
1 

 

Solar-powered and antibacterial water purification via Cu-BTC-1 

embedded reduced graphene oxide nanocomposite aerogels 2 

 3 

Ahmad Allahbakhsh 1,2,*, Zeinab Jarrahi 1, Gholamali Farzi 1, Amin Shavandi 2,* 4 

 5 

1 Department of Materials and Polymer Engineering, Faculty of Engineering, Hakim Sabzevari 6 

University, Sabzevar, Iran 7 

2 Université libre de Bruxelles (ULB), École polytechnique de Bruxelles, 3BIO-BioMatter, 8 

Avenue F.D. Roosevelt, 50 - CP 165/61, 1050 Brussels, Belgium 9 

* Corresponding authors. E-mail: a.allahbakhsh@hsu.ac.ir, ahmad.allahbakhsh@ulb.be (A. 10 

Allahbakhsh); amin.shavandi@ulb.be (A. Shavandi) 11 

The journal version is available at: https://doi.org/10.1016/j.cej.2023.143472  12 

Abstract 13 

Advancements in the design of porous active materials for interfacial solar evaporation have 14 

shown promise in the development of next-generation solar evaporation active materials that 15 

can present a wide range of water-purification properties. In this study, a new class of metal-16 

organic nanoparticles-embedded reduced graphene oxide (rGO) nanocomposite aerogels is 17 

developed, with both solar steam generation behavior and antibacterial properties. The self-18 

assembly process is used to introduce Cu-BTC nanoparticles (Cu-BTC NPs) into the structure 19 

of rGO aerogels to fabricate Cu-BTC/rGO nanocomposite aerogels. By varying the content of 20 

Cu-BTC NPs in the self-assembly precursor solution, the surface area, pore texture, and 21 

evaporation rate of samples are altered to reach both high energy conversion efficiency and 22 
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antibacterial properties. An evaporation rate of 1.13 kg/m2h and an efficiency of 81.8% are 23 

achieved when the highest content of Cu-BTC NPs (1mg/ml) is introduced to the precursor 24 

solution. This evaporation efficiency is 32% and 59% higher than that of the rGO aerogel and 25 

pure water, respectively. This behavior is related to the surface area and pore size of the 26 

nanocomposite aerogels, which increase and decrease with the content of Cu-BTC NPs, 27 

respectively. Additionally, the Cu-BTC/rGO aerogel presents antibacterial activity against S. 28 

aureus and E. coli. As a result, Cu-BTC/rGO nanocomposite aerogels have great potential as 29 

active materials for the design of next-generation solar steam generation systems for the 30 

treatment of wastewater contaminated with pathogenic bacteria. 31 

Keywords: solar steam generation, nanocomposite aerogels, interfacial evaporation, porous 32 

materials, graphene aerogels. 33 

 34 

1. Introduction 35 

Water and energy are two vital components of life that are essential for economic development 36 

and social progress [1]. However, with the development of modern societies, the availability 37 

of energy and water resources is increasingly threatened [2]. The rapid expansion of 38 

urbanization and industrialization has led to elevated levels of pollution, waste, and global 39 

warming, causing a critical level of clean water scarcity, especially in arid and semi-arid 40 

regions. To cope with these dilemmas, the scientific community has been encouraged to come 41 

up with solutions, particularly in the development of renewable and clean energy sources and 42 

the provision of clean water for all [3].  43 

Solar-driven water treatment is an interesting approach that can provide a path to addressing 44 

the water scarcity crisis [4, 5]. This technique uses clean and renewable solar energy to generate 45 

steam from seawater, which is then condensed into fresh water, providing a sustainable and 46 
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effective approach to desalination [6]. However, this technology is still at an infant stage for 47 

large-scale applications, and the efficacy of solar steam generation systems is limited by a range 48 

of challenges, including irregular sunlight, complex fabrication protocols, salt accumulation, 49 

and biofouling [7]. To overcome these challenges, recent efforts have been focused on the 50 

development of novel active materials and structures with which the heat localization at the 51 

air/water interface can be optimized [8]. 52 

The solar energy harvesting performance of photothermal materials can be improved by 53 

tailoring their structural and morphological properties. This can be done by enhancing light 54 

trapping through design [9], increasing interfacial evaporation rate by adjusting the structure 55 

[10], and boosting solar absorption by using light-absorbing materials like carbon [11]. Using 56 

carbon-based porous materials, specifically graphene-based porous structures allows the 57 

structural design that combines these techniques, leading to improved performance in solar 58 

steam generation systems [12, 13].  59 

Reduced graphene oxide (rGO) aerogels have been identified as a suitable candidate for the 60 

design of solar steam generation systems with broadband absorbance, chemical stability, high 61 

porosity, and partially reduced structure, resulting in hydrophilicity [14]. Furthermore, unlike 62 

traditional active materials, rGO aerogels have the potential to be converted into composites to 63 

offer a combination of water purification properties, such as solar steam generation and 64 

antibacterial properties [13], that can lead to the development of next-generation solar water 65 

purification systems. Metal-organic materials have also presented promising potential for the 66 

design of solar evaporation systems, considering their high porosity, high surface area, and 67 

structural tunability [15]. When metal-organic materials such as Cu-BTC nanorods are 68 

introduced into the structure of solar active materials, stable composite active materials with a 69 

high evaporation efficiency can be fabricated [16]. Moreover, our recent studies confirmed that 70 
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Cu-BTC nanoparticles (Cu-BTC NPs) have good antibacterial properties [17], making them a 71 

promising option for next-generation solar active materials. 72 

The presence of pathogenic bacteria in wastewater can cause various health hazards, and 73 

removing them is necessary to make the water safe for reuse [18]. Antibacterial properties can 74 

be crucial in developing nanocomposite aerogels for solar steam generation applications as 75 

they can help in treating wastewater contaminated with pathogen bacteria. Moreover, when 76 

nanocomposite aerogels have anti-biofouling properties the lifetime of the final solar steam 77 

generation system can be longer, as the chance of biofouling and the closure of the water uptake 78 

channels in the structure of nanocomposite aerogels reduce significantly [19]. 79 

This study presents an innovative fabrication protocol for the design of next-generation 80 

antibacterial and anti-biofouling rGO-based solar evaporation active materials by ingeniously 81 

integrating Cu-BTC NPs, synthesized through a simple and fast solid-state solvosonication 82 

process, into rGO aerogel matrices. The incorporation of the solar absorption and evaporation 83 

capabilities of hydrophilic rGO aerogels with the antibacterial and anti-biofouling properties 84 

and porous structure of Cu-BTC NPs has led to the development of a solar steam generation 85 

system that not only boasts the efficiency of rGO aerogels but also possesses the added benefit 86 

of antibacterial and anti-biofouling properties within the Cu-BTC/rGO nanocomposite 87 

aerogels. 88 

 89 

2. Experimental 90 

2.1. Materials 91 

Graphite powder was purchased from LECO. L-ascorbic acid was obtained from Acros 92 

Organics. All other chemicals, including sulfuric acid (H2SO4), potassium permanganate 93 
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(KMnO4), hydrogen peroxide (H2O2), hydrogen chloride (HCl), benzene tricarboxylic acid 94 

(BTC), copper acetate (Cu(CH3COO)2⋅xH2O), dimethyl sulfoxide (DMSO), and N, N-95 

dimethylformamide (DMF) were purchased from Merck Chemicals and used as received. 96 

