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Abstract
This study presents the synthesis and evaluation of a novel rGO/TiO2/NiFe2O4/ZnO nanocomposite for efficient solar 
steam generation (DSSG) and photocatalytic water purification. The nanocomposite, synthesized via a hydrothermal 
method, demonstrates exceptional photothermal performance, achieving a maximum evaporation rate of 3.53 kg m−2 
h−1 and an evaporation efficiency of 89% under 3 sun illumination. The incorporation of reduced graphene oxide (rGO) 
facilitated effective heat localization at the water/air interface, minimizing heat loss to the bulk water, as confirmed by 
infrared imaging and temperature sensor data. Furthermore, the nanocomposite exhibited significant photocatalytic 
activity, effectively degrading methylene blue with a degradation efficiency of 97%. Water quality analysis confirmed 
the production of clean and drinkable water. The nanocomposite demonstrated excellent reusability and stability across 
multiple cycles. This cost-effective and efficient material holds significant potential for sustainable water purification and 
solar steam generation applications.
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1  Introduction

Water, which covers over 70% of the Earth’s surface, gives our planet its characteristic blue appearance from space. 
However, this apparent abundance masks a critical scarcity of potable water. The vast majority of Earth’s water is saline 
and unsuitable for consumption, and the compounding effects of climate change, population growth, and increasing 
pollution have intensified this problem in recent decades, leading to severe water shortages globally. Many regions, 
particularly in Africa and parts of Asia, lack access to clean water. A United Nations World Water Development Report [1] 
projects that by 2050, 748 million people will face drinking water scarcity.

The vast quantities of water in oceans, seas, and rivers are largely unusable for direct consumption due to salinity levels. 
Desalination and wastewater treatment offer potential solutions to mitigate these shortages and avert a global crisis. 
Techniques such as reverse osmosis [2–4], electrocoagulation [5], membrane filtration [6, 7], thermal-based methods [8, 
9], and hybrid thermal-membrane processes like membrane distillation [10, 11] have been developed for this purpose. 
However, these methods often suffer from limitations, including low efficiency, high costs, reliance on non-renewable 
energy sources, operational complexity, and the emission of greenhouse gases, particularly carbon dioxide [9, 12, 13]. 
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These drawbacks impede the widespread and sustainable application of these techniques as long-term solutions to the 
global water crisis.

To effectively address the clean water shortage, we must draw inspiration from nature. The water cycle, a solar-powered 
process, naturally converts billions of liters of saline water into potable water daily, culminating in rainfall. In recent years, 
there has been a significant shift towards replacing conventional desalination techniques with greener, more environ-
mentally friendly approaches that harness solar energy. Photothermal conversion, which utilizes light to generate heat, 
has emerged as a promising sustainable energy source for solar desalination. Researchers have explored diverse pho-
tothermal materials to produce clean drinking water from various sources, including wastewater, saline water [14–19], 
and even atmospheric moisture [20]. Direct solar steam generation (DSSG) systems, which employ nanocomposites with 
combined light-absorbing and heat-transfer capabilities to evaporate water and produce clean distillate, represent a 
particularly promising technology for mitigating water scarcity.

Reduced graphene oxide (rGO), with its high surface area, offers excellent adsorption capacity for water molecules, 
enhancing water molecules capture during distillation. The desirable optical properties of graphene-based materials have 
led to the widespread use of these materials in photothermal evaporation [21–24]. TiO2, a well-established photocata-
lyst, efficiently utilizes light energy to generate reactive oxygen species (ROS) capable of degrading organic pollutants 
and inactivating bacteria in water. Similarly, ZnO exhibits strong photocatalytic activity and can be activated by visible 
light, reducing reliance on ultraviolet light [25, 26]. However, the high recombination rate of photogenerated excitons 
in both TiO2 and ZnO can limit the nanostructures photocatalytic performance. Nickel ferrite (NiFe2O4), a metal ferrite, 
offers good chemical stability, low conductivity, catalytic performance, and antibacterial properties [27–29], making it a 
valuable component in DSSG systems. Furthermore, the magnetic properties of NiFe2O4 facilitate material recovery and 
removal from treated water using an external magnetic field, a crucial aspect of sustainable water treatment.

Combining multiple materials into nanocomposites is a common strategy to enhance desired properties and mitigate 
undesirable ones. Numerous studies have investigated the photocatalytic properties of rGO-TiO2 nanocomposites [30], 
demonstrating promise in applications such as volatile organic compound removal [31], antibacterial water treatment 
[32], and contaminant degradation [33–35]. Similarly, rGO-ZnO nanocomposites have shown excellent photocatalytic 
properties due to increased electron–hole charge transfer [36–39]. Researchers have also utilized ZnO-rGO composites for 
dye removal, leveraging the electronic properties of rGO to suppress electron–hole recombination in ZnO and enhance 
its photocatalytic activity [39]. ZnO-decorated TiO2-rGO nanocomposites have also demonstrated potential for organic 
dye removal from water [40]. NiFe2O4, which possesses photocatalytic properties, has been used in hydrogen generation 
through water splitting [41]. BiVO4/NiFe2O4 composites have been reported as efficient photocatalysts for polluted water 
detoxification [42]. Kalita et al. reported a green synthesis of magnetically separable NiFe2O4/rGO nanocomposites with 
promising photocatalytic properties for methylene blue and methyl orange removal, demonstrating successful recovery 
and reuse using a magnetic field [43].

Building upon our previous investigations of rGO-TiO2-NiFe2O4 nanocomposites, which demonstrated promising 
antibacterial and photocatalytic properties under UV and visible light irradiation [44], we aimed to explore the potential 
of a more complex quaternary nanocomposite for advanced applications. Ternary nanocomposites consisting of similar 
components have been explored in previous studies, showing potential application in photocatalysis. For instance, 
Abdi et al. [45] synthesized ZnO-covered NiFe2O4 nanospheres on N-doped rGO nanosheets, achieving 93% methylene 
blue (MB) degradation in 240 min. Similarly, Atashi et al. [46] reported excellent photocatalytic reusability for rGO/TiO2/
NiFe2O4. However, a significant gap remains in the literature: neither of these studies explored the application of these 
nanocomposites in a Direct Solar Steam Generation (DSSG) system, an area of critical importance for addressing global 
water scarcity.

Therefore, in this work, we present the synthesis of a novel quaternary nanocomposite, rGO-TiO2-NiFe2O4-ZnO, as a 
new photocatalyst specifically designed for application in a DSSG system, utilizing a hydrothermal technique. To the best 
of our knowledge, this is the first study to utilize a nanocomposite composed of rGO, TiO2, NiFe2O4, and ZnO for DSSG 
applications. This unique combination of four components offers potential synergistic effects that are not achievable 
with ternary composites, presenting a novel approach to enhancing solar steam generation.

By combining the photocatalytic properties of the individual components with the high specific surface area of 
graphene and the magnetic nature of nickel ferrite, we aim to achieve enhanced photocatalytic activity and facile recy-
clability of the synthesized nanocomposite for water treatment in closed systems. While we recognize the potential for 
magnetic separation of the nanocomposite from treated water, as demonstrated in NiFe2O4/rGO [43] and ZnO/NiFe2O4/
rGO [45] nanocomposites, this aspect is not the primary focus of our current study. Instead, we concentrate on the 
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synergistic enhancement of photocatalytic and DSSG performance through the unique quaternary composition and 
systematic optimization of the rGO concentration.

We have conducted a systematic optimization of the rGO concentration within the nanocomposite, maintaining con-
stant masses for the other components. By varying the graphene oxide (GO) mass from 1 to 5 times, in the quaternary 
nanocomposite synthesis process, relative to the other components, we have identified the optimal GO concentration for 
both photocatalytic and DSSG applications. This systematic approach to optimization is a key contribution of our research.

