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The design and fabrication of efficient photothermal materials is the key issue in solar-driven
water evaporation. In this work, a robust CuCr2O4/SiO2 composite membrane with outstanding
solar-driven water evaporation performance (1.32 kg m-2 h-1) under one sun irradiation is
rationally designed and synthesized by using quartz glass fibrous membrane as supporting matrix
and stable CuCr2O4 particles as the active light absorber. Instead of coating a separate layer on
top of the support, the CuCr2O4 particles are evenly distributed inside the matrix, which endows
the membrane with great mechanical strength and excellent wear and abrasion resistance. The
highly porous composite survives 6 atm pressure and retains its performance even after 75% of
the membrane is removed by sandpaper. This work also looks into a generally overlooked aspect
of wet versus dry state of photothermal material and its implications. Interestingly, the composite
possesses a grey color with a high reflectance in dry state but turns into deep black with a low
reflectance in wet state due to the decreased subsurface scattering and strong NIR light
absorbance of water in wet state. This composite material also possesses excellent thermal
stability and thermal shock resistance, making it able to be easily recovered by calcination in air
or direct burning in fire for contaminants removal. Our results demonstrate that this composite is
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a competitive photothermal material for practical solar distillation and indicate that the optical
properties of material in wet state are more relevant to photothermal material screening and
optimization for solar distillation.

1. Introduction
With the increasing threat of global energy crisis and clean water shortage, using solar energy
to produce clean water becomes an attractive strategy.[1] Among all available options, solar
distillation, which directly uses solar-driven water evaporation process to produce steam and then
collects the condensate as fresh water, is the most ancient one but is being rejuvenated
nowadays.[2] Solar distillation is able to produce fresh water from a variety of water sources and
without the need of any moving parts, electronic devices and high pressure operations.[3]
Therefore, it is attractive and economical especially for small sized water plants and can be made
into point-of-use potable water production apparatus.[1]
Thanks to the interfacial heating idea and the fast development in rationally designed
photothermal materials, the solar-driven water evaporation efficiency has been significantly
improved in the last five years.[4] Various black materials with strong light absorbance in the solar
spectrum range are intensively investigated, including carbon based materials,[4e,

5]
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nanoparticles,[4c, 6] conjugated polymers,[7] MXene,[8] and black metal oxides.[9] While, in theory,
less than 1 mg cm-2 of these materials would efficiently absorb the majority of the sunlight, in
reality it’s prohibitively difficult to fabricate a single-phase photothermal membrane with such a
small amount of material that nevertheless possesses satisfactory operation stability and
mechanical strength for practical uses. Therefore, composite, instead of single-phase,
photothermal membrane is typically fabricated where an additional phase is used as a support to
increase the structural stability, with the most popular configuration being a separate thin active
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photothermal material layer on top of an inactive and generally porous supporting substrate, such
as paper,[6a] wood,[5j,

7b, 10]

metal mesh,[7a,

9c]

macroporous silica,[5l] cellulose,[5i,

9a, 9b]

AAO

membrane,[6c] expanded polystyrene (EPS),[5d, 5f, 5h] etc. Generally, the top photothermal layer is
rationally designed and made into highly porous structure in literatures (1) to increase its light
absorbance by creating multiple reflections inside the pores,[11] (2) to provide passageways for
efficient water supply, and (3) to increase the material/water interface for fast heat transfer, all of
which are conducive to highly efficient solar distillation. However, the evil side of the highly
porous structure as well as the ultrathin thickness of the top light absorbent layer brings about
inevitable problems in real applications, such as fragileness, weak wear and abrasion resistance,
and difficulty in removal of foulants and contaminants.
It has to be noticed that, in solar distillation, the optical and thermal properties of photothermal
materials are overwhelmingly investigated and optimized at their dry state, while their solar
distillation performances are in fact measured when they are wetted by water. The essential
properties at dry state do not always represent those at wet state of the same photothermal
material. For examples, a highly open porous supporting substrate may possess extremely low
thermal conductivity at dry state, but the thermal conductivity can dramatically increase to even
higher than pure water when its pore space is filled with water,[12] which literally makes it
unsuitable as a heat barrier in wet state. From the viewpoint of a porous photothermal material, (1)
as the refractive index of water (1.33) is significantly different from air (1.00), considerable
difference in the material’s optical properties may be expected after its pore space is filled with
water in wet state, which has been noticed and investigated in other areas, including agriculture,
remote sensing, papermaking, and so on.[13] (2) It is widely believed that, in order to capture as
much solar energy as possible, photothermal materials with wide light absorption spectra from
300 to 2500 nm, namely the entire spectrum of solar irradiation, are considered as a prerequisite.
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However, this statement omits the light absorption property of water. It is true that water has a
very small extinction coefficient in visible light range (< 0.01 cm-1),[14] but its extinction
coefficient increases dramatically in near infrared (NIR) range and becomes higher than 10 cm-1
for light wavelength >1300 nm,[15] meaning water inside the pore space of a wet porous
photothermal material is already an excellent light absorber component for sunlight in the range
of 1300 nm to 2500 nm. This implies that the current strict criteria of full solar spectrum light
absorber as an effective photothermal material can be potentially loosened up, which would
otherwise significantly expand the pool of the candidates for photothermal material screening.
Moreover, it is known if a material has a very low light extinction coefficient and possesses a
same refractive index as water, it will be invisible underwater because no light refraction or
interface scattering occurs at the material/water interface.[16] This knowledge inspires us to think
that, if a porous structure of such an underwater invisible material is used as a supporting
substrate, into which black photothermal material particles are loaded evenly inside its pore space,
like pitaya seeds uniformly distributed in and across white pitaya flesh, the optical properties of
the composite will be equivalent to a direct and uniform dispersion of black photothermal
particles in water as if the supporting matrix did not exist. In this proposed structure, the invisible
supporting substrate can contribute to improving all kinds of desired mechanical properties to
support photothermal materials without affecting their underwater optical properties, e.g. light
absorption in this case.
In this work, we fabricate a pitaya-like structured composite photothermal material by using
commercial quartz glass fibrous (QGF) membrane as inactive supporting substrate and copper
chromate (CuCr2O4), a widely used commercial inorganic black pigment, as active photothermal
component. In the composite, the CuCr2O4 particles are distributed inside the supporting matrix
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material instead of coating a separate CuCr2O4 layer on top of the QGF membrane. The refractive
index of quartz glass (1.46) is only slightly higher than water (1.33) but significantly lower than
most inorganic solid materials. As a consequence, although the composite membrane possesses a
high diffuse reflectance in dry state (i.e., 26% in visible light range and 57% in NIR range) and
shows a grey color, its reflectance decreases to less than 4% in the entire solar spectrum range in
wet state and shows a clear underwater black property. The sharp contrast of the optical
properties of the same composite at dry vs. wet state is attributed to the decreased light scattering
at glass/water interface comparing to the glass/air interface and the strong NIR absorption by
water in wet state. This specially compositional and structural configuration of the composite
membrane endows the membrane with extremely high mechanical strength, excellent wear and
abrasion resistance, and easy-to-clean-when-fouled properties. The composite retains its
performance in solar-driven water evaporation even after 75% of the composite membrane is
removed by sandpaper, it stays stable in air up to 900⁰C with excellent thermal shock resistance,
and it, when bio-fouled or contaminated, can be easily recovered by high temperature calcination
in air and/or directly burning in fire to remove the biological foulants and organic contaminants.
The ultrafast and scalable synthesis methods are further developed for the composite membrane,
which makes it an attractive option for practical solar distillation application. The results of this
work unequivocally point out the importance of using optical properties in wet state, instead of
dry state, for the purpose of photothermal material screening and performance optimization
towards solar-driven water evaporation.
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2. Results and discussions
2. 1 Material fabrication