 97 

2.2. Preparation of Cu-BTC/rGO nanocomposite aerogels 98 

Cu-BTC/rGO nanocomposite aerogels were fabricated using Cu-BTC NPs and GO nanosheets 99 

as precursors, following the procedure shown in Figure 1. 100 

 101 

Figure 1. Schematic of the protocol followed in this work for the fabrication of Cu-BTC/rGO 102 

nanocomposite aerogels 103 
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 104 

Synthesis of Cu-BTC NPs: Cu-BTC NPs were synthesized through the solvothermal process. 105 

A solution of 15 ml of DMF and 15 ml of distilled water was prepared and 0.105 g BTC and 106 

0.199 g copper acetate were dissolved in them. The mixture was homogenized with an 107 

ultrasonic bath (Free 9 Tecno-Gaz,300 W, 50 Hz) for 45 min. The resulting Cu-BTC NPs were 108 

filtered, washed with DMF three times, dried, and used to prepare nanocomposite samples. 109 

Synthesis of GO nanosheets: Graphite was used as the precursor to synthesize GO nanosheets 110 

through a modified synthesis process [20]. Initially, 1 g of graphite was mixed with 100 mL of 111 

H2SO4 at room temperature, and KMnO4 was gradually added as the oxidizer (6 g). The 112 

temperature of the solution during the KMnO4 addition step was kept between 75–80 °C and 113 

the mixture was stirred for 4 hours. To dilute the oxidation solution, 300 mL of distilled water 114 

was added and mixed for 15 minutes. To terminate the oxidation reaction, 50 mL of H2O2 was 115 

added, and the dark product was washed with 10% HCl solution (5 times) and distilled water 116 

(5 times) via centrifugation. The obtained graphite oxide powder was then dispersed in distilled 117 

water using a Hielscher UP400S homogenizer (20 kHz, 400 W, 80% power), and the solution 118 

was centrifuged to remove graphite particles and undispersed aggregates, thereby obtaining a 119 

stable GO solution in water. 120 

Fabrication of Cu-BTC/rGO nanocomposite aerogels: Hydrogels and aerogels were prepared 121 

through the hydrothermal reduction of GO in the presence of Cu-BTC NPs in the precursor 122 

solution using l-ascorbic acid, followed by freeze-drying of hydrogels into aerogels. In a typical 123 

synthesis process, the Cu-BTC NPs powder was dispersed in distilled water using a Hielscher 124 

UP400S homogenizer (20 kHz, 400 W, 80% power). The stable solution of Cu-BTC NPs in 125 

water (ζ-potential: -30 mV, Figure S1) was added to the GO solution and the mixture was 126 

sonicated for 30 min. L-ascorbic acid with a ratio of 3 to 1 (concerning the GO content in the 127 
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solution) was added to the mixture and the mixture was stirred for 5 min. The solution was then 128 

sealed and placed in an electronic oven with a constant temperature of 95 °C for 4 h. Fabricated 129 

hydrogels were freeze-dried to nanocomposite aerogels using an ALPHA 1-2 LD plus 130 

laboratory freeze dryer at -55 °C for 24 h. Nanocomposite samples prepared in this study are 131 

listed in Table 1.  132 

 133 

Table 1. The fabrication conditions of Cu-BTC/rGO nanocomposite aerogels 134 

Sample Cu-BTC NPs 

content (mg/ml) 

GO precursor solution 

concentration (mg/ml) 

Hydrothermal 

reduction time (h) 

rGO-A 0 15 95 

Cu-BTC/rGO-A-1 0.3 15 95 

Cu-BTC/rGO-A-2 0.5 15 95 

Cu-BTC/rGO-A-3 1 15 95 

 135 

2.3. Measurements 136 

A NanotracWave II Particle Size Zeta Potential Analyzer was used to conduct dynamic light 137 

scattering (DLS) studies at 25 °C. A NanoDrop 2000 UV–Vis spectrophotometer was used to 138 

perform ultraviolet-visible (UV–Vis) analyses. Moreover, a PerkinElmer Lambda 25 UV–Vis 139 

spectrometer was used to measure the percentage of light absorbance. The absorbance 140 

percentage in the UV–Vis region was calculated by measuring the reflectance and 141 

transmittance of each sample and then using the A=1-T-R equation [21]. For atomic force 142 

microscopy (AFM) tests, a Dualscope DS 95–200 DME microscope was used with samples 143 

placed on freshly cleaved mica substrates. The microscope was equipped with a rectangular 144 
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aluminum-coated cantilever, and tests were performed at a scan rate of 5 μm/s in the non-145 

contact mode.  146 

X-ray diffraction (XRD) patterns were obtained using a Philips PW1730 X-Ray Diffractometer 147 

equipped with a Cu kα radiation source (λ = 1.54056 Å) and tests were performed at 40 kV and 148 

30 mA. The Fourier-transform infrared (FTIR) spectroscopy (FTIR) was conducted using a 149 

Thermo Nicolet Avatar 360,  and field emission scanning electron microscopy (FESEM) tests 150 

were done using a TESCAN Mira 3 (15 kV). 151 

The nitrogen adsorption/desorption analyses were conducted using a Belsorp mini II analyzer. 152 

The isotherms were taken at 77 K, and the results were analyzed using the BET, BJH, and t-153 

plot theories. Raman spectra were acquired using a Teksan TakRam N1-541 spectrometer at 154 

532 nm. Mechanical compression tests were carried out on a Shimadzu AGS-X testing machine 155 

with a speed of 1 mm/min and three repeats for each sample. 156 

The evaporation rate studies were performed using a setup described in the literature [6]. A 157 

multi-light sun simulator with halogen (100 W) and xenon (60 W) light sources (AM 1.5G), a 158 

laboratory balance (A&D HR-200), an Infrared thermometer (UNI-T UT303A), and a thermal 159 

imaging camera (SATIR Hotfind) was used for the evaporation rate measurement setup. A 160 

BloorSpec power meter and a standard silicon solar cell were used to confirm the power 161 

density.  162 

Anti-biofouling properties were studied by evaluating the adhesion ability of Nitzschia algae 163 

[22]. For each assay, 2 mg of the aerogel sample was added to 10 mL of Nitzschia suspension, 164 

and then the algae were cultured at 25 °C for 12 h light/dark cycles (three repeats for each 165 

sample). After each 12 h light culturing cycle, the culture media was stirred and then placed 166 

under fluorescent illumination for the next 12 h dark cycle [22]. After each 24 h time interval, 167 

the concentration of Nitzschia was measured by counting on a hemocytometer via fluorescence 168 
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microscope, and the anti-adhesion properties were studied by observing the attachment of 169 

Nitzschia to the surface [22]. 170 

To measure the antibacterial properties of the aerogels, the micro-well diffusion method against 171 

Gram-negative Escherichia coli (E. coli - ATCC 10536) and Gram-positive Staphylococcus 172 

aureus (S. aureus - ATCC 29737) bacteria was used. The bacteria were grown in a 100 ml flask 173 

with 10 ml of tryptic soy broth (TSB, Merck) on a rotary shaker (200 rpm) at 37 °C for 5 h. 174 

The bacterial suspensions were then diluted to 104-105 CFU/ml and 100 ml of each diluted 175 

bacterial suspension was placed in micro-wells (6 mm in diameter) at concentrations of 3 176 

mg/ml, 2 mg/ml, 1 mg/ml, 0.5 mg/ml, 0.25 mg/ml, 0.125 mg/ml, 62.5 μg/ml, and 3.125 μg/ml. 177 

