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Fig. S1 Synthetic routes of polysiloxane via free-radical polymerization and hydrolytic
polycondensation
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Fig. S2 'H NMR spectra of (left) monomer and (right) polymer precursors
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Fig. S3 a-b Photographs of lightweight aerogels standing on leaves and their weight
measurement. The densities of VNFs and PNFs are ~6 mg cm™ and ~8 mg cm?,
respectively. pynrs = m/V =46.8 mg/(2 x 2 x 2 cm?) = 5.85 mg cm™>; ppnps = m/V = 64.8
mg/(2 x 2 x 2 cm®) = 8.1 mg cm>; top panel: VNFs; bottom panel: PNFs
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Fig. S4 a-b Solid-state >’Si NMR spectra and water contact angle photos for monitoring
polycondensation process of VIMS. Water contact angle results show hydrophobicity
of VNFs aerogel was originated at the initial process of materials formation,
demonstrating molecular orientation of siloxane was occurred when they contact with

BC nanofibers
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Fig. S5 a-b Solid-state 2°Si NMR spectra and water contact angle photos for monitoring
the polycondensation process of PVTMS. During the initial process, the structure of the
preliminarily-developed aerogel was easily collapsed after water invasion. As
polycondensation proceeded, the structure of PNFs became robust and showed
negligible deformation after water droplet absorption. The results highlight the
capability of polysiloxane that could strengthen the aerogel network
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Fig. S6 a Microscopic structure of PNFs observed by SEM at different magnifications.
b STEM-EDS mapping of nanofibers of PNFs aerogel with elements of C, O, and Si,
respectively. e-d Si 2p and C 1s XPS spectra of VNFs and PNFs aerogel, respectively.
Si 2p: two peaks at 103.4 eV and 102.4 eV of VNFs could be assigned to -Si-O- and -
Si-C- groups of PVSQ); and two peaks at 103.1 eV and 102.6 eV of PNFs could be
assigned to -Si-O- and -Si-C- groups of PVPSQ. C 1s: peaks at 288.0 eV, 286.5 eV,
285.0 eV and 284.4 eV could be assigned to -O-C-O-, -C-O-, -C-C- and -C=C- groups
of VNFs; peaks at 288.2, 286.8, and 284.8 eV could be assigned to -O-C-O-, -Si-C-C-
and -C-Si-C- groups of PNFs [S1]. e ATR-FTIR spectra of pure BC, VNFs, and PNFs
aerogels, respectively. Vs: symmetric stretching vibration; Vjs: in-plane stretching
vibrations. The characteristic vibrations of PVSQ appear at 1605 cm ™! (V5[C=C]), 1413
cm ! (J[C-H] in plane), between 850 to 760 cm™' (Vs [Si-C] and Vs [Si-O]),
corresponding to the chemical groups of Si-CH=CH>, C-Si-O and O-Si-O, respectively.
The characteristic vibrations of PVPSQ between 870 to 750 cm™! (V5 [Si-C] and Vs [Si-
0]), corresponding to the chemical groups of C-Si-O and O-Si-O [S2]
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Fig. S7 Controlled experiments for the explanation of superwettability of the aerogels.
a Schematic illustration of composite films fabricated by dripping the mixture of BC
nanofibers and VTMS sol (or PVTMS sol) onto a glass slide, then annealing process at
80 °C for 12 h was applied. Finally, VNFs and PNFs films without porous structure
were obtained. b Water contact angle of VNFs and PNFs films is 92° and 53°,
respectively. The results indicate that surface roughness is important to afford aerogels
with superwettable property. ¢ Water contact angle of pure PVSQ and PVPSQ film is
104° and 63°, respectively, revealing different molecular orientation of polysiloxane
(PVSQ and PVPSQ) for distinct surface wettability. d Microscopic structure of VNFs
film and PNFs film at different magnifications observed by SEM showing the isotropic
fibrous structure that constituted by close-packed nanofibers
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Fig. S8 a-b Compressive stress-strain curves
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of VNFs and PNFs with incremental

strains in (left panel) axial and (right panel) radial directions. From the results, stronger
and more stiff mechanical properties were observed in axial direction, showing
anisotropic mechanical character of the aerogels. Along the pore alignment, the
maximum stress of VNFs and PNFs at the strain of 80% was 20.0 and 41.8 kPa,
respectively, indicating that the hybrid aerogels could withstand more than 17,000 times
and 27,000 times their own weights.
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Fig. S9 a-b A 1000-cycle compressive measurement of VNFs and PNFs with ¢ of 60%,
and corresponding maximum stress and energy loss coefficient as a function of
compressive cycles. The energy loss coefficient was calculated referring to the literature

