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Synthesis and Evaluation of 3D Nitrogen Doped Reduced
Graphene Oxide (3D N@rGO) Macrostructure for Boosted
Solar Driven Interfacial Desalination of Saline Water

Fisseha A Bezza, Samuel A. Iwarere, Shepherd M. Tichapondwa, Hendrik G. Brink,
Michael O. Daramola, and Evans MN Chirwa*

Recently, there has been a growing interest in solar-driven interfacial
desalination technology, which focuses on the localization of heat to the
air-water interface. In this study, 3D nitrogen-doped reduced graphene oxide
(3D N@rGO) photothermal material is synthesized with a facile one-step
hydrothermal process. The material exhibited richer porosity, high
hydrophilicity for efficient water channeling, and all-directional solar
absorption potential. The 3D N@rGO solar absorber attained up to =55 °C
surface temperature rise and showed ~134% photothermal conversion
efficiency with 1.94 kg m=2 h™" net freshwater generation rate under 1 sun
solar illumination, owing to efficient latent heat recycle. On a high salinity
desalination study performed using 10 and 20 wt.% salinity levels, the
photothermal material showed 1.66 and 1.31 kg m=2 h~" evaporation rates
respectively. It sustained stable long-term desalination performance without
visible salt accumulation on the surface up to a salinity level of 10 wt.%. In a
three-day outdoor test carried out utilizing simulated seawater with a 3.5 wt.%
NaCl solution, the 3D evaporator demonstrated an average freshwater
production rate of 2.61 kg m=2 h~', during the test the solar power density
reached up to 1.1 kW m~2. The 3D solar absorber exhibited a promising
potential for large-scale seawater desalination in water-scarce regions

worldwide.

1. Introduction

Freshwater shortage is one of the most critical challenges of the
modern world today. While nearly three-fourths of the earth’s
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surface is covered with water, only 3%
is freshwater from groundwater aquifers,
rivers, and lakes, the remaining ~97%
exists as saline water in oceans and
seas making it undrinkable as well as
unusable for the majority of domes-
tic and commercial uses.!! In recent
years, desalination technologies have gar-
nered significant attention as a solu-
tion to the escalating freshwater cri-
sis, enabling the extraction of fresh
water from virtually unlimited saline
sources such as seas, oceans, and brack-
ish groundwater.’l'. However, conven-
tional desalination methods, including
membrane-based techniques like reverse
osmosis (RO) and electrodialysis (ED), as
well as thermal-based processes such as
multi-stage flash (MSF) and multi-effect
distillation (MED), are known for their
high energy demands and substantial in-
stallation and operational costs.*!

A promising alternative that has re-
cently emerged is solar-driven interfacial
desalination. This approach concen-
trates heat at the water-air interface,
reducing heat loss to the bulk non-
evaporative liquid and achieving high
photothermal conversion efficiency.[*]
Unlike traditional solar desalination
methods, which require significant energy input, this innovative
technique enables nanostructured evaporators to enhance pho-
tothermal conversion efficiency. By positioning a porous solar
absorber on the water’s surface, interfacial solar-to-heat conver-
sion is achieved without the need for complex pressure controls
or costly infrastructure. The solar energy is focused on the ab-
sorber’s surface, creating high temperatures that facilitate effi-
cient heat transfer to the surrounding liquid. This results in rapid
heating of the water, triggering phase change and vapor genera-
tion.

What sets solar-driven interfacial desalination apart is the
strategic placement of the solar absorber at the interface be-
tween the saline water and the air, which minimizes heat
loss to the bulk liquid while providing an extensive surface
area for effective vapor release.l’! To ensure optimal perfor-
mance, an interfacial desalination system must exhibit superior
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thermal management, effective heat localization with low ther-
mal conductivity, efficient water transfer to the evaporative
surface via capillary forces, excellent solar-thermal conversion
efficiency, high resistance to salt accumulation, long-term op-
erational stability, and scalability for production.*’! The perfor-
mance of this technology primarily hinges on the solar absorber’s
ability to absorb light and convert it into heat efficiently. A key
characteristic of high-performing photothermal materials is their
capacity for broadband light absorption across the solar spec-
trum, spanning wavelengths from 200 to 2500 nm at sea level.[®]

Graphene, a single layer of carbon atoms arranged in a 2D
honeycomb lattice, has attracted immense interest in both basic
and applied research due to its extraordinary physical and chem-
ical properties. These include a high theoretical surface area of
~2630 m? g~!, exceptional chemical stability, superior electrical
conductivity (106 S cm™!, exceeding that of silver, the most con-
ductive material at room temperature), a unique graphitic basal
plane structure, and its ease of functionalization and scalable
production. These exceptional attributes make graphene an ideal
candidate for designing solar absorbers.”! Additionally, graphene
is a semi-metal with zero bandgaps, the absence of a bandgap
enables it to absorb electromagnetic radiation over a very wide
bandwidth.®] However, pristine 2D graphene nanosheets are in-
capable of forming stable homogenous dispersions as a result
of their hydrophobicity and suffer from aggregation or severe
face-to-face restacking of graphene sheets in solution due to van
der Waals interactions, making their distinctive intrinsic proper-
ties less effective, leading to less efficiency than the theoretical
values.”) A highly effective method for addressing this issue in-
volves the reconstruction of 2D layers into meticulously arranged
and interconnected 3D structures. This approach not only pre-
serves the remarkable characteristics of 2D graphene materials
but also allows for their convenient utilization without the con-
cern of restacking.!”:"]

The formation of interconnected and porous 3D reduced
graphene-based structures from the 2D graphene sheets confers
adequate hydrophilicity to the 3D interconnected structure for ef-
ficient interfacial water desalination purposes while retaining the
exceptional properties of the 2D graphene.l'% Different methods
have been employed to produce porous 3D frameworks using
graphene oxide (GO), including hydrothermal reduction, chem-
ical reduction, laser casting, and 3D printing.l”! The conversion
of graphite to GO followed by its tailored reduction plays a cru-
cial role in producing a porous 3D reduced graphene oxide (3D
rGO) material with a well-controlled structure and properties.l”!
The interconnected 3D rGO network structures are of great sci-
entific interest due to their retention of graphene’s exceptional
physical characteristics, such as high electrical and thermal con-
ductivity, as well as remarkable mechanical and chemical stabil-
ity. Additionally, the 3D rGO provides a hydrophilic surface for
easy capillary force driven transport of water, ensuring adequate
permeation of the evaporator’s surface on account of its rich
oxygen containing functional groups that enhance hydrophilic-
ity and dispersibility.°]

Furthermore, the introduction of heteroatoms like boron (B),
nitrogen (N), phosphorus (P), sulfur (S), bromine (Br), and io-
dine (I) via chemical doping is a fundamental technique for tailor-
ing the electronic properties and chemical reactivity of graphene.
This is due to the significant differences in size and electronega-
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tivity between heteroatoms and carbon atoms. The incorporation
of heteroatoms results in the creation of novel functionalities for
graphene, broadening its potential applications.[!!] Extensive re-
search has been conducted to produce diverse heteroatom-doped
graphene materials and graphene-based nanocomposites to fully
harness their outstanding characteristics in various fields, includ-
ing solar energy conversion and energy storage systems.!?] Par-
ticularly, nitrogen doping plays a critical role in adjusting the elec-
tronic and chemical properties of carbon materials, owing to its
comparable atomic size and ability to form strong bonds with
carbon atoms through its five valence electrons.['"!*) The intro-
duction of dopants can impart new functionalities to the 3D rGO
materials and render them more capable of efficient photother-
mal conversion and steam generation.*! In this work, 3D porous
nitrogen-doped reduced graphene oxide was synthesized, and its
photothermal conversion efficiency and saline water desalination
potential were investigated.

2. Experimental Section
2.1. Preparation of 3D N@rGO

2.1.1. Synthesis of GO

GO was synthesized following Tour’s method as described by
Habte and Ayele.l'] Briefly, a solution was prepared by mixing
360 mL of concentrated sulfuric acid (H,SO,) and 40 mL of con-
centrated ortho-phosphoric acid (H;PO,) in a 9:1 volumetric ra-
tio. This solution was then added to a mixture of 3.0 g of graphite
powder and 18 g of potassium permanganate (KMnO,), caus-
ing the solution temperature to rise to 4045 °C. The mixture
was heated to 50 °C in a temperature-controlled water bath and
stirred continuously for 24 h, during which it gradually developed
a pasty, muddy consistency. After 24 h, 400 mL of ice water was
added to the mixture, followed by 30 mL of 30 wt.% hydrogen
peroxide (H,0,) to reduce manganese ions (MnO,~) into solu-
ble manganese sulfate and manganese oxide (MnO,), effectively
halting the reaction. The addition of H,O, caused bubbling and
a bright yellow coloration, signifying substantial oxidation. The
GO was then collected by centrifugation (10 min at 8000 rpm)
and thoroughly washed with 200 mL of 30% hydrochloric acid
(HCI) to remove any residual sulfate ions. The resulting GO was
subsequently used for the synthesis of 3D N@rGO.

2.1.2. Synthesis of 3D N@rGO

3D N@rGO was synthesized using a hydrothermal self-assembly
technique. Briefly, the GO was dispersed in deionized water
via ultrasonication, producing a 100 mL GO dispersion with a
concentration of 45 mg mL™!. Subsequently, 5 g of ethylenedi-
aminetetraacetic acid (EDTA) was added to the dispersion to pro-
vide a nitrogen source, and the mixture was further ultrasoni-
cated for 30 min to achieve a homogeneous dispersion. EDTA, a
highly basic amine with a nitrogen content of 46.6 wt.%, served
as the nitrogen precursor for doping graphene oxide. The homo-
geneous dispersion solution was then transferred to a 300 mL
Teflon-lined stainless-steel autoclave, where hydrothermal reduc-
tion was carried out at 180 °C for 18 h. Following this, the self-
assembled 3D N@rGO structure was carefully taken out from
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the autoclave and subsequently frozen at —80 °C. Freeze drying
was then performed for 60 h to obtain porous and structurally
robust 3D N@rGO.["°!

