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Solar-driven interfacial evaporation system has attracted intensive attention ow-
ing to its great potential in harnessing renewable solar energy to purify water. To 
further enhance the solar-driven interfacial evaporation system performance, so-
lar absorber structure with high light-thermal energy conversion efficiency is es-
pecially critical. In this work, polyvinyl pyrrolidone/poly(vinylidene fluoride co 
hexa fluoropropylene)/CuO-nanorods (PVP/PVDF-HFP/CuO-nanorods) mem-
brane was prepared sequentially by electrospinning, heating and hydrothermal 
processes. The flexible electrospun membrane was used as the photothermal lay-
er in the solar-driven interfacial evaporation system. The evenly distributed CuO 
nanorods function as solar energy absorbers. The polystyrene foam was used as 
an insulating layer, and filter paper was inserted in the middle of the polystyrene 
foam to transport water to the photothermal layer. The designed evaporator was 
used for the solar evaporation using pure water. As a result, the evaporation rate 
was 1.11 kg/m2h and the light-thermal energy conversion rate was 75.36%. The 
outcome of this work provides the potential of solar-driven interfacial evapora-
tion system for water desalination and wastewater purification.  
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Introduction 

Nowadays, energy crisis has become a critical issue caused by population growth, 

industrial growth, and continued dependence on fossil fuels [1, 2]. As conventional fossil 

fuels become scarce and expensive [3], efforts to explore renewable energy are one of the 

ways to meet the continuing growth in energy demand. Among RES such as solar, wind, hy-

dropower, geothermal, and bioenergy [4], solar energy seems to be the best option for the fu-

ture world because it is reliable, abundant, cost-effective, ecosystem friendly, and durable [5]. 

Currently, the three main strategies for harnessing solar energy are photovoltaic, solar chemis-

try, and solar thermal conversion [6]. Among them, solar thermal conversion is a direct meth-

od to transform sunlight energy into thermal energy using photothermal materials [7]. Solar 

driven evaporation is a typical example of solar thermal conversion application. 
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Solar driven evaporation, which utilizes sunlight as an energy source to produce 

fresh water from seawater, wastewater or polluted water, not only alleviates the energy crisis, 

but also provides an alternative strategy to resolve the severe situation of water scarcity [8, 9]. 

Depending on the location of the photothermal material, three different solar driven evapora-

tion systems exist: bottom evaporation system, volumetric system, and interfacial system [10]. 

In bottom and volumetric systems, the entire bulk water is heated to produce steam, therefore, 

a large amount of thermal energy is lost in the water. However, in the solar driven interfacial 

evaporation (SDIE) system, the photothermal material is directly placed on the water surface, 

and the converted thermal energy is directly used to heat the water molecules at the air-water 

surface, thereby reducing the thermal energy transfer to the bulk water [11, 12]. 

Electrospinning is one of the methods to fabricate membrane for SDIE system [13]. 

Electrospun membranes can be obtained by the electrospinning or the bubble electrospinning 

[14-17], which have many advantages, and typically exhibit more than 90% porosity at con-

trolled thicknesses. The abundant pore structure facilitates the transport of water from the 

bulk water to the surface and prevents heat dissipation from the surface to the bulk water [18]. 

Besides, the membrane size, thickness, and porosity can be adjusted by controlling the elec-

trospinning parameters [19, 20]. Meanwhile, the electrospun membranes are flexible, can be 

customized and easy for transportation, making them convenient and portable for practical 

applications [21].  

In electrospun membrane-based SDIE systems, photothermal materials play a criti-

cal role in absorbing solar energy [22]. In this work, CuO nanorods were used as the photo-

thermal materials. The PVP/PVDF-HFP/CuO-nanorods nanofibers membrane was prepared 

through core-shell electrospinning, heating and hydrothermal processes. After the hydrother-

mal process, CuO nanorods were uniformly formed along the core of PVDF-HFP nanofibers. 

This work aims to demonstrate the potential photothermal ability of CuO nanorods in SDIE 

system.  

Experimental 

Materials 

Poly(vinylidene fluoride-co-hexa-fluoropropylene) (PVDF-HFP, molecular weight 

(MW 400,000), Polyvinylpyrrolidone (PVP, MW 1,300,000) and cupric acetate anhydrous 

(Cu(CH3COO)2) were purchased from Aladdin Industrial Corporation, (Shanghai, China). N, 

N-dimethyl formamide (DMF), acetone, and ammonia were supplied by Sinopharm Chemical 

Reagent Co., Ltd. (Suzhou, China). Absolute ethanol was supplied by Prospect Chemical Re-

agents Co., Ltd. (Wuxi, China). All reagents were analytical grade and used as received with-

out further purification.  