[S3]
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Fig. S10 DMA measurement of VNFs and PNFs (compression mode). a-b Fatigue
resistance of VNFs and PNFs for 30,000 cycles (+ 3% oscillatory strain, 10 Hz, 25 °C,
air atmosphere). ¢-d Storage modulus and damping ratio of VNFs and PNFs as a
function of frequency (0.1-50 Hz) at temperatures from —150 to 200 °C (air atmosphere)
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Fig. S11 DMA measurement of VNFs and PNFs (shear mode). a-b Fatigue resistance
of VNFs and PNFs for 30,000 cycles (= 3% oscillatory strain, 10 Hz, 25 °C, air
atmosphere). c-d Storage modulus and damping ratio of VNFs and PNFs as a function
of frequency (0.1-50 Hz) at temperatures from —150 to 200 °C (air atmosphere)
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Fig. S12 a Fabrication process of PNFs-PPy. b SEM images of PNFs-PPy. PPy
nanofibers could be easily found to entangle with BC nanofibrous network. ¢ TEM
image of PNFs-PPy, confirming the entanglement structure between BC and PPy
nanofibers. d ATR-FTIR spectra of PNFs-PPy. The symmetric ring-stretching of
pyrrole (C-N/C-C stretching) is shown at 1455 cm™. The peak at 1315 cm™ corresponds
to C—N stretching vibration. The band in the region of 1016 and 892 cm™ is attributed
to =C—H, N-H in-plane vibration and =C—H out-of-plane vibration, respectively[4, 5].
e STEM-EDS mapping of PNFs-PPy nanofibers with elements of C, Si, O, and N,
respectively. The elemental mapping of PNF-PPy sample shows the homogeneous
distribution of PPy within the aerogel framework
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Fig. S13 Thermal conductivities of VNFs and PNFs at 30% and 95% relative humidity
(RH), as well as after immersion in water for 8 h. The results indicate that the
superhydrophobic VNFs shows stable thermal insulation performance under moisture
environment or even in actual application scenarios
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Fig. S14 A 1000-cycle compressive measurement of our double-layered evaporator
with 60% strain
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Fig. S15 a Photographs of evaporator showing excellent structural integrity even after
120 h of immersion in four brines at a salinity of 3.5 wt%, 5 wt%, 10 wt%, and 20 wt%,
respectively. (Left) Upper part of the evaporators submerged in different brines for 120
h; (right) integrated structure of the double-layered evaporators after immersion. b SEM
image of the evaporator interface area after 120 h of brine (3.5 wt%) immersion. ¢
Photographs of a floating evaporator in simulated seawater (3.5 wt%) at different times
under the action of ultrasonication. d Photographs of a floating evaporator in simulated
seawater (3.5 wt%) before and after 10-min magnetic stirring
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Fig. S16 The heights of top evaporative layer (PNFs-PPy, /1) and bottom insulation
part (VNFs, h2) were optimized by evaluating evaporation rates and evaporation
efficiencies. a Water evaporation rates and efficiencies of the evaporators with various
architecture. The height of PNFs-PPy (/1) is fixed to be 1.0 cm, and A2 is variable. The
results revealed that the optimized performance was achieved when 4> = 2.0 cm. b
Water evaporation rates and efficiencies of the evaporators with various architecture.
Height of VNFs (42) was determined to be 2.0 cm, and /1 is variable. Based on the data
in Fig. S16b, optimized /1 and 42 were determined to be 1.0 and 2.0 cm for evaporator
construction. The evaporation efficiencies of above samples are calculated according
to Eq. 1 (main text) and the evaporation rate in dark situation was subtracted (0.43 kg
m h'! for all double-layered evaporators).
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Fig. S17 Water evaporation rates of bulk water, single-layered PNFs-PPy, and the
double-layered evaporator (with optimized architecture) in dark and light conditions
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Fig. S18 The salinity of sample before and after desalination
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Fig. S19 Water evaporation rates during 6 h of solar desalination at outdoor windless
environment. The experiment was conducted in a closed system from 10:00-15:00
under natural sunlight. It is noted that the evaporation rate maximum could reach
1.03 kg m? h!, which is much lower than that under windy environment (4.02 kg
m h!). On one hand, the air movement allowed the water to evaporate more freely in
the open system. On the other hand, open system allowed complete sunlight
incidence onto the evaporator surface without energy loss. Both reasons account for
higher evaporation rate in an open system under a windy environment.

