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A B S T R A C T   

The development of a strong light absorption absorber with a facile preparation process are crucial for some 
photothermal conversion applications, such as solar steam generation, photothermal catalysis and detectors. 
Here, a hierarchical structure based on microporous surface equipped with nanoporous layer is ingeniously 
designed and fabricated benefiting from the unique thermoplastic forming ability of metallic glasses by using the 
soluble clusters as template in less than 30 s. The presence of hierarchical porous structures induces multiple 
reflection of light and excites the plasmonic behavior of surface, achieving over 90% light absorption in the 
380–20 µm wavelength range and the broad light incident angle from 0◦ to 70◦, resulting in a remarkable 
photothermal conversion performance. Compared to conventional and existing absorber, the innovatively 
designed and fabricated metallic surface offers outstanding advantages in terms of light absorption range, 
heating rate and maximum temperature rise. Afterwards, the hierarchical porous structures for solar steam 
generation shows an evaporation efficiency of up to 94.2% and evaporation rate of 1.72 kg m− 2 h− 1 at 1 kW m− 2. 
The design of unprecedented structure on metallic glass opens up a new strategy for solar energy harvesting, 
water treatment and other related fields.   

1. Introduction 

With the concept of a green Earth continues to be promoted, 
renewable green energy has begun to receive tremendous attention. 
Solar energy as one of the world’s ubiquitous green energy, due to it 
strikes into the earth every day is much greater than the energy 
consumed by the earth in a year [1,2], is widely used and researched in 
the fields of the solar power generation [3–5], seawater desalination 
[6–8], crude oil recovery [9–11], and sterilization [12,13] etc. Solar 
steam generations have recently begun to appear on the horizon and 
become a topic of growing interest research for scientists as they will 
greatly improve the global serious water shortage [14–17]. The core 
component of solar steam generation is an absorber with strong light 
absorption. Desirable solar steam generations require absorbers that not 
only efficiently photothermal conversion but also have excellent hy
drophilicity, so that the seawater on its surface can drive water to form 

steam under the solar irradiation, achieving the purpose of seawater 
desalination or sewage treatment [18]. So far, numerous technological 
solar steam generations with considerable evaporation efficiency have 
been reported such as nano fibrous aerogels [19], graphene foam [20], 
mxene-based hierarchical architecture [21]. However, the tedious 
preparation process and the insufficient stability are often overlooked 
which greatly limit their practical applications. To tackle the challenge, 
developing solar steam generations with convenient fabrication process 
and robust properties will have bright prospects. 

Metallic glasses (MGs), i. e. amorphous alloys, have received exten
sively attention since they were discovered, due to the unique properties 
[22–31]. The absence of grain boundaries and crystal defects comparing 
with crystalline alloys endows MGs with superior corrosion resistance 
[32,33]. Meanwhile, the MGs can be thermoplastically formed like the 
plastics when heated to a certain temperature, so that the nanoscale 
structures can be facilely and precisely fabricated on the MGs to 
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generate a surface with strong absorption and photothermal conversion 
performance [34,35], which makes them a promising candidate mate
rial for solar steam generations. 

Among various nano/micro structures, hierarchical porous (HP) 
structures are considered to be the optimal structure for solar steam 
generations, as the porous structures have large specific surface area to 
provide sufficient heat transfer, the porous channel can facilitate steam 
release [20,36]. Although the methods of dealloying [37] and pitting 
[38] can prepare the porous structures on the MGs, the intrinsic amor
phous property of the MGs will be transformed during the fabrication 
process and the aspect ratio of the micro structures is limited, not 
appropriate for the strong absorption and photothermal conversion 
performance. Therefore, the fabrication of HP structures with its 
required performance for solar steam generation on the MGs is still 
perceived as an open question. 