Figure 1. The synthesis process of Frisbee shape CuCr2O4/SiO2 composite membrane disk and its
assembly with EPS to make a composite CuCr2O4/SiO2-EPS tandem structured disk.
In this work, CuCr2O4/SiO2 composite with Frisbee shape structure and flat disk shape
structure are both fabricated by using the same hydrophilic QGF membrane disk as a supporting
matrix material as illustrated in Figure 1 and Figure S1, respectively. The samples with Frisbee
shape structure are assembled with round shape EPS disks with matching size (Figure 1) to
provide floating capability and heat barrier functionalities, and used for water distillation
performance measurements. The flat disks are fabricated for all kinds of other characterizations,
including optical property, XRD, SEM, etc. Although the QGF membrane is labeled as quartz
fiber filter, XRD pattern of the pristine QGF membrane only shows a broad and weak diffraction
peaks at ~ 22º (Figure S2), indicating it is made of amorphous silica, i.e. quartz glass or fused
silica.[17] QGF membrane is selected as the matrix material because it has a low refractive index
of 1.46, which is close to water (1.33) but lower than most inorganic solid materials, and also
because of its outstanding stability. As a matter of fact, QGF stays stable at high temperature (>
900⁰C) and in all kinds of organic solvents, high salinity aqueous solution, most acid medium and
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base condition with pH < 11.[18] SEM observation reveals that QGF membrane is made of glass
fibers with a broad diameters distribution from 200 nm to 5 μm (Figure S3). The diameter,
thickness and weight of the pristine QGF membrane is 37 mm, ~0.8 mm and ~90 mg,
respectively. After it is soaked with water, each membrane disk can hold approximately 0.8 ml of
pure water, indicating its high porosity with a total pore volume of ~0.8 cm3.
The white QGF membrane disk is made into Frisbee shape by a steel mold as illustrated in
Figure 1. The CuCr2O4 component is loaded inside the QGF matrix by impregnating the
corresponding metal nitrates aqueous solution inside the pore space, followed with high
temperature calcination in air. The loading amount of CuCr2O4 is fixed at 20 mg, unless
otherwise noted. XRD results show that the metal nitrate precursors are decomposed to Cr2O3 and
CuCrO4 in the first stage at 400ºC, and then they further react with each other to form spinel
phase CuCr2O4 when the calcination temperature is higher than 500°C (Figure S2). The CuCr2O4
becomes the only crystalline component in the products at 700 - 900°C (Figure S2). No metal
silicates are recorded in all these XRD patterns. The quartz fibers are slightly crystalized to form
cristobalite phase crystal at 1000ºC, which agrees with the literature reports.[17] The above results
indicate that the CuCr2O4 is very stable in air at high temperature and the QGF membrane matrix
is stable at least up to 900ºC.
It is worth mentioning that although the spinel phase cupric chromite (CuCr2O4) contains
chromium in its crystal lattices, it is known as nontoxic and is being massively produced in
industry as catalysts and eco-friendly mixed metal oxide (MMO) type pigments, commercially
known as Pigment Black 28 or Copper Chromite Black in commodity.[19] The chromium in this
materials is in +3 valence state, and the water-insoluble chromium (III) compounds are not
considered a health hazard.[20] Actually, trivalent Cr(III) is recognized an essential trace metal
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nutrient and therefore it is widely seen as a nutritional supplement for humans and animals.[21]
The leaching of Cr in water from CuCr2O4 has been investigated in literature and it shows only
less than 2 ppb Cr(III) was detected in water.[22] In our work, out of concern of possible oxidation
of Cr(III) to Cr(VI), we measured the Cr(VI) leaching property by UV-vis spectrum using 1,5diphenylcarbazide as chromogenic agent following the method reported in literature.[23] The
result clearly shows that after immersing the CuCr2O4 sample in water for 24 hour, the
concentration of Cr(VI) in the water was lower than 5 ppb and close to 0 ppb (Figure S4). The
World Health Organization and the U.S. EPA recommend maximum allowable concentration in
drinking water for chromium (VI) being 50 and 100 ppb respectively,[24] which means the
leaching of Cr from CuCr2O4 in source water is not a problem. Actually, the high stability of
CuCr2O4 makes the extraction of Cr out of spent CuCr2O4 catalyst a great challenge in industry
and therefore the process has to be operated at a temperature higher than 800°C in molten
NaOH.[25]
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Figure 2. SEM images of (a, b) CuCr2O4/SiO2 composite membrane, (c) CuCr2O4 after the
removal of quartz glass fibers, and (d) the absorbance spectrum in visible light range of dispersed
CuCr2O4 in water with different concentrations.
Figure 2 presents SEM images of the CuCr2O4/SiO2 composite material synthesized at 700 oC.
As seen, the composite still possesses a nonwoven fibrous membrane morphology (Figure 2a)
and some CuCr2O4 particles are wraping and binding quartz glass fibers together (Figure 2b). In
order to more clearly understand the structure of the CuCr2O4 inside the QFG matrix, the QGF is
selectively removed by 4 M NaOH etching. With the QGF matrix gone, clear tunnel structures of
CuCr2O4 particle aggregates can then be clearly viewed by SEM (Figure 2c). After the removal of
quartz glass fibers, the CuCr2O4 particles can be dispersed in water and the corresponding
absorbance spectra in visible light range with different concentrations are shown in Figure 2d. Its
extinction coefficient in the wavelength range from 700 to 400 nm is estimated to 3.3 to 7.4 L g-1
cm-1, which is only slightly lower than carbon nanotubes and thus indicates that CuCr2O4 is an
outstanding light absorbent in visible light range.[8]
2. 2 Optical properties in dry and wet states
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Figure 3. The (a, d) reflectance, (b, e) transmittance and (c, f) absorption spectra of the pristine
QGF filter and CuCr2O4/SiO2 composite membrane synthesized at 700 oC with 20 mg CuCr2O4
loading amount at (a, b, c) dry and (d, e, f) wet states.
In dry state, the pristine QGF membrane possesses a very high reflectance (~89%) in the entire
solar spectrum range (Figure 3a) and thus shows a bright white color (Figure 4a), with a uniform
transmittance of ~11% (Figure 3b) and a negligible amount of light absorption (Figure 3c). This
result agrees with the fact that quartz glass is highly transparent in the entire wavelength range
from 300 to 2500 nm.[26] On the other hand, the flat CuCr2O4/SiO2 composite membrane disk
synthesized at 700ºC possesses a nearly zero transmittance (Figure 3b) while a quite high
reflectance (Figure 3a), with an average reflectance in 300 - 800 nm being 26% and increasing to
57% in the NIR range (1500 - 2500 nm) (Figure 3a). Because of its high reflectance, only about
75% visible light and 44% of NIR light in the range of 1500 nm to 2500 nm are absorbed by this
material (Figure 3c). Consequently, when the CuCr2O4/SiO2 composite is exposed in daylight, it
is not a black but a grey material as shown in Figure 4d. In summary, light is effectively stopped
by the CuCr2O4/SiO2 composite membrane in the entire solar spectrum but quite a lot of light is
reflected back, suggesting the CuCr2O4/SiO2 composite membrane is not an efficient light
absorbent in dry state.
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Figure 4. Optical images of (a, b, c) pristine QGF filter membrane and (d, e, f) CuCr2O4/SiO2
composite membrane in (a, d) dry state, (b, e) soaked with water and (c, f) soaked with triethylene
glycol (TEG) on a grid paper. (g, h) Optical images of CuCr2O4/SiO2 composite membrane with
TEG as optical clearing agent, inset: a optical image of a real pitaya flesh.
Interestingly enough, this in-air-grey CuCr2O4/SiO2 composite turns into a deep dark black
once it is immersed under water or soaked with water due to the strong capillary action (Figure
4e). Its reflectance in visible light and NIR ranges dramatically decreases from 26% and 57% in
air to 3.6% and 5.9% when wetted by water, respectively (Figure 3d). As a result, its light
absorption increases from 75% and 44% in visible light and NIR ranges respectively to 92-97%
in the entire spectrum (Figure 3f). This results show that the CuCr2O4/SiO2 composite becomes a
good light absorbent when its pore space is filled with water in wet state.
The refractive index of air, water, quartz glass and CuCr2O4 are 1.00, 1.33, 1.46 and 2.2,
respectively.[13b,