2.2. Characterization

High-field emission scanning electron microscopy (FESEM) cou-
pled with energy dispersive X-ray (EDX) analysis was employed
to investigate the morphology and elemental composition of
the synthesized samples. These analyses were performed using
FESEM and energy-dispersive X-ray spectroscopy (EDS, JEOL-
7800F, JEOL). The broadband diffused solar absorption capabil-
ities of the GO and rGO samples were evaluated over a wide
wavelength range (300-2500 nm) and at various angles using a
UV-vis—NIR spectrophotometer (UV3600, Shimadzu Scientific
Instruments).

X-ray diffraction (XRD) analysis was conducted to assess the
crystallinity and phase purity of the samples. The measurements
utilized Cu-Ka radiation (4 = 1.540 A) over a 26 range of 5°—
90°, with a step size of 0.05° s~!. Fourier Transform Infrared
(FTIR) spectroscopy was employed to identify functional groups
within the samples. The FTIR spectra were recorded under ambi-
ent conditions using a Perkin-Elmer FTIR spectrometer (Model
Spectrum 100 Series, USA) in the wavenumber range of 4000—
400 cm™!, with a resolution of 4 cm™!.

X-ray photoelectron spectroscopy (XPS) was performed us-
ing a Thermo ESCALAB 250Xi spectrometer, equipped with a
monochromatic Al Ka source (1486.7 eV) operating at 300 W.
The X-ray spot size was set to 900 pm, and the chamber pressure
was maintained at <10~® mBar. Survey spectra were acquired at
a pass energy of 100 eV, while high-resolution spectra, focusing
on the C 1s, O 1s, and N 1s core levels of nitrogen-doped carbon
(N—C) materials, were recorded at a pass energy of 20 eV.

2.3. Solar-Driven Interfacial Evaporation Performance Test

To investigate the solar-driven interfacial evaporation perfor-
mance of the 3D N@rGO, a setup using the 3D N@rGO as
the light absorber, a beaker filled with the water supply, and
a solar simulator as an energy source was constructed as dis-
played in Figure 1. The 3D hierarchically porous evaporator was
placed on a cellulose sponge. The cellulose sponge between the
solar evaporator and the bulk water is used as a thermal insu-
lation medium, and as a water transfer channel to avoid heat
dissipation into the bulk water. The cellulose sponge was cho-
sen as the substrate material, as it generally provides the best
water transport/evaporation and thermal insulation owing to its
low thermal conductivity and porous structures. It increases the
thermal resistance between the absorber and bulk water, which
increases the photothermal-steam conversion efficiency.'’”! The
solar-driven interfacial desalination study was conducted at a
temperature of 27.0 + 0.5 °C. A solar simulator (Xe lamp, PL-
X300) was used as the source of solar energy in the indoor tests
and an electronic balance was used to accurately measure the
mass of water produced per unit effective surface area of the 3D
solar absorber. The evaporation area was determined to be the
top surface of the evaporator directly exposed to the irradiated
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Figure 1. Schematic illustration of the experimental interfacial desalina-
tion setup a), coupled with the corresponding digital photograph b). The
setup consists of the 3D N@rGO photothermal material placed on the
cellulose sponge, which is in turn placed on top of the hypersaline water.
The entire setup is enclosed within a glass enclosure, which serves two
purposes: it acts as the condensation area for the vapor generated and
provides insulation for the heat generated.

light (~7 cm X 4 cm = 28 cm? = 0.0028 m? when placed horizon-
tally or &z X (2cm)? = 0.00125664 m?, when placed vertically).
Long-term solar-driven interfacial desalination performance and
stability of the 3D N@rGO solar absorber were studied via expo-
sure to simulated solar light for three cycles, each lasting 7 h. The
evaporation rate was determined by observing the mass change
of the reservoir under one sun illumination and in darkness.

The potential of the 3D evaporator in desalinating hypersaline
water was evaluated through the utilization of saline water with
increasing salinity (3.5, 10, 20 wt.%) for three cycles lasting 9 h
each. Additionally, the self-cleaning ability of the 3D evaporator
was assessed by introducing 2 grams of salt onto its surface dur-
ing the solar-driven desalination process.

2.3.1. Real-World Application Potential and Long-Term Performance
Test

The real-world application potential of the 3D N@rGO and its
long-term stability to desalinate saline water over an extended
duration, as well as its salt resistance potential, were evaluated
over the course of 3 days, under 8 h of irradiation each day on a
rooftop. The surface temperature of the 3D N@rGO evaporator
was measured periodically using a FLIR TG165 infrared camera.

3. Results and Discussion

3.1. Morphological and Optical Properties

Figure 2b shows the 3D N@rGO macroporous solar ab-
sorber synthesized through hydrothermal reduction of GO and
ethylenediamine (EDTA) homogeneous dispersion. Owing to the
easily dispersible character of GO conferred by the oxygen func-
tional groups like hydroxyl, epoxide, and carboxylic at the basal
planes, the graphene oxide sheets interconnect through covalent
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Figure 2. Pristine graphite sheets a); oxidized and used for the synthesis
of hydrothermally treated 3D N@rGO macroporous solar absorber b).

Figure 3. SEM micrographs of rGO a, b) and N@rGO c, d) exhibiting
porous and wrinkled morphologies at different magnifications.

bonding and form a 3D interconnected network in the hydrother-
mal reduction process.

As illustrated in Figure 3, the SEM images reveal the porous
and wrinkled morphology evident in both the reduced graphene
oxide (rGO), Figure 3a,b, and N@rGO, Figure 3c,d at different
magnifications. While both rGO and N@rGO exhibit fluffy and
highly wrinkled morphologies, indicative of their high porous
structure and large surface area that favors increased water and
heat absorption potential, a closer examination of their mor-
phologies reveals distinct characteristics. In comparison to the
morphology of rGO, the N@rGO consists of entangled and
severely crumpled sheets closely associated with each other and
forming disordered solid, multilayer structures. This observed
difference may be attributed to the defects introduced on to
graphene by the nitrogen atoms doping. Nitrogen doping has
been reported to induce structural defects, more active sites in-
creased electrical conductivity, ultrahigh electron mobility, and
photocatalytic activity of the nanosheets.[8]

Global Challenges. 2025, 9, 2400080 2400080 (4 of 16)

www.global-challenges.com

The wrinkled and crumpled structure of N@rGO observed in
the SEM images enhances light absorption through the multiple
reflection effect and facilitates water transfer via interconnected
pores. The Energy-dispersive X-ray spectroscopy (EDX) elemen-
tal mapping of the N@rGO sample (Figure 4a,b), revealed a sig-
nificant amount of nitrogen incorporated into the composite.

The FTIR peaks shown in Figure 4c display distinct bands in
both rGO and N@rGO corresponding to functional groups such
as epoxy (C—0) at #1100 cm™?, carbonyl (C=0) at ~#1745 cm™1,
hydroxyl (—OH) ~#3350 cm~1.11%2! The peak located at 1635 cm™!
can be ascribed to the skeletal vibration of graphitic domains.
For the N@rGO, in addition to the aforementioned peaks,
the peak ~1447 cm™! is associated with the C=N stretch-
ing (carbon=nitrogen double bond) and C—N stretching (car-
bon—nitrogen single bond) vibrations.!!**]

As shown in Figure 4d, both rGO and N@rGO display two
diffraction peaks: rGO exhibits peaks at 20 ~23.4° and 43°, while
N@rGO shows peaks at 26 ~25.5° and 43°. These peaks corre-
spond to the (002) and (100) planes of the sp?-hybridized graphite
crystal structure.[??! The respective peaks indicate the formation
of graphene layers and the restoration of the sp?-hybridized car-
bon backbone with delocalized z—r electrons after hydrothermal
reduction.!®] The interlayer spacing (d-spacing) of the samples
was calculated using Bragg’s equation. The N@rGO sample ex-
hibited an interlayer spacing of ~0.348 nm, which is slightly
larger than the spacing of natural graphite (0.336 nm), indicat-
ing an increase in interlayer distance for N@rGO. In contrast,
rGO exhibited a prominent and broad peak at 26 ~23.4°, with a
larger d-spacing of %#0.380 nm. This larger spacing is attributed to
the presence of more oxygen-containing functional groups. How-
ever, the reduction in oxygen-containing functional groups due to
nitrogen doping in N@rGO leads to a smaller interlayer spacing
compared to rGO. The decreased interlayer spacing leads to more
tightly packed graphene layers, improving electrical conductivity
by reducing electron scattering.[?*!

X-ray photoelectron spectroscopy (XPS) was utilized to exam-
ine the nature and distribution of carbon-based functional groups
and to identify, quantify, and determine the nitrogen content
within the 3D N@rGO framework. Figure 5a,b present the XPS
survey spectra for the undoped rGO and N-doped rGO samples,
respectively. Peaks observed at ~285, 400, and 532 eV correspond
to the C 1s (carbon-based groups), N 1s (from doped nitrogen
species), and O 1s (oxygen-containing functional groups) present
on the N@rGO and undoped rGO sheets. The undoped rGO ex-
hibits a significantly weaker N signal, whereas the doped samples
show a pronounced N peak, confirming the successful nitrogen
doping of the graphene. The XPS analysis (Figure 5) revealed that
EDTA treatment at 180 °C for 16 h introduced ~8.51 at. % nitro-
gen into the reduced graphene oxide sheets compared to the 2.25
at.% nitrogen observed in the undoped rGO sample.