The minimum inhibitory concentration (MIC) of the samples was determined by incubating 178 

the plates at 37°C for 24 hours and observing for samples with no visible bacterial growth. The 179 

minimum bactericide concentration (MBC) was determined by observing the lowest 180 

concentration of samples yielding colony counts less than 0.1% compared to the initial 181 

inoculum. The growth inhibition zone of the samples was also studied by spreading  100 μL of 182 

the bacterial suspension over an agar Luria Bertani plate and adding 300 μg and 600 μg (in 183 

DMSO) of the samples to wells on the plate. The diameters of the inhibition zones were then 184 

measured after incubating the plates at 37°C for 24 hours, and standard deviation values were 185 

calculated. 186 

 187 

3. Results and discussion 188 

3.1. Characterization of the GO nanosheets 189 

The thickness, exfoliation state, and chemical structure of GO nanosheets used as the precursor 190 

for the fabrication of nanocomposite aerogels were characterized using AFM  (Figure 2 a and 191 
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b), XRD (Figure 2 c), and FTIR (Figure 2 d) methods, respectively. Based on AFM results 192 

(Figure 2 a), synthesized GO nanosheets were of single-layer form with a thickness of ~1.5 nm 193 

(Figure 2 b). Moreover, the complete oxidation of GO nanosheets was confirmed by the 194 

presence of the GO characteristic peak at 2θ values around 10° (Figure 2 c). The oxidation of 195 

graphite into GO nanosheets and the presence of oxygen-containing functional groups on the 196 

basal plane and edges of nanosheets increase the interlayer spacing in the structure from 0.33 197 

nm for graphite to around 0.88 nm for GO [23]. 198 

 199 

Figure 2. AFM topographic image (a), height distribution profile (b), XRD pattern (c), and 200 

FTIR spectra (d) of the GO nanosheets 201 

 202 
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FTIR results were used to investigate the type of oxygen-containing functional groups on GO 203 

nanosheets’ basal plane and edges (Figure 2 d). The band observed at 3394 cm-1 was assigned 204 

to stretching vibrations of –OH groups of hydroxyl, COOH, and the remaining moisture in the 205 

structure of GO nanosheets [24]. The bands at 2985 and 2884 cm-1 were assigned to the 206 

asymmetric and symmetric stretching vibrations of –CH groups on the basal plane and edges 207 

of GO, respectively [25]. Furthermore, the band at 1712 cm-1 was related to the stretching 208 

vibration of –C=O (COOH groups) bonds of GO [26, 27]. 209 

The band observed at 1573 cm-1 was assigned to the overlapping of in-plane asymmetric 210 

stretching vibrations of sp2-hybridized C=C in the basal plane of GO nanosheets and the 211 

stretching vibrations of C=O groups in the structure of ketones and 1,3-benzoquinones on the 212 

basal plane and edges of the GO nanosheets [28]. In addition, the shoulder observed at 1403 213 

cm-1 and two bands observed at 1203 and 1049 cm-1 were assigned to the stretching vibrations 214 

of C–O in the γ-region (mostly epoxides), β-region (ketones and peroxides), and α-region 215 

(mostly ethers), respectively [17, 28]. 216 

 217 

3.2. Morphology and microstructure of Cu-BTC/rGO nanocomposite aerogels 218 

The FESEM results were used to study the morphology of Cu-BTC NPs, the rGO aerogel 219 

prepared without Cu-BTC NPs in the precursor solution (rGO-A), and nanocomposite aerogels 220 

prepared using different concentrations of Cu-BTC NPs in the precursor solution (Cu-221 

BTC/rGO-A-1, Cu-BTC/rGO-A-2, and Cu-BTC/rGO-A-3), as shown in Figure 3. The rGO 222 

aerogel (Figure 3 a) presented a three-dimensional porous and interconnected structure with a 223 

high surface area well-suited for interfacial evaporation. This structure is formed by the folding 224 

and crumpling of GO through the reduction process, which results in the formation of a three-225 
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dimensional structure with rGO nanosheets that are connected through the π-π interaction 226 

mechanism [29].  227 

 228 

Figure 3. FESEM images of rGO-A (a), Cu-BTC NPs (b), Cu-BTC/rGO-A-1 (c), Cu-229 

BTC/rGO-A-2 (d), and Cu-BTC/rGO-A-3 (e) 230 

 231 

With the progress of the reduction process of GO into rGO nanosheets, the basal plane of rGO 232 

nanosheets becomes more unsaturated and thus has more available sites for π-π interaction 233 

between the nanosheets. Moreover, the folding and crumpling of GO nanosheets during the 234 

reduction process which is facilitated by the low thickness of the nanosheets (Figure 3 b) lead 235 

to easier interconnection between the GO nanosheets, resulting in a three-dimensional structure 236 

with a high specific surface area and a large number of active sites for the attachment of Cu-237 

BTC NPs. 238 
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Cu-BTC NPs had a semi-spherical shape (Figure 3 b), which is known to be the dominant 239 

morphology for Cu-BTC porous structures synthesized through ultrasound irradiation under 240 

solid-state conditions [17]. For all of the nanocomposite aerogels (Figure 3 c-e), the Cu-BTC 241 

NPs were attached to the surface of rGO nanosheets, forming nanocomposite aerogels. Based 242 

on our recent work, Cu-BTC NPs have the potential for physical interactions with molecular 243 

imperfection sites, epoxides, and carboxyl groups in the structure of GO [17]. This interaction 244 

between GO nanosheets and Cu-BTC NPs in the precursor solutions used to fabricate the 245 

nanocomposite aerogels resulted in the surface of the aerogels being decorated with Cu-BTC 246 

NPs. The content of Cu-BTC NPs adhered to the surface of the rGO aerogels increased as the 247 

content of Cu-BTC NPs in the precursor solutions used for the fabrication of the nanocomposite 248 

aerogels increased (Figure 3 c-e).  249 

Since there were regions without adhered Cu-BTC NPs on the basal plane of rGO nanosheets 250 

in Figure 3 c and Figure 3 d (indicated with arrows) and the surface of all rGO nanosheets was 251 

covered with Cu-BTC NPs in Figure 3 e, it can be concluded that the complete coverage of 252 

rGO nanosheets with Cu-BTC NPs was only achieved when the concentration of Cu-BTC NPs 253 

in the precursor solution reached a certain optimal content. Beyond this optimal concentration 254 

(1 mg/ml in this work), any additional content of Cu-BTC NPs did not enter the structure of 255 

nanocomposite aerogels, as the main mechanism for adhesion of Cu-BTC NPs to the surface 256 

of the rGO nanosheets was through interfacial interactions. 257 

FTIR spectra of prepared samples were used to indirectly study the mechanism of interactions 258 

between rGO and Cu-BTC NPs (Figure 4). Bands observed at 1014, 1180, and 1403 cm-1 in 259 

the FTIR of the rGO aerogel (Figure 4 a) were related to the stretching vibrations of –C–O 260 

bonds on the basal plane and edges of rGO nanosheets in the structure of the rGO aerogel (α-261 

region, β-region, and γ-region, respectively) [28]. Compared to the FTIR results of GO 262 
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nanosheets (Figure 2 d), the relative intensity of bands related to –C–O bonds in the α and β 263 

regions significantly reduced in the FTIR of the rGO aerogel (Table S1). 264 

 265 

Figure 4. FTIR spectra of rGO-A (a), Cu-BTC NPs (inset in a), Cu-BTC/rGO-A-1 (b), Cu-266 