26-27]

The reflectance of light at the air/water, air/quartz glass, air/CuCr2O4,

water/quartz glass, water/CuCr2O4 and CuCr2O4/quartz glass interfaces are calculated to be 2.0%,
3.5%, 14.1%, 0.2%, 6.1% and 4.1%, respectively, according to the Fresnel equation.[28] It should
be noted that the above calculations do not consider the incident angle effect and therefore they
11

are just rough estimations to aid further discussions. For the pristine QGF membrane, it has a
high diffuse reflectance because of the strong subsurface scattering at glass/air interface caused
by the large difference in their refractive indexes, making it appear bright white when dry (Figure
4a).[29] The impregnated water in the pore space vastly decreases the light scattering at the
interface of glass/water due to the smaller difference between quartz glass and water in their
refractive indexes, leading to a significant decrease in diffuse reflectance (Figure 3d) and a
significant increase in transmittance (Figure 3e), and as a consequence it becomes translucent in
wet state (Figure 4b). Similar phenomenon has been noticed and even utilized in daily life and
industrial processes. For example, wet white papers are more transparent than their dry
counterparts.[13b]
In a more special and interesting case, when the QGF membrane is soaked with a liquid
having the same refractive index as quartz glass, for instance, triethylene glycol (TEG), the
membrane would become transparent since no light scattering occurs at the interface between
quartz glass fiber and the liquid as shown in Figure 4c. In this case, the QGF matrix is virtually
invisible. This stealth mechanism is widely used in the optical observation of biological samples
and denoted as optical clearing, where specially selected solvent is used to make some tissue
components invisible and thus others being more clearly observed.[30] In this work, we use TEG
to have QGF fibers to optically disappear, which allows us to take unobstructed optical images of
the CuCr2O4 particles and to clearly see the distribution of these particles in the supporting matrix
by using optical microscope. Figure 4g and h are optical images of CuCr2O4/SiO2 composite
membrane with 10 mg loading amount of CuCr2O4 particles immersed in TEG solvent. Before
observation, the thickness of the membrane is reduced by sandpaper to increase the transmittance
for clearer observation. As seen, the black CuCr2O4 particles are homogeneously distributed
inside the invisible matrix like the pitaya seeds inside the pitaya flesh (Figure 4g inset).
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When wet, the reflectance of the pristine QGF membrane decreases from 89% to 48% (Figure
3d) and the transmittance increases from 10% to 50% (Figure 3e) in wavelength range of 300 1300 nm, which has been explained above. In the wavelength range of 1300 - 2500 nm, its
reflectance significantly decreases to less than 10% (Figure 3d) while its transmittance decreases
to near zero at about 1450 nm, 1900 - 2100 nm and above 2400 nm (Figure 3e). This seemingly
discrepancy can be explained by the role of water in the wet sample. As discussed earlier, water is
no longer transparent but a strong light absorber in NIR range,[15, 31] and therefore, for the wet
QGF membrane with 0.8 mm thickness and 90% water content in our case, the absorption is
>89% for the wavelength >1300 nm and further increases to 96% in the range of 2000 to 2500
nm.
For the CuCr2O4/SiO2 composite sample in dry state, the outstanding light absorption ability
of CuCr2O4 significantly decreases the intensity of the scattering light comparing to the pristine
QGF membrane, and therefore decreases the diffuse reflectance to 26% in visible light range and
57% in NIR range (Figure 3d). In wet state, the scattering effect of the quartz glass fiber mostly
diminishes as the glass/air interface is replaced with glass/water interface. The reflectance at
air/CuCr2O4 interface (14.1%) is decreased to 6.1% at the water/CuCr2O4 interface, which
decreases the diffuse reflectance at the top part of the membrane and lets more light penetrate into
the bottom part of the membrane for the CuCr2O4 particles at the bottom part to absorb.
Consequently, the light absorption of the membrane vastly increases in wet state.
Alternatively, this phenomenon can be explained from a macroscopic view. It is well known
that a structure with graded refractive index change could greatly lower the reflectance as
predicted in theoretical calculations and demonstrated in numerous literature reports.[11, 32] The
most famous application of this strategy is the fabrication of anti-reflective coating layer on a
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substrate by using a transparent material with refractive index between air and the substrate.[11, 33]
In our case, the water layer acts as the anti-reflective layer and thus significantly decreases the
reflectance of the composite membrane because the refractive index of water (1.33) is higher than
air (1.0) but lower than quartz glass (1.46) and CuCr2O4 (>2.2).
2. 3 Solar-driven water evaporation
One of the key ideas in advanced solar-driven water evaporation is to achieve interfacial
heating, instead of bulk water heating, for the purpose of fast and highly efficient solar energy
utilization. To this end, we fabricate a CuCr2O4/SiO2-EPS composite structure as a self-floating
photothermal disk by simply putting an EPS foam disk with 2 mm thickness under the Frisbee
shaped composite membrane as shown in Figure 1. The EPS disk plays three roles in this
structure: (1) a heating barrier to stop the heat transfer from top interfacial water layer to
underlying bulk water body. The thermal conductivity of water at 37°C is 0.625 W m-1 K-1,[34]
while the thermal conductivity of EPS foam is less than 0.05 W m-1 K-1.[35] (2) Providing
buoyancy to endow the structure with a self-floating capability. (3) Limiting the water supply
pathway only on the edge part of the CuCr2O4/SiO2 membrane. This 2D water flow has been
proved to be an outstanding design for decreasing the energy loss as demonstrated in
literatures.[5d, 5h, 5m]