In this work, we design the hierarchical porous structures on the MG 
(HP-MG), fabricated by a novel method of using the soluble clusters as 
template in just 30 s. HP-MG exhibits the characteristics of microscale 
pores accompanied with mesopores and maintain intrinsic amorphous 
nature. Optically, the absorber of HP-MG achieves more than 90% light 
absorption in the 380–20 µm wavelength range and the broad light 
incident angle (θinc) from 0◦ to 70◦, and it shows better sensitive pho
tothermal response than the MG plate under different laser with wave
lengths of 405, 532, 655, 808, and 1064 nm. When the 808 nm laser 
power is increased to 6 W/cm2, the HP-MG can heat up to ~130 ◦C, and 
the heating rate reaches an exciting 32.35 ◦C/s. Based on the 
outstanding absorption performance, HP-MG exhibits a solar evapora
tion efficiency as high as 94.2% when used as a solar steam generation at 
1 kW m− 2. HP-MG, furthermore, also shows remarkable purification 
characteristics in seawater desalination and sewage treatment. We 
believe that the novel strategy will inspire and create more meaningful 
hierarchical micro/nano structures, and it will make multifunctional 
usage of energy conversion. 

2. Results and discussion 

2.1. Fabrication and Characterization of HP-MG 

The schematic illustration of fabricating HP-MG is shown in the  
Fig. 1a. MGs has excellent flowability in the supercooled liquid region 
(SLR) [23,28], so that the MGs will fill the gap between the nano
powders and wrap it under the pressure. When the powder is dissolved 
and removed by suitable chemical solvent after the thermoplastic 
forming (TPF), corresponding HP structure is fabricated on the surface 
of MGs. Fig. 1b meticulously depicts the formation of each level struc
ture. The nanopowders tend to cluster into particles with different sizes, 
which plays a critical role in the fabrication of HP structures during the 
TPF [39]. The formation of large pores and small pores are controlled by 
clusters of large particles and small particles, respectively, while the 
formation of mesopores on the MG is caused by the nanopowder 
embedded in the clusters. Taking advantage of the multiscale clusters 
feature of nanopowders, HP structure is successfully fabricated on the 
MG (Fig. 1c, d, e), and the insets show the clusters used for forming the 
corresponding pore-scale structure and the nanopowders on the clusters. 
It can be observed that small pores are distributed on the large pores, 
and the inner walls of the large pores are densely covered with meso
pores. The scanning electron microscopy (SEM) images of the HP-MG 
fracture morphology (Fig. S1) intuitively confirm the HP structures on 
the MG. It is worth noting that there is a mesoporous layer connected to 
the MG substrate around the large pore, which will induce the HP-MG to 
effectively absorb light of different wavelengths [40,41]. The HP-MG 
pore size distribution is quantitatively determined by the SEM image 
(Fig. 1 f). Micro-scale pores and nano-scale mesopores are mostly found 
on HP-MG from the size distribution, and the size of the mesopores 
agrees with the original particle size of the nanopowder used. Typically, 
Fig. 1 g shows the transmission electron microscopy (TEM) image of 

HP-MG, which the diameter (~40 nm) of single mesopore can be clearly 
observed on the MG substrate. The high-resolution TEM images in Fig. 1 
h demonstrate that atomic arrangement around a single mesopore is 
disorder, indicating that HP-MG are fully amorphous. The diffractive 
halo-like selected area electron diffraction pattern (insert in the Fig. 1 h) 
and the X-ray diffraction (XRD) pattern of the HP-MG (Fig. S2) without 
crystallization peak verify this. Fig. 1i shows the images of TEM element 
mapping, and the Pt, Ni, Cu, P is homogeneously distributed on the 
cross-sectional mesoporous structure of HP-MG, proving that no 
elemental segregation occurs in HP-MG during the TPF. 