S12 /518


https://springer.com/40820

Nano-Micro Letters

0 min 10 min 21 min

Fig. S20 Digital photos showing the salt diffusion performance of evaporator for 21
min, and the salt crystal was diffused to bulk water through water path

Supplementary Experiment and Discussion
Note S1 Porosity Calculations

The porosity was calculated according to Eq. S1:

porosity[%] = (1 — > P__)x100% (S1)
skeleton
where p is the bulk density of aerogel, which can be calculated by the weight and
volume of aerogel. pskeleton 18 the density of solid skeleton of aerogel, which can be
calculated from Eq. S2:
1 1
Pskeleton = Wy Wge — Wg; 1-Wg; (S2)
Psi PBC  Psi  PBC

Wii 1s the mass fraction of polysiloxane in the aerogel, which was calculated from Eq.
S3:

Wgi[%] = (1 — %) X 100% (S3)

where mgc (0.0236 g) and m are the weight of the BC nanofibers (pure BC aerogel) and
the entire aerogels (VNFs or PNFs), respectively. ppc = 1.50 g cm™, pynrssi = 1.18 ¢
cm3, and ppnessi = 1.50 g cm3, which were calculated referring to the literature [S1, S6,
S7]. As aresult, the porosity of VNFs and PNFs was calculated to be 99.6% and 99.5%,
respectively.

Note S2 Simulation Details and Methodology

Classic molecular dynamics simulations were carried out to investigate the molecular
orientation of polysiloxane on the surface of BC nanofibers at the atomic level. Two
kinds of macromolecules named PVPSQ and PVSQ were studied in this project, which
contained saturated carbon chains and vinyl groups, respectively. The molecular
structures of PVPSQ, PVSQ, and cellulose are shown in the Figure 3 (main text). Two
simulations were performed, in which thirty-five PVSQ molecules (or thirty-five
PVPSQ molecules) and thirty-five cellulose molecules were packed in the cubic
simulation box with the software of PACKMOL, respectively [S8]. The detailed
information about the simulation boxes was listed in Table S1 and referred to the
previous study [S9]. For each simulation, energy minimization was firstly employed to
relax the simulation box. Next, an isothermal-isobaric (NPT) ensemble with a 1.0 fs
time step was taken to optimize the simulation box, where the temperature and pressure
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were set to be 298.15 K and 1.0 atm, respectively. The Nose-Hoover thermostat and
Parrinello-Rahman barostat were used to stabilize the temperature and pressure of the
simulation box. Following the NPT simulation, a canonical (NVT) ensemble with a
30.0 ns time step was performed, in which the prior 20.0 ns was used to optimize the
simulation box and the later 10.0 ns was used to collect the trajectory coordinates of
molecules. All simulations were carried out using the GROMACS 2019.5 package
[S10].

Table S1 The initial configuration setup for each simulation system

Pressure Temperature | Initial box size
Molecule Number (atm) (K) (nm)
PVPSQ 35
System 1 cellulose 35 1.0 298.15 8.0
PVSQ 35
System 2 cellulose 35 1.0 298.15 8.0

Note S3 Water Transportation Rate Calculation

According to Movie S2, the transport distance of 2.0 cm could be reached (diameter =
1.0 cm) within 2.0 s. Therefore, the volume of water transportation through the water

channel could be calculated with Eq. S4:
Vznrthx“zﬁ (S4)

The rate of water transportation in PNFs channel was 2827 cm® h!.

On the other hand, the evaporation rate was 1.91 kg m™ h'!, and the diameter of
evaporation surface was 5.50 cm, the evaporation rate of the individual evaporator
reached 859 cm® h'!. Therefore, water supply of the system is sufficient for evaporation,
which is important for highly efficient solar evaporator.

Note S4 Energy Loss Analysis
Energy loss of evaporator was analyzed referring to the literature [S11, S12].
(1) Radiation loss was calculated by Stefan-Boltzmann Eq. S5:

¢ = £Ao(T1 — T3) (S35)

@ is the heat flux, ¢ is the emissive rate (using value of 1 as the emissivity of evaporator),
A is the evaporation aera (23.76 cm?), ¢ is the Stefan-Boltzmann constant (¢ = 5.67x10°
8 W m? K%, Tiis the temperature of the absorber (308.5 K for double-layered
evaporator, 315.0 K for single-layered PNFs-PPy), and 7> is the ambient temperature
of evaporator (= 306.5 K).

According to above data, the radiation loss of double-layered evaporator was calculated
to ~3.0%, and ~13.7% for single-layered PNFs-PPy.

(2) Conduction loss was calculated by Eq. S6:
Q = CmAT (S6)

Q is the heat energy, C is the specific heat capacity of pure water (= 4.2 kJ °C ' kg™"),
m is the weight of bulk water, 4T is the temperature difference between the bulk water
before and after experiment. In our experiment, the weight of bulk water was 60.0 g,
the temperature difference of double-layered evaporator reached 0.8 °C, while 6.0 °C
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for single-layered PNFs-PPy. According to above data, the conduction heat loss of the
double-layered evaporator was calculated to be ~2.3%, and ~17.6% for single-layered
PNFs-PPy.

(3) Convection loss was calculated by Eq. S7:
Peony = hAsurfaceAT (S7)

h is the convection heat transfer coefficient (~5 W m 2 K™"), Asurface is the surface aera
of evaporator, 47 is the temperature difference between evaporator surface and ambient
environment. According to above data, the convection loss of double-layered
evaporator was calculated to be ~2.3%, and ~10% for the single-layered PNFs-PPy.