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Figure 5. (a) A cylindrical glass bottle filled with pure water, (b) the corresponding temperature
change curves recorded at different positions when it is exposed under one sun, and (c) the IR
images taken at different time. (d) A cylindrical glass bottle filled with pure water with a
CuCr2O4/SiO2-EPS disk on top of the water, (e) the corresponding temperature change curves
recorded at different positions when it is exposed under one sun, and (f) the IR images taken at
different time.
A cylindrical glass cup with a diameter of 3.6 cm and a height of 10 cm is used as a container
(Figure 5a), and its inner diameter (3.3 cm) is only slightly larger than the diameter of the
composite structure CuCr2O4/SiO2-EPS disk (3.2 cm) (Figure 5d). In the case of pure water in
dark, the temperature of the bulk water body is ~20.0°C while the temperature of the surface
water (~19.7°C) is slightly cooler (Figure 5b), which can be explained by the spontaneous water
evaporation induced cooling effect since the ambient humidity of the air was only 55 - 60 %.
When the glass bottle with pure water is exposed under simulated one sun irradiation with an
intensity of 1 kW m-2 for 300 s, the temperature of the water body only slightly increases to 20.420.6°C due to the extremely poor light absorption of water and the surface temperature is slightly
higher (~21.2°C) because the NIR light energy is mainly absorbed by the surface water layer.[15]
The major and weak bulk water heating with slight surface heating behavior of the pure water can
also be clearly observed in the relative IR images (Figure 5c).
When the CuCr2O4/SiO2-EPS disk floats on top of the water in dark, the temperature
difference between the wet disk surface and the water body is approximately 2°C (Figure 5e).
The spontaneous water evaporation takes away heat energy while the energy compensation from
the underlying water body is cut off by the EPS disk. Therefore, this large temperature difference
is a clear indicator of the excellent heat barrier role of the EPS disk. When it is exposed to one
sun irradiation, the surface temperature increases to 37.5±0.5°C in approximately 100 s while the
bulk water body temperature is only slightly increased from 21.2°C to 22.5°C. The temperature
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gap between the surface water layer and the bulk water body is 15°C, which clearly indicates a
successful interfacial heating scheme in our system and that the composite membrane is able to
efficiently convert the solar energy into heat and restrict the heat within the top layer for water
evaporation. This interfacial heating scheme can also be clearly viewed from the corresponding
IR images (Figure 5f and Figure S5).

Figure 6. Water evaporation curves of pure water in dark and under simulated sunlight with an
intensity of 1 kW m-2 (one sun), and water with QGF membrane, CuCr2O4/SiO2-EPS disk on its
top, and simulated seawater with CuCr2O4/SiO2-EPS disk under one sun.
The solar-driven water evaporation performance is investigated by monitoring the real-time
water mass change under one sun irradiation using a lab-made photothermal evaporation test
system which has been described elsewhere in our previously reported works.[4a] A polypropylene
cup with 3.25 cm inner diameter filled with water is used as the container with the self-floating
CuCr2O4/SiO2-EPS composite disk on top of the water. As shown in Figure 6, the average water
evaporation rate in the first two hours are 0.098 and 0.484 kg m-2 h-1 for the cases of pure water in
dark and exposed under one sun. The pristine QGF membrane with EPS support leads to a
slightly faster water evaporation (0.552 kg m-2 h-1), which can be explained by the fact that
although the quartz glass is transparent in the entire solar spectrum but the light scattering on the
glass/water interface increases the average optical path and therefore more light is absorbed by
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water in the top layer.[6b] The in-air greyish CuCr2O4/SiO2-EPS membrane immediately turns into
dark black as it is put on top of the water. The impregnation of water into the entire disk can be
clearly seen with naked eyes. The CuCr2O4/SiO2-EPS disk gives an outstanding performance
with a water evaporation rate of 1.319 kg m-2 h-1 under one sun. The solar thermal conversion
efficiency of solar energy (η) in photothermal assisted water evaporation is calculated, following
the literature method, to be ~88%/83%, very close to the theoretical limit value under one sun
irradiation. It is noteworthy that the efficiency of 88% is obtained when the latent heat of water
vaporization at 39⁰C (2409 kJ kg-1) is used in calculation while 83% is achieved when the latent
heat of vaporization at 100⁰C (2258 kJ kg-1) is used in the calculation as in most literatures. This
energy utilization efficiency is not the highest but comparable to the state of the art samples
reported in literatures (Table S1).[2b, 5h-j, 6d, 8] The composite material shows a great stability in a
continuouse four days test for solar-driven water evaporation without any noticeable change in
energy efficiency and in the materials. The CuCr2O4/SiO2 composite materials synthesized at
different temperatures show discernible difference in their solar-driven water evaporation rate
(Figure S6), indicating the calcination temperature is not a vital synthesis parameter. When
seawater is used as source water, the water evaporation rate is only slightly decreased to 1.250 kg
m-2 h-1, indicating this underwater black photothermal material has great potentials in solar driven
water desalination.
2. 4 The effect of loading amount of CuCr2O4
In order to more clearly understand photothermal properties of this pitaya-like kind of
composite membranes in dry and wet states, a series of flat composite samples with different
loading amounts of CuCr2O4 are fabricated following otherwise exactly the same procedures.
Since water inside the membrane’s pore space is sufficiently enough for NIR light absorption
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without any CuCr2O4 (Figure 3f), we focus our discussions only on visible light range (400 -700
nm) in this part.