2.2. The Optical Performance of HP-MG 

The HP structure was fabricated on the MG resulting in several its 
surface functional property variations, among the intuitive changes are 
the optical performance. Fig. 2a shows the photographic image of HP- 
MG under the natural environment. It can be observed that the surface 
containing the HP structure exhibits very black feature, which strongly 
contrasts with the silvery color shown by the surrounding structureless 
edges. Then, the reflectance spectrum of HP-MG was quantitatively 
measured in the broadband range, and the reflectance spectrum of MG 
plate is also added in as a comparison (Fig. 2 g, h, i). Remarkably, The 
HP-MG achieves extremely low reflectance (< 5% at visible region and 
near infrared region, < 10% at middle infrared region), which is supe
rior to the MG plate. The results indicate that the HP structure design is 
capable of absorbing up to 90% of the light in broadband range. To 
further investigate the light absorption mechanism of the absorber with 
the HP structure, the FDTD combined with the optical constants of MG 
plate (Fig. 2b) was used for simulation modeling and analysis. After the 
model is constructed (see Experimental section), the simulated reflec
tion spectrum is shown in Fig. 2c. From the simulated reflectance 
spectrum, this information can be found that: 1) the simulated reflec
tance spectrum also exhibits very low reflectance (< 5%) in the wave
length range of 380–2500 nm; 2) The trend of the simulated reflectance 
curve is gradually upward. The results mean the experimental reflec
tance of the HP-MG is reproduced well by the simulated reflectance 
spectrum from 380 nm to 2500 nm and the mechanism of the absorption 
for the HP-MG can be well obtained by model of the FDTD simulation. 
Meanwhile, we also simulated the dependence of θinc on the absorption 
of the HP-MG. The left Fig. 2d shows the schematic illustration of 
different θinc to HP-MG, and the average absorption obtained from the 
corresponding θinc is summarized in right Fig. 2d (Fig. S3). In total, the 
HP-MG can achieve over 90% absorption in a broad θinc from 0◦ to 70◦. 

The broadband and wide-angle light absorption properties can be 
attributed to the rough morphology of HP-MG and the metallic material 
used. First of all, due to the HP-MG is composed of micro/nano-scale 
porous structures, when light hits the HP-MG it will get trapped in the 
porous gap. In this condition, the light will be repeatedly reflected in the 
pores until complete absorption (Fig. 2e). Additionally, the four arbi
trary calculated cross-sectional electric field distributions were selected 
in the Fig. 2 f. It can be seen that the calculated cross-sectional electric 
field widely spread hot spots. This hot spots indicate that very strong 
localized surface plasmon resonance (LSPR) occur, leading to absorption 
enhancement [42]. Thus, the excellent absorption of the HP-MG in 
broadband and wide-angle region is attributed to the common effects of 
the light trapping and the excitations of high-density LSPR. 

2.3. The Photothermal Conversion Performance of HP-MG 

The HP-MG offers a great potential application in the field of pho
tothermal conversion due to its strong absorption in broadband. Based 
on these advantages, the photothermal conversion performance of the 
HP-MG was evaluated by irradiation with lasers of different wave
lengths. To compare different properties of the surface structures, the 
photothermal conversion performance of MG plate and HP-MG was 
measure under the same condition. Fig. 3a shows the schematic of 
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Fig. 1. The characterization of HP-MG. (a) The schematic illustration of fabricating the HP-MG. (b) The formation details of large pore, small pore and the mesopore 
in the HP-MG. (c) The SEM images of the large pore on the HP-MG, the inset shows the SEM image of single powder particle forming corresponding large pores. (d) 
The SEM image of the small pore on the HP-MG, the inset shows the SEM image of single powder particle forming corresponding small pores. (e) The SEM image of 
the pore on the HP-MG, the inset shows the SEM image of the nano powder particle forming corresponding mesopores. (f) The size distribution of pores on the HP- 
MG. (g) The TEM image of mesopores layer on the HP-MG. (h) The high-resolution TEM image of the single mesopore. (i) The element analysis of mesoporous layer 
on the HP-MG. 
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photothermal conversion performance setup. The HP-MG on the quartz 
was irradiated using five different wavelengths of laser (405, 532, 655, 
808, and 1064 nm), and the temperature change was recorded by an IR 
camera during the irradiation. The high temperature stability of HP-MG 
was determined by irradiating the HP-MG with 808 nm laser with 
different powers. The test results can be found in the Fig. 3b. It can be 
seen that the laser power and the temperature rise showed a positive 
correlation. Notably, the temperature of the HP-MG can be increased to 
~130 ◦C by 808 nm laser with power of 6 W/cm2, whereas the tem
perature of MG plate was only ~46 ◦C (Video S1 and Fig. S4). As it is 
mentioned above, the HP-MG shows a feature of the strong absorption in 
the broadband, it means that HP-MG can absorb light of different 
wavelengths. Subsequently, five different wavelengths of laser (405, 
532, 655, 808, and 1064 nm) was applied to illuminate the HP-MG with 
energy power of 0.5 W/cm2. Fig. 3c-g record the temperature curve of 
HP-MG and MG plate, and the corresponding IR images are listed in 
Fig. 3i. Under the different wavelengths of laser light irradiation, the HP- 
MG can rapidly increase the surface temperature by ~7 ◦C within 5 s, 
and the temperature loss is not observed obviously after cyclic irradia
tion. In comparison, with the same power and laser irradiation, the 
temperature of MG plate is only increase ~1 ◦C. These results indicate 
that HP-MG has excellent photothermal conversion properties. 

