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ABSTRACT

1,2,%

Multi-metallic nanoparticles have been proven to be an efficient photothermal conversion material, for
which the optical absorption can be broadened through the interband transitions (IBTs), but it remains a
challenge due to the strong immiscibility among the repelling combinations. Here, assisted by an extremely
high evaporation temperature, ultra-fast cooling and vapor-pressure strategy, the arc-discharged plasma
method was employed to synthesize ultra-mixed multi-metallic nanoparticles composed of 21 elements
(FeCoNiCrYTiVCuAINbMoTaWZnCdPbBiAgInMnSn), in which the strongly repelling combinations
were uniformly distributed. Due to the reinforced lattice distortion effect and excellent IBTs, the
nanoparticles can realize an average absorption of >92% in the entire solar spectrum (250 to 2500 nm). In
particular, the 21-element nanoparticles achieve a considerably high solar steam efficiency of nearly 99%
under one solar irradiation, with a water evaporation rate of 2.42 kg m > h™!, demonstrating a highly

efficient photothermal conversion performance. The present approach creates a new strategy for uniformly

mixing multi-metallic elements for exploring their unknown properties and various applications.

Keywords: high-entropy alloy, nanoparticle, ultra-mixing, arc-discharged method, photothermal

conversion

INTRODUCTION

Photothermal conversion materials have been at-
tracting considerable attention with regard to their
water evaporation applications, as a result of the
intensified consumption of clean water and severe
pollution of water resources recently [1-5]. To
achieve a satisfying photothermal conversion effi-
ciency, the essential condition is to absorb solar en-
ergy with wavelengths of between 250 to 2500 nm
as much as possible [6-8]. Consequently, a se-
ries of mechanisms, such as the plasmonic heating
of metallic nanoparticles (e.g. Au [6], Ag [9] and
Al [7]), non-radiative relaxation of semiconductors
(e.g. copper selenide nanocrystals [10]) and thermal
vibration of molecules [11], have been widely inves-
tigated. Despite the achievement of photothermal
conversion performance, the aforementioned mate-
rials still lack the capacity to cover the entire solar
spectrum, thus limiting the optimization of optical
absorption and solar-driven water evaporation be-
havior [1,2,6,7,11].

In our recent research, it has been proposed
that multi-metallic nanoparticles, so-called high-
entropy-alloy nanoparticles (HEA-NPs) [12-15],
are one of the most promising candidates for tailor-
ing the optical absorption property [16,17]. Such a
performance is induced by the reinforced interband
transitions (IBT's), contributed by the fully filled en-
ergy regions around the Fermi level [12,18]. There-
fore, the solar energy absorption property can be
optimized through the addition of composited ele-
ments [17], resulting in a broadened working band-
width and thus improving the photothermal conver-
sion performance. However, when the composited
elements exceed 3d transition metals, the related re-
search for understanding the relationship between
the HEA-NPs and photothermal conversion perfor-
mance is still lacking, and the crucial issue is how to
cross the immiscibility of composited elements to
synthesize the HEAs [19]. Meanwhile, it has been
found that phase separation has occurred when el-
ements exceed eight in our previous experiments.
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Thus, it is necessary to improve our synthesized
method and meanwhile explore the limits of the
method. Surprisingly, it has been reported that the
HEA-NPs composed of 15 elements with strongly
repelling combinations were synthesized through a
carbon-thermal shock method, and the immiscibility
can be overcome by the high-entropy eftect and non-
equilibrium synthesized process [20,21], promising
a pathway for breaking the restrictions of elemental
combination with strong repellency.

Herein, assisted by non-equilibrium synthesized
conditions including extremely high evaporation
temperature and ultra-fast cooling rate, we synthe-
sized a series of HEA-NPs including 9, 13, 17 and
21 composited elements (denoted 9-, 13-, 17- and
21-HEA-NPs) through an arc-discharged method
with vapor-pressure (V.P.) strategy. It has been
found that the V.P. design could counterbalance the
evaporation rates of composited elements, and plays
a critical role in realizing the HEAs from the im-
miscible combinations. Meanwhile, the photother-
mal conversion performance can be improved along
with the addition of composited elements. As a re-
sult, 21-HEA-NPs exhibit an excellent solar-steam-
generation performance with nearly 99% solar steam
efficiency and 2.42 kg m™* h™! water evaporation
rate under 1 sun irradiation (1.0 kW m™). The
present work opens a vast space for synthesizing
ultra-mixing HEA-NPs with immiscible elements,
which broadens the family of HEA-NPs and pro-
vides a great platform for exploring the application
of HEA-NPs.