The structural and morphological properties of the synthesized nanocomposites were investigated using X-ray dif-
fraction (XRD) pattern, field-emission scanning electron microscopy (FESEM), and energy-dispersive X-ray spectroscopy 
(EDX). The photocatalytic properties of the synthesized nanocomposites were evaluated by monitoring methylene blue 
(MB) degradation under UV light irradiation. The best-performing photocatalyst was then incorporated into a custom-
built DSSG setup, and its evaporation rate and evaporation efficiency were examined. Inductively coupled plasma optical 
emission spectrometry (ICP-OES) was used to analyze the concentration of sodium, potassium, magnesium, and calcium 
ions in the produced water by condensing the vaporized water, and the pH of both the saline water and the produced 
water was measured. Finally, the light-to-heat conversion and heat localization properties of the nanocomposite were 
characterized using infrared (IR) imaging. Durability and stability of the nanocomposite were explored by cycling of 
methylene blue degradation for five consecutive cycles and XRD analysis of the collected powder after methylene blue 
degradation.

2 � Materials and method

2.1 � Preparation of GO

Graphene oxide (GO) was synthesized using a modified Hummers’method [47]. In this procedure, 80 mmol of graphite 
powder was added to a mixture of phosphoric acid, nitric acid, and sulfuric acid. The volumetric ratio of these acids was 
10:22.5:67.5, respectively. The mixture was cooled in an ice bath. Then, 40 mmol of potassium permanganate was slowly 
added. The resulting solution was stirred for 2 h at 50 °C. Subsequently, the temperature was increased to 85 °C, and 100 
mL of deionized (DI) water was added. After stirring for 1 h, an additional 120 mL of DI water was added. This was followed 
by the dropwise addition of 15 mL of hydrogen peroxide (H2O2). This addition caused a color change from dark brown 
to yellow. Excess metal ions were removed by filtration and washing with a 1:10 aqueous solution of hydrochloric acid 
(HCl). Unexfoliated graphite particles were separated by centrifugation at 750 rpm. Once the pH of the solution reached 
6–7, the solution was centrifuged at 8000 rpm. The resulting precipitate was washed repeatedly with DI water. Finally, 
the remaining powder was dried overnight at room temperature.

2.2 � Synthesis of TiO
2
 nanoparticles

TiO2 nanoparticles were synthesized via a sol–gel method. Titanium(IV) isopropoxide (TTIP, Merck, 99%) and polyvinylpyr-
rolidone (PVP 40000, Sigma Aldrich) were combined. The stoichiometric ratio was 0.002 mol TTIP to 0.4 mol PVP in 50 mL 
of ethanol. This solution was stirred for 10 min to ensure homogeneity. A 1 M NaOH solution was then added dropwise. 
This addition continued until the solution became opaque. The opacity indicated the formation of TiO2 nanoparticles. 
The resulting precipitate was isolated by centrifugation. It was then dried at 50 °C. Finally, the precipitate was calcined 
at 400 °C for 2 h.

2.3 � Synthesis of NiFe
2
O
4
 powder

NiFe2O4 nanoparticles were synthesized using a hydrothermally assisted co-precipitation method, as described previ-
ously [44]. Briefly, a stoichiometric mixture of 0.02 mol FeCl₃·6H2O (Sigma Aldrich, 99%) and 0.01 mol NiCl2·6H2O (Sigma 
Aldrich, 99%) was dissolved in 100 mL of deionized (DI) water. This solution was refluxed at 80 °C for 30 min. Subsequently, 
10 mL of ammonium hydroxide was added. The mixture was then refluxed for an additional 3 h at 80 °C. The resulting 
precursor was transferred to a stainless-steel autoclave. Hydrothermal treatment was then performed at 180 °C for 8 h. 
The final NiFe2O4 nanoparticles were isolated. This isolation involved repeated washing with ethanol and DI water. Finally, 
the nanoparticles were dried in an oven at 50 °C for 12 h.
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2.4 � Synthesis of ZnO nanoparticles

ZnO nanoparticles were synthesized using a hydrothermal method. Zinc nitrate, citric acid (as a complexing agent), deion-
ized water, and ethanol were used in the synthesis [48]. Initially, zinc nitrate (Zn(NO₃)2·6H2O) was dissolved in a mixture 
of 100 mL of deionized water and ethanol. The concentration was 0.1 mol. This solution was stirred for 30 min at 40 °C. 
Citric acid was then added gradually. This continued until it was completely dissolved. No particles were visible in the 
solution. Subsequently, the solution was placed in a hydrothermal reactor. It was heated at 120 °C for 8 h. A dry, fluffy gel 
was obtained. To ensure complete drying, the gel was heated at 100 °C for 1.5 h. This resulted in a dried gel. The dried gel 
was then ground. The resulting fine powder was calcined in a furnace at 500 °C for 2 h under a nitrogen-free atmosphere.

2.5 � Synthesis of GTNZ nanocomposite

This study investigated the photocatalytic activity and solar water evaporation performance of rGO/TiO2/NiFe2O4/
ZnO nanocomposites. To examine the effect of rGO concentration on the composite’s photocatalytic and distillation 
efficiency, five samples were prepared varying rGO content to other components from 1:1 to 5:1.

For the synthesis of a typical sample with a rGO:TiO2:NiFe2O4:ZnO weight ratio of 1:1:1:1, 50 mg of graphene oxide 
(GO) was dispersed in 50 mL of deionized (DI) water. This dispersion was achieved using a horn sonicator at 25 kHz. 
Separately, 50 mg each of titanium dioxide (TiO2), nickel ferrite (NiFe2O4), and zinc oxide (ZnO) nanoparticles were dis-
persed in 100 mL of DI water. The same sonication method was used. Both solutions were sonicated for 15 min. Then, 
1 g of sodium hydroxide (NaOH) was added to the TiO2-containing solution. This served as a source of hydroxide ions. 
It also adjusted the solution’s pH and facilitated the partial reduction of GO to reduced graphene oxide (rGO) during 
subsequent hydrothermal treatment. Following the addition of NaOH, the solution was stirred for an additional hour.

The resulting solution was then added dropwise to the GO solution. This occurred under simultaneous stirring and 
sonication. The combined 150 mL solution was transferred to a 200 mL Teflon-lined stainless steel autoclave. It was 
then heated at 100 °C for 18 h. Figure 1 shows a schematic diagram for the GTNZ nanocomposite synthesis procedure.

After the heating period, the resulting powder formed a soft tablet at the bottom of the autoclave. 100 mL of the 
supernatant liquid was carefully removed with a syringe. Then, 100 mL of DI water was added to the remaining mate-
rial. This mixture was centrifuged and washed repeatedly with DI water. Washing continued until the pH reached 7. 
The final product was dried at 60 °C for 12 h in an oven after centrifugation.

The same procedure was followed for the other samples. These samples had different weight ratios of rGO to the 
other components. Samples with rGO:TiO2:NiFe2O4:ZnO weight ratios of 2:1:1:1, 3:1:1:1, 4:1:1:1, and 5:1:1:1 were 

Fig. 1   Schematic diagram of the GTNZ nanocomposite synthesis procedure



Vol.:(0123456789)

Discover Materials            (2025) 5:83  | https://doi.org/10.1007/s43939-025-00266-y 
	 Research

prepared. These samples were designated GTNZ 21, GTNZ 31, GTNZ 41, and GTNZ 51, respectively. Table 1 summarizes 
the details of the different sample preparation conditions.