Preparation of PVP/PVDF-HFP/Cu(CH3COO)2 nanofibers  

membrane by core-shell electrospinning process 

The PVDF-HFP (16 wt.%) was dissolved in a binary solvent of acetone/DMF 

(weight ratio of 1:4) at room temperature for four hours using a magnetic stirrer. Then the cu-

pric acetate was added to the prepared PVDF-HFP solution, and the weight ratio of cupric ac-

etate anhydrous/PVDF-HFP was 1:4. The mixed solution was then stirred for 20 minutes at 

70 ºC to form a blue shell solution. Meanwhile, PVP (8 wt.%) was dissolved in ethanol to 

form the core solution. During core-shell electrospinning process, the collector distance was 

kept at 17 cm and a voltage of 20 kV was applied. The core flow rate of PVP was 0.4 mL per 
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hour and the shell flow rate was 0.6 mL per hour. The ambient relative humidity and tempera-

ture were 50 ±2% and 25 ±2 ºC, respectively.  

Preparation of PVP/PVDF-HFP/CuO-seed nanofibers  

membrane by heating process 

The as-prepared PVP/PVDF-HFP/Cu(CH3COO)2 nanofibers membrane was placed 

in an oven with excess deionized water in a large beaker for 20 hours at 120 ºC. The 

Cu(CH3COO)2 on the nanofibers were then converted into CuO, which served as seed for the 

nucleation and crystallization of CuO nanorods in subsequent steps. 

Preparation of PVP/PVDF-HFP/CuO-nanorods nanofibers  

membrane by hydrothermal process 

The growth media solution was prepared by 50 g deionized water, 1.5 g cupric ace-

tate anhydrous, and excess ammonia. The heat-treated PVP/PVDF-HFP/CuO nanofibers 

membrane was then immersed in the growth solution contained by the hydrothermal reactor. 

The reactor was placed in an oven for 10 hours at 90 ºC. Then, the resultant membrane was 

rinsed with deionized water and dried in an oven to remove water residues. 

Characterization 

The morphologies of nanofiber membranes were observed via SEM (Hitachi S-

4800, Japan) apparatus. 

Interfacial solar-driven evaporation experiments 

In the interfacial solar-driven evaporation experiment, deionized water was placed in 

a small 100 mL beaker. A piece of polystyrene (PS) foam floats on the water to support the 

PVP/PVDF-HFP/CuO-nanorods nanofibers membrane. A commercially available filter paper 

was inserted in the middle of the polystyrene foam to transport water to the photothermal lay-

er. The whole system was irradiated under a solar simulator (PL-XQ500W, Xenon light 

source, Beijing Precise Technology co., Ltd.) with an illumination of 1000 W/m2 (1 sun). 

Mass changes throughout the sample were recorded in real time using a precision balance 

(FX-3000i, 0.01 g, A&D Company, Limited.) connected to a computer. An infrared thermal 

imager (FLIR C5, FLIR Systems Inc., USA) was used to record the temperature changes of 

the samples. For comparison, a system consisting of PS foam and filter paper in pure water 

without PVP/PVDF-HFP/CuO-nanorods nanofibers membrane was used as a blank control. 

Results and discussion 

Morphology of the membranes  

As shown in figs. 1(a) and 1(d), the morphology of PVP/PVDF-HFP/Cu(CH3COO)2 

nanofibers after core shell electrospinning was smooth with an average diameter of 196 nm. 

After heat treatment, the morphologies of the PVP/PVDF-HFP/CuO nanofibers, figs. 1(b) and 

1(e) were still smooth, but the diameter was decreased to an average of 139 nm. This can be 

attributed to fiber shrinking and remodeling during solvent evaporation in the heating process 

[21]. After hydrothermal treatment, CuO nanorods with a length of about 145 nm and a diam-

eter of about 35 nm, figs. 1(c) and 1(f) were grew uniformly along the nanofibers. Finally, the 

furry appearance of PVP/PVDF-HFP/CuO-nanorods nanofibers yield an average diameter of 

362 nm.  
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Figure 1. The SEM images of PVP/PVDF-HFP/Cu(CH3COO)2 nanofibers membrane after core-shell 
electrospinning (a) and (d), PVP/PVDF-HFP/CuO nanofibers membrane after heat treatment (b)  
and (e), and PVP/PVDF-HFP/CuO-nanorods nanofibers membrane after hydrothermal  
treatment (c) and (f) 