RESULTS AND DISCUSSION

Fabrication and microstructure
characterizations of HEA-NPs

HEA-NPs, composed of 9, 13, 17 and 21 metal-
lic elements, were synthesized by arc-discharging
the compressed mixture of metallic powders in a
mixed atmosphere of argon and hydrogen (Fig. 1a)
[22,23]; the ratio of different powders was con-
trolled via the V.P. strategy to realize the uni-
form mixing of compositions (Supporting Text
in Supplementary Data) [21]. The macroscopic
contents for HEA-NPs determined by inductively
coupled optical emission spectroscopy (ICP-OES)
(Table S1, Supplementary Data) were used to esti-
mate the mixing entropy (ASyx) of HEA-NPs. The
ASpi of 9-, 13-, 17- and 21-HEA-NPs was calcu-
latedtobe 17.83,19.79,21.82 and 24.28 J mol ! K*,
respectively [17,21,24]. It was found that the mix-
ing entropy increases synchronously with the in-
creasing of alloying combinations. The entropy of
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21-HEA-NPs was 2.69 times higher than that of 3-
HEA-NPs (9.12 Jmol! K™!), while the increased
entropy could be stabilized due to the high-entropy
effect [20]. The elemental distribution of 21-HEA-
NPs s illustrated in Fig. 1¢, using the scanning trans-
mission electron microscope (STEM) assisted with
energy-dispersive X-ray spectroscopy (EDS). Mean-
while, the high-resolution TEM image and atomic
EDS maps of 21-HEA-NPs have been exhibited in
Fig. 2, in which a uniform elemental distribution
of most of the composited elements can be ob-
served, while the Sn and In exhibit a slightly con-
stituent fluctuation. As for the phase structures in
Fig. 1b, the crystalline structures were changed from
face-centered-cubic (FCC) to body-centered-cubic
(BCC) when the composited elements exceeded
nine. In addition, it can be noted that the X-ray
diffraction (XRD) peaks of 13-, 17- and 21-HEA-
NPs was broadened and shifted to a lower 26 value,
which is ascribed to the lattice distortion of the high-
entropy effect and the addition of larger atomic ra-
dius elements including Ta, W, Pb and Bi [25,26].

Here, the synthesized process has been divided
into three parts: extremely high evaporation tem-
perature, ultra-fast cooling rate and V.P. strategy,
as illustrated in Fig. 3a. According to our previ-
ous study, the high evaporation temperature created
from the arc-discharged plasma can result in a non-
equilibrium synthesized atmosphere, fabricating the
HEA-NPs with the composited elements of Fe, Co,
Ni, Ti, V, Cr and/or Cu [17]. However, it has been
found that the ratio of Ti and V in the 7-HEA-NPs
is relatively lower than the other composited ele-
ments. Such a phenomenon is induced by the va-
por pressure of different composited elements, as ex-
hibited in Fig. S1 (Supplementary Data), in which
a low vapor pressure of Ti/V can be observed com-
pared to other elements, indicating a slower evapora-
tion process during the synthesized process. There-
fore, to confirm the effect of the V.P. strategy, the
nanoparticles that are composed of ZnCdPbBi, Ag-
InMnSn and NbMoTaW were synthesized (Fig. 3b
and Fig. S2, Supplementary Data). The phase sep-
aration can be observed in the former two samples
through the XRD patterns, and the uniform mixing
behavior appears in the NbMoTaW nanoparticles
(Fig. S2, Supplementary Data).

Consequently, based on the curves of vapor
pressure [21,27] (Fig. S1, Supplementary Data),
different metals used in this work could be divided
into three groups: (i) metals with low vapor pressure
(V.P..: Mo, Nb, Ta, W), (ii) metals with medium
vapor pressure (V.P.y: Fe, Co, Ni, Y, Ti, V, Al Cu,
Cr, Sn), in which the Ti and V are sub-V.P.; metals
and Sn, Al and Cu are sub-V.P.y; metals; (iii) metals



Natl Sci Rev, 2022, Vol. 9, nwac041

(a)
T — Electrode

TEL Vi erlw Fe

Zr | Nb|Mo, Te|Ru \

Arc-discharged

Intensity (a.u.)
s
z
3

HEA-NPs

| | ' | AT-HEANPs
Re|Os ? | 21-HEANPs
Hf Ta i 1 Ultra-mixing ‘ ;
LT . + high mixi T ™ T T T T
L— igh mixing entropy
// Raw metals 20 30 40 50 60 70 80 90

—
(=)
-

5-HEA-NPs

Fec | 7-HEA-NPs

9-HEA-NPs
]

2 theta (deg.)