2.6 � Sample preparation for photocatalytic analysis

To determine the photocatalytic ability of the prepared nanocomposites, the photodegradation of methylene blue (MB) 
solution under UV light was evaluated. This evaluation was performed by analyzing the absorption spectrum of samples 
at different UV light exposure times. To prepare the solution for photocatalysis characterization, 3.2 mg of nanocomposite 
was dispersed in 50 mL of a 20 ppm MB solution. The MB solution was pre-dissolved in DI water. The solution was kept 
under constant stirring for 30 min in the dark. Then, the solution was exposed to a 200 W HBO Mercury lamp. The light 
source had an intensity of 50 mW cm−2. Samples were taken every 15 min. The absorption spectrum of these samples 
was then recorded using UV/visible spectroscopy.

2.7 � Sample preparation for DSSG experiment

The sample exhibiting the best optical properties, including optimal optical absorbance and photocatalytic perfor-
mance—GTNZ 41—was selected for the Direct Solar Steam Generation (DSSG) experiment. For this experiment, a specific 
amount of nanocomposite was dispersed in 10 mL of DI water to create a suspension, serving as the photoabsorber. To 
minimize heat loss to the bulk water, poplar wood substrates, with a 40 mm diameter and 10 mm thickness, were used.

Poplar wood was chosen due to its exceptional water transport capabilities. Its natural vascular structure comprises 
two distinct conduit types: large-diameter vessels (greater than 60 μm) and smaller-diameter tracheids (less than 20 
μm). These conduits are interconnected by pits, enabling efficient lateral water flow. This interconnected network makes 
poplar wood an ideal substrate for DSSG systems. It ensures continuous water replenishment to the photoabsorber 
surface, even when channel blockage occurs due to salt precipitation or particulate contamination. Optical microscopy 
images of the substrate surface, both before and after nanocomposite coating, are shown in Fig. 2. Notably, the coating 
process does not obstruct the microchannels, preserving the accessibility of both vessel and tracheid lumens, thereby 
maintaining the substrate’s water transport functionality.

These substrates were washed with DI water for 15 min in an ultrasonic bath and dried in an oven at 60 °C for 4 h. To 
prepare the photo absorber, 10 mL suspension of GTNZ 41 nanocomposite with different concentration was dropped 

Table 1   Weight ratio of 
the ingredient for different 
nanocomposites

Sample Weight ratio rGO (mg) TiO2 (mg) ZnO (mg) NiFe2O4 (mg)

GTNZ 11 1:1:1:1 50 50 50 50
GTNZ 21 2:1:1:1 100 50 50 50
GTNZ 31 3:1:1:1 150 50 50 50
GTNZ 41 4:1:1:1 200 50 50 50
GTNZ 51 5:1:1:1 250 50 50 50

Fig. 2   a, b Optical microscope image of poplar wood before and after coated with nanocomposite at 100 × magnification and c optical 
microscope image of the photoabsorber coated with nanocomposite at 200 × magnification
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cast on the substrates on hot plate. A solar simulator with 750 W xenon lamp with filters to correct wavelengths was used 
as an artificial solar irradiance. The DSSG aperture includes a 100 mL beaker for saline water, with 3 temperature sensors 
at 2, 3 and 4 cm from the bottom of the beaker to record the temperature at different distances from the surface of the 
water which the light irradiates. We used a precise digital scale to record the mass of the beaker containing seawater in 
order to calculate evaporation rate, ṁ , using Eq. (1):

where ∆m is the mass reduction differences of the seawater in the DSSG process in light and dark, as below:

Which in this relation ∆mlight is the mass reduction during DSSG experiment while light is on and ∆mdark is the mass 
reduction of seawater in the same DSSG experiment condition while the light is off.

A is the area of photoabsorber and ∆T is the time of the DSSG test. The evaporation efficiency of the photoabsorber 
was calculated using Eq. (3):

where ṁ represents the evaporation rate, hLV is the total enthalpy of vaporization, COpt is the optical concentration and 
qi, represents the normal incoming solar intensity [49].

We prepared five samples with different concentrations from nanocomposite GTNZ 41 as photoabsorber in order to 
coat poplar wood surface and evaluate the photoabsorbers steam generation performance under simulated solar light 
irradiation. The nanocomposite concentration varies from 1.5 to 3, 4.5, 6 and 7.5 g L−1 for photoabsorbers which we name 
them S1, S2, S3, S4 and S5 here in after. The nanocomposite suspension was dropped cast on the washed poplar wood on 
the heat plate at 60 °C slowly until 10 mL solution was finished. Figure 3 shows a schematic diagram of the DSSG system 
for generating water vapor from illuminated simulated sunlight.

2.8 � Optical band gap determination

The optical band gap energies (Eg) of the synthesized materials were determined using Tauc plots, derived from UV–Vis 
absorption spectra. The Tauc relation is given by the equation below:

where α is the absorption coefficient, hν is the photon energy, A is a constant, Eg is the band gap energy, and n is a factor 
that depends on the transition type (n = 1/2 for direct transitions). By plotting (αhν)n against hν and extrapolating the 
linear portion of the plot to the hν axis, the band gap energy (Eg) was determined [50].

2.9 � Valence and conduction band position estimation

To estimate the valence band (VB) and conduction band (CB) positions, the Butler-Ginley equations were employed. 
These equations relate the band edge potentials to the band gap energy (Eg) and the absolute electronegativity (χ) of 
the semiconductor materials:

where EVB and ECB are the valence and conduction band edge potentials, respectively, χ is the absolute electronegativity 
of the semiconductor, Ee is the energy of free electrons on the hydrogen scale (approximately 4.5 eV), and Eg is the band 
gap energy determined from the Tauc plots [51, 52].

(1)ṁ =
Δm

AΔT

(2)Δm = Δmlight − Δmdark

(3)𝜂 =
ṁhLV

COptqi

(4)(�h�)n = A(h� − Eg)

(5)EVB = � − Ee + 0.5Eg

(6)ECB = EVB − Eg
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2.10 � Instrumentation

Photocatalytic activity measurement: The photocatalytic activity of the nanocomposites and UV–visible spectroscopy 
data were recorded using a UV–Visible system (UVD 2950).

Phase analysis: The structural properties of the synthesized nanocomposites were investigated using X-ray dif-
fraction (XRD) on a (D8 Advance Bruker YT model, Cu Kα radiation) system.

Morphology and composition analysis: Energy-dispersive X-ray spectroscopy (EDX) and field-emission scanning 
electron microscopy (FE-SEM) images were obtained using a TESCAN-XMO device.

pH measurement: The pH of the solutions was measured using a pH meter (Model AZ 86502).
Electrical conductivity measurement: The electrical conductivity of seawater before and after desalination was 

measured using an LCR meter (Model GPS-313813, UK).
Desalination performance: Concentration of four ions (Na+, K+, Ca2+ and Mg2+) of the seawater before and after 

DSSG experiment were measured using ICP-OES technique, Spectro Arcos-76004555 plasma, AMETEK (ARCOS FHE12).
Characterization and measurements: The structural and morphological properties of the synthesized GTNZ com-

posites were investigated using X-ray diffraction (XRD) and field-emission scanning electron microscopy (FESEM), 
respectively. Photocatalytic activity was assessed by evaluating the nanocomposites’ability to degrade methylene 
blue (MB) under UV light irradiation, monitoring the solution’s absorbance.

The interfacial vapor generation rate of the synthesized samples was measured using a solar simulator equipped 
with a precision balance and a temperature monitoring system. Brunauer–Emmett–Teller (BET) and Barrett-Joyner-
Halenda (BJH) analyses were used to determine the specific surface area and pore size distribution of the photo-
thermal nanocomposites.

Inductively coupled plasma optical emission spectrometry (ICP-OES) was used to determine the concentration 
of sodium, potassium, magnesium, and calcium ions in the distilled water. The quality of the condensed water was 

Fig. 3   A simple schematic 
diagram of the DSSG experi-
ment using poplar wood as 
the substrate and GTNZ 41 
nanocomposite at the water–
air interface
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evaluated by measuring its pH and conductivity, and comparing these values to those of the initial saline water. 
Infrared (IR) imaging was employed to investigate the heat localization properties of the photoabsorber and its 
influence on the evaporation rate of the synthesized samples.