Meanwhile, its photothermal performance does not change after 9 cycles 
of irradiation when the HP-MG have been placed for a period of time, 
indicating the HP-MG have excellent stability at high temperature 
(Fig. S5). Fig. 3 h summarizes the heating rate of HP-MG and MG plate 
under the irradiation of different wavelength lasers and the 808 nm laser 
with different energy power. It can be seen that the heating rate is lin
early dependent on the energy power from 0.5 to 6 W/cm2, and the 
maximum heating rate of 32.25 ◦C/s is reached at 6 W/cm2. The heating 
rate of HP-MG is also significantly better than MG plate under irradia
tion of different wavelengths. 

To demonstrate the superiority of our absorber, the previous work in 
the field of the light absorbers such as porous materials, nano materials, 
and films have been summarized in the Fig. 4a (Table S1). It can be seen 
that the broad absorption range (~20 µm) and the high heating rate 
(32.25 ◦C/s) of HP-MG surpass the various absorbers reported to date 
(Fig. 4b). The maximum temperature (Tmax) of HP-MG under the irra
diation can reach the ~130 ◦C, which is also slightly higher than many 
previously reported photothemal absorbers (Fig. 4c, d). The high tem
perature stability and photothermal performance at different wave
lengths as well as excellent heating rate of HP-MG promise potential 
applications in field of photothermal switch, evaporation, catalysis, etc. 

Fig. 2. The optical performance of HP-MG. (a) The photographic image of HP-MG. (b) The optical constants of MG plate. (c) The simulation reflectance spectrum of 
HP-MG from the 380–2500 nm at the normal incidence. (d) The schematic of different incident angles to HP-MG, and the simulated average absorption performance 
of HP-MG with the θinc. (e) The multiple reflection enhancing the absorption of HP-MG. (f) The simulated cross section on electric field distributions of the HP-MG at 
the wavelengths of 500, 900, 1500, and 2350 nm. (g) The experimental reflectance spectrum of HP-MG and MG plate from 380 to 900 nm. (h) from 900 to 1800 nm. 
(i) from 1.8 to 20 µm. 
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2.4. The Evaporation Performance of the HP-MG 

Inspired by the outstanding photothermal feature in the broadband 
and the HP structures of the HP-MG, the solar evaporation performance 
of the HP-MG is experimentally investigated. Fig. 5a shows the 

schematic illustration of solar-driven water evaporation based on HP- 
MG. The details of experimental setup can be found in the Fig. S6. The 
foam with countersunk holes can carry the samples and absorb the water 
in the cuvette. When the foam carries the samples for measurement, the 
water in the foam will infiltrate the HP-MG surface from the 