BTC/rGO-A-2 (c), and Cu-BTC/rGO-A-3 (d) 267 

 268 

Bands representing the –C–O bonding in the α-region (900-1100 cm-1) were related to ethers 269 

(peroxides, furans, dioxolanes) with weaker contributions from hydroxyls and carboxyls, and 270 

bands in the β-region (1100-1280 cm-1) were related to ketones (pyrones and γ-butyrolactones) 271 

[28]. Moreover, bands in the γ-region (1280-1500 cm-1) were assigned to epoxides on the basal 272 

plane and edges of GO/rGO nanosheets [28, 30]. Consequently, the hydrothermal reduction of 273 

GO into the three-dimensional rGO most effectively resulted in the elimination of ketones 274 

(C=O, –C–O β-region). Moreover, ethers and hydroxyls were also more effectively reduced 275 

through the reduction process, compared to epoxides in the structure of aerogels. In addition, 276 

considering the high relative intensity of the carboxyls representative bands in the structure of 277 
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GO nanosheets and the rGO aerogel (1679 cm-1 in Figure 4 a and 1712 cm-1 in Figure 2 d), the 278 

reduction process did not affect the content of carboxyls (Table S1). 279 

When Cu-BTC NPs were added to the structure of rGO porous nanostructures (Figure 4 b-d), 280 

a change in the relative intensities of the bands related to sp2-hybridized C=C bonding (bands 281 

in the range of ∼1500-1600 cm-1) and carboxyls (bands in the range of ∼1600-1750 cm-1) was 282 

observed. Since the band assigned to –O–C–O– bonding of BTC parts in the structure of Cu-283 

BTC NPs is expected at around 1643 cm-1 (inset in Figure 4 a), the higher relative intensity of 284 

the band observed in the range of ∼1600-1750 cm-1 in the FTIR spectra of nanocomposite 285 

aerogels can be related to the overlapping of the BTC band (in the structure of Cu-BTC NPs) 286 

and the carboxyl groups-related band (in the structure of rGO aerogels). 287 

Bands observed in the range of 670–770 cm-1 in Figure 4 b-d were related to the Cu-O bonding 288 

in the structure of Cu-BTC NPs. Moreover, the band observed at ~1105 cm-1 was assigned to 289 

the C–O–Cu bonding in the structure of Cu-BTC NPs. Considering the observed reduction in 290 

the relative intensity of the band assigned to the Cu-O bonding at ~755 cm-1 with an increase 291 

in the content of Cu-BTC NPs in nanocomposite aerogels, a possible interaction mechanism 292 

between rGO and Cu-BTC NPs is the formation of interfacial interactions between the oxygen-293 

containing functional groups of rGO and the Cu sites of Cu-BTC NPs, as also suggested in the 294 

literature [31]. As the characteristic band of epoxy groups almost disappeared in the FTIR 295 

spectra of nanocomposite aerogels, the most possible interaction mechanism can be the 296 

formation of interactions between Cu sites of Cu-BTC NPs and epoxy groups of rGO. 297 

However, considering the three-dimensional structure of Cu-BTC NPs, the formation of π-π 298 

interactions between BTC regions in Cu-BTC macromolecules and the sp2-hybridized C=C 299 

bonding in the backbone of rGO is also a possible interaction mechanism, specifically through 300 

final steps of the hydrothermal reduction process and with an increase in the content of C=C 301 

bonding in the backbone of rGO. 302 
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The microstructure of the fabricated nanocomposite aerogels was studied using XRD results 303 

(Figure 5). No peak was observed in the XRD pattern of the rGO aerogel (Figure 5 a), 304 

indicating the exfoliation of rGO nanosheets in the structure of the rGO aerogel. When Cu-305 

BTC NPs were introduced into the structure of aerogels, a weak peak at ~10° was observed in 306 

the XRD patterns of nanocomposite aerogels (Figure 5 b-d). The presence of this peak indicates 307 

that some GO nanosheets are stacked during the reduction process of nanocomposite aerogels. 308 

The relative intensity of this peak decreased as the content of Cu-BTC NPs in the 309 

nanocomposite aerogels increased indicating that fewer nanosheets were stacked as more Cu-310 

BTC NPs decorated the surface of the nanosheets. 311 

 312 

Figure 5. XRD patterns of rGO-A (a), Cu-BTC NPs (inset in a), Cu-BTC/rGO-A-1 (b), Cu-313 

BTC/rGO-A-2 (c), and Cu-BTC/rGO-A-3 (d) 314 

 315 

Cu-BTC NPs synthesized in this work (inset in Figure 5 a) presented XRD peaks at 2θ values 316 

around 13.6° (400), 14.9° (420), 16.3° (422), 17.4° (511), 19.1° (440), 20.2° (442), 22.9° (444), 317 

25.9° (731), 29.3° (751), 35.1° (951), and 39.1° (971), identical to the structure of Cu-BTC 318 
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MOFs reported in the literature [17]. No significant change was observed in the microstructure 319 

of Cu-BTC NPs in the structure of nanocomposite aerogels (Figure 5 b-d). As Cu-BTC NPs 320 

were first synthesized and then added to the structure of nanocomposite aerogels, no change in 321 

the microstructural properties of Cu-BTC NPs was expected (Table S2). 322 

Raman spectroscopy results were used to further investigate the impact of the reduction process 323 

on the microstructure of nanocomposite aerogels, as shown in Figure 6. To analyze the first-324 

order Raman spectra of the aerogels, we used a five-function fitting model with D, G, D', D'', 325 

and D* bands, based on the literature [17]. Moreover, we used a four-function fitting model 326 

with 2D, 2D', D + D', and G* bands as the main bands for the second-order Raman region. We 327 

analyzed the relative intensity ratios and positions of the bands to investigate the structure of 328 

rGO in the nanocomposite aerogels. Relative intensity ratios and the position of bands were 329 

used to investigate the structure of rGO in nanocomposite aerogels (Table S3). 330 

 331 

Figure 6. Raman spectra of rGO-A (a), Cu-BTC/rGO-A-1 (b), Cu-BTC/rGO-A-2 (c), and Cu-332 

BTC/rGO-A-3 (d) 333 

 334 
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The G band, expected at ~1585 cm-1 for GO and rGO, is related to the first-order E2g optical 335 

mode (longitudinal and in-plane transverse) of graphite and is the characteristic band of the sp2 336 

arrangement in the backbone of graphene-based materials [32]. Moreover, the D band at ~1350 337 

cm-1, becomes Raman active by single-phonon intervalley scattering processes (the A1g 338 

breathing mode) and is related to the formation of defects through the oxidation process of GO 339 

that alters the basal plane structure of graphene [33]. The intensity ratio of D and G bands 340 

(ID/IG) can be considered a measure of the oxidation degree of graphene derivatives. 341 