2.11 � Structural analysis

Figure 4 presents characterization data for the starting materials used in the nanocomposite synthesis. Specifically, Fig. 4a 
displays the X-ray diffraction (XRD) patterns of pure graphite and synthesized graphene oxide (GO), while Fig. 4b shows the 
absorption spectrum of the synthesized GO.

Figure 4a presents the XRD patterns of graphite and synthesized GO. The graphite pattern exhibits a sharp, intense peak 
at approximately 2θ = 26°, corresponding to the (002) diffraction plane. Upon oxidation, this peak shift and broaden, appear-
ing at approximately 2θ = 11° and corresponding to the (001) plane. This shift indicates successful oxidation of graphite to 
GO. Using the Scherrer equation, the calculated interlayer spacing of 8 Å for GO confirms the insertion of functional groups 
between the carbon layers during oxidation [53].

Figure 4b shows the absorbance spectrum of synthesized GO in the 200–800 nm wavelength range. Oxidized graphene 
exhibits a distinct peak at approximately 240 nm, corresponding to π → π* transitions of C=C aromatic bonds. A shoulder at 
approximately 300 nm, assigned to n–π* transitions of C=O bonds, is also observed [54]. These spectral features confirm the 
formation of graphene oxide in the synthesis process.

Figure 5 presents X-ray diffraction (XRD) patterns of the synthesized materials. Figure 5a displays the XRD patterns of 
the synthesized nanoparticles (TiO2, NiFe2O4, ZnO, and GO), while Fig. 5b shows the XRD patterns of the synthesized GTNZ 
nanocomposites.

Figure 5a shows the XRD pattern of TiO2 nanoparticles with diffraction peaks at 2θ ≈ 25.3°, 37.8°, 48.1°, 62.44°, 68.72°, 70.63°, 
and 74.94°. These peaks correspond to the (101), (004), (200), (105), (204), (116), (220), and (215) diffraction planes of the pure 
anatase phase of TiO2 (JCPDS-No. 21–1272) [44]. Figure 5a also shows the XRD pattern of synthesized ZnO nanoparticles 
with diffraction peaks at 2θ ≈ 30.1°, 35.1°, 40.2°, 45.1°, 55.3°, 62.2°, 65°, 65.4°, 66.4°, and 70°. These peaks are attributed to the 
(100), (002), (101), (102), (110), (103), (112), (201), and (004) planes of the hexagonal crystal structure of the zinc oxide wurtzite 
phase. Also in Fig. 5a, the XRD pattern of synthesized NiFe2O4 shows peaks at 2θ ≈ 18.40°, 30.30°, 35.66°, 37.3°, 43.36°, 53.74°, 
57.36°, 63.0°, 71.50°, and 74.48°. These correspond to the (111), (220), (311), (222), (400), (422), (511), (440), (620), and (533) 
diffraction planes of the pure spinel crystal phase, consistent with JCPDS-No. 10–0325 standard data [44].

Furthermore, the crystal sizes of the individual components (rGO, TiO2, ZnO, and NiFe2O4) were calculated using the 
Scherrer equation:

(7)D = K�∕(�cos�)

Fig. 4   a X-ray diffraction pattern of pure graphite and synthesized graphene oxide. b Absorption spectrum of the synthesized graphene 
oxide
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where D is the crystal size, K is the Scherrer constant (0.9), λ is the X-ray wavelength (0.15418 nm), β is the full width at 
half maximum (FWHM) of the diffraction peak in radians, and θ is the Bragg angle.

The calculations revealed crystal sizes of 33.55 nm for GO, 16.3 nm for TiO2, 20.4 nm for ZnO, and 27.2 nm for NiFe2O4. 
These values provide insight into the nanoscale dimensions and contribute to understanding the structural properties 
of the synthesized materials.

Figure 5b shows the XRD pattern of photo absorber synthesized nanocomposites GTNZ 11 through GTNZ 51. The 
diffraction peaks for the rGO nanosheets are broad and weak, which is typical of amorphous carbon materials [55] 
confirmation of the partial reduction of GO to rGO in the hydrothermal process. Although the XRD spectra of all sam-
ples exhibit similar overall patterns, quantitative variations in peak intensities and widths are observed. Specifically, a 
noticeable reduction in the intensity of the diffraction peak corresponding to the TiO2 anatase (101) plane, located at 
2θ = 25–30°, is observed. This reduction in intensity is attributed to the increasing presence of rGO sheets within the 
nanocomposite, which can interfere with the crystalline growth of TiO2. Furthermore, the strong diffraction peak of TiO2 
anatase at approximately 25° overlaps with and obscures the characteristic broad (002) peak of rGO. This overlap, coupled 
with the relatively low intensity of the rGO peak, results in the rGO peak being indistinguishable in the nanocomposite 
XRD spectra [56, 57].

Figure 6a, b present FESEM images of the synthesized GTNZ 11 to GTNZ 51 nanocomposites at 200 nm and 1 μm 
scale bars, respectively. Figure 6a reveals a uniform distribution of TiO2, NiFe2O4, and ZnO nanoparticles. These nano-
particles demonstrate a predominantly spherical morphology with an average size of approximately 25–30 nm. The 
rGO nanosheets exhibit a layered structure with lateral dimensions ranging from hundreds of nanometers to several 
micrometers.

The FESEM images indicate that increasing the rGO content within the nanocomposites leads to a noticeable decrease 
in nanoparticle density and a reduction in nanoparticle agglomeration. This observation aligns with the synthesis condi-
tions and the increasing rGO mass ratio from 1:1 to 5:1 relative to the other nanoparticles. In GTNZ 11, the rGO nanosheets 
are largely covered by TiO2, NiFe2O4, and ZnO nanoparticles. However, as the rGO weight ratio increases, GTNZ 51 exhibits 
more exposed rGO planes devoid of nanoparticles.

Across all samples, the TiO2, NiFe2O4, and ZnO nanoparticles are uniformly dispersed, with no evidence of specific 
nanoparticle agglomeration. This homogeneous distribution is evident in the FESEM images, characterized by the con-
sistent dispersion of nanoparticles with distinct color contrasts.

To confirm the presence and relative abundance of constituent elements within the nanocomposites, Energy-Disper-
sive X-ray spectroscopy (EDX) analysis was performed. The resulting spectra are presented in Fig. 7. Due to the observed 
uniform nanoparticle distribution in the Field-Emission Scanning Electron Microscopy (FESEM) images and the significant 

Fig. 5   a X-ray diffraction 
pattern of the synthesized 
nanoparticles and b X-ray dif-
fraction pattern of the synthe-
sized GTNZ nanocomposites
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Fig. 6   Field emission scanning 
electron microscopy (FESEM) 
images of synthesized nano-
composite at a 200 nm and b 
1 μm scale bar
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size difference between the nanoparticles and the reduced graphene oxide (rGO) nanosheets, EDX spectra were acquired 
from multiple, randomly selected points across each nanocomposite sample. This provided a representative average 
elemental composition.

As depicted in the EDX spectra, a progressive increase in the carbon (C) signal is evident from GTNZ 11 to GTNZ 51. 
This trend correlates with the increasing initial weight ratio of graphene oxide (GO) used in the nanocomposite synthesis, 
reflecting the expected increase in rGO content. Furthermore, the elemental analysis summarized in Table 2 validates 
the presence of all expected elements within the nanocomposites.