The N 1s spectra of rtGO and N@rGO were fine-scanned and
deconvoluted to analyze the percentage and types of nitrogen
species present in the samples, as illustrated in Figures 6a—d
and 7a-d, respectively. When nitrogen atoms are incorporated
into the graphene lattice, they typically adopt one of three bond-
ing configurations within the carbon framework: pyridinic N,
pyrrolic N, or graphitic N.[22% As illustrated in Figure 5a,b,
the nitrogen peak in the XPS survey appears at ~400 eV. De-
convolution of the N 1s peaks reveals two distinct peaks at
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Figure 4. Energy-dispersive X-ray spectroscopy (EDX) elemental composition of the 3D N@rGO solar absorber sample a, b); FTIR spectra c) and X-ray

diffraction (XRD) pattern of rGO and N@rGO d).

398.8 and 401.97 eV, corresponding to pyridinic N and graphitic
N, respectively.l?’) A detailed deconvolution of the N 1s spec-
trum (Figures 6b, and 7b, with insets showing the percentage
of the species) reveals significant proportions of pyridinic nitro-
gen (399.8 eV) accounting for 7.09 at.% and graphitic nitrogen
(401.97 eV) accounting for 1.42 at.% in the N@rGO sample.

Binding energies within the range of 399.5-399.8 eV are as-
sociated with pyridinic nitrogen, where the nitrogen atom is
bonded to two sp?-hybridized carbon atoms in a C=N—C config-
uration, commonly found in aromatic rings.[?-? The pyridinic
nitrogen, is indicative of the nitrogen atom’s bonding to two sp?-
hybridized carbon atoms (C=N—C) in an aromatic ring.!?®%] This
type of nitrogen is recognized for enhancing the electron-rich
characteristics of reduced graphene oxide (rGO), thereby improv-
ing its electronic conductivity and catalytic activity. The relatively
low binding energy (BE) of pyridinic nitrogen suggests high elec-
tron density, which is facilitated by lone pairs on nitrogen, prox-
imity to other nitrogen atoms, and resonance with the graphene
w-electron system. The peak at 401.97 eV corresponds to graphitic
nitrogen, where nitrogen is incorporated into the graphene lat-
tice, often substituting a carbon atom.*"! Graphitic nitrogen fur-
ther contributes to the high electron density of rGO through its
interaction with the graphene z-system.[3132]

The XPS survey spectra indicated carbon contents of 81 at.%
and 67 at.% in rGO and N@rGO, respectively. The deconvoluted
XPS spectra of the carbon component in both rGO (Figure 6a)
and N@rGO (Figure 7a) display high intensities corresponding
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to functional groups such as carboxyl, epoxide, and hydroxyl. The
sp? carbon network is preserved in both rGO and N@rGO, as
proven by the prominent C—C peak at 284.5 eV. Furthermore,
XPS analysis reveals the presence of epoxide (285.9 eV), carbonyl
(287.1 eV), and carboxyl groups in both rGO (Figure 6a,c) and
N@rGO (Figure 7a,c).1193033]

X-ray photoelectron spectroscopy analysis indicated that rGO
and N@rGO contained ~15 at.% and 18 at.% oxygen, respec-
tively. Figures 6¢ and 7c, along with their insets, show that the
O 1s spectrum (Figure 5a,b) was separated into two main peaks
at 531.5 and 533 eV, corresponding to C—O (oxidized carbon)
and C=0 (carbonyl or acidic functional groups), respectively.**]
The XPS analysis provided essential insights into the surface
composition, highlighting the substantial presence of oxygen-
containing functional groups that impact the overall perfor-
mance of the solar absorber. The detailed examination identified
functional groups like carboxylic, carbonyl, hydroxyl, and epoxy
groups, which significantly enhance the hydrophilicity of the 3D
solar absorber. This improvement in hydrophilicity facilitates ef-
ficient water transport to the evaporative surface, optimizing wa-
ter flow and boosting the evaporation process.

3.2. Photothermal Properties of the 3D N@rGO
The optical properties of materials are directly related to the so-

lar photothermal conversion, and the higher the light absorption,
the higher the photothermal conversion capacity.**!
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Figure 5. The full XPS survey scan of rGO a) and N@rGO (b), with insets

highlighting the percentage composition of carbon (C), nitrogen (N), and

oxygen (O) in each sample.

3.2.1. UV—vis—NIR Spectroscopy Analysis of N@rGO

UV-vis—NIR spectroscopy analysis of the 3D N@rGO was per-
formed to study their photo-absorption capacities in the range
of 250-2500 nm. Efficient interfacial solar desalination mainly
depends on the broadband solar absorption and Interfacial solar-
to-heat conversion performance of solar absorbers.[3638] As pre-
sented in Figure 8a. the nitrogen-doped rGO displays outstand-
ing solar absorption potential over the broadband UV-vis—NIR
region monitored. Weighted by the AM 1.5 G solar spectrum,
the broadband solar absorbance of the 3D N@rGO reached
~97%, with minimal optical losses. This remarkable perfor-
mance is attributed to the superior optical absorption properties
of N@rGO, as well as the porous and rough surface structure
of the material.??! The optical characteristics of the 3D rGO are
improved through the incorporation of heteroatom (N-doping),
which boosts both the electrocatalytic performance and electrical
conductivity of graphene. Perfect graphene with very high elec-
trical conductivity may have a restricted number of active sites,
as the electrocatalytic activity is linked to defect and edge sites.[*"]

The doping of graphene derivatives with heteroatoms such as
nitrogen (N), phosphorus (P), sulfur (S), and boron (B) effectively
improves charge transfer rates. This enhancement arises from
the differences in electronegativity between the heteroatoms
and carbon atoms, leading to extraordinary charge polarization.
This polarization, while maintaining the conjugate length of
graphene, creates more chemically reactive sites.[*!] Nitrogen

Global Challenges. 2025, 9, 2400080 2400080 (6 of 16)

www.global-challenges.com

(N) doping, in particular, introduces defects and adjusts the
electronic structure of graphene, enabling tailored alterations
in its chemical properties. These changes make it suitable for
photothermal and energy storage applications.[*?] Nitrogen’s
high electronegativity, attributed to its lone pair of unshared
electrons, exerts a strong electron-withdrawing effect when
combined with carbon. This interaction enhances defects and
electron flow within the graphene lattice. Nitrogen, with its
five valence electrons, forms covalent bonds with rGO while
retaining its lone pairs. This unique configuration improves
both the electrical conductivity and chemical functionality of the
material.*] N@rGO benefits from an increased electroactive
surface area and enhanced conductivity due to the structural
defects and electronic modifications introduced during dop-
ing, which are essential for improved electron transport and
photothermal performance.[*+#]

Nitrogen atoms donate electrons to the graphene conduction
band, further enhancing electrical conductivity. These dopants
create structural imperfections that result in regions of uneven
electron density, thereby increasing the material’s defect density,
electrical conductivity, mechanical strength, and surface activ-
ity. The defects and active sites introduced by nitrogen doping
expand the electrochemically active area, providing more sites
for reactions. Furthermore, nitrogen atoms in N-rGO engage in
- stacking interactions with heteroaromatic rings, stabilizing
the structure and facilitating efficient electron transport, critical
for electrical conductivity and photothermal energy conversion
where stability and electron transfer are paramount.[*6+7]

Additionally, the porous microstructure of N@rGO allows for
quicker charge transfer and ion movement through its intercon-
nected mesoporous and macroporous 3D networks, in contrast to
rGO.[*#8] Nitrogen doping creates functional groups that contain
both nitrogen and sulfur, which boost the material’s electrochem-
ical performance.[*”] The incorporation of nitrogen-based func-
tional groups enhances the surface wettability of rGO, improv-
ing its electrical conductivity and increasing the number of active
sites.[**! Lan et al.°% demonstrated the modulation of reduced
graphene oxide’s surface hydrophilicity through nitrogen doping
and the addition of nanoflower-like MoS,. This dual modification
optimizes hydrophilicity, resulting in a material (MNGA) with
both open and closed micrometer-sized pores. These features al-
low the material to self-float, trap air, and maximize the exposed
surface area for evaporation, ensuring efficient water transport
and improved photothermal performance. Nitrogen doping has
also been reported to effectively modulate the hydrophilicity of
graphene-based solar absorbers, facilitating efficient water trans-
fer to the evaporation surface.