Figure 7. (a) The absorption of CuCr2O4/SiO2 composite membranes with different CuCr2O4
loading amount in dry and wet states. (b) The temperature change curves, (c) water evaporation
curves, and (d) the corresponding equilibrium surface temperature at dry state and water
evaporation rate at wet state of CuCr2O4/SiO2 composite membranes with different CuCr2O4
loading amount under one sun irradiation.
In dry state, as the loading amount of CuCr2O4 is increased from 0 to 5 mg, the absorption
quickly increases to 64% (Figure 7a) due to the sharp decrease both in reflectance and
transmittance (Figure S7). Afterwards, the absorption gradually increases to 94% when the
loading amount is increased all the way to 200 mg (Figure 7a). In wet state, the absorption vastly
increases to 88, 94 and 96% when the CuCr2O4 loading amount is 5, 10 and 20 mg, respectively.
The absorption remains almost unchanged with further increase in the CuCr2O4 loading amount
thereafter (Figure 7a), which can be explained by the sharp decrease of reflectance in the loading
amount range of 0 to 10 mg (Figure S7). Therefore, by comparison, the impregnated water makes
the wet composite membrane achieve a high absorbance (96%) with a much lower CuCr2O4
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loading amount (20 mg) than that in the dry state (200 mg for the same level of absorbance),
highlighting the drast difference between dry and wet states of the same photothermal materials.
The light absorbance difference between the dry and wet states gradulally decreases as the
loading amount increases, which can be explained by the fact that in a higher loading amount
condition, most of the surface of the quartz glass fiber is coverded by CuCr2O4, and therefore the
scattering effect of the quartz galss matrix is mostly diminished.
The surface temperature measurement of a photothermal material under light irradiation in air
is widely utilized to characterize its light-to-heat conversion capability. The surface temperatures
for the CuCr2O4/SiO2 composite materials with different loading amounts of CuCr2O4 under one
sun irradiation are recorded and listed in Figure 7b. All these materials reach equilibrium
temperatures in less than 50 s, and most of them reach the 80% of the equilibrium temperature in
less than 10 s, indicating their fast response to light. The equilibrium temperature slowly
increases with the increase of the CuCr2O4 loading amount (Figure 7d and Figure S8) because the
light absorption slowly increases this way in dry state (Figure 7a). The water evaporation rates
are measured for all of these samples under one sun irradiation and presented in Figure 7c and d.
The water evaporation rates increase from 0.552 to 1.319 kg m-2 h-1 when the loading amount of
CuCr2O4 is increased from 0 to 20 mg, and remain almost unchanged thereafter with further
increase in CuCr2O4 loading amount, even to 200 mg (Figure 7d), which is similar to the light
absoption trend measured in wet state (Figure 7a). This result clearly shows that the trend of
solar-driven water evaporation rate as a function of CuCr2O4 loading amount is in a good
agreement with that of the light absorption in wet state, while the the trend of surface temperature
measured under one sun irradiation in dry state is in good agreement with that of the light
absorption in dry state (Figure 7d). This contrast convincingly indicates that the underwater
optical properties of a wet photothermal material are more important and thus more relevant for
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solar distillation than in-air optical properties of the corresponding dry sample and should be
utilized for candidate material screening.
Since the photothermal materials inevitably have to contact with water in solar distillation, the
above results suggest that an extremely low reflectance in the entire solar spectrum range at dry
state is not a necessary precondition for a good photothermal material for solar distillation
application. In some special cases, the reflectance of photothermal materials can be decreased to
<0.02% by making the materials extremely porous, such as carbon nanotube (CNT) forest, where
the effective refractive index of the CNT/air composite membrane can be made as low as
1.026.[36] However, when such a material is immersed underwater, the reflectance will
significantly increase due to the fact that after the water enters into the pores, the effective
refractive index of the CNT/water membrane then increases to a value close to that of water
(1.33), producing approximately 2% reflectance in visible light range according to the Fresnel
equation.[28] In our case, if we chose the material based on optical properties in dry state, the
loading amount of CuCr2O4 would be higher than 200 mg, in which case multiple impregnationcalcination cycles would be needed for achieving such a high loading amount. Moreover, even so,
the material with extremely high CuCr2O4 loading would still not be considered as a good
candidate in its dry state as CuCr2O4 only has high absorbance in visible light range but relatively
low absorbance in NIR range.[37] Fortunately, water possesses a quite good light absorbance in
NIR range as discussed earlier and these two components have complementary light capture
capabilities and thus the average absorption of the CuCr2O4/SiO2/H2O composite membrane,
namely wet membrane, is higher than 95% in the entire solar spectrum range (Figure 3f). Thus,
unlike other photothermal applications, in water evaporation application, a black material with
high light absorbance in 300 - 1300 nm range is sufficiently enough for a photothermal material
since water itself will work as an effective photothermal material in the 1300-2500 nm range.
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2. 5 Mechanical stability, thermal stability and reusability

Figure 8.

