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ABSTRACT: Applying solar energy to generate drinking water is
a clean and low-energy exhaust route to address the issue of water
purification. The current challenge with solar vapor generation is
constructing nano/micro-hierarchical structures that can convert
solar irradiation into exploitable thermal energy with high
efficiency. Although various structures and material designs have
been reported in recent years, solar vapor conversion can be
improved by integrating light harvesting, thermal concentration,
and water diffusion. Because of the optimized solar harvesting,
enhanced heat capacity, and specified diffusive path endowed by
the hierarchical composite structure, amorphous tantalum oxide/
carbon-based yolk−shell structures (α-Ta2O5/C YS) for highly efficient solar vapor generation under 1 sun illumination are applied
in this study. As a result, the α-Ta2O5/C YS realized a water evaporation rate of 3.54 kg m−2 h−1 with a solar-thermal conversion
efficiency of 91% under one sun irradiation (1 kW m−2) with excellent evaporation stability. The collected water from seawater
meets the World Health Organization drinking water standard. Importantly, reactive oxygen species enabled by α-Ta2O5 could be
produced for water sterilization, exhibiting a facile way for application in various scenarios to acquire drinkable water.

■ INTRODUCTION
Providing inexpensive drinking water is an increasingly serious
challenge due to the various byproducts of industrial
manufacture. Public health is threatened by a wide variety of
water pollutants, including bacteria and viruses. Because of the
widespread and ready availability of seawater, there is a huge
demand for the desalination of seawater for acquiring
freshwater. Furthermore, drinking water obtained from harsh
environments, such as isolated reefs and border posts, is critical
for defense supply in regions with no electricity. However,
water treatment generally requires the removal of multiple
pollutants; basic treatment often relies on aggregation/
precipitation or media filtration of colloidal and other
suspended matter, which cannot provide sterilization and
inactivation. Recently, solar-driven interfacial water evapora-
tion has attracted tremendous research attention because of
the high water purification capacity and the wide range of
applications,1,2 as well as high solar conversion efficiency and
convertible industrial potential.3,4

A critical aspect of efficient solar evaporation is designing
optimized interfacial evaporation materials. Numerous studies
have been focused on this issue. The composition of solar-
driven interfacial materials mainly includes carbon materials,5,6

metal-based plasmonic materials,7−9 ceramic composites,10 and
polymer hydrogel materials.11−13 Precious-metal-based solar
vapor materials have attracted attention due to their strong
plasma resonance absorption and superior heat-transfer
properties;14 while evaporating actual water, metal-based

materials display an excellent antibacterial behavior against
Escherichia coli and Staphylococcus aureus,15 but it is unlikely to
achieve large-scale mass production. Polymer hydrogel is a
material with the highest evaporation rate in reported
research.16 Its three-dimensional interconnected porous
structure and abundant hydrophilic functional groups on the
surface are important bridges for efficient water diffusion17 and
have application potential in organic compound enrichment
and extraction.18 Unfortunately, polymer hydrogels suffer from
unstable synthesis and easy aging. Semiconductor solar vapor
materials possess a large number of free carriers,19 strong
localized surface plasmon resonance (LSPR) effect,20,21

significant thermal concentration effect,22−24 and easily
controlled nanostructures, especially some metal oxides, such
as magnetic Fe3O4, which can facilitate the recovery and reuse
of suspended particles.25 Carbon-based solar vapor materials
possess a wide light absorption range, hydrophilicity/hydro-
phobicity shift, and micropores/mesopores. Biomass carbon
materials have a low cost and a penetrating hierarchical pore
structure, which is conducive to water diffusion and trans-
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mission.26−28 Solar vapor composites are composed of various
materials mentioned above, and the preparation process is
often relatively complicated, making mass-scale production
difficult.29−31

Semiconductors as good candidates for solar-thermal
interfacial materials may be irreplaceable for such varied
applications. One reason is that semiconductor materials
would generate reactive oxygen species (ROS, such as hydroxyl
radicals, superoxides, and singlet oxygen), which are used for
rapid sterilization via photocatalytic oxidation. Another reason
is that semiconductors with highly adjustable light harvesting,
intrinsic enhanced thermalization, and excellent stability can be
simultaneously realized.

