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Solar steam generation (SSG) system greatly improves the efficiency of water evaporation through heat 
localization, which has broad application prospects at seawater desalination and wastewater treatment. 
In this paper, polyamide 6-graphene oxide (PA6-GO) membrane was fabricated by nonsolvent-induced 
phase separation of a solution with GO-modified PA6 in formic acid. Furthermore, the PA6-GO membrane 
was modified by vacuum filtration of self-assembly gold nanoparticles on its surface for solar stem 
generation. The composite membrane obtained a light absorption rate of nearly 99.8%. Under the 
irradiation of 1 kW m−2, the evaporation rate of 1.1 kg m−2 h−1 was obtained and the evaporation 
efficiency also reached to 75.6%. The evaporation system has the characteristics of low cost, high 
stability, strong acid, and alkali corrosion resistance, suggesting great potentials in seawater desalination 
and sewage treatment.

Introduction
In recent years, with the continuous development of human 
society, the ecosystem has been damaged to varying degrees, 
and the reserves of freshwater resources have also been drasti-
cally reduced [1, 2]. People have begun to turn their attention to 
technologies and energy explorations that can be sustainable and 
renewable. Among the applications of green energy such as wind 
energy, nuclear energy, tidal energy, biomass energy, and solar 
energy [3], the solar energy is considered to be the most valu-
able for coping with the problems of global water pollution and 
shortage in the twenty-first century due to its abundant natural 
reserves and strong renewable capabilities [4]. In the past period 
of time, people have been working to obtain clean and sanitary 
drinking water resources from the purification process of sea 
water and sewage. During this process, scientists have gradually 
formed the view of thermal plasma [5–7], in which nanoscale 
hot spots with higher photo-thermal conversion efficiency are 
generated by absorbing direct solar energy [8, 9]. At the same 
time, with the rapid development and application of solar tech-
nology, such as solar collectors [10, 11], solar thermal power 
generation [12], photo-thermal therapy [13, 14], small water 
purification systems [5], large solar concentration systems [15], 

solar evaporation [16], it has gradually shown huge practical 
application value and development potential.

Under the process of solar-driven seawater desalina-
tion, the actually evaporation efficiency is determined by the 
absorption capacity and transfer mode of solar energy. The 
ideal structure to achieve efficient SSG through the formation 
of local hot spots usually includes high solar absorption capac-
ity, stable water transport channel, appropriate self-floating 
capability, and low heat conduction [17, 18]. Among them, 
high-efficiency broadband light absorption can achieve high 
photo-thermal transduction efficiency. Low thermal conduc-
tivity can effectively reduce thermal loss and improve effective 
heat utilization ratio. The strong hydrophilicity and porous 
microstructure can provide well-functioning water conveyance 
capacity, allowing water vapor to continuously escape from the 
membrane surface.

Based on the above ideal structure of SSG, a variety of mate-
rials and methods have been designed and developed, such as 
biomass carbon [19, 20], plasma absorbent [21], carbon material 
[22], and some multi-layer composite materials [23]. According 
to the principle of bionic bio-interface solar heating, Han, etc. 
[4] reported stable biomass carbon-based ultra-thin membrane 
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obtained from eggshell film, whose evaporation rate reached 
1.31 kg m−2 h−1 under 1 sun (1 kW m−2) and the actual flow 
rate obtained was 1.15 kg m−2 h−1 in the application of mem-
brane distillation technology. Inspired by transpiration of plant 
leaves and perspiration of human sweat glands, Wang’s team 
[24] prepared a gold membrane with porous, efficient, and 
repeatable high-efficiency plasma photo-thermal conversion. 
The solar steam generation efficiency of 85% was achieved at an 
illumination power of 10 kW m−2. In addition, Li et al. used 3D 
printing technology [25] to accurately prepare a three-dimen-
sional jellyfish-like solar evaporation system from the composite 
material of porous carbon black and graphene oxide for the first 
time. This system has a broadband absorption of 99% in the 
wavelength range of 250–2500 nm and an energy conversion 
efficiency of 87.5% at one solar power (1 kW m−2). Through 
using the natural channels in the wood structure and the groove 
morphology on the surface, a series of evaporators coated with 
carbon nanotubes and graphene oxide (GO) also perform higher 
evaporation rate and evaporation efficiency [20, 26]. Singa-
maneni’s team reported a double-layer hybrid bio-foam con-
sisting of bacterial nanocellulose and rGO. The foam achieved a 
solar evaporation efficiency of 83% under 10 kW m−2 irradiation 
[27]. In addition, 3D GO foam [16], multifunctional porous GO 
[28], and green chemically reduced monomer layered GO [6] 
were also frequently used in exploratory experiments for effi-
cient photo-thermal conversion due to their excellent optical 
and thermal properties.