The thermal imaging IR camera was utilized to monitor the
rise in surface temperature of the 3D N@rGO during the pro-
cess of interfacial evaporation, as depicted in Figure 8b. When the
3D N@rGO was subjected to 1 sun solar irradiation, the overall
surface temperature of the 3D N@rGO solar absorber increased
from the initial ambient temperature of 24.1 °C to a value ex-
ceeding 41.7 °C within 20 min. Subsequently, the temperature
reached its maximum value of 54.5 °C and remained stable af-
ter 60 min of irradiation. Following the solar irradiation, the en-
tire surface of the solar evaporator experienced a rapid increase
in surface temperature due to its exceptional solar absorption
performance. This led to the generation of a thermogradient-

© 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.global-challenges.com

ADVANCED
SCIENCE NEWS

Global
Challenges

www.advancedsciencenews.com

rGO C1s Scan
6.00E404
g

5.00E+04 E'
f" o
3 4.00E+04 /
& 3.00E004 |
- o |
- St
£ 200604 =
3 S

1.00E+04

0.00E+00 —

www.global-challenges.com

z
2
K=
2
(=
>
&
0
-

b rGO N1s Scan

5500

g

:

Counts / s (Residuals x 2)
>~
g

300 298 206 294 292 290 283 286 284 282 280 278 276

Binding Energy (eV)

410 408 406 404 402 400 398 396 394 392 390
Binding Energy (eV)

rGO O1s Scan
C
1.80E+04 (.)"' 5
1.60E+04 % Q .
5 &%
Pl et Name Peak BE FWHM eV Atomic %
3 1206004 / i:
é_ 1.00E404 S 2p [Sulfate; Sulfone] 168.4 25 0.31
- , Ci2p [Chlorde] 197.5 17 0.38
E 8.00E403 \ Cls [C-C] 284.5 1 64.74
3 » Cls [C-0] 285.9 1 10.75
it N \ N1s [Pyridinic N] 3594 17 2.2
ACOEH0S \_w e N1s [Graphitic N] 401.5 1.7 1.01
O1s [Metal Oxide] 530.5 1.6 1.9
2.00E403 01s [C-0] 531.5 19 8.9
%0 540 50 S« 101s[C=0] 5333 19 8.3
Binding Energy (eV) Nals [Na Compounds 1072.2 2.5 0.43

Figure 6. High-resolution deconvoluted XPS spectra of a) C 1s, b) N 1s, ¢) O 1s, and d) their corresponding atomic percentages for rGO.

driven capillary force, which facilitated the efficient flow of wa-
ter from the bulk. On the other hand, as illustrated in Figure 8c,
the bulk water showed a temperature increase of 9 °C from 24.1
to 36.4 °C over a time span of an hour and remained stable. In
the absence of the 3D solar absorber, pure water absorbs sunlight
volumetrically which increases the surface temperature only by
12.3 °C.

The high surface temperature attained in a short timespan can
be attributed to the outstanding broadband solar radiation ab-
sorption potential of the 3D N@rGO evaporator, localized liquid—
vapor phase change, and the porous structure of the evaporator
making it suitable for efficient interfacial solar desalination appli-
cation. The increase in surface temperature gives rise to a temper-
ature gradient along the solar absorber and thus higher driving
force for efficient viscous flow of water from the bulk through the
hydrophilic support material.

3.3. Interfacial Desalination Performance of the 3D N@rGO

The 3D N@rGO exhibited broadband solar absorption and out-
standing photothermal performance, superhydrophilicity, and
high porous structure, which are superb properties for high
photothermal conversion efficiency, adequate water supply and

Global Challenges. 2025, 9, 2400080 2400080 (7 of 16)

steam generation as well as high salt resistance potential. To eval-
uate the interfacial desalination performance of the 3D N@rGO,
an interfacial desalination setup was prepared by placing the
3D N@rGO porous absorber on the cellulose sponge that floats
on the saline water surface, under 1 sun solar illumination
(1kW m™2), as illustrated schematically in Figure 1.

High photothermal conversion efficiency is of great impor-
tance for achieving high interfacial solar desalination perfor-
mance, specifically in terms of capturing and converting as much
input sunlight into heat as possible. In order to optimize the uti-
lization of this heat for vapor generation, it is crucial to minimize
heat loss through conduction, convection, and radiation. There-
fore, the overall efficiency of vapor generation is determined
by the combined performance of photothermal energy conver-
sion, thermal insulation, and facilitated water transfer. The 3D
N@rGO porous cylindrical evaporator, measuring 4 cm in diam-
eter and 7 cm in length, was positioned on a cellulose sponge
either horizontally or vertically. The vertical orientation was ap-
plied in the indoor solar simulated test as it yielded a compara-
tively higher vapor generation rate per unit area compared to the
horizontal orientation, due to its smaller effective surface area.
The transparent glass placed on top of the solar absorber min-
imized radiative heat loss and served as a condensing surface.
The cellulose sponge at the bottom of the evaporator served as a
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Figure 7. High-resolution deconvoluted XPS spectra of a) C 1s, b) N 1s, ) O 1s, and d) their corresponding atomic percentages for N@rGO.

thermal insulator, supporter, and water channeling material ow-
ing to its high porous structure with water channels inside.

The change in mass of the saline water and evaporation rate
under one sun illumination and in darkness were plotted, as
shown in Figure 9a,b. As depicted, under 1 sun of solar irra-
diation, the evaporation rate increased from ~0.24 kg m=2 h™!
for bulk water, which absorbs sunlight volumetrically, to
~2.05 kg m~2 h~! when using the 3D N@rGO photothermal
material. In the absence of light, the 3D evaporator exhibited
an evaporation rate of 0.11 kg m=2 h™! under similar condi-
tions. Therefore, the net evaporation rate excluding the dark con-
dition was ~1.94 kg m=> h~! under 1 sun of solar illumina-
tion. In contrast, the control experiment conducted under the
same conditions but without the 3D evaporator showed a wa-
ter evaporation rate of 0.24 kg m=2 h~!, which is roughly one-
sixth of the amount evaporated with the 3D macrostructure.
Figure 9c shows the steam generated from the surface of 3D re-
duced graphene oxide (3D rGO) under 1 sun solar illumination
(1kW m™2).

The efficient interfacial desalination performance of the 3D
rGO can be attributed to the high hydrophilicity and water trans-
fer potential as well as the high solar to steam conversion po-
tential. Hydrothermal reduction of GO to rGO restores sp? hy-

Global Challenges. 2025, 9, 2400080 2400080 (8 of 16)

bridized carbon atoms and electrical conductivity, furthermore
nitrogen doping results in a higher positive charge on a carbon
atom adjacent to the nitrogen atoms offering graphene a higher
electrocatalytic activity and conductivity for efficient photother-
mal performance.l®?) Additionally, nitrogen doping increases the
structural defects, surface area, and active cites as well as, high
charge carrier potential, leading to superb photocatalytic and
photothermal activity.>*] In experiments conducted using un-
doped 3D rGO, the evaporation rate was 1.44 kg m~2 h~!, which,
while high, was lower than the 1.94 kg m=2 h™! achieved with
nitrogen-doped rGO in a solar-simulated indoor test. This differ-
ence can be attributed to the enhanced properties of N@rGO,
including surface defects and increased electrical conductivity
induced by the electronegativity of nitrogen heteroatoms. Ad-
ditionally, nitrogen doping improved the material's morphol-
ogy, porosity, and hydrophilicity, further enhancing its perfor-
mance. To support this, we conducted a comparative photother-
mal performance assessment of rGO and N@rGO, exposing
both materials to direct solar irradiation. Solar absorption and
surface temperature increase, critical indicators of photother-
mal efficiency, were measured. As shown in Figure S1 (Sup-
porting Information), N@rGO exhibited significantly higher
solar absorption and surface temperature increase compared
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Figure 8. Solar absorbance of N@rGO showing broadband absorption over the broadband UV-vis—NIR region a); Infrared thermal images of the 3D
N@rGO evaporator showing the temperature distribution during evaporation of 3.5 wt.% NaCl solution under one sun light irradiation monitored by
an IR camera every 10 min b). Time-dependent changes in the surface temperature of the 3D solar absorber and bulk water c).

to rGO, which directly correlates to its superior desalination
performance.

3.4. Photothermal Conversion Efficiency

The solar-driven interfacial desalination performance of the evap-
orator is evaluated based on the mass of vapor generated and
the solar-to-steam (photothermal) conversion efficiency. The pho-
tothermal conversion efficiency () is determined by calculating
the ratio of the thermal energy stored in the generated vapor to
the incoming solar flux, which can be computed using the rela-
tionship provided in Equation (1).54

nh
= 100% (1)

4q;

where 1 refers to the net evaporation rate of water after subtract-
ing the evaporation rate under dark conditions, h;, refers to the
total liquid-vapor phase-change enthalpy (sensible heat and latent
heat), g; is incident solar power density, value of 1 kW m=2.

hyy = CAT + h,, 2)

where C is the specific heat capacity of simulated seawater
(3.993 ] gt K1), AT refers to the temperature rise of water,
and h,,,, is the vaporization enthalpy at the surface of the porous
macrostructure.

tn is determined to be 1.94 kg m™ h™L, h is the total enthalpy

of sensible heat (294 k] kg™!, from 24.1 to 54.5 °C with specific
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heat of 3.993 | g! K™') and phase transition of seawater from
liquid to gas at 54.5 °C (2371 k] kg™).

The photothermal conversion efficiency was determined to be
~134%, which is a superb performance comparable to the values
reported in other studies.>>>* The observed high photothermal
conversion efficiency is attributed to the interfacial desalination
system’s ability to recycle latent heat and retain the heat released
from the surface, effectively minimizing heat loss and enhancing
overall efficiency and water production.>®] Additionally, the pho-
tothermal conversion efficiency exceeding 100% is accredited to
the introduction of extra cold evaporation surfaces through the
3D structural design, which significantly harnesses environmen-
tal energy.>”] Although these surfaces are not directly exposed
to solar irradiation, they absorb heat from the surroundings, en-
hancing the evaporation process. Energy recycling from condens-
ing water vapor further boosts the total energy input, synergisti-
cally resulting in extraordinary photothermal efficiency.[58-61]

Specifically, minimizing the interface between the evaporator
and water through structural design or incorporating cold sur-
faces to harness environmental energy significantly reduces heat
loss. Designing specific water pathways for the evaporator to en-
sure a proper water supply is another effective measure to im-
prove efficiency.’2) Bu et al.5*] reported an evaporation rate of
3.27 kg m? h™! and an evaporation efficiency of 194.4% under
1 sun illumination. This remarkable performance was achieved
using a solar evaporator based on a 3D carbon fiber-cotton (CFC)
material. The innovative conical design of the 3D CFC-Cone evap-
orator balances water transport and evaporation, optimizing en-
ergy distribution on the carbon fiber surface. The conical shape
enhances light absorption through multiple reflections, while
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Figure 9. Vapor generation under 1 sun irradiation. Mass change of the simulated seawater and bulk water control under 1 sun solar irradiation as
well as under dark conditions a); the corresponding evaporation rates of the saline water under 1 sun solar irradiation and dark conditions b); digital
photographs of the interfacial evaporation set up c); at the beginning of the steam generation process (1), 20 min (II) and 30 mins (I11) later. The setup
involves the 3D N@rGO evaporator, the cellulose sponge, that supports the solar absorber and prevents the dissipation of heat into the bulk water.