Currently, oxygen defects have been introduced into
semiconductors (metal oxides, such as TiO2−x,

32 MoO3−x,
33

and WO3−x
34), which could efficiently narrow the band gap

and enhance the light absorption. However, these oxygen-
deficient nonstoichiometric metal oxides become relatively
unstable under harsh environments. For this reason, the
introduction of heteroatoms, such as C or N, can not only
resolve the instability caused by oxygen defects but also
facilitate water diffusion by reducing the interaction force35

and improving the surface area.36

Generally, ideal solar evaporation materials must meet the
following criteria: (i) they usually have a wide absorption
capability, including a nanostructure design with higher light
harvesting;37 (ii) they must exhibit less emission, which

Figure 1. Morphology and structure of α-Ta2O5/C YS. (a) TEM image of α-Ta2O5/C YS; (b) SEM image of α-Ta2O5/C YS (inset: the broken
structure); (c) HAADF-TEM and SAED pattern (Inset) of α-Ta2O5/C YS; (d) EELS mapping images of the shell for the broken structure; (e)
XRD pattern and (f) Raman spectra of α-Ta2O5/C YS.
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ensures a higher solar-heat conversion efficiency;38 and (iii)
they must have corrosion resistance and excellent stability in
harsh environments and in the presence of water.39 Therefore,
excellent physicochemical stability against corrosion by acidic
and alkaline water, as well as the thermal concentration
endowed by an indirect bandgap structure and high diffusive
activation energy of the Ta atom, are desirable.40 Therefore,
Ta2O5 is a potential candidate for applications in thermal and
environmental barrier coatings.41 Notably, Ta2O5 with a large
band gap produces a large amount of reactive oxygen species
(ROS) for ultrafast sterilization and virus removal from water
bodies. By introducing C heteroatoms, the light-harvesting
efficiency and surface energy of Ta2O5 can be optimized.
Inspired by these advantages, we applied Ta2O5 and C
compounds as solar evaporation materials in this work.
In addition, the nano-microstructures of tantalum oxides

were mainly synthesized as low-dimensional nanoparticles or
fibers, inducing suboptimal water diffusion. As a result, the
rational design of these solar vapor generation materials with
three-dimensional (3D) microscale structures remains chal-
lenging. A specific micro-nano structural model, Yolk-shell
structure derived from hollow multishelled spheres, with
internal cores separated by external shells, reserving specific
dimensional voids, have been confirmed to to benefit light
harvesting42,43 and mass diffusion.44,45 Thermal concentration
endowed by this hierarchical porous structure would also
enhance the solar-thermal conversion efficiency.46,47

In this work, α-Ta2O5/C yolk−shell (α-Ta2O5/C YS) with a
sub-micrometer structure was successfully synthesized by using
a hydrothermal calcination process.48−52 Because of the
disordered atomic arrangement and unique hierarchical hollow
structures, the amorphous Ta2O5/C YS exhibited a higher heat

concentration and enhanced capillary diffusion properties, with
the highest evaporation rate of up to 3.54 kg m−2 h−1 and 91%
solar-heat conversion efficiency. Furthermore, it maintained
good stability for up to 15 days without a decrease in activity.

■ RESULTS AND DISCUSSION
α-Ta2O5/C YS was prepared through one-step cation
adsorption and lower temperature calcination based on carbon
microsphere (CMS) templates. The precious structure can be
controlled by adjusting the concentration of the metal ions and
heating conditions. Because of the adsorption solvent with
lower surface tension, absolute ethanol was substituted with
acetone to improve the cation diffusion depth and adsorption
capacity. Furthermore, the heating atmosphere and temper-
ature were confirmed to adjust the burning rate, which can
suitably control the composition and yolk-like diameter of this
specific structure. The transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) images in
Figure 1a,b display Ta2O5/C YS, which has a relatively uniform
diameter and a concave−convex surface, and the broken
structure indicates that the solid microsphere and shell are
separated by the large cavity (inset in Figure 1b). Notably,
Ta2O5/C YS with a short-range ordered amorphous phase (α-
Ta2O5/C) was fabricated at 300 °C for 90 min, which is
proven by high-angle annular dark-field transmission electron
microscopy (HAADF-TEM) showing the random arrange-
ment of atoms in shells (Figure 1c). Selected area electron
diffraction (SAED) shows the dispersion ring in the prepared
sample, which also confirms the disordered amorphous
structure (inset in Figure 1c). Interestingly, electron energy
loss spectroscopy (EELS) mapping revealed that the shell of
this sample is composed of Ta, O, and C atoms (Figure 1d).

Figure 2. Solar absorbance and solar conversion of α-Ta2O5/C YS and α-Ta2O5/C NP. (a) XPS spectra of α-Ta2O5/C YS; (b) EPR spectra and
(c) UV−vis−NIR spectra of the YS and NP samples; and (d) photoluminescence (PL) spectra of the as-prepared sample; the excitation
wavelength is 350 nm.
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The morphology and carbon amount of this structure could be
controlled by a specific annealing procedure (Tables S1 and
S2).
Similarly, the X-ray diffraction (XRD) results show no

diffraction peak assigned to Ta2O5/C YS, based on the low-
temperature phase Ta2O5 (orthorhombic: PDF number 89-
2843, Figure 1e), which confirms that a long-range disordered
structure exists in tantalum oxide/carbon composites. As
observed in the Raman spectra, the Raman bands between 100
and 450 cm−1 are associated with O−Ta−O bending modes in
TaO6 octahedra,