In practical applications, carbon-based materials [22, 29] 
and plasma metals [22] with broadband light absorption proper-
ties usually exhibit good thermal conductivity, which contradicts 
the requirements of local heating and low thermal conductivity 
[30, 31]. However, this can be overcome by appropriate mem-
brane morphology design and thickness control. It can be said 
that membrane structure is the decisive factor to determine the 
overall performance of the system [32, 33]. Therefore, people 
designed a variety of modes and methods to achieve efficient, 
stable, and large-scale production of evaporation system.

Therefore, we prepared modified PA6 via in situ polymeri-
zation of caprolactam with trace amounts of GO added. Then 
through the classic nonsolvent-induced phase separation 
(NIPS) process with inorganic additive lithium chloride (LiCl) 
as the pore agent, a series of PA6-GO (P-Gx) membranes with 
bionic “honeycomb” structure for solar evaporation process 
were carefully constructed. The ratio of pore-forming agent 
and GO can not only control the pore size distribution, poros-
ity and surface morphology of the membrane [34], but also 
adjust the formation of heating sites, continuously stable water 
supply channels on the membrane surface. Finally, the S-AuY/
P-Gx composite membranes (S presents the self-assembly; 
Y represents the pumping volume of Au NPs solution, mL) 
were obtained by vacuum filtration of the self-assembled Au 

nanoparticles (S-Au NPs) [35, 36]. The schematic diagram of 
whole photo-thermal conversion system is shown in Fig. 1.

Results and discussion
Characterization of P‑Gx

The surface morphology and cross-sectional structure of the 
S-Au20/P-G5 and Au20/P-G5 were observed by SEM, as shown 
in Fig. 2. Figure 2(a) and (e) shows the typical honeycomb mor-
phology of P-G5 with regular pore distribution on the surface. 
The formation of the honeycomb-like pore structure in the 
P-Gx would greatly benefit for water evaporation (see Fig. S1) 
[34, 37]. Figure 2(b) and (f) shows the surface morphology of 
Au20/P-G5. Au NPs were uniformly dispersed inside and at 
the edges of the honeycomb, since they were ultrasonically dis-
persed before preparing the composite membrane. Figure 2(c) 
is the surface morphology of S-Au20/P-G5. Through the local 
enlarged image of Fig. 2(g), it can be found that the S-Au NPs 
aggregated in the pores and made the pore surface rougher. 
Figure 2(d) is a cross-sectional view of the S-Au20/P-G5 and 
Fig. 2(h) and (i) shows, respectively, local enlarged views of the 
lower and upper surfaces. From Fig. 2(h), a skin layer with a 
thickness of about 1 μm can be observed on the lower surface. 
From Fig. 2(i), it can be observed that the filter layer of S-Au 
NPs with a nanoscale thickness was formed after the vacuum 
filtration process.

In order to further verify the distribution of Au and S-Au 
NPs on the surface of the P-G5 membranes, we carried out 
EDS scanning test on Au20/P-G5 and S-Au20/P-G5, as shown 
in Fig. 3. Au NPs were uniformly distributed [blue in Fig. 3(a)] 
and the linear assembly S-Au NPs have obvious aggregation 
[green in Fig. 3(b)]. The distribution and aggregation state of 
the Au NPs and S-Au NPs was shown in Fig. S2, which was 
also proved by the color change in Fig. S3. And it was consist-
ent with the reports in literature [38]. In order to verify the 
leakage of the synthesized Au NPs during the extraction and 
modification process, UV–Vis was used to test the solution at 
each stage as shown in Fig. S4.