Fig. 3. The photothermal performance of HP-MG. (a) The schematic illustration of testing photothermal performance. (b) The temperature curve of the HP-MG 
irradiated with 808 nm laser with different energy power. (c) The temperature curve of the HP-MG and the MG plate irradiated with 405 nm laser with 0.5 W/ 
cm2. (d) 532 nm. (e) 655 nm. (f) 808 nm. (g) 1064 nm. (h) The heating rate of the HP-MG and MG plate irradiated with 808 nm laser with different energy power, 
and the HP-MG and MG plate irradiated with different wavelength of 405, 532, 655, 808, and 1064 nm laser under 0.5 W/cm2. (i) The IR image of HP-MG and the 
MG plate irradiated with 405, 532, 655, 808, and 1064 nm laser under 0.5 W/cm2. 
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surroundings to achieve evaporation under the solar irradiation. 
Considering the water in the foam will also evaporate under solar irra
diation, the bright tin foil will be used to wrap the cuvette so that only 
surface of the sample is exposed to the solar illumination. The ability of 
HP-MG to absorb light is a very important factor for solar steam gen
eration. To quantify this performance, the UV-Vis-NIR absorption 
spectrum of HP-MG was measured. As can be seen, the HP-MG exhibits 
over 97% absorption over the solar spectrum (Fig. S7). Subsequently, 
the temperature change of HP-MG in the air and HP-MG + water was 
recorded under the 1 kW m− 2 solar irradiation, and the corresponding 
temperature curve of the MG plate was also collected (Fig. 5b). It can be 
clearly seen that the temperature of HP-MG in the air and the HP-MG 
+ water is remarkably higher than MG plate in the air and the MG 
plate + water. Respectively, HP-MG in the air and HP-MG + water will 
increase to the 41.3 and 35.3 ◦C over time. The IR images will more 
intuitively observe the temperature changes under the 1 kW m− 2 solar 
irradiation from 0 to 900 s (Fig. 5c and Fig. S8). It is worth mentioning 
that the temperature of foam at the bottom will also increase at the same 
time during the HP-MG in the air was irradiated. When the foam area 
was covered with tin foil, the temperature only rises on the surface of the 
HP-MG, as shown in the IR images, indicating that the area covered with 
tin foil effectively reduces the evaporation in the foam area, which is 
more conducive to improve the measurement accuracy of the evapora
tion process. The speed of water infiltrating the sample surface from the 
foam can be reflected by the wettability. The change process before and 
after dripping a water droplet on the HP-MG and MG plate can be seen 
from the Fig. 5d (Video S2). The water droplet is immediately absorbed 
within 0.2 s after contacting the HP-MG surface. In contrast, the water 

droplet contact angle on the MG plate changes from 61◦ to 52◦ within 
16 s. This means that both HP-MG and MG plate exhibit hydrophilic 
behavior, but the HP-MG has a smaller water contact angle displaying 
the better hydrophilic property. It should be emphasized that the 
excellent wettability of HP-MG will rapidly supply water to enhance the 
efficient evaporation under the solar irradiation. Based on excellent 
hydrophilic and photothermal conversion performance, Fig. 5e quanti
tatively records the mass change of water for HP-MG, MG plate, and 
pure water under the 1 kW m− 2 solar irradiation. It is obvious that HP- 
MG achieves the highest evaporation rate of 1.72 kg m− 2 h− 1 compared 
to MG plate and pure water, which is 3.48 times that of pure water and 
2.48 times that of MG plate. The evaporation efficiency of HP-MG is 
calculated by the following equations to be 94.2% (The detailed calcu
lations are shown in Note S1). 

ηSV =
ṁ(HLV + Q)

Ein
(1)  

HLV = 1.91846 ∗ 106 ∗ [Tfin
/
(Tfin − 33.91)]2 (2)  

Q = c ∗ (Tfin − Tin) (3) 

ηSV is the evaporation conversion efficiency, ṁ is the evaporation rate 
under irradiation which has subtracted the evaporation rate under dark 
condition (Fig. S9), Ein represents the energy input of the incident 
light, HLV shows the latent heat required for the vaporization of water, 
Q is the heat required for increasing the temperature of the water, c is the 
specific heat of the water, Tfin is the average temperature of the HP-MG 
surface during the evaporation, and Tin is the initial temperature of the 

Fig. 4. The absorption range, heating rate Tmax of HP-MG in the present work, compared with the previous photothermal materials. (a) The comparison of the 
absorption range, Tmax and heating rate of the previous absorber. (b) The detail comparison of the absorption range and heating rate of the previous absorber. (c) 
Absorption range vs Tmax. (d) Heating rate vs Tmax. 

J. Fu et al.                                                                                                                                                                                                                                        



Nano Energy 106 (2023) 108019

7

HP-MG surface [43,44]. 
Moreover, the reusability of HP-MG solar steam generation is 

examined to evaluate the possibility of practical application. The 
evaporation rate obtained by each irradiation is summarized in Fig. 5 f 
(Fig. S10), in which each evaporation rate of HP-MG did obvious no 
change after 10 cycles of solar irradiation. The good reusability of 
evaporation rate attribute to the self-supporting HP structure that is not 
easily destroyed on the MG. To demonstrate the desalination ability of 
HP-MG solar steam generation in seawater, the simulated seawater 
replaced the pure water. A glass cover was used to cover the HP-MG 
under the solar irradiation. After the solar irradiation whether indoors 
or outdoors, the steam evaporated from the HP-MG surface appeared on 
the glass wall, and some salt particles can be found on the surface of HP- 
MG (Fig. 5 g, Fig. S11, 12 and Video S3). The practical desalination 
ability of the HP-MG solar steam generation can be further assessed to 