(4) Reflection loss:

The absorption of evaporator according to UV-vis-NIR diffuse reflectance spectroscopy
(Figure 4c¢ in main text) is 95%; thus, the refection loss of double-layered evaporator
and single-layered PNFs-PPy is ~5%.

Note S5 Water Evaporation Enthalpy Calculation

The water vaporization enthalpy of water-filled PNFs-PPy aerogel was determined by
the equivalent evaporation enthalpy measurement. The experimental details were
referred to the literature and calculated using Eq. S8 [S13]:

Uin = AHygpmo = AHequmy (S8)

where AH,, is the evaporation enthalpy, and m, is the mass change of bulk water;
AHgq, and mg are the equivalent evaporation enthalpy and mass change of water-

filled PNFs-PPy aerogel, respectively. According to the above equation, the water

evaporation enthalpy of water in water-filled PNFs aerogel was calculated to be 2068 J
1

g
Note S6 Optimized Geometry

The height of VNFs and PNFs-PPy was determined by gravity, heat location
performance, and salt rejection performance referring to the literature [S11, S14].

The single-layered PNFs-PPy evaporator was immersed in water throughout the
evaporation process, resulting in heat loss to bulk water. As a result, VNFs was
introduced to support PNFs-PPy. The force required to support PNFs-PPy was derived
from the water excluded by VNFs, and was calculated by Eq. S9:

Fp=Gex =pw 9 Vex (S9)
F represents the buoyancy provided by VNFs, Gex 1s gravity of the water (Vex: volume
of water) excluded by the double-layered evaporator, and pyw corresponds to density of

water. The critical condition of the suitable design is that F} should be equal to Gex.
Therefore, the following Egs. S10-S12 are derived:

Pw 9 Vex =Myota1* g (S10)

Vex=m" 1‘% “hey (S11)
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Myotal =n‘-r%-h1-p1+1T-r§-hex-p1+n’-(r§—r§)-h€x-p2 (S12)
In this study, p1 = 1.00 g cm™, p2 = 6.00 mg cm™. hex can be simplified using Eq. S13:

r%'hl

hex =
1- Pz)(r% - r%)

(S13)

In our system, 1= 0.50 cm, > = 2.75 cm, A1 = 1.00 cm. Aex was calculated to be 1.04

cm. Therefore, as long as 42> 1.04 cm, solar absorber is able to isolate the bulk water
from PNFs-PPy layer.

From the point of heat location, the thickness of insulator is important in reducing heat
conduction from top to bulk water and determining the height of water path. Heat
transferred by the conduction process could be expressed by the Eqs. S14 and S15:

ot
= —2dS — S14
dQ AdS on (S14)
At
= 214— S15
Q=124 Ax (S15)

Q is the heat transferred through the system, A is the thermal conductivity of VNFs,
At is the temperature difference between top and bottom of evaporator, A is the area of
the surface, and 4x is the thickness of VNFs.

In this system, we define that the heat conduction loss through the insulator could be
less than 5%, and the temperature difference between top and bottom is 10 °C, that is

2 < 5% qo , At = 10°C
Therefore, 4x should be larger than 0.60 cm, which is also the length of water path.

Ax > 0.60cm

For salt rejection performance, the length of water path determines the diffusion
performance of salt ions (Jaifr, kg m™ s!) according to Eq. S16 (Fick’s law of diffusion)
[S14]:

de eD(Cs—Cp)
Jagg=-Dp-=—""1T— (S16)
D is 1.6 x 10° m? s (NaCl diffusion coefficient in water); Cs and Cy are the ions
concentrations in PNFs-PPy and bulk solution (salinity = 25 wt%, saturated brine),
respectively; ¢ is the porosity of the evaporator (= 99.48%); 7 is the tortuosity of water
path (= 1), L is the length of the water path. With a salt excretion rate (Jexcr, kg m? h-
1) on the evaporator under 1 sun illumination (1 kW m™), the solar vapor generation
energy conversion efficiency could be calculated by Eq. S17:

n =" (S17)
0
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m 1s the mass flux during evaporation, 4 is the liquid-vapor phase change enthalpy,
Jexer could be calculated by Eq. S18:

Cc
Jexer = U(Z—;) 'l?l;r (S18)

In order to avoid salt accumulation, Jyitr should be larger than Jexer, and the final length
of water path could be calculated with Eq. S19:

hyy pwater €D (Cs—Cp)
L= NqoTCp (S19)

As aresult, the length of water channel (L) was calculated to be less than 2.35 cm.

Combining the optimized length by calculation of gravity, heat conduction, and salt
rejection, the length of water path (42) should be in the range of 1.04-2.35 cm.
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