(c) 21-HEA-NPs (FeCoNiCrYTiVCuAINbMoTaWZnCdPbBIAgInMnSn)

| iAl T —
i'

Figure 1. Schematic illustration and microstructure characterizations of HEA-NPs. (a) Schematic of the arc-discharged ap-
proach for synthesizing different HEA-NPs. (b) XRD patterns of the HEA-NPs with different composited elements. (c) TEM-EDS
maps of 21-HEA-NPs (FeCoNiCrYTiVCuAINbMoTaWZnCdPhBiAgInMnSn), scale bars: 50 nm.

with high vapor pressure (V.P.;;: Ag, Mn, In, Pb, B,
Zn, Cd). Following this guideline, the 9-HEA-NPs
of FeCoNiCrYTiVCuAl were synthesized from
the mixture with a 10-time content of Ti and V
and a 0.5-time content of Cu and Al (marked as
FeCoNiCrYTi;gV19CugsAlys). The corresponding
synthesized rule to fabricate the HEA-NPs through
the V.P. strategy has been summarized in the
Vapor pressure (V.P.) strategy for the preparation of
HEA-NPs section in the Supplementary Data, and it
can be recognized that the optimization of chemical
composition is highly correlated to the difference
in vapor pressure of the composited elements. The
EDS maps reveal the uniform elemental distribution
of the composited elements, while the crystalline
structure exhibits a combination of FCC and BCC,
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indicating the lattice distortion (Figs 1b and 3c).
Here, using the 9-HEA-NPs as the substrate, we
explore the effectiveness of the V.P. strategy, and
a series of 13- and 17-element nanoparticles were
synthesized. Uniform mixing and phase separation
can be realized in different nanoparticles (Figs S10-
S14, Supplementary Data), and it can be concluded
that the V.P.;, elements are key to optimizing the
evaporation rate for alloying the immiscible com-
binations together (Supporting Text). In addition,
the 13- and 17-HEA-NPs exhibit an FCC crystalline
structure with uniform distribution of composited
elements, as shown in Fig. 3d and e and Figs S3 and
S4 (Supplementary Data).

Furthermore, several fundamental analyses were
carried out to illustrate the characters of HEA-NPs.
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Figure 2. High-resolution TEM image, fast Fourier transform (FFT) image and the corresponding atomic TEM-EDS maps of

21-HEA-NPs, scale bar: 1 nm.

The TEM analysis shows that all samples exhibit a
sphere-like shape, and the diameter of 9-, 13-, 17-
and 21-HEA-NPs was calculated to be 75, 72, 82
and 62 nm, respectively (Figs SS and S6, Supplemen-
tary Data). It can be noted that the size of nanopar-
ticles reduced noticeably when ultra-fast-cooling
treatment was activated. The surface state of 21-
HEA-NPs was characterized by X-ray photoelectron
spectroscopy (XPS), and the result shows that the
metals with an oxidation potential have already been
oxidized under the storage process in ambient air
(Figs S17-S19, Supplementary Data) [28-30].

Optical absorption property
and photothermal conversion
performance of HEA-NPs

The optical absorption performances of HEA-NPs
have been investigated through a scattering spec-
trum in the wavelength region of 250 to 2500 nm
(UV-Vis-NIR, ultraviolet-visible-near infrared), as
shown in Fig. 4c, wherein 100 mg nanoparticles
were placed in the circle area with a diameter of
24 mm (0.737 g/cm?). It can be recognized that, of
all the samples, the 21-HEA-NPs exhibit the high-
est absorption property (>97%) at the NIR re-
gion, while absorption at the UV-Vis regions is re-
duced compared to the 9-HEA-NPs but still remains