(a) Dry and (b) wet pristine QGF membranes on a plastic pillar. (c) A dry

CuCr2O4/SiO2 composite membrane on a plastic pillar and (d) under vigorous water rinsing. (e)
The water evaporation rates of the membranes with different CuCr2O4 loading amount under
simulated one sun irradiation after the thickness of the membrane is gradually reduced by
sandpaper rubbing until the membranes are broken.
In this pitaya-like structured CuCr2O4/SiO2 composite, CuCr2O4 distributes inside and across
the entire QGF matrix membrane and acts as a a glue binder that links these quartz glass fibers
together upon high temperature calcination, and there is no a separate and individual CuCr2O4
layer sitting on top of the QGF membrane, which makes the configuration of the composite
unique. Upon calcination, the diameter of the composite disk membrane decreases from 3.70 to
3.65 cm, and the thickness decreases from 0.8 to 0.6 mm. The water soak test reveals that the
calcined composite can only hold 0.6 ml of pure water as compared to 0.8 ml before the
calcination. Such a significant decrease in pore volume should be mainly ascribed to the binding
effect other than the filling of 20 mg of CuCr2O4. This binding effect presents the membrane with
a much higher mechanical strength than the pristine QGF membrane (Figure 8). The pristine
QGF membrane is soft and fluffy, like a cotton wool (Figure 8a), which allows for it being easily
made into Frisbee shape or other shaped structures as shown in Figure 1, but also makes it unable
to maintain its shape when soaked with water (Figure 8b). In a sharp contrast, the CuCr2O4/ SiO2
composite membrane is much harder and can perfectly keep its shape both in dry and wet states
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(Figure 8c). Actually, the composite membrane even can withstand a continuous and vigorous
water jet rinse as shown in Figure 8d. The CuCr2O4/SiO2 composite disk is also stable when
pressed by 60 kg of weight on a flat table, which is equivalent to approximately 6 atm pressure.
The pore volume only slightly decreases to 0.5 ml after this high pressure treatment.
In most reported composite photothermal materials in literature, active light absorbent
component is coated right on top of supporting substrate materials, forming an individual and
separate ultrathin photothermal top layer. In these cases, the highly porous and ultrathin
photothermal material layer can be easily removed by rubbing or scraping. However, in our
material, the active CuCr2O4 particles are distributed inside and across the entire supporting
membrane matrix, leading to a much better wear and abrasion resistance (Figure S11). In order to
demonstrate this advantage, we use a sandpaper to rub the CuCr2O4/SiO2 composite membranes
by force to reduce its thickness little by little. The water evaporation rates of the sandpaperrubbed membranes are listed in Figure 8e, which clearly shows that the rubbed membranes give
almost unimpaired water evaporation performances even after ~ 75% of their thickness has been
removed. This result is compatible with the prediction by our theoretical calculation (Figure S11).
All above results surely demonstrate the excellent stability of the specially structured composite
materials in this study, which is very rare for inorganic porous photothermal materials.
Biofouling is an extremely fatal problem for all kinds of materials and devices working in
water.[38] Bacteria, algae, marine organisms and even shellfish may grow on the surface or inside
the pore space of these materials and devices and keep them from performing properly.
Tremendous efforts have been invested to fight against biofouling caused problems in various
applications since hundreds years ago.[39] In solar distillation, the temperature of the interfacial
water layer and the materials is generally 35-40ºC in ambient condition, which is amicable to the
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growth of bacteria and algae and thus encourages these biofouling species.[40] Moreover, most of
the photothermal materials intended for solar distillation are macroporous with large surface area,
which is suitable for the adsorption or growth of biofoulants. In addition, the highly porous
structure of these materials inevitably decreases their structural stability and the fragile structure
brings about all kinds of problems during the removal of biofoulants and contaminants.

Figure 9. (a) CuCr2O4/SiO2 membrane with bacteria on its surface and inner pore space. Optical
images of a CuCr2O4/SiO2 membrane (b, c) before and (e, f) after (d) burning treatment in (b, e)
dry and (c, f) wet states.
In our case, the high thermal and chemical stability of both quartz glass and CuCr2O4 provide
a solution to this problem. The composite material is stable in air at least up to 900ºC and
therefore all the biomass can be easily burnt out by calcination in air. As a demonstration, we
grow some bacteria on the surface and inner pore space of our CuCr2O4/SiO2 composite
membrane (Figure 9a) and the contaminated and fouled sample is then calcined in a muffle
furnace at 650ºC for 4 hour to remove all biological substances. After the calcination, the XRD
patterns of the composite sample do not show noticeable changes (Figure S9a) and more
importantly its water evaporation performance is fully recovered (Figure S10). This high
temperature calcination process is repeated for more than ten times and no noticeable
performance decline is observed, indicating an excellent stability and reusability of the
CuCr2O4/SiO2 composite photothermal membrane.
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This composite membrane also shows a great thermal shock resistance. The composite
membrane remains stable after being directly put into a preheated muffle furnace at 900ºC or
after being taken out of a muffle furnace at 900ºC and directly thrown it into ice water. The
thermal shock resistance of the composite membrane can be attributed to the extremely small
thermal expansion coefficient of the quartz glass fibers, which is only ~0.5×10-6/K.[41] As a
comparison,

the

thermal

expansion

coefficient

of

polytetrafluoroethylene

(PTFE),

polymethylmethacrylate (PMMA), aluminum, steel and window glass are 218×10-6, 85×10-6,
23×10-6, 13×10-6 and 7.6×10-6/K, respectively. By making use of this excellent thermal shock
resistance, a more convenient recovery strategy, namely, direct burning method, can be used to
remove the biological foulants from the composite membrane. To demonstrate, 1 mL of gasoline
is dropped onto the composite membrane and the membrane is then lit. All of the gasoline is
burned out in 5 minutes and no recognizable difference is found in the crystal phase, optical
properties and water evaporation performance of the composite membrane after the direct
burning (Figure 9).
2. 6 Ultrafast, continuous and scalable synthesis methods
This extremely high thermal shock resistance of the composite inspires us to investigate two
modified, low-cost, and scalable synthesis procedures for the composite membrane. (1) One is an
ultrafast synthesis method by directly throwing a dried precursor-QGF matrix membrane into a
preheated muffle furnace at 800ºC. The decomposition of metal nitrate and the formation of
CuCr2O4 products can be completed in less than 10 min. The XRD pattern of the membrane
reveals a successful synthesis of pure phase CuCr2O4 products (Figure S9b). The obtained sample
gives water evaporation performance as good as the one synthesized in muffle furnace with a
slow heating rate of 5 ºC or 1ºC/min (Figure S10). (2) The second one is a continuous synthesis
method in a tubular furnace. The furnace is preheated to 800ºC and works as a reactor. The QGF
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membrane with the impregnated precursor solution is put on a corundum substrate and pushed
through the heating zone in the tubular furnace with a constant speed, such as, 1 cm/min, for
drying and calcination. After it is pushed out of the tubular furnace, a CuCr2O4/SiO2 composite
membrane is fabricated (Figure S9c). These product give similar photothermal water evaporation
performance (Figure S10). All these results indicate that the outstanding performance of this
composite membrane is not sensitive to the synthesis routes and the synthesis procedures of the
composite membrane are ready to be scaled up for massive production.
3. Conclusion
In conclusion, a pitaya-like structured composite photothermal material is fabricated by using
commercial quartz glass fibrous (QGF) membrane as inactive supporting substrate and CuCr2O4
as active photothermal component. The CuCr2O4/SiO2 composite membrane possesses a high
diffuse reflectance in dry state, while it turns deep dark black with high absorbance in the entire
solar spectrum when wet by water, leading to an outstanding solar-driven water evaporation rate
of 1.319 kg m-2 h-1. Our results demonstrate that the optical property in wet state may
significantly differ from that in dry state and is more relevant and applicable in photothermal
material screening and optimization in solar-driven water evaporation. This composite membrane
has great thermal stability, thermal shock resistance, mechanical stability, excellent wear and
abrasion resistance, and easy-to-clean-when-fouled property. The fabrication process can be
modified into ultrafast and continuous synthesis methods without weakening its solar-driven
water evaporation performance.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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A Robust CuCr2O4/SiO2 Composite Photothermal Materials with Underwater Black
Property and Extremely High Thermal Stability for Solar-driven Water Evaporation