The ID/IG ratio of GO nanosheets, which was 1.31 (Figure S2), reduced with the self-assembly 342 

of these nanosheets into rGO aerogels to 1.26. This indicates an increase in the concentration 343 

of C-sp2 domains and a reduction in the concentration of C-sp3 domains. Moreover, the relative 344 

intensity of all other defect-related bands reduced with the reduction of GO nanosheets into the 345 

rGO aerogel (Table S3), indicating the lower concentration of sp3 defects in the crystalline 346 

structure of rGO nanosheets of the rGO aerogel. The intensity of the G band increased 347 

significantly in the structure of nanocomposite aerogels, compared to the rGO aerogel. The 348 

ID/IG ratios of nanocomposite aerogels were 0.59, 0.55, and 0.60 for Cu-BTC/rGO-A-1, Cu-349 

BTC/rGO-A-2, and Cu-BTC/rGO-A-3, respectively. These values are almost half of the ID/IG 350 

ratio value of the rGO aerogel (1.26).  351 

The reduction process used for all samples was the same (Figure 4), and the significant 352 

reduction in defects-related bands observed in the Raman spectra of nanocomposite aerogels 353 

(Figure 6) can be attributed to the interfacial interactions between rGO and Cu-BTC NPs in the 354 

structure of nanocomposite aerogels. These interactions likely affected the phonon scattering 355 

processes in the Raman scattering analysis. It is noteworthy that based on our recent studies 356 

[17], Raman bands of Cu-BTC NPs were not observed in Figure 6, which could be due to the 357 

low solid-content concentration of Cu-BTC NPs in the nanocomposite aerogel structure. This 358 
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led to overlapping Cu-BTC-related bands with the strong rGO-related bands in the Raman 359 

spectra of nanocomposite aerogels. 360 

N2 adsorption/desorption isotherms were used to study the textural properties of fabricated 361 

nanocomposite aerogels, as shown in Figure 7. The rGO aerogel presented a type-IV isotherm 362 

(Figure 7 a), suggesting the formation of a porous structure mostly consisting of mesopores, as 363 

confirmed also in the average pore diameter of the sample in Table 2. Moreover, the specific 364 

surface area and pore volume of the rGO aerogel prepared in this work (Table 2) were close to 365 

the rGO aerogels reported in the literature for the similar concentration of GO in the precursor 366 

solution and with AA as the reducing agent [34]. 367 

 368 



20 

 

Figure 7. Nitrogen adsorption/desorption isotherms of rGO-A (a), Cu-BTC NPs (inset in a), 369 

Cu-BTC/rGO-A-1 (b), Cu-BTC/rGO-A-2 (c), and Cu-BTC/rGO-A-3 (d) 370 

 371 

Table 2. Textural properties of samples prepared in this work 372 

Sample BET surface 

area (m2/g) 

Total pore volume 

(cm3/g) 

Average pore 

diameter (nm) 

rGO-A 103.65 0.65 25.24 

Cu-BTC/rGO-A-1 113.81 0.72 26.88 

Cu-BTC/rGO-A-2 221.67 0.16 2.94 

Cu-BTC/rGO-A-3 232.22 0.13 2.25 

 373 

When very low contents of Cu-BTC NPs were introduced into the structure of nanocomposite 374 

aerogels, the type of ads/des isotherm of the sample did not change (Figure 7 b). However, the 375 

specific surface area and the total pore volume of the Cu-BTC/rGO-A-1 sample were slightly 376 

higher that the rGO aerogel. As the content of Cu-BTC NPs in the structure of rGO-based 377 

nanocomposite aerogels increased, the isotherm of the sample changed into a type-V isotherm, 378 

suggesting an increase in the volume of micropores in the texture of the sample (Figure 7 c-d). 379 

Moreover, the pore diameter of nanocomposite samples with higher contents of Cu-BTC NPs 380 

(Cu-BTC/rGO-A-2 and Cu-BTC/rGO-A-3) reduced to around 2 nm, confirming the formation 381 

of microporous structures. 382 

The specific surface area of nanocomposite aerogels showed a linear relationship with the Cu-383 

BTC NPs concentration in the precursor solution. The highest specific surface area of samples 384 

prepared in this work was for the nanocomposite aerogel prepared using the highest content of 385 

Cu-BTC NPs. Since the specific surface area of Cu-BTC NPs is greater than the rGO aerogel 386 
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(~ 244 m2/g [17], see inset in Figure 7 a for the adsorption isotherm of Cu-BTC NPs), the 387 

observed increase in the specific surface area and the isotherm type of nanocomposite aerogels 388 

can be related to the presence of Cu-BTC NPs in the structure of samples. 389 

Morphological and structural studies of nanocomposite aerogels showed that the effect of 390 

incorporating Cu-BTC NPs was significant when the precursor solution for the hydrothermal 391 

self-assembly process contained Cu-BTC NPs at concentrations of 5 mg/ml or higher. In 392 

samples prepared using Cu-BTC NPs concentrations ≥ 5 mg/ml, micropores dominated the 393 

texture, and a high concentration of C-sp3 domains was observed in the structure. Furthermore, 394 

Cu-BTC NPs were uniformly distributed on the surface of rGO nanosheets in the structure of 395 

these nanocomposite aerogels. 396 

3.3. Solar evaporation performance of Cu-BTC/rGO nanocomposite aerogels 397 

The solar evaporation performance of nanocomposite aerogels was evaluated by evaporation 398 

rate and efficiency calculations, as shown in Figure 8. Steam generation efficiency values (η) 399 

were calculated using the following equation [6]: 400 

𝜂 =  
𝑚ℎ𝐿𝑉

 𝐶𝑜𝑝𝑡𝑞𝑖
  401 

where m, hLV, Copt, and qi are the water evaporation rate, the liquid-to-vapor phase transition 402 

enthalpy, the optical concentration, and the solar irradiation (1 kW/m2 for 1 sun), respectively 403 

[6]. The evaporation rate for each sample is measured using the water mass change (excluding 404 

the mass change under the dark condition) with time. Moreover, hLV can be calculated using 405 

the following equation [35]: 406 

ℎ𝐿𝑉 =  𝜆 + 𝐶𝛥𝑇  407 

where λ, C, and ΔT are the phase transition latent heat, the specific heat capacity of water (4.2 408 

kJ/kg⋅K), and the water temperature change, respectively [36]. 409 
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 410 

Figure 8. Solar evaporation rates and efficiencies of fabricated samples (a), mass change of 411 

samples with time (b), and the water evaporation performance of the Cu-BTC/rGO-A-3 412 

nanocomposite aerogel through continuous solar illumination for 600 min (c). the 413 

highlighted region in panel c represents the highest and lowest evaporation efficiencies (all 414 

tests under 1 kW/m2). 415 

 416 

The evaporation rate of the rGO aerogel was 0.68 kg/m2h, which corresponds to a solar steam 417 

generation efficiency of 49.2% (Figure 8 a-b). The evaporation efficiency of the rGO aerogel 418 

(49.24%) was more than 26% higher than the solar evaporation efficiency of pure water 419 
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(22.34%). When small amounts of Cu-BTC NPs were introduced into the structure of 420 

nanocomposite aerogels, no significant change in the solar evaporation efficiency of active 421 

materials was observed. The solar evaporation efficiency of the Cu-BTC/rGO-A-2 422 

nanocomposite aerogel was 50.7%, which is 1.5% higher than the solar evaporation efficiency 423 

of the rGO aerogel. The limited impact of introducing low contents of Cu-BTC NPs on the 424 

solar evaporation efficiency of the system can be related to the BET surface area and the pore 425 

size of samples prepared from low contents of Cu-BTC NPs in the hydrothermal precursor 426 

solutions. 427 

When the content of Cu-BTC NPs increased to the maximum possible amount (Cu-BTC/rGO-428 