Page 4 of 11

~95%. As for the HEAs composited with 3d tran-
sition metals, it has been reported that their op-
tical absorptions at visible light can be reinforced
through the addition of V and Cr, while at UV
light can be enhanced through the composition of
Ti and Cu [17]. Such a performance is correlated
with the different 3d band localized energy and the
d-d IBTs. Therefore, the absorption of entire solar
spectrum can be realized in the combination of all 34
transition metals, but the absorption at visible light
can be reduced through the addition of main group
elements [31,32], which is ascribed to decreasing
IBT behavior [17], and in agreement with the opti-
cal absorption property of the 21-HEA-NPs. Mean-
while, the optical absorption properties of all the
HEA-NPs have been compared with carbon-based
materials including graphene, graphite, carbon nan-
otubes and reduced graphene oxide (Table S3,
ref. (S.M.) 23 to 29, Supplementary Data). It can be
seen that the HEA-NPs demonstrated the best opti-
cal performance among all the materials.
Afterward, the photothermal
performances of all the samples were inves-

conversion

tigated in the wavelength regions of 250 to
2500 nm; 100 mg HEA-NPs were irradiated
under simulated sunlight of 1.0 kW m™ (1 sun)
and their surface temperatures were recorded
through an infrared (IR) camera. As exhibited
in Figs 3d and 4a, the surface temperature of the
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Figure 3. Synthetic approach design and element characterizations of HEA-NPs. (a) Flow diagram of the V/P strategy and high-entropy-driven process
for obtaining HEA-NPs from metals with different vapor pressure. TEM-EDS maps of (b) phase separation nanoparticles (ZnCdPbBi and AginMnSn), (c)
9-HEA-NPs (FeCoNiCrYTiVCuAl), (d) 13-HEA-NPs (FeCoNiCrYTiVCuAINbMoTaW) and (e) 17-HEA-NPs (FeCoNiCrYTiVCuAINbMoTaWAgInMnSn), respec-
tively. Scale bars: 50 nm. (f) Calculation results of the mixing entropy of different HEA-NPs based on ICP-OES results, indicating that the mixing entropy
is increased along with the enhancement of composited elements.

21-HEA-NPs can increase to ~107°C within 90 s
and rapidly reduce to room temperature when the
simulated light is removed. Such a phenomenon
can also be recognized in other HEA-NPs under
1 sun irradiation, and it is found that the maxi-
mum surface temperatures of all the samples can
exceed 100°C after ~150 s irradiation (Fig. 4b),
evidence for an excellent photothermal conversion
performance.

Water evaporation performance
of HEA-NPs

Owing to the great photothermal conversion per-
formances, the water evaporation behavior of HEA-
NPs was investigated by measuring the mass change
of pure water under sunlight irradiation (Figs $20
and S21, Supplementary Data). To deeply under-
stand the facilitation performance of HEA-NPs,
the evaporation rates of pure water and original
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nylon membrane were calculated to be 0.67 and
0.69 kg m> h™!, respectively. Here, the evaporation
rates of the 9-, 13-, 17- and 21-HEA-NPs under 1
solar irradiation (Fig. Sa) were analyzed to be 2.20,
2.26,2.33 and 2.42 kg m~2 h7}, respectively, indicat-
ing that the evaporation rate of HEA-NPs can be im-
proved through the ultra-mixing strategy of the com-
posited elements. Moreover, the evaporation rate of
21-HEA-NPs has also been measured under the dif-
terent simulated sunlight energy, in which the aver-
age water evaporation rate achieves 2.42, 4.84, 7.60,
11.10 and 15.12 kg m™ h™" under the light intensi-
ties of 1,2, 3, 4 and 5§ kW m™2, respectively (Fig. Sb
and c, Fig. $22 and Table S4, Supplementary Data),
indicating an excellent solar steam generation per-
formance.

In addition, the evaporation rates of all the
samples have been evaluated in saline water. The
saline concentration was fixed at the average salin-
ity of the world’s oceans (3.5 wt%). As shown in
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Figure 4. Solar harvesting property of HEA-NPs. (a) 21-HEA-NP powders under 1 solar irradiation for 90 s. (b) The maximum
surface temperature of all the samples after 150 s irradiation (1 sun). (c) The solar absorption spectrum of different nanopar-
ticles; the gray area is the solar radiation spectrum. (d) Temperature change tendency of different HEA-NPs with an irradiated

time of 600 s.