Yusuf Shi, Renyuan Li, Le Shi, Elaf Ahmed, Yong Jin, and Peng Wang*
Experimental
Chemicals and materials: Quartz glass fiber (QGF) filter membrane was purchased from Merck Millipore Ltd
(Catalogue Number AQFA03700). Simulated sea water was purchased from Ricca Chemical Company
(Catalogue Number R8363000), which is a substitute ocean water without heavy metals prepared according to
the ASTM D-1141 98 standard. All of the chemicals were purchased from Sigma-Aldrich and all aqueous
solutions were prepared using deionized (DI) water with a resistivity of 18.2 MΩ cm prepared by Millipore
system.
Materials fabrication: Cu(NO3)2.3H2O and Cr(NO3)3.9H2O with 1:2 molar ratio were dissolved in water to
make clear aqueous solutions with different concentrations as precursors. The round shape QGF membrane
disk with 37 mm diameter and 0.8 mm thickness was used as a porous support matrix in this work. The QGF
membrane was placed on a flat glass substrate and 0.8 ml of the precursor solution was dropped onto it to
completely infiltrate the membrane, followed by drying in a blast oven at 110ºC for 1 hour. The dried
precursor@QGF membrane disk was then taken off from the glass substrate, put on a flat corundum substrate,
and heated to 700°C with a ramp of 5°C/min in air in a muffle furnace. After it was kept at 700°C for 2 hours
for calcination, the CuCr2O4/SiO2 composite flat membrane disk product was obtained. The diameter and
thickness of the composite membrane were 3.65 and 0.6 mm respectively. In another series of sample, Frisbee
shape CuCr2O4/SiO2 samples were synthesized by using a mold illustrated in Figure 1, following otherwise the
same procedure as the flat disk. Due to the solubility limitation, the highest loading amount of CuCr2O4 in one
run was 100 mg. Two samples with 150 and 200 mg loading amount of CuCr2O4 were synthesized by two
impregnation cycles, where additional cycle of preparation was involved.
Characterization: The surface morphology of the membranes were investigated by field-emission scanning
electron microscopy (SEM, Zeiss Merlin). The powder X-ray diffraction patterns were recorded on a Bruker D8
Discover diffractometer using Cu Kα radiation (λ=1.5418 Å) as X-ray source. The UV-vis diffuse reflectance,
transmittance and absorption spectra of the samples were recorded with a spectrophotometer (Shimadazu, UV
2550), with fine BaSO4 powder as reference. The UV-vis-NIR diffuse reflectance, transmittance and absorption
spectra of the samples were recorded with another spectrophotometer (Agilent Cary 5000), with fine BaSO4
powder as reference.

29

Figure S1. The optical images of the flat disk CuCr2O4/SiO2 composite membrane with 50 mg
loading amount of CuCr2O4 at different synthesis stages: (a) the pristine QGF filter membrane,
(b) the QGF membrane impregnated with Cu(NO3)2.3H2O and Cr(NO3)3.9H2O aqueous solution,
(c) the dried precursor@QGF membrane disk, (d) the CuCr2O4/SiO2 composite membrane
product, (e) the wet CuCr2O4/SiO2 composite membrane.

Figure S2. XRD patterns of the pristine QGF membrane and the flat composite membranes
fabricated at different calcination temperature from 300 to 1000ºC.

30

Figure S3. SEM images of the pristine quartz fiber filter membrane.

Figure S4. UV-vis spectra and optical images of Cr(VI) extraction water (denoted as sample) and
the reference samples with 0, 5, 10, 20, 30, 40 ,50 ,60 ,80, 100 ppb Cr(VI) using 1,5diphenylcarbazide as chromogenic agent.
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Figure S5. IR images of (a) pure water in a glass bottle under one sun light illumination with
different exposure time, and (b) pure water with a CuCr2O4/SiO2-EPS photothermal disk on top
of it. The comparison clearly demonstrates that the pure water is homogeneously and slowly
heated, namely, via bulk water heating scheme, while the composite photothermal membrane
concentrates the heat only in the top layer, achieving interfacial heating scheme.

Figure S6. (a) The water mass change curves under one sun irradiation of CuCr2O4/SiO2
composite membranes synthesized at different calcination temperature, and (b) the corresponding
water evaporation rate.
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Figure S7. The anverage reflectance and transmitance in the wavelength range of 400-700 nm of
CuCr2O4/SiO2 composite membranes with different CuCr2O4 loading amount in dry and wet
states.