A-3 nanocomposite aerogel), the evaporation efficiency of the material increased significantly 429 

to 81.8%, which is more than 32% and 59% higher than the solar water evaporation efficiencies 430 

of the rGO aerogel and pure water, respectively. The high specific surface area and low pore 431 

diameter of the Cu-BTC/rGO-A-3 nanocomposite aerogel resulted in the high water mass 432 

change through the solar evaporation process (Figure 8 b) that led to the high interfacial 433 

evaporation efficiency of this sample. Moreover, the continuous solar evaporation studies on 434 

the Cu-BTC/rGO-A-3 nanocomposite aerogel for 600 min of illumination confirmed the stable 435 

solar steam generation performance of this sample through continuous usage (Figure 8 c). 436 

The solar evaporation mechanisms in the structure of graphene-based porous nanostructures 437 

are the solar-to-thermal energy conversion and the heat localization mechanisms. The main 438 

factors that control these processes are (i) the specific surface area and the pore size of the 439 

active material, (ii) the thermal conductivity of the active material, and (iii) the adsorption 440 

efficiency of the active material. The Cu-BTC/rGO-A-3 nanocomposite aerogel had a higher 441 

specific surface area than the other samples, resulting in a more available surface area for 442 

interfacial evaporation.  443 
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Moreover, the lower average pore size of this sample led to the improvement of the capillary 444 

effect in the pores of the nanocomposite aerogel which resulted in the faster evaporation of 445 

water molecules in the presence of the nanocomposite aerogel. 446 

As a measure of the photo-to-thermal energy conversion efficiency, the surface temperature of 447 

the pure water without any active material is compared with the rGO-A and Cu-BTC/rGO-A-448 

3 samples in Figure 9 a. Under one sun irradiation, the slope of the temperature-time curve of 449 

the sample containing the Cu-BTC/rGO-A-3 nanocomposite aerogel was higher than both PW 450 

and the rGO-A sample. This can be related to an enhancement in the photo-to-thermal energy 451 

conversion efficiency of the system in the presence of the Cu-BTC/rGO-A-3 nanocomposite 452 

aerogel. Moreover, the average temperature of systems with nanocomposite aerogels as the 453 

active material increased with the content of Cu-BTC NPs in the structure of nanocomposite 454 

aerogels (Figures 9 b-g). 455 

 456 

Figure 9. Temperature-time curves of pure water (PW), rGO-A, and Cu-BTC/rGO-A-3 457 

samples  (a), as well as thermal images (left: temperature profiles, right: temperature 458 

difference images) of the Cu-BTC/rGO-A-1 (b-c), Cu-BTC/rGO-A-2 (d-e), and Cu-BTC/rGO-459 

A-3 (f-g) samples 460 
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 461 

Increasing the content of Cu-BTC NPs in the structure of nanocomposite aerogels did not 462 

significantly affect the light absorption of nanocomposite aerogels, as evidenced by the UV-463 

Vis absorption studies (Figure S3). Cu-BTC-based nanostructures have two main absorption 464 

peaks in the UV-Vis region, (1) a sharp peak at around 200-250 nm and (2) a wide absorption 465 

at around 700 nm [37]. Consequently, these nanostructures can improve the irradiation 466 

absorption of nanocomposites mostly in wavelengths below 300 nm. As the high-power solar 467 

irradiation is above 300 nm, the incorporation of Cu-BTC NPs in the structure of 468 

nanocomposite aerogels only slightly improved the solar absorption performance of Cu-469 

BTC/rGO nanocomposite aerogels (Figure S3) and therefore, this factor cannot be considered 470 

as one of the main reasons behind the observed improvement in the solar evaporation 471 

performance of nanocomposite aerogels with the content of Cu-BTC NPs in Figures 8 and 9.  472 

The thermal conductivity of the active material is also a factor that affects the solar evaporation 473 

process from two perspectives: (i) the heat localization state in the structure of the active 474 

material and (ii) the energy dissipation from the active material to the bulk water. The former 475 

phenomenon is responsible for interfacial evaporation in the interconnected network of pores 476 

in the structure of porous active materials. When light is absorbed, photon-phonon interaction 477 

results in the generation of heat in the structure of the active material, and with the localization 478 

of the generated heat the temperature of the trapped water in the porous structure of the active 479 

material increases, and the phase change from liquid to vapor takes place.  480 

Electron-mediated photon-phonon interaction can be considered the main solar-to-thermal 481 

energy harvesting mechanism in graphene-based porous nanostructures. Since optical phonons 482 

in graphene-based nanostructures occur at high frequencies, increasing the number of carbon 483 

layers can lead to the formation of these phonons at lower frequencies. As there is no direct 484 
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path of excitation for phonons at low frequencies, photons are mostly absorbed by high-485 

mobility electrons. Then, the electron-phonon scattering process results in the transfer of 486 

gained energy from electrons to phonons.  487 

Oxygen-containing functional groups and other types of defects in the structure of graphene-488 

based nanostructures act as phonon scattering sites and participate in the generation of localized 489 

heat by trapping electrons in their defective state and losing energy as heat [21]. This is the 490 

main reason behind the lower thermal conductivity of GO, compared to graphene. Under solar 491 

irradiation, the electron-mediated photon-phonon interaction in the structure of rGO aerogels 492 

results in heat generation and the phonon-scattering caused by oxygen groups (and other 493 

molecular defects) remained in the structure of rGO aerogels after the reduction process (Figure 494 

4 and Figure 6) leads to the heat localization. This is a result of the low effective thermal 495 

conductivity in the structure of rGO aerogels that not only enhances the interfacial evaporation 496 

of water molecules but also reduces the energy dissipation to the bulk water [38]. 497 

When Cu-BTC NPs are introduced into the structure of graphene-based porous nanostructures, 498 

two main phenomena take place: (i) a reduction in the effective thermal conductivity of the 499 

system and (ii) an increase in the water/active material interface. Based on the literature [39], 500 

the surface coverage degree of graphene-based nanostructures with metal-organic materials 501 

can have a direct impact on the solar evaporation efficiency of these materials. Consequently, 502 

the observed increase in the solar evaporation efficiency of fabricated nanocomposite aerogels 503 

in this work can be related to two aforementioned phenomena. 504 

Regarding the energy dissipation performance of fabricated nanocomposite aerogels, since the 505 

temperature distribution in the system with the Cu-BTC/rGO-A-3 nanocomposite aerogel was 506 

narrower than other systems (panels b, d, and f in Figure 9), one can postulate that the energy 507 

dissipation in the sample with the Cu-BTC/rGO-A-3 nanocomposite aerogel was less than 508 
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other samples in this study. As high heat accumulation on the water/active material interface 509 

and low heat losses to bulk water are reported in the literature as elements to reach efficient 510 

vapor generation [21], the lower energy dissipation in this sample can be considered the main 511 

reason behind its better solar evaporation performance (Figures 8 and 9). 512 

Thermal images of the Cu-BTC/rGO-A-3 nanocomposite aerogel were used to study the 513 

influence of irradiation time on the transfer of energy from the aerogel to the surrounding water 514 

and, in turn, the solar evaporation of the system as shown in Figure 10. As seen in Figure 9, 515 