Fig. 5d, the evaporation rates of the 9-, 13-, 17-
and 21-HEA-NPs under 1 solar irradiation in the
saline water were calculated to be 2.17, 2.27, 2.29
and 2.43 kg m™> h™!, respectively. Such a perfor-
mance strongly suggests that the photothermal con-
version performance of HEA-NPs cannot be influ-
enced by inorganic salt. In addition, the evaporation
rates of 21-HEA-NPs under different energy inten-
sities (1 to S KW m™) were calculated to be 2.43,
4.71,7.70, 11.75 and 14.47 kg m~* h™!, respectively
(Fig. Se and f, Fig. 522 and Table S4, Supplemen-
tary Data). It is noted that the HEA-NPs in saline
water (3.5 wt%) have a similar photothermal conver-
sion performance to those in pure water, indicating

Page 6of 11

great potential for their application in seawater
desalination.

The solar steam efficiency of solar light (n),
another important value for evaluating photother-
mal conversion performance, has been calculated
based on Equation S3 (Supplementary Data) [7,33].
The average steam generation efficiency of the 9-,
13-, 17- and 21-HEA-NPs in pure water is 93.55%,
94.64%, 96.15% and 97.97%, respectively, and in
saline water (3.5 wt%) is 93.17%, 93.25%, 96.20%
and 97.83%, respectively (Table S5, Supplementary
Data). Such a result indicates that efficiency can be
improved along with the increase of composited ele-
ments. In particular, the steam generation efficiency
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Figure 5. Photothermal conversion effect (water evaporation) of HEA-NPs. Water evaporation curves (pure water) for (a) different nanoparticles loaded
on the nylon membrane under 1 sun irradiation, (b) 21-HEA-NPs loaded on the nylon membrane under 1-5 sun irradiation and (c) its corresponding
stability, and the same performance in saline water (3.5 wt%), including (d) evaporation rates for different HEA-NPs under 1 sun, (e) 21-HEA-NPs under
different irradiation and (f) its stability.

of the 21-HEA-NPs could even exceed 99% dur-  tion (WHO) and the US Environmental Protection
ing measurement, exhibiting an excellent photother-  Agency (EPA) [35,36]. Therefore, the HEA-NPs are
mal conversion performance. To illustrate the excel-  good candidates for photothermal conversion ma-
lent evaporation performance, the evaporation rates  terials used for solar steam generating and seawater
of HEA-NPs was compared to other previously re-  desalinating applications. Meanwhile, the long-term
ported materials (Table S6, ref. (S.M.) 30 to 53 in stability of the evaporation performance of 21-HEA-
Supplementary Data), and the samples, including 7-,  NPshasbeen evaluated in 10 wt% saline water under
9-, 13-, 17- and 21-HEA-NPs, possessed satisfac- 1 sun irradiation. It was recognized that the evapo-
tory water evaporation performance in the related  ration rate and solar steam efficiency were stabilized
reports (Fig. 6d). at ~2.36kgm™>h" and 95.52% after 100 h continu-
The desalination performance of 21-HEA-NPs  ous measurement, respectively (Fig. 6e and Fig. S25,
was evaluated in four artificial seawater samples with  Supplementary Data), indicating that the HEA-NPs
a salinity of 0.8 wt% (Baltic Sea), 3.5 wt% (world  could serve as excellent desalination materials.
ocean), 4 wt% (Red Sea) and 10 wt% (Dead Sea) The photothermal conversion performance of
(Fig. $23, Supplementary Data) [7,34]. The average ~ the HEA-NPs was enhanced after the ultra-mixing
water evaporation rates of 21-HEA-NPs in 0.8, 3.5,  of composited elements. Such an enhancement can
4 and 10 wt% seawater were 2.38, 2.46, 2.48 and  be attributed to two main factors, including the d-d
2.37 kg m™ h!, respectively (Fig. 523, Table S7,  IBTs and the lattice distortion effect (high-entropy
Supplementary Data), and the corresponding solar  induced). Commonly, the energy of d bands in
steam efficiencies were calculated to be 97.13%,  transition metals is gradually moved below the
98.04%, 98.06% and 96.77% (Table S7, Supplemen- ~ Fermi level when electron is increasing [17,37].
tary Data). The concentration ions, including Na™,  For example, the 3d bands of Fe, Co and Ni are
Mg**, Ca*" and K, in collected water, have been  located around the Fermi level, Ti, V and Cr are
reduced by about three orders of magnitude com-  above the Fermi level, and Mn and Cu are below
pared to that of simulated saline water before the  the Fermi level. Therefore, through composed
desalination (Fig. 6a and b and Fig. $24, Supplemen-  with the 3d elements from different energy regions
tary Data). The salinity of collected water perfectly  in the 21-HEA-NPs, a stronger d-d IBT can be
fits the standards of the World Health Organiza-  realized, in which the energy of d bands around
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Figure 6. Desalination performance and outdoor application. (a) The measured salinities (the weight percentage of all ions) of the four simulated
seawater samples before and after desalination. The dashed lines refer to the drinking water standards of the WHO and EPA. (b) The measured
concentrations of four different ions (Na™, Mg?*, Ca?*, K*) of 21-HEA-NPs in saline water (3.5 wt%) before and after desalination. (c) Solar flux (dots)
and freshwater yield per hour (bars) on a typical sunny day (28 August 2021, Shenyang). (d) Comparison of the photothermal evaporation rate of HEA-
NPs and previously reported photothermal conversion materials. (e) Long-term stability test (100 h) of 21-HEA-NPs in 10 wt% saline water under 1 sun