measure ion concentration of Na+, Mg2+, K+, Ca2+ before and after 
desalination using the real seawater from Huanghai Sea, China 
(Fig. 5 h). The ion concentration in water collected by HP-MG solar 
steam generation under irradiation is nearly three orders of magnitude 
lower than the true seawater ion concentration, and meets the drink 
water standard set by the World Health Organization (WHO). The 
resistance value also verifies the ion concentration before and after 
desalination (Fig. S13). The sewage treatment ability of the HP-MG was 
evaluated using methylene blue as a pollutant. The MB solution was 
evaporated using the HP-MG evaporator, and the water obtained by 
evaporation is collected. Fig. 5i shows the UV–Vis-NIR absorbance 
spectra of the MB solution before and after the evaporation using the HP- 
MG evaporator. The MB have a strong absorption peak in the wave
length of 650 nm before evaporation, while the peak of the purified 
water collected after evaporation using the HP-MG evaporator is almost 

Fig. 5. The evaporation performance of the HP-MG. (a) The schematic illustration of solar-driven water evaporation for HP-MG. (b) The temperature curve of the HP- 
MG, HP-MG + water, MG plate and MG plate + water under 1 sun irradiation. (c) The IR images of the HP-MG and the HP-MG + water from 0 to 900 s under 1 sun 
irradiation. (d) The changes of contact angle of the HP-MG and the MG plate. (e) The mass change of the HP-MG, MG plate and water over time under 1 sun 
irradiation. (f) The reusability of the HP-MG under 1 solar irradiation. (g) The optical images of a glass cover and the change of HP-MG surface before, after solar 
irradiation for the water evaporation of HP-MG. (h) The measured concentrations of Na+, Mg2+, K+, Ca2+ in an actual seawater sample (Huanghai Sea) before and 
after desalination, the dashed line represents the WHO standard. (i) The sewage treatment performance of HP-MG. 
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completely eliminated. Meanwhile, the inset also can find the original 
blue solution became colourless. Indicating that the HP-MG solar steam 
generation has an efficient effect on sewage treatment. Finally, the 
stability of the HP-MG was also examined for evaporating seawater and 
MB. After each evaporation, water and ultrasonic cleaning will be used 
to rinse the HP-MG surface. The evaporation rates of seawater and MB 
from the HP-MG evaporator were initially measured at 1.53 and 
1.62 kg m− 2 h, respectively (Fig. S14). After some cycles, the evapora
tion performance of the HP-MG for seawater and MB did not change 
significantly. These experimental results clearly display the potential of 
HP-MG solar steam generation for seawater desalination and sewage 
treatment applications. 

3. Conclusion 

In summary, we have successfully prepared HP structures on the MG 
in just 30 s. The HP-MG is an absorber with superb absorption proper
ties. HP-MG can achieve more than 90% light absorption in the 
380–20 µm wavelength range and the broad θinc from 0◦ to 70◦. The 
remarkable optical absorption effect is attributed to the capture of light 
by its surface porous structure, the multiple reflection of light in the HP 
structure and the induced LSPR on the surface of its disordered porous 
structure. Broadband and broad-angle light absorption performance 
enables the HP-MG absorber to exhibit excellent photothermal conver
sion performance. The HP-MG will rapidly reach 130 ◦C at a heating rate 
of 32.35 ◦C/s under the 808 nm laser power of 6 W/cm2. Additionally, 
the excellent hydrophilic properties of the HP-MG combined with the 
outstanding photothermal performance, allow it to be used directly for 
efficient solar steam generation. The solar steam generator shows a very 
rapid evaporation rate of 1.72 kg m− 2 h− 1 and a solar evaporation ef
ficiency of up to 94.2% under one solar irradiation. Meanwhile, we have 
confirmed its practicality for seawater desalination and wastewater 
treatment. We believe that the HP-MG absorber will have an influence 
on many potential fields of application, such as photocatalysis, photo
detectors, photothermal imaging, etc. 