To further investigate the surface characteristics and porosity of the GTNZ41 nanocomposite, Brunauer–Emmett–Teller 
(BET) and Barrett-Joyner-Halenda (BJH) analyses were performed. These analyses provide valuable insights into the 
specific surface area, pore size distribution, and pore morphology, which are critical factors influencing the material’s 
performance in various applications, including catalysis and adsorption. The nitrogen adsorption–desorption isotherm 
and BJH pore size distribution are presented in Fig. 8a, b, respectively.

Fig. 7   EDX analysis of the synthesized nanocomposites GTNZ 11 trough GTNZ 51
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The nitrogen adsorption–desorption isotherm of the GTNZ41 nanocomposite exhibits a Type IV isotherm, characteristic 
of mesoporous materials. This isotherm is characterized by a gradual increase in adsorption at low pressures, followed by 
a more pronounced increase at higher pressures due to capillary condensation in mesopores. The presence of a hyster-
esis loop, likely of type H3 or H4, suggests the presence of slit-shaped pores or narrow mesopores, indicative of layered 
structures or specific pore geometries. These features highlight the mesoporous nature and surface characteristics of 
the GTNZ41 material. Specifically, the material exhibits a wide distribution of pore sizes, which can be advantageous for 
various applications such as gas storage, adsorption of specific materials, and catalytic processes. Materials with smaller 
pores possess a higher specific surface area, which is crucial for adsorption and chemical reactions.

The Barrett-Joyner-Halenda (BJH) pore size distribution analysis of the GTNZ41 nanocomposite further supports the 
mesoporous nature of the material, consistent with the Type IV isotherm observed in the BET analysis. The BJH analysis 
reveals a broad pore size distribution, confirming the presence of pores with a wide range of sizes. This characteristic 
is beneficial for applications requiring efficient mass transport and high surface area, such as catalysis and adsorption. 
The presence of a hysteresis loop, similar to the BET isotherm, suggests the existence of specific pore shapes, such as 
slit-shaped or cylindrical pores, which contribute to the material’s unique surface properties [50, 58].

While this study provides a thorough analysis of the nanocomposite, future research should include X-ray Photo-
electron Spectroscopy (XPS). XPS would offer valuable insights into surface chemistry, including chemical composition, 
oxidation states, bonding, and functional groups. This analysis would enhance understanding of the material’s properties 
and aid in optimizing its performance for various applications.

2.12 � Photocatalytic properties

In order to investigate the photocatalytic properties of synthesized nanocomposites, the absorbance spectrum of the 
samples was recorded in the 200–800 nm range. Figure 9 shows that sample GTNZ 41 has the most absorption in the UV, 
visible and near IR region. Since most of the light reaching earth from sun (97%), are in the visible and IR spectrum [59], 
sample GTNZ 41 has the most potential for absorbing the sun light and used in DSSG application.

Figure 10 illustrates the photocatalytic degradation of methylene blue. Figure 10a presents the concentration of 
methylene blue as a function of UV light irradiation time for different nanocomposites. Figure 10b shows the absorption 
spectrum of sample GTNZ 41 in the methylene blue solution as a function of UV light illumination time.

Figure 10a illustrates the corresponding relative MB concentration changes versus UV light exposure time. This fig-
ure reveals, the best photocatalytic activity is related to sample GTNZ 41 which more efficiently destroys MB under UV 

Fig. 8   a Nitrogen adsorption–desorption isotherm of the GTNZ41 nanocomposite, exhibiting a Type IV isotherm characteristic of 
mesoporous materials. b Barrett-Joyner-Halenda (BJH) pore size distribution of the GTNZ41 nanocomposite
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illumination. The reason why the sample GTNZ 51, which had good absorbance in the UV region does not show better 
UV photocatalytic can be attributed to other factors like electron–hole recombination rate which is important in photo-
catalytic properties. Figure 10b shows the absorption spectrum of sample GTNZ 41 in MB solution for different UV light 
exposure time.

According to what we understood from the optical properties of the prepared nanocomposites, the most promising 
candidate for using in a DSSG system as a photocatalytic and photoabsorber material and producing drinking water from 
sea water is GTNZ 41 which have the most absorbance of light in the sun spectrum and is most efficient in destroying 
MB dye which can be used in sanitizing waste water application.

To assess the individual contributions of the nanocomposite components, photocatalytic degradation tests of methyl-
ene blue (MB) were conducted using ZnO, TiO2, NiFe2O4, and GO separately under identical condition with nanocomposite 
MB degradation test. Figure 11 shows the MB degradation of the GO, TiO2, ZnO and NiFe2O4 nanostructures. Notably, 
TiO2 and ZnO demonstrated higher MB degradation efficiencies compared to the GTNZ 41 nanocomposite. This sug-
gests that these individual oxides possess inherent photocatalytic activity that may surpass the composite under these 
specific degradation conditions.

However, it is crucial to consider the broader context of our research, which focuses on the application of the 
GTNZ nanocomposite for solar steam generation (DSSG). Despite strong photocatalytic abilities, TiO2 and ZnO lack 

Fig. 9   Absorption spectrum 
of the synthesized nanocom-
posites in the 200–800 nm 
wavelength

Fig. 10   a Methylene blue concentration as a function of UV light irradiation time for different nanocomposites and b absorption spectrum 
of sample GTNZ 41 in methylene blue solution as a function of UV light illumination time
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the essential combined photothermal and structural properties needed for efficient DSSG application. The GTNZ 
nanocomposite, by contrast, demonstrates:

Enhanced photothermal conversion: The presence of rGO in the GTNZ nanocomposite facilitates efficient light-
to-heat conversion and heat localization at the evaporation surface, crucial for DSSG.

Synergistic effects: The heterojunctions formed among the components, including TiO2 and ZnO, contribute to effi-
cient charge separation, potentially enhancing long-term photocatalytic stability and water purification during DSSG.

Broad spectrum absorption: The combination of the components and especially the rGO allow for a broad spec-
trum light absorption.

Therefore, while the individual photocatalytic tests reveal the superior degradation potential of TiO2 and ZnO 
in this isolated context, the GTNZ nanocomposite’s combined photothermal, structural, and synergistic properties 
make it a more promising candidate for integrated DSSG and water purification applications. The nanocomposite is 
designed for a system that uses the heat to create clean water, and also uses the photocatalytic properties to remove 
organic pollutants.

To further understand the electronic properties of the synthesized materials, Tauc plots were generated from the 
UV–Vis absorption spectra to determine the band gap energies. Figure 12 presents the Tauc plots for the individual 
nanoparticles (GO, TiO2, NiFe2O4, and ZnO) and the GTNZ 41 nanocomposite using Eq. 4.

By extrapolating the linear portion of the (αhν)1/2 vs. hν plot to the hν axis, the band gap energies were determined. 
The individual nanoparticles exhibited band gap energies of 1.5 eV for GO, 3.11 eV for TiO2, 2.0 eV for NiFe2O4, and 3.1 
eV for ZnO. Notably, the GTNZ 41 nanocomposite displayed a band gap energy of 1.40 eV.

The observed reduction in the band gap of the GTNZ 41 nanocomposite compared to the individual nanoparticles 
suggests a synergistic effect arising from the heterojunction formation and the presence of rGO. This reduction can 
enhance the absorption of visible light, which is crucial for improved photocatalytic activity. The lower band gap of 
GTNZ 41, along with the heterojunctions, facilitates efficient charge separation and transfer, contributing to its supe-
rior photocatalytic performance compared to the other nanocomposites (GTNZ 11–GTNZ 51) as previously discussed 

Fig. 11   Photocatalytic degradation of methylene blue (MB) under UV light for individual nanostructures, a GO, b NiFe2O4 c ZnO and d TiO2
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in this section. This band gap reduction is consistent with the enhanced methylene blue degradation observed for 
GTNZ 41, indicating that the nanocomposite can utilize a broader spectrum of solar light for photocatalytic processes.