Figure S8. IR images of dry CuCr2O4/SiO2 composite membrane with different CuCr2O4 loading
amount under one sun light illumination in air.
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Figure S9. XRD patterns of the CuCr2O4/SiO2 composite membranes synthesized under different
calcination conditions: (a) The sample was re-calcined to remove the biofoulants (Recalcination),
(b) the dried precursor@QGF membrane was directly put into a furnace preheated at 800°C for
10 min (Direct), (c) the sample synthesis was by continuously dragging the precursor@QGF
membrane disk through a tube furnace at 800°C in air (Continuous), (d) the sample was
synthesized with a slow heating rate of 1°C/min (Slow), (e) the standard condition as described in
the experimental section with a heating rate of 5°C/min (Open), (f) The sample was calcined in a
cubicle with a cover at 700°C with a ramp of 5°C/min (Close). All these samples were indexed to
pure phase CuCr2O4.
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Figure S10. (a) The water weight change curves and (b) the corresponding water evaporation rate
of CuCr2O4/SiO2 composite membranes synthesized at different calcination conditions: (Close)
sample was calcined in a crucible with cover; (Open) sample was calcined on a plate without
cover and the temperature ramp is 5°C/min; (Slow) sample was synthesized with a temperature
ramp of 1°C/min; (Direct) sampleinvolved the dry precursor@QGF membrane being directly
thrown into the furnace that has been preheated at 800°C for 10 minute; (Continuous) sample
involved the precursor@QGF membrane being slowly dragged through a tube furnace that heated
at 800°C for calcination; (Recalcination) sample is the sample being re-calcined after it was
defunctionalized by biocontaminants (See Figure S8 for more information).
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Figure S11. (a) The calculated light absorption (%) of the CuCr2O4/SiO2 composite material in
wet state with different loading amount of CuCr2O4 at different residual thickness. The original
thickness of the composite membrane is 0.6 mm. The results clearly indicates that as long as the
loading amount of CuCr2O4 is higher than 20 mg, the light absorption does not decrease
noticeably before more than 90% of the composite is removed. (b) The model scheme that used in
the calculation.
The calculation was based on the following assumptions:
1. The CuCr2O4 particles are homogeneously distributed in the entire composite membrane.
2. The surface reflectance (Rsur), which is measured from the as-made sample in wet state as
listed in Figure 7a, remains constant during the entire process of thickness reduction.
3. The extinction coefficient (k) is derived from Figure 2d at 550 nm, which is 4.7 L g-1 cm-1.
4. The optical property of the composite membrane is treated the same as the CuCr2O4 particles
being dispersed in water, i.e. the light scattering on the glass/water surface is ignored.
According to the Beer–Lambert law, the intensity of the emergent light (Ie) can be calculated
using the following equation:
where I0 is the intensity of the initial light beam, and Isur is the intensity of the light that enters
inside the membrane, l is the residual thickness of the membrane and c is the concentration of
CuCr2O4 (g/L), which is calculated from the loading amount of CuCr2O4 and the initial total
volume of the membrane.
Thus the light absorption (A) can be calculated by the following equation and is presented in
Figure S10:
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Analysis of the results: The absorption of light for the wet composite membrane is determined by
two processes, one is the surface reflection and the other is light absorption inside the membrane.
The first step determines how many percent of light can enter inside membrane (Isur = I0×(1-R))
and the second step determine how many percent of the light that entered in to membrane will be
absorbed (Iabsorb = Isur×(1-10-klc)), while the remaining part will be the transmit light (Ie = Isur×10klc

). The reflected light and transmit light are separated affected by the loading amount of

CuCr2O4 in these two steps because the first one is an interface process and the second one is
occurred inside the membrane. The light reflection is mainly affected by the surface coverage of
CuCr2O4, and therefore it almost do not affected by the thickness during the thining process
because the surface coverage kept unchanged. While the second one is mainly affected by the
total amount of the CuCr2O4, which directly determined by the thickness (Iabsorb = Isur×(1-10-klc)).
Because the CuCr2O4 particle possess a very high light extinction coefficient, only a very small
amount of CuCr2O4 already have the capability to absorb most of the light, as long as it can
entering into the membrane. According to the measured extinction coefficient value, only about
4.5 mg loading amount is higher enough to capture more than 99% light that entered into the
membrane, which far lower than the 20 mg loading amount in the original membrane. However, a
relatively high loading amount, ~ 20 mg, is necessary to reduce the reflectance to lower than 4%,
which is mainly determined by the surface coverage of CuCr2O4, not the total amount of CuCr2O4.
The limiting factor is the surface reflectance in this case. During the mechanical thinning process,
the surface reflectance keep constant since the CuCr2O4 is uniformly distributed inside the
membrane. As long as the thickness is higher than 0.15 mm, the residual CuCr2O4 is still more
than 4.5 mg, and the light absorption ability is almost not affected. The light capture ability is
only decrease as the thickness is lower than 0.15 mm because the transmittance will significantly
increase only in this stage.
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Table S1 The composition, structure and solar-driven water evaporation performance of a variety
of materials reported in literatures, along with the material reported by this work.
Photothermal material

Support/Matrix

Light intensity
kW m-2

Evaporation rate
L m-2 h-1

Efficiency

ref

Hollow carbon beads

-

1

1.28

-

[4f]

Exfoliated graphite

Carbon foam

1

-

64%

[4e]

Au nanoparticle

Airlaid paper

4.5

-

77.8%

[6a]

Au

Al

20

-

57%

[6f]

Polypyrrole (PPy)

Stainless steel

1

0.92

58%

[7a]

Porous graphene

-

1

1.50

80%

[5b]

Al nanoparticle

AAO

4

5.7

88.4%

[6e]

rGO

bacterial cellulose

10

11.8

83%

[5g]

GO

-

1

1.45

80%

[5h]

Black TiO2/PVDF

-

1

1.13

70.9%

[A]

Carbon nanotubes

Porous silica

1

1.31

82%

[5l]

Hollow carbon sphere

-

1

1.45

-

[5e]

Au nanoparticle

AAO

4

-

90%

[6d]

3D-CNT/GO

GO/ cellulose

1

1.25

85.6%

[5i]

Polydopamine

Wood

1

1.38

87%

[7b]

GO

Wood

12

14.02

82.8%

[B]

Graphene

Glass fibers

1

1.62

86.5%

[5k]

MXene Ti3C2

PVDF

1

-

84%

[8]

Ti2O3

Cellulose

1

1.32

-

[9a]

Carbon black

Paper

1

1.28

88%

[C]

Carbonized mushroom

Polystyrene foam

1

1.475

78%

[5f]

GO/CNT/Sodium alginate

-

1

1.622

83%

[5c]

TiOx

Stainless steel

1

0.8012

50.30%

[9c]

rGO

Polyurethane foam

1

0.9

65%

[D]

rGO

Polystyrene foam

1

1.31

83%

[5d]

Pd nanoparticle

Wood

10

11.8

85%

[E]

CNT

Wood

1

0.95

65%

[5j]

Microporous cokes

Cellulose

1.95

2.14

72.5%

[5a]

Carbon

Wood

1

1.05

72%

[10]

rGO

PDMS foam

1

1.778

80.6%

[5m]

CuCr2O4

Quartz glass fibers

1

1.319

88%
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