branched cotton bars and trunks serve as cooling surfaces to min-
imize heat loss. Similarly, Kim et al.[®! demonstrated the efficient
integration of 3D graphene networks (3DGNs) with wood pieces.
The 3DGNs functioned as superior solar absorbers, while the
wood provided excellent thermal insulation and facilitated wa-
ter transport. Under 1 sun illumination, the composite achieved
an impressive photothermal conversion efficiency of 91.8%, at-
tributed to the insulating properties and water supply channels
of the wood template. The high solar-to-thermal conversion ef-
ficiency of 3D N@rGO solar absorbers was attributed to their
highly porous structure and broadband solar absorption across
the visible to near-infrared (UV—vis—NIR) region. The thermal in-
sulation provided by the cellulose sponge in the system localized
interfacial heating, preventing bulk heat dissipation into the wa-
ter reservoir.[%3]

Li et al.lI* developed a COF/graphene hydrogel (CGH)-based
solar vapor generator featuring hydrophilic regions created by
the covalent organic framework (COF)-loaded reduced graphene
oxide (COF@rGO) and hydrophobic regions formed by pure
rGO. This design was achieved through the controlled deposi-
tion of sulfonic acid-functionalized COF (COF-SO;H) onto rGO
using hydrothermal synthesis. By systematically adjusting the

Global Challenges. 2025, 9, 2400080 2400080 (10 of 16)

ratio of hydrophilic and hydrophobic regions, the hydrogel ex-
hibited improved light absorbance, optimized water content, a
higher proportion of weakly bonded water, and reduced evapo-
ration enthalpy. These features enabled exceptional solar-vapor
conversion performance, achieving a vapor generation rate of
3.69 kg m~2 h™! and a solar-to-vapor efficiency of 92% under 1
sun irradiation.

The management of high-salinity streams, which arise from
various sources such as oil and gas extraction, inland desali-
nation concentrates, landfill leachate, and wastewater from
industries like coal-to-chemical, textile, mining, and leather
tanning, is increasingly recognized as a growing environmental
concern. The direct discharge of these high-salinity streams
into surface waters poses a serious risk to ecosystems and the
contamination of drinking and agricultural water supplies due to
the extremely high salt concentrations and the widespread pres-
ence of pollutants.®) Desalination is becoming the preferred
solution for handling hypersaline streams, offering notable
environmental and economic benefits compared to existing
methods.[®®! Thus, it is worth further investigating the solar-
driven desalination potential of the 3D photothermal material
under hypersaline conditions.
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Figure 10. Mass change curves of water with increasing salinity a); and the corresponding evaporation flux under the natural sunlight in the real-world
solar riven desalination test of the various salinity b); salt resistance and self-cleaning potential of the 3D N@rGO solar evaporator under extended
duration c); at 0 h (1), 24 h (1), 48 h (1) carried out to test its long-term, and stable water desalination performance under 1 sun solar irradiation

(1kwW m=2).

In light of this, the solar-driven interfacial desalination po-
tential of the 3D solar absorber was evaluated at higher salinity
levels (10 and 20 wt.%) under 1 sun solar irradiation, in dark-
ness, and without the 3D solar absorbers as controls, to assess its
ability to treat high-salinity brine. As shown in Figure 10a,b, the
3D N@rGO evaporator achieved evaporation rates of 2.05, 1.66,
and 1.31 kg m~2 h~! for salinity levels of 3.5, 10, and 20 wt.%, re-
spectively, under 1 sun solar irradiation. The evaporation rate for
bulk water without the evaporator was 0.22, 0.2 kg m~2 h~! for the
10 and 20 wt.% salinity levels, respectively, slightly lower than the
0.24 kg m=2 h~! evaporation flux observed at the 3.5 wt.% salinity
level. However, there was no significant change in the evapora-
tion rates in the dark at 10 and 20 wt.% salinity levels, both being
~0.11kgm=2h".

The 3D photothermal material demonstrated efficient interfa-
cial desalination performance in all salinity levels within the ini-
tial 7-h period. However, after 7 h of desalination test, a grad-
ual formation of salt crystals commenced at the 20% wt. salinity
level. Over an extended desalination process of 21 h, the salt accu-
mulation progressed, and the 3D evaporator with 20 wt.% salin-
ity level was completely covered as portrayed in Figure S2 (Sup-
porting Information). On the other hand, there was only slight
salt accumulation observed on the 3D evaporator with 10 wt.%
salinity level, the thinly salt crystals formed managed to be redis-
solved in the evening and returned to the bulk water through the
mechanisms of convection and diffusion.!®”] This phenomenon
demonstrated the self-cleaning capability of the absorber, which
can be attributed to the effective transfer of water through the mi-
crochannels, enabling a reversed flow of salt ions in accordance
with the salt concentration gradient.!®”] However, the salt crys-
tals that were cultivated on the 3D evaporator with a salinity of
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20 wt.% were incapable of being redissolved and flowing back to
the bulk water (as depicted in Figure S2a—c, Supporting Informa-
tion). This occurrence might be linked to the elevated concentra-
tion of salt in the unevaporated bulk water that remains, which
approaches the saturation level of salt in water at room temper-
ature (35 wt.% NaCl).*l As a result, there is an extremely low
concentration gradient between the bulk water and the salt ions
present on the surface of the evaporator, thereby posing difficul-
ties in terms of backwashing and dissolution. The progressive de-
cline in the evaporation flux of the saline water with increasing
salinity can be attributed to the reduction in the vapor pressure
of water as salinity levels rise and reduced water activity.[%®! The
high salt crystallization on the exterior surface of photothermal
materials leads to a reduction in their ability to absorb light effec-
tively. This, in turn, hinders the generation of steam and signifi-
cantly impedes the process of solar steam generation, resulting in
the lowest rate of evaporation.!®] Hence the 3D solar evaporator
demonstrated efficient self-cleaning potential up to a salinity level
of 10 wt.%. At this level, the tiny salt crystals that formed on its
surface redissolved naturally during nighttime when the absence
of a thermal gradient prevented capillary-driven upflow of saline
water to the evaporator’s surface. However, as the salinity level
increased to 20 wt.%, salt crystals began to form more promi-
nently on the evaporator’s surface. These crystals grew rapidly,
eventually covering the evaporator and hindering its function-
ality. At this point, physical removal or prolonged flotation of
the material in bulk water was necessary to enable the redisso-
lution of the crystals and gradient-driven backflow of salt ions.
Hence in cases where significant salt accumulation was observed
(e.g., at 20 wt.% salinity), the crystals were either scraped off
manually after some time or allowed to redissolve naturally by
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leaving the evaporator floating in the absence of light, provided
that adequate water was available. Sufficient water ensures capil-
lary flow and facilitates the redissolution and reverse flow of salt
ions.

3.5. Self-Cleaning Performance of 3D N@rGO Solar Absorber

Salt crystallization is one of the most critical challenges limiting
the stable performance of solar evaporators and salt resistance
ability is an important index used to evaluate their long-term sta-
ble performance. The 3D N@rGO solar absorber demonstrated
high salt resistance and self-cleaning capacity. The long-term salt
resistance and self-cleaning potential of the 3D N@rGO solar ab-
sorber were further evaluated by placing 2 g of NaCl crystals on
the surface of the solar absorber on a 3.5 wt.% salinity bulk wa-
ter. The study demonstrated complete elimination of the salt ac-
cumulated over the 48-h desalination study conducted with no
trace of salt remaining on the solar evaporator, as presented in
Figure 10c, which demonstrated the superb salt resistance and
self-cleaning capability of the 3D N@rGO. The porous morphol-
ogy, adequate diffusion channels, and superhydrophilicity of the
3D evaporator ensured rapid water replenishment for continu-
ous vapor generation as well as the diffusion and backflow of
salt ions, therefore boosting the salt resistance potential of the
solar evaporator.”>’!l The high photothermal conversion and in-
terfacial desalination performance can be attributed to multidi-
rectional mass and heat transfer as well as vapor removal, and
high-water transfer potential that ensures efficient water replen-
ishment to the evaporative sites.[”]

3.6. Outdoor Solar Desalination Test

To assess the real-world solar-driven interfacial desalination po-
tential of the 3D N@rGO evaporator, a prototype solar desalina-
tion setup with a modified single slope design was constructed.
This setup consisted of double 3D N@rGO solar evaporators
(each with a diameter of 4.0 cm and length of 7.0 cm), a vapor
condenser, and a water collector underneath the saline water-
containing vessels (Figure 11a LII). The transparent glass cov-
ers the device, condenses the evaporated water, and subsequently
converges freshwater generated to the water collector underneath
through the apertures. The desalination device was placed on the
rooftop of the environmental engineering and water utilization
engineering building at the University of Pretoria (S25° 45’ 21"
E28° 13’ 51"), from February 23-25, 2024. The outdoor solar de-
salination experiment was carried out using simulated seawater
of salinity level 3.5% wt. and took place from 9:00 am to 4:00
pm under natural sunlight with an average 8 h solar heat flux of
~0.853 kw m~2 reaching up to 1.1 kW m~2 at around noon.”?!
Under natural sunlight irradiation, the dual 3D N@rGO evap-
orators generated water vapor, which is condensed on the trans-
parent cover and collected in the plastic container (Figure 11a).
On average =117 g of condensed water was collected daily, result-
ing in an average water evaporation rate of 2.61 kg m~=2 h~?, based
on an effective evaporation surface area of 56 cm? over the 3-day
period monitored. In comparison to the desalination study con-
ducted under simulated sunlight (1.0 kW m~2), which achieved
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Figure 11. Modified solar still-based solar-driven interfacial desalination
setup consisting of two 3D N@rGO solar absorbers laying on a cellulose
insulation sponge floating on the saline water-containing vessels. Small
apertures have been drilled on the flat plate to let the condensed freshwa-
ter into the big plastic container underneath a); infrared images showing
the temperature distribution during solar irradiation over a period of 90
mins b).

an evaporation rate of 2.05 kg m=2 h™!, the outdoor test obtained
an average evaporation rate of 2.61 kgm=2h!, indicating a 21.8%
increase in the potential for freshwater generation.