To gain further insight into the electronic band structure of the synthesized materials, the valence band (VB) and 
conduction band (CB) positions were estimated using the Butler-Ginley equations (Eqs. 5 and 6).

The absolute electronegativity (χ) of the GTNZ 41 nanocomposite was estimated as the weighted average of the 
electronegativities of its constituent materials (TiO2, NiFe2O4, ZnO, and rGO), considering the respective weight ratio 
of the ingredients in the composite.

where EVB and ECB are the valence and conduction band edge potentials, respectively, χ is the absolute electronegativity 
of the semiconductor, Ee is the energy of free electrons on the hydrogen scale (approximately 4.5 eV), and Eg is the band 
gap energy determined from the Tauc plots (Fig. 12).

Figure 13 illustrates the estimated VB and CB positions for the individual nanoparticles (GO, TiO2, NiFe2O4, and 
ZnO) and the GTNZ 41 nanocomposite. The calculations revealed that the VB positions were 0.95 eV, 2.86 eV, 1.45 eV, 
1.74 eV and − 0.92 eV, while the CB positions were − 0.55, − 0.24 eV, − 1.65 eV, − 0.26 eV and − 2.32 eV, for GO, TiO2, 
ZnO, NiFe2O4 and GTNZ 41 respectively.

The calculated band edge positions provide valuable information regarding the charge transfer properties and 
photocatalytic activity of the materials. The specific alignment of the VB and CB positions in the GTNZ 41 nanocom-
posite suggests a favorable heterojunction formation, which can facilitate efficient charge separation and enhance 
photocatalytic performance.

To further investigate the optical properties of the GO and GTNZ41 nanocomposite, photoluminescence (PL) 
spectroscopy was performed, and the resulting spectra are presented in Fig. 14.

(8)�GTNZ41 =

(

4 × �rGO

)

+ �ZnO + �TiO2 + �Nife2O4

4 + 1 + 1 + 1

Fig. 12   Tauc plots for a TiO2, b NiFe2O4, c rGO, d ZnO nanoparticles, and e GTNZ 41 nanocomposite
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By analyzing Fig. 14, key differences in the photoluminescence (PL) spectra of graphene oxide (GO) and the GTNZ41 
nanocomposite can be observed. In the GO sample, the main peak is located at a wavelength of approximately 370–380 
nm. In the GTNZ41 sample, the main peak is shifted to a wavelength of approximately 390–400 nm.

This red-shift (shift to higher wavelengths) of the PL peak in GTNZ41 indicates a modification in the electronic structure 
of the nanocomposite. This change can be attributed to several factors, including:

Increased nanoparticle size: Larger nanoparticles can lead to changes in the band structure and thus the emission 
wavelength.

Alterations in the energy band structure: The formation of the nanocomposite can alter the energy band structure 
due to interactions between the components.

Reduction of surface defects: The combination of nanoparticles may lead to a decrease in surface defects, which can 
affect the emission properties.

Furthermore, the PL intensity of the GTNZ41 sample is higher than that of the GO sample. This increase in intensity 
suggests a higher radiative recombination rate in GTNZ41 compared to GO. The reasons for the enhanced PL intensity 
in GTNZ41 can be attributed to:

Reduced non-radiative recombination: The nanocomposite formation likely reduces non-radiative recombination 
pathways. Surface defects often act as centers for non-radiative recombination, and such defects reduction leads to 
increased radiative emission.

Improved luminescence properties: The combination of nanoparticles in GTNZ41 may modify the energy levels, 
increasing the probability of electronic transitions and thus enhancing the emission intensity.

Influence of internal fields: The internal electric fields generated by the nanoparticles in GTNZ41 can influence elec-
tronic transitions and amplify the PL signal.

Fig. 13   Schematic illustra-
tion of the calculated valence 
band (VB) and conduction 
band (CB) positions for GO, 
TiO2, NiFe2O4, ZnO nanoparti-
cles, and GTNZ 41 nanocom-
posite

Fig. 14   Photoluminescence 
(PL) spectra of graphene oxide 
(GO) and the GTNZ41 nano-
composite
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Additionally, the PL spectrum of GO exhibits a broader peak, indicating a higher density of surface defects and 
heterogeneity in the electronic structure. In contrast, the GTNZ41 PL spectrum is narrower and displays a more 
defined peak, suggesting an improvement in the crystalline structure and a reduction in surface defects [60, 61].

In conclusion, the GTNZ41 nanocomposite demonstrates superior optical performance compared to GO. The 
increased PL intensity and the red-shifted peak highlight the positive impact of nanoparticle integration in enhanc-
ing the luminescence properties.

2.13 � Direct solar steam generation (DSSG) experiment

2.13.1 � Evaporation performance of prepared photoabsorbers

Initial screening involved evaluating the absorption spectrum and photocatalytic properties of GTNZ11 to GTNZ51. 
Based on these preliminary tests, GTNZ41 was selected for further direct solar steam generation (DSSG) experiments. 
This selection was based on two key factors:

1.	 Optimal light absorption: GTNZ41 exhibited the highest absorption within the visible and infrared (IR) spectrum 
(97% of solar irradiance). This is crucial for efficient light-to-heat conversion.

2.	 Superior photocatalytic activity: GTNZ41 demonstrated the most effective degradation of methylene blue (MB) under 
UV light exposure, indicating strong photocatalytic properties.

Prepared photoabsorbers suspensions with different GTNZ 41 nanocomposite concentration, were drop-cast on 
poplar wood substrate. Five photoabsorber samples were prepared with varying concentrations of GTNZ41 (1.5, 3, 
4.5, 6 and 7.5 g L−1). These samples were designated as S1–S5.

Figure 15 presents the direct solar steam generation (DSSG) performance of the synthesized nanocomposites 
under 3 sun illumination. Specifically, Fig. 15a shows the mass reduction per unit area, Fig. 15b displays the evapora-
tion rate, Fig. 15c illustrates the evaporation efficiency, and Fig. 15d presents the top sensor temperature changes 
for different samples.

To optimize nanocomposite concentration for direct solar steam generation (DSSG), we evaluated the evaporation 
performance of samples S1 through S5 using a custom-built DSSG system. Figure 15a illustrates the mass reduction per 
unit area for each photoabsorber sample, alongside seawater and bare wood, under 3 sun illumination over 40 min.

Evaporation performance was quantified by measuring the mass of evaporated seawater. A greater reduction in 
seawater mass directly correlates with enhanced vapor production and, therefore, improved DSSG performance.

As evidenced in Fig. 15a, seawater alone exhibited the lowest mass reduction, registering 0.329 kg/m2. Conversely, 
sample S4, with a nanocomposite concentration of 6 g/L, demonstrated the highest mass reduction, attaining 2.71 
kg/m2. This result decisively indicates S4’s superior vapor generation capacity.

The vertical axis of Fig. 15a presents the mass reduction per unit area (Δm) of the photoabsorber, expressed in kg/
m2. This data is plotted as a function of time, showcasing the progression of mass reduction throughout the 40-min 
DSSG experiment under 3 sun illumination. For more clarification this relation is as follow:

Which in this relation m t is the mass of seawater of the beaker at any time of the DSSG experiment, m0 is the 
seawater of the beaker at the beginning of the DSSG experiment and A is the surface area of the photoabsorber.

In bare wood, micro channels supply water at the surface and reduce the heat loss to the bulk water and hence the 
interfacial evaporation increases as much as 0.164 kg m−2 in comparison with seawater. All the samples show better 
evaporation ability than seawater and bare wood which implies nanocomposite is successful in absorbing light and 
generating heat for evaporating water. In samples S1–S4, with increasing concentration, evaporation increases but 
by increasing nanocomposite concentration from 6 to 7.5 g L−1, evaporation decreases which can be attributed to 
increased light scattering and reduction in light absorbance at the water-photoabsorber interface. The mass reduc-
tion through interfacial vapor generation in DSSG experiment is about 0.329, 0.493, 0.645, 1.55, 1.60, 2.71 and 1.89 
kg m−2 for seawater, bare poplar wood, S1, S2, S3, S4 and S5 respectively.