the majority of the temperature increase of the Cu-BTC/rGO-A-3 nanocomposite aerogel under 516 

irradiation occurs within the first 10 minutes. The same result was observed in Figure 10, where 517 

the maximum temperature of the system (the temperature of the aerogel) increased significantly 518 

after 10 min. 519 

 520 

 521 
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Figure 10. Thermal images of the Cu-BTC/rGO-A-3 nanocomposite aerogel with the 522 

irradiation time under one sun irradiation 523 

 524 

The temperature difference between the aerogel and the bulk water narrows and sharpens over 525 

time, as shown in Figure 10. This suggests that the energy dissipation in the system was low 526 

initially. As the duration of irradiation increased, the temperature difference decreased and the 527 

temperature distribution became wider, indicating an increase in the heat transfer between the 528 

active material and the bulk water. 529 

The UV-Vis results of a NaCl solution (5 vol.% NaCl in distilled water) before and after 530 

purification using the Cu-BTC/rGO-A-3 nanocomposite aerogel under one sun illumination 531 

was used to further analyze the solar evaporation performance of Cu-BTC/rGO nanocomposite 532 

aerogels, as shown in Figure 11. The UV-Vis of the NaCl solution (Figure 11 a) contained a 533 

strong band at around 200 nm and a weak band at around 250 nm, similar to the available 534 

reports in the literature [40]. After solar evaporation using the Cu-BTC/rGO-A-3 535 

nanocomposite aerogel as the active material, the intensity of these bands reduced significantly, 536 

indicating the successful removal of NaCl and the purification of water. 537 

 538 
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Figure 11. UV-Vis spectra of the 5 vol.% NaCl solution before and after solar purification 539 

with the Cu-BTC/rGO-A-3 nanocomposite aerogel as the active material and under one sun 540 

irradiation (a), and the UV-Vis spectra of the Cu-BTC NPs solution in water (b) after 541 

sonication (insets in panel a present fitted UV-Vis bands) 542 

 543 

Considering the presence of Cu-BTC NPs in the structure of nanocomposite aerogels, the 544 

presence of Cu ions in the purified water was also important. Cu-BTC-based nanostructures 545 

have two main absorption peaks in the UV-Vis region (Figure 11 b), (1) a sharp band at around 546 

200-250 nm and (2) a wide absorption at around 700 nm [37]. The absorption peak at around 547 

200 nm is attributed to a ligand-to-metal charge-transfer transition from oxygens to copper ions 548 

and the absorption band at around 700 nm is related to the d−d transition of octahedral Cu2+ 549 

ions [37]. Since no peak was observed at wavelengths above 400 nm in the UV-Vis of the 550 

purified water (Figure 11 a), no ions were in the water purified through the solar evaporation 551 

of the NaCl solution using the Cu-BTC/rGO-A-3 nanocomposite aerogel as the active material. 552 

 553 

3.4. Recyclability and mechanical properties of Cu-BTC/rGO nanocomposite aerogels 554 

The recyclability of the Cu-BTC/rGO-A-3 nanocomposite aerogel for repeated cycles of solar 555 

evaporation was evaluated through 10 cycles of irradiation/drying with 0.5 h of irradiation at 1 556 

kW/m2 in each cycle followed by drying of the sample for the next cycle [6], as shown in 557 

Figure 12. The Cu-BTC/rGO-A-3 nanocomposite aerogel presented a stable solar evaporation 558 

performance through 10 cycles of solar illumination with a mean solar evaporation efficiency 559 

of 80.72±2.72%. This indicates the high structural stability of the Cu-BTC/rGO-A-3 560 

nanocomposite aerogel that can be related to two main factors: (1) the mechanical stability of 561 

the nanocomposite aerogel through repeated cycles of solar evaporation and (2) the structural 562 
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stability of Cu-BTC NPs in the structure of nanocomposite aerogels with repeated cycles of 563 

application.  564 

 565 

Figure 12. Recyclability of the Cu-BTC/rGO-A-3 nanocomposite aerogel through 10 cycles 566 

of solar illumination (0.5 h of irradiation at 1 kW/m2 in each cycle, the highlighted region 567 

shows the efficiency range of 75–85%) 568 

 569 

The effect of Cu-BTC NPs content on the mechanical properties of Cu-BTC/rGO 570 

nanocomposite aerogels was investigated using compressive stress-strain results, as illustrated 571 

in Figure 13. As shown by the shift in the compressive stress-strain curves (Figure 13a), the 572 

Cu-BTC/rGO nanocomposite aerogel structure became more elastic with the increasing 573 

loading content of Cu-BTC NPs. Since Cu-BTC NPs are inherently elastic, their introduction 574 

increased the elastic modulus (Figure 13b and c) while reducing the maximum strength of the 575 

nanocomposite aerogels (Figure 13d). 576 

 577 
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 578 

Figure 13. Compressive stress-strain curves (a), chord modulus between 5% and 15% 579 

strains (b), secant modulus at 30% strain (c), maximum strain (d), and maximum strength (e) 580 

of fabricated samples 581 

 582 

Cu-BTC NPs are well-known elastic nanomaterials that can withstand more than 2 GPa of 583 

compression loading [41]. However, these nanoparticles are very rigid and cannot exhibit any 584 

viscoelastic behavior, and this is the reason for the great research interest in introducing Cu-585 

BTC NPs and other metal-organic nanomaterials into the structure of nanocomposites [41]. 586 

Moreover, rGO aerogels are porous materials that can provide a good degree of flexibility, as 587 

evidenced by the maximum strain of ~30% for the rGO-A sample in Figure 13. 588 

Interestingly, when a low concentration of Cu-BTC NPs was introduced into the structure of 589 

Cu-BTC/rGO nanocomposite aerogels (Cu-BTC/rGO-A-1), elastic modulus and maximum 590 

strain both increased significantly. This implies that the introduction of a small number of Cu-591 

BTC NPs enhances the flexibility of nanocomposite aerogels while maintaining their 592 

mechanical strength. This can be attributed to the improved interfacial interactions between 593 
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Cu-BTC NPs and rGO aerogels at low concentrations, leading to the formation of a more 594 

homogeneous and flexible nanocomposite structure. 595 

Since a shift in the slope of the stress-strain curves of the rGO-A sample and the Cu-BTC/rGO-596 

A-1 nanocomposite aerogel was observed in Figure 13 a, we extracted two chord modulus and 597 

secant modulus values to have a better understanding of the impact of Cu-BTC NPs on 598 

mechanical properties of fabricated samples (Figure 13 b and c) [42]. In both cases, the elastic 599 

modulus of Cu-BTC/rGO nanocomposite aerogels increased with the loading content of Cu-600 

BTC NPs.  601 

When the loading content of Cu-BTC NPs increased (Cu-BTC/rGO-A-2 and Cu-BTC/rGO-A-602 

3), the rigid behavior of Cu-BTC NPs became more dominant in Cu-BTC/rGO nanocomposite 603 

aerogels and the elastic moduli and maximum strains increased and decreased, respectively. 604 