The 3D evaporator exhibited a rapid increase in surface tem-
perature, reaching a maximum of 65 °C within an hour and a
half, as portrayed in Figure 11b, demonstrating its remarkable
photothermal efficiency. Unlike the solar-simulated indoor exper-
iment, the solar flux in real outdoor conditions fluctuates over
time. At noon, the solar power density peaked at 1.1 kW m~2, as
presented in Figure 12b, resulting in a surface temperature re-
sponse of up to 65 °C. This value is significantly higher than the
temperature achieved in the indoor solar simulation test, where
the solar simulator lens is positioned directly above the evapo-
ration surface, with a maximum temperature of 54.5 °C under
1 sun. Conversely, the multidirectional solar absorption of the
3D structure allows for heat absorption from all directions, in
contrast to the top-directed solar simulation. This feature high-
lights excellent photothermal efficiency and surface temperature
response. The exceptional photothermal performance observed
in actual outdoor conditions can be attributed to all directional
solar absorption coupled with multiple reflecting morphology of
the 3D evaporator, the recovery of latent heat, and the collection
of environmental energy from the surroundings, leading to a re-
duction in vaporization enthalpy.l”>74

The porous microstructure of the 3D surface reduces the
diffuse reflection and enhances the light absorption potential,

© 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH
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Figure 12. Typical vapor generation observation over a time of an hour from the side and front views of the solar-driven interfacial desalination setup
a); time-dependent average solar power density over the three days collected from the online database from 9:00 am to 4:00 pm b); magnified portion
showing condensate on the glass moving down into the freshwater collector c).

the invading light was reflected multiple times between the
microporous channels, improving light absorption of the 3D
evaporator.l**! The superb photothermal performance of the 3D
evaporator and the efficient heat management in the desali-
nation set-up demonstrated efficient freshwater generation po-
tential, giving it a promising potential in tackling the urgent
freshwater scarcity facing the globe. In addition, the scalability
of the 3D N@rGO-based solar-driven desalination system is a
significant factor to consider. The system can be scaled up by in-
creasing the dimensions and array of solar evaporators accord-
ingly. The salt rejection is determined by evaluating the reduc-
tion in salinity percentage between the collected freshwater and
the feed using Equation (3.7

9
Salt rejection (%) = (1 - 3f> x 100% (3)

1

where 0; is the conductivity of the harvested water, and 9, is
the conductivity of the bulk feed water. The concentration of
ions in the water that was collected showed a significant reduc-
tion, reaching as low as 30 mg L~! salinity (55 uS cm™'). This
level is considerably lower than the salinity level recommended
by the World Health Organization for drinking water, which is
200 mg L1, The reduction in the harvested water’s conductivity
to 55 uS ecm™!, equivalent to a salt concentration of 30 mg L1,
from the original feedwater with a salinity level of 3.5 wt.% and
a conductivity of 52000 pS cm~!, demonstrates a 99.7% salt re-
jection efficiency. The rooftop outdoor test provided an average
daily freshwater yield of ~21 kg m~2 at an 8-h long desalina-
tion test carried out daily from 9 a.m. to 10 p.m. The freshwater
generated, 21 L a day is equivalent to the minimum freshwater
requirement capable of satisfying an average family size of two
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according to WHO.”% The outdoor freshwater yield reported in
the current study is comparable to the freshwater yields achieved
in similar 3D-based solar-driven interfacial desalination outdoor
tests. [543

An ideal solar absorber should display broadband solar absorp-
tion across the entire solar spectrum, and the setup should min-
imize energy dissipation through radiation to the external envi-
ronment or conduction to the bulk water. In the current study, the
cellulose sponge served as an ideal insulator to protect heat dis-
sipation and served as a water channel to transfer from the bulk
to the porous 3D absorber. The high photothermal conversion
efficiency of the 3D N@rGO observed in the current study can
primarily be attributed to the elevated electrocatalytic activity and
solar absorption performance, along with the high hydrophilic-
ity and water transfer potential of the nitrogen-doped 3D rGO
solar absorber, as well as efficient thermal management placed.
The introduction of nitrogen doping leads to a higher positive
charge on a carbon atom adjacent to the nitrogen atoms, resulting
in enhanced electrocatalytic activity and conductivity for efficient
photothermal performance.>?! These characteristics greatly facil-
itate the photothermal conversion of N-doped graphene sheets,
meeting the high demands of rapid solar evaporation.l’’! No-
tably, recent studies have shown that certain extrinsic features
of chemically modified graphene exhibit significant potential in
various applications, such as energy harvesting, supercapacitors,
field-effect transistors, and solar cells.”®] The bonding of the N
atom with a carbon framework introduces a defect in nearby
sites due to the disparity in bond length and atomic size, con-
sequently inducing a higher positive charge distribution on the
adjacent carbon atoms. This phenomenon is attributed to the
electron-withdrawing ability of N, resulting in the enhancement
of reactivity and electrocatalytic activity, ultimately boosting the
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electrocatalytic activity and electrical conductivity of the graphene
and thereby increasing its photothermal performance.[*?]

The hierarchically porous and hydrophilic structure of the
3D N@rGO evaporator offers it a significant advantage in re-
plenishing water to the evaporation surface and facilitating two-
directional ion diffusion.[**] Moreover, the ability to modify the
electrical and optical properties of GO through chemical and
thermal reduction processes has made GO-based macrostruc-
tures a promising choice for achieving excellent light absorption
and prominent photothermal performance.””! After reduction,
the electrical conductivity of GO can be greatly improved and ad-
justed by manipulating the oxygen content in rGO. As a result,
nitrogen-doped reduced graphene oxide exhibits semiconductor
behavior, with its electrical conductivity being adjustable through
the control of oxygen levels and the presence of chemically ac-
tive defective sites. This makes it a potential candidate for appli-
cations in photothermal conversion and solar desalination.!”*%]
The 3D porous macrostructure assisted in maximizing solar ab-
sorption by enabling multiple reflections of incident light and
minimizing energy loss, thereby contributing to the light absorp-
tion and evaporation efficiency of the evaporators.!®!] Besides, the
larger water/air interface of the 3D macrostructure and lateral
surface of the solar absorber is beneficial for more efficient vapor
release and light absorption.

3.7. Costs of Materials and Energy Required for Scaling Up of the
3D N@rGO Solar Absorber

To synthesize 3D N@rGO with a top surface area of 0.0028 m?,
4.5 gof GO and 5 g of EDTA are required. Scaling up to produce
3D N@rGO with a total top surface area of 1 m? necessitates pro-
portional increases in these ingredients. As detailed in Table S1
(Supporting Information), the total material cost for producing
3D N@rGO with a total top surface area of 1 m? is estimated to
be $2237.

The energy costs for hydrothermal reduction and freeze-drying
have been estimated based on relevant process parameters and
scale of production. According to Lucian and Fiori,[8?] a compara-
ble process, hydrothermal carbonization, requires 160 kWh ton—!
of hydrochar, translating to ~6.64 kWh for the hydrothermal re-
duction of GO to »2 kg of N@rGO. Additionally, medium-sized
freeze dryers consume 990-1500 W h~!, leading to an estimated
energy usage of #30 kWh per load. Combining these processes,
the total power consumption for producing 1 m? of 3D N@rGO is
estimated at 36.64 kWh. Given the South African electricity tariff
of ZAR 3.292 per kWh ($ 0.184), the total energy cost amounts to
$ 6.73. This indicates that energy costs are much lower compared
to the expense spent on the chemicals, requiring more focus on
minimizing material costs.

The initial production cost of 3D N@rGO is relatively high,
largely due to the significant raw material demands of Tour’s
method for GO synthesis. However, the scalability of produc-
tion can influence fabrication costs. Despite the upfront expense,
N@rGO’s exceptional durability and flexibility ensure a long ser-
vice life, making it a valuable long-term investment with low op-
erating costs. Once installed, the system operates without addi-
tional running costs, making it especially advantageous for water-
scarce regions, such as deserts or areas with saline or brackish
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water butlimited freshwater access. Its low operational and main-
tenance requirements, combined with negligible downtime, sig-
nificantly enhance its cost-effectiveness, outweighing the initial
investment.

Efforts to reduce production costs including exploring alterna-
tive methods, such as employing wood-based substrates coated
with N@rGO are underway. This approach considerably lowers
material and processing expenses while maintaining high perfor-
mance. Although the initial production costs remain elevated due
to the use of specific materials and chemicals, these are well jus-
tified by the system’s extended lifespan, environmental benefits,
and sustainability.®*!

Skuse et al.®3 conducted an in-depth study on the environ-
mental benefits of GO-based solar desalination systems, demon-
strating their significant potential to reduce environmental im-
pacts. Using life cycle assessment (LCA) modeling in GaBi v9.2
and applying the ReCiPe 2016 methodology, the study assessed
impacts mitigated across 18 categories, including climate change
potential, fossil fuel depletion potential, metal depletion poten-
tial, human toxicity (both cancer and non-cancer effects), and
ionizing radiation potential. Despite the high initial investment,
the results highlighted the sustainability and long-term viability
of GO-based desalination systems, emphasizing their capacity to
mitigate environmental impacts and promote eco-friendly water
management solutions.

