [33], and VA-GSM (1.62 kg/m?h, 86.5 %) [18], PDI/
GGrS achieved a high steam generation performance of 3.5 kg/m?h
under 1 sunlight and a superior solar thermal conversion efficiency of up
to 90 %, thanks to the high sunlight adsorption and excellent photo-
thermal property of PDI molecules.

In addition, the SSG performance of the materials with Janus struc-
ture in the literature were compared with PDI/GGrS in Table S9. Espe-
cially the thermal efficiencies and evaporation rates were relatively low
due to the thermal losses that occur because of two different materials in
the Janus structure. On the other hand, PDI/GGrS minimizes heat losses
thanks to a whole material (not Janus) and achieves higher evaporation
performance due to PDI and GGrS having high photothermal activity.

Desalination methods, such as distillation, reverse osmosis, and
electrodialysis face cost, effectiveness, and scalability hurdles. However,
photothermal distillation is a technology that uses a large amount of
solar energy to obtain clean water by evaporation, with a wide range of
applications in fields such as water treatment, seawater desalination,
and wastewater remediation. This study offers a new material for a cost-
effective solar water purification system with a high evaporation rate
and thermal efficiency.

PDI/GGrS, which is used in salt, heavy metal, dye, and acid-base
removal, adsorbs a large amount of ions into its pores. After purifica-
tion and desalination, PDI/GGrS can have high performance in flexible
supercapacitor circuits. Thus, it is of great importance that the same
material will be used in both solar steam generator systems and super-
capacitor circuit designs, which are at the forefront in terms of envi-
ronment and sustainability. Our studies are continuing with PDI/GGrS,
which was first used in desalination-purification in a solar steam
generator system, and then in the design of a flexible supercapacitor
circuit.

4. Conclusion

In summary, we have reported the photothermal activity of PDIs
with an efficient graphene-based material in the solar steam generator
system for the first time. PDI/GGrS possesses a floating 3D graphene
sponge facilitating water transport, high light absorption with PDI, and
excellent stability in strict conditions with highly efficient solar thermal
conversion for the generation of clean water from seawater, wastewater,
and even acidic/alkali solutions. As a result, our system achieved a su-
perior high efficiency of up to 90 % and a water evaporation rate of 3.5
kg h™! m~2 under 1 sun. Moreover, stable and repeated solar purifica-
tion tests were performed with PDI/GGrS both in the laboratory and an
outdoor environment proving that combining supramolecules with a 3D
graphene sponge can greatly help in enhancing solar steam generation.
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This design concept provides a promising route for solar-driven water
desalination and purification.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.desal.2024.118237.
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