The Cu-BTC/rGO-A-3 sample which contained the highest amount of Cu-BTC NPs presented 605 

a maximum strain of 30.37 % (Figure 13 d) which was almost equal to the maximum strain of 606 

the rGO-A sample. Moreover, the maximum strength of Cu-BTC/rGO-A-3 was 7.96 kPa, 607 

which was 106% higher than that of the rGO-A sample. Consequently, the observed 608 

recyclability of the Cu-BTC/rGO-A-3 sample in Figure 12 was related to the structural stability 609 

of this nanocomposite aerogel. 610 

 611 

3.5. Antibacterial and anti-biofouling properties of Cu-BTC/rGO nanocomposite aerogels 612 

Biofouling by microorganisms can lead to the closure of pores and the water uptake channels 613 

in the structure of solar active materials [19]. This is an important factor that can affect the 614 

long-term purification performance of solar evaporation systems in a complex marine 615 

environment [35]. Anti-biofouling properties of Cu-BTC/rGO nanocomposite aerogels were 616 

studied using Nitzschia as the microorganism, as shown in Figure 14. This microorganism is 617 
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a typical diatom in the marine environment that can easily adhere to surfaces [43] and hence, 618 

its adherence to the surface of Cu-BTC/rGO nanocomposite aerogels (Figure S4) can alter the 619 

long-term performance of nanocomposite aerogels in the wastewater purification application. 620 

 621 

Figure 14. Nitzschia density in the culture media containing rGO-A (a), Cu-BTC/rGO-A-1 622 

(b), Cu-BTC/rGO-A-2 (c), and Cu-BTC/rGO-A-3 (d) at different culturing time intervals, and 623 

a comparison between the microorganism growth inhibition performance of Cu-BTC/rGO 624 

nanocomposite aerogels and the rGO-A sample at different days of incubation (e) 625 

 626 

The content of loaded Cu-BTC NPs in the structure of Cu-BTC/rGO nanocomposite aerogels 627 

had an indirect relation with the density of Nitzschia all over the 7 days of incubation (Figure 628 

14 a-d). To have a better measure of such behavior, the percentage decrease in the density of 629 
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Nitzschia at 1st, 4th, and 7th days of incubation for culture media containing Cu-BTC/rGO 630 

nanocomposite aerogels compared to the one containing the rGO-A sample was presented in 631 

Figure 14 e. Compared to the rGO-A sample, the Cu-BTC/rGO-A-1 sample presented 16, 21, 632 

and 5% of Nitzschia density reduction at the 1st, 4th, and 7th days of incubation, respectively. 633 

Moreover, 25, 27, and 9% of Nitzschia density reduction was achieved for the Cu-BTC/rGO-634 

A-3 sample, compared to the rGO-A. Therefore, the microorganism growth inhibition 635 

increased with the content of Cu-BTC NPs in the structure of Cu-BTC/rGO nanocomposite 636 

aerogels. 637 

The antibacterial properties of the Cu-BTC/rGO-A-3 nanocomposite aerogel, which had the 638 

highest solar evaporation performance, were studied using the diameter of the inhabitation 639 

zone, minimum inhibitory concentration (MIC), and minimum bactericide concentration 640 

(MBC) assays. As shown in Figure 15, the growth of E. coli was inhibited when the content 641 

of the Cu-BTC/rGO-A-3 aerogel in the micro-well was 600 μg, whereas no significant 642 

inhibition was observed at a concentration of 300 μg. In contrast, both concentrations of 300 643 

and 600 μg of the Cu-BTC/rGO-A-3 nanocomposite aerogel effectively inhibited the growth 644 

of S. aureus. 645 
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 646 

Figure 15. Images of the bacterial growth inhabitation zones at two concentrations of 300 647 

and 600 μg (a) and the diameter of the inhibition zone, MIC, and MBC results (b) of the Cu-648 

BTC/rGO-A-3 nanocomposite aerogel against S. aureus and E. coli 649 

 650 

Based on our previous studies, the antibacterial activity of Cu-BTC NPs is higher against S. 651 

aureus than against E. coli [17], which is attributed to the presence of a bacterial outer 652 

membrane in E. coli that improves the resistance of this bacterial strain against toxicity 653 

mechanisms [17]. As shown in Figure 15, the Cu-BTC/rGO-A-3 nanocomposite aerogel 654 

displayed similar behavior, suggesting that its antibacterial activity is influenced by two 655 

parallel mechanisms: (i) the antibacterial activity of the attached Cu-BTC NPs through the 656 

formation of Cu ions (Cu2+ and Cu+) [17] and (ii) the antibacterial activity of the rGO aerogel 657 

via trapping mechanism [44]. The same behavior was observed for the MIC and MBC of the 658 
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nanocomposite aerogel with both MIC and MBC values of E. coli greater than S. aureus, 659 

confirming that the presence of the bacterial outer membrane in Gram-negative bacteria limited 660 

the effects of the reaction oxide species (ROS) generation on the bacterial membrane [17]. 661 

We have discussed the proposed antibacterial activity mechanism of Cu-BTC NPs in our recent 662 

publication [17]. When Cu-BTC NPs are introduced into rGO aerogels, the release rate of 663 

copper ions increases, resulting in appropriate antibacterial activity of the Cu-BTC/rGO-A-3 664 

nanocomposite aerogel. Despite having a lower specific surface area than Cu-BTC NPs, this 665 

nanocomposite aerogel still exhibited proper antibacterial activity. Therefore, the solar 666 

evaporation process affected by bacteria not only leads to solar purification but also the 667 

removal of bacteria and algae from the final purified water. 668 

Compared to other graphene-based nanocomposite aerogels for antibacterial evaporation, the 669 

method followed in this work for the fabrication of a stable and efficient antibacterial 670 

evaporator was fast and straightforward. Nanocomposite rGO-based solar evaporator aerogels 671 

decorated with polymers like polypyrrole [14] or metal nanostructures such as Ag-MnO2 [12] 672 

or Mxene [45] can present antibacterial activity and solar evaporation efficiencies around 90%. 673 

However, in this work, we used a very common class of metal-organic nanostructure to 674 

fabricate a new class of rGO aerogel-based solar evaporators with antibacterial and anti-675 

biofouling properties and good stability for the continuous solar evaporation of contaminated 676 

wastewater.  677 

 678 

4. Conclusions 679 

This study demonstrates that Cu-BTC/rGO nanocomposite aerogels have great potential for 680 

various applications in areas such as energy harvesting, energy conversion, and biomaterials. 681 

The incorporation of Cu-BTC NPs impacted the morphology and structure of nanocomposite 682 
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aerogels, particularly when the concentration of Cu-BTC NPs in the precursor solution was 683 

greater or equal to 1 mg/ml. In these samples, micropores dominated the texture, and a high 684 

concentration of C-sp3 domains was observed in the structure. The Cu-BTC/rGO-A-3 685 

nanocomposite aerogel exhibited the highest solar evaporation efficiency of 81.8%. This high 686 

efficiency can be attributed to the aerogel’s high specific surface area and low pore diameter 687 

which provided a large surface for interfacial evaporation. The electron-mediated photon-688 

phonon interaction in the structure of the nanocomposite aerogel also led to heat localization 689 

and reduced energy dissipation to bulk water. Furthermore, the Cu-BTC/rGO-A-3 690 

nanocomposite aerogel showed antibacterial activity against both S. aureus and E. coli. This 691 

indicates that the Cu-BTC/rGO-A-3 nanocomposite aerogel not only provides efficient solar 692 

water evaporation but can also be used for the general solar purification of water from bacterial 693 

contaminants. Future research should focus on optimizing synthesis conditions and post-694 

synthesis treatments to produce more efficient nanocomposite aerogels with enhanced 695 

properties. 696 
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