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A B S T R A C T   

Solar evaporation presents a sustainable means to alleviate global water shortages. Varying photothermal ma-
terials have been designed to enhance evaporation performance. However, the critical technology gap is their 
low efficiency due to the severe salt crystallization and organic pollution. Here, we proposed a coral-like pol-
ypyrrole (PPy)-based photothermal membrane by the interface modification of d-glucitol (DG) and tetrakis 
(hydroxymethyl)phosphonium chloride (THPC). The designed PPy@DG/THPC membrane exhibited a wide 
range of sunlight absorption capacity with an efficiency of ~97.6% due to its hierarchical nanostructure. 
Moreover, this membrane displayed superhydrophilicity and rich charges, giving it a superior salt-resistance 
property. Furthermore, molecular dynamics simulations indicated that this membrane exhibited a high free 
volume to inhibit salt crystallization. Hence, the evaporation rate of the PPy@DG/THPC membrane reached 1.46 
± 0.02 kg/m2/h in simulated brine (3.5 wt% NaCl) under 1-sun illumination. Besides, it exhibited exceptional 
anti-fouling ability under the synergy of hydration and charge effects. Overall, this membrane can achieve 
effective and sustainable solar evaporation to produce freshwater water to meet drinking-water standards. This 
work will offer a new approach to developing efficient solar evaporation for water remediation.   

1. Introduction 

Water shortage is an urgent global challenge that threatens the 
continuity of humankind and society [1–3]. Some strategies are 
explored to address this issue. Recently, solar evaporation has attained 
extensive interest because solar power is a renewable and clean energy 
source [4–8]. Solar-to-thermal conversion materials are critical to har-
vesting light in solar evaporation systems [9–15]. Tremendous efforts 
are committed to developing photothermal materials. For example, 
plasmonic nanoparticles, carbon-based materials, polymeric mem-
branes, carbonized biomass materials, sponges, and hydrogel, were 
constructed [16–27]. They can improve their solar evaporation process 
through several approaches, such as water evaporation enthalpy 

regulation, heat energy loss management, light-to-heat conversion 
enhancement [28]. However, due to the rapid localized heat and 
interfacial steam generation, salts may accumulate and block the pas-
sage of steam evaporation, inevitably resulting in a sharp reduction of 
light-to-heat conversion capacity [11,29–33]. 

Numerous attempts have been undertaken to solve this problem. On 
the one hand, some strategies, such as washing crystalline salt and salt 
ion diffusion backflow, have been proposed [34–36]. Hu et al. reported a 
3D plasmonic wood to generate solar steam. It showed a high light ab-
sorption capacity (~99%). A spontaneous thermal salt transportation 
gradient formed at night due to the differentiated pore structure in the 
wood inner [34]. Therefore, the accumulated salts can gradually 
dissolve into the microchannels after the evaporation progress. On the 
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other hand, some Janus structures are constructed to weaken salt crys-
tallization [37,38]. Xu et al. reported a Janus photothermal material 
with penetrative cone-like pores for solar-driven water purification 
[11]. It showed an excellent light absorption property (>97%), and the 
water output was up to 1.1 kg m− 2 h− 1. Zhu et al. reported a Janus 
absorber through electrospinning for solar desalination [39]. The hy-
drophobic layer was used for light absorption, and the hydrophilic layer 
was applied to pump water. Its evaporation rate was ~1.3 kg m− 2 h− 1 

under 1-sun. Despite this progress, the evaporation performance should 
be further enhanced [40–42]. In addition, the interface fouling arising 
from organic pollutants is a critical challenge. These contaminants may 
evaporate with water, bringing about secondary pollution, and might 
even be enriched in the water system [21]. Therefore, it is highly desired 
to design advanced photothermal materials that possess exceptional 
salt-rejection ability to guarantee solar evaporation and bear excellent 
anti-fouling to effectively inhibit the evaporation of organic 

contaminants [23,29]. 
An ideal photothermal material should have the following charac-

teristics. For one thing, its particular structure endows itself with good 
light-to-heat conversion ability [43,44]. For another, it should have 
abundant charges to enhance salt-resistance ability [4,30]. Besides, the 
interaction between water and contaminants should allow water evap-
oration but block the others [44,45]. Herein, a coral-like polypyrrole 
(PPy)-based hierarchically nanostructured membrane was prepared by 
the interfacial functionalization of d-glucitol (DG) and tetrakis 
(hydroxymethyl)phosphonium chloride (THPC) (Fig. 1A–C). PPy was 
modified with the d-glucitol through the supramolecular hydrogen bond 
(H-bond) to improve the structural stability and enhance the hydro-
philicity of the PPy membrane (Fig. 1D). 