(9)Δm =
mt −m

0

A
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Better performance in mass reduction through interfacial vapor generation in sample S4 in comparison with bare 
wood, S1, S2 and S3 is related to the nanocomposite concentration on the photoabsorber. This result show that with 
increasing the concentration of nanocomposite, it increases the heat generation through solar radiation absorption 
which causes more vapor generation and increases the mass reduction. By increasing the nanocomposite concentration 
to 7.5 g L−1, water mass reduction decreases which can be due to the reduced micro channels performance as a result of 
increased nanocomposite concentration and hence reduced water supply at the water–air interface and/or increased 
light scattering and reduced heat generation at the interface. In order to better understand the mass reduction efficiency 
of the prepared samples, evaporation rate of different samples was calculated using Eq. (1) and compared with seawater 
and bare poplar wood. Figure 15b shows the evaporation rate for seawater, bare wood, and samples S1 through S5.

The evaporation rate, defined as the mass reduction per unit area per unit time, was calculated using Eq. (1) and is 
presented in Fig. 15b. The data reveal a clear trend correlating with the nanocomposite concentration, mirroring the 
trend in mass loss per unit area observed in Fig. 15a.

Specifically, seawater exhibited the lowest evaporation rate (0.49 kg m−2 h−1), and bare poplar wood in seawater 
showed a slightly higher rate (0.59 kg m−2 h−1). The evaporation rate progressively increased with increasing nanocom-
posite concentration from samples S1 to S4 (0.81, 1.88, 2.10, and 3.53 kg m−2 h−1, respectively). This increase indicates 
enhanced photothermal conversion and subsequent water vaporization due to the increased light absorption of the 
nanocomposite.

However, a notable decrease in evaporation rate was observed for sample S5 (2.22 kg m−2 h−1) compared to S4 (3.53 
kg m−2 h−1). This reduction, despite a further increase in nanocomposite concentration from 6 g L−1 (S4) to 7.5 g L−1 (S5), 

Fig. 15   a Mass reduction per unit area b evaporation rate c evaporation efficiency and d top sensor changes for different samples under 3 
sun illumination
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aligns with the observed decrease in mass loss per unit area for S5 (Fig. 15a). This suggests that beyond optimal concen-
tration, the nanocomposite may experience aggregation or other phenomena that hinder its light-to-heat conversion 
capabilities.

To ensure the reliability and reproducibility of the evaporation rate measurements, each experiment was conducted 
in triplicate. Error bars, representing the standard deviation of these three independent measurements, are included in 
Fig. 15b. This approach allows for the quantification of uncertainties inherent in the experimental setup and provides a 
measure of data variability.

Several potential sources of error could have influenced the evaporation rate measurements. Firstly, fluctuations in 
ambient temperature and humidity, despite attempts to maintain consistent laboratory conditions, may have introduced 
variability in the evaporation process. To minimize heat loss to the surroundings and ensure accurate temperature moni-
toring, the beakers containing seawater samples were insulated thermally and equipped with calibrated temperature 
sensors. Secondly, minor variations in solar irradiance, even with the use of a controlled light source, could have affected 
the photothermal conversion and subsequent evaporation rates. Thirdly, the precision of the electronic balance used to 
measure mass loss is inherently limited, introducing a small degree of uncertainty in the recorded data.

The standard deviation provides a statistical measure of the dispersion of the data around the mean. The relatively 
small standard deviations observed in Fig. 15b indicate a high degree of reproducibility in the evaporation rate measure-
ments, suggesting that the experimental setup was robust and the influence of the aforementioned errors was minimized. 
The calculated evaporation rates along with the corresponding standard deviations (SD), are presented in Table 3.

The evaporation efficiency of seawater, bare poplar wood in seawater, and poplar wood coated with varying concen-
trations of the photoabsorber (samples S1–S5) was calculated using Eq. (3) and is presented in Fig. 15c. As anticipated, 
the trend in evaporation efficiency closely mirrors that observed for the evaporation rate (Fig. 15b).

Seawater alone exhibited the lowest evaporation efficiency, approximately 12.37. The presence of bare poplar wood 
in seawater increased the efficiency to 18.62. Notably, all samples coated with the photoabsorber demonstrated signifi-
cantly higher evaporation efficiencies compared to seawater and seawater with bare wood.

Increasing the photoabsorber concentration from 1.5 g L−1 (sample S1) to 6 g L−1 (sample S4) resulted in a progressive 
increase in evaporation efficiency, reaching approximately 88.89. This aligns with the corresponding increase in evapo-
ration rate, indicating enhanced photothermal conversion. However, a decrease in evaporation efficiency to 73.23 was 
observed for sample S5 (7.5 g L−1), consistent with the reduced evaporation rate.

The standard deviations which were calculated from triplicate experiments, are represented by error bars in Fig. 15c 
where it reflects the variability in evaporation efficiency under the experimental conditions.

The calculated evaporation efficiencies along with the corresponding standard deviations (SD) for different samples 
are presented in Table 3. This table provides a comprehensive summary of the experimental results, allowing for a direct 
comparison of the performance of different samples. The values presented in Table 3 correspond to the data graphically 
represented in Fig. 15b, c, providing a numerical complement to the visual representation of the results.

2.13.2 � Light‑to‑heat conversion performance

In order to investigate nanocomposite light-to-heat conversion ability, top sensor temperature data were plotted as 
a function of time in the DSSG process. Figure 15d shows the top sensor temperature data during DSSG process for 
seawater, wood, and samples S1 through S5 under 3 sun irradiation. As it can be seen from this figure, seawater with no 

Table 3   Evaporation rates and 
evaporation efficiencies for 
seawater, bare poplar wood in 
seawater, and samples S1–S5, 
with corresponding standard 
deviations (SD) calculated 
from triplicate measurements

Sample Evaporation rate (kg 
m−2 h−1)

Evaporation rate SD 
(kg m−2 h−1)

Evaporation effi-
ciency (%)

Evaporation 
efficiency SD 
(%)

Sea water 0.49 0.02 12.37 0.45
Bare wood 0.59 0.03 18.62 0.68
S1 0.81 0.05 23.89 1.13
S2 1.88 0.03 59.80 0.68
S3 2.10 0.06 61.97 1.36
S4 3.53 0.05 88.89 1.02
S5 2.22 0.08 73.23 1.81
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photoabsorber has the least temperature rise as much as 2.56 °C which can be related to the heat loos trough the bulk 
water. Using a photoabsorber material increases the light to heat conversion ability and top sensor changes increases 
with increasing nanocomposite concentration from 1.5 g L−1 for S1 to 6 g L−1 for S4. With increasing nanocomposite from 
6 to 7.5 g L−1 for S5, temperature gradient decreases which is in complete agreement with our previous findings about 
mass loss and evaporation rate data. The most temperature increase is related to sample S4 with 6 g L−1 nanocomposite 
concentration with more than 13.66 °C. Top sensor temperature changes are 5.56, 6.23, 7.03, 7.58, 9.61, 13.66 and 12.24 
°C for seawater, wood, S1, S2, S3, S4 and S5 respectively.