Infrared thermal imaging monitoring 

Figures 2 and 3 show infrared thermal images during the experiment from top and 

side views, respectively. It can be seen from fig. 2 that the surface temperatures of the blank 

control system and SDIE system were 27.8 °C and 29.6 °C, respectively, at the onset of solar 

evaporation, figs. 2(a) and 2(d). After 5 minutes of solar evaporation process, both blank con-

trol system and SDIE system showed rapid heating capability, reaching 30.9 °C and 31.3 °C, 

respectively, figs. 2(b) and 2(e). After a longer period of solar evaporation (60 minutes), a 

more stable temperature was observed for the blank control system, 30.2 °C, fig. 2(c), and 

SDIE system, 33.6 °C, fig. 2(f). Generally, the SDIE system showed higher temperature than 

 

Figure 2. Infrared thermal images of top surfaces of the solar evaporation experiment for the (a)-(c) 
blank control system without PVP/PVDF-HFP/CuO-nanorods membrane and (d)-(f) SDIE system with 
PVP/PVDF-HFP/CuO-nanorods membrane at 0, 5, and 60 minutes, respectively  
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the blank control system due to the photothermal capability of the PVP/PVDF-HFP/CuO-na-

norods membrane and the good thermal conductivity of CuO on the membrane surface. The 

increase in temperature will favor the transition of water from liquid to vapor phase, which 

enables the SDIE system to achieve higher evaporation rate and efficiency. In contrast, at the 

end of the experiment, the side view temperature of the blank control system, 27.6 °C, fig. 

3(c) was higher than that of the SDIE system, 26.2 °C, fig. 3(f). This is due to better thermal 

management of the SDIE system using PVP/PVDF-HFP/CuO-nanorods membrane. 

 

Figure 3. Infrared thermal images of side view of the solar evaporation experiment for the (a)-(c) blank 
control system without PVP/PVDF-HFP/CuO-nanorods membrane and (d)-(f) SDIE system with 
PVP/PVDF-HFP/CuO-nanorods membrane at 0, 5, and 60 minutes, respectively  

 

Water weight monitoring in the solar evaporation experiment 

Figure 4 shows the mass change of the SDIE system with and without the 

PVP/PVDF-HFP/CuO-nanorods membrane in the solar evaporation experiment. The SDIE 

system with PVP/PVDF-HFP/CuO-nanorods membrane showed higher water evaporation 

rate compared to the blank control system. Within one hour, the mass loss of the blank control 

system and SDIE systems were 1.96 g, 3.14 g, respectively.  

Figure 4. Mass change in the solar evaporation 
experiment; (a) blank control system without the 
PVP/PVDF-HFP/CuO-nanorods membrane and  

(b) SDIE system composed of the PVP/PVDF-
HFP/CuO-nanorods membrane 

 

Two vital parameters to quantify the water evaporation process are evaporation rate, 

m, and evaporation efficiency, η. It can be calculated using the following equations: 
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where mloss is the water mass loss in the evaporation experiment, D – the diameter of the 

membrane (D = 60 mm), t – the the evaporation duration time (t = 1 hour), q – the solar inten-

sity (q = 1000 W/m2), h [Jg–1] – the total enthalpy change consists of sensible heat for temper-

ature rise and the latent heat for phase change, Cm – the specific heat capacity of water  
(Cm = 4.18 J/gK), T – the increment temperature of water [(273.15 + 33.6) –  
– (273.15 + 29.6) = 4 K], and T – the final temperature (36 °C, 306.75 K).  

As a result, the evaporation rate, m, and evaporation efficiency, η, of the SDIE sys-

tem were 1.11 kg/m2h and 75.36%, respectively. On the other hand, for the blank control sys-

tem, the evaporation rate, m, and evaporation efficiency, η, were 0.69 kg/m2h and 47.06%, re-

spectively. Obviously, the SDIE system with PVP/PVDF-HFP/CuO-nanorods membrane 

achieves improved performance. This is due to the CuO nanorods exhibiting higher solar en-

ergy absorption capacity and superhydrophilicity, which contribute to higher evaporation rate 

and evaporation efficiency.  

Conclusion 

In this work, a SDIE system was designed to verify its performance in solar driven 

evaporation. The SDIE system consists of a photothermal layer of electrospun PVP/PVDF-

HFP/CuO-nanorods nanofibers membrane, a thermal insulating PS foam, and a filter paper as 

a water wicking material inserted into the center of the PS foam. For the photothermal layer, 

PVP/PVDF-HFP/CuO-nanorods nanofibers membrane was innovatively fabricated using 

core-shell electrospinning, heating and hydrothermal processes. The PVP/PVDF-HFP/CuO-

nanorods nanofibers membrane demonstrated good photothermal ability. In a pure water solar 

evaporation experiment, a relatively high evaporation rate of 1.11 kg/m2h and a light-thermal 

energy conversion rate of 75.36% were achieved. This work demonstrates the potential photo-

thermal ability of CuO in solar driven evaporation and will stimulate more research on the use 

of semiconductor photothermal materials.  
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