In order to further detect the valence distribution of 
Au NPs, XPS was used to detect and analyze the composi-
tion of the material surface, including element composition, 
atomic valence, and energy-level structure. From Fig. 4(a) it is 
observed that in addition to the absorption peaks of C, N, and 
O elements in the XPS curve of P-G5, the characteristic peaks 
of Au NPs also appear in the XPS curves of Au20/P-G5 and 
S-Au20/P-G5. As shown in Fig. 4(b), two new peaks appeared 
at 87.6 eV and 84.0 eV, which were attributed to the spectral 
peaks of Au 4F5/2 and Au 4F7/2, respectively, confirming the 
existence of Au NPs on the membranes [36].

The Raman enhancement effect of P-G5, Au20/P-G5 and 
S-Au20/P-G5 was tested by Raman spectroscopy, as shown 
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in Fig. 5. Two characteristic peaks of P-G5 at 1327 cm−1 and 
1610 cm−1, contributed to the D and G bands of carbon-based 
materials. Au20/P-G5 and S-Au20/P-G5 have a new peak at 
2134 cm−1, which was mainly related to the addition of Au NPs. 
The ratio of ID/IG dropped from 1.4 for P-G5 to 1.04 for Au20/P-
G5 and 1.25 for S-Au20/P-G5. The decrease in the ID/IG value 
indicated that the degree of structural defects of the material is 
reduced, which is mainly caused by the formation of the P-G5 
surface filter membrane. And the ID/IG value of Au20/P-G5 was 
higher than that of S-Au20/P-G5, which was mainly determined 
by the distribution state of Au NPs on the surface of P-G5.

Meanwhile, as shown in Fig. 6(a) and (b), the transmittance 
of PA6 membrane (PM) was about 28%; and the reflectance was 
high to 23%. However, the transmittance (T) and reflectance (R) 
of P-G5, Au20/P-G5, and S-Au20/P-G5 were as low as 0.1%. Sub-
sequently, the optical absorption (A) of the membrane was over 
99.8%, which was calculated according to Eq. (1). This increase 
was mainly attributed to the introduction of GO carbon-based 
materials, which reduced the transmittance and reflection of 
sunlight on the surface of the membrane. And the distribution 
of surface pores has increased the refraction times of sunlight on 
the PMs surface and inside, thus greatly improving the absorp-
tion efficiency of sunlight and laying a solid foundation for the 
ultimate goal of high-efficiency solar energy evaporation perfor-
mance. Metal nanoparticles such as Au NPs have a strong local 
plasmon resonance effect. The honeycomb surface morphology 

of the P-G5 can not only increase the number of refraction of 
sunlight inside it and further improve the light utilization rate, 
but also effectively prevent the fall of Au NPs, thereby improving 
the long-term stability of the entire system.

The SSG performance

PA6-GO membrane has been successfully applied to solar sea-
water desalination due to its high optical absorption character-
istics and good stability, as well as its excellent performance of 
long-term stability, low cost, acid resistance, and alkali corrosion 
resistance. In order to test the evaporation performance of P-G5 
in different acid and alkali environments, the solution in simu-
lated wastewater environment was configured with pH values of 
2, 4, 6, 8, and 10, as shown in Fig. S5. The results showed consid-
erable durability and stable evaporation performance. The solar 
steam generation rate and evaporation efficiency were calculated 
(Equation S4).

As shown in Fig. 6(c), the water mass loss of S-Au20/P-
G5 reached 0.56  kg  m−2 and the evaporation rate reached 
1.10 kg  m−2  h−1 within 30 min under the optical power of 
1 kW m−2 (Copt = 1), which was about 2.72 times of the evap-
oration rate of ultrapure water (UP) and 2.95 times higher 
than that of PM. Its evaporation efficiency also reached nearly 
75.69%, which was about 2.75 times higher than that of PM. 
Meanwhile, its temperature difference also reached about 15℃, 

Figure 1:   The experimental schematic diagram of the whole photo-thermal conversion system.
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as shown in Fig. 6(d). The evaporation efficiency of UP is 27.0%, 
while the evaporation efficiency of pure PM is only 27.5%, as 
shown in Fig. 7. This was mainly due to the good thermal con-
ductivity of water body, poor optical absorption performance, 
and high reflectivity of PM surface. The evaporation efficiency 
increased from 60.0% of P-G5 to 71.5% of Au20/P-G5 and 
75.6% of S-Au20/P-G5. The increase of evaporation efficiency 
was mainly attributed to the improvement of the porosity and 
thermal insulation of the material, and the reduction of heat 
loss. Meanwhile, some studies have shown that the nanometer 
region between the linearly S-Au NPs could become “Plasmonic 
Hot Spot.” There were enhancement effects of electromagnetic 
field and nonconservation of linear momentum in this region, 
which were more conducive to improving the generation rate 
of hot electrons [35].