2.13.3 � Desalination performance

For assessing solar desalination performance of the synthesized nanocomposite, conductivity, pH and salinity of sea 
water before and after SSG were compared. The concentration of four ions (Na+, K+, Ca2+ and Mg2+) of the seawater were 
measured using ICP-OES technique before and after DSSG as the salinity criterion. As Fig. 16 shows, the salinity decreases 
almost 4 order of magnitude with respect to the seawater. Also the salinity of the condensed water is less than that of 
the drinking water recommended by WHO [62] and EPA [63]. Seawater pH was 7.9 before desalination which is due to 
the alkaline and earth alkaline ions in the seawater. After desalination, condensed water pH reaches to 6.21 which is 
in complete agreement of ICP analysis revealing a dramatic decrease in ion concentration in the produced condensed 
water. Conductivity (κ) of the condensed water produced after desalination was measured as 2.3 μS cm−1 which is much 
less than that of seawater before desalination as 7500 μS cm−1 which indicates a significant decrease in the salts and ions 
concentration after desalination with photoabsorber S4.

2.13.4 � Heat localization performance

In order to better understand the photoabsorber role in a DSSG process, light-to-heat conversion behavior of the best 
photoabsorber (S4) was investigated using an IR camera and compared with seawater light-to-heat conversion ability.

Figure 17 presents thermal data related to the direct solar steam generation (DSSG) process. Specifically, Fig. 17a 
shows infrared (IR) images of seawater with and without the photoabsorber at t = 0, t = 10, and t = 40 min into the DSSG 
process. Figure 17b displays the temperature data recorded by the top, middle, and bottom sensors after 40 min under 
3 sun illumination.

Figure 17a shows the IR pictures of seawater in the absence and presence of photoabsorber at the beginning (t = 0), 
10 min and 40 min into the SSG process.

Figure 17a shows the initial and final temperature distributions in beakers containing seawater, with and without the 
photoabsorber. Initially, both beakers exhibited temperatures close to ambient. After 40 min, the seawater without the 
photoabsorber reached approximately 32 °C. In contrast, the beaker with the photoabsorber showed a surface tem-
perature of around 40 °C, while the bottom remained significantly cooler. This temperature difference confirms that the 
photoabsorber confines generated heat to the evaporation surface, minimizing heat loss to the bulk water. This heat 

Fig. 16   Concentration of 
four ions in Caspian seawater 
before and after desalination 
with GTNZ l poplar wood 
photoabsorber
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localization, coupled with the continuous water supply from the wood’s microchannels, enhances vapor generation, 
making this system suitable for DSSG applications.

Figure 17b presents temperature data from three sensors positioned at 2, 3, and 4 cm from the beaker’s bottom, with 
and without the photoabsorber. Without the photoabsorber, all three sensors showed a temperature rise of 5–6 °C, indi-
cating a uniform temperature distribution. This uniformity aligns with the increased photo scattering and heat loss to 
the bulk water, as discussed in Sect. 3.3. In that section, we observed that seawater without a photoabsorber exhibited 
the lowest mass reduction. Adding bare wood increased the reduced mass per unit area, likely due to reduced heat loss.

With the photoabsorber, the sensor temperatures differed significantly: 13.66 °C, 8.12 °C, and 6.57 °C for the top, mid-
dle, and bottom sensors, respectively. These results are consistent with the heat localization observed in the IR images 
(Fig. 17a). The data confirms that our photoabsorber (S4) effectively absorbs sunlight, generates heat at the water/air 
interface, and minimizes heat loss and light scattering. This performance makes it a promising candidate for future DSSG 
applications.

2.13.5 � Durability and cycling performance

Sustainability is an important property in evaluating the light-heat and steam generating materials for DSSG systems. 
Figure 18 shows the steam generation ability of sample S4 for 9 cycles of 40 min. In each cycle the beaker containing 

Fig. 17   a IR images of seawater with and without photoabsorber in t = 0, t = 10 and t = 40 min into the DSSG process. b Top, middle and bot-
tom temperature sensors data after 40 min under 3 sun illumination

Fig. 18   The sustainability 
and cycling performance 
of sample GTNZ 41 with 6 
g L−1 concentration coated 
on poplar wood without any 
treatment
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100 mL of seawater with photoabsorber was exposed to 3 sun illumination for 40 min and then the light turned 
off for 40 min. After 40 min of dark and replacing the container water with fresh seawater the beaker containing 
photoabsorber was exposed to 3 sun illumination for another 40 min without any treatment like washing the pho-
toabsorber with DI water. As it can be seen from this figure, the photoabsorber performance does not changes and 
after 9 cycles without any treatment and the evaporation mass is still more than 2 kg m−2 in 40 min. This test shows 
that S4 coating on poplar wood could be used as a sustainable photoabsorber in a DSSG application and keep its 
high efficiency for a long time.

To demonstrate the structural stability and reusability of the nanocomposite, we performed five consecutive pho-
tocatalytic degradation cycles using methylene blue (MB) as a model pollutant. Also X-ray diffraction (XRD) analysis 
was conducted on the nanocomposite after MB degradation.

Figure 19 illustrates the stability and recyclability of the GTNZ 41 nanocomposite. Figure 19a presents the meth-
ylene blue (MB) degradation performance of the GTNZ 41 nanocomposite over five consecutive cycles. Figure 19b 
shows the X-ray diffraction (XRD) pattern of the GTNZ 41 nanocomposite after MB degradation.

Figure 19a shows the photocatalytic performance of the nanocomposite over these five cycles. In the first cycle, 
the nanocomposite achieved a 97% degradation of MB within 135 min. After five cycles, the degradation efficiency 
remained high, with approximately 89% degradation of MB observed (Fig. 19a) under the same conditions mentioned 
in Sects. 2–6, While a slight decrease in efficiency was noted, this minor reduction suggests a potential minimal loss 
of active sites or surface area, rather than a significant structural change.

Figure 19b shows the XRD pattern of the nanocomposite collected after photocatalytic experiment of MB deg-
radation. The resulting XRD patterns (Fig. 19b) show no discernible changes in the crystalline structure or phase 
composition compared to the initial sample (Fig. 5b). This confirms that the nanocomposite maintains its structural 
integrity after photocatalytic reactions.

These results unequivocally demonstrate the robust stability and excellent reusability of our rGO-TiO2-NiFe2O4-
ZnO nanocomposite. The consistent crystalline structure, coupled with the high retained photocatalytic activity, 
highlights its potential for long-term and practical applications in wastewater treatment.

Fig. 19   a Methylene blue (MB) degradation of GTNZ 41 nanocomposite for five cycle and b XRD pattern of GTNZ 41 nanocomposite after 
MB degradation
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3 � Conclusion

In this research reduced graphene oxide (rGO)/TiO2/NiFe2O4/ZnO nanocomposites were synthesized using a simple 
hydrothermal method. Structural and morphological analysis shows the successful syntheses of nanocomposite with 
different rGO concentration in respect to other ingredients. Photocatalytic analysis revealed that nanocomposite 
GTNZ 41 with mass ratio of rGO:TiO2:NiFe2O4:ZnO set as 4:1:1:1 has the best photocatalytic performance so this sample 
were choose for seawater evaporation test. For DSSG test we prepared 5 different concentrations of nanocomposite 
GTNZ 41 with 1.5, 3, 4.5, 6 and 7.5 g L−1 and coated them on poplar wood as substrate for DSSG experiment. Evapo-
ration rate and efficiency calculation shows that sample S4 with 6 g L−1 concentration shows the best evaporation 
performance which indicates a delicate balance between light-to-heat conversion, light scattering and heat loss can 
be achieved by tuning the nanocomposite concentration. IR camera images revealed the proposed photoabsorber 
could localize the heat at the water/air interface, prevent heat loss to the bulk water and increase the interfacial 
evaporation. Cycling analysis shows the stability of the photoabsorber in 9 cycle without any treatment. Good pho-
tocatalytic properties with high evaporation rate and high efficiency along with durability and sustainability make 
GTNZ 41 a promising candidate for DSSG application.
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