53 Raman peaks of the samples prepared by us
have a blue shift, compared with orthorhombic Ta2O5, and
their intensities weaken to a half, which indicates that the TaO6
unit is retained in the prepared composites (Figure 1f).
However, the peaks between 450 and 900 cm−1 mainly
correspond to the various Ta−O stretching modes associated
with edge-shared polyhedra. The disordered results in these
Raman bands from the sample indicate that it has a long-range
disordered atomic arrangement. All of these features are in
good agreement with the XRD results.
Surface valence state analysis was conducted by X-ray

photoelectron spectroscopy (XPS), as shown in Figures 2a and
S1. The Ta5+ 4f7/2 peak located at 25.9 eV in the XPS
spectrum54 of α-Ta2O5/C YS confirmed that the majority of
the Ta element is in the Ta5+ state, while a large quantity of C
atoms are dispersed around the TaO6 unit or interval
positions; C atoms have a lower electronegativity compared
with O atoms, which results in a differential charge density
around the Ta atoms as well as dangling bonds at the
amorphous surface. Thus, a tiny valence deviation exists in the
prepared samples. Electron paramagnetic resonance (EPR)

spectra verified that the unpaired electrons are caused by C
heteroatoms and oxygen defects. The indicator values of the g
peak at 2.015 and 2.002 correspond to oxygen vacancies and C
heteroatoms,55 respectively (Figure 2b). The light-harvesting
capacity of the prepared samples should be interrelated to
these unpaired electrons.
To experimentally assess the light-harvesting capacity, we

further measured the ultraviolet−visible−near infrared (UV−
vis−NIR) spectra with different morphological structures (the
yolk−shell samples synthesized by us and nanoparticles). For
comparison, α-Ta2O5/C nanoparticles (NPs) were synthesized
through a hydrothermal process by a similar heating procedure
(Figures S2−S4). The total absorption capacity of the α-
Ta2O5/C YS sample is 92.1%, which is higher than that of α-
Ta2O5/C NP (86.5%). Density functional theory (DFT)
calculations show that α-Ta2O5/C has an indirect band gap of
0.12 eV (Figure S5), sharply decreasing the band gap of
Ta2O5.

46 Moreover, the PL spectra confirm that α-Ta2O5/C
YS has a lower PL intensity (Figure 2d) compared with α-
Ta2O5/C NP. This indicates that the yolk−shell sample can
not only harvest more light but also transfer more photoexcited
electrons to nonradiative relaxation, i.e., solar-thermal con-
version.
As a result, the surface temperature of amorphous Ta2O5/C

YS increased from 30 °C to 91 °C in 3 min under solar
illumination of 1 kW m−2 (Figure 3a,b), which is higher than
that of α-Ta2O5/C NPs (86 °C). With the same weight
compared with α-Ta2O5/C NPs, the α-Ta2O5/C YS powder
has a larger luminal volume because of the hierarchical cavity
structure, which may be responsible for the unique heat
concentration. The heat capacity of α-Ta2O5/C was exper-

Figure 3. Solar-thermal conversion of α-Ta2O5/C YS and α-Ta2O5/C NP. (a) Temperature-changing course of different samples under solar
illumination of 1 kW m−2. (b) Infrared image of α-Ta2O5/C yolk−shell and α-Ta2O5/C nanoparticles under solar illumination of 1 kW m−2 for 60
min. (c) Heat capacity of materials with different morphologies measured by the sapphire reference method. (d) Specific heat capacity of different
samples compared with the sapphire reference at 45 and 90 °C.
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imentally assessed by differential scanning calorimetry (DSC)
by the sapphire referring method. Interestingly, complex
hierarchical microstructures, such as the amorphous Ta2O5/
C YS sample, have a larger heat capacity compared with
Ta2O5/C NPs (Figure 3c). The heat capacity of amorphous
Ta2O5/C YS is measured to be 1.85 J K−1 °C−1 at 90 °C, which
is 1.4 times that of nanoparticles obtained by coprecipitation
(1.44 J K−1 °C−1), indicating that the yolk−shell structure has
the advantage of high heat storage capacity (Figure 3d). As a
consequence, the external solar-thermal conversion efficiency
(ηext) was calculated to be 91% by fitting the temperature
cooling curve for α-Ta2O5/C YS with an exponential function
(Figure S6 and Table S3).
Furthermore, α-Ta2O5/C YS and α-Ta2O5/C NP were