irradiation.

the Fermi level can be fully filled [38,39], resulting
in an improved solar energy absorption property
[17]. In our previous report, we showed that the
energy regions were fully filled in 7-HEA-NPs
(FeCoNiTiVCrCu), which demonstrated an excel-
lent photothermal conversion (water evaporation
rate) of 2.26 kgm > h™! under 1 sun irradiation [20].
It is known that the addition of main group ele-
ments can reduce the performance of IBTs [31,32],
however, the performance of 21-HEA-NPs was
increased to 2.43 kg m™2h™!. Thus, the IBT is not the
only factor dominating photothermal conversion
performance; it can be optimized via the lattice
distortion effect. In general, there are four types of
high-entropy effect—the high-entropy, the lattice
distortion, the sluggish diffusion and the ‘cocktail
effect [13,14,40-42]—which result in excellent
performances characterized by, for example, good
ductility, corrosion resistance and high strength of
the HEAs [25,43,44]. Here, the lattice distortion ef-
fect of HEAs could result in the random occupation
of metallic atoms in a crystalline structure, reducing
the electrical and thermal conductivity [42,45,46].
The reduction of thermal conductivity can result
in the accumulation of heat under solar irradiation,
increasing the surface temperature of nanoparticles
and thus enhancing the water evaporation rate.
As demonstrated in XRD results (Fig. 1b), it can
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be concluded that lattice distortion has occurred
with the addition of larger-atomic-radius elements
including Ta, W, Pb and Bi. Consequently, the
thermal conductivity of all the samples was carried
out (Table S8, Supplementary Data), and it can be
noted that the values were reduced with the increase
of composited elements. In particular, the thermal
conductivity of 21-HEA-NPs was reduced by >15%
compared to that of 7-HEA-NPs, showing that the
enhancement of photothermal conversion perfor-
mance is associated with the coupling between IBT's
and lattice distortion effect.

Outdoor application of 21-HEA-NPs

Finally, to visually demonstrate the water evapo-
ration performance of 21-HEA-NPs in the natu-
ral environment, the experimental equipment was
placed on the terrace of the ggmnasium at Shenyang
(41.76° N, 123.42° E) for outdoor tests on a typ-
ical sunny day (28 August 2021) (Fig. S26, Sup-
plementary Data). The temperature on that day
was 17-28°C with an III-level southwesterly wind.
The incident sunlight flux, evaporation rate, tem-
perature and mass changing were recorded and are
exhibited in Fig. 6¢c and Fig. S27 (Supplementary
Data). The surface temperature of the HEA-NPs
rose to the maximum value of 48.8°C at noon while
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the evaporation rate reached 4.13 kg m™> h™! un-
der ~0.80 sun irradiation. On a cloudy day, in
comparison, the evaporation behavior was reduced,
but still remained at a 2.24 kg m™> h™' rate under
0.57 sun irradiation (Fig. $27, Supplementary Data).
In addition, the 21-HEA-NPs enable an evaporation
rate of 0.72 and 0.50 kg m™* h! at night on a sunny
and cloudy day, respectively. It can be concluded
that 21-HEA-NPs exhibit excellent photothermal
conversion performance in the natural environment,
and can be used in other photic applications.