4. Experimental section 

4.1. Materials 

The MG system (Pt57.5Ni14.7Cu5.3P22.5) was selected chosen for the 
experiment due to the Pt-based MG has wide SLR and excellent TPF 
ability (Fig. S15) [45]. The high purity (>99.95 at%) raw metallic ma
terials Pt, Ni and Cu were arc-melted in argon atmosphere to form 
master alloy ingot. Then the master alloy ingot and high purity P 
(>99.999 at%) were sealed in quartz tubes for induction melting in 
argon atmosphere to obtain the alloy ingot with nominal composition of 
Pt57.5Ni14.7Cu5.3P22.5. 

The cylindrical rods of Pt57.5Ni14.7Cu5.3P22.5 MG with the diameter of 
5 mm were fabricated by the same method of copper-mold casting in an 
argon atmosphere. 

The BaTiO3 powder with an average particle size of ~ 40 nm was 
purchased by Zhongke Yannuo New Material Technology Co., Ltd in 
Beijing. 

4.2. The Detail of TPF 

The prepared Pt-based MG cylindrical rods were cut into circular 
plates with a thickness of ~ 1 mm. The plates were polished on both 
sides to ensure that the Pt-based MG surface can better form HP struc
tures by TPF. The polished Pt-based MG surface was covered by BaTiO3 
powder and then sent to the heated chamber with a vacuum of 6 × 10− 3 

Pa. When the temperature rises to 538 K, the pressure of 421 MPa was 
applied to the surface of Pt-based MG, and the pressure was maintained 
until the surface temperature reaches 548 K, this process can be 
completed within 30 s. Then the sample was taken out of the heating 

chamber, the sample after cooling will be immersed in 3 mol HCl for two 
hours to remove the BaTiO3 powder on the Pt-based MG. 

4.3. The Multiscale Characterization 

X-ray diffraction (XRD; Rigaku MiniFlex 600) with Cu Karadiation 
was used to detect the amorphous properties of origin Pt-based MG and 
the MG surface of hierarchical structures (HP-MG). Differential scanning 
calorimetry (DSC; Perkin-Elmer DSC-8000) with a cooling/heating rate 
of 20 K/min was used to ascertain the glass transition temperature (Tg), 
crystallization temperature (Tx) of origin Pt-based MG and SLR. Scan
ning electron microscope (SEM; Fei quanta FEG 450) was recorded by 
the morphology of hierarchical structures. The atomic structure and the 
meticulous morphology of hierarchical structures was characterized in a 
JEM-2100 F TEM with energy disperse spectroscopy (EDS). 

4.4. The FDTD Simulation 

The FDTD we used is based on maxwell’s equations, which can be 
used to calculate the reflectance. We set the periods of randomly 
distributed nanostructures as 2 µm* 2 µm, 4 µm* 4 µm, 8 µm* 8 µm and 
16 µm* 16 µm, respectively, to calculate their reflectance, and the 
calculated results have no obvious change (Fig. S16). To simplify the 
model, the region of 2 µm* 2 µm was used for later simulated calcula
tion. Furthermore, to better fit the hierarchical porous structure of the 
experiment, the mesoporous layer is constructed by using air holes with 
a particle size of ~ 60 nm in the region of 2 µm* 2 µm (Fig. S17). In the 
calculation process, periodic boundary conditions are used in the X and 
Y directions, and perfect matching layer conditions are used in the Z 
direction. 2 nm * 2 nm* 2 nm grid division method is adopted to ensure 
the correctness of simulation results. The light source is excited by a 
plane wave. 

4.5. The Optical Characterization 

The reflection spectrum (from 380 to 800 nm) of Pt-based MG and 
HP-MG was tested by a microspectral measurement system (Hangzhou 
SPL; ProSp-Micro40-VIS). Fourier transform infrared spectrometer 
(Vertex 70; Bruker) with an integrating sphere was used to measure the 
reflectance of sample in the near-infrared and mid-infrared wavelength 
regions. The optical constants of Pt-based MG were measured by 
ellipsometer (J.A Woollam RC2-XI) from 380 nm to 2500 nm. 