applied in water desalination and purification under solar
irradiation. High evaporation rates of approx. 3.54 and 3.2 kg
m−2 h−1 were achieved with α-Ta2O5/C YS in deionized (DI)
water and seawater. However, α-Ta2O5/C prepared with
nanoparticles exhibited evaporation rates of 3.36 and 3.04 kg
m−2 h−1 under the same conditions, respectively (Figure 4a).
In detail, all results were values after the subtraction of the
blank control, which refers to the sample evaporation rate in a
dark environment. The performance measurement of pure
carbon spheres as controls was also conducted with the same
conditions (Figure S7). More impressively, the evaporation
rate can be maintained without any attenuation under
continuous irradiation for 24 h (Figure 4b); furthermore,
even after 2 weeks, the α-Ta2O5/C YS materials exhibited
superstability in the water evaporation−purification perform-
ance (Figure 4b inset). From the DFT−Monte Carlo result

(Figure S8 and Tables S4−S6), 1−1.5 nm medium-sized
channels assigned to α-Ta2O5/C YS are remarkably higher
than those in α-Ta2O5/C NP. Capillary and relative hydro-
phobic actions attributed to amorphous carbon can adjust the
balance between the water diffusion rate and the water
evaporation rate (Figure S9), which may be responsible for the
rapid water evaporation rate endowed by α-Ta2O5/C YS.
For another aspect, we detected the quality of the collected

water after purification; the concentrations of the four ions
(Na+, K+, Ca2+, and Mg2+) in seawater after purification were
lower than the WHO standard for drinking water,56 which is 2
orders of magnitude better than the WHO standard (Figure
4c). Not only that, α-Ta2O5 has a suitable band gap to generate
reactive oxygen species (ROS, such as hydroxyl radicals) under
sun irradiation. Electron paramagnetic resonance (EPR)
spectroscopy was performed by the DMPOX capture method
to monitor hydroxyl radicals in the DMSO solution. A higher
intensity of DMPO-OH indicates a high concentration of
hydroxyl radicals generated under 3 min irradiation (Figure
4d), which can be considered as the mechanism for rapid
inactivation in purified water.

■ CONCLUSIONS
In conclusion, the α-Ta2O5/C YS material was prepared by the
low-temperature calcination method and applied to solar-
driven interfacial water evaporation. We demonstrated that C
heteroatoms could enhance the light-harvesting ability and
reduce water diffusive resistance; moreover, heat concentration
endowed by specific yolk−shell structures could optimize
solar-thermal conversion. As a result, α-Ta2O5/C YS enabled a

Figure 4. Water treatment performance and stability test. (a) Mass loss of water with the corresponding evaporation rate of α-Ta2O5/C yolk−shell
and nanoparticles under 1 sun, i.e., 1 kW m−2. (b) Stability test for water evaporation with various water samples for 24 h and the stability test for
water evaporation in DI water for 14 days. (c) Concentration of ions in seawater before and after purification. (d) EPR spectrum of the hydroxyl
radicals in dark and 3 min illumination conditions. ● Four-line peak with an intensity ratio of 1:2:2:1 represents DMPO-OH (g = 2.005). ⧫ Three-
line peak with an intensity ratio of 1:1:1 represents HDMPO-OH (g = 2.006). A higher intensity of DMPO-OH (●) indicates that more hydroxyl
radicals are present.
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water evaporation rate of 3.54 kg m−2 h−1 with a solar-thermal
conversion efficiency of 91% under one sun irradiation.
Furthermore, the evaporation rate of α-Ta2O5/C YS hardly
abated in the 2-week test, indicating the excellent stability of
the prepared samples. After purification, the ion (Na+, K+,
Ca2+, Mg2+) concentrations in seawater were 2 orders of
magnitude better than the drinking water WHO standard.
Interestingly, the collected water could be sterilized by α-
Ta2O5/C YS because of ROS radicals. This method exhibits
great application prospects for drinkable water supply in
border defense and island regions.

■ EXPERIMENTAL SECTION
Synthesis of a-Ta2O5/C YS. Freshly prepared CMSs (1 g)

were dispersed in 50 mL of 0.05 M tantalum chloride/acetone
solution by ultrasonication. After ultrasonic dispersion for 10
min, the resulting suspension was stirred for 2 h at 30 °C in a
water bath. After vacuum filtering and washing with acetone
three times, the sample was dried at 50 °C in an oven for 12 h.
The microspheres were heated to 300 °C in an air
environment with a heating rate of 5 °C min−1, maintained
at 300 °C for 90 min, and then cooled down to room
temperature naturally.
Film Preparation and Testing Device. 50 mg of a-

Ta2O5/C YS powder was dispersed in 2 mL of DI water in an
ultrasonic bath. The dispersed mixture was deposited on
absorbent cotton to form a 3 cm-diameter membrane. The
obtained film was placed on one side of an H-shaped
connector (volume = 200 mL), which was used as the
water-holding device.
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