CONCLUSION

In summary, a series of HEA-NPs with 9, 13, 17
and 21 composited elements have been synthesized
through an arc-discharged plasma method with the
assistance of the V.P. strategy. In particular, a record
ultra-mixed 21-element HEA-NP was successfully
synthesized from a strongly repelling system, which
exhibited a BCC structure and uniformly elemental
distribution. Meanwhile, due to the d-d IBTs
and the lattice distortion effect, such HEA-NPs
demonstrated excellent photothermal conversion
performance; the surface temperature reached
107°C within 90 s under simulated sunlight irradia-
tion (1 sun). The evaporation rate and photothermal
conversion efficiency are 2.42 kg m™ h™" and 99%,
respectively, under 1 solar irradiation, demon-
strating the highest photothermal conversion
performance among all the HEA-NPs. Our work
provides new insights into HEA-NP discovery and
optimization, introducing a new approach to manip-
ulating the compositions of high-entropy alloy and
thus achieving differentiated performance design.
Meanwhile, the relationship between photothermal
conversion performance and high-entropy effect
has been clarified, and could be expanded to other
solar-based applications.

MATERIALS AND METHODS

Arc-discharged plasma method
for synthesizing HEA-NPs

The arc-discharged method was achieved by an ultra-
fast-cooling rate arc-discharged furnace designed by
our research group [22,23]. The original metallic
powders (purity in Table S9) were first pressed into
the cylinder shape and then placed into the vacuum
chamber. The reaction gas H, and Ar were intro-
duced into the chamber after the vacuum degree was
reduced to 5 x 107° Pa. The arc-discharge process
would be sustained for ~5-10 min to make sure
that the metallic powders had been reproduced into
nanoparticles. The cooling collection plate was set at
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300 and 150 K by employing water and liquid nitro-
gen as the cooling media. The as-made nanoparticles
were collected after passivating for ~6 h and then
stored in an ambient environment.

Structural characterizations

The microstructure and morphology of the
nanoparticles were characterized by field-emission
transmission electron microscope (FE-TEM, JEOL
JEM-2100F, JEOL ARM-200 and Thermo Scien-
tific Talos F200S) with an accelerating voltage of
200 kV. As for the preparation of the TEM sample,
the nanoparticles were firstly dispersed in the
ethanol and then dropped on the copper mesh. The
particle size was measured by Image]J software. XRD
was performed using a Smart Lab9kW (Rigaku)
with a scan step of 0.04° in the 20 region of 20° to
90°. XPS was performed on a Thermo ESCALAB
250. The metal contents of HEA-NPs were analyzed
by ICP-OES (PerkinElmer Optima 5300DV). The
solutions were prepared by digesting the samples in
a mixture of hydrochloric acid (HCl), hydrofluoric
acid (HF) and perchloric acid (HCIO,). The
thermal conductivity was tested through a thermal
constant analyzer (TPS 2500S, Hot Disk) at 40°C.

Photothermal conversion
performance tests

Solar absorption performance was characterized
by ultraviolet-visible spectroscopy (UV-3600, Shi-
madzu) with an attached integrating sphere (ISR-
3100) in the UV-vis-NIR region. The absorption
spectra were obtained by measuring the diffuse re-
flectance recorded (A% = 1-R%). IR thermal im-
ages were collected by the HIKMICROH36, and
the solar conversion performance was measured via
an IR thermometer (SA-D2580A, Wuxi Shiao Tech-
nology Co., Ltd.). The water evaporation rate was
measured based on the mass loss using an elec-
tronic mass balance (FA3204C, 0.1-mg accuracy)
with a communication model RS322 connected with
the computer. A Xe light with AM 1.5 filter (1.0
to 5.0 kW m™2, CEL-PF300L-3A, Beijing Educa-
tion Au-light Co., Ltd.) was employed as the sim-
ulated sunlight. The light intensity was monitored
by a full-spectrum optical power meter (CEL-FZ-A,
Beijing Education Au-light Co., Ltd.). The surface
temperature of HEA-NPs was recorded by the SA-
D2580A and a recorder (SA-JLY01A4, Wuxi Shiao
Technology Co., Ltd.) for 60 min with an interval
of 1 s. The simulated seawater, with salinity equaling
the average of the world’s oceans, was prepared by
dissolving 1.314 g NaCl, 0.037 g KCl, 0.05 g CaCl,,
0.305 g MgCl,-6H, O and 0.059 g MgSO, in S0 mL
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deionized water. Other simulated seawaters (Baltic
Sea, Red Sea, Dead Sea) were prepared by scaling
up and down the salinity of the simulated world’s
oceans.

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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