4.6. The Photothermal Characterization 

The laser of 405 nm (PGL-V-H-405), 532 nm (PGL-V-H-532), 655 nm 
(PGL-V-H-655), 808 nm (5 W, fiber-tailed, multimode diode laser), 
1064 nm (PGL-V-H-1064) were used to characterize the photothermal 
effect of the Pt-based MG and HP-MG. The sample was placed on a 
quartz and the laser switch cycle was 100 s, and then laser irradiated the 
sample vertically to 450 s. The infrared imaging camera (Fotric 280d) 
was used to monitor the thermal response of the surface during this 
process with a data acquisition frequency of 1 Hz. 

4.7. Water Evaporation Characterization 

A Xe light (CEL-HXF 300, Beijing Education Au-light Co., Ltd.) with 
an AM 1.5 filter was set at the top of the samples to simulate as the 
sunlight. The light intensity was monitored by a strong light power 
meter (CEL-NP2000, Beijing Education Au-light Co., Ltd.). The tem
perature was measured using an infrared thermal imager (Fotric 280d). 
The contact angle of the samples was measured using a droplet shape 
analyzer (DSA100S, Krüss, Germany), the volume of water droplets was 
1 μL. The mass of evaporation loss of samples was measured with an 
electronic balance (Sartorius Quintix35–1CN, measurement accuracy 
0.01 mg) connected with the computer. The concentration of Na+, K+, 
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Ca2+, and Mg2+ were collected by atomic emission spectrometry with 
inductively coupled plasma (ICPA 7400). The absorbance spectrum 
(from 300 to 800 nm) was measured a UV–Vis-NIR spectrophotometer 
(Shimadzu UV- 1280). 

The 3.37 g of NaCl, 1.63 g of MgSO4, 1.13 g of MgCl2, 0.58 g of CaCl2 
and 0.36 g of KCl were added into 500 mL of deionized water and dis
solved completely to get simulated seawater. 

CRediT authorship contribution statement 

Jianan Fu: Methodology, Data curation, Writing – original draft, 
Investigation, Formal analysis. Zhen Li: Writing – review & editing, 
Formal analysis, Methodology, Data curation. Xin Li: Methodology, 
Formal analysis. Fei Sun: Visualization, Validation. Luyao Li: Formal 
analysis, Data curation. Hongzhen Li：Formal analysis, Validation. 
Jinlai Zhao: Validation, Formal analysis, Resources. Jiang Ma: 
Conceptualization, Validation, Writing – review & editing, Project 
administration, Funding acquisition, Supervision. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

Data will be made available on request. 

Acknowledgements 

The work was supported by the Key Basic and Applied Research 
Program of Guangdong Province, China (Grant Nr. 2019B030302010), 
the NSF of China (Grant No. 52122105, 51871157, 51971150), the 
National Key Research and Development Program of China (Grant No. 
2018YFA0703605), the National Natural Science Foundation of China 
(No. 62105220), Guangdong Provincial Basic and Applied Basic 
Research Fund Regional Joint Fund Project (No. 2020A1515110750). 
The authors also thank the assistance on microscope observation 
received from the Electron Microscope Center of the Shenzhen 
University. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.nanoen.2022.108019. 

References 

[1] N.S. Lewis, Toward cost-effective solar energy use, science 315 (2007) 798–801. 
[2] Y. Wang, L. Zhang, P. Wang, Self-floating carbon nanotube membrane on 

macroporous silica substrate for highly efficient solar-driven interfacial water 
evaporation, ACS Sustain. Chem. Eng. 4 (2016) 1223–1230. 

[3] N. Li, X. Niu, L. Li, H. Wang, Z. Huang, Y. Zhang, Y. Chen, X. Zhang, C. Zhu, H. Zai, 
Liquid medium annealing for fabricating durable perovskite solar cells with 
improved reproducibility, Science 373 (2021) 561–567. 

[4] H. Min, D.Y. Lee, J. Kim, G. Kim, K.S. Lee, J. Kim, M.J. Paik, Y.K. Kim, K.S. Kim, M. 
G. Kim, Perovskite solar cells with atomically coherent interlayers on SnO2 
electrodes, Nature 598 (2021) 444–450. 

[5] A. Aubele, Y. He, T. Kraus, N. Li, E. Mena-Osteritz, P. Weitz, T. Heumüller, 
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