In order to give a more intuitive view of the dynamic heat 
transfer in the evaporation process, we used FLIR infrared ther-
mal imager to observe and record the front and side temperature 
distribution of UP and S-Au20/P-G5 before and after 60-min 
illumination, as shown in Fig. 8. Under 1 kW m−2, the surface 
temperature of pure water is far lower than that of S-Au20/P-G5. 
Moreover, the difference of the temperature gradient distribu-
tion is more obvious. S-Au/PA6-GO has better heat resistance 
than pure water, therefore, the side temperature on the side 
presents a gradient distribution from top to bottom. Moreover, 
most of the heat is mainly used for water evaporation, which 
reduces heat loss and improves evaporation efficiency.

The comparison of optical absorption rate, evaporation rate, 
and evaporation efficiency of this work and literature is shown 
in Table 1. The photo-thermal conversion efficiency of P-G5 was 

Figure 2:   The SEM images of composite membrane for surface of P-G5 (a, e); Au20/P-G5 (b, f ); S-Au20/P-G5 (c, g); and for cross-section (d, h, i) of 
S-Au20/P-G5.
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not greatly improved, but the honeycomb surface morphology 
made its better optical absorption performance. Moreover, the 
S-Au20/P-G5 has the characteristics of low cost, high efficiency, 
and good stability in practical application.

The application of S‑Au20/P‑G5 in different conditions

The seawater desalination experiment was simulated. As 
shown in Fig. 9(a), the conductivity of collected water after 
evaporation was as low as 57.19 μs cm−1. At the same time, 
the ICP technology was used to detect the concentrations of 
four major ions, sodium, magnesium, calcium, and potas-
sium, as shown in Fig. 9(b). The ion concentrations were 
significantly reduced, which fully met the World Health 

Figure 3:   EDS spectra of Au20/P-G5 (a) and S-Au20/P-G5 (b).

Figure 4:   XPS spectra of P-G5, Au20/P-G5 and S-Au20/P-G5 (a) and local magnification at 80–95 eV (b).

Figure 5:   Raman spectra of P-G5, Au20/P-G5 and S-Au20/P-G5.
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Organization standards for healthy drinking water. In order 
to investigate the performance of S-Au20/P-G5 in wastewa-
ter treatment, organic dye solutions of methyl blue (MB) and 
Congo red (CR) with a concentration of 50 μg mL−1 were pre-
pared to simulate the dye wastewater environment, as shown 
in Fig. 9(c) and (d).

The evaporation efficiency of S-AU20 /P-G5 changes with dif-
ferent water quality (Fig. S6). In pure water and simulated seawa-
ter, the evaporation efficiency was relatively stable at about 75.6% 
during the 6-h test period, due to the smooth water contact surface 
and high photo-thermal conversion of S-Au20 /P-G5. However, 
when the water quality is changed to an organic dye solution such 
as methyl blue or Congo red, the evaporation efficiency tended 
to decrease with time, which may be related to the adsorption of 
organic dyes on the surface of S-Au20/P-G5. However, the evap-
oration efficiency can always be more than 70%. The collection 
device is shown in Fig. 9(e). The practical application performance 
of S-Au20/P-G5 in dye wastewater treatment was evaluated by 
measuring the ultraviolet absorbance of the raw wastewater solu-
tion and the collected water. The characteristic absorption peak 
of the dye can be observed in the figure, while the absorbance of 
the collected water is nearly zero, indicating that S-Au20/P-G5 
has a high purification capacity in sewage treatment. Changes in 
evaporation rate of S-Au20/PA6-GO in multiple cycles within 48 h 
are shown in Fig. 9(f). In the long-term use process, S-Au20/P-G5 
can maintain good stability while ensuring a high evaporation rate. 
Meanwhile, it showed that the crystallization adsorption of salt was 

Figure 6:   Reflection (a) and transmission (b) spectra of PM, P-Gx, Au20/P-G5, and S-Au20/P-G5; The curved of mass loss of water evaporation (c) and 
surface temperature difference of membranes (d) under 1 kW m−2.