4. Conclusion

In this study, a highly porous 3D N@rGO solar absorber was
developed that exhibited high solar absorption and superb pho-
tothermal conversion efficiency of ~#134% under 1 sun irradia-
tion. Additionally, it demonstrated a high freshwater generation
rate of 1.94 kg m=* h™" under 1 sun as well as a freshwater gener-
ation potential of 2.61 kg m~2 h~! from simulated seawater over
a 3-day outdoor test. The high photothermal conversion potential
can be attributed to the latent heat recycled from vapor conden-
sation and the effective heat management system, which mini-
mizes radiative and conductive heat losses. Nitrogen doping, em-
ployed as an effective strategy to create defects and regulate the
electronic structure of graphene, significantly contributes to the
high photothermal conversion efficiency and exceptional solar
absorption performance. The highly porous and wrinkled mor-
phology of the 3D N@rGO composite enables multiple reflec-
tions of incident light, minimizing energy loss and enhancing
light absorption and evaporation efficiency in the evaporator. Fur-
thermore, the solar absorber demonstrated efficient resistance to
salinity levels up to 10 wt.%, owing to its high hydrophilicity and
water transfer properties, which facilitate the backflow of saltions
into the bulk. This study demonstrates the promising potential
of scalable 3D N@rGO in achieving remarkable photothermal
conversion efficiency and freshwater generation from seawater
as well as hypersaline water. The 3D solar absorber can be eas-
ily fabricated, making it suitable for large-scale desalination and
clean water generation, offering significant potential to address
the freshwater shortage challenge faced by many countries.

© 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.global-challenges.com

ADVANCED
SCIENCE NEWS

Global
Challenges

www.advancedsciencenews.com

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

This research is supported by the National Research Foundation (NRF)
of South Africa through the National Equipment Program Grant No.
EQP180503325881 and Competitive Program for Rated Researchers Grant
No. SRUG2204072544 (awarded to Prof. Evans MN Chirwa), Incentive
Funding for Rated Researchers Grant No. 2120576552 (awarded to Prof.
Samuel A. Iwarere), and the Support for Y-rated Researchers Grant No.
CSRP23042396323 (awarded to Prof. Shepherd M Tichapondwa) of the
University of Pretoria. This work was additionally supported by the Aus-
trian Federal Ministry of Education, Science and Research (BMBWF) Grant
No. UNINET P058] and Austria’s Agency for Education and Internation-
alization (OeAD) [Grant No. APPEAR Project 341], both of which were
awarded to Prof Hendrik G. Brink. Additional funding for preliminary work
was received from the Water Research Commision Grant No. 21/23-00378
and Rand Water Chair in Water Utilization Grant No. RW01413/18 awarded
to Prof. Evans MN Chirwa of the University of Pretoria.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in the sup-
plementary material of this article.

Keywords

interfacial desalination, nitrogen-doped, photothermal conversion effi-
ciency, photothermal material, reduced graphene oxide

Received: March 6, 2024
Revised: January 2, 2025
Published online: February 25, 2025

[1] S.A.Adio, E.A. Osowade, A. O. Muritala, A. A. Fadairo, K. T. Oladepo,
S. O. Obayopo, P. O. Fase, Drink. Water Eng. Sci. 2021, 14, 81.

[2] Y. Zhou, R. S. Tol, Water Resources Res. 2005, 41.

[3] G.Liu, T. Chen, ). Xu, G. Yao, . Xie, Y. Cheng, Z. Miao, K. Wang, Cell
Rep. Phys. Sci. 2021, 2, 100310.

[4] M.S.Irshad, N. Arshad, X. Wang, Global Challenges 2021, 5, 2000055.

[5] H. Liu, Z. Huang, K. Liu, X. Hu, J. Zhou, Adv. Energy Mater. 2019, 9,
19003 10.

[6] S. L. Loo, L. Vdsquez, M. Zahid, F. Costantino, A. Athanassiou, D.
Fragouli, ACS Appl. Mater. Interfaces 2021, 13, 30542.

[7] Z.Sun, S. Fang, Y. H. Hu, Chem. Rev. 2020, 120, 10336.

[8] M. Long, P. Wang, H. Fang, W. Hu, Adv. Funct. Mater. 2019, 29,
1803807.

[9] A.T.Smith, A. M. LaChance, S. Zeng, B. Liu, L. Sun, Nano Mater. Sci.

2019, 17, 31.

S.Yin, Z. Niu, X. Chen, Small 2012, 8, 2458.

Y. Gao, Q. Wang, G. Ji, A. Li, J. Niu, RSC Adv. 2021, 11, 5361.

X. Wang, G. Sun, P. Routh, D. H. Kim, W. Huang, P. Chen, Chem. Soc.

Rev. 2014, 43, 7067.

(10]
(1]
(12]

Global Challenges. 2025, 9, 2400080 2400080 (15 of 16)

(13]
(14]
[15]
[16]
(17]
(18]
(19]
(20]
(21]

(22]

(23]
(24]

(25]
26]

(27]
(28]

(29]
(30]

(31

(32]

(33]

(34]

35]
(36]

(37]

(38]
(39]

(40]
[47]

(42
[43]

[44]
[45]

[46]

www.global-challenges.com

D. Geng, S. Yang, Y. Zhang, ). Yang, J. Liu, R. Li, T. K. Sham, X. Sun,
S.Ye, S. Knights, Appl. Surf. Sci. 2011, 257, 9193.

Q. Shi, Y. Cha, Y. Song, J. I. Lee, C. Zhu, X. Li, M. K. Song, D. Du, Y.
Lin, 3D Nanoscale 2016, 8, 15414.

A.T. Habte, D. W. Ayele, Adv. Mater. Sci. Eng. 2019, 2019, 5058163.
N. Li, R. Shu, J. Zhang, Y. Wu, J. Colloid Interface Sci. 2021, 596, 364.
H. Yin, H. Xie, ). Liu, X. Zou, J. Liu, Desalination 2021, 511, 115116.
K. Yokwana, B. Ntsendwana, E. N. Nxumalo, S. D. Mhlanga, J. Mater.
Res. 2023, 38, 3239.

A.V.Murugan, T. Muraliganth, A. Manthiram, Chem. Mater. 2009, 21,
5004.

P. Pandya, T. |. Webster, S. Ghosh, Front. Chem. 2024, 12, 1458804;
A. D. Veloso, A. M. Ferraria, A. B. do Rego, A. S. Viana, A. J. S.
Fernandes, A. ). Fielding, R. A. Videira, M. C. Oliveira, Nano Mater.
Sci. 2024, 6, 475.

P. R. Mutadak, S. S. Warule, P. S. Kolhe, P. K. Bankar, M. A. More,
Surfaces Interfaces 2023, 41, 103251.

G. Kim, ). Lee, T. Liu, C. P. Grey, J. Phys. Chem. C 2021, 125, 10558.
Y. Li, ). Yang, N. Zhao, J. Huang, Y. Zhou, K. Xu, N. Zhao, Appl. Catal.,
A 2017, 534, 30.

S. Yu, R. Tang, K. Zhang, S. Wu, X. Yang, W. Wu, Y. Chen, Y. Shen, X.
Zhang, ). Qian, Y. Song, Vacuum 2019, 168, 108817.

W. Dong, Z. Wu, X. Zhu, D. Shen, M. Zhao, F. Yang, Q. Chang, S.
Tang, X. Hong, Z. Dong, S. Yang, Chem. Eng. J. 2024, 488, 150872.
L. Dai, D. W. Chang, ). B. Baek, W. Lu, Small 2012, 8, 1130.

M. Kim, D. H. Nam, H. Y. Park, C. Kwon, K. Eom, S. Yoo, . Jang, H.
J. Kim, E. Cho, H. Kwon, J. Mater. Chem. A. 2015, 3, 14284.

A. Begley, G. L. Bartolomeo, D. F. Abbott, V. Mougel, R. Zenobi,
Plasma Processes Polym. 2024, 21, 2300168.

N. Hellgren, R. T. Haasch, S. Schmidt, L. Hultman, I. Petrov, Carbon
2016, 108, 242.

K. N. Wood, S. T. Christensen, D. Nordlund, A. A. Dameron, C. Ngo,
H. Dinh, T. Gennett, R. O’Hayre, S. Pylypenko, Surf. Interface Anal.
2016, 48, 283.

M. J. Dzara, K. Artyushkova, S. Shulda, M. B. Strand, C. Ngo, E. J.
Crumlin, T. Gennett, S. Pylypenko, J. Phys. Chem. C. 2019, 123, 9074.
B. Murugesan, . Sonamuthu, N. Pandiyan, B. Pandi, S. Samayanan,
S. Mahalingam, J. Photochem. Photobiol. B:Biol. 2018, 178,
371.

B. Murugesan, N. Pandiyan, K. Kasinathan, A. Rajaiah, M. Arumuga,
P. Subramanian, ). Sonamuthu, S. Samayanan, V. R. Arumugam, K.
Marimuthu, C. Yurong, Mater. Sci. Eng., C. 2020, 117, 110791.

Z.Li, A.Kan, K. Wang, Y. He, N. Zheng, W. Yu, Appl. Therm. Eng. 2022,
203, 117948.