Moreover, the THPC molecule showed a good affinity for water 
molecules because of its large hydrophilic functional groups [46,47]. 
THPC was further functionalized to endow the PPy@DG membrane with 

Fig. 1. Schematic illustration of the preparation of the coral-like hierarchically PPy@DG/THPC nanostructured membrane for solar-driven water harvest. (A) Photo 
of the coral in the water. (B) TEM image of the coral-like PPy@DG/THPC. (C) SEM image of the coral-like PPy@DG/THPC and its schematic structure. (D) The coral- 
like PPy was modified with DG and THPC through the supramolecular H-bond. (E) Schematic diagram of the PPy@DG/THPC membrane for efficient solar evap-
oration. This membrane was endowed with a coral-like structure for broad sunlight absorption and fast water molecule transmission. Moreover, it possessed 
abundant charges and enhanced free volume for improved salt-resistance and anti-fouling abilities. 
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rich charges (Fig. 1D). The obtained PPy@DG/THPC membrane 
exhibited superb light-absorbing ability with an efficiency of ~97.6% 
due to its hierarchical nanostructure. Molecular dynamics simulations 
indicated this membrane presented a higher free volume because of the 
THPC molecule’s tetrahedral structure, facilitating the inhibition of salt 
crystallization [48–50]. Therefore, this membrane exhibited a satisfac-
tory salt-resistant capacity with an evaporation rate of up to 1.46 ± 0.02 
kg/m2/h after 20 cycles of evaporation process under 1-sun illumination 
(Fig. 1E). Furthermore, it presented an excellent anti-fouling ability due 
to the THPC introduction. This work offers a new clue to construct 
advanced photothermal materials for salt-free solar-enabled water 
purification. 

2. Experiment 

2.1. Materials 

Pyrrole, dopamine, d-glucitol (DG), tetrakis (hydroxymethyl)phos-
phonium chloride (THPC), 4-dimethylaminopyridine (DMAP) were 
purchased from Sigma-Aldrich Co, Ltd. 1-Aminopyridinium iodide (1- 
APi) and 1-Ethylpyridinium bromide ([EtPy][Br]), were purchased from 
Aladdin (Shanghai) Co, Ltd. Ferric chloride (FeCl3), sodium chloride 
(NaCl), and copper chloride (CuCl2) were bought from Sigma-Aldrich 
Co, Ltd. Chloroform, heptane and dichloroethane were got from 
Aladdin (Shanghai) Co, Ltd. Dye molecules, including methyl orange 
(MO), methylene azure II (MAII), methyl blue (MB), evans blue (EB), 
rose bengal-94 (RB-94) were bought from Sigma-Aldrich Co, Ltd. Other 
solvents were purchased from Sigma-Aldrich Co, Ltd. The substance was 
purchased from Millipore Industrial & Lab Chemicals. 

2.2. Preparation of the PPy nanorods 

The PPy nanorods were prepared according to the previous report 
[46]. Specifically, 520 μL of pyrrole and 0.2 g of dopamine were dis-
solved in 20 mL of water and then stirred for 30 min in an ice bath. 4.8 g 
of FeCl3 was dissolved in 25 mL of water and ultrasound at 100 Hz for 
15 min to obtain a uniform FeCl3 solution. Then the FeCl3 solution was 
added to the pyrrole dopamine system and kept stirring for 9 h in an ice 
bath at 300 rpm. Subsequently, the mixture was rinsed with water and 
ethanol 6 times to remove the unreacted pyrrole monomer. Lastly, the 
PPy nanorod was obtained by drying at 60 ◦C for 8 h. The role of PDA 
can be explained from the following aspects. On the one hand, there 
were abundant amino and phenolic hydroxyl groups on the PDA mole-
cule, providing a platform for material engineering functionalization. 
On the other hand, as previously reported, the morphology of PPy is 
influenced by the preparation process [46]. Introducing PDA will 
facilitate the formation of PPy nanorods. 

2.3. Preparation of PPy@DG membrane 

PPy was dispersed in water and ultrasound at 300 Hz for 1 h to get a 
homogeneous dispersion (2 mg/mL). The d-glucitol was added into 
water and stirred for 30 min under 25 ◦C to obtain a homogeneous so-
lution (2 mg/mL). Then, the PPy dispersion with varying volumes (1–4 
mL) was filtrated onto the substance under 0.03 Mpa and dried under 60 
◦C for 4 h. Subsequently, the PPy membrane was soaked into the d- 
glucitol solution (2 mg/mL, 4 mL) at room temperature for 30 min. The 
PPy@DG membrane was rinsed with water and ethanol alternately 6 
times to remove the residue. Lastly, the PPy@DG membrane was ob-
tained by drying at 60 ◦C for 4 h. 

2.4. Preparation of the coral-like PPy@DG/THPC membrane 

Different concentrations of THPC dispersions were prepared by 
adjusting the relative dosage of THPC, DMAP, and water. The mass ratio 
between THPC and DMAP was fixed at 4:1. The concentration of THPC 

solutions was 5%–35%, respectively. Then, the PPy@DG membrane was 
immersed into the THPC solutions for 1 h under 45 ◦C, respectively. 
Subsequently, the PPy@DG/THPC membrane was repeatedly rinsed 
with water and alcohol to remove the residual THPC. Lastly, it was dried 
in the vacuum oven under 40 ◦C for 2 h to obtain the PPy@DG/THPC 
membrane. 

2.5. Preparation of the PPy@DG//1-APi and PPy@DG/[EtPy][Br] 
membranes, respectively 

As comparative experiments, the PPy@DG//1-APi and PPy@DG/ 
[EtPy][Br] membranes were prepared, respectively. Firstly, 0.50 g of 1- 
APi and [EtPy][Br] were dispersed into 2.83 mL of water and ultrasound 
for 10 min to get the 1-APi and [EtPy][Br] solutions with the concen-
tration of 15%, respectively. Secondly, the PPy@DG membranes were 
immersed into the 1-APi and [EtPy][Br] solutions for 30 min at 25 ◦C to 
get the 1-APi and [EtPy][Br] modified PPy@DG composite membranes, 
respectively. Thirdly, these membranes were placed into the vacuum 
oven under 40 ◦C for 2 h. Lastly, these membranes were rinsed with 
water and ethanol alternately three times and dried at 60 ◦C to obtain 
the PPy@DG/1-APi composite membrane and PPy@DG/[EtPy][Br] 
membrane, respectively. 

2.6. Solar-driven water purification 

The photothermal membrane (2.5 × 2.5 cm2) was placed on a non- 
woven fabric. This system was transferred on a foam. Then, the above 
configuration was set on a beaker filled with 80 mL of water. The non- 
woven fabric was used to absorb and transport water to the surface of 
the photothermal membranes. The foam acted as a support layer and 
thermal isolation. A thermal insulator was used to wrap the beaker to 
eliminate the light entry effects. Afterwards, a beaker containing various 
solutions was illuminated under a specific solar simulator to assess the 
water evaporation. The mass change was recorded using an electronic 
scale. Noting: each experiment was carried out under the intensity of 
1000 W/m2 (1-sun illumination) there were special requirements. To 
ensure the accuracy of the data, we set the ambient temperature of 
photothermal evaporation as 26 ◦C, and the ambient humidity as 40%. 
Besides, each membrane was wet during the solar evaporation in this 
work. 

2.7. Calculation of evaporation efficiency 

The evaporation efficiency (η) of the PPy@DG/THPC-15 photo-
thermal membrane for saline water (3.5 wt%) was calculated using the 
following equation: 

η=mΔH/AQ 

In this formula, m represented the mass flux during irradiation. △H 
was the equivalent total evaporation enthalpy of the water molecule. A 
stood for the surface area of this membrane. Q was the power density of 
solar irradiation. 

2.8. Characterization 

The micromorphology was obtained from the scanning electronic 
microscopy (SEM, Hitachi S4800, Japan) and transmission electronic 
microscopy (TEM, JEOL2100 HR, America). The cross-sectional micro-
morphology was performed on the scanning electronic microscopy, 
(SEM, Hitachi S4800, Japan). The roughness was observed through 
atomic force microscopy (AFM, Bruker Dimension ICON, America). A 
confocal laser scanning microscope (CLSM, Zeiss LSM 700, Germany) 
was applied to record the morphological images. The wettability was 
received from the contact angle measuring instrument (OCA-20, Data 
physics, America) at room temperature. Different locations were studied 
to acquire the average value. Zeta potential analyzer (Zeta, Nano ZS, 
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England) was used to test the zeta potentials. The chemical compositions 
were received from the energy-dispersive X-ray spectroscopy (EDS, 
Thermo Scientific, USA). Fourier-transform infrared spectroscopy (FTIR, 
Bruker TENSOR II) was exploited to test the chemical constituents. The 
thermal degradation process was assessed from the thermogravimetric 
analysis (TG, Perkin Elmer STA600, America). X-ray photoelectron 
spectroscopy (XPS, Thermo Fisher ESCALAB 250Xi, Japan) was applied 
to analyze the element content of each membrane. Dynamic light scat-
tering (DLS) was used to record the size distribution of the feed and 
filtration. The light absorption ability was investigated through the 
ultraviolet–visible (UV/Vis) spectrometer spectrophotometer (Perkin 
Elmer, Lambda 950, America). The temperature change was monitored 
by the IR thermal camera (Optris PI 400, Germany). The conductivity 
was carried out on the conductivity tester (AZ8361, China). The ion 
concentrations were analyzed using the inductively coupled plasma 
atomic emission spectroscopy (ICP-AES, NexION 300, America). The 
concentration of dyes and emulsions was analyzed through the UV–Vi-
sible spectrometer (UV–Vis, Lambda 950, Japan). 

3. Results and discussion 

The photothermal membrane was obtained through interface 
modification. Scanning electron microscopy (SEM) and transmission 
electronic microscopy (TEM) were carried out to characterize the 
microstructure of polypyrrole (PPy) before and after modification. As 
shown in Fig. 2A-2B, the PPy took on a rod-like structure, which 
assembled randomly to form the coral-like PPy membrane. However, 
due to the weak interaction of the pyrrole molecules, large pores even 
cracks appeared inside the PPy membrane (Fig. 2C, S1A) [10,51]. 
However, after modifying the d-glucitol (DG) molecules, the irregular 

aperture structure gradually decreased, and the PPy@DG membrane 
became dense (Fig. 2D, Figures S1-S2). This result suggested that the 
d-glucitol molecules were taken on a role of a bridge to make PPy@DG 
membrane and substance combined tightly. 

Furthermore, after the introduction of tetrakis (hydroxymethyl) 
phosphonium chloride (THPC) molecules, the PPy@DG/THPC mem-
brane was more uniform than the PPy@DG membrane (Fig. 2E). The 
pore size of the PPy@DG/THPC membrane was 250–350 nm, which was 
smaller than the PPy@DG membrane (Fig. 2F). These results indicated 
the THPC molecule was successfully functionalized on the PPy@DG 
membrane. The average diameter of the PPy nanorods was also studied. 
As shown in Fig. 2G-2I, the average diameter of the PPy@DG/THPC 
(90–125 nm) was higher than the PPy@DG (80–105 nm) and PPy 
(70–90 nm), further proving the modification of DG and THPC mole-
cules. The cross-section SEM images of the PPy@DG and PPy@DG/ 
THPC membranes were also investigated. As shown in Fig. 3A, the 
thickness of the PPy@DG membrane was 16.2 ± 1.4 μm. There was a 
litter change after modifying the THPC molecules (17.6 ± 0.6 μm) 
(Fig. 3B). Moreover, the micromorphology of the PPy@DG/THPC 
membrane indicated its dense porous compacted network structure 
(Fig. 3C). The interlaced architecture will endow the PPy@DG/THPC 
membrane with fast water molecules’ transmission capacity [41,42]. 

The chemical composition of the PPy@DG/THPC membrane was 
studied through the Fourier-transform infrared spectroscopy (FTIR). The 
sharp absorption peak at ~1029.8 cm− 1 and ~1664.9 cm− 1 were 
attributed to the C–P stretching vibrations in the PPy@DG/THPC 
membrane (Fig. 3D) [47]. There was a weak absorption peak at 
~1186.2 cm− 1and ~1398.1 cm− 1, proving the presence of (C–P) in the 
THPC structure (Fig. 3D) [52–54]. Thermogravimetric (TG) analysis was 
also used to assess the mass change of different membranes. As displayed 

Fig. 2. (A) SEM image of the PPy membrane. (B) TEM image of the PPy nanorods. SEM images of the (C) PPy membrane, (D) PPy@DG membrane, and (E) PPy@DG/ 
THPC membrane, respectively. (F) Pore sizes of the PPy@DG membrane and PPy@DG/THPC membrane. TEM images of the (G) PPy@DG and (H) PPy@DG/THPC. 
(I) Diameter size distributions of the PPy membrane, PPy@DG membrane, and PPy@DG/THPC membrane. 
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in Fig. 3E, there were ~39.6% mass changes, intimating the loss of the 
hydrogen and oxygen atoms from the THPC. In addition, X-ray photo-
electron spectroscopy (XPS) was performed to test the chemical 
composition of the PPy@DG and PPy@DG/THPC membrane. As shown 
in Fig. 3F, both O 1s (~540 eV), N 1s (~398 eV), and C 1s (~284 eV) 
existed in these membranes, which was consistent with the TEM and 
SEM energy spectrums (Figure S3-S4). Figure S5 showed the three peaks 
of C1s at ~283.4 eV, ~284.1 eV, and ~285.2 eV, corresponding to 
the-C––O, C–C, and C––C, respectively [45,54]. In addition, the peaks at 
~400.40 eV, ~398.75 eV, ~397.95 eV were assigned to the C–NH2, 
C3N, C–N––C groups from the dopamine, respectively (Fig. 3G), [54]. 

Furthermore, the P element existed in the PPy@DG/THPC mem-
brane but was not observed in the PPy@DG membrane. Also, there were 
two peaks at ~130.05 eV and ~129.10 eV in the P 2p, inferring –OCH2- 
P–H2CO– and- OCH2–P-, respectively (Fig. 3H) [53,54]. Besides, there 
was a noticeable element change between the PPy@DG membrane and 
PPy@DG/THPC membrane (Fig. 3I). The N element content in the 
PPy@DG membrane was slightly higher than that in the PPy@DG/THPC 
membrane (Fig. 3I). In comparison, the P element presented an opposite 
trend (Fig. 3I). These results also proved the functionalization of the 
THPC in the PPy@DG/THPC membrane. XPS was also used to study the 
element changes of the PPy@DG/THPC membrane with different THPC 
contents. As shown in Fig. 4A, the contents of the C element showed a 
gradual decrease with THPC content increase, which showed an oppo-
site trend with the P element. Moreover, a slight change occurred in the 
element content when the dosage of the THPC was up to 15%. SEM 
image was further used to characterize the structural changes of the 
PPy@DG/THPC with different THPC contents. As shown in Fig. 4B-4C, 
the average diameter of the PPy@DG/THPC-25 and PPy@DG/THPC-35 

was ~128 nm and ~136 nm, respectively. These results indicated that 
excessive content of THPC (>15%) has a litter effect on the morphology 
of the Py@DG/THPC membrane. 

The confocal laser scanning microscope (CLSM) was employed to 
characterize the fine microstructure of these membranes. The roughness 
of the PPy@DG/THPC-15 membrane (0.520 ± 0.02 μm) was lower than 
the PPy membrane (0.726 ± 0.07 μm) and PPy@DG membrane (0.708 
± 0.04 μm) (Fig. 4D-4F). This change was consistent with the atomic 
force microscopy (AFM) images. The roughness of the PPy@DG/THPC- 
15 membrane was 165.2 ± 17.9 nm, which was smoother than the 
PPy@DG membrane (316.3 ± 29.8 nm) (Fig. 4G-4H, S6). The reduced 
roughness can promote the low resistance transmission of water mole-
cules [44,54,55]. Furthermore, the PPy@DG/THPC membrane’s 
roughness with different THPC contents was studied. As presented in 
Fig. 4I and Figure S7, the surface roughness decreased along with the 
increasing amount of THPC, and there was litter change when the 
THPC’s content was above 15%. 

The wetting behavior of the PPy-based membrane was further 
investigated using the water contact angle (WCA) measurement. The 
PPy membrane showed superhydrophilicity that it took ~4.0 s for water 
to penetrate its internal network (Fig. 5A). However, the PPy@DG 
membrane was more hydrophilic with a spread time of ~3.0 s. This 
result was attributed to the abundant hydroxyl functional groups in the 
DG molecules. The penetration process of the Py@DG/THPC-15 mem-
brane was faster than the PPy membrane and PPy@DG membrane, 
indicating the THPC functionalization on the PPy@DG membrane. The 
wettability of the PPy@DG/THPC membrane with different contents of 
THPC was studied. The water molecule penetration times of the 
PPy@DG/THPC-10 membrane and PPy@DG/THPC-20 membrane were 

Fig. 3. Cross-sectional SEM images of (A) the PPy@DG membrane and (B) the PPy@DG/THPC membrane. (C) SEM image of the cross-section topography of the 
PPy@DG/THPC membrane. (D) FTIR spectra of the PPy membrane, PPy@DG membrane, and PPy@DG/THPC membrane. (E) TGA results of the PPy@DG membrane 
and PPy@DG/THPC membrane. (F) XPS spectrum of the PPy@DG membrane and PPy@DG/THPC membrane. (G) N1s spectrum of the PPy@DG/THPC membrane. 
(H) P 2p spectrum of the PPy@DG/THPC membrane. (I) Element contents in the PPy membrane, PPy@DG membrane, and PPy@DG/THPC membrane. 
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~1.5 s and ~2.5 s, respectively (Figure S8). This may be because a small 
amount of THPC molecules resulted in the large pore size in the Py@DG/ 
THPC-10 membrane. In comparison, excessive THPC molecules may 
bring a prolonged water molecule transmission path. 

The zeta potential under different pH conditions was further sur-
veyed. As displayed in Fig. 5B, the zeta potentials showed a gradual 
decrease trend from the acidic to the alkaline environments. The zeta 
potential of the PPy@DG/THPC-15 membrane (− 22.95 ± 0.81 eV) was 
litter than the PPy membrane (− 5.31 ± 0.49 eV) and PPy@DG mem-
brane (− 18.7 ± 0.76 eV) under pH = 7. This result was due to the dif-
ferential element contents in these membranes (Fig. 3I). Besides, the 
sunlight absorption capacity of these membranes was studied. The nylon 
substance showed a low sunlight absorption capacity. The light ab-
sorption ability of the PPy@DG membrane increased to ~82.4% of total 
solar energy in the wavelengths from 550 to 2500 nm (Fig. 5C). How-
ever, the sunlight absorption ability of the PPy@DG/THPC-15 mem-
brane reached up to ~97.6% because of its coral-like hierarchical 
nanostructure, indicating the excellent sunlight absorption performance 
of this membrane. 

Furthermore, the light-to-heat conversion capability was evaluated. 
The maximal surface temperature of the PPy@DG/THPC-15 membrane 
increased from 33.2 ◦C to 43.3 ◦C within 5 min, which was higher than 
the PPy@DG membrane (Figure S9A). And there was a litter change in 
the PPy@DG/THPC membrane with varying contents of THPC. The 
surface temperature of the PPy@DG/THPC-15 membrane with varying 
dispersion volumes was studied. The dispersion volume has a distinct 
effect on the light-to-heat conversion performance. The low dose 
dispersion brought about lower surface temperature, resulting from the 
reflection effect of the substrate. The excessive dispersion resulted in the 
shedding phenomenon of the substance (Figure S9B). Besides, the 

PPy@DG/THPC-15 membrane presented a good light-to-heat conver-
sion ability under different sun illuminations (Figure S9C). 

The PPy@DG/THPC-15 membrane with excellent light absorption 
capacity was applied for water purification. The evaporation rate of this 
membrane for pure water was up to 1.47 ± 0.05 kg/m2/h under 1-sun 
illumination (Fig. 5D). For one thing, the hydrophilic functional group 
can facilitate the water absorption process through capillary and H-bond 
effects (Fig. 5E) [56]. For another, excessive H-bond was not conducive 
to escaping water vapour from the membrane during evaporation [36]. 
This membrane was also served as a photothermal layer for the saline 
water distillation. The polymer network channels offered sufficient 
water for evaporation. Therefore, it showed excellent evaporation 
ability for 3.5 wt% saline water with a maximum rate of 1.46 ± 0.02 
kg/m2/h under 1-sun illumination (Fig. 5F). Moreover, the evaporation 
capacity of the PPy@DG/THPC-15 membrane was achieved best when 
the volume dosage of the PPy dispersion was 3 mL (Fig. 5G). This was 
because cracks occurred on the membrane surface with the dispersion 
dosage (4 mL). 

In addition, it displayed superior evaporation performance for saline 
water with different concentrations. The evaporation rate of this mem-
brane was close to 1.27 ± 0.05 kg/m2/h, 1.18 ± 0.04 kg/m2/h, 1.12 ±
0.07 kg/m2/h, 1.08 ± 0.05 kg/m2/h, 0.82 ± 0.02 kg/m2/h when the 
concentration of NaCl solution was 5%, 10%, 15%, 20%, and 36% 
(saturated state), respectively (Fig. 5H). Moreover, the PPy@DG/THPC- 
15 membrane almost kept its performance after the cyclic evaporation 
process when the concentrations of NaCl solution were 10% and 20% 
(Figure S10). Furthermore, the conductivity reduced from ~75.2 ms to 
~13.96 μs, from ~122.4 ms to ~49.71 μs, respectively, indicating the 
effective evaporation capacity of the PPy@DG/THPC-15 membrane. 
Besides, the evaporation ability of the PPy@DG/THPC-15 membrane 

Fig. 4. (A) Element content change of the PPy@DG/THPC membrane along with the addition of THPC. (B–C) SEM images of the PPy@DG/THPC membrane with 
25% THPC and 35% THPC, and their diameter size distribution of PPy@DG/THPC-25 and PPy@DG/THPC-35. CLSM images the (D) PPy membrane, (E) PPy@DG 
membrane, and (F) PPy@DG/THPC-15 membrane. AFM images of (G) the PPy@DG membrane and (H) PPy@DG/THPC membrane. (I) Roughness of the PPy@DG/ 
THPC composite membrane with the addition of THPC. 
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gradually enhanced along with the increase of solar intensity 
(Figure S11A). The salt-resistant performance of this membrane was also 
investigated. When the PPy@DG/THPC-15 membrane was floating on 
the water, 1.0 g/cm NaCl solid was added to its surface. The NaCl dis-
appeared and dissolved into the water after 8 h under 1-sun irradiation 
(Figure S11B). Furthermore, periodical solar desalination was per-
formed to assess its steady salt rejection ability. This membrane was 
alternately floated on the saline water (3.5 wt%) under illumination for 
1 h and placed in the dark environment for 30 min. The results indicated 
litter solar evaporation capacity decreased after 20 cycles with 1.46 ±
0.02 kg/m2/h (Fig. 6A). The evaporation efficiency (η) of the PPy@DG/ 
THPC-15 membrane for saline water (3.5 wt%) was calculated. The 
surrounding temperature was 33.4 ◦C. The evaporation efficiency of this 
membrane was ~83.9% under a power density of 1 kW/m2. Meanwhile, 
after desalination, the concentrations of various ions, including, Na+, 
K+, Ca2+, Mg2+, were significantly reduced by more than 98.2% 
(Fig. 6B), which was far below the standards of the World Health Or-
ganization [33]. The excellent salt-rejecting performance was under the 
joint of capillary channels and charges effect. On the one hand, the 
capillary channels offered sufficient water toward the evaporation 
membrane surface and subsequently transported the enriched salt ions 
into the bulk water under a concentration gradient [57]. On the other 
hand, PPy@DG/THPC-15 membrane presented abundant negative 
charges. The salts were trapped in the polymer network to avoid salt 
contamination (Fig. 6C) [45]. 

In addition, the PPy@DG/THPC-15 membrane showed good evap-
oration ability for water containing heavy metals (Figure S12). The 
copper chloride (CuCl2) and Ferric chloride (FeCl3) solutions became 
clear, and their conductivity reduced from 18.16 ± 1.21 ms to 2.32 ±

0.92 μs, from 32.13 ± 1.92 ms to 2.04 ± 0.56 μs, respectively, indicating 
the effective water purification of this membrane. The PPy@DG/THPC- 
15 membrane can also be applied for the solar evaporation of oil-in- 
water (O/W) emulsion. As shown in Fig. 6D, the evaporation rate of 
the heptane-in-water (H/W) emulsion, chloroform-in-water (C/W) 
emulsion, and dichloromethane-in-water (D/W) emulsion was attained 
to 1.21 ± 0.02 kg/m2/h, 1.32 ± 0.03 kg/m2/h, and 1.41 ± 0.05 kg/m2/ 
h, respectively. Moreover, the PPy@DG/THPC-15 membrane showed 
stable evaporation performance for C/W emulsion with a rate of 1.32 ±
0.02 kg/m2/h even after the long-term evaporation (Fig. 6D). The 
evaporation condensate water became transparent with the efficiency of 
99.17 ± 0.42%, 99.65 ± 0.37%, 99.32 ± 0.29%, respectively. 
(Figure S13-S14). 

Experiments were also carried out to survey the evaporation ability 
of the PPy@DG/THPC-15 membrane for various dye solutions (20 mg/ 
L). As presented in Figure S15, the evaporation rate of methyl orange 
(MO), methylene azure II (MAII), methyl blue (MB), evans blue (EB), rose 
bengal-94 (RB-94) solutions can reach 1.47 ± 0.06 kg/m2/h, 1.45 ±
0.04 kg/m2/h, 1.46 ± 0.01 kg/m2/h, 1.47 ± 0.06 kg/m2/h, 1.48 ± 0.05 
kg/m2/h, respectively, indicating its evaporation rate has not been 
affected regardless of the molecular weights, charges of the dye mole-
cules (Table S1). In addition, the evaporation efficiency of these dye 
solutions was all up to ~96.78% (Fig. 6E, S16), further indicating its 
excellent anti-fouling ability during the evaporation process. On the one 
hand, the hydration layer of this membrane can restrain the oil droplets 
from the membrane surface [58–60]. On the other hand, abundant 
negative charges can effectively reject various pollutants [45]. There-
fore, it kept its superior evaporation ability and micromorphology with 
rates of 1.36 ± 0.04 kg/m2/h, 1.37 ± 0.03 kg/m2/h,1.45 ± 0.06 

Fig. 5. (A) Contact changes of the PPy@DG/THPC membrane with different THPC contents. (B) Zeta potentials of the PPy membrane, PPy@DG membrane, and 
PPy@DG/THPC-15 membrane under different pH conditions. (C) UV/Vis spectrum of the substance, PPy@DG membrane, and PPy@DG/THPC membrane with 
different THPC contents. (D) Water mass changes over time of different membranes. (E) Schematic diagram of the water evaporation process of the PPy@DG/THPC- 
15 membrane. (F) Evaporation rates of different membranes for 3.5 wt% saline water. (G) Evaporation rates of the PPy@DG/THPC-15 membrane with varying 
dispersion volumes for 3.5 wt% saline water. (H) Evaporation rates of the PPy@DG/THPC-15 membrane for saline water with varying concentrations. (Noting: 
evaporation process was irradiated under 1-sun unless otherwise specified). 
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kg/m2/h, 1.46 ± 0.04 kg/m2/h, under harsh conditions including, so-
dium hydroxide (NaOH), hydrochloric acid (HCl), humic acid (HA) and 
bovine serum albumin (BSA) (Figure S17-18). In addition, the 
PPy@DG/THPC-15 membrane almost maintained its photothermal 
evaporation capacity after being bent, indicating its good mechanical 
stability (Figure S19). 

Molecular dynamics simulations characterized different membranes’ 
fractional free volumes (FFV). The simulation models were constructed 
in the Amorphous Cell module in Materials Studio. The cells were 
equilibrated by energy minimization and performed several MD simu-
lations in an ensemble for more than 10 ns The initial packing densities 
were 1.0 g/cm3 and then gradually compressed to the target densities. 
The atom volumes and surfaces module in Materials Studio was used to 
evaluate the FFV, and the Connolly radius was selected as 1.000 Å and 
1.325 Å. As shown in Fig. 6F, the PPy@DG/THPC-15 membrane’s FFV 
ratios were ~14.20% and ~6.86% under the Connolly radius of 1.000 Å 
and 1.325 Å, respectively, which were higher than the PPy@DG/THPC- 
5 membrane and PPy@DG/THPC-10 membrane (Fig. 6F–G, S20). 
Moreover, the FFV of the PPy@DG/THPC-15 membrane was higher 
than that of the PPy@DG/THPC-20 membrane (Figure S21). This may 
be due to the block of part of the pore structure due to excessive THPC 
modification. Hence, the evaporation performance of the PPy@DG/ 
THPC-15 membrane was slightly higher than the PPy@DG/THPC-20 
membrane (~1.42 kg/m2/h) (Fig. 5F). In addition, for comparison, 
the1-APi and [EtPy][Br] were also applied to modify the PPy@DG 
membrane, respectively. Several tests were carried out to verify the 

functionalization of the1-APi and [EtPy][Br] on the PPy@DG membrane 
(Figure S22-S25). The evaporation rates of the PPy@DG/1-APi and 
PPy@DG/[EtPy][Br] composite membranes were ~1.32 kg/m2/h and 
~1.25 kg/m2/h, respectively, which was lower than the PPy@DG/ 
THPC-15 composite membrane (Figure S26A). Besides, the FFV of the 
PPy@DG/THPC-15 membrane was higher than the PPy@DG/1-APi and 
PPy@DG/[EtPy][Br] membranes (Figure S26B-26C). The high free 
volume of the PPy@DG/THPC-15 membrane was conducive to inhibit-
ing the salts accumulation [48–50]. In addition, abundant negative 
charges endowed the PPy@DG/THPC-15 membrane with excellent 
salt-resistance and anti-fouling abilities (Fig. 5B). Hence, under the 
synergy of the hierarchical nanostructure, abundant charges, and high 
free volume, the PPy@DG/THPC-15 membrane presented superior 
evaporation performance. 

4. Conclusions 

In conclusion, a coral-like PPy-based membrane was presented 
through the interfacial modification of DG and THPC. The PPy@DG/ 
THPC membrane exhibited a broad sunlight absorption capacity with an 
efficiency of ~97.6% because of its hierarchical nanostructure. More-
over, due to the introduction of THPC, this membrane showed good 
hydrophilic ability and rich charges, giving it excellent salt-resistance 
property. Furthermore, molecular dynamics simulations indicated the 
high free volume of the PPy@DG/THPC membrane for inhibiting salt 
crystallization. Therefore, this membrane presented an excellent 

Fig. 6. (A) Cyclical evaporation of the PPy@DG/THPC-15 membrane for 3.5 wt% saline water under 1-sun illumination. (B) Schematic diagram of PPy@DG/THPC- 
15 membrane for the resistance of the accumulation and enrichment of salt ions. (C) Primary ions in a simulated seawater sample before and after desalination. (D) 
Mass change of the PPy@DG/THPC-15 membrane for different O/W emulsions (left) and its cyclical evaporation ability for C/W emulsion (right) under 1-sun 
illumination. (E) Evaporation efficiency and their responding photographs of the PPy@DG/THPC-15 membrane for dye molecules. (F) Free volume and total 
space volume of different membranes under different probes (M-1: PPy@DG/THPC-5; M-2: PPy@DG/THPC-10; M-3: PPy@DG/THPC-15). (G) Molecular simulation 
of the free volume of different membranes from the plane perspective, PPy@DG/THPC-5, PPy@DG/THPC-10, PPy@DG/THPC-15 (from left to right). The blue part 
was the FFV. 
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evaporation performance with 1.46 ± 0.02 kg/m2/h in simulated brine 
(3.5 wt% NaCl) under 1-sun illumination. In addition, the PPy@DG/ 
THPC-15 membrane exhibited exceptional anti-fouling ability under 
the collaboration of hydration and charge effect. Hence, the PPy@DG/ 
THPC-15 membrane can achieve sustainable solar evaporation to pro-
duce freshwater, intercept complex organic contaminants, and obtain 
water to meet drinking-water standards. These features make the 
PPy@DG/THPC membrane a good choice for salt-free solar-enabled 
water purification. 
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