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 ABSTRACT 

Utilizing plasmonic nano-particles/structures for solar water evaporation has 

aroused increasing interest; however, large-scale methods are desired to boost 

the efficiency and improve the practicality of solar steam generation. We developed

a membrane-supported floating solar steam generation system based on graphene

oxide and a multiscale plasmonic nanostructure; the latter is a micrometer-sized 

colloidosome that was assembled from hollow and porous Ag/Au nanocubes.

By taking advantage of multiscale plasmonic coupling of the particles, an extremely

high solar thermal conversion efficiency up to 92% at 10 kW·m−2 (with a 

water evaporation rate reaching 12.96 kg·m−2·h−1) can be achieved. The TiO2

nanoparticle-modified floating system is also capable of high-efficiency dye 

degradation in organic-polluted water, rendering such a membrane system 

recyclable and scalable for practical and versatile solar-driven generation of 

clean water. 

 
 

1 Introduction 

Solar energy is an inexhaustible source of energy to 

alleviate the global energy and environmental crises 

[1, 2]. Utilizing solar energy for water evaporation was 

recently reconsidered as a highly efficient method  

to produce clean water and treat wastewater [3–7]. 

Efficient harvesting of solar energy is a key factor to 

design and select materials for this purpose; recently, 

efforts have been devoted to facilitate efficient steam 

generation under solar irradiation [3, 6, 8–12], e.g., by 

exploiting interfacial water heating instead of traditional 

low-efficiency bulk water heating [13, 14] and designing 

broadband solar receivers [3, 11, 15]. Graphene oxide 

(GO) is a promising candidate for its outstanding light 

absorption and excellent photothermal transduction; 

it has been used as a light absorber in solar-driven 

water evaporation processes [5, 12, 16, 17]. Plasmonic 
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nanoparticles (NPs), which show localized and tunable 

optical and photothermal properties [18–24], are another 

class of ideal nanomaterials for solar water heating 

[4, 25]. Although these studies have achieved relatively 

high evaporation efficiencies, better solar steam 

generation materials and design strategies are desired, 

and there is plenty of room for improvement toward 

practical applications. 

Although plasmonic NPs with an efficient broadband 

solar absorption and photothermal conversion efficiency 

are crucial and highly desired for solar steam 

generation applications, classic plasmonic Au NPs  

or Ag NPs usually only display a narrow absorption 

bandwidth, which limits the broadband solar 

absorption [26]. Much effort has focused on finding 

plasmonic NPs with tunable and broad absorption 

[27, 28]. In this study, we designed and prepared Ag/Au 

nanocube (NC)-based plasmonic colloidosomes (Ag/Au 

PCs) as multiscale plasmonic nanostructures for 

solar steam generation to attain efficient solar light 

absorption and photothermal conversion. Although 

PCs have recently been successful for photothermal 

biomedical applications [29–31], no attempts have 

been reported for solar steam generation applications. 

Three-dimensional (3D) PCs are ideal plasmonic 

components for designing materials for solar steam 

generation because of their intense broadband light 

absorption from strong interparticle plasmonic coupling. 

To further enhance the light absorption and solar 

thermal conversion efficiency, we combined the use 

of Ag/Au PCs with a GO membrane as a light 

absorbing layer for solar steam generation. Meanwhile, 

to minimize the heat loss (to the bulk solution) and 

localize heating at the evaporating surface, the 

absorbent layer was physically separated by a floating 

polystyrene (PS) foam (thermal conductivity of 

~ 0.04 W mK−1).  

Another promising and widely studied route to 

use solar energy for the purification of water is 

decontamination through photocatalytic processes. 

Solar-driven interfacial evaporation would significantly 

enhance the adsorption removal performance with 

the assistance of an upward vapor flow. Therefore, the 

high solar steam generation efficiency is beneficial 

for dye degradation in organic-polluted water. 

In this study, we develop a membrane-supported 

floating solar steam generation system based on GO 

and a novel multiscale plasmonic nanostructure; the 

latter is a microscale PC that was assembled from 

Ag/Au hollow and porous nanocube (Ag/Au HPNC) 

monomers. By taking advantage of the multiscale 

plasmonic coupling of the PCs, an extremely high 

solar thermal conversion efficiency (up to 92% at 

10 kW·m−2) can be achieved. In addition to the excellent 

steam generation capability, the modified system 

also provides highly efficient dye degradation in 

organic-polluted water, rendering such a bifunctional 

membrane-supported solar steam generation system 

recyclable and scalable for practical and versatile 

solar-driven generation of clean water.  

2 Experimental 

2.1 Materials and chemicals 

AgNO3 and NH2OH·HCl were purchased from Sigma- 

Aldrich. HAuCl4·3H2O was obtained from Beijing 

Chemical Works. Poly(diallyl dimethylammonium) 

chloride (PDDA) (20 wt.% in water, MW = 100,000– 

200,000), NH3H2O (25%), and titanium oxide (P25) 

were purchased from Sinopharm Chemical Reagent 

Co., Ltd. All chemicals were used as received and 

without any further purification.  

2.2 Synthesis of Ag nanocubes 

Ag NCs were prepared by a hydrothermal method 

with slight modification [32]. In a typical experiment, 

20 mL of AgNO3 (20 mM), 1.1 mL of NH3H2O (25%), 

and 1.1 mL of PDDA (10 wt.%) were vigorously stirred 

for 0.5 h; then, the mixtures were transferred to 

40-mL Teflon-sealed autoclaves and heated at 170 °C 

for 16 h. After the reaction, the autoclaves were cooled 

in air, and the suspensions were centrifuged for 20 min 

at 5,000 rpm; the precipitates were washed with 

purified water and centrifuged three times. 

2.3 Synthesis of Ag/Au hollow and porous nano-

cubes  

Ag/Au NCs were synthesized according to our 

previous method [33]. The prepared Ag sol (20 mL) 

was diluted with 20 mL of water; a freshly prepared 

reaction solution of 0.1% HAuCl4 (500 μL) and 20 mM 
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NH2OH (100 μL) was added to a glass vial with 

magnetic stirring. The solution was then heated and 

refluxed for 7–8 min before cooling to room tem-

perature. Then, an excess of H2O2 (0.1 mol·L−1) was 

added to the solution of Ag/Au hollow NCs, and the 

reaction proceeded at room temperature for several 

minutes. 

2.4 Synthesis of Ag/Au plasmonic colloidosomes 

The colloidosomes were synthesized by a self-assembly 

process as previous reported with slight modification 

[34]. In a typical preparation process, the concentration 

of the as-prepared Ag/Au HPNCs was concentrated 

to 2 mM. Then, 10 mL of 1-butanol was added to the 

colloidal suspension (ratio of 1-butanol to water of 

10:1). Then, the mixture was emulsified by shaking and 

ultrasonication. These Au/Ag NPs spontaneously 

absorbed at the emulsion interface; this was driven 

by minimizing the total interfacial free energy [35]. 

Finally, the self-assembled colloidosomes were obtained 

by naturally settling on the bottom of the container. 

2.5 Preparation of graphene oxide 

GO was prepared using the improved Hummers 

method [36] with a slight modification. Typically, a 

9:1 mixture of concentrated H2SO4/H3PO4 (360:40 mL) 

was added to a mixture of graphite flakes (3.0 g) and 

KMnO4 (18.0 g). The reaction was then heated to 65 °C 

and stirred for 12 h. Then, the reaction was cooled  

to room temperature; 400 mL of ice with 30% H2O2 

(3 mL) was poured onto the solution, and the mixture 

was washed with 5% HCl. Finally, the mixture was 

washed with deionized water until the pH of the 

solution was neutral.  

2.6 Fabrication processes for the steam generation 

devices 

The GO solution (5 mL; 4 mg·mL−1) was deposited onto 

a porous mixed cellulose membrane filter (50 mm in 

diameter, 0.45-μm pore size) to form a GO film through 

vacuum filtration; the PC/GO and P25/PC/GO films 

were prepared similarly by adding 5 mL of additional 

Ag/Au PCs (2 μM) and P25 + Ag/Au PC (2 μM) colloidal 

solutions, respectively, to the GO films during the 

mild vacuum filtration process. Then, the films were  

naturally dried at room temperature. A PS foam    

(~ 2-cm thick) was chosen as the supporting material 

for preparing the floating devices. Meanwhile, the PS 

foam was wrapped with a clean fiber cloth to ensure 

that the water could reach the upper surface of the PS 

foam. 

2.7 Equipment and characterization 

Ultraviolet–visible (UV–Vis) absorption spectra were 

measured using a Cary 500 Scan UV-Vis spectro-

photometer (Varian, USA). The detailed microstructure 

and chemical composition of the samples were 

investigated by field emission scanning electron 

microscopy (SEM) using a Hitachi S4800 microscope 

operated at 10 kV and transmission electron microscopy 

(TEM) using a JEOL 2010 microscope operated at an 

accelerating voltage of 200 kV and equipped with an 

energy dispersive spectrometer. X-ray photoelectron 

spectroscopy (XPS) was performed on an X-ray 

photoelectron spectrometer (ESCALAB 250 Xi, Thermo 

Fisher Scientific). Infrared spectra were measured  

on a VERTEX 70 Fourier transform infrared (FTIR) 

spectrometer (Bruker). An inductively coupled 

plasma (ICP) atomic emission spectrometer and mass 

spectrometer (iCAP 6000 Series, ICP spectrometer, 

Thermo Scientific) were used to determine the con-

centration of NPs. A 300-W xenon lamp equipped 

with a filter of  > 420 nm (10 kW·m−2) was used for 

the illumination experiments. 

3 Results and discussion 

As schematically illustrated in Fig. 1(b), the top 

membrane of the PC-loaded GO acts as a light absorber 

under illumination to efficiently harvest and convert 

light to thermal energy. In the material configuration, 

the Ag/Au PCs with broadband absorption form many 

internal hot spots where evaporation occurs, and  

the GO film can provide an efficient path for water 

supply and vapor flow in addition to absorbing light. 

The synergistic effect between the PCs and GO film 

greatly promote the capture and conversion of solar 

energy; the PS foam in the bottom acts as an excellent 

thermal barrier to minimize heat transfer to the non- 

evaporative bulk water. 
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Figure 1 (a) Schematics of PC preparation. (b) Schematics of a 
floating PC/GO membrane-based device for solar steam generation: 
the PC/GO film serves as a light absorber and converts sunlight 
into vapor on the top; the floating PS foam supports the PC/GO 
film and suppresses heat loss to the non-evaporative bulk water.  

The 3D micro-sized spherical PCs are composed of 

Ag/Au HPNCs. The Ag/Au HPNCs were first prepared 

from the pre-synthesized precursor Ag NCs [32] 

according to our previous method [33]. The detailed 

synthetic procedures are described in the Experimental 

section. The morphology of the as-prepared Ag NCs 

and Ag/Au HPNCs were characterized by TEM. As 

shown in Figs. 2(a) and 2(b), the as-prepared precursor 

Ag NCs are nearly monodispersed with sharp cor-

ners and an average edge length of ~ 60 nm (Fig. 2(c)); 

the as-prepared Ag/Au HPNCs show hollow and 

porous characteristics (Figs. 2(d) and 2(e)) with a mean 

diameter of ~ 87 nm (Fig. 2(f)). The XPS spectrum of 

the as-prepared Ag/Au HPNCs was analyzed. As 

shown in Fig. S1 in the Electronic Supplementary 

Material (ESM), two characteristic peaks arising from 

the Ag 3d5/2 and Ag 3d3/2 orbitals are located at 368.3 

and 374.3 eV, respectively; meanwhile, the orbitals  

of Au 4f7/2 and Au 4f5/2 are located at 82.3 and 85.9 eV, 

respectively, suggesting that Ag and Au in the as- 

prepared Ag/Au HPNCs are present in the metallic 

state. The Ag/Au molar ratio of the as-prepared 

Ag/Au HPNCs was estimated to be ~ 2.5 (Fig. S1(c) in 

the ESM).  

Spherical micro-sized Ag/Au PCs were prepared 

by self-assembly from the as-prepared Ag/Au 

HPNCs via an emulsion-templating strategy [34]. 

Figures 3(a)–3(d) show typical SEM images of the  

 

Figure 2 (a) and (b) TEM images of the precursor Ag NCs and 
(c) their corresponding particle size distribution. (d) and (e) TEM 
images of the Ag/Au HPNCs and (f) their corresponding particle 
size distribution. 

resultant Ag/Au PCs. The obtained PCs have a size 

distribution ranging from ~ 1 to 5 μm (Figs. 3(a) and 

3(b)) with a mean diameter of 3 μm (Fig. S2 in the 

ESM). Most show an intact spherical shape, and only 

a few have chipped edges. The images of the collapsed 

PCs (Figs. 3(c) and 3(d)) show that the resultant PCs 

are composed of a multilayered NP shell and a hollow 

cavity, of which the hollow and porous characteristic 

of the unit Ag/Au HPNCs are visible. The hollow and 

porous structure of the unit Ag/Au HPNCs was 

observable from the rim of a single colloidosome   

by TEM analysis, as shown in Fig. S3 in the ESM. 

Moreover, the Ag/Au bimetallic nature of the PCs 

was further confirmed by SEM elemental mapping 

analysis. As shown in Fig. S4 in the ESM, Ag and Au 

were homogeneously distributed throughout the 

as-prepared PCs. Figure 3(e) shows the absorption 

spectra of the obtained Ag NCs, Ag/Au HPNCs,  

and Ag/Au PCs, respectively. The Ag NCs have one 

localized surface plasmon resonance (LSPR) peak 

centered at ~ 466 nm, while the absorption peak of 

the Ag/Au HPNCs appeared at a longer wavelength, 

shifted toward 713 nm. After assembly into micro- 

sized PCs, the LSPR peak centered at 466 or 713 nm 

diminished, but a significantly enhanced broad 

plasmon absorption band appeared in the visible to 

near-infrared (NIR) region because of the strong 

plasmonic coupling among the Ag/Au HPNCs in the 

PC shell.  

To assess the photothermal conversion efficiency  
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of the particles, a laser irradiation experiment was 

conducted at a wavelength of 808 nm; this wavelength 

corresponds with the LSPR of the PCs. For comparison, 

the particle solutions containing Ag/Au PCs or their 

precursor Ag/Au NPs with the same concentration of 

unit NPs (~ 5.5 × 1010 particles·mL−1, 5 mL) were used 

for this experiment and performed at the same laser 

power densities of 1.2 W·cm−2. As shown in Fig. 3(f), 

the temperature of all three particle solutions increased 

rapidly upon laser irradiation and then decreased 

gradually to reach thermal equilibrium. The Ag/Au 

PC solution displays the highest photothermal con-

version ability for bulk solution heating because of 

intense broadband absorption caused by the strong 

interparticle plasmonic coupling; the temperature is  

~ 40% higher than that observed for the precursor 

Ag/Au HPNCs. Meanwhile, for comparison, we also 

conducted a photothermal conversion efficiency test 

using 650- and 450-nm laser irradiation. As shown 

in Fig. S5 in the ESM, though there is some decrease   

in ΔT (T = temperature) caused by off-resonance 

irradiation of the sample, the PCs also showed a good 

photothermal conversion efficiency because of their 

intense broadband absorption property caused by the 

strong interparticle plasmonic coupling. Therefore, the 

as-prepared Ag/Au PCs were used for subsequent 

solar steam generation.  

To further enhance the solar thermal conversion 

efficiency and facilitate their potential for practical use, 

we tried complexing the Ag/Au PCs with GO films, 

which are efficient and broadband light absorbers that 

were fabricated by a low-cost and scalable process 

[37]; meanwhile, the rich functional groups of GO 

facilitate the combination with Ag/Au PCs. The 

existence of oxygen-containing groups on the surface 

of GO was examined by FTIR. As shown in Fig. 4(a), 

the strong and broad peak around 3,422 cm−1 in the 

FTIR spectrum is attributed to –OH, while the sharp 

peaks at 1,744 and 1,628 cm−1 originate from C=O  

and C–C, respectively. The characteristic peak at 

1,223 cm−1 is due to vibration of the C–OH group [38]. 

Figure 4(b) shows the XPS spectrum of the GO film. 

The 1s peak of carbon (C1s) of the GO film mainly 

consists of four types of carbon bonds [37, 39]: C–C 

(aromatic rings) at ~ 283.6 eV, C–O (hydroxyl and 

epoxy) at ~ 286.1 eV, C=O (carbonyl) at ~ 288.1 eV, and 

O–C=O (carboxyl) at ~ 289.7 eV. Figure 4(c) shows an 

optical picture of the as-prepared PC/GO film. In a 

typical procedure, 5 mL of a 4 mg·mL−1 oxidized 

graphene solution was mixed with Ag/Au PCs and 

gently vacuum dried (to avoid severe aggregation 

and damage of the Ag/Au PCs) in a vacuum suction 

apparatus using a mixed fiber membrane with a 

0.45-μm pore size as a flexible substrate. Then we 

transferred the dried PC/GO membrane (with a 

diameter of 36 mm) onto a PS foam, which was  

 

Figure 3 (a)–(d) SEM images of the as-prepared Ag/Au PCs. (e) Absorption spectra of Ag NCs, Ag/Au HPNCs, and Ag/Au PCs,
respectively. (f) NIR-induced heat generation of pure H2O, and Ag NCs, Ag/Au HPNCs, and Ag/Au PCs containing an aqueous solution
at laser power densities of 1.2 W·cm−2 with the same unit NP concentration (~ 5.5 × 1010 particles·mL−1). 
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wrapped over a layer of clean fiber cloth to provide a 

two-dimensional water path, as shown by the image 

in Fig. 4(c) (and the inset). As mentioned above, the 

PS foam serves as an effective heat barrier between 

the absorber and bulk water. Figures 4(d) and 4(e) 

show representative SEM images of vacuum-filtered 

multilayered GO thin films with a typical thickness 

of ~ 4 μm, without or after loading with Ag/Au PCs, 

respectively. The inset in Fig. 4(e) shows a typical 

plasmonic dark-field scattering images of the plasmonic 

PCs. As shown in Fig. 4(f), the Ag/Au PCs are still 

intact (see the inset in Fig. 4(f)) and well-deposited on 

the surface of the multilayered GO films.  

We then systematically evaluated the solar-driven 

steam generation efficiency of our system by measuring 

the rate of water evaporation of the PC/GO/PS floating 

device by recording the water weight loss over time 

under solar illumination (10 kW·m−2). Figure S6 in the 

ESM shows an optical image of our steam-generating 

device. The transmittance spectra of the GO and 

PC/GO films were carefully measured from 200 to 

2,500 nm using UV–Vis spectroscopy. As shown in 

Fig. S7 in the ESM, the GO and PC/GO films both show 

a low transmittance. The PC/GO film has a lower 

transmittance in the NIR region, which was induced 

by the NIR plasmon absorption of the PCs. Figure 5(a) 

shows that the weight loss by water evaporation 

increases as a function of the irradiation time; the  

 

Figure 5 (a) Mass changes over time through steam generation 
under solar irradiation (10 kW·m−2). (b) Photocatalytic curves of 
MB dye by P25, P25/GO, P25/Ag/Au/GO, and P25/PC/GO under 
visible light (  420 nm), and the adsorption curve of P25/GO in 
the dark. 

water evaporation rates of our device and pure   

GO film (PCs-free) are 12.96 and 9.98 kg·m−2·h−1, 

respectively, which are significantly higher than that 

for the pure water system (without the assistance   

of PCs or GO) under the same solar irradiation 

condition (~ 1.08 kg·m−2·h−1). The formula η = mhLV/I 

was used to calculate the efficiency (η) [40], in which 

m  is the mass flux, hLV denotes the total enthalpy of 

the sensible heat and liquid–vapor phase change, and 

I is the power density of light irradiation [5, 10]. The 

energy transfer efficiency for the PC/GO film can 

reach 92%, which is higher than that for the pure 

floating GO films (71%). The improvement in the 

performance of the PC/GO film is attributed to the 

hollow and porous nanostructured nature of the unit 

 

Figure 4 (a) FTIR spectrum of GO. (b) XPS spectra and curve fitting of the C1s spectra of GO. (c) Optical image of the black PC/GO
film on a white PS foam with a diameter of 36 mm. (d) SEM image of the GO film. (e) and (f) SEM images of the outermost surface of 
a PC/GO film and dark-field LSPR scattering images of the PCs ((e), inset). 
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Ag/Au HPNCs and their strong interparticle plasmonic 

coupling in the colloidosomes, which induces an 

enhanced broadband light trapping/harvesting and 

hence photothermal conversion efficiency. Besides the 

high-efficiency photothermal conversion, the complex 

and multilevel hollow structures of the PCs and 

membrane facilitate upward vapor flow and benefit 

interfacial steam generation. Figure S8 in the ESM 

shows thermal images of the GO and PC/GO films at 

the same illumination time (recorded using an infrared 

camera). At the same illumination time, the PC/GO 

film generates more heat.  

TiO2 has been extensively used in photocatalysis 

for its superior chemical stability and nontoxicity. As 

shown in Fig. S9 in the ESM, the TiO2 powder (P25 

Degussa) has a particle size of ~ 25 nm, and the TiO2 

NPs (P25) absorb in the wavelength range of 200–  

350 nm. Consequently, only the UV fraction of the solar 

irradiation (about 5%) is active in the photoexcitation 

processes using pure P25. Herein, we deposited TiO2 

NPs (P25) on the surface of the as-prepared PC/GO 

films to investigate the photocatalytic performance of 

our plasmonic steam generation system for possible 

solar-driven cleaning of organic-polluted water. 

Figure S10(a) in the ESM shows the X-ray diffraction 

patterns of pure P25 and P25/PC/GO. The diffraction 

peaks for GO and the NPs are clearly seen in the 

patterns. Meanwhile, the UV absorption also indicates 

the existence of NPs and GO (Fig. S10(b) in the ESM) 

[41, 42]. In the experiments, a bifunctional membrane 

consisting of TiO2 NPs (P25), PCs, and GO was pre-

pared by simply dropping the P25 aqueous solution 

(1 mg·mL−1) onto the surface of the preformed PC/GO 

films during membrane preparation by vacuum 

filtration and used for photocatalytic degradation of 

methylene blue (MB, C0 = 10 mg·L−1). In the typical 

photocatalytic experiment, the composite P25/PC/GO, 

P25/GO, P25/Ag/Au/GO, and pure P25 films were 

each immersed in a 20-mL MB solution. For each 

experiment, 5 mg of the photocatalyst (P25) was used. 

The reaction constant, k, was used to evaluate the 

degradation rate [43]. As shown in Fig. 5(b), the 

degradation rate is substantially higher for P25/GO  

(k = 1.89 × 10−2 min−1) than for pure P25 (k = 0.57 × 

10−2 min−1). The composite film of P25/GO with pure 

Ag/Au NPs (k = 2.28 × 10−2 min−1) showed a higher 

degradation rate than the pure P25/GO film, but an 

inferior degradation rate than P25/PC/GO (k = 2.71 × 

10−2 min−1). The GO in the composite P25/PC/GO film 

can help to remove contaminants through adsorption. 

Meanwhile, the high steam generation efficiency 

accelerates the upward diffusion of contaminants 

toward the floating composites and thus significantly 

speeds the removal of pollutants. The PCs with 

broadband absorption facilitate the photodegradation 

activity in visible light (Fig. S11 in the ESM).  

As shown in Fig. 6(a), the plot of ln(C0/C) against 

the irradiation time (t) is nearly linear, indicating a 

first-order reaction for the photocatalytic process. 

The photocatalytic ability of the P25/PC/GO membrane 

is also significantly enhanced for the degradation of 

MB by introducing Ag/Au PCs, of which the plasmonic 

photothermal effect facilitates the solar-driven interfacial 

evaporation process and accelerates the upward 

diffusion of contaminants toward the floating 

membrane composites. In contrast, light-induced 

intense local electric fields near the surface of the PCs 

benefit electron–hole pair generation in P25 and 

enhance the photocatalytic process [44–46]. 

As seen from the adsorption curve of P25/GO in 

the dark (Fig. 5(b)), P25/GO displays an excellent 

adsorption capacity because of the good adsorption 

properties of the GO films, which adsorbed ~ 10%  

of MB within 60 min without light irradiation. 

Nevertheless, this adsorption capacity is much lower 

than the photodegradation quantity under same time 

duration, indicating that the photocatalytic activity  

is the main driving force in the process. More 

importantly, the floatable photocatalyst materials and  

 

Figure 6 (a) First-order plots for the photodegradation of MB 
over P25, P25/GO, P25/Ag/Au/GO, and P25/PC/GO. (b) Five 
successive photodegradation dynamic curves of MB over P25/ 
PC/GO.  
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device in our system can be reused by simply rinsing 

and transferring them into another photocatalytic 

cycle; this avoids time-consuming sample separation 

and treatment processes that are usually needed  

for solution-dispersed metallic NPs as the working 

medium. As shown in Fig. 6(b), the photocatalytic 

performance of the as-prepared floating P25/PC/GO 

membrane/device basically remains unchanged after 

five successive photocatalytic cycles. To clarify the 

elemental and chemical state of Ag in the sample 

after 5 h of continuous illumination, XPS spectra were 

collected. As shown in Fig. S12 in the ESM, the 

splitting of the 3d doublet occurs at 6.1 eV after 5 h  

of continuous illumination, indicating that the Ag 

particles inside both the pure PCs and P25/PCs 

maintain their metallic nature [47]. After continuous 

illumination, the 3d5/2 peak of Ag shifted to a lower 

binding energy. The binding energy shift of Ag can 

be mainly attributed to its alloying with Au and 

further electron transfer from the metal to TiO2, 

forming monovalent Ag [48]. This indicates that the 

metal particles are in contact with the TiO2 particles 

in our system, which facilitate electron transfer and 

effectively improve the photocatalytic degradation 

efficiency. 

4 Conclusions 

In conclusion, we developed a highly efficient 

photothermal membrane with broadband solar 

absorption by combining two excellent solar harvesting 

materials: plasmonic Ag/Au HPNC-based colloidosomes 

and GO films. A high-efficiency steam generation 

with a solar thermal conversion efficiency up to  

92% at 10 kW·m−2 was realized by placing the GO/PC 

photothermal membrane on the top surface of the 

floating PS foam to form an effective device for prac-

tical use. The PS foam in the bottom acts as an 

excellent thermal barrier to minimize heat transfer 

to the non-evaporative bulk water. We propose that 

the multiscale plasmonic couplings of the microscale 

PCs that are composed of nanoscale Ag/Au HPNCs 

strongly contribute to enhance the efficiency. Further-

more, when incorporating TiO2 NPs into the GO/PCs 

membrane, the resulting bifunctional membrane and 

floating device showed also excellent photocatalytic 

ability that was capable of highly efficient dye 

degradation for organic-polluted water. The rationally 

designed membrane-supported bifunctional plasmonic 

solar steam generation system and floating device are 

very promising for practical and versatile solar-driven 

clean water generation because of the excellent stability 

and reproducibility, and facile operation.  
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