Figure 7:   Solar steam generation rate and evaporation efficiency.
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not enough to affect the evaporation performance of S-Au20/P-G5 
during the experiment. It was mainly due to the grafting of GO 
that the water contact surface tends to be smooth and the forma-
tion of salt scaling on the surface of the membrane is weakened. At 
the same time, due to the strong water absorption of the material 
itself, the water supply capacity is also guaranteed.

Conclusion
In summary, S-Au20/P-G5 was fabricated by vacuum filtra-
tion of self-assembly Au NPs on the PA6-GO5 substrate. At 
the wavelength range of 200–2500 nm, the absorption rate was 
nearly 99.8%. Under the optical power density of 1 kW m−2, the 
evaporation rate increased to 1.1 kg m−2 h−1 and the evaporation 

efficiency also reached 75.6%. At the same time, S-Au20/P-G5 
has also shown excellent practical value and potential in the 
application of seawater desalination and sewage treatment.

Methods
Chemicals

Powder GO (single layer, 300 mesh) was purchased from 
Suzhou Hengqiu Technology Co., Ltd. Caprolactam (99%), 
6-aminocaproic acid (99%), tetrachloroauric acid trihydrate 
Chemicals, sodium citrate (analytical purity), Congo Red 
(CR), and Methyl Blue (MB) were purchased from Shanghai 
Aladdin Biochemical Technology Co., Ltd. Sodium chloride 

Figure 8:   The infrared thermal image of temperature distribution on the surface and side of UP and S-Au20/P-G5 before and after illumination.

TABLE 1:   Performance comparison.

Materials
Optical absorption 

efficiency (%)
Evaporation rate

(kg m−2 h−1)
Evaporation effi-

ciency (%)
Irradiation power 

(kW m−2) Refs.

Biomass carbon materials 95 1.08 68.0 1 [19]

Black phosphorous nanosheets  ~  0.94 64.6 1 [39]

CB/GO 99 0.89 61.2 1 [40]

rGO/mixed cellulose  ~  0.84 60.0 1 [6]

Flame-Treated Wood 99  ~ 0.90 72.0 1 [41]

Carbonized rice husk foam 92 1.03 71.0 1 [42]

Au NPs/PMs 90  ~  85.0 10 [24]

Blanck Au 89 1.92 65.2 1 [22]

Black Ni 89 1.92 65.4 1 [22]

Biomass carbonized particles 98 0.96 70.0 1 [43]

Magnetic MoS2 96  ~  79.2 2.5 [44]

P-G5 99.8 0.86 60.0 1 This work

S-Au20/P-G5 99.8 1.16 75.6 1
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(≥ 99.5%) and ammonia (analytical purity) were obtained 
from Tianjin Fengchuan Chemical Reagent Technology Co., 
Ltd. Anhydrous magnesium sulfate (≥ 99.0%) and formic acid 
(AR ≥ 88.0%) were obtained from Tianjin Kemeou Kermel 
Chemical Reagent Co., Ltd. Calcium chloride was purchased 
from Shanghai Titan Technology Co., Ltd. Potassium chlo-
ride (99.5%) was purchased from Tianjin Guangfu Technol-
ogy Development Co., Ltd. Ultrapure water (UP, 18.25 MΩ 
cm−1) was made by the laboratory. All chemicals were used as 
received without further purification.

Characterizations

Phenom XL desktop scanning electron microscope (SEM) was 
used to observe the surface morphology of the sample at 5 kV. 
X-ray photoelectron spectrometer (K-alpha type, XPS) was used 
to detect the surface composition of S-AuY/P-Gx and AuY/P-
Gx. The laser confocal Raman spectroscopy (XploRA PLUS) was 
used to characterize the structure of the sample in the wave-
number range of 400–2500 cm−1. The Ultraviolet–Visible–Near 
Infrared spectrometer (UH4150) equipped with a 60 mm stand-
ard integrating sphere was used to measure the light reflection 

Figure 9:   The conductivity test of collected water (a) and ion content changes of simulated seawater (b); UV absorbance curve before and after dye 
wastewater treatment, MB (c), CR (d); diagram of recovery device for solar evaporation experiment (e); long-term stability test curve (f ).
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(R) and transmission (T) spectra of the sample in the range of 
200–2500 nm. Subsequently, the optical absorption (A) of the 
membrane was calculated according to Eq. (1) [24]:

The AR2202CN electronic balance with an accuracy of 0.1 g 
was used to record the water quality changes in real time. The 
evaporation experiment was carried out using a solar simulator 
(CEL-S500/350 xenon light source), which was equipped with 
a standard AM1.5G optical filter. The distribution of Au NPs 
on the surface of P-G5 was observed and determined using an 
energy spectrometer mounted on a thermal field electron micro-
scope. A transmission electron microscope with the instrument 
model Hitachi H7650 was used to observe and analyze the par-
ticle size and morphology of the Au NPs. Before the testing, the 
samples were sprayed with platinum.

Preparation of PA6‑GOx (P‑Gx) membranes

A casting solution containing 20 wt% P-Gx (more details on 
the fabrication of P-Gx are shown in section S1 and Fig. S7) 
was prepared by dissolving it in formic acid at room tempera-
ture with magnetic stirring for 12 h, and x = 1, 3, 5, 7 repre-
sent the mass ratios of graphene oxide = 0.1, 0.3, 0.5, 0.7 wt%, 
respectively [37]. Pore-forming agent (5 wt% LiCl) was added to 
adjust the porosity and pore size distribution of the membranes. 
Then, the casting solution was put in an oven (− 0.6 MPa) for 
vacuum defoaming for 60 min. A membrane with a thickness 
of 200 μm was scraped on a glass plate at a constant speed (Fig. 
S8). After stabilizing for 10 s, the glass plate was immersed in a 
solidification bath of pure water. The prepared PA6 membrane 
and the membranes containing with GO were called as PM and 
P-Gx (x indicated the weight percentage of GO in the PA6-GO), 
respectively.

Modification process of Au NPs

A traditional sodium citrate method was used to synthesize 
Au NPs (more details are shown in section S2). 15 mL Au NPs 
in a 50 mL centrifuge tube was centrifuged at 12,000 rpm for 
15 min. After removing the supernatant, the residuum was 
dispersed in 18 mL ethanol and treated in ultrasonic device 
under 400 W for 10 min to make the dispersion uniform. 
Chain self-assembly process was carried out by dropwise add-
ing 400–2000 μL 5.0 mM NaCl solution and 10–20 μL water 
after stabilization. Subsequently standing for 30 min, 10 mL 
4.2 vol% ethanol ammonia solution was quickly added to pro-
mote the self-assembly process. Finally, the color of the solu-
tion changed from purple-red to blue (Fig. S3), indicating the 
occurrence of self-assembly process (S-Au) [35, 36].

(1)A (%) = 1− R − T

Preparation of AuY/P‑Gx and S‑AuY/P‑Gx membranes

AuY/P-Gx and AuY/P-Gx membranes were prepared by vac-
uum filtration under − 0.1 MPa, as shown in Fig. S9. Y indi-
cated the filtration volume (10 mL, 20 mL, 30 mL) of Au NP 
and S-Au NPs on the P-Gx supporting layer.

Solar evaporation performance test

The prepared membranes were cut into pieces of the required 
size (1.8 cm × 1.8 cm). The membranes were naturally suspended 
on the ultrapure water (UP) in a beaker for SSG. The test was 
conducted at about 25  °C and the relative humidity about 
35–45%. The light intensity was measured with a strong light 
power meter, surrounded by polystyrene foam as an insulation 
material. After stabilized for 30 min under illumination, evapo-
ration quality was recorded in real time by setting the beaker 
on an electronic balance (calculation method was shown in the 
section S3). At the same time, the temperature change on mem-
brane surface was recorded with an infrared thermography.

With reference to the above experimental process, the 
acid–base tolerance test of the membranes was carried out in 
aqueous solutions with pH 2, 4, 6, 8, and 10. And 50 mg/mL 
methyl blue (MB) and methyl orange (MO) organic dye solu-
tions were prepared to simulate wastewater solution. Seawater 
solution containing a variety of salts was simulated to test the 
performance of the membranes in practical applications. The 
purification effect of organic dyes was detected by UV-1100 
ultraviolet spectrophotometer and the pH of the solution was 
measured by a pH meter.
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