X. Zhang, T. Liu, F. Zhao, N. Zhang, Y. Wang, Appl. Catal., B. 2021,
298, 120620.

X. Han, L. V. Besteiro, C. S. L. Koh, H. K. Lee, I. Y. Phang, G. C. Phan-
Quang, J. Y. Ng, H. Y. F. Sim, C. L. Lay, A. Govorov, X. Y. Ling, Adv.
Funct. Mater. 2021, 31, 2008904;

Y. Sun, S. Qiu, Z. Fang, J. Yang, X. Song, S. Xiao, ACS Sustainable
Chem. Eng. 2023, 11, 3359.

C. R. Zhang, W. R. Cui, C. P. Niu, S. M. Yi, R. P. Liang, ]. X. Qi, X. J.
Chen, W. Jiang, L. Zhang, ). D. Qiu, Chem. Eng. J. 2022, 428, 131178.
M. Yu, ). Zhang, S. Li, Y. Meng, |. Liu, J. Power Sources 2016, 308, 44.
S. Chao, D. Li, W. Zhou, Y. Liang, Y. He, J. Xu, P. Liu, J. Energy Storage
2023, 61, 106816.

X. Zhang, S. Pang, X. Chen, K. Zhang, Z. Liu, X. Zhou, G. Cui, RSC
Adv. 2013, 3, 9005.

Z. Cheng, H. Song, X. Zhang, X. Cheng, Y. Xu, H. Zhao, S. Gao, L.
Huo, Sens. Actuators, B 2022, 355, 131313.

Y. Du, L. Liu, Y. Xiang, Q. Zhang, J. Power Sources 2018, 379, 240.

G. Vignesh, R. Ranjithkumar, P. Devendran, N. Nallamuthu, S.
Sudhahar, M. K. Kumar, Mater. Sci. Eng., B. 2023, 290, 116328.

R. Li, L. Lai, S. Su, H. Dai, Y. Cui, X. Zhu, Mater. Today Commun. 2020,
23,101128.

© 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.global-challenges.com

ADVANCED

SCIENCE NEWS

Global
Challenges

www.advancedsciencenews.com

[47]
48]

[49)
[50]
57
[52)
[53)
[54]
[55)
[56]
[57)
[58]
[59)
[60)
67
[62)

(63]
64]

[65]

Global Challenges. 2025, 9, 2400080

G. Song, R. Zhang, X. Jiang, F. Liu, X. Liu, Chem. Pap. 2020, 74, 9.
T. Yu, J. Chen, G. Zheng, W. Ma, C. Wang, X. Huang, S. Fan, Y. Zhang,
Chem. Eng. |. 2024, 492, 152426.

A. llnicka, M. Skorupska, M. Szkoda, Z. Zarach, P. Kamedulski, W.
Zielinski, ). P. Lukaszewicz, Sci. Rep. 2021, 11, 18387.

T. Lan, X. Deng, Q. Wang, Y. Huang, C. Liu, Z. Sun, Y. Xie, P. Zhang,
ACS Appl. Nano Mater. 2022, 5, 10237.

F. Liu, J. Niu, X. Chuan, Y. Zhao, J. Power Sources 2024, 607,
234308.

M. Jahan, K. Li, G. L. Zhao, Energy Technol. 2018, 6, 2408.

Z. Yousaf, S. Sajjad, S. A. K. Leghari, S. Noor, A. Kanwal, S. H.
Bhatti, K. H. Mahmoud, Z. M. El-Bahy, J. Environ. Chem. Eng. 2021,
9, 106746.

Y. Gao, Q. Sun, Y. Chen, X. Zhou, C. Wei, L. Lyu, Chem. Eng. J. 2023,
455, 140500.

Y. Bu, Y. Zhou, W. Lei, L. Ren, J. Xiao, H. Yang, W. Xu, J. Li, J. Mater.
Chem. A 2022, 10, 2856.

K. Kim, S. Yu, C. An, S. W. Kim, J. H. Jang, ACS Appl. Mater. Interfaces
2018, 10, 15602.

Y. Xiao, H. Guo, M. Li, . He, X. Xu, S. Liu, L. Wang, T. D. James, Coord.
Chem. Rev. 2025, 527, 216378.

X. Li, G. Ni, T. Cooper, N. Xu, J. Li, L. Zhou, X. Hu, B. Zhu, P. Yao, ).
Zhu, Joule 2019, 3, 1798.

Z. Lu, E. Strobach, N. Chen, N. Ferralis, |. C. Grossman, Joule 2020,
4,2693.

Y. Liang, D. Wang, H. Yu, X. Wu, Y. Lu, X. Yang, G. Owens, H. Xu, Sci.
Bull. 2024, 69, 3590.

W. Li, J. Li, L. Ding, X. Zhu, R. Sun, K. Chang, Adv. Funct. Mater. 2024,
34,2411387.

C. Onggowarsito, S. Mao, X. S. Zhang, A. Feng, H. Xu, Q. Fu, Energy
Environ. Sci. 2024, 17, 2088.

K. T. Lin, H. Lin, T. Yang, B. Jia, Nat. Commun. 2020, 117, 1389.

C. Li, S. Cao, J. Lutzki, ). Yang, T. Konegger, F. Kleitz, A. Thomas, J.
Am. Chem. Soc. 2022, 144, 3083.

K. M. Shah, I. H. Billinge, X. Chen, H. Fan, Y. Huang, R. K. Winton,
N. Y. Yip, Desalination 2022, 538, 115827.

2400080 (16 of 16)

(66]

(67]
(68]

(6]
[70]
(71

[72]

(73]
(74]
[75]

[76]

[77)

(78]

[79]

(80]
(81]

(82]
(83]

www.global-challenges.com

M. O. Mavukkandy, C. M. Chabib, I. Mustafa, A. Al Ghaferi, F.
AlMarzoogqi, Desalination 2019, 472, 114187.

Y. Sun, X. Tan, B. Xiang, ). Gong, J. Li, Chem. Eng. J. 2023, 474, 145945
L. Zhang, X. Li, Y. Zhong, A. Leroy, Z. Xu, L. Zhao, E. N. Wang, Nat.
Commun. 2022, 13, 849.

L. Wu, Z. Dong, Z. Cai, T. Ganapathy, N. X. Fang, C. Li, C. Yu, Y. Zhang,
Y. Song, Nat. Commun. 2020, 11, 521.

F. He, H. You, X. Liu, X. Shen, J. Zhang, Z. Wang, Chem. Eng. J. 2023,
470, 144332.

R. Gu, Z. Yu, Y. Su, Y. Li, S. Cheng, Sep. Purif. Technol. 2023, 322,
124322.

Tutiempo Network, S.L. Solar radiation in Pretoria irene (South
Africa), https://en.tutiempo.net/solar-radiation/pretoria-irene.html
(Accessed: February 2024).

L. Zhang, Z. Xu, L. Zhao, B. Bhatia, Y. Zhong, S. Gong, E. N. Wang,
Energy Environ. Sci. 2021, 14, 1771

Z. Li, X. Xu, X. Sheng, P. Lin, J. Tang, L. Pan, Y. V. Kaneti, T. Yang, Y.
Yamauchi, ACS Nano 2021, 15, 12535.

G. Xue, Q. Chen, S. Lin, J. Duan, P. Yang, K. Liu, . Li, J. Zhou, Global
Challenges 2018, 2, 1300001

G. Howard, ). Bartram, S. Water, Domestic Water Quantity, Service
Level and Health, World Health Organization, Geneva, Switzerland
2003.

X. Meng, J. Yang, S. Ramakrishna, Y. Sun, Y. Dai, ACS Sustainable
Chem. Eng. 2020, 8, 4955.

G. Witjaksono, M. Junaid, M. H. Khir, Z. Ullah, N. Tansu, M. S. B. M.
Saheed, M. A. Siddiqui, S. S. Ba-Hashwan, A. S. Algamili, S. A. Magsi,
M. Z. Aslam, Molecules 2021, 26, 6424.

Y. Wang, Y. Chen, S. D. Lacey, L. Xu, H. Xie, T. Li, V. A. Danner, L. Hu,
Mater. Today 2018, 21, 186

P. Sehrawat, S. S. Islam, P. Mishra, S. Ahmad, Sci. Rep. 2018, 8, 3537
Z. Lei, X. Sun, S. Zhu, K. Dong, X. Liu, L. Wang, X. Zhang, L. Qu, X.
Zhang, Nano-Micro Lett. 2022, 14, 10

M. Lucian, L. Fiori, Energies 2017, 10, 211.

C. Skuse, R. R. Z. Tarpani, P. Gorgojo, A. Gallego-Schmid, A.
Azapagic, Desalination 2023, 551, 116418.

© 2025 The Author(s). Global Challenges published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.global-challenges.com
https://en.tutiempo.net/solar-radiation/pretoria-irene.html

	Synthesis and Evaluation of 3D Nitrogen Doped Reduced Graphene Oxide (3D N@rGO) Macrostructure for Boosted Solar Driven Interfacial Desalination of Saline Water
	1. Introduction
	2. Experimental Section
	2.1. Preparation of 3D N@rGO
	2.1.1. Synthesis of GO
	2.1.2. Synthesis of 3D N@rGO&#x00A0;

	2.2. Characterization
	2.3. Solar-Driven Interfacial Evaporation Performance Test
	2.3.1. Real-World Application Potential and Long-Term Performance Test


	3. Results and Discussion
	3.1. Morphological and Optical Properties
	3.2. Photothermal Properties of the 3D N@rGO
	3.2.1. UV9040�vis9040�NIR Spectroscopy Analysis of N@rGO

	3.3. Interfacial Desalination Performance of the 3D N@rGO
	3.4. Photothermal Conversion Efficiency
	3.5. Self-Cleaning Performance of 3D N@rGO Solar Absorber
	3.6. Outdoor Solar Desalination Test
	3.7. Costs of Materials and Energy Required for Scaling Up of the 3D N@rGO Solar Absorber

	4. Conclusion
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords


