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Experimental part 

Materials and chemicals: Co(NO3)2 • 6H2O, 2-methylimidazole and methanol 

were obtained from Sinopharm Chemical Reagent Co., Ltd. Se powder was obtained 

from McLean Reagent Co., Ltd. All initial reagents are used directly after purchase 

without further treatment. 

Verification experiment of water-cluster evaporation: In order to investigate 

the mechanism of CoSe/Co-SeC-reducing enthalpy of evaporation, a water-cluster 

evaporation verification experiment of CoSe/Co-SeC was conducted. The experiment 

involves adding LiCl with strong hydration ability to water, and then detecting the Li+ 

concentration in the cooling water after CoSe/Co-SeC evaporation using ICP-MS. As 

shown in Figure S10, the Li+ concentration in the condensate of CoSe/Co-SeC is much 

higher than that in the condensate produced without CoSe/Co-SeC. This is attributed to 

CoSe/Co-SeC's ability to induce water molecules to evaporate by forming water 

clusters composed of several to dozens of water molecules, which then carry Li+ to the 

condensed water. 

Simulation of micro-meniscus evaporation rate: To study the inhomogeneous 

hydrophobicity and heat-transfer optimization of the gradient CoSe/Co-SeC, we use the 

first-order asymptotic solution of the Yang–Laplace equation to study the liquid surface 

profile between the petals of CoSe/Co-SeC nanoflowers. We define the width-to-space 

ratio as δ=w/2r, where w is the thickness of nanoflower petals, 2r is the spacing between 

nanoflower petals, and H is the height of nanoflower petals (Figure S11). The contact 

angle θ=25.2 ° defined the profile function of the liquid–gas interface: 
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The calculated micro-meniscus curve is shown in Figure S12. Once the profile of 

the liquid–air meniscus is determined, the local evaporation flux at the liquid–air 

interface can be determined by the Hertz–Knudsen equation: [1] 
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Where ṁ refers to mass flux and adjustment coefficient σ=0.3, M is the molar 



mass of the fluid, R is the molar gas constant, Ps is the saturated vapor pressure of the 

liquid, Tlv is the liquid temperature at the interface, Pv is the vapor pressure at the 

interface, and Tv is the vapor temperature at the interface. The energy consumption of 

the liquid–gas interface can be written as: 
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�� is the Knudsen number, while α indicates the turning angle at the gas–liquid 

interface and is determined by the contour of the meniscus: dz/dy=tan α (Figure S11). 

Ts is the temperature of the solid in contact with the steam. By solving equations (S1) 

and (S2), the distribution of liquid surface temperature and mass flux on the meniscus 

is obtained. Combined with infrared data, the Ts of CoSe/Co-SeC is defined as 

Ts=305.8-20z. The predicted Tlv curve is shown in Figure S13, and the corresponding 

mass-loss rate is shown in Figure 8d. Compared with the evaporation of curved liquid 

surface with uniform thermal conductivity (Figure 8b), CoSe/Co-SeC optimizes the 

thermal resistance of the thick liquid film region (y/r=0.0-0.5), thus improving the 

overall evaporation rate of the micro-meniscus. 

  



 

Figure S1. XRD pattern of ZIF-67. 

 

Figure S2. Raman spectra of CoSe/Co-SeC. 

 



Figure S3. (a) XPS spectrum of CoSe/Co-SeC. (b) Co 2p high-resolution XPS 

spectrum of CoSe/Co-SeC. (c) Se 3d and Co 3p high-resolution XPS spectra of 

CoSe/Co-SeC. (d) Co 2p high-resolution XPS spectrum of Co-GC. 

 

Figure S4. (a,b) The FESEM image of ZIF-67; the illustration shows the typical 

regular dodecahedral shape model of ZIF-67. (c) FESEM image of CoSe/Co-SeC. 

 

Figure S5. Particle-size distribution histograms and statistical analysis of ZIF-67 and 

CoSe/Co-SeC. 

 

Figure S6. PTFE-M wettability test results. 



 

Figure S7. Dark evaporation rate of CoSe/Co-SeC-M, Co-GC and bulk water. 

 

Figure S8. The change of surface temperature of Co-GC-M during evaporation under 

one sun. 

 

Figure S9. Raman spectra with fitting curves show the ratio of free water and 

intermediate water in PTFE-M. 



 

Figure S10. The Li+ concentration in the condensed water obtained by evaporating 

LiCl solution with pure water and CoSe/Co-SeC-M, the illustration shows a schematic 

diagram of the water-cluster evaporation verification experiment. 

 

Figure S11. Schematic diagram of micro-meniscus evaporation between nanoflower 

petals. 

 

Figure S12. Calculated micro-meniscus profile. 



 

Figure S13. Calculated liquid temperature distribution at the micro-meniscus liquid 

interface. 

  

Figure S14. The mass change of regenerated CoSe/Co-SeC-M under one sun.  

  



Table S1. Fitting results of carbon Raman spectra in synthesis of CoSe/Co-SeC 

  D4 D1 G D2 

Peak area (%) 

CoSe/Co-SeC  17.90 46.98 25.87 9.26 

Co-GC 15.39 37.58 11.21 35.81 

Table S2. Evaporation enthalpy of water in bulk water, CoSe/Co-SeC-M and Co-GC. 

 Bulk water CoSe/Co-SeC-M Co-GC 

Mass change (kg m-2 h-1) 0.14 0.23 1.93 

Vaporization enthalpy (J g-1) 2500.0 1442.4 1758.3 

 

  



Note S1. Estimation of water-evaporation enthalpy in CoSe/Co-SeC-M 

According to the reported method[2], the evaporation enthalpy of water in 

CoSe/Co-SeC-M and bulk water was estimated through dark evaporation experiments. 

In the controlled experiment, bulk water with the same surface area and evaporators of 

CoSe/Co-SeC-M were placed in a closed container with supersaturated MgCl2 aqueous 

solution to maintain the relative humidity at about 33%. The experiment was conducted 

at room temperature (25 ℃) and ambient air pressure under dark conditions for 12 hours. 

Due to the dark conditions, the energy absorbed from the environment is the only energy 

to maintain water evaporation. Generally, heat transfer is divided into three ways, 

namely heat conduction, heat convection, and heat radiation. Since the sample/air 

interface remains static during the test, thermal convection can be ignored. Under dark 

conditions, the negligible radiant heat transfer from the environment is too weak to heat 

the water near the interface. Therefore, heat conduction determines heat flow, which 

can be described by the following equation: 
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Where k, A, and d are the thermal conductivity of the heat transfer, the heat-

transfer interface area, and the thickness of the heat-transfer layer. T2 and T1 refer to the 

ambient and evaporating surface temperatures, respectively. In our experiment, the 

temperature between bulk water–air and CoSe/Co-SeC-M–air is almost the same. The 

ambient medium is air, which means that the temperature gradient above the 

evaporation surface is similar. In the case of different bulk water or CoSe/Co-SeC-M, 

k, A, d, T2, and T1 may be the same. Therefore, it can be assumed that the energy input 

from the environment to the test sample is the same. The dark evaporation rate of bulk 

water and CoSe/Co-SeC-M is shown in Figure S7. Therefore, the equivalent 

evaporation enthalpy (Eequ) of water in CoSe/Co-SeC-M can be calculated by the 

following formula: 

������ = ���� 

Where m1 is the mass change of water on the CoSe/Co-SeC-M evaporator, Ew, and 

mw are the evaporation enthalpy and the mass change of water on bulk water during 

evaporation. The experimental results are summarized in Table S2. The estimated 



evaporation enthalpies of water in CoSe/Co-SeC-M are 1442.4 J g-1. 
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